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Preface 
 

Once upon a time in the rhizosphere, two organisms met. One was a bacterium, a small being but full of 

inventive and ready to face many new situations. The other one was a plant, a legume, able to adapt to many 

complicated situations, but always starving for nitrogen to grow strong. Little is known on their first date; 

they talked a lot and at a certain moment they touched each other. Sometimes they quarrelled and had to 

compromise, but now they are still together, the one eating sugar-candies on the sofa, and the other drinking 

nitrogen in the garden. Meanwhile, in the soil, thousands of other bacteria are living their existences, starting 

other symbiotic relationships with plants and animals, being harmful pathogens to conquer the world, 

mutating their lifestyle to face environmental changes, and evolving in a complex messy world.  

 

This thesis tells this story with scientific coldness but describes it with all the passion that researchers 

dedicates to their work.  

Three chapters reporting my PhD journey include the main investigated topics (first chapter), and two side 

(but scientifically and technically connected) researches (second and third chapter). All of them were 

essential for my formation and constitute a whole broad project aimed at analysing the interactions between 

bacteria and the environment (as nutrients, biotic community, symbiosis). 

The first chapter focuses on the symbiosis between legumes and rhizobia, ranging from the most recent 

discoveries on rhizobia to improve agricultural practices in harsh soils to the choice of the best partnership 

(the rhizobium and its “beloved” legume). This part dissects the many evolutions of the partnership along 

the Sinorhizobium/Ensifer genus and its pangenome and going deeper with one of the  model species for 

plant-rhizobium symbiosis, Sinorhizobium meliloti, by looking at the many ways (transcriptional responses) 

the “scent” of the host plant can be perceived. The second chapter looks at the small in the large, the study 

of the microbiota and its interaction with the environment, analysing the many signatures of microbial life in 

nature. The third chapter talks about sugar-candies and how complex is their use. Here, a study on the diauxie 

is presented, showing the many metabolic networks a heterotrophic marine bacterium, Pseudoalteromonas 

haloplanktis, can play with when the utilization of different carbon sources is the challenge.  

In conclusion, this thesis reports a journey into the complexity of small simple things, the bacteria, and on 

their ways to cope with nutrients, signals and trophic interactions. Enjoy reading it as I enjoyed writing the 

stories reported here. 
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Chapter 1 

1.1 An ecological problem 
 

1.1.1 The nitrogen cycle 

 

Nitrogen is the most abundant element in our planet’s atmosphere. Nearly 78% of the atmosphere is made 

up of nitrogen gas (N2). We are talking about an essential and often limiting element for living organisms, 

eukaryotes and prokaryotes. It is a major component of amino acids, the key building blocks of proteins. It is 

also present in other important biomolecules, such as ATP and nucleic acids. Plant growth and crop 

production is limited by the availability of this element. The variety of processes in which nitrogen is involved 

requires its transformation from one chemical form to another. The nitrogen cycle includes all those 

transformations that nitrogen undergo moving between the atmosphere, the soil and living organisms. The 

term “fixation” refers to the process that leads to the conversion of nitrogen to a form that can be used in 

biological processes. Nitrogen fixation is a multipath routing process, whose result comes from both natural 

phenomena, as biological labour, lightning and volcanic activity and anthropological intervention, mainly due 

to the development of Haber-Bosh synthesis and Ostwald oxidation process (Bartholomew & Farrauto 2010; 

Vitousek et al. 2013). 

Lightning and volcanic activity makes ~1% ammonia of the net nitrogen fixed per year, contributing to a minor 

part of the total nitrates generated (Guo et al. 2019; Igarashi & Seefeldt 2003).  Atmospheric nitrogen is 

converted into ammonia and nitrate (NO3) that enter soil with rainfalls.  

Biological nitrogen fixation (BNF) converts di-nitrogen (N2) into plant-usable form (NH4
+ primarily). Nitrogen 

gas (N2) diffuses from the atmosphere into the soil where species of bacteria convert it to ammonia (NH3). 

The nitrogen molecule (N2) is composed of two nitrogen atoms joined by a triple covalent bond, thus making 

the molecule highly inert and nonreactive. To break down a N2 molecule 16 ATP molecules are required and 

further 12 ATP molecules are needed for assimilation and transport (Roley et al. 2019). 28 ATP molecules 

represent a high cost for organisms exerting BNF. These organisms obtain the required energy by oxidizing 

organic molecules. Non-photosynthetic free-living microorganisms must obtain these molecules from other 

organisms, while photosynthetic ones, such as cyanobacteria, use sugars produced by photosynthesis. 

Associative and symbiotic nitrogen-fixing microorganisms obtain these compounds from their host plants 

(Wagner 2011). Symbiotic plant partners, harbouring nitrogen fixing bacteria in their nodules, must provide 

12 g of glucose to benefit 1 g of nitrogen (Rensing 2006). Nevertheless, BNF is less energetically expensive 

than the Haber-Bosh process that, to produce the same amount of nitrogen, requires temperatures of 400–
500 ◦C and a pressure of ~200–250 bars (Gilchrist & Benjamin 2017).  

Nitrogen cycle is completed by denitrifying bacteria that use nitrate (NO3
-) instead of oxygen when obtaining 

energy, releasing nitrogen gas (N2) to the atmosphere (Figure 1). 

In the cycle of nitrogen, an important environmental impact is due by the industrial production of nitrogen 

compounds to fertilize crops. Increased nitrogen inputs into the soil have led to the so-called “green-

revolution”, with lots more food being produced to feed more people. However, the excess of nitrogen with 
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respect to plant demand leaches from the soil into waterways, contributing to eutrophication. Lakes, rivers 

and sea areas receive excess nutrients that stimulate excessive algae or plant growth and thus deplete the 

availability of oxygen in the water and causing other organisms’ death.  Nitrogen compounds, if balanced in 

the environment, support life and do not affect animals survival. Problems occur only when the cycle is not 

balanced. Moreover, the high energy demand of industrial synthesis of ammonia is still mostly supplemented 

by fossil fuel, then increasing indirectly the atmospheric CO2 increase. 

 

Figure 1. A schematic view of the nitrogen cycle (source: Lehnert et al. 2018) 
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1.2 We are children of the Haber-Bosch synthesis 
 

Conventional agriculture has depended upon the Haber-Bosch synthesis process to produce the commercial 

fertilizers needed to grow most of the world’s hybrid and inbreed crops.  Under high temperature and very 

high pressure, hydrogen and nitrogen (from thin air) are combined to produce ammonia (Figure 2).  This 

conversion is typically conducted at pressures above 10 MPa (100 bar) and between 400 and 500 °C, as the 

gases (nitrogen and hydrogen) are passed over four beds of catalyst, with cooling between each pass (Gamble 

2019). 

Figure 2. A schematic view of the Haber-Bosh process (source: Wikipedia.org) 

A century after its invention, the process is still applied all over the world to produce more than 100 million 

tons of artificial nitrogen fertilizers per year (Figure 3 and 4). 1% of the world's energy supply is used for it 

(Smith 2002).  

 

Figure 3. Nitrogen fertilizers used per hectare of cropland, 2017. Application of nitrogen fertilizers, measured 

in kilograms of total nutrients per hectare of cropland (source: OurWorldData.org/fertilizers). 



 
4 

 

Given that nitrogen is such a key element in all the living organisms, Vaclav Smil calculated how many people 

in the world population are dependent on its synthesis (Smill & Streatfeild 2002).  He derived his calculations 

based on the use of nitrogen crop, livestock and human protein balances. Since nitrogen fertilizers provided 

around half of the nutrients in a harvested crop, he estimated that it supplies 40 percent of dietary proteins 

in the mid-1990s. In 2004, it sustained roughly 2 out of 5 people (Fryzuk 2004). In 2015, it already sustained 

nearly 1 out of 2; soon it will sustain 2 out of 3 (Figure 5). The Haber process served as the "detonator of the 

population explosion", enabling the global population to increase from 1.6 billion in 1900 to 7.8 billion by 

June 2021. Billions of people would never have existed without it; our dependence will only increase as the 

global count moves to ten billion people (Erisman et al. 2008).  

 

 

 

 

 

 

 

 

 

 

Figure 4. Nitrogen fertilizers production from 1961 to 2014. Global nitrogen fertilizers production, measured 

in tonnes of nitrogen produced per year (source: OurWorldData.org/fertilizers-and-pesticides). 

 

 

Figure 5. World population supported by synthetic nitrogen fertilizers. Estimate of the share of the global 

population which could be supported with and without the production of the synthetic nitrogen fertilizers 

for food production (source: OurWorldData.org/how-many-people-does-synthetic-fertilizer-feed). 
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Notably, there have been a number of additional contributors to productivity gains in agriculture throughout 

the 20th and 21st centuries, including crop breeding, irrigation, mechanization, and farm management 

techniques. Furthermore, the global food system is complex and geographically highly unequal: high-income 

countries have moved beyond the stage of aiming to meet basic nutritional requirements from food 

production, and now dedicate a large share of agricultural production to meat production (which is a much 

less efficient nitrogen converter). 

Addressing this question partly relies on retrospective guesswork about whether, in the absence of synthetic 

nitrogen fertilizers, we would have managed to supply nitrogen via other methods. If Fritz Haber or Carl Bosch 

hadn’t developed a method for transforming inert atmospheric nitrogen into reactive nitrogen plants could 
utilize, what is the likelihood that other solutions would have filled the gap?  

A potential nitrogen source is that of organic wastes — nitrogen is supplied in many organic farming systems 

today in the form of animal manure. The issue is that these existed in limited supply: recycling nutrients, by 

definition, means you have a limited supply. Another solution would have been to greatly increase the 

production of nitrogen-fixing legume crops. Leguminous crops possess a unique ability to transform 

atmospheric nitrogen into reactive nitrogen in the soil. Growing these crops can therefore increase soil 

nitrogen sources over time. Unfortunately, despite the many nutritional and environmental benefits of 

legumes, they form only a small component of most peoples’ diets. Additionally, they tend to be lower-

yielding relative to cereals and other stable crops.  

 

1.2.1 Air and water pollution  

 

Physio-chemical process for di-nitrogen transformation comes with many consequences, including using 

fossil fuels for the energy needed during the process, the resulting carbon dioxide emissions and pollution 

from their combustion, and therefore adverse effects on human health (Vitousek et al. 1997).  

The nitrogen cycle has been affected by the overuse of chemical fertilizers, leading to air, surface water and 

groundwater pollution. Reactions of nitric oxide with excited oxygen contribute to the destruction of ozone 

in the stratosphere (where these molecules serve to screen out dangerous ultraviolet light). Aquatic 

ecosystems are undergoing eutrophication due to the transfer of nitrogen fertilizer to freshwater (Figure 6). 

The evident “greening” of water column, triggered by the proliferation of microorganisms, especially algae, 

caused the decreasing of dissolved oxygen levels in bottom waters. This depletion results in a massive death 

of aquatic organisms and is responsible for the formation on the so called “dead zones”, areas where aquatic 
life can hardly be detected (Diaz & Rosenberg 2008).  

By the end of the 20th century, oxygen depletion of marine systems had become a major worldwide 

environmental problem, affecting more than 245,000 square kilometres of coastal regions with more than 

400 systems that had developed hypoxia (Diaz & Rosenberg 2008; Kirchman 2021). 
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Figure 6. Coastal regions affected by eutrophication (highlighted in red on the map) (left); True-color image 

of Mississippi River sediment deposition into the Gulf of Mexico. Courtesy of NASA. (right) 

Further expansion of dead zones will depend on how climate change affects water-column stratification and 

how nutrient runoff touches organic-matter production. From a prediction obtained from general circulation 

models, climate change alone will deplete oceanic oxygen both by increasing stratification and warming and 

changing rainfall patterns, so as to enhance discharges of fresh water and agricultural nutrients to coastal 

ecosystems (“Climate change 2013: The physical science basis-conclusions” 2013).  

Industrialization weights on aquatic pollution. In pre-industrialized times, most coastal and offshore 

ecosystems never became hypoxic except in natural upwellings. For example, the shallow northwest 

continental shelf of the Black Sea, after a drastic reduction of fishing activities because of the lack of 

commercial species, hypoxia that was rising on the coast disappeared and ecosystems recovered. However, 

nutrient inputs increased again, and agriculture practices resumed with a consequent return to hypoxic 

conditions (Laurence 2006). The strategy to reduce dead zones will be to keep fertilizers on the land and out 

of the sea. For agricultural systems in general, methods need to be developed so that the nutrients cycle can 

be closed in a circle from soil to crop and back to agricultural soil (Tilman et al. 2001). 

Can we overcome problems related to an impaired cycle of nitrogen moving towards a more sustainable 

agriculture?  
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1.3 An ecological solution 
 

We know that nitrogen cycle should remain balanced and closed in the loop soil-crop-soil, and fertilizers 

should remain on the land, without filtering into the waters. Nature itself offers us the possibility to fertilize 

soils by exploiting the potential of biological nitrogen fixation (BNF) by harnessing the symbiosis between 

legumes and bacteria, the so called “symbiotic nitrogen fixation” or SNF.  

1.3.1 Biological nitrogen fixation 

 

Biological nitrogen fixation was discovered by Beijerinck at the beginning of the 20th century  (Kamminga 

1984). It is carried out by a specialized group of prokaryotes that utilize the enzyme nitrogenase to catalyse 

the conversion of atmospheric nitrogen (N2) to ammonia (NH3). Plants can readily assimilate ammonia to 

produce the above-mentioned nitrogenous biomolecules. Bacteria can carry out nitrogen fixation with 

different levels of autonomy, passing from organisms capable of producing ammonia from atmospheric 

nitrogen on their own, to organisms that need the presence of well-defined environmental factors, to  others 

that ask to be housed within the physical structures of another organism. Prokaryotes able to perform BNF 

include aquatic organisms, such as cyanobacteria, free-living soil bacteria, such as Azotobacter, bacteria that 

form associative relationships with plants, such as Azospirillum, and most importantly, bacteria, such as 

rhizobia, that form symbioses with legumes (Hardy 1984; Shridhar et al. 2012)  . These processes are 

summarized in Figure 1. 

Species of Azotobacter, Bacillus, Clostridium, and Klebsiella represent some examples of heterotrophic 

bacteria that live in the soil and fix significant levels of nitrogen without the direct interaction with other 

organisms (free-living nitrogen fixers). These organisms find their own source of energy typically by oxidizing 

organic molecules released by other organisms or from organic matter decomposition. There are some free-

living organisms (e.g Thiobacillus spp. and Paracoccus denitrificans) that have chemolithotrophic capabilities 

and can thereby utilize inorganic compounds as a source of energy (Stewart 1969). 

Because nitrogenase can be inhibited by oxygen, free-living organisms behave as anaerobes or 

microaerophiles while fixing nitrogen. The scarcity of suitable carbon sources for these organisms makes their 

contribution to global nitrogen fixation rates generally considered minor. However, a study carried out in 

Australia on an intensive wheat rotation farming system demonstrated that free-living microorganisms 

contributed 20 kilograms per hectare per year to the long-term nitrogen needs of this cropping system (30-

50% of the total needs (Vadakattu & Paterson 2006)). 

Researches over the past decade has greatly expanded the knowledge of the diversity of organisms capable 

of carrying out BNF, but lots is still unknown about the rates and regulation of BNF. A recent evaluation of 

BNF is 58 Tg N yr -1 (44 Tg N yr -1 accounting for geological N), with a plausible range from 40 to 100 Tg N, 

estimated to be worth the equivalent of USD160–180 billion (Rajwar et al. 2013).  Modern BNF is likely to be 

less than our pre-industrial estimation (40–100 Tg N yr-1, with a preferred single estimate near 60 Tg N yr-1) 

owing to land conversion, and perhaps to downregulation of BNF caused by increased deposition of 

anthropogenic reactive N. Harnessing BNF on ecosystem and regional scales is a key to understanding, 

predicting and managing the consequences of multiple components of anthropogenic global change(Finzi et 

al. 2015; Vitousek et al. 2013). 
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1.3.2 Associative and Symbiotic Nitrogen Fixation 

 

Free-living fixation and associative nitrogen fixation are hard to distinguish from one another in the 

rhizosphere (Roley et al. 2019). When talking of bacteria capable to perform nitrogen fixation in association, 

but not in symbiosis, with other organisms, an example can be represented by species of Azospirillum, able 

to form close associations with several members of the Poaceae, including agronomically important cereal 

crops (such as rice, wheat, corn, oats, and barley). These bacteria fix appreciable amounts of nitrogen within 

the rhizosphere of the host plants. The level of nitrogen fixation is determined by several factors, including 

soil temperature (Azospirillum species thrive in more temperate and/or tropical environments), the ability of 

the host plant to provide a rhizosphere environment low in oxygen pressure, the availability of host 

photosynthates for the bacteria, the competitiveness of the bacteria, and the efficiency of nitrogenase 

(Reynders & Vlassak 1982). 

The close association between microorganisms and plants, which can result in a symbiotic partnership, arises 

from the need for nutrients for microorganisms. The plant provides sugars from photosynthesis and in 

exchange for their carbon sources, microbes provides ammonia for its host. 

By far, the most important nitrogen-fixing symbiotic associations are the relationships between legumes and 

rhizobia. Alfalfa, beans, clover, cowpeas, lupines, peanut, soybean, and vetches represent the most relevant 

legumes used in agriculture, with soybean that tops the rankings of the most cultivated legume (it is grown 

on 50% of the global area devoted to legumes and represent 68% of the total global legume production) 

(Figure 7) (Vance 2001).  

Rhizobium-legume symbioses provide more than half of the world’s biologically fixed nitrogen, and it was 
reported that rhizobial nitrogen fixation introduces 40–48 million tonnes of nitrogen into agricultural systems 

each year (Herridge et al. 2008; Smill & Streatfeild 2002). 

 

Figure 7. Soybean production in the world. Production is measured in tonnes (source: 

OurWorldData.org/agricultural-production).  
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1.3.3 Rhizobia and legumes: the partnership 

 

The term “rhizobia” indicates a group of bacteria able to infect and colonize plant roots (rhiza, as root in 

Greek) and performing BNF. Rhizobia live as free bacteria in soil or plants (as commensal endophytes). When 

compatible leguminous plants are present rhizobia may form symbiotic nitrogen fixing associations with 

them. Rhizobia are a polyphyletic group of Proteobacteria, with all rhizobia identified to date belonging to 

two proteobacterial classes: Alphaproteobacteria and Betaproteobacteria. In the Alphaproteobacteria, 

rhizobial strains (alpha-rhizobia) are present in the genera Sinorhizobium (syn. Ensifer), Rhizobium, 

Mesorhizobium, Bradyrhizobium, Azorhizobium, Methylobacterium, Devosia, Ochrobactrum, Aminobacter, 

Microvirga, Shinella, and Phyllobacterium. In the Betaproteobacteria, rhizobia (beta-rhizobia) are present 

within the genera Paraburkholderia, Cupriavidus, and Trinickia (Checcucci et al. 2019; Estrada-de los Santos 

et al. 2019). While the beta-rhizobia are mainly found in association with tropical legumes, the alpha-rhizobia 

appear to be more widespread and make symbiosis with tropical to temperate legumes including pasture, 

tree, and grain legumes. The alpha-rhizobia have received more research attention than the beta-rhizobia; 

among the alpha-rhizobia, Sinorhizobium (syn. Ensifer) is likely the most studied genus, followed by the 

genera Rhizobium and Bradyrhizobium (Sprent et al. 2017).   

Fabaceae (Leguminosae) is the third largest family of Angiosperms and includes more than 20,000 species 

including trees, shrubs, lianas and herbs, with different climatic typologies (Schmid et al. 2006).  The 

establishment of this group in different environments (from coastal areas, to mountains, in rain forests and 

deserts, in equatorial areas and near the poles) is related to different adaptation strategies and chemical 

evolution. A part of the family’s evolutionary success is linked to their association with rhizobia. It is thanks 

to this partnership that legumes can colonize nitrogen-poor environments and store large amount of nitrogen 

compounds in their seeds (Benjamim et al. 2020). This symbiotic relationship has not always been such: 

according to the phylogenetic analysis based on conserved genes in different genera of rhizobia, there are 

evidence supporting the arise of rhizobia before their host plants, as free-living organisms, probably 

predators (Turner & Young 2000). 

The relationship between plant and rhizobia changed probably 55 to 50 million years ago, when an important 

climate change, with a strong increase of temperature, favoured the carbon mobilization from sea sediments. 

Since nitrogen fixation requires a large amount of carbon, it was hypothesised that a driving force could have 

been an excess of carbon dioxide coupled with a deficit of combined nitrogen (Bowen et al. 2004; Sprent 

2007). The co-evolution model of symbiotic association can be suggested also by the correspondence 

between both rhizobial and plant genes in the two phylogenesis (Dobert et al. 1994). According to the model 

proposed by Werner at al., a “predisposition”, a common leguminous plant symbiotic trait, could have 

represented the starting point of nodulation process (Werner et al. 2014). From here, the accumulation of 

mutations could give birth to a stable nitrogen fixer bacterium or, on the other side, this trait could disappear 

(Figure 8).   
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Figure 8. Angiosperm phylogeny of 3,467 species showing reconstruction of node states (Werner et al. 2014). 
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1.4 An overview on the nodulation process and symbiosis 

establishment 
 

Nodulation and nitrogen fixation abilities are spread in a wide variety of α- and β- proteobacteria and 

leguminous plants (Chen et al. 2003; Zhao et al. 2021). In this thesis, our attention will be focused on the 

model of symbiosis between Sinorhizobium meliloti and Medicago sativa. M. sativa, commonly known as 

alfalfa, has an importance as a forage crop in many countries, because of its high proteins and vitamins 

content. Its relevance is also related to the possibility of this plant to be used as biofuel and to improve soil 

quality, by restoring nitrogen levels after previous depletion due to crops cultivation (Pini et al. 2012). 

Furthermore, M. sativa represents a source of compounds (e.g. saponins and flavonoids) with a potential in 

agriculture and pharmaceutical industries (Rafińska et al. 2017). Originally spread among temperate regions, 

the plant is known to be tolerant to a wide temperature range, although global warming reduces its 

productivity (Jacob et al. 2020). 

Lots of details on the interaction and crosstalk between the rhizobium and the leguminous plant, still have 

to be elucidated. To date, with the information in our possession, it is possible to reconstruct 5 fundamental 

stages that run through the sequential steps of the symbiosis between the rhizobium and the legume, from 

the first approach to the exit from the nodule. 

Mutual recognition  

The symbiotic process starts from the mutual recognition between plant and bacteria present in the 

rhizosphere. The carbohydrates-rich area near plant roots attracts many microorganisms by signaling 

mechanisms in which root exudates play a fundamental role. Legumes secrete signals represented by 

flavonoid compounds (2-phenyl-1,4-benzopyrone derivatives, as for example luteolin) (Barreca et al. 2020). 

The rhizobial flavonoid receptor protein is NodD. The ligand binding activates the production and the 

secretion of the Nod factor, a lipo-chito-oligosaccaride molecule consisting of a chitin backbone, four to five 

N-acetylglucosamine units in length, with a lipid attached to the nonreducing end and host-specific 

modifications on the backbone (Miao et al. 2018). The specificity of host-symbiont specificity is due to the 

chemical structures of flavonoids and Nod factors acting in this first part of the recognition (Ankati & Podile 

2019; van Dam & Bouwmeester 2016). 

The last decade has changed the paradigm that the capacity to instigate nodule formation is solely 

determined by a canonical set of rhizobial nodulation (nod) genes. To date, three nodulation strategies have 

been identified in rhizobia: i) Nod, ii) type three secretion system (T3SS), and iii) non-Nod/non-T3SS strategies 

(Okazaki et al. 2013).  

I. In the Nod strategy, strain-specific lipo-chitooligosaccharides called Nod factors (NFs) are produced 

under the control of nodulation genes (nod/nol/noe genes collectively referred to as nod genes). 

Their core structure is determined by the common nodABC genes. NFs are perceived by plant 

receptors (LysM-receptor like kinases) that activate the common symbiotic signaling pathway (CSSP).  

II. In the T3SS strategy, T3SS effectors, whose nature and function are under investigation, activate CSSP 

components by bypassing NF recognition.  

III. The mechanism of the third nodulation strategy is still unknown, but it involves neither nod nor T3SS 

functions. Nod-independent and T3SS-independent nodulation occurs via CSSP activation, since most 

CSSP components have been identified in Aeschynomene evenia - that is only nodulated via this 

strategy - some of which have been shown to be involved in symbiosis in this legume (Masson-Boivin 

& Sachs 2018). 
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Initiation of nodule formation (root hair curling and cortical cell division) 

The Nod factor triggers the expression of plant developmental cascade for nodule formation, starting with 

root hair curling. Root hair curling is accompanied by cortical cells division. Together, these steps favor the 

invasion of the plant root cells and the formation of the infection thread by bacteria. After complete entry of 

rhizobia into plant cells the bacteria are found within vesicles called symbiosomes and here they differentiate 

into a specialized form, the bacteroid. This specialization, in terminal differentiation, is characterized by 

morphological changes (i.e. acquisition of an irregular form) and metabolic downregulation for many classical 

functions (as DNA replication) in favor of the upregulation of genes linked to the nitrogen fixation process 

(Wu & Wang 2019). At the same time bacteroid develops, infected root cells enlarge themselves and produce 

a swell on root surface up to the formation of a new organ: the root nodule (Gage 2004) (Figure 9). 

 

 

Figure 9. Schematic overview of the nodulation process and biological nitrogen fixation (source: Laranjo et 

al. 2014) 

Nodule development 

Two predominant nodule types exist in legumes. Determinate nodules, with a transient meristem, are 

spherical since cell divisions occur only during a short period of time. The final growth of the nodule is 

achieved by cell enlargement. In contrast, indeterminate nodules, with a persistent meristem, are cylindrical 

as they grow during the whole nodule life by increasing the number and the size of cells. Determinate nodules 

are generally formed in tropical legumes such as Phaseolus, Vigna and Glycine, whereas indeterminate 

nodules are found in temperate legumes such as Medicago, Trifolium or Pisum (Kazmierczak et al. 2020). 

Alfalfa produces nodules that display an indeterminate developmental program: a meristem at the tip of the 

growing nodule continually produces plant cells that are infected by bacteria, followed by differentiation of 

both the plant cells and the endosymbiont. As a result, all stages of development are present in a distal-to-

proximal gradient within a single nodule (Wang et al. 2012) (Figure 10). 

Beside the nodule types, the bacteroids possess also three different morphotypes named U, S and E. The U-

morphotype (where U stands for Undifferentiated) corresponds to bacteroids with minor morphological 

modifications compared to the free-living bacteria and the ability to reverse from the symbiotic lifestyle to 

the free-living state. The S- and E-morphotypes correspond to large Spherical and large Elongated bacteroids, 
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respectively. These bacteroids cannot return to free-living life and are termed “terminally differentiated” 

(Kondorosi et al. 2013; Oono et al. 2010). This terminal differentiation is an associated with the increase of 

permeability of the bacteroid membrane and of DNA content compared to free-living bacteria  (Mergaert et 

al. 2006). The bacteroid differentiation is driven by the plant host via the production of a class of peptides 

called nodule-specific cysteine-rich peptides (NCRs) (Van De Velde et al. 2010). At the functional level, NCRs 

have intracellular bacteroid targets, including the cell division protein FtsZ and the chaperone protein GroEL, 

suggesting that NCRs interact with the bacterial metabolism to induce the terminal differentiation (Farkas et 

al. 2014; Lamouche et al. 2019). However, the way these targets are affected by NCRs is still unknown 

 

 

 

 

 

 

 

 

 

 

Figure 10. Schematic representation of the establishment and of the development of the legume-rhizobium 

symbiosis, and of the structure of mature indeterminate and determinate nodules. En, endodermis; Co, 

cortex; dpi, day post-inoculation; Ep, epidermis; Vb, vascular bundle; wpi, week post-inoculation (source: 

Kazmierczak et al. 2020) 

Initiation of nitrogen fixation 

Inside the nodule microaerobic environment, the bacteroid expresses the oxygen-sensitive enzyme 

nitrogenase, that catalyzes the conversion of atmospheric nitrogen to ammonia. 

The nitrogenase complex consists of two protein components: the Fe-protein and the MoFe-protein. The 

nitrogen fixation process consists in a step by step protein association and dissociation and ATP hydrolysis 

for electrons delivery. 

The reaction nitrogenase catalyzes is the following (Hoffman et al. 2014): 

N2 + 8 H+ + 8 e− + 16 ATP → 2 NH3 + H2 + 16 ADP + 16 Pi 

Energy required for the reaction is provided by the host plant as photosynthates (i.e. carbohydrates, sucrose) 

transported to the nodule via phloem. In the nodule, sucrose is cleaved by the sucrose synthase to UDP-

glucose and fructose and the hydrolyzed compounds are metabolized by glycolytic enzymes to produce 

phosphoenolpyruvate (PEP), which is finally converted to malate (Ledermann et al. 2021). The dicarboxylates 

are transported into the bacteroid via dicarboxylic acid transport (Dct) system, and metabolized thanks to 

the tricarboxylic acid (TCA) cycle. Ammonium is the primary stable product of the reaction and it may diffuse 

through bacterial cytoplasm into plant cells or be incorporated directly into amino acids which are exchanged 

with organic acids (Lodwig et al. 2003; Lodwig & Poole 2003) (Figure 11). An experimentally based 
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computational model of metabolic interaction between the bacteroid and host legume has recently been 

developed, helping to clarify the relative importance of such metabolic exchanges over the plant growth 

(diCenzo et al. 2020). 

 

 

Figure 11. Central metabolic and transport reactions in bacteroids. Bacteroid metabolism is closely 

interdependent with the plant host because of bidirectional nutrient exchanges between the symbiotic 

partners (from Ledermann et al. 2021)  

In the cytosol of the plant cells of the nodule, nitrogen is mainly assimilated into glutamine and glutamate 

thanks to the action of glutamine and glutamate synthetase. Fixed nitrogen can be transferred to asparagine, 

glutamine or purine derivates depending on the species of legume (Vance 2000). 

In this metabolic pathway, oxygen represents a limiting factor since it can inactivate the nitrogenase activity. 

Nevertheless, oxygen is fundamental for aerobic nitrogen fixing bacteria to obtain the large amount of ATP 

required. For these reasons, a system to regulate the oxygen concentration in nodules has evolved, with a 

major component being leghemoglobin. Leghemoglobin is a protein that underlines the strength of the 

linkage between rhizobia and plant. The heme group of the protein is synthetized by the microorganism and 

the globin is provided by the plant. By binding free oxygen with high affinity, leghemoglobin both facilitates 

the respiration in the bacteroid, and, at the same time, prevents the inactivation of nitrogenase by 

maintaining a low free-oxygen concentration (Li et al. 2018). Mutation or silencing of leghemoglobin 

biosynthesis results in inefficient symbioses (Ledermann et al. 2021). In oxygen-rich environments 

nitrogenase can also be sequestered in differentiated cells with morphological and biochemical 

characteristics that limit exposure of the enzyme to oxygen, protecting it from inactivation (Gage 2004). 

Destiny of determinate and indeterminate nodules 

Nodule senescence represents a strong agronomical interest through the possible improvement of N2 fixation 

efficiency under adverse environmental conditions to maintain or even increase the yield of legume crops. 

Although the lifespan of nodules in most legumes is 10–12 weeks, their ability to fix N starts to decline 3–5 

weeks post-inoculation (Puppo et al. 2005). As nodules and leaves are tightly connected in a reciprocal sink-
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to-source relationship for carbon and nitrogen, any defect in photosynthetic activity will indeed impair the 

metabolic functions of the nodule associated with nitrogen assimilation and consequently provoke nodule 

senescence. Phenotypically, nodule senescence is characterized by the colour shift of tissues from pink 

(evidence of the presence of leghemoglobin and active nitrogenase) to green (determined by the degradation 

of leghemoglobin) (Roponen 1970). Metabolically, senescence is represented by intense proteolytic activity 

responsible for high levels of degradations of proteins (Pladys & Vance 1993). Developmental senescence 

(also known as natural senescence) occurs because of organ aging, but exposure to various environmental 

changes also induces nodule senescence, e.g. when plants are submitted to drought, cadmium stress, 

photosynthesis inhibitors, prolonged darkness, defoliation, or treatments with, nitrate or abscisic acid. 

Alternately, senescence can result from a deficient recognition between the two partners. Depending on the 

type of triggering factor, the senescence process is rapid and implements variable responses, but a number 

of common typical features are found in most nodule senescence processes (Kazmierczak et al. 2020). In 

nodules of the determinate type, senescence develops radially, starting from the centre of the nodule and 

then progressively extending to the peripheral tissues in a few weeks. In nodules of indeterminate type, the 

N2 fixation zone is constantly renewed and the senescence zone (zone IV) grows as the nodule grows; it 

increases from the root proximal zone toward the apical zone of the nodule. Because this zonation is not 

strictly defined, a senescence inter-zone is sometimes described between zone III and zone IV (Montiel et al. 

2016; Puppo et al. 2005).  

While from the point of view of plant physiology, the senescence of the nodule has been well explored, little 

is known about the release of symbiotic bacteria into the soil. Bacteroids in the determined nodules are not 

terminally differentiated, so when this kind of nodule dies, the bacteroids released in the soil are able to de-

differentiate to the free-living form, enriching the soil of the substances stored during their symbiotic period. 

On the contrary, bacteroids in indeterminate nodules are metabolically and irreversibly different from free-

living rhizobia. There terminally differentiated organisms die when the nodule they inhabit dies, but 

undifferentiated forms maintain the possibility to be released from the nodule, giving rise to a new rhizobial 

population in the rhizosphere (Denison 2000). 

Host sanction 

After nodule organogenesis is underway, legumes can respond to nodules that house ineffective rhizobia 

(strains that do not fix nitrogen) and reduce bacterial within-nodule growth rates, a trait known as 

“sanctions” (Regus et al. 2015; Sachs et al. 2010). But how legumes detect and sanction ineffective strains is 

mostly unknown. Models predict that legumes target ineffective rhizobia at the level of the whole nodule, 

hence that sanctions are modulated dependent upon the total amount of fixed nitrogen provided by 

individual nodules whether they are clonal or contain mixed strains infection. But growing evidence suggests 

that hosts can sanction ineffective rhizobia even when individual nodules are co-infected by a mix of effective 

and ineffective strains (West et al. 2002b). Furthermore, legumes can sanction ineffective strains at a cell-

level, with the host plant inducing programmed cell death of cells that house ineffective rhizobia (Masson-

Boivin & Sachs 2018; Regus et al. 2017).  

For rhizobia, nodulation offers substantial fitness benefits that appear unachievable in the highly competitive 

soil and rhizosphere environments outside of the host. Conversely, plant hosts benefit from nodulation only 

under certain conditions, such as when soils are nitrogen poor and contain compatible, nitrogen-fixing 

rhizobia. Among legume taxa, there is wide variation in their specificity for restricting nodulation, often 

dependent on the production of host-specific flavonoids and host root receptors that recognize specific 

rhizobia (Kawaharada et al. 2017; Liu & Murray 2016; Sachs et al. 2018).   

Plant costs to nodulation (carbon, C) are predicted to be a linear function of the number of nodules formed 

(Nod#) with a slope of m (cost per nodule): 
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 fC = m  Nod# 

Plant benefits from nodulation (nitrogen, N) are predicted to be a negative exponential function: 

 fN = α (1 − e−B  Nod#) 

with diminishing returns that reach an asymptote at α and diminish at a rate corresponding to B (Figure 12, 

a). Net benefits of nodulation can be calculated by subtracting the cost from the benefit functions. The net 

benefit function for nodulation is unimodal, increasing with the formation of nodules (zone of cooperation) 

until the optimal number of nodules is reached (N–C)max, and above which additional nodules reduce the host 

benefit (zone of conflict). If too few or too many nodules are formed, the host does not acquire the net 

minimal benefit to set seed (i.e. < N–C)min (Figure 12, b). Host fitness (i.e seed set) varies with the number of 

nodules formed (Figure 12, c).  

 

Figure 12. Legume and rhizobia conflict over nodule number. (a) Costs vs benefits of nodulation (b) Net 

benefits of nodulation (c) Host fitness (i.e. growth, seed set) (Source: Sachs et al., 2018).  

Legumes can also induce nodule senescence when the costs of symbiosis become too great, as in case of dark 

stress or when nodules are infected by rhizobia that fix negligible nitrogen (i.e. Fix−) (Berrabah et al. 2015; 

Vauclare et al. 2010). A key step during nodule senescence is the neutralization of the peribacteroid space 

surrounding the otherwise acidic environment of the symbiosome, whose homeostasis is required to import 

host resources (Pierre et al. 2013). 
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1.4.1 More than nitrogen fixation: plant growth promoting rhizobacteria as a 

multipurpose tool to improve bio-sustainable agriculture 

 

In general, microorganisms have become popular models for addressing sociobiological questions related to 

exchange of nutrients and communication between different organisms (Checcucci et al. 2017b). To study of 

mutualistic interactions, microbial systems represents an optimal model, due to their readiness of 

manipulation, their short generation times, and the simple methods for tracking of resources (West et al. 

2002a).  

It is becoming increasingly clear that the development, growth, and health (in one word, all functions) of 

macroorganisms are influenced by the complex microbial communities they host that shape their ecology 

and evolution (Foster et al. 2017; Selosse et al. 2014). Biology is indeed undergoing a paradigm shift, where 

individual phenotypes are seen as a result of complex interactions resulting from the combined expression 

of the host and associated microbial genomes, leading to the popularization of notions of the holobiont and 

the hologenome (Bordenstein & Theis 2015; Simon et al. 2019). In a global picture of the soil, plants and their 

related microbiota can be considered holobionts, complex systems ruled by interdependent and composite 

interactions (Sánchez-Cañizares et al. 2017). Plants influence the composition of their rhizosphere microbiota 

through the production of root exudates, contributing to the positive selection of plant-growth promoting 

(PGP) and beneficial bacteria (Edwards et al. 2018; Hartmann et al. 2009).  In the past three decades, eco-

sustainable agronomic practices have been employed to replace chemical fertilizers and pesticide-based 

agriculture by exploiting beneficial microorganisms as biofertilizers (Alori et al. 2017; Hartmann et al. 2009). 

The high economical relevance of the symbiotic interaction has promoted the production of commercial 

rhizobia inoculants (already widely used in agriculture), since this microbial interplay can provide a direct 

benefit for the host plant. Inoculation of leguminous crops with rhizobia strains is known to considerably 

increase crop yield, mediated largely through symbiotic nitrogen fixation (Checcucci et al. 2017b). However, 

the function of these bacteria in the rhizosphere can be more than their role in the nitrogen cycle: their role 

can be also those of plant-growth promoters, by helping the plant surviving to stresses.  

The initial step in recognition of a single microbe occurs, in the plant, at the cellular level. Biotic and abiotic 

stresses detected by the plant are transformed into signals and thus transmitted to downstream intracellular 

and intercellular signalling networks by receptor-like kinases. Subsequently, reactive oxygen species and 

calcium ions (Ca2+) transmit these stimuli to downstream signalling components in the local and systemic 

immune system in plant cells. The transferred transducers activate kinase cascades such as mitogen-

activated protein kinases and accumulate plant hormones, regulators of plant stress response, such as 

abscisic acid, salicylic acid (SA), jasmonic acid (JA), and ethylene (Xu & Huang 2017). Survival of plants in the 

natural environment depends on their interaction with a complex and dynamic community of microbes. Root 

metabolism and root exudates are the main physiological factors used by plants to control microbial growth 

(Chaparro et al. 2014). Root exudate composition (e.g. sugars, organic acids, secondary metabolites, mucus-

like polymers) is controlled by the plant genotype, developmental stage, seasonal effects and stress level 

(Phillips et al. 2008; Sasse et al. 2018). In a study conducted on Arabidopsis plants, different microbial 

recruitment in the rhizoshpere occurred if present mutations in the plant impacting on the biosynthesis of 

JA and SA, indicating that these hormones modulate microbial community composition directly or indirectly 

through root exudates (Carvalhais et al. 2015; Lebeis et al. 2015). This suggest that the crosstalk between 

plant and bacteria and consequently and rhizospheric recruitment are finely regulated. 

Although the image of rhizobia is linked to the formation of nodules in leguminous plants and their ability to 

help survival in case of nutrients depletion, their role in the rhizosphere can be extended thanks to their 

ability to more generally increase host plant performance under harsh conditions (as for instance drought, 
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osmotic stress, heavy-metals-induced oxidative stress) (Bellabarba et al. 2019; Bruning & Rozema 2013).  

Problems as soil nutrients deficiency, drought, and soil contamination are becoming a worldwide problem 

for crop productivity. In case of heavy-metals, phytoremediation is a low-impact, low-cost plant-based 

technique to remediate polluted soils (Chibuike & Obiora 2014; Fagorzi et al. 2018). Depending on the plant 

species used, it can be described as phytoextraction (accumulation of toxic compounds in the plant tissues) 

or phytostabilization (adsorption through the roots and conversion into harmless compounds). In legumes, 

associated rhizobia can promote chemical transformation and the chelation of heavy-metal compounds 

(Kong & Glick 2017).  This is due to quite general plant growth promoting (PGP) features of some rhizobial 

strains, such as indoleacetic acid and siderophore production, phosphate and zinc solubilization, and the 

synthesis of 1-aminocyclopropane-1-carboxylate (ACC) deaminase. However, rhizobial strains with heavy-

metal resistance phenotypes have been also isolated and characterized (Chaintreuil et al. 2007; Mahieu et 

al. 2011; Mengoni et al. 2010; Porter et al. 2017). The effect of rhizobia with such PGP abilities is more evident 

under stressful conditions, since they alleviate plant stress (for instance through the reduction of ethylene 

production) and increase nutrition (increasing root growth and fixing nitrogen) (Checcucci et al. 2017a; Li et 

al. 2014b; Lu et al. 2017; Wani et al. 2007).  

Therefore, plant growth and agricultural yield are related not only to the plant genotype and the soil 

conditions, but, especially for legumes, their associated and symbiotic microbiota also plays important roles. 

As such, the selection of rhizobial strains resistant to harsh conditions, as for example water deficiency, and 

capable of alleviating metal phytotoxicity could be a crucial strategy to improve the yield of legumes in arid 

or in metal-contaminated soils.  

To summarize key findings in this area and promote the selection of ad hoc rhizobial strains, the following 

review papers were presented. 

▪ Bellabarba, A., Fagorzi, C., diCenzo, G. C., Pini, F., Viti, C., & Checcucci, A. (2019). Deciphering the 

symbiotic plant microbiome: translating the most recent discoveries on rhizobia for the improvement 

of agricultural practices in metal-contaminated and high saline lands. Agronomy, 9(9), 529. 

 

▪ Fagorzi, C.; Checcucci, A.; diCenzo, G.; Debiec-Andrzejewska, K.; Dziewit, L.; Pini, F.; Mengoni, A. 

Harnessing rhizobia to improve heavy-metal phytoremediation by legumes. Genes 2018, 9, 542. 
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1.4.2 A symbiosis model: Sinorhizobium meliloti and Medicago sativa 

 

Sinorhizobium meliloti is able to infect roots of Medicago species (Medicago sativa and its close relative 

Medicago truncatula) and develop a symbiosis. S. meliloti has been chosen by researchers as a  laboratory 

model organism, interesting for its high genetic and phenotypic variability. Consequently, its association with 

Medicago sativa (alfalfa), a model organism for plant nodulation, gave birth to a worldwide model system 

for symbiosis and nitrogen fixation studies.  

In the recent years, complete genomes of rhizobia species have sparked a great interest and proof of this is 

the fact that the GenBank database comprises around 250 sequenced strains of Sinorhizobium meliloti. As 

several bacterial species, S. meliloti presents a high genomic variability among different strains and is a 

classical example of a species with an open pangenome (Galardini et al. 2013). The term pangenome refers 

to the sum of shared (core) and unshared (dispensable) genome fractions. Core genes include housekeeping 

and mostly essential genes, while the dispensable fraction comprises more specialized, unique and accessory 

genes for specific functions, more related with the environmental adaptation and survival in particular 

ecological niches. In bacteria with multipartite genome structure core genes are classically located mostly on 

the chromosome, while dispensable genes are more likely harbored by plasmids or secondary replicons 

(diCenzo & Finan 2017). The case of S. meliloti is not far from this generalization. Indeed, the multipartite 

genome of our model bacterium comprises three replicons with distinctive structural and functional features. 

In the specific case of S. meliloti 1021, the genome is divided into a chromosome (3.65 Mb), a megaplasmid 

(pSymA, 1.35Mb) and a chromid (pSymB, 1.68 Mb), for a total length of 6.7 Mb (Galardini et al. 2011; Galibert 

et al. 2001). The pSymA megaplasmid harbors genes related to the symbiosis and to the process of nitrogen 

fixation. It is the most variable and recently evolved replicon, likely acquired through horizontal gene transfer 

(HGT) (diCenzo et al. 2018). The pSymB chromid mainly contains genes related to carbon sources transport 

and metabolism. Experimental depletion of the accessory replicons of S. meliloti indicated that genes present 

on the chromosome are sufficient to allow the bacteria to survive and replicate, as free-living organism, in 

the soil and suggested that the role of pSymA and pSymB is linked to the ability to establish an effective 

symbiosis with an host plant (in the case of the megaplasmid) and to growth in the rhizosphere (in the case 

of the chromid) (diCenzo et al. 2014). More recently, the minimal bacterial gene set necessary and sufficient 

for symbiosis was identified by removal of the pSymA replicon and following recovery of the symbiotic-

nitrogen-fixing ability with 62 kb of pSymA, corresponding to 58 genes reorganized into three discrete nod, 

nif, and fix modules (Geddes et al. 2021). Insertion sequence (IS) elements and phage sequences compose 

2.2% of the S. meliloti genome, but their distribution varies with a higher abundance on pSymA, especially 

near symbiotic genes, providing additional evidence that symbiotic regions are prone to DNA rearrangements 

(Galibert et al. 2001). In S. meliloti, the establishment of symbiosis with M. sativa follows the main steps 

described in paragraph 1.4. Transcriptomics analyses recurrently show that most genes on the symbiosis 

plasmid of diverse rhizobia are specifically induced during nodulation and nitrogen fixation, but not under 

free-living conditions lacking a compatible host or its symbiotic signal molecules (Jiao et al. 2016). Nodule 

formation and infection are determined via multiple systems of specificity. Host control over nodulation can 

be subtle, such as when legumes form fewer nodules with rhizobial strains that tend to provide less benefit 

to the host or nodulation can be blocked completely (Hahn & Studer 1986; Masson-Boivin & Sachs 2018; 

Sachs et al. 2010).   

The interest in plant root exudates and their influence on the plant–soil microbiome in shaping nutrients 

cycle has largely increased in recent years. Root exudates that specifically inhibit soil nitrification have been 

identified in important crop species, (e.g. rice, wheat, and sorghum) while others have been shown to 

stimulate root nodulation and N fixation, even in neighboring plants. Can host plants reliably discriminate 

between beneficial and harmful symbionts during initial colonization? Is there a reason for symbionts to 
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“signal honestly”? Is there a perfect coupling between the two partners to obtain the best result in terms on 

mutual benefit? In fact, plant-rhizobia relationship is not exclusive, as multiple, genetically different rhizobial 

strains can colonize the same plant (Kiers et al., 2006 Carelli et al., 2000). Plants have evolved mechanisms 

to discriminate among different rhizobial strains, in terms of symbiotic efficiency, with mechanisms generally 

termed as “plant sanctions” (Denison 2000; Kiers et al. 2003; Westhoek et al. 2021). A mixed rhizobial 

population inside the same root nodule has been observed in the Sinorhizobium-Medicago symbiosis 

(Checcucci et al. 2016) and recently a series of experiments, based on select and resequence approach 

(Burghardt et al., 2018), genome-wide association analysis (Bellabarba et al. 2020) and RNA-Seq (Burghardt 

et al. 2017) have reported found that the selection that the host plant exerts on the rhizobial symbiotic 

population depends on competition among strains and that the bacterial fitness in hosts was associated with 

variation in genes involved in bacterial motility, host recognition and N fixation.   

Host plant fitness and rhizobium fitness have been shown to be correlated. Plant fitness (and yield) is a 

quantitative trait, linked to genetic and environmental contributions (Friesen 2012). Consequently, we can 

view the genetic contribution as due to both host and symbiont genetics and the interaction between host 

genes and symbiont genes (G x G interaction). Indeed, G x G interactions clearly influence the fitness 

advantage of the symbiosis (Burghardt et al. 2017; Heath 2008).  In 2020, Kang et al., analysed the gene 

expression of M. sativa during the interaction with different S. meliloti strains. Results highlighted a 

differential expression of plant genes (genes encoding nodulins, NCR peptides and proteins belonging to the 

NBS-LRR family) depending on the bacterial strain tested (Kang et al. 2020). Looking at the rhizobial side of 

the partnership, we sequenced the transcriptome of several S. meliloti strains incubated in a medium with 

root exudates of different alfalfa varieties. Results put in evidence an intricate network of genes whose 

expression is influenced by the genotype of both symbiotic partners, suggesting the presence of a large 

number of determinants involved in G x G interactions which can have an impact on the outcome of the 

rhizobium–legume symbiosis (Cangioli et al. 2021; Fagorzi et al. 2021).  

Synthetic symbiotic communities can be rationally designed harnessing bacterial and plant -omics 

technologies’ outcomes to sustainably improve leguminous plant yield. In the following papers, the 

knowledge, challenges and novel findings in legume-rhizobium interactions have been reported. In particular, 

a review paper presents the rational of tailored selection of symbionts and host plant partnership, while a 

research paper was dedicated to dissecting G x G interactions during early plant recognition by the model 

rhizobium S. meliloti. 

▪ Cangioli, L., Checcucci, A., Mengoni, A., & Fagorzi, C. (2021). Legume tasters: symbiotic rhizobia host 

preference and smart inoculant formulations. Biological Communications, 66(1), 47-54. 

 

▪ Fagorzi, C., Bacci, G., Huang, R., Cangioli, L., Checcucci, A., Fini, M., ... & Mengoni, A. (2021). 

Nonadditive Transcriptomic Signatures of Genotype-by-Genotype Interactions during the Initiation 

of Plant-Rhizobium Symbiosis. mSystems, 6(1), e00974-20. 
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1.4.3 Not only symbionts  

 

How did symbiotic rhizobia evolve? Several studies have shown that an effective symbiosis cannot be 

obtained by the transfer of symbiotic plasmids from rhizobia of the genera Rhizobium or Sinorhizobium) to 

closely related non-rhizobia from the genera Agrobacterium or Sinorhizobium (diCenzo et al. 2019). Other 

studies on beta-rhizobia have elegantly deciphered the genetic requirements to transform a pathogenic 

species into a symbiotic one with experiments of symbiotic plasmid transfer followed by experimental 

evolution (Capela et al. 2017; de Moura et al. 2020; Marchetti et al. 2014). However, these experiments were 

done forcing evolution in laboratory conditions. Few information is on the contrary present on the 

evolutionary changes occurred along strains phylogeny (Pini et al. 2011).  

The bacterial genus Sinorhizobium (syn. Ensifer) contains ecologically important nitrogen fixing symbionts of 

leguminous plants, as well as nonsymbiotic species. However, the evolutionary dynamics of symbiotic 

nitrogen fixation within this genus are unclear, and it remains an open question of whether the gain of 

classical symbiotic N2-fixation genes is sufficient to allow a bacterium to fix nitrogen. In general, the primary 

genes required for SNF (i.e., the nod, nif, and fix genes) are located within mobile genetic elements that 

include symbiotic islands and symbiotic (mega)-plasmids simplifying their spread through horizontal gene 

transfer (Checcucci et al. 2019; Geddes et al. 2020; Pérez Carrascal et al. 2016).  

Hence, the genus Ensifer provides an ideal model to further explore the differentiation of symbiotic bacteria 

from nonsymbionts. This genus comprises rhizobia such as Sinorhizobim meliloti and Sinorhizobium fredii, as 

well as nonrhizobia like Ensifer morelense and Ensifer adhaerens, and many members have been extensively 

studied producing an abundant set of experimental and genomic data (diCenzo et al. 2017). 

Taxonomy of the genus Ensifer/Sinorhizobium has been widely discussed in the last 30 years. The genus 

Ensifer was proposed to describe a predator bacterium, Ensifer adhaerens, in 1982 (Casida 1982). Then, 6 

years after, the genus Sinorhizobium arose, when Rhizobium fredii was reclassified as Sinorhizobium fredii 

(Chen et al. 1988). In 2002, the Subcommittee on the Taxonomy of Agrobacterium and Rhizobium gave the 

priority to the name Ensifer, while still endorsing the conservation of the name Sinorhizobium (Lindstrom & 

Martinez-Romero 2002). 

Consequently, the exploration of the phylogeny of the genus Ensifer/Sinorhizobium can allow scientist to 

provide new clues on the evolution of SNF and on possible genomic definition of a bacterial genus. Moreover, 

nonsymbiotic Ensifer strains may harbour interesting traits that can be useful candidates for microbe and 

plant-based biotechnologies (see the previous paragraph 1.4.1).  The three research papers presented below 

report novel findings on SNF evolution in the genus Ensifer/Sinorhizobium, propose a taxonomic revision of 

this genus as well as indicate some guidelines for genus delineation in Rhizobiaceae, and an investigation on 

a novel strain of this genus with interesting features for bioremediation. 

▪ Fagorzi, C., Ilie, A., Decorosi, F., Cangioli, L., Viti, C., Mengoni, A., & diCenzo, G. C. (2020). Symbiotic 

and Nonsymbiotic Members of the Genus Ensifer (syn. Sinorhizobium) Are Separated into Two Clades 

Based on Comparative Genomics and High-Throughput Phenotyping. Genome biology and evolution, 

12(12), 2521-2534. 

 

▪ DiCenzo, G. C., Debiec, K., Krzysztoforski, J., Uhrynowski, W., Mengoni, A., Fagorzi, C., ... & Drewniak, 

L. (2018). Genomic and biotechnological characterization of the heavy-metal resistant, arsenic-

oxidizing bacterium Ensifer sp. M14. Genes, 9(8), 379. 

 

▪ Kuzmanovic N., Fagorzi C., Mengoni A., Lassalle F., diCenzo G. C., (in preparation) Taxonomy of 

Rhizobiaceae revisited: proposal of a new framework for genus delimitation. 
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1.5 Biotechnological approaches to harness the potential of 

rhizobia 
 

Symbiotic and free-living nitrogen-fixing organisms have the potential to reduce our overall dependence on 

human-made forms of N fertilizer while providing an efficient way of producing protein-rich foods. This 

biological process plays a critical role in sustainable agriculture and there is a considerable economic 

incentive to explore ways to increase the efficiency of biological nitrogen fixation. Biotechnological 

(molecular genetics, genetic engineering, etc.) approaches have been used to improve the symbiotic 

efficiency and nitrogen fixation rate. In nature, the spontaneous generation of genetic variation in bacteria 

can occur through i) small local changes in the nucleotide sequence of the genome, ii) intragenomic 

reshuffling of segments of genomic sequences and iii) by acquisition of DNA sequences from another 

organism. Nitrogen fixation ability can be improved through genetic manipulation of the micro-symbiont 

and/or of the plant.  

The physiological development of the plant system is significantly affected by microbial communities. 

Selected members of the microbial community can exert advantageous roles while few may be unfavourable 

to the plant growth. The significance of microbial communities related to rhizosphere has been widely 

recognized. To improve the plant growth and development, it is beneficial to know the microbial structure 

present in the rhizospheric microbiome. This can ameliorate the present situation of sustainable growth of 

agro-ecosystem related to soil microbiome by enhancing the final yields (Jha & Kumar 2021). A sustainable 

strategy to improve crop production and protection is represented by the possibility to engineer the 

microbiome.  

Due to reduced sequencing costs, a big number of plant microbiomes have been unravelled employing 

metagenomics studies. Two main type of sequencing are commonly employed in plant microbiome studies: 

i) amplicon sequencing of universal genetic markers, like 16S rRNA gene for bacteria and archaea and internal 

transcribed spacer (ITS) region for eukaryotic organisms and ii) shotgun sequencing of the entire genetic 

material of an environmental sample (Sergaki et al. 2018). Sequencing a whole metagenome can give a clear 

idea of not just the composition, but also the functions of the microbiome. Indeed, besides the microbiome 

structure, also its functions change in different plant genotypes and growth conditions. The challenge, here, 

is the assembly of the sequenced reads into a high quality metagenome assembly, especially for sample with 

a high degree of heterogeneity (Levy et al. 2018; Singh et al. 2020). 

The -omics approaches for the study of plant-microbe interactions and most specifically, in rhizobium-legume 

symbiosis, finds its position in a potentially recursively used pipeline, a DBTL (Design–Build–Test–Learn) cycle. 

The design is represented by the inoculation of the plant with microorganisms to observe their phenotypic 

changes and to collect datasets generated with -omics approaches (build) that can be integrated, thanks to 

system biology, identifying candidate genes. These functions can be introduced in a system, genes can 

undergo gene editing (test and learn) and results are thus evaluated to consider further improvement (Jensen 

& Keasling 2018; Petzold et al. 2015) (Figure 13). 

 



 
23 

 

 

Figure 13. The potentially recursive pipeline of a DBTL cycle (source: Fagorzi, 2020) 

 

As an example, rhizobia adapted to drastic environmental conditions, such as arid climate, may harbour 

specific genes expressed under these conditions, which can be transferred in other bacteria, thus improving 

the nitrogen fixation rate in arid soils. The exploitation of this system is especially important for the 

subsistence of farmers in developing countries, who typically face the difficulty of cultivating a few hectares 

of land with low yields. Next to point-like modification of the bacterial genomes, large-scale manipulation of 

rhizobia can also represent a viable way to harness the potential of specific strains (Lau et al. 2017; Smith et 

al. 2003). The ability to predict the phenotypic outcomes of large-scale genome modification requires a 

precise understanding of the genetic and regulatory interactions between each gene or gene product in the 

genome (Checcucci et al. 2017b). The multipartite genome of rhizobia lends itself optimally to large 

manipulations as secondary replicons might act as plug-and-play functional modules, potentially allowing the 

recipient strain to gain new abilities (Young 2016). The following paper which I contributed along my PhD 

research program explores the feasibility of large-scale manipulation within the genus Sinorhizobium. The 

cis-hybrid strain created derives from cis-genic manipulation and contains genetic material from the 

pangenome pool of two members of the same species. Biotechnology and synthetic biology are here 

environmental-friendly methods to improve the potential of bacterial species of interest in agricultural and 

environmental microbiology.  

▪ Checcucci, A., diCenzo, G. C., Ghini, V., Bazzicalupo, M., Becker, A., Decorosi, F., ... & Mengoni, A. 

(2018). Creation and characterization of a genomically hybrid strain in the nitrogen-fixing symbiotic 

bacterium Sinorhizobium meliloti. ACS synthetic biology, 7(10), 2365-2378. 
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Chapter 2 

2.1 The small in the large: exploring environmental bacterial 

communities 
 

Environmental microbiology can be defined as the study of microbes, their functions, and interactions in all 

habitats on Earth (and beyond). This is an expanding research area that covers air, soil and aquatic systems, 

astrobiology, biogeochemical cycles, plant-soil interactions, extreme environments, and spatial, temporal 

and perturbation studies (Watts 2019). The papers presented in this chapter are aimed at exploring three 

different environments sharing the feature of being “extreme”, that is non-conventional for aerobic, 

mesophilic microbes. 

In ecology, the term “extreme” commonly refers to unfavourable environmental factors that depress the 
ability of organisms to function (Li et al. 2014a). The relevance of organisms inhabiting these environment 

lies in their ability to rapidly evolve to face the adverse conditions in which they live. Adaptative features of 

these extremophiles permit them to survive under such extreme and hostile environmental conditions 

(Yadav et al. 2015). Bacterial communities from natural extreme environments represent not only a gene 

reservoir for potential biotechnological applications (e.g., the discovery of the Taq DNA polymerase, isolated 

from the thermophilic bacteria Thermus aquaticus), but also offer the opportunity to discover novel 

metabolic mechanisms that  could inspire innovations in such diverse areas as synthetic biology and research 

into human survival in space . Microorganisms adapted to extreme living conditions can provide research 

ideas for applications in bioremediation of polluted sites deemed too unbearable for most living organisms, 

they can represent sources for novel therapeutics in medicine and potentially, alternative processes for 

biofuel or energy production (Mengoni et al. 2010). Many extreme environments offer relatively accessible 

proxies for the harsh environments found beyond Earth (Tighe et al. 2017). In the last couple of decades 

microbiome research has received tremendous attention and it has become evident that microbiota 

associated with higher organisms has highly important functions supporting health, growth, and well-being 

of their hosts (Sessitsch et al. 2019).  

Following the aim to provide novel insights into microbiota of soils and associated with plants from “extreme” 
environments, I explored the bacterial communities impacted by volcanic gases on Vulcano Islands,  and 

contributed to two papers on the root microbiota of the common reed, Phragmites australis, a plant used in 

phytodepuration and on the biofilm covering an iron-contaminated river. 

The diversity of bacterial communities of Vulcano Island (Aeolian Islands, Sicily, Italy) was investigated by 

sampling two areas characterised by intense exhalative activity: La Fossa Crater and Levante Bay. Differences 

between the two areas comprise temperature and composition of the fumarolic fluids. Pioneer plants were 

found both on the volcanic edifice and on the bay, in high salinity environments. For the different sampling 

areas, both soil bacterial communities and gases were analysed, resulting in a geo-microbiological study of a 

volcanic environment. Data obtained on the composition of the bacterial communities and different emission 

profiles suggest a possible correlation between the two parameters. The presence of similar microbial 

communities inhabiting sites with different emission profiles might be explained on the basis of possible 

sharing of metabolic abilities related to gas composition. Moreover, a possible correlation between some 

gases (i.e. decane, argon, i-octane and undecane) and microbial communities emerged. 
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▪ Fagorzi, C., Del Duca, S., Venturi, S., Chiellini, C., Bacci, G., Fani, R., & Tassi, F. (2019). Bacterial 

Communities from Extreme Environments: Vulcano Island. Diversity, 11(8), 140. 

 

Epilithic biofilm of the Acquarossa river (Viterbo, Italy) are particularly interesting in terms of spatial 

structuring, with red and black biofilms present on the rocks very close, without blending together. This 

peculiarity has raised questions about the biotic and abiotic phenomena that might avoid mixing of the two 

biofilms. The goal of this study was to characterise the bacterial communities inhabiting this environment, 

both through culture dependent and independent approaches. Furthermore, a phenotypic characterization 

of the main bacterial genera cultivated was assessed and physio-chemical parameters of water and biofilms 

were measured. Differences in taxonomic composition of black and red epilithon highlights the domination 

of Acinetobacter spp. in the first case, and iron-oxidizing bacteria in the second one. No differences between 

the two ephilithon were identified if observing the culturable bacterial fraction and heavy-metal resistance 

patterns. On the other side, antibiotic resistance pattern as well as antagonistic interactions between the 

dominant bacterial genera seems to affect the global structuring of the two biofilms. This study highlights 

the competition for different niches and selection that a bacterial populations can undergo at small scale.  

 

▪ Chiellini, C., Miceli, E., Bacci, G., Fagorzi, C., Coppini, E., Fibbi, D., Bianconi, G., Mengoni, A., 

Canganella, F., Fani, R. (2018) Spatial structuring of bacterial communities in epilithic biofilms in the 

Acquarossa river (Italy).  FEMS Microbiology Ecology 

 

As deeply discussed along this thesis with particular reference to the legume-rhizobium symbiosis, the role 

of plant-associated microorganisms is frequently crucial for the development of the host itself. In many cases 

endophytes exert beneficial effects on plants, by enhancing the uptake of nutrients, promoting the plant 

growth, preventing pathogen infections, accelerating seedling emergence and inducing tolerance to pollution 

and environmental stresses. The focus of the following work is the ability of plant-associated bacteria to 

increase the ability of plants to detoxify polluted environments. Here, we characterized the cultivable 

bacterial community associated to the roots of Phragmites australis in the constructed wetlands (CW) of 

Calice (Prato, Italy), managed by G.I.D.A SpA. One of the goals of the company is to verify the action of the 

CW in the tertiary treatment of landfill leachate. Bacterial communities were studied for 22 months, before, 

during and after the activation of the plant, evaluating in this way the wastewater effect in shaping the 

composition of the microbiome. Bacteria isolated from roots were tested for their ability to grow in the 

presence of synthetic wastewater (SWW) along with their resistance against a panel of antibiotics commonly 

used to treat infections in humans. The cultivable bacterial community existing before the activation of the 

plant underwent fluctuations in terms of taxonomic composition. As expected, the influx of wastewater 

exerted a selective pressure on the resident bacterial community, selecting and/or making bacterial strains 

progressively more resistant to SWW and antibiotics. The selection of strains resistant to SWW and 

antibiotics and able to increase the phytodepuration properties of P. australis can improve the yeld of the 

CW. Such strains should be tested for their plant-growth promotion activity and plant resistance to pollution 

to be considered as possible bio-inoculants for CW. 

 

▪ Vassallo, A., Miceli, E., Fagorzi, C., Castronovo, L. M., Del Duca, S., Chioccioli, S., ... & Fani, R. (2020). 

Temporal Evolution of Bacterial Endophytes Associated to the Roots of Phragmites australis Exploited 

in Phytodepuration of Wastewater. Frontiers in microbiology, 11, 1652. 
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Chapter 3 

3.1 Going complex: a short journey into bacteria metabolic 

complexity   
 

Model organisms: if it is true for Escherichia coli, is it also true for the elephant? 

 

In the eighteenth and nineteenth centuries, biologists approached biological phenomena observationally, 

looking for common patterns that underlie the diversity, complexity and development of organisms. In the 

second half of the nineteenth century, an increasing craves for experimentation shaped rudimentary 

knowledge of metabolism, the mechanisms of embryogenesis, animal and plant physiology, conditioned 

behaviour and photosynthesis. The discovery of biological diversity created in scientists the need to 

appreciate the evolutionary mechanisms and led biologists to engage in studies of a wide variety of 

organisms. The work strongly supported generalizations, but it also contributed to making biology an 

organism-oriented science. The result, perhaps unexpected, of this process was the expansion of the study 

of phylogeny, of distinct modes of development and behaviour and of biological complexity. Mendel's work 

on inheritance in peas and the advent of classical genetics shaped our concept of life. Genetic research on 

several organisms led to an appreciation of the generality of the rules of inheritance. The number of 

organisms deeply studied to the geneticist soon diminished as the experimental role of a few models became 

more prominent (Davis 2004).  

Escherichia coli, Salmonella and their phages opened the doors to molecular biology. Research on the 

spontaneous mutation of E. coli to bacteriophage resistance initiated a disciplined study of mutation and 

bacterial inheritance, conjugation and transduction, analysis of metabolic pathways and gene exchange 

(Davis 2010; K S 1962; Lederberg & Tatum 1946). It became clear that virtually any phenotypic or behavioural 

attribute of bacteria could be studied with a genetic approach and E. coli became a supermodel (Davis 2004). 

As the genome sequences of various species became available, the science of comparative genomics was 

born, together with the first approaches to systems biology. At the same time, genetic engineering created 

a link between model organisms to lesser-known forms. Comparative genomics enriched the field of 

molecular evolution and diversity became an observable both within and among species. The genes of one 

organism can potentially be compared, both in sequence and in biological function, to those of any other. As 

the databases grow, the appreciation of both the unity and the diversity of living things deepens (Davis 2004). 

As an example, bacterial metabolic adaptation strategies (e.g. patterns including simultaneous carbon 

consumption, diauxic growth and bistable growth) have been studied in model organisms (e.g., Escherichia 

coli and Lactococcus lactis), grown on defined media containing simple mixtures of carbohydrates. However, 

natural conditions are often very complex, and bacteria need to dynamically modulate specific degradation 

pathways according to the type and the concentration of external nutrients. The marine environment 

represents a paradigmatic example of the challenges encountered by microorganisms. To investigate 

metabolic adaptation strategies in these mutable conditions, a model is represented by Pseudoalteromonas 

haloplanktis TAC125, a heterotrophic marine bacterium isolated from Antarctica. This bacterium shows a 

somewhat classical diauxic shape of the growth curve. However, this hypothetical diauxie is not related to 

simple/single carbon source, but to a complex mix of amino acids, which may likely be related to the complex 
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nutritional conditions encountered in the environment. It is then interesting to understand and model this 

diauxie, which emphasize that E. coli is a starting paradigm, but cannot clearly represent the overall microbial 

metabolic versatility. The research paper presented below was a systems-biology investigation, where 

metabolomic experiments and genome-scale constraint based metabolic modelling allowed to clarify the life 

under complex nutritional environments. Theoretical modelling indicates that this metabolic phenotype, 

combining diauxie and co-utilization, is compatible with a tight regulation that allows the modulation of 

assimilatory pathways. Future perspectives include the investigation on the molecular mechanisms allowing 

the implementation of this mixed feeding strategy and the regulatory circuits responsible for the switching 

among the available carbon sources.  

 

▪ Perrin, E., Ghini, V., Giovannini, M., Di Patti, F., Cardazzo, B., Carraro, L., ... & Fondi, M. (2020). 

Diauxie and co-utilization of carbon sources can coexist during bacterial growth in nutritionally 

complex environments. Nature communications, 11(1), 1-16. 
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Concluding remarks 
 

Sustainability from different perspectives  

 

In a world where the term “sustainability” is overused, with a mood that looks a lot like a fashion (hopefully 
not temporary), it is necessary to distinguish the sentences aimed at capturing likes from seriously applicable 

purposes and strategies.  

The Technical Advisory Committee of Consultative Group on International Agricultural Research defined 

sustainability as “the successful management of resources for agriculture to satisfy changing human needs 

while maintaining or enhancing the quality of the environment and conserving resources”. Similarly, the 

World Commission on Environment and Development talked about sustainability enhancing human well-

being to more equitably meet the needs of both current and future generations. In a 1987 document it is 

reported “Environment is where we all live; and development is what we all do in attempting to improve our 

lot within that abode. The two are inseparable.…Humanity has the ability to make development sustainable: 
to ensure that it meets the needs of the present without compromising the ability of future generations to 

meet their own needs” (Butlin 1989; Clark & Harley 2020).  

Sustainable agriculture fulfils the needs of the present without compromising the needs of the future. In 

other words, it can be described as agriculture that is managed toward greater resource efficiency and 

conservation while maintaining an environment favourable for evolution of all species. In agriculture, stocks 

include soil, water, non-renewable energy resources and environmental quality. One of the driving forces 

behind agricultural sustainability is effective management of N in the environment. Industrially produced N 

fertilizer depletes non-renewable energy resources and poses human and environmental hazards. Moreover, 

judicious management of N inputs into cropping systems is a prerequisite for sustainable agricultural 

practice. A very successful way for manipulation of N inputs that results in farming practices that are 

economically viable and environmentally prudent is the use of biologically fixed nitrogen. Symbiotic systems 

can be a major source of N in most cropping systems (Vance 1997). 

What is important to keep in mind is the attention that the sustainability theories reserve to future 

generations. This means that sustainability is not only a matter of environment (considered as nature 

preservation) but also wellness and economy.  

A transformation from a linear to a circular economy might result in assessed integrated impacts - possible 

societal benefits. “What-if-scenarios” have been applied into a constructed interactive input–output model 

with a number of changes linked to a circular economy. The model has then been applied to eight European 

economies showing close to 70% reductions in CO2-emissions while offering new and additional employment 

and improving the trade balance of fossil-fuels-importing countries (Brandão et al. 2020).  Most policies 

dedicated to reducing agricultural nitrogen pollution focus on changing farmer behaviour and enhancing the 

circular nitrogen economy. However, farmers are just one of several actors in the agri-food chain. The 

activities of other actors — from fertilizer manufacturers to wastewater treatment companies to composting 

industries — can also impact nitrogen losses at the farm level and beyond (Kanter et al. 2020).  According to 

a study carried out by Gerten et al., the present food system could provide a balanced diet (2,355 kcal per 
capita per day) for 3.4 billion people only. Transformation towards more sustainable production and 

consumption patterns could support 10.2 billion people within the planetary boundaries analysed. Key 



 
29 

 

prerequisites are spatially redistributed cropland, improved water–nutrient management, food waste 

reduction and dietary changes (Gerten et al. 2020) (Figure 14). 

 

 

Figure 14. Simulated technological–cultural ‘U-turn’ towards increasing global food supply within four 

planetary boundaries. Global population that can be provided with a global average net food supply of 

2,355 kcal cap–1 d–1 (including sufficient protein content) when respecting the different planetary 

boundaries given unchanged current practices (left side) and when making use of opportunities of 

agricultural land expansion, management and sociocultural changes (right side) (modified from Gerten et 

al. 2020).  

 

From our point of view, the idea of exploiting legume-rhizobium symbiosis to improve the sustainability of 

agriculture represents a realistic starting point to - as mentioned a few lines above - fulfil the needs of the 

present without compromising the needs of the future. The experience of farmers, scientific research and 

innovative methodologies paved the way to the use of rhizobia as bioinoculants in field. Nonetheless, a more 

holistic understanding is still needed to better understand the intermicrobial interactions within the 

microbiota of plants and to better define the functional relevance of the microbial networks for holobiont 

fitness (Hacquard & Schadt 2015). Prokaryotic and eukaryotic microbes have evolved a myriad of cooperative 

and competitive interaction mechanisms that shape and likely stabilize microbial assemblages on plant 

tissues. However, most of the data are derived from one-to-one interaction studies, and only few incorporate 

complex microbial communities in controlled laboratory conditions to reconstitute the plant microbiota and 

to understand the role of intermicrobial interactions. Such experiments will shed new light on the 

fundamental principles that govern the assembly of complex microbial communities and the maintenance of 

host-microbial homeostasis. It is important to consider microbe-microbe interactions to accept or reject the 

hologenome theory, which postulates that selection can operate on horizontally acquired plant microbiota 

members. According to this concept, it is likely that microbes that tightly associate with plants also evolve 

community level microbe-microbe interaction strategies that allow them to persist within the plant holobiont 

(Bardgett et al. 2014; Hassani et al. 2018). 
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Final thoughts 

 

The complexity of small things is sometimes surprising, especially when looking at the positive effects a 

bacterium can bring to the growth of host (i.e. a plant). The idea that the presence in the soil of bacterial 

strains able to ameliorate the production of a crop is intriguing; the possibility to use specific bacterial strains 

as if they are “precision energy supplements” for specific plant species gives the idea of how powerful and 

rich of novelty research in the field of sustainable agriculture is becoming (Figure 15).  

 

Figure 15.  The use of synthetic nitrogen fertilizers increases the crop yield at the high cost of serious and 

lasting environmental damages. Bioinoculants are currently used as a “green” alternative to synthetic 
products, with good results in terms of yield of the field and safety. The future is moving towards precision 

agriculture, with specific strains, capable to enhance at high levels the growth of well-defined plant species 

and able to survive in a well-defined environment, where physio-chemical conditions and microbiome 

context are known.  

A challenge is to make people aware that the use of bacterial inocula in agriculture is useful for limiting the 

use of synthetic fertilizers. The challenge in the challenge is to understand the rules (mechanisms) of the 

plant-association game and use our biotechnological skills to safely combine multiple traits of different 

bacterial strains to obtain more efficient inoculants. Omics technologies are providing huge amounts of data 

that help us to deeply understand the finest mechanisms of bacterial metabolism and the precise 

composition of microbial communities present in the most disparate environments. A lot of work has still to 

be carried out to answer the many questions on our small, simple but indeed complex (micro)organisms. We 

have a lot of inventiveness and many resources to be brought into play. 
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Abstract: Rhizosphere and plant-associated microorganisms have been intensely studied for their

beneficial effects on plant growth and health. These mainly include nitrogen-fixing bacteria (NFB)

and plant-growth promoting rhizobacteria (PGPR). This beneficial fraction is involved in major

functions such as plant nutrition and plant resistance to biotic and abiotic stresses, which include

water deficiency and heavy-metal contamination. Consequently, crop yield emerges as the net result

of the interactions between the plant genome and its associated microbiome. Here, we provide

a review covering recent studies on PGP rhizobia as effective inoculants for agricultural practices in

harsh soil, and we propose models for inoculant combinations and genomic manipulation strategies

to improve crop yield.

Keywords: soil bioremediation; high-salinity soil; plant beneficial microbes; rhizobia; microbial

inoculants; plant-growth promoting rhizobacteria (PGPR)

1. Introduction

The last ten years have witnessed a number of discoveries and an increased awareness of the

importance of the microbiome for the health and the growth of host macroorganisms [1,2]. Plants and

their related microbiota can be considered holobionts, complex systems ruled by interdependent and

composite interactions [3–5]. Indeed, plants are colonized by an astounding number of microorganisms

that can reach numbers much greater than those of plant cells. This is especially relevant for the

rhizosphere, the thin layer of soil surrounding and influenced by plant roots, where it is possible to

observe a staggering diversity of microorganisms; a single gram of rhizospheric soil hosts tens of

thousands of distinct microbial species [6,7]. Plants influence the composition of their rhizosphere

microbiota through the production of root exudates [8], which differ in space and time [9], contributing to

the positive selection of plant-growth promoting (PGP) and beneficial bacteria [10]. Indeed, it has been

suggested that plants may have evolved the beneficial trait of secreting specific compounds to recruit

protective microorganisms in response to pathogen attacks [11,12]. Plant-based bacterial selection relies

on the microorganism already present in the soils where they are grown. Therefore, crop productivity

could be increased by modifying root microbiota with microbial inoculants, which may be composed

of a single strain or a consortia of different PGP rhizobacteria (PGPR) [13,14].
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Within the beneficial plant microbiota, rhizobia constitute one of the most studied fraction [15].

The “rhizobium” definition is based on the ability to induce the formation of root/stem nodules

in leguminous plants [16]. However, rhizobia are found not only on legumes, but are also found

in association with several plant species [17]. Within legume nodules, rhizobia differentiate into

bacteroids and synthesize a protein complex called nitrogenase that converts atmospheric dinitrogen

to ammonia (biological nitrogen fixation, BNF) [18]. The produced ammonia is then transferred to the

host plant to sustain its biosynthetic pathways [16]. The establishment of the symbiotic interaction

between the nitrogen fixing rhizobia and leguminous plants is highly regulated and begins with

mutual recognition between the plant and the rhizobia present in the rhizosphere. To date, rhizobia

have been identified in two bacterial classes, the Alphaproteobacteria and the Betaproteobacteria. In the

Alphaproteobacteria, rhizobial strains are present in the genera Sinorhizobium (syn. Ensifer), Rhizobium,

Mesorhizobium, Bradyrhizobium, Azorhizobium, Methylobacterium, Devosia, Ochrobactrum, Aminobacter,

Microvirga, Shinella, and Phyllobacterium. In the Betaproteobacteria, rhizobia are present within strains of

the genera Paraburkholderia, Cupriavidus, and Trinickia [19–21]. While the beta-rhizobia are mainly found

in association with tropical legumes, the alpha-rhizobia appear to be more widespread and nodulate

tropical to temperate legumes including pasture, tree, and grain legumes. The alpha-rhizobia have

received more research attention than the beta-rhizobia; among the alpha-rhizobia, Sinorhizobium (syn.

Ensifer) is likely the most studied genus, followed by the genera Rhizobium and Bradyrhizobium [22,23].

In this review, we highlight the most recent studies on PGP rhizobia isolated from, and adapted

to, drought-affected and metal-contaminated soils and their possible use as effective inoculants for

legumes grown in harsh agricultural soils. We cover the identification of the genetic determinants of

their tolerance, as well as the mechanisms that allow rhizobia to survive and to improve host plant

growth in harsh soils. Models of inoculant combinations and genomic manipulation strategies for the

improvement of crop yield are discussed.

2. The Need for Rhizobial Inoculants

The demand for plant proteins for human nutrition has increased tremendously over the last fifteen

years. This can be related to: (i) Demographic growth and urbanization, (ii) the limited land areas that

can be used for the production of food crops while farming systems are switching to specialized but

unsustainable cereal production (for market competitiveness), and (iii) decreases in animal protein

production due to shortage of irrigation and/or rainfall water especially in arid areas. The demand for

plant proteins can be met in part through the cultivation of protein-rich leguminous crops. Additionally,

legumes can help improve soil fertility through symbiotic nitrogen fixation, and they can help protect

ground water from toxicity resulting from excessive application of N-fertilizers [24].

In the past three decades, eco-sustainable agronomic practices have been employed in an attempt

to replace chemical fertilizers and pesticide-based agriculture [25,26]. Therefore, the exploitation

of beneficial microorganisms as biofertilizer has become of primary importance [27]. In particular,

rhizobial bioformulations could partially or completely substitute mineral nitrogen fertilizers [28,29].

Rhizobium-legume symbioses provide more than half of the world’s biologically fixed nitrogen [30],

and it was reported that rhizobial nitrogen fixation introduces 40–48 million tonnes of nitrogen

into agricultural systems each year [31]. The impact of BNF on the global agricultural economy

was estimated to be worth the equivalent of USD160–180 billion [32]. Rhizobium inoculants are

already widely used in agriculture, providing one of the most cost-effective ways to boost legume

performances [33,34]. However, with a few exceptions, the last fifteen years has seen only small

enhancements in the production of traditionally grown grain legumes such as fava bean, chickpea,

lentils, or common beans [35]. Generally, yield instability is the main constraint for increasing plant

productivity. Thus, special attention must be given to the factors that reduce soil quality and decrease

plant yield.

Recent works have highlighted that microbial species associated with plants (rhizobial and

non-rhizobial strains, including mycorrhizal fungi) can positively influence plant tolerance to water
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deficiency [36]. This is due to their PGP features such as indoleacetic acid, siderophore production,

phosphate and zinc solubilization [37], and the synthesis of 1-aminocyclopropane-1-carboxylate (ACC)

deaminase [38], which are more evident and easily identified in stressful conditions [39]. Nevertheless,

legumes are strongly affected by water deficit. In particular, BNF appears to be more sensitive to water

deficit than other physiological functions such as photosynthesis or nutrient uptake [40]. Sometimes,

this results in impaired nodule development [41] or the accumulation of small, generally organic,

osmolytes called compatible solutes [42].

Aside from water deficiency and soil nutrient depletion, heavy-metal contamination due to

anthropic activities (agricultural and industrial practices) or the weathering of metal-enriched rocks

have recently increased exponentially, becoming a worldwide problem for crop productivity [43–45].

Generally, plant-associated microbes can contribute to a plant’s ability to perform phytoextraction

(accumulation of toxic compounds in the plant tissues) and phytostabilization (adsorption through the

roots and conversion into harmless compounds). In legumes, phytostabilization is the key process

when considering the phytoremediation of contaminated soils [46,47], and their associated rhizobia

can promote chemical transformation and the chelation of heavy-metal compounds [48] (Figure 1).

Therefore, plant growth and agricultural yield is related not only to the plant genotype and the soil

condition, but, especially for legumes, their associated microbiota also play important roles [49,50].

As such, the selection of rhizobial strains resistant to water deficiency and capable of alleviating

metal phytotoxicity could be a crucial strategy to improve the yield of legumes growth in arid or in

metal-contaminated soils.

 

  

Figure 1. The mechanisms involved in bioremediation of heavy-metal contaminated soil and the

contribution of PGP rhizobia.

3. Plant Growth Promoting Rhizobia in Saline and Harsh Soil

Salinity due to water deficiency is one of the largest environmental constraints for plant growth

and productivity in stricken regions [51,52]. It was estimated that almost 40% of the world’s lands

can potentially become arid or semi-arid [52], most of which are located in the tropics and in the

Mediterranean area [53,54]. The persistent increase of anthropic activities (such as poor agricultural

practices) decreases soil water availability, alters the soil microbiota, and reduces the nutritive value of

soils [55]. The progressive salinization of soil may cause several stresses to the plants that decrease their

growth. This negatively affects crop productivity, hindering the agricultural economy of developing

countries [56].
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Desiccated soils can lead to alterations in plant homeostasis due to a reduction in the osmotic

potential and inappropriate ionic distribution [56]. The alteration in nutrient supply and the resulting

nutritional imbalance induces a loss of turgor pressure and the growth of smaller leaves [56].

Furthermore, increasing Na+ and Cl− concentrations commonly leads to the formation of burn-like

lesions that alter leaf transpiration [57]. Continued growth interruption results in less efficient

photosynthesis, respiratory variations, premature senescence, and the loss of cellular integrity leading

to plant death [58,59]. Salt tolerance among legume species can fluctuate and is dependent on the

chemical features of the soil, the climatic conditions, and the growth stage of the plant [53,60,61].

Tree legumes such as Prosopis [53,62] and Acacia spp. [53,63] are highly tolerant to salinity, as are the

grain legumes Glycine max [51] and Vicia faba [61,64]. On the contrary, Cicer arietinum, Phaseolus vulgaris,

and Pisum sativum are known to be extremely sensitive to salt stress [64–67]. BNF can also be strongly

affected by a lack of water, influencing the mutual symbiotic interaction between the host plants and

their associated rhizobia [53]. Generally, salt and osmotic stresses lead to a decrease in rhizobium

nodulation, affecting the early stages of the symbiotic process [68–71]. This commonly includes

poor root colonization by the bacteria and reduced curling and deformation of roots hairs [53,72,73].

Furthermore, a decrease in nitrogenase activity under drought/salinity stress is commonly attributed

to a reduction in nodule respiration [67,74–76], which reduces the synthesis of cytosolic proteins such

as leghemoglobin [67,76,77].

It was reported that host legumes are less tolerant to salt than their associated rhizobia [71,73,78].

For example, Rhizobium leguminosarum bv. trifolii TA-1 can tolerate up to 350 mM of NaCl in vitro [78].

The highest levels of salt tolerance seem to be associated with rhizobia isolated from woody legumes

(e.g., Prosopis, Acacia, and Leucaena), which are tolerant of up to 850 mM of NaCl [73,79,80]. For example,

Sakrouhi and collaborators [81] isolated 20 symbiotic N2-fixing bacteria from Acacia tortilis and Acacia

gummifera that were able to grow in high salt media (400 mM). The intracellular accumulation of

low-molecular-weight organic solutes, osmo-protectants, is an osmotic adaptation mechanism used by

a large variety of bacterial species [53]. These compounds are acquired through de novo synthesis or

uptake from the environment, and they can be accumulated to high intracellular concentrations without

interfering with cellular processes [56], such as in the S. meliloti 102F34 strain [82–84]. The accumulation

of poly-hydroxybutyrate (PHB) has also been reported as a protective measure to help rhizobia

survive in high saline environments [85]. Following a decrease in osmolarity, the osmo-protectants are

released by bacteria into the surrounding environment and actively recovered by plants, which are

unable to synthesize them de novo [84]. The successful uptake of these compounds by the plants

improve their growth under osmotic stress [56]. Additionally, intracellular trehalose accumulation

by R. leguminosuarum seems to be involved in metabolic osmoregulation of the host plants [86,87].

The intracellular accumulation of glycine betaine was identified as one of the most frequent osmotic

stress responses of rhizobia [88,89]. Several lines of evidence suggest that this process plays a role in

maintaining bacteroid nitrogenase activity in Medicago sativa nodules [53,90–92].

Nowadays, the massive use of fertilizers to offset the effect of soil nutrient loss (also due to

salinization) on crop productivity seems to be the preferred solution. This choice has progressively

contributed to the deterioration of the soils that were already compromised by intense agricultural

practices. An alternative is to make use of bacterial inoculants adapted to these harsh conditions.

Studying the bacterial communities associated with plants growing in saline soils, and the underlying

mechanism of their effectiveness, can be a good starting point for the use of microbial inoculant in

agricultural practices to reduce saline stress [56,93]. To begin addressing this, the genomes of several

rhizobia that nodulate plants in harsh environments were sequenced to identify stress-adaption genes.

Examples include: Rhizobium sp. LCM 4573 (a salt-tolerant rhizobium from Senegalese soil [94]),

R. leucaenae (a stress-tolerant species nodulating plants in tropical acid soils [95]), S. meliloti AK21

(from the Aral Sea Region that experiences saline and drought conditions [96]) and Ensifer aridi

(isolated from arid soils of diverse deserts [97]). Transcriptomic and proteomic studies have been

instrumental in highlighting how rhizobia respond to environmental stresses (a detailed list is provided
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elsewhere [98]). Studies with Mesorhizobium loti suggested heat shock results in a global downregulation

of protein expression possibly to conserve energy [99], while salt stress leads to over-expression of

ABC transporters and genes associated with nucleotide transport and metabolism [100]. Similarly,

characterization of the acid stress response in S. meliloti suggested that this stress results in an elevated

metabolic respiration rate [101]. However, to date only a few studies have examined the responses of

differentiated bacteroids to environmental stress [102,103], although several studies have examined

the responses of the plant partner [104]. Additional studies characterizing the response of bacteroids

to environmental stresses would be beneficial to complement the free-living datasets.

The agricultural significance of uncovering the genetic and metabolic basis of stress resistance

in rhizobia and other PGP bacteria has been emphasized from at least the early 1990s [105]. In fact,

numerous studies have demonstrated that genetically modifying rhizobia can increase or decrease

their symbiotic abilities in stressful environments [106]. The grain yield of common bean plants

grown in drought conditions was significantly higher when inoculated with a Rhizobium etli strain

overexpressing otsA, encoding a trehalose-6-phosphate [107]. Similar results were obtained for maize

plants inoculated with a non-rhizobium diazotroph Azospirillum brasilense strain overexpressing

a trehalose biosynthesis gene [108]. In contrast, soybean plants inoculated with a Bradyrhizobium

japonicum putA mutant that is unable to catabolize proline produced fewer seeds than plants inoculated

with the wild-type parental strain when grown in moderate drought conditions [109]. S. meliloti

strains overexpressing betS displayed improved nitrogen fixation phenotypes during salt stress [110],

while salt-sensitive Rhizobium tropici mutants were poor symbionts even in the absence of stress [111].

Finally, ACC-deaminases encoded by some rhizobia can reduce the overproduction of the plant gas

hormone ethylene during abiotic stresses [38,112], reducing the deleterious effect of ethylene and thus

improving plant growth [113].

The inoculation of plants with microbial communities has also been shown to improve plant

tolerance to environmental stresses. The co-inoculation of soybean (Glycine max) with Chryseobacterium

balustinum Aur9 and Ensifer (Sinorhizobium) fredii SMH12 led to increased symbiotic performance

under saline conditions (25 mM NaCl) [114]. In the same study, co-inoculation of common bean

(Phaseolus vulgaris L.) with R. tropici CIAT899 and C. balustinum Aur9 enhanced bean growth in both

saline (25 mM NaCl) and control conditions compared to single strain inoculation [114]. Moreover,

co-inoculation of Rhizobium phaseoli M6 and M9, Pseudomonas syringae Mk1, Pseudomonas fluorescens

Mk20, and Pseudomonas fluorescens biotype G Mk25 strains decreased the effects of salinity stress in

bean, enhancing its nodulation process in vitro and in fields conditions [115,116].

4. Plant Growth Promoting Rhizobia in Heavy Metal Contaminated Soil

Anthropogenic activities, such as the use of fertilizers and pesticides in agricultural soils,

the production of sewage sludge waste, and industrial and mining activities, are responsible for

the accumulation of toxic heavy metals in the food chain [117]. Low concentrations of metals such as

zinc (Zn), copper (Cu), iron (Fe), nickel (Ni), manganese (Mn), molybdenum (Mo) and cobalt (Co) are

necessary for the metabolism of all organisms [118]. However, high concentrations of these metals,

as well as the long term persistence in the soil of elements such as cadmium (Cd), lead (Pb), and arsenic

(As), negatively affect the composition of microbial communities [119], the dynamics of the rhizosphere

niche [120], and the growth, the biomass, and the photosynthesis of plants [121]. Plant species used for

the remediation of heavy metal polluted sites represent an environment-friendly, aesthetically appealing,

and cost-effective solution. Legumes may be ideal species for bioremediation as surveys of plant

species surviving in long-term metal-contaminated environments have shown legumes to account for

a dominant portion of these populations [122]. The metal tolerant plant species used for bioremediation

have developed several mechanisms that allow them to thrive in these contaminated environments

and to accumulate high concentrations of specific metals in the aboveground tissue. Among these,

both enzymatic and non-enzymatic molecular mechanisms have been described. Heavy-metal stressed

plants may protect themselves from reactive oxygen species thought the production of antioxidant
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enzymes or scavenger compounds [123]. Recently, PGP bacteria, including rhizobia, have been shown

to reduce the toxicity of plant exposure to heavy metals [124,125]. Heavy-metal contaminated soil

remediation can be performed with different strategies [126]. Plants able to decrease the mobility

and/or the bioavailability of metals can be used in both phytostabilization and phytoimmobilization to

prevent their leaching into ground water or their entry into the food chain. Mechanisms involved in

this process include adsorption by roots, and the precipitation and complexation of the metals in the

root zone [127]. Phytovolatilization involves the conversion of a metal (i.e., Hg as the mercuric ion)

into the volatile form and its release into the atmosphere through the stomata [128]. However, the most

important phytoremediation approach for removal of metals and metalloids from contaminated

soils, water, and sediments is phytoextraction [129–131]. The main contribution of rhizobia towards

phytostabilization and phytoimmobilization is plant growth enhancement [132]. Bacteria that nodulate

their hosts may increase metal accumulation in root nodules, while those that remain in the rhizosphere

would reduce metal toxicity locally by precipitation, chelation, immobilization, and biosorption.

The nodule itself has an important role in metal-resistance: Once the symbiosis is established, nodules

could serve as storage areas that provide plants an extra place to stock metals and reduce the risk of

direct exposure [133].

Accelerating the phytoremediation of metalliferous soils by increasing mobilization and

phytoextraction of heavy metals though the metabolic activity of rhizobia is a well-known

practice [37,131,134–137]. Currently, the most studied metal resistance mechanisms in microorganisms

include metal exclusion, protein binding-mediated extra- and intra-cellular sequestration, enzymatic

detoxification, active transport of the metal, passive tolerance, and reduction in metal sensitivity

of the cellular targets [138,139]. Bacteria can also contribute to phytoremediation through the

production of extracellular polymeric substances. For example, studies of the interaction between

metals and extracellular polymeric substances demonstrated that biosorption can reduce heavy metal

contamination of wastewater systems [140,141]. Unlike salt-tolerant bacteria, there have been numerous

studies on the use of bacteria isolated from metal contaminated soil as inoculants to promote plant

growth in contaminated environments [37,48]. Although not all rhizobia are intrinsically tolerant to

metals, metal-tolerant strains of taxonomically diverse rhizobia have been isolated from various plants

in heavy metal contaminated environments [37,142]. Metal resistance determinants provide protection

for rhizobia to survive and maintain effective nodulation of legumes, allowing them to play a role in

promoting plant growth. In addition, the existence of a symbiotic relationship may provide protection

for the survival of rhizobia in soils with elevated metal concentrations [143,144].

Arsenic toxicity, and the oxidative damage that it produces in cells through the overproduction of

reactive oxygen species, affects DNA, proteins, and lipids. This provokes chlorosis, necrosis, delays

in flowering, and a reduction in yield [145]. PGP rhizobia may play a beneficial role in protecting

plants from arsenic contamination. This can be accomplished by stimulating the antioxidant enzymatic

activities in plants, and stabilizing heavy metals and metalloids thereby reducing their accumulation

in aerial organs [146–148]. For this reason, the use of PGP rhizobia in heavy metal and metalloid

contaminated soils should not only promote the growth of the plant but should also immobilize

and decrease the concentration of these elements in plant organs to reduce human exposure to toxic

concentrations [149,150]

The presence of heavy metals can also influence the results of inoculant treatment of crops.

For example, inoculation of soybean plants with two different strains of Bradyrhizobium, B. diazoefficiens

USDA110 and Bradyrhizobium sp. Per 3.61, was studied in the Córdoba province of Argentina where

arsenic contamination of groundwater is a consistent environmental problem [151]. The results

demonstrated that only B. diazoefficiens USDA110 could nodulate soybean at the highest tested As(V)

concentrations, while Bradyrhizobium sp. Per 3.61 was the better symbiont in the presence of low As(V)

concentrations as it limited the translocation of the metal to the legume aerial compartments [151].

Numerous studies have also examined the effect of plant inoculation with pairs of PGP bacteria [152–155].

For instance, the co-inoculation of soybean with B. japonicum E109 and Azospirillum brasilense Az39
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influenced plant growth and arsenic phytostabilization in arsenic contaminated conditions [156].

Furthermore, it was observed that the indole acetic acid (IAA) produced by A. brasilense Az39 had

a protective effect on B. japonicum E109 when exposed to arsenic [156]. B. japonicum strains can use

IAA as a carbon source, which seems to serve as a signal to coordinate bacterial behaviour to enhance

protection under adverse conditions [157]. The presence of high levels of lead in soil is toxic for

plants, resulting in chlorosis, blackening of roots, and reduced growth [158]. A study using Brassica

juncea showed that the inoculation of autochthonous PGP rhizobial strains can alleviate the harmful

effects of lead exposure. Sinorhizobium sp. Pb002 was isolated from the rhizosphere of B. juncea grown

in Pb-contaminated soil [159]. In a microcosm experiment, the presence of strain Pb002 stimulated

biomass formation by B. juncea and increased plant survival and lead uptake [159]. Nickel and zinc are

essential elements for plant growth; however, excessive amounts of these nutrients can be toxic [160,161].

This toxicity can be alleviated, at least in part, through rhizobium inoculation. For example, inoculation

of green gram plants with Bradyrhizobium sp. (vigna) RM8 or Rhizobium sp. RP5 increased both seed

yield and grain protein in the presence of excessive nickel or zinc [162,163]. The presence of Cd in soil

can impair plant growth due to a reduction in chlorophyll content and photosynthesis [164]. Moreover,

Cd alters the cell redox potential and increases the amount of reactive oxygen species in the cell,

which in turn negatively impacts cell membranes and biomolecules [164,165]. Bradyrhizobium sp. Yl-6,

isolated from G. max nodules grown in Chinese Cd-contaminated soil, displayed an ability to increase

mineral nutrient (Fe) uptake while reducing Cd accumulation [166].

Researchers have identified potential metalloid stress-adaptation genes in rhizobia and they have

investigated their transcriptional responses. Putative nickel adaptation genes were identified using

association mapping with 47 symbiotic Mesorhizobium strains isolated from either nickel-enriched

serpentine soils or nearby non-serpentine soils [167]. The identified genes included several transporters,

an opine dehydrogenase, and an exopolysaccharide export protein, among others [166]. Additionally,

investigation of the transcriptional response of S. meliloti strain CCNWSX0020 upon exposure to copper

or zinc stress allowed the identification of several upregulated genes, including four genes (yedYZ,

fixH-like, cusA-like, and cueO) whose mutation impaired either early or late symbiotic processes [168].

As for rhizobia colonizing saline and arid environments, genetically modified strains can have different

symbiotic abilities. For example, a M. amorphae ∆copA deletion mutant displayed impaired symbiotic

capabilities in copper contaminated soils, whereas overexpression of a flavodoxin gene in S. meliloti led

to a more efficient symbiosis under cadmium stress [169].

Together, the studies discussed in this review (and summarized in Table 1) highlight how the

rhizobial genotype can strongly influence symbiotic effectiveness and the plant response in harsh

environments. Fully elucidating the genetic and molecular bases of these phenotypes would lay a strong

foundation to aid the development of improved bio-inoculants, either through genetic engineering or

the rational selection of optimal wild isolates.

Table 1. Studies of plant growth improvement mediated by rhizobium-inoculants on harsh soil.

Strain

Isolation Conditions

Crop Effect/Action Mechanism Reference
Site

Metal
Contamination

Bradyrhizobium
diazoefficiensUSDA110

Ref. strain As
Soybean

Limits metalloid translocation and
accumulation in edible parts of the legume

[151]

Bradyrhizobium sp.
Per 3.61

Nodules of
soybeans

As

A. brasilense Az39 As
Soybean

Enhances growth of the plant and
phytostabilization of As when co-inoculated

[156]
B. japonicum E109 As

Sinorhizobium sp.
Pb002

Rhizospere of
Brassica juncea

Cd Brassica juncea Increases plant survival and lead uptake [159]
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Table 1. Cont.

Strain

Isolation Conditions

Crop Effect/Action Mechanism Reference
Site

Metal
Contamination

Bradyrhizobium sp.
(vigna) RM8

Nodules of
greengram

Ni, Zn Greengram
Increases the number of nodules on the plant,
as well as IAA and siderophore production

[163]

Rhizobium sp. RP5

Bradyrhizobium sp.
Nodules of

Glycine max
Cd Glycine max

Increases mineral nutrient uptake (Fe) and
reduces cadmium accumulation in the plant

[166]

Rhizobium
leguminosarum

(LR-30),
Mesorhizobium ciceri
(CR.30 and CR-39)

and Rhizobium
phaseoli (MR-2)

Lens culinaris L.,
Vigna radiata L.,
Cicer aretinum

L.

Wheat
(Triticum
aestivum)

Improves plant growth, biomass, and drought
stress through production of catalase, IAA, and
exopolysaccharides under PEG-6000 simulated

drought conditions

[170]

Strain Isolation conditions Crop Effect/Mechanism of action Reference

Azospirillum Sp245
Surface-sterilized wheat roots

of (Brazil) [171]
Lattuce

(L.sativa L.)

Promotes aerial biomass, higher ascorbic acid
content accompanied by a lower oxidation rate,

better overall visual quality due to higher
chlorophyll content, hue, Chroma, L and lower

browning intensity

[172]

Sinorhizobium medicae
WSM419

Nodules of Medicago murex
Medicago
truncatula

Delays stress-induced leaf senescence and
abscission and nutrient acquisition during

drought stress
[173]

Sinorhizobium meliloti
A2 strains

Commercial strain,
Eastern Canada [174]

Medicago sativa
cv Apica,

Medicago sativa
cv Halo

Increases shoot/root ratio, shoot water content,
and the concentrations of starch and pinitol in

nodules

[175]

Sinorhizobium meliloti
Rm1521

Ottawa vicinity [176]

Rhizobium etli CE3
overexpressing

trehalose-6-phosphate
synthase gene

CFN42 derivate [177], original
isolate from P. vulgaris nodule

P. vulgaris var.
Negro Jamapa

Enhances drought tolerance due to
upregulation of genes involved in stress

tolerance, carbon and nitrogen metabolism by
trehalose

[107]

Co-inoculation
Crop Effect/Mechanism of action Reference

Rhizobia PGPRs

Rhizobium phaseoli
M6; M9.

phaseoli M6 and M9
and PGPR

Pseudomonas syringae,
Mk1;

Pseudomonas fluorescens Mk20;
Pseudomonas

fluorescens biot. G Mk25

Vigna radiata L.
Decreases damaging effect of salinity stress on

mung bean growth
[116]

5. Development of Rhizobial Inoculants

The use of rhizobial bioinoculants began in the USA at the end of 19th century, where soil containing

naturally-occurring rhizobia was mixed with seeds. Since then, rhizobium inoculation has become

a common practice to improve crop production [178]. Since the first marketed rhizobium biofertilizer

“Nitragin”, which was developed by Nobbe and Hiltner in 1896, rhizobial bioformulations have

improved dramatically. From the second half of the 19th century, liquid inoculants formulation [179]

moved initially to freeze-dried inoculant lyophilization [180], and then to gel-based products such as

polyacrylamide (PER) [181], alginate (AER), or xanthan (XER) [27,182]. Over the last 30 years, a huge

number of formulations have been patented and commercialized; examples include vermiculite-based

Gold CoatTM Rhizobium inoculant [183], liquid seed applied soybean inoculant Cell-Tech® [184], liquid

in-furrow inoculant LIFT, and air-dried clay powder for alfalfa Nitragin® Gold [27,184]. In 1997,

the first marketing of a genetically engineered S. meliloti strain RMBPC-2 was approved [185].

Eventually, additives and cell protectant-based liquid inoculant formulations were developed that

increased cell survival through the use of compounds such as the polymer polyvinyl pyrrolidone (PVP),

carboxymethyl cellulose (CMC) [186], gum Arabic [142], sodium alginate [182], and glycerol [187].

The choice of inoculant carriers that can promote the long-lasting maintenance and protection of viable

microbial cells is a global issue [24,188]. Peat is currently the most common organic carrier material for

bioformulation production [189], especially in North and South America, Europe, and Australia [190],
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although other materials (such as coal, bagasse, coir, dust, and perlite) are also used [191]. Supported

by successful in vitro experiments, Albareda and collaborators suggested the use of broth culture

media as a rhizobial carrier for soybean cultivation [191]. It was demonstrated that after 3 months of

storage, liquid cultures were able to maintain more than 109 cfu/mL of Sinorhizobium fredii SMH12

and Bradyrhizobium japonicum USDA110 [191]. Therefore, aqueous-, oil-, or polymer-based liquid

formulations have increased enormously in recent years (for details see [190,192–194]). Additionally,

the inclusion of microbial or plant secondary metabolites, such as flavonoids and phytohormones,

has become a common practice in bioformulation preparation to improve the efficiency of the

inoculants [25,195–197].

6. Inoculant Combinations and Phenomic Strategies for Improving Crop Yield

Screening for rhizobia with high nitrogen fixation rates is performed in many laboratories; however,

the use of effectiveness as the sole criterion for rhizobia selection may not always be the most relevant

criterion for field applications [75]. Indeed, in the soil the rhizobia have to overcome many different

adverse conditions (pH, desiccation, nutrient deficiencies, salinity/alkalinity, extreme temperatures,

toxicities) [75,198] and they have to outcompete other rhizobial strains [199,200]. It is thought that

there is generally an alignment between the fitness of rhizobia and the fitness of their host plants [201].

However, rhizobia are not vertically transmitted but are instead soil bacteria that colonize plant roots.

Therefore, ineffective or less effective rhizobia can become abundant and outcompete more effective

strains. Moreover, a single plant can be infected by multiple strains with different nitrogen fixation

efficiency [202,203]. Recent data suggested that legumes cannot discriminate between effective and

ineffective strains prior to infection [204]. Instead, legumes limit the loss of resources by sanctioning

individual nodules containing ineffective strains [205]. However ineffective strains may escape from

plant sanctions by co-infecting nodules together with effective strains [202].

One way to overcome these competition issues is to select or create highly competitive strains [3].

Rhizobial symbiosis genes (nod, nif, and fix) are generally located on chromosomal mobile elements

or on symbiosis plasmids [206]. Taking advantage of these features, it is possible to create hybrid

strains without the insertion of exogenous DNA. For example, a hybrid strain of S. meliloti was

recently created by moving the pSymA megaplasmid (accounting for nearly 20% of total genome

content) from a donor S. meliloti strain to an acceptor strain [207]. Interesting, the resulting cis-hybrid

strain seemed to exhibit a cultivar-specific improvement in symbiotic properties, compared to the

parental strains, in controlled laboratory conditions [207]. Similarly, the transfer of symbiotic plasmids

between different R. leguminosarum strains improved various measures of symbiotic efficiency in

laboratory settings [208–211]. Therefore, genome-wide replicon-based remodeling of bacterial strains,

potentially supported with a metabolic modelling framework [212], could be a powerful tool in

precision agriculture by creating highly efficient strains depending of the farm/soil features [213].

This “Natural Genome Assisted Breeding” approach, based on the transfer of replicons among different

strains, will also prevent the introduction of non-natural genes into the environment (Figure 2).
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Natural Genome 

Assisted Breeding

Microbial consortia

inoculation

Figure 2. Different approach aimed to promote plant growth: Natural genome assisted breeding

as a genomic manipulation strategy, and microbial consortia (multi-strains combination) for the

improvement of plant-specific rhizobial inoculants in harsh environments.

One of the major issues related to the application of rhizobium inoculants is the inclusion of

other additives (e.g., fungicides, nutrients [193], and fertilizers) that may reduce the viability or

effectiveness of rhizobia. A recent trend to overcome this issue is to use microbial consortia instead of

single strain biostimulants [214]. Consortia are formed by a combination of bacterial and/or fungal

species to cover a broader spectrum of usage and soil conditions [214]. Microbes within a consortium

are better able to handle biotic and abiotic stresses as they may work synergistically by exchanging

nutrients and removing toxic compounds [215,216]. Using rhizobia in combination with other PGPR

may improve their effect; for example, it has been reported that the combination of Rhizobium strains

with Bacillus strains can improve root structure and increase nodule formation in bean, pigeon pea,

and soybean (see [217] and references therein). Other well documented examples of mixed inoculants

involving rhizobia and PGPR strains that led to improved symbiotic phenotype are: Rhizobium with

Bacillus subtilis and Bacillus megaterium; Rhizobium tropici with Chryseobacterium balustinum, Bacillus

atrophaeus, and Burkholderia cepacia; Mesorhizobium with Pseudomonas; Mesorhizobium in combination

with Azotobacter chroococcum, Pseudomonas aeruginosa, and Trichoderma harzianum; and S. meliloti with

a consortia of Burkholderia spp. (see [217] and references therein). Increased growth promotion could

be due to a direct effect on nodulation, the production of phytohormones, or enhanced resistance

to crop diseases [216,217]. Additionally, the synergistic interaction between arbuscular mycorrhiza

and rhizobia for enhancing crop yield through improving nutrients uptake has also been heavily

investigated [217]. Indeed, arbuscular mycorrhiza symbiosis can increase rhizobium nodulation of

legumes under control [218] and saline conditions [219]. The consortium can also improve the uptake

and transfer of nitrogen in a soybean/maize inter-cropping system [220].

Overall, the use of consortia composed of rhizobia and other PGPR combined with recent advances

in rhizobium genomic manipulation could lead to increased inoculum efficiency in field conditions.

7. Concluding Remarks

In recent years, many studies were focused on the development and the optimization of

technologies for the improvement of sustainable crop production, in particular in harsh (arid and/or

metal-contaminated) environments. The studies were mainly spurred by an increasing requirement
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for plant proteins, which is due to the increasing worldwide human population and the need to reduce

the use of chemical fertilizers. The demand for increasing plant protein production and reducing the

use of fertilizers can be accomplished, in part, through the cultivation of legumes; legumes are rich

in protein and are able to improve soil fertility through BNF performed by their associated rhizobia.

A huge number of studies conducted in the last thirty years have highlighted the ability of rhizobia

to colonize particularly harsh soils, and to promote the growth of the leguminous plants to which

they are associated. In this review, we summarized the most recent and detailed literature on plant

growth promoting rhizobia isolated from (and thus, adapted to) arid and heavy metal contaminated

soils, as well as their possible use as inoculants for legume-based agriculture in harsh soils. Despite

the current knowledge on the topic, which ranges from genetic to molecular mechanisms, further

research should be conducted on the feasibility of plant or soil specific rhizobia-based inoculations.

Here, we proposed genetic manipulation strategies, which simulate natural evolution, and strain

combination to optimize plant-specific rhizobial inoculants for the improvement of crop yield.
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Abstract: Rhizobia are bacteria that can form symbiotic associations with plants of the Fabaceae family,

during which they reduce atmospheric di-nitrogen to ammonia. The symbiosis between rhizobia

and leguminous plants is a fundamental contributor to nitrogen cycling in natural and agricultural

ecosystems. Rhizobial microsymbionts are a major reason why legumes can colonize marginal lands

and nitrogen-deficient soils. Several leguminous species have been found in metal-contaminated

areas, and they often harbor metal-tolerant rhizobia. In recent years, there have been numerous

efforts and discoveries related to the genetic determinants of metal resistance by rhizobia, and on

the effectiveness of such rhizobia to increase the metal tolerance of host plants. Here, we review

the main findings on the metal resistance of rhizobia: the physiological role, evolution, and genetic

determinants, and the potential to use native and genetically-manipulated rhizobia as inoculants for

legumes in phytoremediation practices.

Keywords: soil bioremediation; heavy-metals; serpentine soils; serpentine vegetation; genome

manipulation; cis-hybrid strains

1. Introduction

Plants are colonized by an extraordinarily high number of (micro)organisms, which may reach

numbers much larger than those of plant cells [1]. This is particularly evident in the rhizosphere,

the thin layer of soil surrounding and influenced by plant roots, where a staggering diversity of

microorganisms is present. The collective communities of plant-associated microorganisms are referred

to as the plant microbiota, and include the microbial communities of the rhizosphere, as well as those

of the external and internal (the endosphere) plant tissues (for examples see [1–4]). The rhizobiome

refers specifically to the microbial community of the rhizosphere, and microbes from this community

have been deeply studied for their beneficial effects on plant growth and health. These mainly

include mycorrhizal fungi (AMF) and plant-growth promoting rhizobacteria (PGPR), with the latter

including the nitrogen fixing legume endosymbiotic bacteria known as rhizobia [5]. Rhizobia are a

paraphyletic group of nitrogen fixing bacteria belonging to the Alpha- and Betaproteobacteria classes.
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Rhizobia can penetrate plant tissues and establish an intracellular population within specialized tissue

(known as a nodule) on the root (or stem in a few cases) of leguminous plants. Once inside the

cells, the rhizobia differentiate into forms known as bacteroids, which are able to perform nitrogen

fixation (the formation of ammonia from di-nitrogen gas) [6]. This process, termed “symbiotic nitrogen

fixation” (SNF), provides the plant with nitrogen to sustain its growth in nitrogen-deficient soils,

and has been suggested as one of the factors contributing to the evolutionary success of the Fabaceae

plant family [6]. Plant growth and crop yield in agricultural systems emerge as the net results of the

interactions between the specific plant cultivar and its associated microbiome [7].

Heavy metals are naturally present in soils; however, their increase over certain thresholds has

become a worldwide issue [8]. The major cause of heavy-metal contamination in soil is anthropogenic

activities (i.e., atmospheric pollution, industrial and urban waste, mining, and some agricultural

practices), while natural contamination is mainly due to weathering of metal-enriched rocks [9].

Plant-associated microbiomes play important roles in phytoremediation, allowing plants to thrive on

contaminated soils, alleviating the stress associated with toxic levels of heavy-metals and metalloids

(such as As), and increasing phytoextraction and phytostabilization [10–14]. Phytoextraction refers to

the plants’ ability to import soil contaminants through their roots, and to accumulate these compounds

in the aboveground tissues [15]. Phytostabilization involves the immobilization of pollutants in

the soil as a result of either their absorption and accumulation in the roots, their adsorption on the

root surface, or their transformation within the rhizosphere into sparingly-soluble compounds [16].

In plants such as legumes, which are generally non-hyperaccumulating species, phytostabilization

is likely the more relevant process when considering the remediation of contaminated soils [15–17].

Plant-associated bacteria may promote the chemical transformation, the chelation, or precipitation

and sorption of heavy-metals [18] (Figure 1). For instance, some endophytic bacteria may reduce

heavy-metal toxicity [19,20]. Improved growth and increased chlorophyll content were detected in

several crop plants inoculated with siderophore-producing bacteria [19]. Additionally, enhanced

plant biomass production and remediation has been observed in several hyperaccumulating plants

following inoculation with rhizosphere or endophytic bacteria with plant growth promoting (PGP)

capabilities [21], such as 1-aminocyclopropane-1-carboxylate (ACC) deaminase production (for detailed

reviews, please see [11,12]).

The association between leguminous plants and symbiotic rhizobia has stirred the attention

of researchers involved in the restoration of heavy-metal-contaminated sites [22]. The possibility

to cultivate legumes on marginal and nutrient-poor soils thanks to the intimate association with

PGPR, particularly with nitrogen-fixing rhizobia, has been seen as an opportunity to increase

phytoremediation efficiencies while simultaneously reducing its costs [23]. Heavy-metals play central

roles in symbiotic nitrogen fixation (see [24] for a review of on the role of metals in the symbiosis).

Notably, the nitrogenase enzyme is dependent on a cofactor containing molybdenum and iron

(FeMo-co), vanadium and iron (VFe-co), or two iron molecules (FeFe-co). There is also evidence for the

role of nickel in the symbiosis. For instance, plants inoculated with a deletion mutant of the rhizobium

Sinorhizobium meliloti lacking the nreB-encoded Ni2+ efflux system displayed increased growth under

controlled conditions [25]. Additionally, a treatment with low doses of Ni2+ as the amendment was

shown to stimulate nitrogen fixation and plant growth in soybean, and to increase hydrogenase activity

in Rhizobium leguminosarum bv. viciae [26,27]. However, an excess of heavy-metals negatively impacts

the symbiosis, reducing the number of symbiotic nodules, the rate of nodulation, and the rate of

nitrogen fixation [28,29]. Consequently, in order to promote legume-based phytoremediation through

the improvement of the host plant-symbiont partnership, there is a need to discover metal-resistant

rhizobia and/or to manipulate existing rhizobial inoculants to increase their level of metal resistance.

In this review, we summarize the main findings on metal resistance in rhizobia: the physiological

role, evolution, and genetic determinants of metal resistance, and the perspective to use native and

genetically-manipulated rhizobia as inoculants for legumes in phytoremediation practices.
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Figure 1. The multiple roles of bacteria in helping plants cope with heavy metals. Plant-associated

bacteria may have various roles in both phytostabilization and plant growth. They may influence metal

solubility by directly producing molecules for metal chelation (e.g., siderophores), or by influencing

plant root growth, resulting in increased production of root exudates. Moreover, both rhizospheric

and endophytic bacteria can positively affect plant growth by producing phytohormone molecules

(e.g., auxins), alleviating plant stress (e.g., plant ethylene production), or through nitrogen fixation.

This latter activity is especially relevant when leguminous plants and their rhizobial microsymbionts

are considered. PGP: Plant growth promotion.

2. Legumes in Heavy-Metal Contaminated Areas

The family Leguminosae (Fabaceae) is one of the most diverse among land plants and includes

over 700 genera and 20,000 species [30]. Legumes have been proposed as relevant species for

phytoremediation, largely due to their ability to colonize marginal lands and nutrient-poor soils [28,31].

In particular, legumes are relevant for phytostabilization, as only a few species have been found to be

metal hyperaccumulators (e.g., some species of the genus Astragalus isolated in the Western United

States are selenium hyperaccumulators) for phytoextraction [23,28,32]. Normally, the symbiosis with

rhizobia is inhibited by high levels of heavy-metals in the soil, and genetic engineering techniques have

been suggested to improve symbiotic nitrogen fixation under such harsh environmental conditions [33].

However, although such biotechnological proposals are interesting in terms of molecular dissection

of the system and theoretical application, currently, there are a number of limitations to the use of

genetically-modified microorganisms, including their free release in nature. Analyses on legumes from

heavy-metal-contaminated soils have led to the discovery of naturally-resistant rhizobia, which could

be used as inoculants in these extreme environments. However, a deeper investigation of leguminous

plants growing in metal-enriched sites is required to improve legume-based phytoremediation.

2.1. The Serpentine Vegetation: A Source of Legumes Evolved on Heavy-Metal Rich Soils

Serpentine rocks are an array of ultramafic rock types composed of a hydrous magnesium iron

phyllosilicate mineral that originates from metamorphic alterations of peridotite and pyroxene with

water. The soils derived from these rocks are characterized by: (i) high levels of nickel, cobalt,

and chromium, (ii) low levels of N, P, K, and Ca, and (iii) a high Mg/Ca ratio [34]. This chemical

composition strongly limits the growth of most plant species [35], as well as many microorganisms [3].

The presence of serpentine outcrops is scattered across the planet. Along a geological timescale,

serpentine outcrops have prompted the evolution of peculiar plant adaptation mechanisms (such as

metal hyperaccumulation [36]), which then gave rise to plant differentiation and speciation in a classical
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“ecological islands” model [37,38]. Serpentine vegetation in temperate ecosystems includes several

leguminous species from various genera, including Lotus, Lupinus, Trifolium, Vicia, Melilotus, Medicago,

Lathyrus, Ononis, Dorychnium, Chamaecytisus, Astragalus, Anthyllis, Cytisus, and Acmispon [39,40].

Serpentine endemic legumes have also been reported, such as Errazurizia benthamii [41] in North

America, and Serianthes calycina [42] in New Caledonia. The microbiomes associated with serpentine

plants contain a fraction of microorganisms that appear to have specifically evolved functions to

cope with toxic levels of metals present in the soil and in the plant itself [3]. Moreover, some

of these microorganisms have been shown to be effective in promoting host plant growth in

serpentine soil and, for metal hyperaccumulating plants, to increase metal translocation to the aerial

part [43]. Consequently, rhizobia from serpentine endemic legumes (such as Ni-resistant bradyrhizobia

from S. calycina [42]) may already be adapted to optimizing the fitness of their host in serpentine

environments through a long-term natural selection process [44]. Serpentine endemic legumes may

therefore represent an ideal source of rhizobia that are naturally highly-competent symbiotic partners

in heavy-metal contaminated soils.

2.2. The Search for Heavy-Metal Tolerant Rhizobia and Their Use as Inoculants

Legumes growing in contaminated areas such as mine deposits and serpentine soils have been

a source of symbiotic rhizobial strains displaying resistance to heavy-metals, including Zn, Pb,

and Cu [45–48]. Table 1 summarizes the main studies on the (positive) effects of rhizobial inoculation

on the heavy-metal tolerance of host plants.

Anthyllis vulneraria is one of the most relevant legumes for isolating rhizobia that promote

metal-tolerance by the host plant. A. vulneraria is a perennial herb from boreo-temperate climate

areas in Europe, and it can be found colonizing rocky outcrops and establishing populations on

heavy-metal (mainly Zn)-contaminated sites. Anthyllis is characterized by determinate nodules,

where the meristematic activity disappears shortly after nodule formation, resulting in nodules

of spherical shape. Anthyllis nodules contain a multilayer cortex: a glycoproteic parenchyma for

diffusion, an endodermis, and the outer cortex, which mainly serves as a barrier against pathogens [49].

Nodule bacterial population of leguminous plants grown in Morocco metal-polluted soil displayed a

great biodiversity, suggesting that, in these conditions, metal resistant non-rhizobia may efficiently

colonize the nodules as endophytes [50]. This highlights the importance of heavy-metal resistance in

rhizobia for the establishment of an effective symbiotic interaction in contaminated soils. A. vulneraria

has been found to be associated with rhizobial symbionts from the genera Mesorhizobium, Rhizobium,

and Aminobacter. These include novel rhizobial species, such as Mesorhizobium metallidurans, Rhizobium

metallidurans, and Aminobacter anthyllidis [45,47–51]. Interestingly, these novel rhizobial species

have so far been identified only in Pb-contaminated environments and not in unpolluted soils [47].

The symbiosis between A. vulneraria and its possibly exclusive metal-resistant bacterial species may

provide the basis for the establishment of phytoremediation practices. This could involve the use

of A. vulneraria metal-resistant germplasms, together with its specific natural rhizobial symbionts.

Alternatively, the heavy-metal-resistant rhizobia isolated from A. vulneraria could be modified, either

through laboratory-based experimental evolution studies [52] or direct genetic manipulation, to be

capable of entering into an effective symbiosis with other host legumes.

Legumes of the genus Medicago have also been deeply investigated for their application in

phytoremediation (see Table 1 and references therein). This is mainly because species from this

genus are important forage crops for which cultivation techniques and genetics are well established,

providing important advantages for future cost-effective applications [53]. Genetically-modified [54,55]

and natural [56,57] inocula of Sinorhizobium (syn. Ensifer) meliloti and Sinorhizobium medicae [54] have

been examined for their abilities to improve plant growth and metal accumulation in the presence of

toxic levels of heavy metals such as Cu, Cd, and Zn. However, genetic manipulation is not absolutely

required, as interesting results have also been obtained using indigenous S. meliloti and S. medicae

strains directly isolated from contaminated soils [56,57]. For example, inoculation of Medicago sativa
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plants, grown under field conditions, with wild S. meliloti and S. medicae strains resulted in active

nodulation and the promotion of metal bioaccumulation within the root nodules [56,57]. These results

suggest that the exploitation of natural rhizobia could be a valuable tool for promoting land restoration

and phytostabilization by legumes.

Legume-based phytoremediation may also be improved through inoculation with a consortium

of metal-resistant rhizobia and other PGP bacteria. In metal polluted soil, inoculation of Lupinus

luteus with Bradyrhizobium sp. 750 in consortium with Pseudomonas sp. Az13 and Ochrobactrum

cytisi Azn6.2 increased plant biomass by greater than 100% with respect to uninoculated plants [10].

In contrast, inoculation with only Bradyrhizobium sp. 750 increased plant biomass by only 30%.

Similarly, co-inoculation of M. lupina with S. meliloti CCNWSX0020 and Pseudomonas putida UW4

resulted in larger plants and greater total Cu accumulation than inoculation with just S. meliloti

CCNWSX0020 [55]. Inoculation of Vicia faba, Lens culinaris, and Sulla coronaria with consortia of

rhizobia and non-rhizobia was also effective at improving plant growth and pod yield when grown

in metal-contaminated soil [58]. Moreover, the inoculated S. coronaria accumulated significantly

more cadmium than uninoculated plants [58]. These results highlight the potential for root-associated

microbial communities to influence the success of phytoremediation by rhizobium-inoculated legumes.

It may be concluded that there is great biotechnological potential in increasing the

phytoremediation capabilities of legumes by their associated rhizobia. This may be mediated through

at least two mechanisms: (i) reducing the toxic effects of the metals, and (ii) promoting the growth of

the plant through PGP activities.
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Table 1. Studies of phytoremediation mediated by rhizobium-inoculated legumes. NA, not analyzed.

Legume Species
Heavy-Metals in

the Soil
Rhizobium Inoculant

Co-Inoculation with
Other PGPR?

Evidence for Stimulation
of Rhizosphere Microbiota

Type of Study Effect Reference

Glycine max As Bradyrhizobium sp. Per 3.61 No NA Lab scale (pot)
Reduce translocation

factor
[59]

Lupinus luteus Cu, Cd, Pb Bradyrhizobium sp. 750 Yes NA In situ
Increased metal

accumulation in root
[10]

Medicago lupulina Cu
Sinorhizobium meliloti

CCNWSX0020
No NA In vitro (pot)

Increased plant
growth and copper

tolerance
[55]

Medicago sativa Cu
Sinorhizobium meliloti

CCNWSX0020
No NA In vitro

Increased tolerance of
seedlings

[60]

Medicago sativa Cd
Sinorhizobium meliloti (from

contaminated soil [61])
No NA Lab scale (pot)

Increased Cd
phytoextraction

[56]

Medicago sativa Zn
Sinorhizobium meliloti (from

contaminated soil [61])
No NA

Lab scale (pot with
sterile sand)

Increased Zn
accumulation in root

[57]

Medicago truncatula Cu
Sinorhizobium medicae MA11
(genetically modified with

copAB genes)
No NA In vitro

Increased metal
accumulation in root

[54]

Robinia pseudoacacia Cd, Zn, Pb Mesorhizobium loti HZ76 No Yes Lab scale (pot)
Increased growth of

the plant
[62]

Sulla conoraria Cu, Zn, Pb Rhizobium sullae Yes NA In situ
Increased soil Zn

stabilization
[58]

Vicia faba Cu, Zn, Pb
Rhizobium sp.

CCNWSX0481
Yes NA In situ

Increased soil Cu
stabilization

[58]
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3. Genetics and Genomics of Heavy-Metal Resistance in Symbiotic Rhizobia

A deep understanding of the genetics and molecular mechanisms of metal resistance remains one

of the main goals in environmental biotechnology, with the final aim of promoting the bioremediation

(including phytoremediation) of contaminated soils. Table 2 reports the main studies evaluating

the genetic determinants of heavy metal resistance in rhizobia. Such studies have most commonly

identified the presence of efflux systems that increase metal tolerance by reducing the intracellular

concentrations of the metal(s). However, studies employing genome-scale methods, such as

transcriptome analyses and transposon mutagenesis, have demonstrated that the cellular response to

metal stress involves an intricate genetic network.

Mechanisms mediating resistance to Co and Ni have been identified in many metal resistant

rhizobia through the identification of orthologs of metal resistance genes characterized in Cupriavidus

metallidurans CH34 [63,64]. A gene encoding a DmeF ortholog has been identified in R. leguminosarum

bv. viciae strain UPM791 [65]. DmeF proteins belong to the cation diffusion facilitator (CDF) protein

family, which form metal/proton antiport systems to translocate heavy metals across the bacterial

membrane [66]. Mutation of the dmeRF operon in R. leguminosarum resulted in increased sensitivity

to Co and Ni, but not to Zn or Cu [65]. The mutant also appeared to be somewhat less effective

in symbiosis with pea plants, but not lentil plants, when grown with high concentrations of Co or

Ni [65]. Further experiments demonstrated that dmeR encodes a Ni- and Co-responsive transcriptional

regulator that represses expression of the efflux system in the absence of these metals [65]. Despite being

considered a metal-sensitive strain, the S. meliloti strain 1021 encodes various metal homeostasis

mechanisms, including the DmeRF system, several P-ATPases that are highly common in bacteria,

and an ortholog of the C. metallidurans NreB protein [25,65,67]. Mutation of nreB, encoding a Ni2+ efflux

protein, resulted in increased sensitivity to Ni, Cu, and low pH, but increased tolerance to urea osmotic

stress [25]. The P1B-5-ATPase of S. meliloti, termed Nia (nickel iron ATPase), is positively induced by

the presence of Ni2+ and Fe2+, and its expression is higher within nodules relative to free-living cells,

which may prevent toxic levels of iron accumulation in the symbiosomes. The wild type protein and

recombinants with a deletion of the C-terminal Hr domain have been used to understand the metal

specificity of the P1B-5-ATPase family [67].

Genome-wide analyses have been used to investigate the genetics of the resistance mechanisms

in S. meliloti strain CCNWSX0020, which is resistant to high levels of various heavy-metals (Cu, Zn, Cd

and Pb). Gene mutation and transcriptome analyses have suggested the involvement of dozens of

genes in the metal-resistance phenotypes of CCNWSX0020, including housekeeping genes [68–70].

Of particular note are the following three operons: the multicopper oxidase (MCO), CopG, and YadYZ

operons. The MCO operon is highly expressed following exposure to Cu, and it encodes an outer

membrane protein (Omp), the multicopper oxidase CueO, a blue copper azurin-like protein, and a

copper chaperone involved in Cu homeostasis [70]. It was proposed that the CueO protein (showing

40% similarity with the CueO protein of E. coli) catalyzes Cu(I) oxidation in the periplasmic space,

followed by the export of the excessive Cu(II) across the outer membrane [70,71]. The CopG operon

consists of four genes: CopG, a CusA-like protein, a FixH-like protein, and a hypothetical protein.

Mutation of any of the latter three genes resulted in elevated sensitivity to Zn, Pb, Cd, and Cu, although

the mechanism of resistance of this operon remains unknown [70]. The CusA-like protein appears to

be a highly-truncated ortholog of the CusA protein of the CusCBA Cu(I) efflux system of E. coli [72,73],

and may act as a metal binding protein [70]. The FixH-like protein displays similarity to the FixH

protein of the FixHGI membrane-bound system, a likely cation transporter that has been shown

to be essential for symbiotic nitrogen fixation [74,75]. A FixH-like homolog is also encoded by the

pSinB plasmid of Ensifer sp. M14 (formerly Sinorhizobium sp. M14), where it was also experimentally

shown to be involved in metal resistance [76]. Deletion of the yedYZ operon resulted in increased

sensitivity to Zn, Pb, Cd, and Cu [70]. This was the first report suggesting that YedYZ may be involved

in heavy-metal tolerance. In E. coli, YedYZ forms a sulfite oxidoreductase [77], and expression of a

homologous protein in S. meliloti 1021 is induced by taurine and thiosulfate [78]. Thus, the heavy-metal
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resistance phenotype may be mediated through disrupting sulfite metabolism, which may influence

antioxidant defenses against reactive oxygen species (ROS) generated by heavy metals [70].

Many scientists have used population genetics approaches to identify loci associated with

heavy-metal resistance. This was achieved by performing genome-wide association studies on a

population’s pan-genome, considering allelic variations in the core genome (the set of genes shared by

the members of the population), and gene presence/absence in the dispensable genome fraction (the

set of genes present in only a fraction of the population). Genomic variants statistically associated with

nickel adaptation were identified in a Mesorhizobium population using this approach [79]. A population

of 47 Mesorhizobium strains, isolated from root nodules and soils with different levels of nickel

contamination, was studied. Most of the variants associated with metal adaptation were found

in the dispensable genome fraction. This work highlights that adaptation to heavy metal stress is likely

driven predominately by horizontal gene transfer, and is not due to mutations of pre-existing genes.

Multiple studies have demonstrated that the genetic determinants of metal-resistance in rhizobia

are relevant for phytoremediation purposes. Mutation of ceuO, yedYZ, and the fixH-like gene negatively

impacted the M. lupulina nodulation kinetics of S. meliloti CCNWSX0020 in the presence of Cu and/or

Zn [70], while deletion of the cusA-like gene had a negative effect, even in the absence of heavy metals.

It was separately observed that M. lupulina plants inoculated with S. meliloti CCNWSX0020 strains

with independent mutations in five Cu resistance loci were smaller than plants inoculated with the

wild type, when grown in the presence of Cu [80]. Notably, M. lupulina plants inoculated with any

of the S. meliloti CCNWSX0020 mutants mentioned above accumulated lower amounts of Cu and/or

Ni [78]. Similarly, Robinia pseudoacacia plants inoculated with a Mesorhizobium amorphae 186 copA

mutant accumulated 10–15% less Cu than plants inoculated with the wild type [81]; however, no effect

on plant growth was observed.

Table 2. Genes for heavy-metal (and metalloid) tolerance in symbiotic rhizobia. A summary of the

main genes whose function in tolerance was confirmed experimentally is reported.

Strain Host Plant
Isolation

Site
Method of

Identification
Gene(s)

Metal(s)
Tolerance

Reference

Bradhyrhizobium
spp.

Serianthes
calycina

Serpentine
(New

Caledonia)

PCR amplification,
site-directed
mutagenesis

cnr/nre systems Co, Ni [42]

Mesorhizobium
spp.

Acmispon
wrangelianus

Serpentine
(California)

Association
mapping

Various Ni [79]

Mesorhizobium
metallidurans

Antyllis
vulneraria

Zinc mine
(France)

Cosmid library
cadA (PIB-2-type

ATPase)
Zn, Cd [82]

Sinorhizobium
meliloti 1021

Medicago
sativa

Laboratory
strain

Site-directed gene
deletion

nreB (SMa1641) Ni [25]

Sinorhizobium
meliloti 1021

Medicago
sativa

Laboratory
strain

Tn5 insertion,
biochemical

characterization

SMa1163
(P1B-5-ATPase)

Ni, Fe [67]

Sinorhizobium
meliloti

CCNWSX0020

Medicago
lupulina

Mine tailings
(China)

Site-directed gene
deletion and

transcriptomics

P1B-type ATPases and
others

Cu, Zn [69,70]

Rhizobium
leguminosarum

bv. viciae
UPM1137

Pisum
sativum

Serpentine
(Italy)

Transposon
mutagenesis

14 loci (gene annotation
corresponds to Rlv 3841

genome): RL2862,
RL2436, RL2322,

pRL110066, RL1351,
RL4539, pRL90287,

RL4188, RL2793,
RL2100, RL0615,

RL1589, pRL110071,
RL1553

Ni, Co [83]

4. Genomic Manipulation Strategies for Improving Legume Phytoremediation

Various attempts have been made to increase plant growth in the presence of toxic metal

concentrations through genetic modification of their rhizobial microsymbionts. One approach is
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to introduce new genes conferring heavy-metal resistance into the rhizobium. For example, inoculation

of a genetically-modified M. truncatula line (which expressed a metallothionein gene from Arabidopsis

thaliana in its roots) with wild type S. medicae resulted in elevated Cu tolerance [84]. Copper tolerance

was further increased using a S. medicae strain expressing the P. fluorescence copAB Cu resistance

genes [84]. Inoculation with the latter strain also resulted in elevated Cu accumulation in the plant

roots [84]. Similarly, the introduction of an algal As(III) methyltransferase gene (arsM) into the

chromosome of R. leguminosarum bv. trifolii produced a strain that was able to methylate and volatilize

inorganic arsenic in symbiosis with red clover (with no negative impact on nitrogen fixation) [85].

A second approach is the insertion of genes in rhizobia to modulate phytohormone production, thereby

reducing plant stress perception. For example, an ACC deaminase overproducing S. meliloti strain

increased Cu tolerance and promoted plant growth of the host plant M. lupulina [86]. This result was

probably due to reduced production of ethylene by the host plant, in turn decreasing stress perception.

However, it should be kept in mind that a relatively high number of genes may contribute to the

heavy-metal stress response [87–89]. Consequently, a multigenic, genome-wide approach should be

considered when attempting to genetically modify competitive rhizobial symbionts to have increased

heavy-metal tolerance. One possibility along these lines is the introduction of entire, large resistance

plasmids from a non-symbiotic (but highly resistant) strain to a phylogenetically-related, symbiotic

metal-sensitive strain. A candidate plasmid for such studies is the pSinA plasmid of the non-symbiotic

Ensifer sp. M14, which was isolated from an As-contaminated gold mine [76,90,91]. The pSinA plasmid

is a self-transmissible replicon with a broad host range. It harbors a genomic island with genes for

arsenite oxidation (aio genes) and arsenite resistance (ars genes), and its transfer to other species

results in increased arsenic resistance [90]. Transfer of the pSinA plasmid to closely-related rhizobia,

such as S. meliloti, may result in the construction of As-tolerant legume symbionts for use in arsenic

remediation. Subsequent acquisition of pSinA by other members of the rhizospheric microbiota may

further stimulate phytoremediation of arsenic contaminated soils through reducing the arsenic toxicity

(oxidizing arsenites to arsenates) and biofortification (increase of the arsenic resistance level) of the

autochthonic or augmented microflora.

Similarly, elite and metal-resistant rhizobia may be obtained through combining within one

strain genomic elements from the species pangenome. The genomes of most rhizobia are extremely

diverse, and many rhizobia have a divided genome structure consisting of at least two large DNA

replicons [92]. Although there can be numerous inter-replicon functional, regulatory, and genetic

interactions [93–95], in some ways, each replicon in a divided genome could be considered as an

independent evolutionary and functional element [94,96–98]. Recently, it was shown that the genome

and metabolism of S. meliloti is robust to the replacement of the symbiotic megaplasmid with the

symbiotic megaplasmid of a different wild-type isolate [99]. Therefore, it may be possible to construct

“hybrid” strains (Figure 2) with a collection of replicons derived from various wild-type isolates,

potentially allowing for the development of elite strains with improved multifactorial phenotypes

(e.g., resistance to heavy-metals, high symbiotic efficiency, and competition toward the indigenous soil

microbiota).
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Figure 2. A synthetic biology-based proposal to increase rhizobial-mediated heavy-metal tolerance.

Surveys of rhizobial phenotypic and genetic diversity in heavy-metal (HM) rich areas facilitates the

discovery of strains (strain 1) with high levels of heavy-metal resistance. However, such strains may not

be competitive or good nitrogen-fixers in the crops to be used for phytoremediation. The simultaneous

transfer of a large collection of genomic determinants that contribute to HM tolerance, good PGP,

and/or nitrogen fixation (N-fix) abilities between two or more strains (strain 2) could create hybrid

strains (cis-genic strain) with improved features for application in the field for phytoremediation.

5. Conclusions

In recent years, the number of studies related to the potential exploitation of rhizobium–legume

symbioses for phytoremediation practices have increased enormously as a result of environmental

emergencies. In this brief review, we have presented state-of-the-art studies on heavy-metal tolerant

rhizobia, and on their applications in phytoremediation as legume symbionts. A large number of

investigations have indicated that rhizobia, and especially heavy-metal resistant rhizobia, can increase

legume heavy-metal tolerance and promote improved legume growth in metal-rich soils, thereby

resulting in greater removal of heavy-metals from the soil. Heavy-metal resistant rhizobia have

been isolated from the nodules of legumes grown in soils that are rich in heavy-metals as a result of

geological (e.g., serpentine outcrops) or anthropic causes (e.g., mine deposits). Genetic and genomic

studies of heavy-metal resistant rhizobia have shown that although relatively few genes act as the

main player in tolerance, a much larger set of genes may be involved in maximizing fitness in heavy

metal rich growth conditions. Some of these genes, such as the systems for Ni2+ efflux in S. meliloti,

may also contribute to a linkage between metal homeostasis and nitrogen-fixation efficiency. As such,

systems-biology approaches are required to develop an overall picture of heavy-metal resistance and

the ways that we can increase and exploit it in biotechnology. It will also be important to keep in mind

that the engineering of rhizobia should consider several additional aspects, including the rhizobial

genotype, the host plant genotype, and the interactions between the rhizobium with the soil and root

microbiota [100].

Going forward, we suggest that large-scale genome-manipulation approaches may be considered

in developing rhizobial strains with elite phenotypes (e.g., high heavy-metal resistance, high

nitrogen-fixation ability, high competitiveness, etc.) for use in phytoremediation applications. As a
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pre-requisite to such studies, it will be necessary to increase efforts at creating culture collections

of rhizobial strains from contaminated areas, since the strains isolated from these environments is

quite limited in number and in terms of host plant (see also [23]). Such efforts would benefit from

exploring areas that have evolved peculiar flora, such as serpentine outcrops, maximizing the chance

to find well-adapted strains. Whole genome sequencing, genome-scale mutagenesis (such as Tn-seq or

INseq [101]), and metabolic modeling of these strains could then be employed to fully characterize the

genomic basis for tolerance against the contaminants.
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Abstract

Mutualistic interactions have great importance in ecology, with genetic infor-
mation that takes shape through interactions within the symbiotic partners and 
between the partners and the environment. It is known that variation of the 
host-associated microbiome contributes to buffer adaptation challenges of the 
host’s physiology when facing varying environmental conditions. In agriculture, 
pivotal examples are symbiotic nitrogen-fixing rhizobia, known to contribute 
greatly to host (legume plants) adaptation and host productivity. A holistic view 
of increasing crop yield and resistance to biotic and abiotic stresses is that of 
microbiome engineering, the exploitation of a host-associated microbiome 
through its rationally designed manipulation with synthetic microbial commu-
nities. However, several studies highlighted that the expression of the desired 
phenotype in the host resides in species-specific, even genotype-specific in-
teractions between the symbiotic partners. Consequently, there is a need to 
dissect such an intimate level of interaction, aiming to identify the main ge-
netic components in both partners playing a role in symbiotic differences/host 
preferences. In the present paper, while briefly reviewing the knowledge and 
the challenges in plant–microbe interaction and rhizobial studies, we aim to 
promote research on genotype x genotype interaction between rhizobia and 
host plants for a rational design of synthetic symbiotic nitrogen-fixing microbial 
communities to be used for sustainably improving leguminous plants yield.

Keyword: microbiome engineering, genome x genome, legume-rhizobia mutu-
alism, symbiosis, precision agriculture

Nobody is an island:  
the relevance of mutualistic interactions with eukaryotic hosts

Mutualistic interactions occur everywhere in the biosphere and are pivotal in 
evolution, as well as having great importance in ecology (Bronstein, 2015). Mutu-
alism involves co-evolution, innovation, change and the involvement of partners 
with complementary skills (Lanier et al., 2017). In 2008 the hologenome theory of 
evolution defined the holobiont as a unit of selection in evolution (Zilber-Rosen-
berg and Rosenberg, 2008). The eukaryotic host and its associated microbes are 
considered a superorganism, in which genetic information takes shape through 
interactions between the partners and between the partners and the environment 
(Wilson and Sober, 1989; Zilber-Rosenberg and Rosenberg, 2008). For example, 
plants and animals have extended their metabolic repertoire through the estab-
lishment of specific microbial communities associated to roots and gut, respec-
tively. These microbial communities are characterized by the presence of bacteria, 
archaea, fungi, oomycetes, as well as viruses, and they can be partly considered 
as the host’s extended genome, improving the nutrient acquisition process in the 
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animal gut and in plant roots (Turner et al., 2013; Hac-
quard et al., 2015). However, how this can imply coev-
olution and consideration of the holobiont as a unit of 
selection is still hotly debated (Moran and Sloan, 2015; 
Koskella and Bergelson, 2020). Indeed, the host-associ-
ated microbiota is not fully stable, and rapid variation 
in its composition and functioning can take place. Such 
variations may contribute to buffer adaptation challeng-
es of the host’s physiology when facing varying environ-
mental conditions. In other words, the holobiont can 
allow more time-effective adaption in rapidly changing 
environments, reducing the actual selective pressure 
on the host genome (Zilber-Rosenberg and Rosenberg, 
2008; Rosenberg and Zilber-Rosenberg, 2016). 

Interactions between the host and microbes are 
shaped by multiple factors associated with host immuni-
ty, phylogeny, environmental features (e.g., pH, presence 
of biotic or abiotic compounds, temperature), diet and 
nutrient availability (Brinker et al., 2019). 

Classically, plant domestication has involved se-
lection of varieties on the basis of phenotypic features 
relevant to the farmer and adapted to the agricultural 
practices, without considering the associated micro-
biota. Since crops mostly rely on external inputs (e.g., 
fertilizers) and not on associated microbes, a decrease 
of microbiota diversity has been observed (Escudero-
Martinez and Bulgarelli, 2019; Martínez-Romero et al., 
2020), reducing the buffering effect offered by a diverse 
holobiont. For instance, in legumes it has been demon-
strated that in the wild-growing varieties the symbiot-
ic potential is usually higher than in commercial ones 
(Provorov and Tikhonovich, 2003). 

Good diversity at the holobiont level may then be 
crucial in the search for environmentally sustainable 
crop production. Here, the authors explored the knowl-
edge and challenges in the promotion of a rational use of 
symbiotic nitrogen-fixing bacteria for leguminous plant 
growth.

Biotechnology on the holobiont:  
cracking the microbiome

The increase of the human world population in the last 
years (currently 7  billion people, with 9  billion people 
expected by 2050) has led to the need to increase ag-
ricultural production (FAO; 2018). Inorganic nitrogen 
fertilizers are required to increase field production, but 
the excessive use of these compounds has deleterious ef-
fects on the environment (Yang and Fang, 2015; Zheng 
et al., 2019).

One of the possible alternative and sustainable ap-
proaches to enrich fields with nitrogen is the inocula-
tion of crops with microorganisms able to promote the 
plant growth and health, the so-called Plant Growth 
Promoting Microorganisms (PGPM) (Lucy et al., 2004; 

Schlaeppi and Bulgarelli, 2015). In particular, Plant 
Growth Promoting Rhizobacteria (PGPR) can be applied 
as biocontrol agents, bio-inoculants and bio-fertilizers 
(Bloemberg and Lugtenberg, 2001). PGPM and PGPR 
constitute a relevant fraction of the plant mutualistic 
microbiome. They thrive on and within plants, using 
plant-produced organic molecules for their growth and 
“rewarding” the host with increased nutrient availability 
for the root apparatus as well as additional phytohor-
mones (Werner et al., 2014). 

Modification of the plant-associated microbiome 
(mainly, but not only, involving PGPR) has an effective 
potential to improve plant yield and resistance to biotic 
and abiotic stresses; this potential is stirring the atten-
tion of many investigators (Turner et al., 2013). This ap-
proach of “microbiome engineering” is based on recon-
structing synthetic microbial communities after labora-
tory selection of microbes with the best ability to deliver 
PGP traits to the plants (Ke et al., 2020). The principal 
aims of microbiome manipulation are to: 1) reduce the 
incidence of plant diseases (Malfanova, 2013) ; 2)  in-
crease agricultural production (Bakker et al., 2012); 
3) reduce chemical inputs (Adesemoye et al., 2009) and 
4)  reduce emissions of greenhouse gases (Singh et al., 
2010). These goals meet the principles of agronomic sus-
tainability and the world’s increasing population (Turn-
er et al., 2013). To date, successful attempts have been 
reviewed by de Vries et al., 2020; Dubey et al., 2020; Qiu 
et al., 2019; and Sudheer et al., 2020.

Legume–rhizobia mutualism as a model

Among the “rewards” from microbes, assimilable ni-
trogen compounds are one of the key components: the 
supply of nitrogen in the soil represents the classical 
limiting factors of plant productivity (Fageria and Bali-
gar, 2005). Bacteria called rhizobia are the typical exam-
ple of PGPM which provides the host plant assimilable 
nitrogen. Through a process called biological nitrogen 
fixation (BNF), involving several genes and signaling 
molecules, rhizobia fix atmospheric nitrogen into com-
pounds assimilable by plants. The BNF is a paradigmatic 
example of mutualistic association between plants and 
bacteria. The symbiotic BNF (SNF, Symbiotic Nitrogen 
Fixation) is a facultative symbiotic association involving 
rhizobia (bacteria from Alfa- and Betaproteobacteria 
classes) and some actinobacteria (Frankia spp.), which 
associate with plants from the Fabales (Leguminosae), 
Fagales, Cucurbitales and Rosales orders (Pawlowski 
and Newton, 2008; Griesmann et al., 2018). During the 
symbiotic interaction, bacteria induce the formation of a 
specific structure at the root level, the nodule, then col-
onize nodule plant cells intracellularly and activate the 
key component of BNF (i.e., the nitrogenase enzyme), 
producing ammonia, which is then exchanged for the 
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photosynthetic products with the host plant (Kereszt et 
al., 2011). 

The symbiosis between legumes and rhizobia is the 
most diffused and relevant in providing fixed nitrogen to 
agroecosystems. This interaction is mediated by a pleth-
ora of molecular signals that direct bacterial invasion, 
modulate the host defence response, permit the intracel-
lular colonization, guide the regulation of the cell cycle 
and regulate the nutrient exchange (Jones et al., 2007; 
Gibson et al., 2008). One of the most essential signalling 
compounds produced by rhizobia is the Nod Factor (NF). 
Rhizobia are able to produce Nod factors characterized 
by different structures which, consequently, are recog-
nized by specific host plant receptors (Geurts and Bis-
seling, 2002). Due to this process, evidence has emerged 
for coevolution between rhizobia and host plant at the 
population level (Igolkina et al., 2019). However, restrict-
ed host specificity is present, and phylogenetical studies 
confirmed that the limited host range evolved from an an-
cestral broad range mutualism (Pueppke and Broughton, 
1999). Therefore, evolution has shaped the two partners 
toward species-specific and even strain-specific interac-
tions allowing plant selection for the best beneficial sym-
bionts (Checcucci et al., 2016; Remigi et al., 2016; Wes-
thoek et al., 2017; Sachs et al., 2018).

The two-way exchange of benefits between plant 
roots and rhizobia offers us the basic knowledge to mold 
and manipulate this symbiosis interaction, sustaining 
the ecological and agronomic practices in agricultural 
systems (Bakker et al., 2012; Checcucci et al., 2017; Sou-
mare et al., 2020).

Forming the symbiotic structure: 
recognition of the good partners

The multi-step process which allows the symbiotic inter-
action between nitrogen-fixing rhizobia and leguminous 
plants is highly regulated, to allow the selection by the 
plant of the most effective (highly rewarding) partners 
(Sachs et al., 2018). Many genes and mechanisms involved 
in the establishment of the symbiosis between rhizobia 
and host legumes have been identified (Roy et al., 2020).

The early events start with the exchange of signals 
between the nitrogen-fixing rhizobia and the plant in the 
rhizosphere. Here, the first specific signals are found in 
compounds present in root exudates (flavonoids), which 
bind receptor proteins in the rhizobial cell (NodD). Acti-
vated NodD trigger bacterial nod genes expression which 
lead to synthesis of the Nod factor (a lipochitooligosac-
charide molecule), which is then secreted by the bacte-
rial cell. The perception of the Nod factor by the plant 
roots induces developmental changes such as root hair 
curling, membrane depolarization, intracellular calcium 
oscillations, and the initiation of cell division in the root 
cortex, which establishes a meristem and nodule primor-

dium (Liu et al., 2020). Species-specific early recognition 
is based on the fact that different rhizobial species and 
strains can have differential activation by flavonoids on 
NodD proteins and may produce different Nod factor 
molecules. Different Nod factors are then specifically rec-
ognized by plant receptors (LysM), ensuring species-spe-
cific recognition on the plant side (Bozsoki et al., 2020). 

When the dialogue between plant roots and rhizobia 
is successful, a small number of bacteria are trapped by 
the root hair, which begins an inverse tip growth, forming 
a long and narrow passage called the “infection thread”. 
The bacteria reach the root cortex as the final destination 
and reacquire properties of stem cells, which form the lat-
eral organ nodule. The bacteria infect the nodule, enter 
the cytoplasm of plant cells and differentiate into a dis-
tinct cell type called bacteroid, which can fix atmospheric 
nitrogen into ammonia, establishing an intricate metabol-
ic interchange with the host plant (diCenzo et al., 2020; 
Roy et al., 2020). Moreover here, nodules where rhizobia 
fail to produce fixed nitrogen are sanctioned, ensuring 
that only good mutualist rhizobia are allowed to thrive in 
root nodules (Kiers and Denison, 2008), though cheating 
may occur (Checcucci et al., 2016). Though molecular de-
tails of sanctions are still elusive, molecular determinants 
of species-specificity have been discovered. For instance, 
in the model legume Medicago truncatula, the plant re-
sponse after bacteria invasion of the host cell is modulat-
ed by two nodule-specific cysteine-rich (NCR) peptides 
encoded by the genes NFS1 and NFS2 (Wang et al., 2018; 
Tirichine et al., 2000). More recently, again in M. trunca-
tula, MtNPD1, a nodule-specific polycistin lipogenase, 
has been shown to represent an important determinant of 
host-strain specificity, with particular regard to plant in-
vasion and nitrogen fixation (Pislariu et al., 2019). Func-
tional symbiotic compatibility between Mesorhizobium 
loti and Lotus japonicum is determined by the presence of 
the nepenthesin-type aspartic peptidase nodule-induced 
LjAPN1 (Yamaya‐Ito et al., 2018).

In Pisum sativum, Nod factors perception is mediat-
ed by the gene PsSym2, which probably encodes a LysM-
RLK. PsSym2 was the first discovered symbiosis-related 
pea gene and it determines increased selectivity toward 
rhizobia in the pea cv. Afghanistan (Sulima et al., 2017). 

The role of genotype x genotype 
interactions in shaping the symbiotic 
partnership

Interactions between different species with different geno-
types implies the expression of a phenotype that depends 
on the interacting organisms (Bose and Schulte, 2014). 
The effects of (microbial) genotype (G) x (host) genotype 
(G) interactions can be relevant for both rate and direc-
tion of evolutionary selection (Wade, 2007) and have clear 
importance for rational improvement of plant–rhizobium 
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symbiosis. As reviewed above, the development and ap-
plication of genetic and genomic tools has made it pos-
sible to dissect in great detail the molecular determinants 
involved in plant–microbe interaction (Levy et al., 2018) 
and rhizobial symbioses (diCenzo et al., 2019).

However, most of the studies involved model 
strains and plants and their respective mutants, with 
only a limited evaluation of the genetic bases of the 
somewhat large phenotypic variation in the symbiot-
ic phenotype due to natural genotype variation. Early 
studies in the alfalfa rhizobial symbiont Sinorhizobium 
meliloti showed that plant variety exerts a detectable 
effect on the recruitment of native soil rhizobial pop-
ulation (Carelli et al., 2000; Paffetti et al., s.d.). Clearly, 
the fitness advantage of the symbiosis (Burghardt, 2020) 
is influenced by GxG interactions between the two (or 
more) partners (Heath, 2008). Recently, the use a “select 
and resequence” approach has disclosed some of the de-
terminants of GxG interaction in the model symbiosis 
between strains of Sinorhizobium meliloti and genotypes 
of the legume the Medicago truncatula (Burghardt et 

al., 2018, 2020). With a similar aim, a recent study has 
been conducted to analyse at the gene expression level 
the genotype-based variation of the interaction, using 
S. meliloti and the forage legume M. sativa (Kang et al., 
2020). In this last work, the transcriptional profile of al-
falfa inoculated with different S. meliloti strains was in-
vestigated, finding that the plant differentially expressed 
genes depending on the S. meliloti strain tested. Among 
the candidate genes influenced by the rhizobial strain 
genotype, genes encoding nodulins, NCR peptides and 
proteins belonging to the NBS-LRR family were identi-
fied (Kang et al., 2020). On the rhizobial side we recently 
sequenced the transcriptome of several S. meliloti strains 
incubated in the presence of root exudates of different 
alfalfa varieties. Results showed an intricate network of 
genes whose expression is influenced by the genotype 
of both symbiotic partners, suggesting the presence of 
a large number of determinants involved in GxG inter-
actions which can have an impact on the outcome of 
the rhizobium–legume symbiosis (Fig.  1) (Fagorzi et 
al., 2021). Dissection of such a complex network, iden-

Fig. 1. Simplified model of genotype x genotype rhizobia–legume interaction. Different genotypes of the same species of legume interact 
with different genotypes of the same rhizobial species. Interactions can be trained by the expression of an intricate network of genes of both 
symbiotic partners, driving host preference. The rhizobial strain can initiate a mutualistic relationship with multiple legume genotypes, but 
specific genotype x genotype interaction can result in a more effective symbiotic ability. In the figure, the effectiveness of symbiotic ability is 
represented by arrows of different thickness (arrows are thicker when symbiosis is more effective) and compounds produced by the different 
plant genotypes are represented by the symbols near the root system (symbols of the same colour of the bacterial strain are responsible for a 
more effective symbiotic relationship).
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tifying the main components playing a role in symbi-
otic differences/host preferences, will make it possible 
to rationally screen and genetically improve the most 
promising plant and symbiotic bacteria partnerships, as 
well as to better understand the intricate routes of the 
evolution of symbioses.

On the plant side, the GxG interactions between se-
lected nitrogen-fixing rhizobia and selected symbiotical-
ly active plant genotypes also lend advantages in terms 
of plant productivity (Provorov & Tikhonovich, 2003).

Holobiont improvement programs toward 
precision agriculture

Classical studies, such as the ones performed by Bliss 
(1990) and Barnes et al. (1984), showed the importance 
of a multidisciplinary approach to improve the symbi-
otic activity in Phaseolus vulgaris and Medicago sativa. 

The study of plant genotype and breeding pro-
grams have been fundamental in understanding plant 
physiological traits and find directions for productivity 
improvement. The use of fertilizers can definitely be re-
duced by exploiting the knowledge of a plant’s genome, 
soil conditions and plant-associated microorganisms. 
Indeed, genome editing methods allow targeted modi-
fication in the plant genotype, making it possible to 
improve and adapt a crop’s genetic traits with the cur-
rent soil characteristics (Joseph et al., 2020), including 
rhizosphere resident bacteria and fungi. The advan-
tages of this technological and biological knowledge 
in the agricultural field were recently discussed in two 
workshops organized by the USDA National Institute of 
Food and Agriculture (NIFA)‐funded Big Data Driven 
Agriculture, where the importance of their applicability 
was assessed on the basis of standardized protocol ap-
plications, funding opportunities and involvement of a 
broader scientific community and farmers (Shakoor et 
al., 2019). Currently, high‐throughput techniques for 
plants and soil phenotyping, tools for the measurement 
of crop productivity, genome editing methods, breeding 
and microbial inoculation technologies form the basis 
of precision agriculture, which involves both soil/plant 
science experts and farm management operators.

For SNF, besides the biotic factors shaping legume–
rhizobia nitrogen fixation (e.g., selection and interaction 
with the partner, competition with indigenous micro-
organisms), abiotic variables can strongly influence the 
success of the symbiosis. Indeed, nutrient availability, 
extreme temperature, pH, salinity and drought (Bella-
barba et al., 2019) challenge legume crops, stimulating 
the need for an adjustable agriculture. Precision agri-
culture can ensure the health and productivity of soil 
and crops through knowledge and technology advance-
ments, guaranteeing protection and well-being of the 
environment.

Presently, several diagnostic methods are based on 
the quantification of nitrogen in legumes, evaluating the 
effectiveness of rhizobial symbiosis (e.g., measures of 
nitrogen at the leaf level and measurement of nitrogen 
abundance in plant tissues through isotope-based meth-
odologies (Thilakarathna and Raizada, 2018). Further-
more, several technologies aimed to optimize biological 
nitrogen fixation in the field are based on the diagnosis 
of soil traits (composition, structure, organic matter, 
landscape position and micronutrients concentration). 

The introduction of beneficial microorganisms 
through crop inoculation is now becoming popular 
among farmers, both in organic farming and unconven-
tional agricultural practices. Nevertheless, the tuning of 
inoculants consistent with indigenous PGPM residents 
in the soil still faces a challenge in precision agriculture 
(Thilakarathna and Raizada, 2018). 

Actually, the success of microbial inoculants’ per-
formance can be increased by precision farming meth-
ods, such as fertigation, which delivers the bioinoculants 
in the root area, thereby minimizing loss and interfer-
ence with other liquid chemical inputs such as fertil-
izers, herbicides, pesticides and growth hormones, still 
used periodically (Bharathi et al., 2017). Furthermore, 
seed coating is widely used in agricultural practice, 
thanks to its beneficial impact on seed performance 
and plant productivity. Among coating agents, chemical 
pesticides, micronutrients, bio-stimulants and marker 
substances (tracing seeds within the crop supply chain) 
can be included. However, microbial (including bacteria 
and fungi) seed coating has been considered a cheap and 
efficient method for the delivery of inoculants. Recent 
research in precision agriculture has mainly focused on 
the optimization of such coating, setting up formulation 
of multi-effect microbial consortia designed for the al-
ready targeted annual crops (such as cereals, legumes, 
and some vegetables) and/or developed for other agri-
cultural products. 

However, it is becoming clear that, apart from soil 
and climatic features, which determine the choice of a 
specific plant variety by the farmer, the symbiotic rhi-
zobia (as the other inoculants) genotypes matter. As re-
ported above, GxG effects are present, determining the 
competitive abilities of the inoculant against the indige-
nous rhizobial populations. As for genetic screening and 
breeding programs for crops, there is a need for similar 
strategies for the symbiotic rhizobia. Several collections 
of rhizobia are present in the world, such as those at the 
USDA in the USA, the Centre for Rhizobium Studies 
(CRS) in Australia or at ARRIAM in the Russian Fed-
eration. Genome sequencing programs (e.g., GEBA at 
DOE-JGI, USA) and analysis of strain genotypes have 
been conducted. For instance, in S. meliloti, more than 
280 high quality genome sequences are available on the 
GenBank database (October 2020). However, informa-
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tion on the set of genes linked to the variation in symbi-
otic partnership performances (such as GxG) are still in 
their infancy. We need more comprehensive, holobiont-
centered and systems biology-oriented studies to provide 
the basis for a future integration into plant breeding pro-
grams, concurrent symbiotic “breeding” programs, re-
sulting in outperformance of the symbiotic partnership. 
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ABSTRACT Rhizobia are ecologically important, facultative plant-symbiotic microbes.

In nature, there is a large variability in the association of rhizobial strains and host

plants of the same species. Here, we evaluated whether plant and rhizobial genotypes

influence the initial transcriptional response of rhizobium following perception of a

host plant. RNA sequencing of the model rhizobium Sinorhizobium meliloti exposed to

root exudates or luteolin (an inducer of nod genes, involved in the early steps of sym-

biotic interaction) was performed on a combination of three S. meliloti strains and

three alfalfa varieties as host plants. The response to root exudates involved hundreds

of changes in the rhizobium transcriptome. Of the differentially expressed genes, 35%

were influenced by the strain genotype, 16% were influenced by the plant genotype,

and 29% were influenced by strain-by-host plant genotype interactions. We also exam-

ined the response of a hybrid S. meliloti strain in which the symbiotic megaplasmid

(;20% of the genome) was mobilized between two of the above-mentioned strains.

Dozens of genes were upregulated in the hybrid strain, indicative of nonadditive varia-

tion in the transcriptome. In conclusion, this study demonstrated that transcriptional

responses of rhizobia upon perception of legumes are influenced by the genotypes of

both symbiotic partners and their interaction, suggesting a wide spectrum of genetic

determinants involved in the phenotypic variation of plant-rhizobium symbiosis.

IMPORTANCE A sustainable way for meeting the need of an increased global food

demand should be based on a holobiont perspective, viewing crop plants as inti-

mately associated with their microbiome, which helps improve plant nutrition, toler-

ance to pests, and adverse climate conditions. However, the genetic repertoire needed

for efficient association with plants by the microbial symbionts is still poorly under-

stood. The rhizobia are an exemplary model of facultative plant symbiotic microbes.

Here, we evaluated whether genotype-by-genotype interactions could be identified in

the initial transcriptional response of rhizobium perception of a host plant. We per-

formed an RNA sequencing study to analyze the transcriptomes of different rhizobial

strains elicited by root exudates of three alfalfa varieties as a proxy of an early step of

the symbiotic interaction. The results indicated strain- and plant variety-dependent vari-

ability in the observed transcriptional changes, providing fundamentally novel insights

into the genetic basis of rhizobium-plant interactions. Our results provide genetic

insights and perspective to aid in the exploitation of natural rhizobium variation for

improvement of legume growth in agricultural ecosystems.

KEYWORDS RNA-seq, Sinorhizobium meliloti, hybrid strain, plant-microbe interactions

Microbes play a crucial role in the biology and evolution of their eukaryotic hosts

(1). Among other activities, microbes contribute to the host’s acquisition of
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nutrients (2), functioning of the host’s immune system (3), and protection of the host

from predation (4). The rules governing host-microbe interactions remain a topic of

intense investigation. In many cases, the eukaryotic host selectively recruits the desired

microbial partner: squid light organs are selectively colonized by Vibrio symbionts (5),

legumes select for effective symbionts by sanctioning noneffective symbionts (6), and

the crop microbiome is cultivar dependent (7, 8). The genetic basis determining the

quality of a microbial symbiont (i.e., its ability to improve host plant phenotypes such

as growth and tolerance) and its ability to effectively colonize its eukaryotic partner is

generally not well understood, but evolution experiments and high-throughput ge-

nome sequencing projects of host-associated microbes and complete microbiomes are

shedding light on this topic (9–14). In the case of plants, such studies have observed

an enrichment of certain gene functions in plant-associated microbes, such as genes

related to carbohydrate metabolism, secretion systems, phytohormone production,

and phosphorus solubilization (11, 12, 15, 16).

The rhizobia are an ecologically important exemplar of facultative host-associated

microbes. These soil-dwelling bacteria are able to colonize plants and enter an endo-

symbiotic association with plants of the family Fabaceae (17). This developmentally

complex process begins with an exchange of signals between the free-living organisms

(18), which leads to the invasion of the plant by the rhizobia (19), and culminates in

the formation of a new organ (a nodule) in which the plant cells are intracellularly

colonized by N2-fixing rhizobia (20, 21). Decades of research have identified an intricate

network of coordinated gene functions required to establish a successful mutualistic

interaction between rhizobia and legumes (21–23). In contrast to the core symbiotic

machinery, most of which has been elucidated, much remains unknown about the

accessory genes required to optimize the interaction.

In addition to simple gene presence/absence, genotype-by-genotype (GxG) interac-

tions have prominent impacts on symbiotic outcomes (24). The importance of both

the plant and bacterial genotypes, and their interaction, in optimizing symbioses

between rhizobia and legumes was recognized in early population genetic studies

(25–27). More recently, greenhouse studies have directly demonstrated the influence

of GxG interactions on the fitness of both the plant and rhizobium partners (28–31).

The newly developed select-and-resequence approach is providing a high-throughput

approach to uncover the genetic basis underlying GxG interactions for fitness in rhi-

zobium-legume symbioses as well as a way to screen for strain-specific effects of indi-

vidual genes (32, 33). To date, GxG interaction studies have largely focused on meas-

urements of fitness as a holistic measure of the entire symbiotic process. Nodule

formation is a complex developmental process involving several steps, each of which

requires a distinct molecular toolkit (34), and in principle, distinct GxG interactions

could be acting at each of these developmental stages. Transcriptomic studies have

demonstrated that GxG interactions have significant impacts on the gene expression

patterns of both partners in mature N2-fixing nodules (35, 36). However, we are

unaware of studies specifically focusing on the role of GxG interactions in early devel-

opmental stages, such as during the initial perception of the partners by each other.

Such knowledge is critical not only to fully understand the microevolution of host-

associated bacteria but also to develop host variety-specific rhizobium bioinoculants

that may ensure good nodulation abilities over unwanted (indigenous) rhizobial strains

(37, 38).

Here, we evaluated whether GxG interactions could be identified in the initial tran-

scriptional response of rhizobium perception of a host plant. We worked with

Sinorhizobium meliloti, which is one of the best-studied models for GxG interactions in rhi-

zobia. S. meliloti forms N2-fixing nodules on plants belonging to the tribe Trigonelleae (39),

which includes alfalfa, a major forage crop grown worldwide for which many varieties

have been developed (40). The S. meliloti genome comprises three main replicons, a chro-

mosome, a chromid, and a megaplasmid; the latter one harbors most of the essential sym-

biotic functions, including the genes responsible for the initial molecular dialog with the
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host plant (nod genes) (41, 42). To address our aim, the gene expression patterns of three

strains of S. meliloti (each with distinct symbiotic properties) following 4 h of exposure to

root exudates derived from three alfalfa cultivated varieties were characterized using RNA

sequencing (RNA-seq). The transcriptome following exposure to luteolin (a known inducer

of nod genes, involved in the early steps of symbiotic interaction [43]) was also analyzed.

Additionally, the relevance of the megaplasmid in defining the strain-specific transcrip-

tional responses was analyzed by studying a hybrid S. meliloti strain in which the native

megaplasmid was replaced with that of another wild-type strain. The results demonstrated

that the transcriptional response involved genes on all three replicons and that, even

among conserved S. meliloti genes, transcriptional patterns were both strain and root exu-

date specific.

RESULTS

Symbiotic phenotypes differ across rhizobial strain-plant variety combinations.

Symbiotic phenotypes (plant growth and nodule number) and root adhesion of S. meli-

loti strains Rm1021, BL225C, and AK83 were measured during interactions with three

varieties of alfalfa (Camporegio, Verbena, and Lodi). The results indicated that these

phenotypes are influenced by both the plant and bacterial genotypes (Fig. 1; see also

Fig. S1 in the supplemental material). Root adhesion phenotypes (Fig. 1a) were divided

by the Scott-Knott test into three main groups reflecting high, medium, and low root

colonization. Interestingly, each group was heterogeneous with respect to both plant

variety and S. meliloti strain, consistent with the specificity of plant variety (i.e., geno-

type sensu lato) and strain individuality (i.e., strain genotype) pairs in root colonization ef-

ficiency. For instance, S. meliloti BL225C strongly colonized the roots of the Camporegio

and Verbena varieties, but it displayed much weaker colonization of the Lodi cultivar. On

the other hand, S. meliloti AK83 colonized the Lodi and Camporegio varieties better than

the Verbena cultivar. Nodules per plant as well as measures of symbiotic efficiency (epico-

tyl length and shoot dry weight) showed differences among the strain-variety combina-

tions (Fig. 1b to d). However, the extents of the variation were lower than those recorded

for plant root adhesion. The highest number of nodules was found on the Lodi variety

nodulated by S. meliloti AK83, which was previously interpreted as a consequence of its

reduced N2 fixation ability with some alfalfa varieties (44–46). Interestingly, the measures

of symbiotic efficiency did not correlate with root adhesion phenotypes (both adhesion

versus dry weight and adhesion versus epicotyl length gave nonsignificant Pearson corre-

lation values [P . 0.18]). However, we cannot a priori exclude that measuring adhesion

over the whole root might not reflect adhesion to the root hair extension zone, where rhi-

zobia start the symbiotic interaction. For example, the largest plants were the Lodi variety

inoculated with S. meliloti BL225C despite the root adhesion of this combination being the

lowest. Similarly, the smallest plants were the Verbena variety inoculated with S. meliloti

Rm1021 despite strong root adhesion in this pairing.

Root exudates differ among alfalfa varieties. Liquid chromatography-mass spec-

trometry (LC-MS) analysis of the alfalfa root exudates detected a total of 2,688 unique

features, including 392 annotated features, across the two platforms: 1,514 hydrophilic

features were detected by ultraperformance liquid chromatography (UPLC)-MS in posi-

tive mode (PP) (288 annotated), and 1,174 hydrophilic features were detected by

UPLC-MS in negative mode (PN) (104 annotated) (see worksheet 1 in Data Set S1 in the

supplemental material). In order to clarify if the metabolite compositions of the root

exudates from the alfalfa varieties differed, principal-component analysis (PCA) was

performed on the two biological replicates of the three cultivars (Fig. 2). The three cul-

tivars clearly grouped separately from each other, suggesting the presence of variety-

specific differences in their metabolic compositions. Peaks PP_23583, PP_25608,

PP_14051, and PP_23300 were assigned by the PubChem database to liquiritigenin,

apigenin, genistein, and apigeninidin, respectively; however, differences in the concen-

trations of these compounds between the root exudates were not statistically signifi-

cant (data not shown). Most of the observed differences were related to amino acids,

in particular N-acetyl-L-leucine, tryptophan, cytosine, 3,5-dihydroxyphenylglycine, and
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FIG 1 Strain-by-plant variation of symbiosis-associated phenotypes. The number of rhizobium cells

retrieved from plant roots (a), number of nodules per plant (b), epicotyl length (c), and plant dry

weight (d) are reported. Different colors (pink, orange, and blue) indicate statistically significant

groupings (P, 0.05) based on a Scott-Knott test. For each condition, the dots indicate the mean

values, and the vertical lines indicate the standard deviations.
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the dipeptide Val-Ala (Table S1). Multiple flavones and flavonoids, which include

known inducers of NodD activation (43) and chemotaxis (47), were potentially identi-

fied. These include a peak hypothetically attributed to apigeninidin (PP_23300), which

was found in the Verbena and Camporegio root exudates; liquiritigenin (PP_23583),

which was found in the Camporegio and Lodi root exudates; as well as apigenin

(PP_25608) and genistein (PP_14051), which were found in variable amounts in the

root exudates from all three varieties. Elemental analysis (CHNS [carbon, hydrogen,

nitrogen, sulfur]) of root exudates was also performed (Table S2), and the results were

used to normalize the quantity of root exudates used in the treatment of S. meliloti

strains based on equalizing the amount of total organic carbon (TOC) added to each

culture.

The number of differentially expressed genes changes in strain-condition

combinations. The global transcriptional responses of the three S. meliloti wild-type

strains following a 4-h exposure to luteolin (the model flavone involved in the early

steps of symbiotic interaction [43]) or alfalfa root exudates were evaluated using RNA

sequencing. In addition, a fourth strain (BM806, referred to as “hybrid” for simplicity)

was included (48); the results for this strain are discussed below. A list of differentially

expressed genes (DEGs) for each strain and condition (luteolin and the root exudates

of the three plant varieties) against the control (blank sample) is reported in Data Set

S1, worksheet 2. DEGs were considered to be biologically significant if they had a $2-

fold change in expression and an adjusted P value of ,0.01. The numbers of DEGs are

shown in Table 1 (also see Data Set S1, worksheet 3). Reverse transcriptase quantitative

PCR (RT-qPCR) on a panel of seven DEGs validated the reliability of the RNA-seq data

(Table S3).

In general, luteolin treatment resulted in the lowest number of DEGs, ranging from

36 to 149 per strain. Concerning the root exudates, the number of DEGs was influenced

by both the strain and the alfalfa cultivar. Overall, the Camporegio and Verbena root

exudates induced more gene expression changes than the Lodi root exudate. Cluster

analyses of all genes that were differentially expressed under at least one condition

(fold change of $2; adjusted P value of ,0.01) revealed that for each strain, the

FIG 2 Principal-component analysis biplot from LC-MS analysis of root exudates of the Verbena, Lodi, and Camporegio varieties of alfalfa, including the

blank control. Centroids report LC-MS peak IDs (see worksheet 1 in Data Set S1 in the supplemental material), and vectors indicate the loadings of plant

varieties.
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transcriptional responses to the Verbena and Camporegio root exudates were similar

and grouped separately from that of the Lodi cultivar (Fig. 3a; Fig. S2 [see also supple-

mental File S1 at https://doi.org/10.5061/dryad.jdfn2z38q]). Interestingly, ;80% of the

genes upregulated by root exudates were found on the chromosomes of the three

strains, whereas ;77% of the downregulated genes were found on the pSymA and

pSymB replicons (Data Set S1, worksheet 3). This is consistent with a previous signa-

ture-tagged mutagenesis study reporting that 80% of genes required for rhizosphere

colonization are chromosomally located in S. meliloti Rm1021 (49).

Under all conditions, S. meliloti BL225C displayed the largest number of DEGs (with

up to 20% of genes differentially expressed) (Fig. 4e and f), while S. meliloti AK83 had

the fewest (Fig. 4c and d). The majority of DEGs (.75%) had orthologs in all three of

the tested strains (Data Set S1, worksheet 4), Interestingly, $90% of genes upregulated

in response to root exudate exposure belonged to the core genome of the three S.

meliloti strains (Data Set S1, worksheet 2), suggesting that the large majority of genes

required for alfalfa rhizosphere colonization are highly conserved. However, expression

patterns were not necessarily conserved, and strain-by-strain and condition-dependent

variability of the expression pattern on the conserved gene set was observed (Fig. 4;

Fig. S3). Indeed, nested likelihood ratio tests (LRTs) indicated that up to 29% of the

conserved genes were influenced by strain-condition interactions, consistent with an

important role of GxG interactions in the initiation of rhizobium-legume symbioses

(Table 2). Moreover, the same analysis emphasized the role of strain genotype in the

response to a common condition (35% of associated DEGs).

Stimulons differ in the set of elicited functions. Functional enrichment analyses,

based on Kyoto Encyclopedia of Genes and Genomes (KEGG) modules and Clusters of

Orthologous Genes (COG) categories, were performed to give a global overview of

the functions of the DEGs (Table 3 [see also File S2 at https://doi.org/10.5061/dryad

.jdfn2z38q]). Strain- and condition-specific patterns of functional enrichment were

observed, consistent with the functional differentiation of the stimulons from each

experiment. Nevertheless, a core set of COG categories were commonly over- or under-

represented in all three S. meliloti strains during exposure to the Camporegio or

Verbena root exudates. These included enrichment among the upregulated genes of

COG categories J and O related to protein expression and modification, suggesting

that the root exudates stimulated major remodeling of the proteome. In addition, for

upregulated genes, COG category G (carbohydrate transport and metabolism) was

underrepresented, while for the downregulated genes, COG category C (energy pro-

duction and conversion) was overrepresented. This observation suggests that the root

exudates stimulated a global change in the cellular energy production pathways ver-

sus growth in our standard minimal medium with succinate as the sole carbon source.

A comparison with growth under soil-mimicking conditions would be interesting with

respect to interpreting the root exudate-induced changes in an ecological context.

Among the most highly expressed genes in S. meliloti Rm1021 during exposure to

the Verbena and Camporegio root exudates were smc03024 and smc03028, encoding

components of the flagellar apparatus (flgF and flgC, respectively); the orthologs of

these genes were not induced in BL225C or AK83 (Data Set S1, worksheet 2). The

TABLE 1 Significant DEGsa

Strain

No. of significant DEGs (%)

Camporegio Lodi Verbena Luteolin

1021 516 (8.79) 32 (0.55) 506 (8.62) 36 (0.61)

AK83 357 (5.84) 66 (1.08) 192 (3.14) 60 (0.98)

BL225C 1,159 (19.33) 76 (1.27) 693 (11.56) 149 (2.49)

Hybrid 503 (8.38) 98 (1.63) 325 (5.41) 52 (0.87)

aThe number of significant DEGs with respect to the blank control (2-fold change in expression and an adjusted

P value of#0.01) and the percentage with respect to the total number of genes are reported.
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induction of motility is in contrast to the observation that luteolin alone decreases the

motility of the S. meliloti Rm1021 strain (50, 51). Presumably, this reflects the presence

of additional stimuli in the root exudates. Indeed, amino acids present in root exudates

are known to stimulate chemotactic behavior in S. meliloti (52), and signature-tagged

mutagenesis showed that motility-related genes are relevant during competition for

rhizosphere colonization by S. meliloti Rm1021 (49).

Differences in the transcriptomes of two Bradyrhizobium diazoefficiens strains

exposed to root exudates were suggested to be related to differences in their competi-

tive abilities (53). We therefore examined the expression patterns of several genes

likely to play a role in competition for rhizosphere colonization and root adhesion. It

was previously suggested that the sin quorum sensing system is involved in competi-

tion in S. meliloti (54); in our data, sinI (smc00168) was repressed in S. meliloti Rm1021

in the presence of the Camporegio and Verbena root exudates, but no changes in the

expression of the orthologous genes in strain AK83 or BL225C were observed. No evi-

dence was found in any of the strains for changes in the expression of galactoglucan or

FIG 3 Cluster analyses of the expression profiles of the conserved gene sets of strains grown in the presence of the three root

exudates and luteolin. (a) Full data set of DEGs identified in the four strains. (b) DEGs of orthologs of pSymA-like only. Hierarchical

clustering was performed in R with the hclust function based on Euclidean distance, with the “complete” agglomeration method. Bars

represent Euclidean distance.
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FIG 4 Intersection between up- and downregulated genes under all conditions. The plot reports the

numbers of upregulated (a, c, and e) and downregulated (b, d, and f) genes under each condition for

each strain. (a and b) Rm1021; (c and d) BL225; (e and f) AK83; (g and h) hybrid strain. Each row of the

matrix corresponds to a condition, with the size (number of upregulated/downregulated genes) reported to

the left as a bar plot. Each column corresponds to one intersection (similar to a Venn diagram): cells are

either empty, indicating that up- or downregulated genes under the specified conditions are not part of

the intersection, or filled, indicating that the genes present under the specified conditions are participating

at the intersection. Bars on the top show the size of the intersection reported on the bottom.
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succinoglucan biosynthesis genes such as wgaA (sm_b21319) and wgeA (sm_b21314).

The Verbena and Camporegio root exudates induced the expression of the rhizobactin

transport gene (sma2337 [rhtX]) of Rm1021 and BL225C; this gene is not found in AK83.

This may be a consequence of the root exudates chelating the available iron (55), conse-

quently eliciting siderophore production that can inhibit the growth of strains lacking

siderophores (56). Plasmid pSINME01 of S. meliloti AK83 exhibits similarity with plasmid

pHRC017 of S. meliloti C017, which confers a competitive advantage for nodule occu-

pancy and host range restrictions (57). Considering that a few of the genes on the plas-

mids pSINME01 and pSINME02 were differentially expressed upon exposure to root exu-

dates, it is possible that the accessory plasmids of strain AK83 also contribute to

competition for rhizosphere colonization (57).

Differences in gene expression patterns across conditions may be related, in part, to

differences in the presence of flavonoids. In S. meliloti, it is known that root exudates

containing flavone molecules activate the transcriptional regulator NodD (43), which

triggers the synthesis of Nod factor required for nodule formation. To gain insight into

the influence of NodD on the observed stimulons, we compared the S. meliloti Rm1021

data to those of the well-known regulons of NodD1 (requiring plant compounds for its

activation) and NodD3 (not requiring plant compounds but relying on indirect activa-

tion through SyrM and NodD1 [58]) established previously (51, 59). We found that out

of the 26 genes of the NodD1 regulon, 7 and 6 were observed in the DEGs in response

to the Verbena and Camporegio root exudates, respectively. Camporegio and Verbena

root extracts putatively contained apigenin, while the Lodi root extract lacked apige-

nin, suggesting a role of apigenin in the differential expression pattern observed. For

the 226 genes of the NodD3 regulon, 105, 104, and 4 were found in the DEGs in

response to the Verbena, Camporegio, and Lodi root exudates, respectively. The pres-

ence of a partial overlap of the known nod regulons (;20% or fewer of the DEGs under

each condition) suggests that most of the observed DEGs belong to nod-independent

regulons. Moreover, some of these genes showed contrasting patterns of expression,

suggesting that the root exudates may also contain antagonistic molecules that

repress the nod regulon, as previously reported (43, 60).

Mobilization of the symbiotic megaplasmid results in nonadditive changes in

stimulons. To evaluate the impact of interreplicon epistatic interactions on the tran-

scriptional response of S. meliloti to alfalfa root exudates, we used RNA-seq to charac-

terize the response of a previously constructed S. meliloti hybrid strain containing the

symbiotic megaplasmid (pSINMEB01) of strain BL225C (48). Cluster analyses clearly

demonstrated that the transcriptome (both global and restricted to pSymA-pSINMEB01

orthologs only) of the hybrid strain differed from those of both the BL225C and Rm1021

wild-type strains under all conditions (Fig. 3b; Fig. S4). Of particular interest were the

results observed during exposure to the Lodi root exudate. We previously showed that

alfalfa cv. Lodi plants inoculated with the hybrid strain were larger than those inoculated

TABLE 2 Number of expressed genes that showed statistical evidence of each type of expression patterna

Parameter

Value for groups of DEGs with significant association

Strain Condition Strain and condition Strain× conditionb None Total

Model effect

Strain * * * *

Condition * * * *

Strain� condition * * * *

No. of DEGs (%) 2,028 (25) 87 (1) 1,201 (15) 1,807 A 436 B 34 C 24 D 2,417 (30) 8,034 (100)

aDifferential expression related to strain, condition, both strain and condition, or the interaction between strain and condition is reported. Percentages are calculated based

on the total number of DEGs. Significance was based on a false discovery rate (FDR)-corrected P value of,0.05. * indicates whether the effect of the tested model on the

expression of the gene is significant. A gene can be associated with strain (gene differentially expressed only between strains), condition (gene differentially expressed only

between different conditions), strain and condition only (gene differentially expressed in relation to strain and condition but not considering the full model strain�

condition), or the interaction between strain and condition (strain� condition column). The last situation can be due to a significant association with the three tested

models (A), the full model and one of the others (B and C), or the full model only (D).
bThe total number of DEGs found for strain and condition was 2,301 (29%).
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with either BL225C or Rm2011 (48). Here, we observed that exposure to the Lodi root

exudate results in more differentially expressed genes in the hybrid strain (98 genes)

than in either Rm1021 or BL225C (32 and 76 genes, respectively) (Table 1). In particular,

a cluster of genes was specifically upregulated in the hybrid strain, and the majority of

these genes were located on the symbiotic megaplasmid. This peculiar feature of the

Lodi-induced transcriptome in the hybrid strain was also highlighted by the cluster anal-

ysis of pSymA-pSINMEB01 orthologs; only in the hybrid strain did the Lodi-induced

expression profile cluster with those of the Camporegio and Verbena root exudates

(Fig. 3b). The presence of these (possibly nonadditive) transcriptional changes may

reflect a loss of cis-regulation of these megaplasmid genes by chromosomal regulators

(61, 62), providing a potential molecular mechanism underlying the improved symbiotic

phenotype of the hybrid compared to both wild-type strains.

DISCUSSION

Rhizobium-legume interactions are complex multistep phenomena that begin with

an exchange of signals between two partners (18, 63). The rhizobia initially detect the

plant through the perception of flavonoids in the root exudate of legumes by NodD

proteins, which then triggers the production of lipochitooligosaccharide molecules

known as Nod factors. Nod factors are then recognized by specific LysM receptor ki-

nase proteins in plant root cells, triggering the symbiosis signaling pathway and initiat-

ing the formation of a nodule. However, root exudates contain a mixture of flavonoids,

some of them having different agonistic activities on NodD (43). Root exudates also

contain many other molecules that can serve as signals or support rhizobium metabo-

lism, such as amino acids and sugars, that may influence the ability of rhizobia to suc-

cessfully colonize the rhizosphere and be in a position to enter the symbiosis (64, 65).

Consequently, interactions between plant and rhizobium genotypes are expected to

influence the success of the initial interaction between the two partners.

Previous works have identified a clear role for GxG interactions in the partnership

between S. meliloti and Medicago truncatula (66), demonstrating that aerial biomass

was influenced by the plant and rhizobium genotypes as well as their interaction.

Here, we demonstrated that GxG interactions also have a significant impact on the ad-

herence of S. meliloti strains to alfalfa roots, as a representative phenotype for an early

stage of the interaction between these partners. Rhizosphere colonization appears to

have a direct impact on nodule colonization (49, 67); while our data do not address if

root adhesion is correlated with competition for nodule occupancy in mixed inocula,

they suggest that root adhesion is poorly correlated with overall symbiotic efficiency in sin-

gle-inoculum studies. Previous studies have demonstrated the influence of GxG interac-

tions on the nodule transcriptome of Medicago-Sinorhizobium symbioses (35, 36). Here, we

showed that GxG interactions similarly have an important contribution in determining the

transcriptional response of S. meliloti to the detection of Medicago sativa root exudates.

TABLE 3 Selected COG categories over- or underrepresented among the DEGsa

COG category

Log2 fold change

Luteolin Camporegio Verbena Lodi

Rm1021 BL225C AK83 Rm1021 BL225C AK83 Rm1021 BL225C AK83 Rm1021 BL225C AK83

Upregulated genes

G — — — 21.14 21.59 21.67 21.30 21.64 — — — —

J — — — 2.81 0.92 2.50 2.80 1.16 1.81 — — —

N — — — 4.19 — — 4.25 — — — — —

O — — 2.38 1.56 1.44 1.50 1.44 1.91 2.21 — — 2.96

Downregulated genes

C — — — 1.88 0.88 1.74 1.89 1.11 1.79 2.71 — —

aValues represent the log2 fold changes in the abundances of genes annotated with the given COG category relative to the amount expected by chance. Dashes indicate

that the COG category is not statistically different than chance under the given condition (significance threshold of a P value of#0.05).
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Together, these results demonstrate that GxG interactions have a meaningful impact on

the outcome of rhizobium-legume symbioses at multiple stages of development.

The exposure of B. diazoefficiens to soybean root exudates resulted in changes in

the expression of 450 genes, representing nearly 5.6% of the genome, and the impacts of

soybean root exudates differed between the two tested B. diazoefficiens strains (53).

Similarly, between 0.5% and 20% of S. meliloti genes were differentially expressed follow-

ing exposure to alfalfa root exudates, depending on the host-symbiont combination. The

similarities/differences in the responses of the three S. meliloti strains to treatments did not

appear to depend on the phylogenetic relatedness of the strains (68), although this cannot

be definitively concluded without analysis of additional strains. Nevertheless, these results

emphasize the importance of transcriptional rewiring during strain diversification in bacte-

ria (62). Similarly, studies with eukaryotic organisms indicate that adaptation has an impor-

tant role in differentiating the gene expression patterns of organisms (69, 70).

The root exudate stimulons only partially overlapped the stimulons of luteolin, a

known inducer of NodD in S. meliloti (43), confirming that alfalfa root exudates contain

numerous molecular signals aside from flavonoids that may influence the competitive-

ness of various rhizobium strains. Importantly, the transcriptional patterns induced by

alfalfa root exudates differed depending on the cultivar from which they were collected;

whether these differences are adaptive requires further investigation. Additionally,

although root exudate metabolomic analysis was mainly descriptive, and relatively few

peaks could be identified, there was a similar pattern between the differences in the S.

meliloti gene expression profiles and the overall chemical similarity of the root exudates as

measured by LC-MS; the Camporegio and Verbena root exudates induced similar gene

expression changes while also being similar along the second principal component of var-

iance (accounting for 30% of the variance) in the PCA of the root exudate composition. In

future work, it would be interesting to define which compounds in the root exudates have

the greatest impact on the S. meliloti transcriptome.

In addition to the impact of GxG interactions on rhizobium-legume symbioses,

there is the potential for interreplicon interactions within rhizobium genomes to fur-

ther influence the symbiosis. Indeed, interreplicon epistatic interactions are abundant

in the S. meliloti genome (71). To address the contribution of interreplicon interactions

to symbiosis, we examined a hybrid strain in which the symbiotic megaplasmid of S.

meliloti Rm2011 (a strain nearly identical to Rm1021 [72]) was replaced with the symbi-

otic megaplasmid of S. meliloti BL225C. Nonadditive effects on the transcriptional pro-

files associated with all three replicons were observed in the hybrid strain relative to

Rm1021 and BL225C, indicating that megaplasmid mobilization induced a global rewir-

ing of gene expression, likely due to transcriptional cross talk among the replicons (62,

73). Similarly, nonadditive effects on the transcriptome of plant hybrids have been

extensively explored (74) and demonstrated as one of the bases for heterosis in crops

(75). In previous work looking for regulatory modules where the transcription factor

and target genes reside on different replicons in S. meliloti Rm1021 (62), we found 17

transcriptional regulators encoded by the chromosome or chromid with predicted tar-

get genes on the megaplasmid. Among those transcription factors, systems related to

exopolysaccharide production (ExpG), transport (PcaQ), and metabolism (IolR and

GlnBK) were present, supporting the hypothesis of a global rewiring of gene expres-

sion networks and a wide range of effects of this rewiring. The results with the hybrid

led us to hypothesize that the large symbiotic variability observed in natural S. meliloti

isolates may partly be related to genome-wide transcriptome changes following large-

scale horizontal gene transfer followed by natural selection. Moreover, we speculate

that while the megaplasmid is the key element for a general response (i.e., cultivar in-

dependent) to species-specific host plant associations, the rhizobium chromosome

and chromid fine-tune these responses in a genotype-dependent manner. If true, how-

ever, this would limit our ability to predict the competitiveness of rhizobium isolates

from their simple genome sequence; instead, a more complex understanding of global

regulatory network control would be required.
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In conclusion, this study demonstrated that the initial perception of legumes by rhi-

zobia leads to hundreds of changes in the rhizobium transcriptome and that these

changes are dependent on the plant genotype, the rhizobium genotype, and geno-

type-by-genotype interactions. These results complement previous studies demon-

strating the role of GxG interactions in determining the transcriptome of both the leg-

ume and rhizobium partners in mature N2-fixing nodules (35, 36). The majority of

genes upregulated in response to alfalfa root exudates were conserved in all three

strains, supporting the hypothesis that the S. meliloti lineage was adapted to rhizo-

sphere colonization before gaining the genes required for symbiotic nitrogen fixation

(49). Additionally, the transcriptional response to the perception of alfalfa root exu-

dates involved genes from all three of the S. meliloti replicons and seemingly involved

nonadditive effects resulting from interreplicon interactions.

MATERIALS ANDMETHODS

Microbiological methods and plant assays. A list of strains, their host plants of origin, as well as

the plant varieties used is reported in Table S4 in the supplemental material. Plant varieties included

three contrasting alfalfa genotypes: Medicago falcata (Verbena), M. sativa (Lodi), and Medicago � varia

(M. sativa � M. falcata). Strains included S. meliloti Rm1021, BL225C, AK83, and a hybrid strain containing

the chromosome and pSymB of strain Rm2011 and the symbiotic megaplasmid (pSINMEB01) of strain

BL225C. S. meliloti Rm2011 is nearly isogenic to Rm1021, both being independent streptomycin-resistant

derivatives of the nodule isolate SU47 (76, 77). Details on strains, plant growth, and symbiotic assays are

found in Text S1 in the supplemental material. The root adhesion test was performed 5 days following

the inoculation of plantlets (Text S1). Differences were evaluated by one-way analysis of variance

(ANOVA) Tukey pairwise contrast and using the Scott-Knott procedure as implemented in R (78). All

primer pairs used are reported in Table S4.

Root exudate production and metabolomic analyses. Root exudates were produced by growing

plants under sterile conditions in water for 14 days, as previously reported (79) and as reported in Text

S1. Elemental analysis (CHNS) was performed on crude root exudates (a combined sample for each culti-

var) using a carbon, hydrogen, and nitrogen analyzer (CHN-S Flash E1112; Thermo Finnigan, San Jose,

CA, USA). Metabolomic analysis was performed by LC-MS, and data from reverse-phase UPLC (RP-UPLC)

and UPLC-MS were combined to build the final data matrix. Principal-component analysis (PCA) was per-

formed on the Bray-Curtis dissimilarity obtained from each peak identification (ID) value (Text S1).

Statistical differences in single metabolites were assessed by Simper analysis based on the decomposi-

tion of the Bray-Curtis dissimilarity obtained from each peak ID value. All statistical analyses were done

with the vegan package of R (80). The PubChem database was used for additional peak identification

from brute formulas (https://pubchem.ncbi.nlm.nih.gov/).

RNA isolation and RNA sequencing. Cultures of S. meliloti, grown overnight in M9-succinate me-

dium at 30°C at 130 rpm, were diluted to an optical density at 600 nm (OD600) of 0.05 in 5ml of M9-succi-

nate medium and incubated until an OD600 of 0.4 was reached. Next, either 10 mM luteolin (Sigma-

Aldrich) or one of the alfalfa root exudates (normalized by the total organic carbon as measured by the

CHNS analysis) was added to each of the cultures, and the mixture was incubated for an additional 4 h

at 30°C with shaking at 130 rpm. Biological replicates were performed for each of the three strains across

the five conditions. Total RNA was extracted using RNeasy minikits (Qiagen) from 0.5ml of the culture

and subjected to DNase I treatment. Details on the RNA isolation procedure and quality checks are pro-

vided in Text S1. Validation of expression differences was done using reverse transcriptase qPCR as

described in Text S1. Protocols for rRNA depletion and library construction are described in Text S1.

Libraries were sequenced on an Illumina Novaseq 6000 apparatus with an SP flow cell.

Read mapping, counting, and differential expression analysis. Trimmed and demultiplexed reads

were mapped back to transcripts using Salmon (version 1.1.0) (81) (see Text S1 for details). Quantification

files produced by Salmon were then imported into R using the tximport package (version 1.10.1) (82).

Differential abundance analysis was performed with the DESeq2 version 1.22.2 package (83) on single

strains under different conditions.

Statistical analysis of differentially expressed genes. For each S. meliloti strain, genes differentially

expressed (log2 fold change of $1; P value of ,0.01) under at least one condition relative to the control

conditions were identified, and all fold change values for these genes were extracted. To compare

expression values of genes conserved between Rm1021, AK83, and BL225C, the pangenome of the three

strains was calculated using Roary version 3.13.0 (84) with an identity threshold of 90%, and the genes

found in all three strains (the core genes) were recorded. Under each condition, core genes differentially

expressed in at least one strain relative to the control conditions were identified, and the fold change

values for the gene and its orthologs in the other strains were extracted.

All genes of S. meliloti strains Rm1021, AK83, and BL225C were functionally annotated using stand-

alone version 2 of eggNOG-mapper (85, 86) with default settings and the following two modifications: the

mode was set to diamond, and query cover was set to 20. Methods for the Kyoto Encyclopedia of Genes and

Genomes (KEGG) and Clusters of Orthologous Genes (COG) category annotations are reported in Text S1.

Nested likelihood ratio tests (LRTs) were used to evaluate the statistical significance of strain, condi-

tion, and strain-by-condition interaction effects on gene expression. Transcripts were collapsed into
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orthologous groups based on the output of Roary, as described above. Counts produced by Salmon

were collapsed following the group ID provided by Roary, producing a single table with ortholog-level

quantification of transcripts. The produced table was then used to perform a nested LRT with DESeq2.

Strains and conditions were used together with their interaction to build a model for each group. Terms

were then removed one by one to test their impact on the likelihood of the full model (as described in

the DESeq2 documentation at http://bioconductor.org/packages/devel/bioc/vignettes/DESeq2/inst/doc/

DESeq2.html#likelihood-ratio-test).

Data availability. Gene expression data are available at GEO under the accession number GSE151705.

Custom scripts developed for this work can be found in the GitHub repository at https://github.com/

hyhy8181994/Sinorhizobium-RNAseq-2020.
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Abstract

Rhizobium–legume symbioses serve as paradigmatic examples for the study of mutualism evolution. The genus Ensifer (syn.

Sinorhizobium) contains diverse plant-associated bacteria, a subset of which can fix nitrogen in symbiosis with legumes. To gain

insights into the evolution of symbiotic nitrogen fixation (SNF), and interkingdom mutualisms more generally, we performed

extensive phenotypic, genomic, and phylogenetic analyses of the genus Ensifer. The data suggest that SNF likely emerged several

times within the genus Ensifer through independent horizontal gene transfer events. Yet, the majority (105 of 106) of the Ensifer

strains with the nodABC and nifHDK nodulation and nitrogen fixation genes were found within a single, monophyletic clade.

Comparative genomics highlighted several differences between the“symbiotic” and“nonsymbiotic” clades, includingdivergences

in their pangenome content. Additionally, strains of the symbiotic clade carried 325 fewer genes, on average, and appeared to have

fewer rRNAoperons than strains of the nonsymbiotic clade. Initial characterization of a subset of ten Ensifer strains identified several

putative phenotypic differences between the clades. Tested strains of the nonsymbiotic clade could catabolize 25% more carbon

sources, on average, than strains of the symbiotic clade, and they were better able to grow in LB medium and tolerate alkaline

conditions.On theother hand, the tested strains of the symbiotic cladewere better able to tolerate heat stress and acidic conditions.

We suggest that these data support the division of the genus Ensifer into two main subgroups, as well as the hypothesis that pre-

existing genetic features are required to facilitate the evolution of SNF in bacteria.

Key words: mutualism, evolutionary biology, phenomics, comparative genomics, rhizobia, Proteobacteria.

Significance

The bacterial genus Ensifer contains ecologically important N2-fixing symbionts of leguminous plants, as well as

nonsymbiotic species. However, the evolutionary dynamics of symbiotic nitrogen fixation within this genus are unclear,

and it remains an open question of whether the gain of classical symbiotic N2-fixation genes is sufficient to allow a

bacterium to fix nitrogen. Our results suggest that the symbiotic species of the genus Ensifer predominately group

separately from the nonsymbiotic species, but that symbiotic abilities were likely acquired multiple times within this

group. This study provides new insight into the evolution of symbiotic N2-fixation in a bacterial genus, while support-

ing the hypothesis that genetic features aside from the classical symbiotic N2-fixation genes contribute to the evolution

of symbiotic potential.

� The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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Introduction

Symbioses are pervasive phenomena present in all Eukaryotic

forms of life (L�opez-Garc�ıa et al. 2017). These includes facul-

tative symbiotic interactions, obligate symbioses, and the evo-

lution of organelles (Douglas 2014), with symbiotic nitrogen

fixation (SNF) being a paradigmatic example of the latter

(Masson-Boivin and Sachs 2018). SNF (the conversion of N2

to NH3) is performed by a polyphyletic group of bacteria from

the Alphaproteobacteria and Betaproteobacteria (whose

nitrogen-fixing members are collectively called rhizobia) and

members of the genus Frankia (Masson-Boivin et al. 2009;

Wang and Young 2019) while intracellularly housed within

specialized organs (nodules) of specific plants in the family

Fabaceae and the genus Parasponia, as well as the actinorhizal

plants (Werner et al. 2014; Griesmann et al. 2018; van Velzen

et al. 2018). The advantages and evolutionary constraints to

SNF have long been investigated in the conceptual framework

of mutualistic interactions and the exchange of goods (see,

for instance, Heath and Tiffin 2007; Werner et al. 2015;

Sørensen et al. 2019), and quantitative estimations with met-

abolic reconstructions have also been performed (Pfau et al.

2018; diCenzo et al. 2020).

The establishment of a symbiotic nitrogen-fixing interac-

tion requires that the bacterium encode several diverse mo-

lecular functions, including those related to signaling and

metabolic exchange with the host plant, nitrogenase and

nitrogenase-related functions, and escaping or resisting the

plant immune system (Oldroyd et al. 2011; Haag et al. 2013;

Poole et al. 2018). In general, the primary genes required for

SNF (i.e., the nod, nif, and fix genes) are located within mobile

genetic elements that include symbiotic islands and symbiotic

(mega)-plasmids (Checcucci et al. 2019; Tian and Young

2019; Geddes et al. 2020), facilitating their spread through

horizontal gene transfer (HGT) (Sullivan et al. 1995; Barcellos

et al. 2007; P�erez Carrascal et al. 2016). Emphasizing the role

of HGT in the evolution of rhizobia, rhizobia are dispersed

across seven families of the Alphaproteobacteria and one

family of the Betaproteobacteria, and most genera with rhi-

zobia also contain nonrhizobia (Garrido-Oter et al. 2018;

Wang 2019).

An interesting area of investigation is whether the evolu-

tion of mutualistic symbioses, such as SNF, depends on met-

abolic/genetic requirements (“facilitators,” as in Gerhart and

Kirschner [2007]) aside from the strict symbiotic genes (Long

2001; Sanju�an 2016; Zhao et al. 2018). In other words, 1) is

the acquisition of symbiotic genes present in genomic islands

or plasmids sufficient to become a symbiont? or, 2) are met-

abolic prerequirements or adaptation successive to HGT re-

quired? A comparative genomics study of 1,314 Rhizobiales

genomes identified no functional difference between rhizobia

and nonrhizobia based on Kyoto Encyclopedia of Genes and

Genomes annotations (Garrido-Oter et al. 2018), suggestive

of an absence of obvious facilitators. In contrast, experimental

studies are generally consistent with an important role of non-

symbiotic genes in establishing or optimizing rhizobium–le-

gume symbioses. Several studies have shown that effective

symbionts are not produced following the transfer of symbi-

otic plasmids from rhizobia of the genera Rhizobium or Ensifer

(syn. Sinorhizobium) to closely related nonrhizobia from the

genera Agrobacterium or Ensifer (see, for instance, Hooykaas

et al. 1982; Finan et al. 1986; Rogel et al. 2001; reviewed in

diCenzo et al. [2019]). Similarly, the same symbiotic island is

associatedwith vastly different symbiotic phenotypes depend-

ing on theMesorhizobium genotype (Nandasena et al. 2007;

Haskett et al. 2016). Further supporting the need for addi-

tional adaptations to support SNF, symbiosis plasmid transfer

coupled to experimental evolution can lead to the gain of

more advanced symbiotic phenotypes (Doin de Moura et al.

2020).

The genus Ensifer provides an ideal model to further ex-

plore the differentiation, or lack thereof, of symbiotic bacteria

from nonsymbionts. This genus comprises rhizobia such as

Ensifer meliloti and Ensifer fredii, as well as nonrhizobia like

Ensifer morelense and Ensifer adhaerens, and many members

have been extensively studied producing an abundant set of

experimental and genomic data (for a recent review, see

diCenzo et al. [2019]). The genus Ensifer, as currently defined,

resulted from the combination of the genera Sinorhizobium

and Ensifer based on similarities in the 16S rRNA and recA

sequences of the type strains and the priority of the name

Ensifer (Willems et al. 2003; Young 2003). Multilocus se-

quence analysis supported the amalgamation of these genera

(Martens et al. 2007), although it was subsequently noted

that E. adhaerens (the type strain) is an outgroup of this taxon

based on whole genome phylogenomics (Orme~no-Orrillo

et al. 2015). A more recent taxonomy approach based on

genome phylogeny suggests that the genus Ensifer should

again be split, with the initial type strains of Ensifer and

Sinorhizobium belonging to separate genera (Parks et al.

2018).

In this article, we report an extensive comparative genomic

analysis, and initial phenotypic characterization, of legume

symbionts and nonsymbionts of the genus Ensifer. We iden-

tified that SNF likely evolved multiple times through indepen-

dent HGT events; even so, most symbionts were found in a

single clade, consistent with a requirement for pre-existing

genetic features to facilitate the evolution of SNF.

Moreover, the symbiotic and nonsymbiotic clades differed in

their pangenome composition, and tests with a subset of

strains suggested they also differed in their substrate utiliza-

tion and resistance phenotypes as measured by the

Phenotype MicroArray platform. We suggest that the data

Fagorzi et al. GBE

2522 Genome Biol. Evol. 12(12):2521–2534 doi:10.1093/gbe/evaa221 Advance Access publication 14 October 2020

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
b
e
/a

rtic
le

/1
2
/1

2
/2

5
2
1
/5

9
2
3
2
9
5
 b

y
 A

z
ie

n
d
a
 O

s
p
e
d
a
lie

ra
 C

a
re

g
g
i u

s
e
r o

n
 2

3
 D

e
c
e
m

b
e
r 2

0
2
0



support the division of the genus Ensifer into two subgroups,

corresponding to the genera Ensifer and Sinorhizobium of the

Genome Taxonomy Database (Parks et al. 2018).

Materials and Methods

Genome Sequencing, Assembly, and Annotation

Prior to short-read sequencing, all strains were grown to sta-

tionary phase at 30 �C in TY medium (5g l�1 tryptone, 3g l�1

yeast extract, and 0.4g l�1 CaCl2). Total genomic DNA was

isolated using a standard cetyltrimethylammonium bromide

method (Perrin et al. 2015). Short-read sequencing was per-

formed at IGATech (Udine, Italy) using an Illumina HiSeq2500

instrument with 125-bp paired-end reads. Two independent

sequencing runs were performed for E. morelense Lc04 and

Ensifer psoraleae CCBAU 65732, whereas E. morelense Lc18

and Ensifer sesbaniae CCBAU 65729 were sequenced once.

For long-read sequencing, E. sesbaniae was grown to midex-

ponential phase at 30 �C in MM9 minimal medium (MOPS

buffer [40mM MOPS, 20mM KOH], 19.2mM NH4Cl,

8.76mM NaCl, 2mM KH2PO4, 1mM MgSO4, 0.25mM

CaCl2, 1mgml�1 biotin, 42nM CoCl2, 38mM FeCl3, 10mM

thiamine-HCl, and 10mM sucrose). Total genomic DNA was

isolated as described elsewhere (Cowie et al. 2006). Long-

read sequencing was performed in-house with a Pacific

Biosciences Sequel instrument.

Reads were assembled into scaffolds using SPAdes 3.9.0

(Bankevich et al. 2012; Vasilinetc et al. 2015); in the case of

E. sesbaniae, long reads were corrected and trimmed using

Canu 1.7.1 (Koren et al. 2017) prior to assembly. Scaffolds

returned by SPAdes were parsed to remove those with<20�

coverage or with a length <200 nucleotides. Using FastANI

(Jain et al. 2018), one-way average nucleotide identity (ANI)

values of each assembly were calculated against 887 alpha-

proteobacterial genomes available through the National

Center for Biotechnological Information (NCBI) with an as-

sembly level of complete or chromosome. Based on the

FastANI output, each draft genome assembly was further

scaffolded using MeDuSa (Bosi et al. 2015) and the reference

genomes listed in supplementary table S1, Supplementary

Material online. For most assemblies, scaffolds under 1kb in

lengthwere discarded. The exceptionwas for S. sesbaniae, for

which case scaffolds<10kb were discarded. Genome assem-

blies were annotated using Prokka 1.12-beta (Seemann

2014), annotating coding regions with Prodigal (Hyatt et al.

2010), tRNA with Aragon (Laslett and Canb€ack 2004), rRNA

with Barrnap (https://github.com/tseemann/barrnap; last

accessed October 18, 2020), and ncRNA with Infernal

(Kolbe and Eddy 2011) and Rfam (Kalvari et al. 2018).

Species Phylogenetic Analyses

All Ensifer (and Sinorhizobium) genomes were downloaded

from the NCBI Genome Database regardless of assembly

level. Strains that either 1) lacked a RefSeq assembly, 2) had

genome sizes <1Gb, or 3) appeared to not belong to the

Ensifer clade based on preliminary phylogenetic analyses were

discarded, leaving a final set of 157 strains (supplementary

data set S1, Supplementary Material online). Eight complete

Rhizobium genomes (supplementary data set S2,

Supplementary Material online) were downloaded to serve

as an outgroup. Genomes were reannotated with prokka to

ensure consistent annotation. All genomes were downloaded

on November 12, 2018, and associated metadata are avail-

able as supplementary data sets S1 and S2, Supplementary

Material online.

To construct an unrooted, core gene phylogeny, the pan-

genome of the 157 Ensifer strains was calculated using Roary

3.11.3 (Page et al. 2015) with a percent identify threshold of

70%. As part of the running of Roary, the nucleotide sequen-

ces of the 1,049 core genes (identified as those found in at

least 99% of the genomes; supplementary data set S3,

Supplementary Material online) were individually aligned

with PRANK (Löytynoja 2014) and the alignments

concatenated. The concatenated alignment was trimmed us-

ing TRIMAL 1.2rev59 (Capella-Guti�errez et al. 2009) with the

automated1 option, and used to construct a maximum like-

lihood phylogeny (the bootstrap best tree following 100 boot-

strap replicates, as determined by the extended majority-rule

consensus tree criterion) using RAxML 8.2.9 (Stamatakis

2014) with the GTRCAT model as recommended (https://

cme.h-its.org/exelixis/resource/download/NewManual.pdf;

last accessed October 18, 2020). All phylogenies prepared in

this study were visualized with the online iTOL webserver

(Letunic and Bork 2016).

To construct a rooted phylogeny, the AMPHORA2 pipeline

(Wu and Scott 2012) was used to identify 31 highly conserved

bacterial proteins in each Ensifer and Rhizobium proteome,

based on HMMER 3.1b2 (Eddy 2009) and the 31 hidden

Markov models (HMMs) that come with AMPHORA2.

Customs Perl scripts were then used to remove proteins

that were either found in <95% of genomes or were found

in multicopy in at least one genome, leaving a set of 30

proteins (Frr, InfC, NusA, Pgk, PyrG, RplA, RplB, RplC, RplD,

RplE, RplF, RplK, RplL, RplM, RplN, RplP, RplS, RplT, RpmA,

RpoB, RpsB, RpsC, RpsE, RpsI, RpsJ, RpsK, RpsM, RpsS, SmpB,

Tsf). Orthologous groups were aligned using MAFFT 7.310

(Katoh and Standley 2013) with the localpair option, follow-

ing which the alignments were trimmed using TRIMAL

1.2rev59 with the automated1 option. Alignments were

concatenated and used to construct a maximum likelihood

phylogeny (the bootstrap best tree following 304 bootstrap

replicates, as determined by the extended majority-rule con-

sensus tree criterion) using RAxML with the

PROTGAMMAJTTDCMUT model. This model was chosen as

a preliminary run using RAxML with the automatic model

selection indicated that the best scoring tree was obtained

with the selected model.
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ANI and AAI Calculations

Pairwise ANI values were calculated for all Ensifer strains using

FastANI (Jain et al. 2018) with default parameters; a value of

78% was used in cases where no value was returned by

FastANI. Pairwise average amino acid identity (AAI) values

were calculated with the compareM workflow (https://

github.com/dparks1134/CompareM; last accessed October

18, 2020). Results were visualized and clustered using the

heatmap.2 function of the gplots package in R (Warnes

et al. 2016), with average linkage and Pearson correlation

distances.

Pangenome Calculation

All proteins of the reannotated Ensifer strains were clustered

into orthologous groups using CD-HIT 4.6 (Li and Godzik

2006) with a percent identity threshold of 70% and an align-

ment length of 80% of the longer protein. The output was

used to determine core and accessory genomes using a prev-

alence threshold of 90% as many of the genomes were draft

genomes. Gene accumulation curves were produced using

the specaccum function of the vegan package of R

(Oksanen et al. 2018), with the random method and 500

permutations. Principal component analysis (PCA) was per-

formed with the prcomp function of R, and was visualized

with the autoplot function the ggplot2 package (Wickham

2016).

Identification and Phylogenetic Analysis of Common Nod,

Nif, and Rep Proteins

The proteomes were collected for the 157 Ensifer strains, as

well as all strains from the genera Rhizobium, Neorhizobium,

Agrobacterium, Mesorhizobium, and Ochrobactrum with an

assembly status of Complete or Chromosome (supplementary

data set S4, Supplementary Material online). Additionally, the

seed alignments for the HMMs of the nodulation proteins

NodA (TIGR04245), NodB (TIGR04243), and NodC

(TIGR04242), the nitrogenase proteins NifH (TIGR01287),

NifD (TIGR01282), NifK (TIGR01286), and the replicon parti-

tioning proteins RepA (TIGR03453), and RepB (TIGR03454)

were downloaded from TIGRFAM (Haft et al. 2012). Seed

alignments were converted into HMMs with the

HMMBUILD function of HMMER 3.1b2 (Eddy 2009). Each

HMM was searched against the complete set of proteins

from all 157 reannotated Sinorhizobium and Ensifer strains

using the HMMSEARCH function of HMMER. The amino acid

sequences for each hit (regardless of e-value) were collected.

Each set of sequences was searched against a HMM database

containing all 21,200 HMMs from the Pfam (Finn et al. 2016)

and TIGRFAM databases using the HMMSCAN function of

HMMER, and the top scoring HMM hit for each query protein

was identified. Proteins were annotated as NodA, NodB,

NodC, NifH, NifD, NifK, RepA, or RepB according to supple-

mentary table S2, Supplementary Material online.

The nodA, nodB, and nodC genes are generally found as

an operon. Thus, the NodA, NodB, and NodC proteins were

putatively associated to operons based on identifying proteins

that are encoded by adjacent genes in their respective

genomes; orphan proteins not encoded by adjacent genes

were discarded as the subsequent phylogenetic analysis was

based on concatenated NodA, NodB, and NodC alignments.

Each set of orthologs were aligned using MAFFT with the

localpair option, and alignments trimmed using TRIMAL and

the automated1 algorithm. Alignments were concatenated so

as to combine alignments for proteins encoded by adjacent

genes, producing a NodABC alignment. The same procedure

was followed to produce NifHDK and RepAB alignments.

Maximum likelihood phylogenies were built on the basis of

each combined alignment using RAxML with the

PROTGAMMAJTT (NodABC, NifHDK) or the

PROTGAMMALG (RepAB) models. These models were cho-

sen as preliminary runs using RAxML with the automatic

model selection indicated that the best scoring trees were

obtained with the selected models. The final phylogenies

are the bootstrap best trees following 352 bootstrap repli-

cates, as determined by the extended majority-rule consensus

tree criterion.

Plant Assays

Phaseolus vulgaris (var. TopCrop, Mangani Sementi, Italy)

seeds were surface sterilized in 2.5% HgCl2 solution for

2min and washed five times with sterile water. Seeds were

germinated in the dark at 23 �C, following which seedlings

were placed in sterile polypropylene jars containing vermicu-

lite:perlite (1:1) and nitrogen-free Fåhraeus medium, and

grown at 23 �C with a 12-h photoperiod (100mEm�2 s�1).

One-week-old plantlets were inoculated with 100ml of the

appropriate rhizobium strain (suspended in 0.9% NaCl at

an OD600 of 1); five plants were inoculated per strain and

then grown for 4weeks at 23 �C with a 12-h photoperiod

(100mEm�2 s�1). Plant growth assays were repeated three

independent times. Nodules were collected and surface ster-

ilized as described elsewhere (Checcucci et al. 2016), crushed

in sterile 0.9% NaCl solution, and serial dilutions were plated

on TY agar plates and incubated at 30 �C for 2days. PCR

amplification of the 16S rRNA gene was performed using

crude lysates from single colonies recovered from root nod-

ules, as in Barzanti et al. (2007). Sequencing of the PCR am-

plified 16S rRNA gene was performed from both the 27f and

the 1495r primers using BrilliantDye Terminator Cycle

Sequencing chemistry (Nimagen, Nijmegen, The

Netherlands) on a 3730xl DNA Analyzer (ThermoFisher

Scientific, Waltham, MA).
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Phenotype MicroArray

Phenotype MicroArray experiments using Biolog plates PM1

and PM2A (carbon sources), PM9 (osmolytes), and PM10 (pH)

were performed as described previously (Biondi et al. 2009).

Data were collected over 96h with an OmniLog instrument.

Data analysis was performed with DuctApe (Galardini et al.

2014). Activity index (AV) values were calculated following

subtraction of the blank well from the experimental wells.

Growth with each compound was evaluated with AV values

from 0 (no growth) to 9 (maximal growth), following an el-

bow test calculation. Phenotype MicroArray experiments

were performed once as results for these experiments are

highly repeatable (Johnson et al. 2008; Bochner et al. 2010;

Dunkley et al. 2019).

Biofilm Assays

Overnight cultures of strains grown in TY and LB (10g l�1

tryptone, 5g l�1 yeast extract, 5g l�1 NaCl) media were di-

luted to an OD600 of 0.02 in fresh media, and six replicates of

100ml aliquots were transferred to a 96-well microplate.

Plates were incubated at 30 �C for 24h, after which the

OD600 was measured with a Tecan Infinite 200 PRO

(Switzerland). Each well was then stained with 30ml of a fil-

tered 0.1% (w/v) crystal violet solution for 10min, and then

the medium containing the planktonic cells was gently re-

moved from the wells. Next, the wells were rinsed three times

with 200ll of phosphate-buffered saline (PBS; 0.1M, pH 7.4)

and allowed to dry for 15min. About 100ml of 95% (v/v)

ethanol was added to each well and then incubated for

15min at room temperature. The OD540 of each well was

measured (Rinaudi and Gonz�alez 2009), and biofilm produc-

tion reported as the ratio of the OD540/OD600 ratio. Biofilm

assays consisted of six replicates, and were performed two

independent times.

Growth Curves

Overnight cultures of each strain were grown in the same

medium to be used for the growth curve. For minimal media,

either 0.2% (w/v) of glucose or succinate was added as the

carbon source. Cultures were diluted to an OD600 of 0.05 in

the same media, and triplicate 150-ml aliquots were added to

a 96-well microplate. Microplates were incubated without

shaking at 30 �C or 37 �C in a Tecan Infinite 200 PRO, with

OD600 readings taken every hour for 48h. Growth rates were

evaluated over 2-h windows during the exponential growth

phase. All growth curves were performed in triplicate and

repeated two independent times.

To evaluate bacterial growth when provided root exudates

as a nitrogen source, root exudates were produced from

Medicago sativa cv. Maraviglia as described elsewhere

(Checcucci et al. 2017). Single bacterial colonies from TY

plates were resuspended in a 0.9% NaCl solution to an

OD600 of 0.5. Then, each well of a 96-well microplate was

inoculated with 5ml of culture, 75ml of nitrogen-free M9 with

0.2% (w/v) succinate as a carbon source, and 20ml of root

exudate as a nitrogen source as done previously (Checcucci

et al. 2017). Triplicates were performed for each strain.

Microplates were incubated without shaking at 30 �C in a

Tecan Infinite 200 PRO, with OD600 readings taken every

hour for 48h. Growth rates were determined as described

above.

Results

Genome Sequencing of Four Rhizobiaceae Strains

Draft genomes of E. morelense Lc04, E. morelense Lc18,

E. sesbaniae CCBAU 65729, and E. psoraleae CCBAU

65732 (Wang et al. 1999, 2013) were generated to increase

the species diversity available for our analyses. Summary sta-

tistics of the assemblies are provided in supplementary table

S3, Supplementary Material online. The genome sequences

confirmed the presence of nodulation and nitrogen-fixing

genes in E. morelense Lc18, E. sesbaniae CCBAU 65729,

and E. psoraleae CCBAU 65732, whereas these genes

appeared absent in the E. morelense Lc04 assembly.

Strains Lc04, CCBAU 65729, and CCBAU 65732 were con-

firmed to belong to the genus Ensifer, as one-way ANI com-

parisons revealed that the most similar alpha-proteobacterial

genomes were from the genus Ensifer. However, the ge-

nome of strain Lc18 was most similar to genomes from

the genera Rhizobium and Agrobacterium, consistent with

an earlier 16S rRNA gene restriction fragment length poly-

morphism analysis (34). Thus, we propose renaming

E. morelense Lc18 to Rhizobium sp. Lc18. As this strain

does not belong to the genus Ensifer, it was excluded

from further analyses.

Symbiotic and Nonsymbiotic Ensifer Strains Segregate
Phylogenetically

An unrooted, core gene phylogeny of 157 Ensifer strains

was prepared to evaluate the phylogenetic relationships

between the symbiotic and nonsymbiotic strains (fig. 1).

A rooted phylogeny based on a multilocus sequence anal-

ysis was also prepared (supplementary fig. S1,

Supplementary Material online). Each of the 157 strains

was annotated as symbiotic or nonsymbiotic based on the

presence of the common nodABC nodulation genes and

the nifHDK nitrogenase genes. Consistent with previous

work (Garrido-Oter et al. 2018), both phylogenies

revealed a clear division of the symbiotic and nonsymbi-

otic strains into two well-defined clades. Nevertheless, a

few exceptions were noted. Ensifer sesbaniae was found

within the nonsymbiotic clade; however, E. sesbaniae was

reported to be a symbiont of legumes such as P. vulgaris

(Wang et al. 2013), and the ability of E. sesbaniae to
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nodulate P. vulgaris was confirmed in this study (supple-

mentary fig. S2, Supplementary Material online).

Similarly, at least one of the six symbiotic proteins were

not detected in five strains of the symbiotic group,

although we cannot rule out that these are false nega-

tives due to incomplete genome assemblies or genome

assembly errors. ANI (genospecies threshold: 95%) and

AAI (genospecies threshold: 96%) calculations suggested

FIG. 1.—Unrooted phylogeny of the genus Ensifer. A maximum likelihood phylogeny of 157 strains was prepared from a concatenated alignment of

1,049 core genes. Nodes with a bootstrap value of 100 are indicated with the gray dots. The scale represents the mean number of nucleotide substitutions

per site. The white and gray shading is used to group strains into genospecies on the basis of ANI and AAI results (supplementary figs. S3 and S4,

Supplementary Material online), using ANI and AAI genospecies threshold of 95% and 96%, respectively. From outside to inside, rings represent the

genome assembly level (black, finished; white, draft), and the presence (black) or absence (white) of NodA, NodB, NodC, NifH, NifD, and NifK. Gray boxes

indicate the presence of a truncated version of the corresponding gene (as a result of incomplete genome assembly) detected through inspection of the

RefSeq annotations. Strains are named as recorded in NCBI at the time of collection.
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the presence of 12 and 20 genospecies within the non-

symbiotic and symbiotic groups, respectively (fig. 1 and

supplementary figs. S3 and S4, Supplementary Material

online), confirming that the nonsymbiotic clade is not an

artifact of low species diversity. Thus, we conclude that

the genus Ensifer consists of two well-defined clusters,

each consisting predominately of either symbiotic or non-

symbiotic strains.

SNF Likely Arose Multiple Times within the Genus Ensifer

A possible explanation for the phylogenetic segregation of

SNF within the genus Ensifer was that the symbiotic genes

were gained once through a single HGT event. To test this

hypothesis, the phylogenetic relationships of the NodABC and

NifHDK proteins of the order Rhizobiales were examined

(fig. 2A and B). SNF genes are situated on megaplasmids in

FIG. 2.—Evolution of SNFwithin the genus Ensifer. Maximum likelihood phylogenies of concatenated alignments of (A) NodABC nodulation proteins, (B)

NifHDK nitrogenase proteins, and (C) RepAB replicon partitioning proteins of the order Rhizobiales. Branches corresponding to proteins from the genus

Ensifer are indicated with color. (D) A subtree of the core gene species phylogeny of figure 1. Colors denote taxa whose symbiotic proteins are predicted to

have been vertically acquired from a common ancestor. The scale bars represent the mean number of amino acid (A–C) or nucleotide (D) substitutions per

site.
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the genus Ensifer; thus, a phylogeny of RepAB partitioning

proteins of the order Rhizobiales was prepared as a proxy of

the evolutionary relationships among the symbiotic megaplas-

mids (fig. 2C). We predicted that the NodABC, NifHDK, and

RepAB proteins of the genus Ensifer would form a single,

monophyletic clade in each phylogeny, if the above hypoth-

esis were true. This was not observed. Instead, all three phy-

logenies were inconsistent with a single origin of SNF within

the genus Ensifer as the Ensifer strains were predominantly

split into three clades: 1) E. meliloti and Ensifer medicae, 2)

E. fredii and related strains, and 3) Ensifer americanum and

related strains. As the same clades are observed in the species

tree (fig. 2D), this observation suggests SNF was indepen-

dently acquired through HGT in each clade. The relationships

between the SNF genes of the remaining Ensifer species (e.g.,

Ensifer aridi and E. psoraleae) was not clear; however, the

most parsimonious solution was that there were three

additional acquisitions of SNF (fig. 2D). Overall, the phyloge-

netic analyses of the NodABC, NifHDK, and RepAB proteins

support the hypothesis that there were multiple, independent

acquisition of symbiosis genes (hence SNF) by lineages within

the genus Ensifer; however, the gain (and/or maintenance) of

symbiosis genes preferentially occurred within one monophy-

letic group of species.

The Genomic Features of the Symbiotic and Nonsymbiotic

Clades Differ

The pangenome of the 157 Ensifer strains was calculated to

evaluate if there were global genomic differences between

the symbiotic and nonsymbiotic clades. Both clades had open

pangenomes (supplementary fig. S5, Supplementary Material

online). A PCA based on gene presence/absence revealed a

clear separation of the two clades (fig. 3A), suggesting a

FIG. 3.—Global genome properties of the genus Ensifer. (A) A PCA plot based on the presence and absence of all orthologous protein groups in each of

the 157 Ensifer strains. (B) Box-and-whisker plots displaying the number of genes per genome in the symbiotic and nonsymbiotic Ensifer clades. (C) A Venn

diagram displaying the overlap in the core genomes of the symbiotic and nonsymbiotic Ensifer clades. (D) A Venn diagram displaying the overlap in the

accessory genomes of the symbiotic and nonsymbiotic Ensifer clades.
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divergence of the pangenomes of these clades. The symbiotic

clade was subdivided into two groups along the second com-

ponent of the PCA (fig. 3A), which may suggest further levels

of genomic separation. About 2,130 genes were found in the

core genomes of both clades, whereas 20% (542 genes) and

40% (1,377 genes) of the core genomes of the symbiotic and

nonsymbiotic clades, respectively, were absent from the core

genome of the other clade; of these, about a third were

completely absent from the other clade’s pangenome

(fig. 3C). Of the 14,514 accessory genes (defined as genes

found in at least 10% of at least one clade, excluding the

2,130 Ensifer core genes), only 2,352 (16%) were found in

the pangenomes of both the symbiotic and the nonsymbiotic

clades. Moreover, a statistically significant difference

(Wilcoxon rank-sum test, P< 0.0001) in the genome sizes

of the two clades was observed (fig. 3B); strains of the non-

symbiotic clade carried 325 more genes, on average, than

strains of the symbiotic clade (median difference of 470).

Finally, based on the limited number of strains with finished

genomes, strains of the symbiotic clade appear to generally

have three copies of the rRNA operon whereas strains of the

nonsymbiotic clade appear to have a norm of five copies of

their rRNA operon. Together, these multiple lines of data are

consistent with there being a broad genomic divergence of

the symbiotic and nonsymbiotic clades of the genus Ensifer.

Phenotypic Features of the Symbiotic and Nonsymbiotic

Clades Differ

A subset of ten strains (table 1), five each from the symbiotic

and nonsymbiotic clades, were subjected to a panel of assays

to investigate how phenotypes vary across the genus Ensifer.

These ten strains were chosen so as to provide broad phylo-

genetic coverage of the genus, while excluding strains for

which extensive phenotypic characterizations have been pre-

viously published. No statistically significant differences were

observed in the ability of members of the two clades to form

biofilms (supplementary fig. S6 and table S4, Supplementary

Material online). However, the tested strains clearly differed in

their ability to grow in LB media; whereas the tested strains of

the nonsymbiotic clade displayed robust growth in LB, the

tested strains of the symbiotic clade largely failed to grow

(fig. 4A). Tested strains of the nonsymbiotic clade also dis-

played a slightly faster specific growth rate, on average,

than the tested strains of the symbiotic clade in TY media

(nonsymbiotic clade: 0.546 0.03h�1; symbiotic clade:

Table 1

Ensifer Strains Phenotypically Characterized in This Study

Strain Original Source SNFa Ensifer Cladeb Reference

Ensifer adhaerens Casida A Isolated from a Pennsylvania soil sample No Nonsymbiotic Casida (1982)

Ensifer adhaerens OV14 Isolated from the rhizosphere of Brassica napus No Nonsymbiotic Wendt et al. (2012)

Ensifer sp. M14 Isolated from arsenic-rich sediments of a gold mine No Nonsymbiotic Drewniak et al. (2008)

Ensifer morelense Lc04 Isolated from root nodules of Leucaena leucocephala No Nonsymbiotic Wang et al. (1999)

Ensifer sesbaniae CCBAU 65729 Isolated from root nodules of Sesbania cannabina Yes Nonsymbiotic Wang et al. (2013)

Ensifer fredii NGR234 Isolated from root nodules of Lablab purpureus Yes Symbiotic Trinick (1980)

Ensifer sojae CCBAU 05684 Isolated from root nodules of Glycine max grown in

saline-alkaline soils

Yes Symbiotic Li et al. (2011)

Ensifer americanum CFNEI 156 Isolated from root nodules of Acacia acatlensis Yes Symbiotic Toledo et al. (2003)

Ensifer psoraleae CCBAU 65732 Isolated from root nodules of Psoralea corylifolia Yes Symbiotic Wang et al. (2013)

Ensifer medicae WSM419 Isolated from root nodules of Medicago murex Yes Symbiotic Howieson and Ewing (1986)

aThis column indicates if the strain can (Yes) or cannot (No) form nitrogen-fixing nodules on legumes.
bThis column indicates if the strain belongs to the symbiotic or nonsymbiotic clade of the genus Ensifer as defined in this study.

FIG. 4.—Growth properties of phylogenetically diverse Ensifer strains. Ensifer strains were grown in microplates without shaking. Data points represent

the average of triplicate samples, whereas the error bars indicate the SD. Shades of pink are used for strains of the symbiotic clade, whereas shades of blue

are used for strains of the nonsymbiotic clade. (A) Growth in LB medium at 30 �C. (B) Growth in TY medium during heat stress (37 �C).
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0.446 0.08h�1; P¼ 0.03 from an ANOVA followed by

Tukey’s test; supplementary fig. S7A and table S5,

Supplementary Material online). On the other hand, tested

strains of the symbiotic clade were, on average, better able

to withstand heat stress (37 �C) in TY media (fig. 4B). No

statistically significant difference in the average ability of the

tested strains of the two clades to grow inminimalmediawith

succinate or glucose as a carbon source, or with M. sativa (a

symbiotic partner of E. meliloti and E. medicae) root exudates

as a nitrogen source, was detected (supplementary fig. S7 and

table S5, Supplementary Material online).

The phenotypic properties of the genus Ensifer were fur-

ther examined through evaluating the ability of the same ten

strains to catabolize 190 carbon sources, and to grow in 96

osmolyte and 96 pH conditions, through the use of Biolog

Phenotype MicroArrays. Clustering the strains based on

growth properties largely separated the tested strains of the

symbiotic clade and nonsymbiotic clade into distinct groups

(fig. 5 and supplementary fig. S8, Supplementary Material

online). The exception was Ensifer sojae, which formed its

own intermediate group in the phenotype data. To aid in

identifying which conditions best separate the tested strains

of the symbiotic clade (including E. sojae) from the tested

strains of the nonsymbiotic clade, a linear discriminant analysis

(LDA) was run over the AV values summarizing growth in

each condition (supplementary data set S5, Supplementary

Material online). In general, tested strains from the nonsym-

biotic clade better tolerated high pH (pH 9.0–9.5) than did the

tested strains from the symbiotic cluster. In contrast, tested

strains of the symbiotic clade had better tolerance to low pH

conditions (pH 3.5–4.5). In addition, the tested strains from

the two clades clearly differed in their overall metabolic abil-

ities with tested strains of the nonsymbiotic clade generally

having a broader metabolic capacity than those of the sym-

biotic clade (supplementary table S6, Supplementary Material

online). Whereas tested strains of the symbiotic clade dis-

played robust growth on 65 carbon sources on average, the

tested strains of the nonsymbiotic clade grew on an average

of 81 carbon sources (P< 0.05, Student’s t-test). Overall,

these initial experiments provide support for the hypothesis

that a variety of phenotypes, not just the ability to nodulate

legumes, differ between the symbiotic and nonsymbiotic

clades of the genus Ensifer.

Discussion

We investigated the evolution of SNFwithin the genus Ensifer,

which includes a mix of nitrogen-fixing bacteria and bacteria

unable to fix nitrogen, as a model for the evolution of

interkingdom mutualisms. Our results indicate that, despite

SNF having likely evolved multiple times within the genus

Ensifer, the symbiotic and nonsymbiotic strains are largely

separated into two phylogenetic clades reminiscent of the

general division of pathogenic and environmental strains

between the genera Burkholderia and Paraburkholderia

(Sawana et al. 2014). Although it is possible that this result

will fail to remain true as more genome sequences are

published, we believe the result to be robust as the current

set of genome sequences are of strains isolated from diverse

legumes and other diverse environments including the

rhizosphere, pristine caves, and an abandoned mine. In

addition to the prevalence of SNF, the two clades differ

with respect to their genomic composition (pangenome

content and genome size) and phenotypic properties

(metabolic capacity and stress tolerance) based on initial

tests of a subset of strains. There have been several

revisions to the taxonomy of the genus Ensifer. Recently, a

FIG. 5.—Phenotypic properties of phylogenetically diverse Ensifer

strains. Ten Ensifer strains were screened for their ability to catabolize

190 carbon sources, and to grow in 96 osmolyte and 96 pH conditions

using Biolog Phenotype MicroArray plates PM1, PM2, PM9, and PM10.

Growth in eachwell was summarized on a scale of 0 (dark blue) through 9

(dark red), with higher numbers representing more robust growth. A

larger version of this figure, in which each condition is labeled along the

Y axis, is provided as supplementary figure S8, Supplementary Material

online.
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genome-based approach was proposed to standardize bacte-

rial taxonomy (Parks et al. 2018) that splits the genus Ensifer

into two genera: Sinorhizobium and Ensifer. The symbiotic

and nonsymbiotic clades identified here correspond with

the genera Sinorhizobium and Ensifer, respectively, support-

ing the proposal to divide the genus Ensifer into two genera.

Our analyses revealed a complex evolutionary history of

SNF within the genus Ensifer. In addition to SNF emerging a

predicted six times or more, we detected possible losses of

SNF and allele switches. Between one and six of the NodABC

and NifHDK proteins were not detected in five of the strains in

the symbiotic clade (fig. 1). Although this may be indicative of

multiple losses of symbiosis, we cannot rule out that these are

false negatives due to incomplete genome assemblies or ge-

nome assembly errors; five of the six genomes were draft

genomes, and the one strain with a complete genome

(E. meliloti M162) can nodulate ten of 27 tested Medicago

truncatula genotypes suggesting it does contain nod and nif

genes (Sugawara et al. 2013). Based on the RepAB phylogeny

(fig. 2), the symbiotic megaplasmid of Ensifer arboris likely

shares common ancestry with the symbiotic megaplasmids

of the sister species E. meliloti and E. medicae. Yet, the nod-

ulation and nitrogen fixation genes appeared distinct. Thus,

we hypothesize that there was a recent replacement of the

symbiotic genes in E. arboris, or alternatively, in E. meliloti and

E. medicae. This hypothesis is supported by the observation

that the host ranges of these rhizobia differ; unlike E. meliloti

and E. medicae, E. arboris does not nodulate plants of the

genus Medicago (Zhang et al. 1991).

The reason for the phylogenetic bias in the evolution of

SNF within the genus Ensifer remains unclear, especially con-

sidering that strains from both clades are plant-associated (Bai

et al. 2015). One hypothesis is that each clade occupies dis-

tinct niches within the soil and plant-associated environments.

Indeed, analysis of a subset of strains suggested that species

of the nonsymbiotic clade have a broader metabolic capacity

(supplementary table S6, Supplementary Material online), as

well as a larger average genome size (fig. 3B), which is con-

sistent with these species being more capable of adapting to

fluctuating nutritional environments. This is further supported

by the apparently higher number of rRNA operons in strains of

the nonsymbiotic clade, which is generally thought to allow

bacteria to more quickly respond to changing nutrient con-

ditions (Stevenson and Schmidt 2004; Roller et al. 2016).

Moreover, the nonsymbiotic clade could be differentiated

from the symbiotic clade based on its pangenome content

(fig. 3A), which leads us to hypothesize that strains of these

clades acquire genes from distinct gene pools, further sup-

porting the hypothesis that they belong to distinct gene-

cohesive groups and ecological niches. This hypothesis may

then be interpreted in the framework of the stable ecotype

model (sensu Cohan 2006), where the symbiotic and non-

symbitic clades represent two, ecologically distinct and

monophyletic groups and where periodic selection events

(e.g., fitness for SNF) are recurrent.

An alternate, but not mutually exclusive, hypothesis is that

the symbiotic Ensifer clade contains “facilitator” genes re-

quired to support SNF, similar to the theory that ancestral

legumes contained a genetic “predisposition” necessary for

the eventual evolution of rhizobium symbioses (Soltis et al.

1995; Doyle 2011; Werner et al. 2014). Conversely, evolution

of SNF may also require the absence of “inhibitor” genes,

such as the absence of virulence factors (Marchetti et al.

2010). As we did not evaluate cause-and-effect relationships,

our data set does not definitely address these hypotheses.

However, we observed numerous genotypic and likely phe-

notypic differences between the symbiotic and nonsymbiotic

clade, providing some support for these hypotheses. For ex-

ample, the tested strains of the symbiotic clade appeared to

have higher tolerance to low pH (supplementary fig. S8 and

data set S5, Supplementary Material online), which is notable

as the curled root hair is an acidic environment (Hawkins et al.

2017). At the genomic level, 231 of the core genes of the

symbiotic clade were absent from the pangenome of the

nonsymbiotic clade and thus are good candidates as possible

facilitators and follow-up studies. However, facilitators and

inhibitors could also take the form of polymorphisms within

highly conserved genes, as shown for bacA and the

Sinorhizobium–Medicago symbiosis (diCenzo et al. 2017).

In summary, we show that the legume symbionts and non-

symbionts of the genus Ensifer are largely segregated into two

phylogenetically distinct clades that differ in their genomic

and phenotypic properties. We suggest that these observa-

tions, which follow the guidelines recently reported for rhizo-

bia and agrobacteria (de Lajudie et al. 2019), support the

division of the genus into two genera: Ensifer for the nonsym-

biotic clade and Sinorhizobium for the symbiotic clade.

However, formal descriptions and publication of the genera

in the International Journal of Systematic and Evolutionary

Microbiology (IJSEM) are still required. We also provide evi-

dence that SNF genes were likely acquired several indepen-

dent times within this genus, but predominately within one

monophyletic clade. These observations suggest that the pres-

ence or absence of other genomic features (“facilitators” or

“inhibitors”) aside from the core symbiotic genes could be

required for the establishment of an effective symbiosis. This

suggestion is supported by the ability to differentiate the

strains of the two clades based on their pangenome content

and, at least for the tested subset, their phenotypic properties.

However, as cause-and-effect relationships were not exam-

ined, follow-up study is required to more directly test this

facilitators hypothesis.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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Abstract: Ensifer (Sinorhizobium) sp. M14 is an efficient arsenic-oxidizing bacterium (AOB) that
displays high resistance to numerous metals and various stressors. Here, we report the draft genome
sequence and genome-guided characterization of Ensifer sp. M14, and we describe a pilot-scale
installation applying the M14 strain for remediation of arsenic-contaminated waters. The M14 genome
contains 6874 protein coding sequences, including hundreds not found in related strains. Nearly all
unique genes that are associated with metal resistance and arsenic oxidation are localized within the
pSinA and pSinB megaplasmids. Comparative genomics revealed that multiple copies of high-affinity
phosphate transport systems are common in AOBs, possibly as an As-resistance mechanism. Genome
and antibiotic sensitivity analyses further suggested that the use of Ensifer sp. M14 in biotechnology
does not pose serious biosafety risks. Therefore, a novel two-stage installation for remediation
of arsenic-contaminated waters was developed. It consists of a microbiological module, where
M14 oxidizes As(III) to As(V) ion, followed by an adsorption module for As(V) removal using
granulated bog iron ores. During a 40-day pilot-scale test in an abandoned gold mine in Zloty Stok
(Poland), water leaving the microbiological module generally contained trace amounts of As(III),
and dramatic decreases in total arsenic concentrations were observed after passage through the
adsorption module. These results demonstrate the usefulness of Ensifer sp. M14 in arsenic removal
performed in environmental settings.

Keywords: Ensifer (Sinorhizobium) sp. M14; arsenic-oxidizing bacteria; heavy metal resistance; draft
genome sequence; comparative genomic analysis; biosafety; biotechnology for arsenic removal;
adsorption; water treatment; in situ (bio)remediation

1. Introduction

The development and implementation of bioremediation technologies based on bioaugmentation
requires the selection of appropriate microbial strains. A basic requirement of strains used as
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bioaugmentation agents is their ability to survive in the environment into which they are introduced.
Thus, such strains are usually characterized by high tolerance to heavy metals [1,2], resistance and
ability to use organic (sometimes toxic) compounds [3,4], resistance to antibiotics [5], and an ability to
thrive in the presence of local bacteriophages and microorganisms. Another important feature of strains
used in bioaugmentation is their ability to perform effective transformation of the particular compound
under changing environmental conditions (e.g., temperature, humidity, and pH). This is always the
critical limitation, as many strains effective under laboratory conditions are, in fact, ineffective in field
applications. Microorganisms suitable in bioremediation should maintain their activity in various
seasons and under variable substrate inflow. A very important factor influencing the decision to
apply a given microorganism in practice is also its interaction with the environment [6]. Strains that
contribute to the uncontrolled release of contaminants, dissemination of antibiotic resistance genes,
or disrupt the functioning of the ecosystem (e.g., by eliminating key microorganisms) should not be
applied in open (uncontrolled) usage.

In this study, we provide a detailed characterization of Sinorhizobium sp. M14 (renamed here to
Ensifer sp. M14 due to its phylogenetic positioning within the Ensifer clade), which is a strain with
high potential to be used in bioremediation technologies for the removal of arsenic from contaminated
waters and wastewaters. Ensifer sp. M14 is a psychrotolerant strain that was isolated from the microbial
mats present in the arsenic-rich bottom sediments of an abandoned gold mine in Zloty Stok (Poland) [7].
The arsenic concentration in the mine waters reaches ~6 mg L−1, while in the microbial mats the level of
accumulated arsenic is close to 20 g L−1 [8]. Previous physiological studies showed that Ensifer sp. M14
tolerates extremely high concentrations of arsenate [As(V)—up to 250 mM] and arsenite [As(III)—up
to 20 mM], and is able to oxidize As(III) both chemolithoautotrophically [using arsenite or arsenopyrite
(FeAsS) as a source of energy] and heterotrophically [7]. Batch experiments performed under various
conditions of pH, temperature, and arsenic concentration confirmed the high adaptive potential of
Ensifer sp. M14 [9]. The strain was capable of intensive growth and efficient biooxidation in a wide
range of conditions, including low temperature [As(III) oxidation rate = 0.533 mg L−1 h−1 at 10 ◦C].
Continuous flow experiments under environment-like conditions (2 L flow bioreactor) showed that
Ensifer sp. M14 efficiently transforms As(III) into As(V) [24 h of residence time was sufficient to oxidize
5 mg L−1 of As(III)], but its activity depended mainly on the retention time in the bioreactor, which
may be accelerated by stimulation with yeast extract as a source of nutrients [9].

Analysis of the extrachromosomal replicons of Ensifer sp. M14 revealed that its arsenic metabolism
properties are linked with the presence of the mega-sized plasmid pSinA (109 kbp) [10]. The loss of
the pSinA plasmid from Ensifer sp. M14 cells (using a target-oriented replicon curing technique [11])
eliminated the ability to oxidize As(III), and caused deficiencies in resistance to arsenic and heavy
metals (Cd, Co, Zn, and Hg). In turn, the introduction of this plasmid into other representatives of the
Alphaproteobacteria showed that cells with pSinA acquired the ability to oxidize arsenite and exhibited
higher tolerance to arsenite than their parental, pSinA-less, wild-type strains. Horizontal transfer
of arsenic metabolism genes by Ensifer sp. M14 was also confirmed in microcosm experiments [10].
The plasmid pSinA was successfully transferred via conjugation into indigenous bacteria of Alpha- and
Gammaproteobacteria classes from the microbial community of As-contaminated soils. Transconjugants
carrying plasmid pSinA expressed arsenite oxidase and stably maintained pSinA in their cells after
approximately 60 generations of growth under nonselective conditions [10].

The second mega-sized replicon of Ensifer sp. M14—plasmid pSinB (300 kbp)—also plays
an important role in the adaptation of the host to the mine environment. Structural and functional
analysis of this plasmid showed that it carries gene clusters involved in heavy metals resistance. Among
these are genes encoding efflux pumps, permeases, transporters, and copper oxidases, which are
responsible for resistance to arsenic, cobalt, zinc, cadmium, iron, mercury, nickel, copper, and silver [12].

In this paper, we obtained a draft genomic sequence of Ensifer sp. M14 and performed
complex genome-guided characterization of this bacterium. Special considerations were given
to (i) determination of the metabolism of phosphate, sulfur, iron, and one-carbon substrates,
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and (ii) investigation of the biosafety of Ensifer sp. M14 in the context of its release to the environment
(e.g., determination of the presence of virulence and antibiotic resistance genes). These analyses
revealed hints about the potential application of this strain in biotechnological applications; for
example, the ability of it to survive environmental stresses, and whether it is likely to pose a safety
risk. As the genomic analyses were consistent with Ensifer sp. M14 having potential application
in biotechnology, we performed a large-scale simulation of the usage of M14 in the biological and
chemical removal of arsenic from contaminated waters. The results support that the developed
low-cost approach is an efficient method for the removal of arsenic from contaminated water.

2. Materials and Methods

2.1. Genome Sequencing, Assembly, and Annotation

Ensifer sp. M14 (available on request from the authors) was grown at 30 ◦C to stationary phase
in TY medium (5 g L−1 tryptone, 3 g L−1 yeast extract, and 0.4 g L−1 calcium chloride). Genomic
DNA was isolated from the culture using a cetyltrimethylammonium bromide (CTAB) method [13]
modified for bacterial DNA isolation as described by the Joint Genome Institute [14]. Sequencing was
performed at IGATech (Udine, Italy) using an Illumina HiSeq2500 instrument with 125-bp paired-end
reads. Two independent sequencing runs were performed. Reads were assembled into scaffolds
using SPAdes v3.9.0 [15,16]. The scaffolds returned by SPAdes were parsed to remove those with
less than 10× coverage or with a length below 200 nucleotides. Using FastANI [17], one-way
average nucleotide identity (ANI) of the Ensifer sp. M14 assembly was calculated against the 887
alpha-proteobacterial genomes available through the National Center for Biotechnological Information
(NCBI) with an assembly level of ‘complete’ or ‘chromosome’. The 10 genomes most closely related
to Ensifer sp. M14 were identified on the basis of the ANI results. These 10 genomes, together with
the complete pSinA and pSinB plasmid sequences [10,12], were used as reference genomes for further
scaffolding of the assembly using MeDuSa [18]. The Ensifer sp. M14 assembly was then annotated using
prokka version 1.12-beta [19], annotating coding regions with Prodigal [20], tRNA with Aragon [21],
rRNA with Barrnap (github.com/tseemann/barrnap), and ncRNA with Infernal [22] and Rfam [23].
The predicted coding sequences were associated with Cluster of Orthologous Genes (COG) categories,
Gene Ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway terms,
and eggNOG annotations using eggNOG-mapper version 0.99.2-3-g41823b2 [24]. The assembly was
deposited to NCBI with the GenBank accession QJNR00000000 (the version described in this paper is
version QJNR01000000) and the BioSample accession SAMN09254189.

2.2. Phylogenetic Analysis

Initially, all 133 Sinorhizobium/Ensifer genomes available through NCBI, regardless of assembly
level, were downloaded. FastANI [17] was used to calculate one-way ANI values between
Ensifer sp. M14 and each of the 133 downloaded genomes. Only the strains meeting at least one
of the following two requirements were kept for further analyses: (i) had a genome assembly level
of ‘complete’ or ‘chromosome’, or (ii) had an ANI value of at least 85% compared to Ensifer sp. M14.
This resulted in a final set of 46 strains, when including Ensifer sp. M14.

The pangenome of the 46 strains was calculated using Roary version 3.11.3 [25], as described
below, following re-annotation with prokka version 1.12-beta [19]. Included in the Roary output
was a concatenated nucleotide alignment of the 1652 core genes, each individually aligned with
PRANK [26]. The core gene alignment was used to build a maximum likelihood phylogeny with
RAxML version 8.2.9 [27] using the following command:

raxmlHPC-HYBRID-SSE3-T 5-s input.fasta-N autoMRE-n output-f a-p 12345-x 12345-m GTRCAT.

The final tree is the bootstrap best tree following 50 bootstrap replicates, and was visualized using
the online iTOL (Interactive Tree of Life) webserver [28].
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Strains were grouped into putative species on the basis of ANI and average amino acid
identity (AAI) values, using thresholds of 96% for both measures. Groupings for ANI were the
same at thresholds of 96% and 94%. Pairwise ANI values were calculated between each strain
using FastANI [17], and the values in both directions were averaged. The CompareM workflow
(github.com/dparks1134/CompareM) was used for calculating the AAI values. In the CompareM
workflow, orthologous proteins were first identified using DIAMOND with the sensitive setting [29],
and thresholds of 40% identity over 70% the length of the protein and a maximum e-value of 1e−12

were applied, as these are the thresholds used in the myTaxa program [30].

2.3. Sinorhizobium/Ensifer Pangenome Calculation

All 46 strains included in the phylogenetic analyses were reannotated using prokka version
1.12-beta [19], to ensure consistent annotation. The pangenome of the 46 reannotated strains was then
determined with Roary version 3.11.3 [25], using an amino acid identity threshold of 80% and the
following command:

roary-p 20-f Output-e-I 80-g 100,000 Input/*.gff.

For comparison of the gene content of Ensifer sp. M14, Ensifer sp. A49, Ensifer adhaerens OV14,
and Ensifer adhaerens Casida A, the data was extracted from the full 46-strain pangenome. The complete
gene presence/absence output from Roary is provided as Data Set S1. Several short proteins of
Ensifer sp. M14 were not present in the output of the Roary analysis; these proteins were not considered
when identifying unique genes.

2.4. Comparative Genomics of Arsenic Oxidizing Bacteria

The genomes of Agrobacterium tumefaciens 5A [31], Agrobacterium tumefaciens Ach5 [32],
Ensifer adhaerens OV14 [33], Neorhizobium galegae HAMBI 540 [34], and Rhizobium sp. NT-26 [35] were
downloaded from NCBI GenBank and reannotated using prokka, as described above for Ensifer sp. M14.
The GenBank files of the re-annotated genomes, and the Ensifer sp. M14 genome, were uploaded to the
KBase webserver [36], and OrthoMCL [37] was run on the KBase server using an e-value threshold of
1e−12. Identification of phosphate transport and arsenic resistance genes in other bacterial genomes
(Achromobacter arsenitoxydans SY8 [38], Herminiimonas arsenicoxydans ULPAs1 [39], and Pseudomonas

stutzeri TS44 [40]) was accomplished by manually searching the GenBank file of the RefSeq annotated
genomes [41].

2.5. Identification of Prophage Loci

PhiSpy version 3.2 [42], implemented in Python, was used to predict phage genes.
The Ensifer sp. M14 GenBank file produced with prokka was converted to SEED format using the
genbank_to_seed.py script. The converted file was then used as input for the PhiSpy.py script, using
the generic test set for training.

2.6. Identification of Putative Antibiotic Resistance Genes

To identify putative antibiotic resistance genes, the Resistance Gene Identifier (RGI) in the
Comprehensive Antibiotic Resistance Database (CARD) software was used [43]. Hits showing at
least 50% identity with the reference protein were considered significant. Each hit was verified
manually using BLASTp analysis.

2.7. Analysis of the Antimicrobial Susceptibility Patterns

To determine the antimicrobial susceptibility patterns of Ensifer sp. M14, minimum inhibitory
concentrations (MICs) of 11 antimicrobial agents were assessed using Etest™ (Liofilchem, Roseto degli
Abruzzi, Italy). The analysis was conducted according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) recommendations [44]. The following antibiotics (selected based
on the bioinformatic analyses that identified putative antibiotic resistance genes) were used:
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(i) aminoglycosides–gentamicin (GN; concentration of antibiotic: 0.064–1024 µg mL−1 Roseto degli
Abruzzi1); (ii) β-lactams (penicillin derivatives)–ampicillin (AMP; 0.016–256 µg mL−1); (iii) β-lactams
(cephalosporins)–cefixime (CFM; 0.016–256 µg mL−1); (iv) β-lactams (cephalosporins)–cefotaxime
(CTX; 0.016–256 µg mL−1); (v) β-lactams (cephalosporins)–ceftriaxone (CRO; 0.016–256 µg mL−1);
(vi) fluroquinolones–ciprofloxacin (CIP; 0.002–32 µg mL−1); (vii) fluroquinolones–moxifloxacin
(MXF; 0.002–32 µg mL−1); (viii) phenicols–chloramphenicol (C; 0.016–256 µg mL−1);
(ix) rifamicyns–rifampicin (RD; 0.016–256 µg mL−1); (x) sulfonamides–trimethoprim (TM;
0.002–32 µg mL−1); and (xi) tetracyclines–tetracycline (TE; 0.016–256 µg mL−1). The susceptibility
testing was performed at 30 ◦C for 20 h. After incubation, plates were photographed and MICs were
defined. Antimicrobial susceptibility data were interpreted according to the EUCAST breakpoint table
version 8.0 [45].

2.8. Search for Symbiotic Proteins

A custom pipeline based on the use of hidden Markov models (HMM) was used to search the
proteomes of all 46 Sinorhizobium/Ensifer strains for the presence of the nodulation proteins NodA,
NodB, and NodC, as well as for the nitrogenase proteins NifH, NifD, and NifK. This pipeline is
dependent on HMMER version 3.1b2 [46], and the complete Pfam-A version 31.0 (16,712 HMMs) and
TIGERFAM version 15.0 (4488 HMMs) databases [47,48]. After downloading the HMM databases,
hmmconvert was used to ensure consistent formatting. The two databases were combined into a single
HMM database, and then converted into a searchable database with hmmpress. Additionally, the HMM
seed alignments for NodA (TIGR04245), NodB (TIGR04243), NodC (TIGR04242), NifH (TIGR01287),
NifD (TIGR01282), and NifK (TIGR01286) were downloaded from the TIGRFAM database [47].

For each HMM seed alignment, a HMM was built using hmmbuild, and the output was then
searched against the complete set of Sinorhizobium/Ensifer proteins using hmmsearch. The output
was parsed, and the amino acid sequences for each of the hits (regardless of e-value) were collected.
Each set of sequences were then searched against the combined HMM database using hmmscan,
and the output parsed to identify the top scoring HMM hit for each query protein. Proteins were
annotated as follows: NodA if the top hit was TIGR04245 (TIGRFAM) or NodA (Pfam); NodB if the
top hit was TIGR04243 (TIGRFAM); NodC if the top hit was TIGR04242 (TIGRFAM); NifH if the top
hit was TIGR01287 (TIGRFAM) or Fer4_NifH (Pfam); NifD if the top hit was TIGR01282 (TIGRFAM),
TIGR01860 (TIGRFAM), or TIGR01861 (TIGRFAM); NifK if the top hit was TIGR02932 (TIGRFAM),
TIGR02931 (TIGRFAM), or TIGR01286 (TIGRFAM).

2.9. Cluster of Orthologous Genes Functional Annotation

Proteomes were annotated with COG functional categories using eggNOG-mapper version
0.99.2-3-g41823b2 [24]. The output of eggNOG-mapper was parsed with a custom Perl script to count
the percentage of proteins annotated with each functional category. Fisher exact tests, performed
using MATLAB R2016b (www.mathworks.com), were performed to identify statistically significant
differences (p < 0.05) between Ensifer sp. M14 and the other strains.

2.10. In Silico Metabolic Reconstruction and Constraint-Based Modelling

Metabolic reconstruction steps and constraint-based metabolic modeling were performed
in MATLAB 2017a (Mathworks, Natick, MA, USA), using the Gurobi 7.0.2 solver (gurobi.com),
SBMLToolbox 4.1.0 [49], libSBML 5.13.0 [50], and scripts from the COBRA Toolbox [51] and the Tn-Core
Toolbox [52]. The ability of the Ensifer sp. M14 model to grow when individually provided with 163
carbon sources was tested using flux balance analysis (FBA) as implemented in the ‘optimizeCbModel’
function of the COBRA Toolbox.

An initial draft metabolic reconstruction was prepared using the online KBase webserver [36].
The Ensifer sp. M14 genome was uploaded and re-annotated with RAST functions using the ‘annotate
microbial genome’ function. The re-annotated genome was used to build a draft model with the ‘build
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metabolic model’ function, performing gap-filling on a glucose minimal medium, and with automatic
biomass template selection. This reconstruction was downloaded in SBML format, and then imported
into MATLAB as a COBRA formatted metabolic model for further manipulation. After removing
duplicate genes from the gene list and updating the gene-reaction rules appropriately, the model was
expanded based on the reaction content of the curated iGD1575 and iGD726 metabolic reconstructions
of the closely related species Sinorhizobium meliloti [53,54]. First, a BLAST bidirectional best hit approach
was used to identify putative orthologs (at least 70% identity over at least 70% the protein length)
between S. meliloti Rm1021 and Ensifer sp. M14. All S. meliloti genes without a putative ortholog in
Ensifer sp. M14 were deleted from the iGD1575 and iGD726 models, and the constrained reactions
removed. Next, the reactions of iGD726 and the draft Ensifer sp. M14 model were compared based on
their equations, and all reactions unique to iGD726 were identified and transferred to the Ensifer sp. M14
model. Exceptions were iGD726 reactions that differed from a reaction in the Ensifer sp. M14 model only
in the presence/absence of a proton or in metabolite stoichiometry. This process was then repeated,
transferring the unique reactions of iGD1575 to the partially expanded model. When transferring
reactions, associated genes were also transferred and changed to the name of the Ensifer sp. M14
orthologs. Following the expansions, all reactions producing dead-end metabolites were iteratively
removed from the model. The final model contained 1491 genes, 1561 reactions, and 1105 metabolites,
and is available in Data Set S2.

2.11. Prediction of Secondary Metabolism

Loci encoding secondary metabolic pathways were predicted in the Ensifer sp. M14 genome using
the antiSMASH webserver [55]. The Ensifer sp. M14 GenBank file was uploaded to the bacterial version
of antiSMASH, and the analysis was run with all options selected with default parameters.

2.12. Construction of a Pilot-Scale Installation for Arsenic Bioremediation

A pilot-scale installation for the removal of arsenic from contaminated waters was developed.
The installation was operated using water from a dewatering system of a former gold mine located in
the Zloty Stok area (SW Poland), which is highly polluted with arsenic. The total arsenic concentration,
arsenic speciation, as well as detailed chemical and physical characteristics of the water are presented
elsewhere [56]. The installation consisted of two modules: the microbiological module and the
adsorption module (Figure 1).

 

Figure 1. The pilot-scale installation used for remediation of arsenic contaminated water. The image
is a schematic representation of the pilot-scale installation developed as part of this work. Both the
microbiological and adsorption modules are shown.

The microbiological module was based on the activity of Ensifer sp. M14, which was used
as an arsenite biooxidizer. This module included a 200 L bioreactor with an electric heater.
The contaminated water flowing out from the gold mine was fed into the bioreactor through a pressure
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reducer and a peristaltic pump at a volume flow rate of 8.33 L h−1, corresponding to a residence
time of 24 h in the bioreactor. Outflow of the water occurred as overflow in the upper part of the
bioreactor. To increase the effectiveness of the arsenite biooxidition, the bioreactor was equipped with
an additional aeration system that consisted of an air pump producing compressed air. The additional
aeration system was included in our previous study and showed that the arsenite oxidation efficiency
of Ensifer sp. M14 is higher in the presence of additional aeration during continuous culturing [9].
Moreover, yeast extract was added to the bioreactor as a source of vitamins (growth supplements).
Fifty grams of powdered yeast extract (Sigma-Aldrich, St. Louis, MO, USA) was added to the
bioreactor twice a week. This was done as we previously observed that the presence of yeast extract
led to an increase in the growth and efficiency of arsenite biooxidation of Ensifer sp. M14 during
continuous culturing [9]. This relationship was also confirmed in other papers [10,57]. The supply
of air also contributed to the mixing of the bioreactor content. The bioreactor was equipped with
a multifunctional electrode dedicated to controlling the chemical and physical parameters of water,
specifically, to monitor pH, redox potential, and temperature (Hydrolab HL4, OTT Hydromet, Kempten,
Germany). The water leaving the bioreactor was fed into a 60 L buffer tank, which functioned as the
connecting element between the bioreactor and the adsorption module. The inclusion of the buffer
tank helped maintain a constant water level in the adsorption columns and ensured a constant flow of
water from the bioreactor to the adsorption columns.

The adsorption module consisted of three columns (17 L volume each) filled with granulated
bog iron ores (about 15 kg per column) and connected in series (Figure 1). The detailed chemical
and physical parameters, chemical composition, and stability of the adsorbent were presented
previously [56]. Contaminated water from the buffer tank (after passing through the microbiological
module) was fed into the first column using a second peristaltic pump at a volume flow rate of
8.33 L h−1, which corresponded to approximately one hour of residence time per column.

The installation was also equipped with a process control system (operated at the location of the
pilot plant or remotely via a Global System for Mobile Communications (GSM)) that monitored and
controlled key process parameters including the volume flow rate of the water, the water temperature
at the inlet, in the bioreactor, and at the outlet of the pilot plant, as well as the ambient temperature.

2.13. Installation Start-Up

Scale-up of the installation (from laboratory scale to pilot scale) required the development of
procedures for successful start-up based on the results of our previous study [9]. The first step of
the start-up of the microbiological module was inoculation of the bioreactor with an appropriate
amount of Ensifer sp. M14. The bioreactor filled with arsenic contaminated water was inoculated with
200 mL of a highly concentrated overnight culture of Ensifer sp. M14 suspended in 0.85% NaCl solution.
The initial OD600 in the bioreactor was 0.01. In earlier experiments, it was determined that a starting
cell density of 108 CFU mL−1 (which corresponds to an OD600 of 0.1) is required for the installation
to work properly [9]. To increase the density of the Ensifer sp. M14, the water in the bioreactor was
supplemented with powdered yeast extract to a final concentration of 0.04%. Additionally, aeration
was applied. Finally, the temperature of the water was increased (from 10 to 22 ◦C) with the use of
an electric heater placed in the bioreactor. Application of all these treatments led to an OD600 value of
0.1 within 24 h.

Start-up procedures related to the adsorption module mainly concerned the preparation of the
adsorbent for its usage. After filling the columns with granulated bog iron ores, it was necessary to
condition the adsorbent (rinsing the adsorbent with the tap water without arsenic) to remove all the
loosely bound fractions.

2.14. Biological and Chemical Analyses

Arsenic speciation was investigated with the use of ion chromatography on an IonPac AS18
(2 mm, Dionex, Lübeck, Germany) column on an ICS Dionex 3000 (Lübeck, Germany) instrument
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equipped with an ASRS® 2 mm suppressor, which was coupled to a ZQ 2000 mass spectrometer
via an electrospray source (Waters, Milford, MA, USA) according to the method described by
Debiec et al. [9]. In the adsorption module, the total arsenic concentration was investigated.
Total arsenic concentration was measured using a Graphite Furnace Atomic Absorption Spectrometry
(GFAAS; AA Solaar M6 Spectrometer, TJA Solutions, Waltham, MA, USA). Arsenic standard solutions
(Merck, Darmstadt, Germany) were prepared in 3% HNO3. The pH and redox potential were measured
only in the microbiological module. Samples of raw water, water from the bioreactor, as well as water
at the inflow and outflow of each adsorption column were collected once a day during the first 8
days, and then three times a week up to day 40. Samples taken from the bioreactor were stored at
−20 ◦C, while samples collected from the adsorption module were stored at 4 ◦C. This experiment
was repeated twice.

3. Results and Discussion

3.1. Sequencing of the Ensifer sp. M14 Genome

The draft genome sequence of Ensifer sp. M14 was obtained as described in the Materials and
Methods, and the general genomic features are described in Table 1.

Table 1. Features of the Ensifer sp. M14 genome assembly.

Length 7,345,249 bp
G + C content 61.47%
CDS 6874
rRNA 3
tRNA 53
Miscellaneous RNA 33
Scaffolds 45
Scaffold N50 (L50) 4400,487 (1)
CDS with COG terms *,† 64.00%
CDS with GO terms * 28.70%
CDS with KEGG pathway terms * 35.50%
CDS with eggNOG annotations *,¥ 80.50%
CDS with no similarity * 9.40%

* As determined using eggnog-mapper [24]. Those genes not returned in the eggNOG-mapper output were said
to have no similarity; † Excluding those annotated with COG category S (unknown function); ¥ Excluding those
annotated as protein/domain of unknown/uncharacterized function. CDS (Coding Sequences); COG (Cluster of
Orthologous Genes); KEGG (Kyoto Encyclopedia of Genes and Genomes); GO (Gene Ontology).

The assembly consists of 7,345,249 bp spread over 45 scaffolds at an average coverage of 118×.
Of the 45 scaffolds, 12 are over 40 kbp in size and account for 98.7% of the assembly. Based on similarity
searches of the scaffolds, previous plasmid profiling of Ensifer sp. M14 [10,12], and the finished genomes
of related strains [33,58], we predict that the Ensifer sp. M14 genome consists of one chromosome
(at least 4.4 Mbp in size), two additional large replicons (chromids and/or large megaplasmids, at least
1.6 Mbp and 0.6 Mbp in size), and the two previously reported smaller megaplasmids (pSinA and
pSinB, 109 kbp and 300 kbp, respectively, based on previous papers [10,12]). A total of 6874 coding
sequences were predicted, which is more than the 6218 predicted in S. meliloti Rm1021 and the 6641 of
E. adhaerens Casida A, but less than the 7033 predicted in E. adhaerens OV14 [33,58,59]. Six putative
prophages were identified on Scaffold 4 (the chromosome) using PhiSpy [42]; these ranged in size
from 21 to 65 genes, and accounted for a total of 292 genes (Data Set S3). However, no CRISPR loci
were detected during annotation with prokka [19]; a questionable, short CRIPSR with one spacer
was detected with CRISPRfinder [59], but its location within a predicted coding region suggests it is
unlikely to be a true CRISPR locus. No evidence for the presence of the common nodulation genes
nodABC or the nitrogenase genes nifHDK was found using a hidden Markov model based approach.
The Ensifer sp. M14 assembly has been deposited in GenBank under the accession QJNR00000000,
as part of the BioSample SAMN09254189.
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3.2. Taxonomic Analysis of Ensifer sp. M14

Phylogenetic analyses were performed to identify the relationships between Ensifer sp. M14 and
previously sequenced Sinorhizobium/Ensifer strains. Forty-five Sinorhizobium/Ensifer genomes were
downloaded from the NCBI database (see Materials and Methods for criteria for strain inclusion),
and a maximum likelihood phylogeny of these strains plus Ensifer sp. M14 was built based on 1652
core genes (Figure 2).

The 46 strains were grouped into putative species on the basis of whole genome ANI and AAI
values (Figures S1 and S2). The results revealed that Ensifer sp. M14 is closely related to Ensifer

(Sinorhizobium) sp. A49 (98.5% ANI and 98.9% AAI), and that these strains likely belong to a new
species. Ensifer sp. A49 was previously isolated from soil of the Fureneset Rural Development Centre
of Fjaler, Norway [60]. However, the pSinA and pSinB plasmids, carrying genes involved in arsenic
oxidation and heavy metal resistance [10,12], appear to be specific to Ensifer sp. M14 and may therefore
have been gained during growth in the Zloty Stok gold mine [7]. The most closely related named
species is Ensifer adhaerens, which includes bacterial predators capable of feeding on organisms such as
Micrococcus luteus [58,61].

 

Figure 2. Phylogeny of a selected 46 Sinorhizobium/Ensifer strains with a publicly available whole
genome sequence. An unrooted RAxML maximum likelihood phylogeny of 46 Sinorhizobium/Ensifer

strains was prepared on the basis of the concatenated nucleotide alignments of 1652 core genes.
The presented tree is the bootstrap best tree following 50 bootstrap replicates, and the scale represents
the mean number of nucleotide substitutions per site. Nodes with 100% bootstrap support are indicated
by the black circles. The colors and numbers to the right of the tree are used to indicate strains that
group into putative species on the basis of average nucleotide identity (>96% ANI; same results were
obtained with >94% ANI) and average amino acid identity (>96% AAI), as described in the Materials
and Methods. Type strains are indicated by the ‘T’. The accessions for all strains included in this figure
are provided in Table S1.

3.3. Identification of Unique Features of the Ensifer sp. M14 Genome

A global, functional analysis of the Ensifer sp. M14 proteome was performed using COG categories,
and the proteome was compared with closely related species to identify general functional biases.
This analysis was performed with the goal of identifying recently acquired genomic islands that
may contribute to the adaptation of Ensifer sp. M14 to the gold mine environment. When compared
with Ensifer sp. A49, E. adhaerens OV14, and E. adhaerens Casida A, no statistically significant biases
(pairwise Fisher’s exact tests, p > 0.05 in all cases) in COG category abundances were detected in
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the Ensifer sp. M14 proteome (Figure 3A). However, there was a slight, but statistically insignificant
(pairwise Fisher’s exact tests, p > 0.05), enrichment in inorganic ion transport and metabolism (COG P)
in the proteomes of Ensifer sp. M14 and Ensifer sp. A49 compared to the other two strains (Figure 3A).
These results suggest no gross functional changes in the Ensifer sp. M14 genome occurred during
adaptation to growth in the Zloty Stok gold mine, at least at the general level of COG categories.

 

Figure 3. General features of the genome of Ensifer sp. M14 and related strains. (A) The percentage of
proteins encoded by each strain annotated with each COG (Cluster of Orthologous Genes) functional
category. COG categories not represented in the proteome are excluded from the graph. COG category
definitions are provided in Table S4. (B) A Venn diagram indicating the number of genes shared among
these four strains, as extracted from the pangenome of the 46 strains shown in Figure 2. (C) A circular
plot, prepared with Circos version 0.67-7 [62], showing the scaffolds of the Ensifer sp. M14 assembly
(outer black curved lines) including the plasmids, and the predicted coding sequences on the positive
strand (outer ring) and negative strand (inner ring). Scaffolds are drawn proportional to their size,
and they are presented in the order they are numbered. Scaffold 4 (chromosome), 8 (pSinB), and 11
(pSinA) are labelled. The coding regions are colored according to their conservation level, with red
indicating genes unique to Ensifer sp. M14, and yellow indicating species common and unique to
Ensifer spp. M14 and A49. Some multi-gene loci unique to M14 (red asterisks) or unique to M14 and
A49 (blue asterisks) are indicated.
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Despite the similarity in COG abundances, the Ensifer sp. M14 genome contains a large number
of unique genes. There are 899 genes found in Ensifer sp. M14 but not in Ensifer sp. A49, E. adhaerens

OV14, or E. adhaerens Casida A, while an additional 812 are found in M14 and A49, but not OV14 or
Casida A (Figure 3B). Of the 899 genes specific to Ensifer sp. M14, 656 (9.4% of the genome) were not
detected in any of the other 45 Sinorhizobium/Ensifer strains included in the phylogenetic analysis (Data
Sets S1 and S4). Five hundred and ninety of the 656 unique proteins had a blast hit (e-value ≤ 1e−10)
when queried against the NCBI non-redundant protein database, consistent with the corresponding
genes being real genes that were likely acquired from other organisms through horizontal gene transfer
(HGT). Mapping the location of the 656 unique genes across the assembly revealed the presence of
several putative genomic islands (GIs) likely acquired through recent HGT since the divergence of
Ensifer sp. M14 from Ensifer sp. A49 (Figure 3C, Data Set S4). Scaffolds 11 and 8, which correspond to the
pSinA and pSinB plasmids, respectively, were not surprisingly enriched in unique genes, and together
account for 217 (33%) of the unique genes. As described in detail elsewhere, these plasmids carry
numerous functions associated with arsenic oxidation [10] and heavy metal resistance [10,12]. Of the
439 unique genes spread among the other scaffolds, 309 (70.4%) were annotated as hypothetical genes.
Little else of interest was detected among the unique genes (Data Set S4); however, scaffold 36 was
predicted to encode a zinc transporting ATPase, and a few genes related to stress resistance or drug
resistance were found (discussed later). Overall, these results suggest that essentially all of the recently
acquired traits associated with heavy metal resistance, arsenic oxidation, and adaptation to the stressful
conditions of the Zloty Stock gold mine are associated with the pSinA and pSinB plasmids.

3.4. Metabolism of Ensifer sp. M14

Detailed phenotypic characterization of Ensifer sp. M14 was previously reported [7]. To further
evaluate (in silico) the metabolic and transport potential of Ensifer sp. M14, a draft metabolic
reconstruction was prepared encompassing 1491 genes and 1289 gene-associated reactions (Data Set S2).
As expected based on the metabolism of related organisms [63], glycolysis in Ensifer sp. M14 is predicted
to proceed through the Entner–Duodoroff pathway (Figures S3–S5). Growth simulations using Flux
Balance Analysis suggested that Ensifer sp. M14 has a broad metabolic capacity, with a predicted
ability to catabolize 72 carbon sources, including a variety of sugars, sugar alcohols, and organic acids
(Table S2). This is consistent with previous work, which found that Ensifer sp. M14 could grow on 12
of 16 tested carbon substrates, including glucose, xylose, and lactate [7]. The following paragraphs
provide a description of several metabolic capabilities that may be relevant to survival in the stressful
environment of the Zloty Stok gold mine, and/or to resistance to elevated arsenic concentrations.

3.4.1. Phosphate Transport

The metabolic reconstruction indicated that Ensifer sp. M14 encodes two copies of the
PstSCAB-PhoU high-affinity phosphate transporter (BLJAPNOD_00112 through BLJAPNOD_00116;
and BLJAPNOD_05453 through BLJAPNOD_05457). Further examination of the Ensifer sp. M14
genome additionally revealed two copies of the PhnCDE(T) high-affinity phosphate and phosphonate
transport system (BLJAPNOD_04783 through BLJAPNOD_04786; and BLJAPNOD_05447 through
BLJAPNOD_05450). Notably, one copy of PstSCAB-PhoU and one copy of PhnCDE(T) were adjacent
to the arsenic oxidation gene cluster within pSinA. This led us to explore the presence of phosphate
transport systems in other arsenic-oxidizing bacteria (AOB). Using OrthoMCL [37], orthologous
proteins were identified among six strains from the family Rhizobiaceae (Table S3): these included
three AOB (Ensifer sp. M14, A. tumefaciens 5A, and Rhizobium sp. NT-26), as well as three related
strains that are not AOB (E. adhaerens OV14, N. galegae HAMBI 540, and A. tumefaciens Ach5). Thirteen
proteins were found to be common and specific to the three AOB, which not surprisingly included
the arsenic oxidation gene cluster [10]. Notably, included within these 13 proteins were subunits of
the PstSCAB-PhoU and PhnCDE(T) transporters. While all six strains encoded orthologous versions
of PstSCAB-PhoU and PhnCDE(T), all three AOB encoded additional copies adjacent to their arsenic
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oxidation loci. Examining the genomes of three additional diverse AOB (H. arsenicoxydans ULPAs1,
A. arsenitoxydans SY8, and P. stutzeri TS44) revealed that the first two also contained a second copy of
the PstSCAB transporter in close proximity to arsenite related genes.

Based on the above results, we predict that phosphate transport genes are commonly associated
with arsenite resistance loci [64]. Arsenates and phosphate are chemical analogs, with the toxicity
of arsenic being a result of arsenic replacing phosphate in key biological molecules [65]. Similarly,
arsenic competes with phosphate for transport through phosphate transport systems, including the
PstSCAB and PhnCDE(T) systems [66–68], potentially resulting in phosphate starvation. However,
the phosphate periplasmic binding proteins of at least some PstSCAB-PhoU systems, such as from the
arsenic-resistant strain Halomonas strain GFAJ-1, display a strong preference for binding phosphate
over arsenic [68]. Thus, the presence of additional high-affinity phosphate systems in AOB may be
a mechanism to increase the rate (and selectivity) of phosphate import, thereby reducing the toxic
effects of elevated environmental arsenic concentrations.

3.4.2. Sulfur Metabolism

We evaluated sulfur metabolism by Ensifer sp. M14, as sulfur compounds, such as sulfide, can
be abundant in gold mines, and the arsenic oxidase enzyme contains an iron-sulfur subunit [64].
Ensifer sp. M14 appears to have a variety of mechanisms for sulfate assimilation. Based on the metabolic
reconstruction, the genome is predicted to encode multiple sulfate and thiosulfate transporters. It is
further predicted to encode several putative thiosulfate sulfurtransferases and a hydrogen sulfide
oxidoreductase (BLJAPNOD_03089); in contrast, a sulfite oxidoreductase was not identified. Genes
BLJAPNOD_05764 through BLJAPNOD_05768 may encode for the transport and metabolism of taurine,
while BLJAPNOD_05769 may encode the TauR taurine transcriptional regulator. Ensifer sp. M14 is also
predicted to encode an alkanesulfonate monoxygenase (BLJAPNOD_06609). At least one copy of each
of the subunits of the SsuABC alkanesufonate ABC-type transporter are also predicted to be encoded
in the genome; however, no locus appeared to contain all three.

3.4.3. One-Carbon Metabolism

Ensifer sp. M14 is capable of growing with carbon dioxide or bicarbonate as the sole
source of carbon [7], although the underlying metabolic pathway for this capability has not
been examined. The metabolic reconstruction identified a putative formamide amidohydrolase
(BLJAPNOD_04973) and putative formate dehydrogenases (BLJAPNOD_00952 and BLJAPNOD_03433),
suggestive of the utilization of these one-carbon compounds. No clear evidence for genes
associated with methanol or methylamine metabolism were found. However, the mechanism
underlying one-carbon metabolism remains unclear. Unlike S. meliloti [69], Ensifer sp. M14
does not appear to encode the Calvin–Benson–Bassham cycle, nor were we able to identify
any of the complete carbon-fixation pathways [70]. However, multiple enzymes potentially
involved in the incorporation of bicarbonate were identified. These include putative acetyl-CoA
carboxylases (BLJAPNOD_03269, BLJAPNOD_04937, BLJAPNOD_04938), a putative 3-oxopropanoate
oxidoreductase (BLJAPNOD_03990), putative propanoyl-CoA carboxylases (BLJAPNOD_06206,

BLJAPNOD_06208), a putative pyruvate carboxylase (BLJAPNOD_00700), and a phosphoenolpyruvate
carboxylase (BLJAPNOD_01050).

3.4.4. Iron Transport and Metabolism

Due to the involvement of iron in arsenic oxidation, the transport and metabolism of this metal
was examined. Ensifer sp. M14 is predicted to encode several transporters of iron or iron containing
compounds. The genes BLJAPNOD_01755 and BLJAPNOD_01831 are predicted to encode a ferrous iron
(Fe2+) permease (EfeU) and a ferrous iron efflux pump (FieF), respectively. Genes BLJAPNOD_05889

through BLJAPNOD_05891 may encode a FecBDE ferric dicitrate transporter, while BLJAPNOD_05888
may encode the FecA ferric dicitrate outer membrane receptor protein. The genes BLJAPNOD_00861
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through BLJAPNOD_00863 may encode a second ferric dicitrate transporter. Additionally,
the genes BLJAPNOD_05777, BLJAPNOD_05780, and BLJAPNOD_05781 may form an ABC-type
transport system for iron or an iron complexes. Moreover, three putative FhuA ferrichrome (iron
containing siderophore) transporting outer membrane proteins (BLJAPNOD_04144, BLJAPNOD_04445,
BLJAPNOD_05778), and a FcuA ferrichrome receptor (BLJAPNOD_05962) are predicted to be
encoded in the genome. A putative FepCDG ferric enterobactin transporter (BLJAPNOD_04147,
BLJAPNOD_04148, BLJAPNOD_04149) and a PfeA enterobactin receptor (BLJAPNOD_05560) are
also annotated. Aside from transport, Ensifer sp. M14 is predicted to encode a ferric reductase
(BLJAPNOD_01976–fhuF), a ferrous oxidoreductase (BLJAPNOD_01631), and a ferric-chelate reductase
(BLJAPNOD_02273). Additionally, the five gene operon (BLJAPNOD_05798-BLJAPNOD_05802) was
predicted (using antiSMASH [55]) to encode a siderophore (aerobacin-like) biosynthetic pathway.
Finally, the ferric uptake regulator (Fur) is predicted to be encoded by BLJAPNOD_00930.

3.4.5. Halotolerance

The Ensifer sp. M14 genome was searched for genes relevant to halotolerance as Ensifer sp. M14
has been shown to grow in highly saline environments with up to 20 mg L−1 NaCl [10]. Examination
of the Ensifer sp. M14 genome with antiSMASH [55] identified a 13 gene locus (BLJAPNOD_06859 to
BLJAPNOD_06872) in which 12 of the genes showed similarity to 12 of the 15 genes of a known salecan
biosynthetic cluster. Salecan is a water-soluble β-glucan also produced by the salt tolerant strain
Agrobacterium sp. ZX09 [71]. Thus, this locus in Ensifer sp. M14 may encode for the biosynthesis of
salecan, or another carbohydrate, that contributes to halotolerance. Additionally, Ensifer sp. M14
is predicted to be capable of synthesizing the compatible solute betaine from choline using
the BetA (BLJAPNOD_01468, BLJAPNOD_03726, BLJAPNOD_06536) and BetB (BLJAPNOD_00678,
BLJAPNOD_03725, BLJAPNOD_05671) pathway, as well as from choline-O-sulfate with BetC
(BLJAPNOD_02271, BLJAPNOD_03724). The genome is further predicted to encode numerous proteins
related to glycine betaine and proline betaine transport. Finally, as previously reported [10], pSinA
encodes a putative NhaA pH-dependent sodium/proton antiporter (BLJAPNOD_05431), which may
contribute to adaptation to high salinity [72].

3.4.6. Heavy Metal Resistance

Ensifer sp. M14 displays high resistance to numerous heavy metals [7]. Previous work identified
eight modules related to heavy metal resistance on the pSinB replicon of Ensifer sp. M14 [12]. These
modules were involved in resistance to arsenic, cadmium, cobalt, copper, iron, mercury, nickel, silver,
and zinc [12]. Additionally, pSinA contains a locus involved in resistance to cadmium, zinc, cobalt,
and mercury [10]. Our analyses reported above suggested that the majority, if not all, genes relevant to
adaptation to the heavy metal-rich environment in the Zloty Stok gold mine are located on the pSinA
and pSinB plasmids [10,12].

3.5. Biosafety Considerations of Ensifer sp. M14

The Sinorhizobium/Ensifer group of bacteria contain numerous plant symbionts and other
biotechnologically relevant strains, but it lacks known pathogens. Considering this, and the observation
that none of the genomic islands detected in Ensifer sp. M14 appear to be pathogenicity islands, it is
unlikely that Ensifer sp. M14 is pathogenic. Therefore, the environmental release of Ensifer sp. M14 is
not expected to pose a biosafety risk from that perspective. Additionally, analysis of the secondary
metabolism of Ensifer sp. M14 with antiSMASH [55] did not identify antibiotic synthesis loci. However,
Ensifer sp. M14 may carry several antimicrobial resistance (AMR) genes. The analysis applying
the RGI analyzer revealed the presence of 12 putative antibiotic resistance genes/gene clusters
(Table 2). It is worth mentioning that the best hits were found for four acrAB(-TolC) modules encoding
resistance-nodulation-cell division (RND) type multidrug efflux systems, while the remaining eight
genes were much more divergent compared with the reference proteins (they were detected only when
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applying the LOOSE algorithm of the RGI analyzer). This may suggest that these hits are accidental,
and that the identified genes are not truly AMR genes, or that these are novel, emergent threats and
more distant homologs of known reference genes.

Table 2. Putative antimicrobial resistance genes found in the Ensifer sp. M14 genome.

Scaffold Gene ID CARD Database Hit Predicted Resistance to Tested Antibiotics

Scaffold_4 BLJAPNOD_00187- acrAB Fluoroquinolone CIP (S); MXF (S)
BLJAPNOD_00188 Tetracyclines TE (S/R)

Scaffold_4 BLJAPNOD_00458 cmlA/floR Chloramphenicol C (R)

Scaffold_4 BLJAPNOD_00485- acrAB-TolC Tetracyclines TE (S/R)
BLJAPNOD_00487 Cephalosporins CFM (S); CRO (S); CTX (S)

Penams AMP (R)
Phenicols C (R)

Rifamycins RD (R)
Fluoroquinolones CIP (S); MXF (S)

Scaffold_4 BLJAPNOD_00960 aph(3′)-IIa Aminoglycosides CN (S)

Scaffold_4 BLJAPNOD_01284 adeF Fluoroquinolones CIP (S); MXF (S)
Tetracyclines TE (S/R)

Scaffold_4 BLJAPNOD_02256 blaOXA Cephalosporins CFM (S); CRO (S); CTX (S)
Penams AMP (R)

Scaffold_4 BLJAPNOD_02798 aph(6)-Ic Aminoglycosides CN (S)

Scaffold_7 BLJAPNOD_04982 aph(3′ ′)-Ib Aminoglycosides CN (S)

Scaffold_8 BLJAPNOD_05149- acrAB-TolC Tetracyclines TE (S/R)
BLJAPNOD_05151 Cephalosporins CFM (S); CRO (S); CTX (S)

Penams AMP (R)
Phenicols C (R)

Rifamycins RD (R)
Fluoroquinolones CIP (S); MXF (S)

Scaffold_14 BLJAPNOD_05841- acrAB Fluoroquinolone CIP (S); MXF (S)
BLJAPNOD_05842 Tetracyclines TE (S/R)

Scaffold_17 BLJAPNOD_06442 dfrA12 Trimethoprim TM (S)

Scaffold_18 BLJAPNOD_06615 aph(6)-Ic Aminoglycosides CN (S)

The most significant hits, defined with the usage of the STRICT algorithm of the RGI analyzer, are bolded.
Abbreviations: AMP—ampicilin; C—chloramphenicol; CN—gentamicin; CFM—cefixime; CTX—cefotaxime,
CRO—ceftriaxone; CIP—ciprofloxacin; TE—tetracycline; TM—trimethoprim; MXF—moxifloxacin; RIF—rifampicin;
R—resistant; S—susceptibility; S/R—inability of interpretation of the result (threshold value).

Previous analyses revealed that the closely related organism E. adhaerens OV14 displays
resistance to numerous antibiotics, including, among others, ampicillin, spectinomycin, kanamycin,
and carbenicillin [73]. Therefore, to check whether the predicted antibiotic resistance genes truly
associated with antibiotic resistance in Ensifer sp. M14, the MICs of 11 antibiotics were determined using
Etests. Results from the Etests showed that Ensifer sp. M14 is resistant to ampicillin (MIC: 12.0 mg L−1),
chloramphenicol (MIC: 8.0 mg L−1), and rifampicin (MIC 4.0 mg L−1), while it is susceptible to
cefixime, cefotaxime, ceftriaxone, ciprofloxacin, gentamicin, moxifloxacin, and trimethoprim. In the
case of tetracycline, the MIC values fluctuated around the threshold for classification as resistant
(1–4 mg L−1); hence, precise interpretation of this result is not possible. Resistance to antibiotics
belonging to the penams, phenicols, and rifamicyns families may be explained by the presence of
efflux pumps belonging to the RND family. These multidrug resistance systems are highly prevalent
in Gram-negative bacteria, and play an important role in resistance to various types of stress factors,
including antibiotics [74]. It is also worth mentioning, that environmental isolates of Alphaproteobacteria

usually possess several copies of genetic modules encoding RND type multidrug efflux systems, which
may be linked with their adaptation to the heterogeneity of the soil habitat [75,76]. Therefore, we think
that the environmental release of Ensfier sp. M14 is unlikely to pose a biosafety risk.
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3.6. Development of a Pilot-Scale Installation for Arsenic Bioremediation

The genomic analyses suggested that Ensifer sp. M14 contains several genetic features that may
allow it to be successfully used in environmental bioremediation applications. In addition, previous
experimental studies demonstrated that this strain can efficiently transform As(III) into As(V) (24 h
of residence time was sufficient to oxidize 5 mg L−1 of As(III) in the laboratory) [9]. We therefore
attempted to prepare an installation for environmental bioremediation of arsenic contaminated water
involving Ensifer sp. M14. The purification of arsenic contaminated waters constitutes a serious
environmental challenge, as most of the available chemical and physical methods are dedicated to the
selective removal of As(V), and are inefficient with regard to As(III). Thus, the aim of the microbiological
module of the installation was to harness the arsenite oxidation capabilities of Ensifer sp. M14 to
ensure efficient oxidation of As(III) to facilitate its subsequent removal. We reasoned that combining
a biological approach with an appropriate physicochemical process (i.e., adsorption) could overcome
the constraints and reservations of the conventional methods dedicated to the removal of arsenic from
contaminated waters [77,78].

3.7. The Activity and Characterization of the Microbiological Module of the Pilot-Scale Installation

In our preliminary study [9], we observed that efficient functioning of the laboratory-scale
installation required a high density of Ensifer sp. M14 (OD600 between 0.1 and 0.2). This is in part
because the quantity of Ensifer sp. M14 usually decreases quite intensively during the first hours/days
of continuous culturing in the bioreactor [9]. Although appropriate growth conditions and length
of residence time during continuous cultures were previously determined [9], the move from the
laboratory-scale to pilot-scale installation meant it was necessary to re-evaluate them. In particular,
replacement of the synthetic medium by natural arsenic contaminated water, as well as increasing the
scale of application, may result in a deceleration of bacterial growth and a decrease in the efficiency of
the biooxidation processes [79].

3.7.1. Microbial Growth and Efficiency of Arsenic Biooxidation in the Bioreactor

Using the start-up procedures described in the Materials and Methods, the initial quantity of
bacteria in the bioreactor after yeast extract augmentation was about 108 CFU mL−1 (Figure 4).
The value was almost nine orders of magnitude higher compared to raw arsenic-contaminated water,
where the CFU mL−1 (when plated on Luria-Bertani agar medium) was about 100.

As expected based on our preliminary study [9], the density of bacteria decreased systematically
during the first few days of operation, reaching a density on the magnitude of 103 CFU mL−1 on
day seven (Figure 4A). After this point, the density of bacteria largely stabilized, with the exception
of a few days (days 17–20), when an ~100-fold drop in bacterial density was observed (Figure 4A).
A bacterial concentration of 103 CFU mL−1 in the bioreactor generally appeared sufficient for efficient
biooxidation of the arsenite in the contaminated water, as there was generally little to no arsenite
detected in the water following passage through the bioreactor (Figure 4D). The exceptions were five
of the nine measurements taken between days 15 and 31, inclusive, when arsenite accounted for up to
62.86% of the total arsenic concentration; this corresponded with the drop in the density of bacteria
within the bioreactor (Figure 4A). Thus, the low arsenite concentration throughout the majority of the
experiment suggests that the microbiological module efficiently converted the As(III) to As(V).

Recently, Tardy et al. [52] showed that efficient arsenite biooxidation in environmental samples of
water at 20 ◦C occurred after eight days of culture (batch experiment), and the quantity of bacteria at
the end of their experiment was about 105 CFU mL−1. On the other hand, Kamde et al. [80] reported
that arsenic removal was most intensive when the quantity of bacteria was about 28 CFU mL−1 (batch
cultures with the use on synthetic medium). The higher quantity of bacteria in the abovementioned
papers in comparison with our study is presumably related to differences in culture conditions (various
media and/or culturing methods).
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Our data (Figure 4A,D) is also consistent with a relationship between the quantity of
Ensifer sp. M14 and the efficiency of arsenic biooxidation, as were our preliminary experiments
in batch cultures (data not shown). Indeed, many studies have observed a positive correlation between
the density of bacteria and the rate of metal metabolism or biotransformation for arsenic compounds
and other elements [80–82].

 

−

−

Figure 4. Parameters of the water in the bioreactor of the microbiological module. The graphs display
(A) the quantity of bacteria, (B) the pH of the water, (C) the redox potential of the water, and (D) the
concentration of As(III) (blue) and total arsenic (red) in the water.

3.7.2. Physical and Chemical Characterization of the Bioreactor

Previous studies have observed that there is a relationship between pH and redox potential with
the arsenite/arsenate ratio; arsenites are the predominant form in reducing conditions and lower
pH values, as the concentration of the arsenate form increases, both pH and redox potential also
increase [83,84]. We therefore evaluated the pH and the redox potential in the treated water. For both
parameters, the biological treatment had a small but noticeable effect. In the raw water, the pH and
the redox potential were 7.48 and 170.90 mV, respectively [56]. In the case of the pH, the value in the
bioreactor systematically increased up to the eighth day, with the treated water reaching a pH of 8.09
(Figure 4B). The pH returned to 7.60 by day 17, following which the pH stabilized in the range of 7.60
to 7.65 until the end of the experiment (day 40). In general, the redox potential remained relatively
stable (Figure 4C). For the first three days, a value around 155.00 mV was observed, following which
the redox potential increased and stabilized (with a slight, gradual decrease) within a range from
177.00 mV and 193.00 mV, with the exception of day 20. Water for human consumption is expected
to have a pH in the range of 6.50–9.00 [85] and a redox potential between 100 and 300.00 mV [86].
Thus, both the pH and the redox potential of the water treated with our installation fell within the
acceptable range for drinking water.
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3.8. Effectiveness of the Adsorption Module of the Pilot-Scale Installation

Granulated bog iron ores are characterized by high arsenic adsorption capacity (up to
5.72 mg kg−1, depending on the adsorbate concentration), short residence time (20 min) [56],
they display high chemical stability, and they are resistant to bioweathering processes [87]. These
properties allow this material to function as an effective adsorbent for removal of arsenics from
contaminated water in both passive and active remediation systems, as demonstrated in our earlier
work [56]. Here, we have coupled the use of granulated bog iron ores as an input to the adsorption
module as well as the microbiological module described above, as a way to ensure the efficient
conversion of As(III) to As(V) by Ensifer sp. M14, followed by the removal of As(V) by the bog iron
ores. The pre-conversion of As(III) to As(V) is important as bog iron ores saturated with As(V) display
higher chemical stability than bog iron ores saturated with As(III) [87].

Treatment of the arsenic contaminated water with the pilot-scale installation led to a dramatic
decrease in arsenic concentrations, going from 2400 µg L−1 in the raw water to less than 10 µg L−1

(Figure 5). Analysis of the breakthrough curves for each of the adsorption columns indicated that the
adsorbent in none of the columns reached equilibrium saturation during the 40-day experiment
(Figure 5). Equilibrium saturation is herein defined as the maximum adsorption capacity (full
saturation) of the adsorbent at a given concentration of the adsorbate; i.e., when the arsenic
concentration in the input and output water is equal. Upon reaching equilibrium saturation,
the adsorbent would be completely consumed and unable to further remove arsenic from the water,
and it would therefore require regeneration or replacement. As the total arsenic concentration in
water after each column was lower than the water entering the column, none of the columns reached
equilibrium saturation. Thus, under the tested environmental conditions, the pilot-scale installation is
expected to have been able to effectively continue the bioremediation process for much longer than the
40 days of the experiment (during which, 8 m3 of water flowed through the system).

−

μ − μ −

 

μ −

μ −

μ −

Figure 5. Arsenic adsorption breakthrough curves. The arsenic adsorption breakthrough curves for
each column of the adsorption module are shown. Total arsenic concentrations in the raw water (black),
and after column I (blue), column II (red), and column III (purple) are shown.

In Poland, the Regulation of the Polish Ministry of the Environment [88] currently sets the upper
limit for arsenic contamination in water for use in technological purposes at 100 µg L−1. In the
experiment reported here, the arsenic concentration in the treated water remained below 100 µg L−1

for the first ten days of the experiment (Figure 5), and never exceeded 220 µg L−1 during the 40 day
test. Thus, at least the first 2.0 m3 of water treated by pilot-scale installation was below the Polish
limit for use in technological purposes. However, if pooling the treated water (and thus averaging the
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arsenic concentration), it is likely that the cumulative concentration of arsenic in the 4.0 m3 of water
treated over the first 20 days remained below the limit.

The local adsorption capacity of the adsorbent varied between the columns and depended on the
arsenic concentration of the inflowing water. The adsorbent from the first column was characterized
by the highest adsorption capacity, which was 0.500 mg kg−1. Adsorbent placed in the second and
third columns had lower adsorption capacities of 0.031 and 0.021 mg kg−1, respectively. Likely,
these differences are due to the later columns adsorbing less arsenic and being farther from reaching
equilibrium saturation. The adsorption capacities recorded in the current study were significantly
lower than those described in our previous work, presumably due to the adsorbent not reaching
equilibrium saturation [56].

4. Conclusions

Here, we reported the draft genome sequence of Ensifer sp. M14 in order to gain insights into
the genomic adaptation of this organism to the stressful environment of the abandoned Zloty Stok
gold mine from which it was isolated. In addition, we were interested in the genetic basis of the
strains arsenic oxidation and resistance capabilities, resistance to arsenic and other heavy metals,
and the biosafety of the strain for use in biotechnological applications. The results revealed hundreds
of genes present in Ensifer sp. M14 that are not found in related species, and these genes are often
colocalized in genomic islands. However, the majority of these genes encoded hypothetical proteins of
unknown function. Based on the genome sequence, it appears that the majority of the genes have been
acquired to deal with the hostile environment of the Zloty Stok gold mine, i.e., conferring resistance to
heavy metals, and enabling arsenic oxidation, are located on the self-transmissible pSinA and pSinB
megaplasmids. Additionally, analysis of the Ensifer sp. M14 genome suggested that this strain should
be safe for use in biotechnology and bioremediation. However, it was noted that several putative
antibiotic resistance genes are present in the genome, as is also true for the related strain Ensifer

adhaerens OV14 that is used in biotechnological applications [89]. This property of Ensifer sp. M14
should be kept in mind during its application in order to limit the spread of antimicrobial resistance.
The results of these genomic analyses provide hints into the genetic potential of Ensifer sp. M14.
They will help focus future experimental research aimed at further characterizing the biology of
this organism, and may contribute to the development of procedures for large-scale cultivation of
this strain.

This study also reports the construction and validation of a pilot-scale installation designed for the
remediation of arsenic contaminated waters. This novel installation couples a microbiological module,
based on the arsenic oxidation abilities of Ensifer sp. M14, with an adsorption module, based on the
use of granulated bog iron ores. The underlying principle is to use Ensifer sp. M14 to efficiently oxidize
the As(III) ions to As(V), followed by the removal of the As(V) through adsorption by the bog iron ores.
Characterization of the arsenic contaminated water following passage through the microbiological
module generally revealed little to no As(III), consistent with the Ensifer sp. M14 generally ensuring
effective conversion of As(III) to As(V). Additionally, a dramatic decrease (from 10-fold to greater than
250-fold) in the arsenic concentration of the water was observed following passage of this water through
the adsorption module. These results therefore confirm the effectiveness of the tested installation
for the remediation of arsenic contaminated waters, which pose risks to both the environmental and
human health. Future work will be aimed at further developing and optimizing this system, which
could involve, for example, the addition of beads to the reactor containing Ensifer sp. M14 biofilms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/8/379/s1.
Table S1: Accession numbers for all genomes used in this work, Table S2: In silico test of the metabolic capacity
of Ensifer sp. M14, Table S3: Orthologous groupings of six Rhizobiaceae strains, including three AOB and three
strains that are not AOB, Table S4: COG category descriptions, Figure S1: Average nucleotide identity matrix.
A matrix of the two-way ANI values for 46 Sinorhizobium/Ensifer strains is shown. Clustering was performed
along both axes using hierarchical clustering with Pearson distance and average linkage, Figure S2: Average
amino acid identity matrix. A matrix of the two-way AAI values for 46 Sinorhizobium/Ensifer strains is shown.



Genes 2018, 9, 379 19 of 24

Clustering was performed along both axes using hierarchical clustering with Pearson distance and average
linkage, Figure S3: Entner–Duodoroff pathway and the pentose phosphate pathway. A modified version of
the KEGG pathway map ko00030 [90] displaying the Entner–Duodoroff pathway and the pentose phosphate
pathway is shown. Reactions encoded by the Ensifer sp. M14 genome are colored green; those in white are
missing. The figure was prepared using the KAAS webserver [91] using BLAST search with the bi-directional
best hit assignment method, and with the default organism list for ‘prokaryotes’ plus Sinorhizobium meliloti
Rm1021, Figure S4: Gluconeogenesis. A modified version of the KEGG pathway map ko00010 [90] displaying
the pathway for gluconeogenesis is shown. Reactions encoded by the Ensifer sp. M14 genome are colored green;
those in white are missing. The figure was prepared using the KAAS webserver [91] using BLAST search with the
bi-directional best hit assignment method, and with the default organism list for ‘prokaryotes’ plus Sinorhizobium
meliloti Rm1021, Figure S5: Tricarboxylic acid cycle. A modified version of the KEGG pathway map ko00020 [90]
displaying the tricarboxylic acid (TCA) cycle is shown. Reactions encoded by the Ensifer sp. M14 genome are
colored green; those in white are missing. The figure was prepared using the KAAS webserver [91] using BLAST
search with the bi-directional best hit assignment method, and with the default organism list for ‘prokaryotes’ plus
Sinorhizobium meliloti Rm1021, Data Set S1: Sinorhizobium/Ensifer gene presence and absence. This file contains
the gene presence/absence output data from Roary for the pangenome analysis of 46 Sinorhizobium/Ensifer
strains. Details on the information provided in the file is available at: https://sanger-pathogens.github.io/Roary/,
Data Set S2: Metabolic reconstruction of Ensifer sp. M14. This archive contains the expanded, draft metabolic
reconstruction of Ensifer sp. M14. The reconstruction is provided in COBRA format as a MATLAB file, as well
as in a table within an Excel workbook. A readme file is included to explain the contents, Data Set S3: PhiSpy
phage prediction. This file contains the PhiSpy phage prediction output for all Ensifer sp. M14 genes, as well as
separate sheets for each of the putative prophage loci. Details on the information provided in the file is available
at: https://github.com/linsalrob/PhiSpy, Data Set S4: Functional annotation of the Ensifer sp. M14 genome.
This file contains the genome annotation and the eggNOG-mapper output for three sets of genes: (i) all genes in
the Ensifer sp. M14 genome; (ii) all genes unique to the Ensifer sp. M14 genome; and (iii) all genes unique and
common to the Ensifer sp. M14 and A49 genomes. Details on the eggNOG-mapper output provided in the file is
available at: https://github.com/jhcepas/eggnog-mapper/wiki/Results-Interpretation.
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ABSTRACT 

The alphaproteobacterial family Rhizobiaceae is highly diverse, with 168 species with validly 

published names classified into 17 genera with validly published names. Most named genera in 

this family are delineated based on genomic relatedness and phylogenetic relationships, but some 

historically named genera show inconsistent distribution and phylogenetic breadth. Most 

problematic is Rhizobium, which is notorious for being highly paraphyletic, as most newly 

described species in the family being assigned to this genus without consideration for their 

proximity to existing genera, or the need to create novel genera. In addition, many Rhizobiaceae 

genera lack synapomorphic traits that would give them biological and ecological significance. We 

propose a common framework for genus delimitation within the family Rhizobiaceae. We propose 

that genera in this family should be defined as monophyletic groups in a core-genome gene 

phylogeny, that are separated from related species using a pairwise core-proteome average amino 

acid identity (cpAAI) threshold of approximately 86%. We further propose that the presence of 

additional genomic or phenotypic evidence can justify the division of species into separate genera 

even if they all share greater than 86% cpAAI. Applying this framework, we propose to reclassify 

Rhizobium rhizosphaerae and Rhizobium oryzae into the new genus Xaviernesmea gen. nov. Data 

is also provided to support the recently proposed genus “Peteryoungia”, and the reclassifications 

of Rhizobium yantingense as Endobacterium yantingense comb. nov., Rhizobium petrolearium as 

Neorhizobium petrolearium comb. nov., Rhizobium arenae as Pararhizobium arenae comb. nov., 

Rhizobium tarimense as Pseudorhizobium tarimense comb. nov., and Rhizobium azooxidefex as 

Mycoplana azooxidifex comb. nov. Lastly, we present arguments that the unification of the genera 

Ensifer and Sinorhizobium in Opinion 84 of the Judicial Commission is no longer justified by 

current genomic and phenotypic data. We thus argue that the genus Sinorhizobium is not 

illegitimate and now encompasses 17 species.   
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INTRODUCTION 

The family Rhizobiaceae of the order Alphaproteobacteria was proposed in 1938 and has since 

undergone numerous, and at times contentious, taxonomic revisions [1, 2]. Currently, this family 

comprises the genera Agrobacterium, Allorhizobium, Ciceribacter, Endobacterium, Ensifer (syn. 

Sinorhizobium), Gellertiella, Georhizobium, Hoeflea, Lentilitoribacter, Liberibacter, Martelella, 

Mycoplana, “Neopararhizobium”, Neorhizobium, Pararhizobium, “Peteryoungia”, 

Pseudorhizobium, Rhizobium, and Shinella (syn. Crabtreella) (https://lpsn.dsmz.de/; [3]). The 

Rhizobiaceae family contains phenotypically diverse organisms, including N2-fixing legume 

symbionts (known as rhizobia), plant pathogens, bacterial predators, and other soil bacteria. The 

agricultural and ecological significance of the family Rhizobiaceae has prompted the isolation and 

whole genome sequencing of hundreds of strains at a rate outpacing taxonomic refinement of the 

family. As a result, some species and genera within the family are well known to be paraphyletic 

[4], while others that are monophyletic likely represent multiple species/genera [5]. In addition, 

most currently named genera have been delineated based on genomic relatedness – as per current 

taxonomic guidelines [6] – but lack synapomorphic traits that would give them biological and 

ecological significance [7]. 

To aid in the taxonomic classification of this family, here we propose a general framework for 

defining genera in the family Rhizobiaceae. This framework is based on a set of baseline genomic 

relatedness measures meant to serve as minimal thresholds for genus demarcation, while allowing 

for more closely related species to be divided into separate genera when supported by supplemental 

genomic and/or biological data. By applying this framework, we propose the formation of a new 

genus – Xaviernesmea – on the basis of the genomic relatedness measures, and provide support 

for the recently proposed genus Peteryoungia. In addition, despite genomic relatedness values 

above the proposed baseline thresholds, we argue that current phylogenetic, genomic (e.g., 

pentanucleotide frequency), and biological (e.g., division by budding) data indicate that the genera 

Ensifer Casida et al. 1982 [8] and Sinorhizobium Chen 1988 [9] are not synonymous, meaning that 

the unification of the genera Ensifer and Sinorhizobium in Opinion 84 of the Judicial Commission 

is no longer justified. 

 

METHODS 

Dataset 

The analysis was performed on a dataset of 94 genomes of Rhizobiaceae strains, among which the 

majority were type strains of the corresponding species (Dataset S1). As an outgroup, we included 

the genomes of three Mesorhizobium spp. strains, belonging to the related family 

Phyllobacteriaceae. Moreover, for calculation of some overall genome relatedness indexes to 

support additional taxonomic revisions, genomes of two Pararhizobium and two Pseudorhizobium 

strains were included (Dataset S1). To verify the authenticity of genomes used for taxonomic 

reclassifications proposed in this paper, we compared the reference 16S rRNA gene sequences (as 

well as housekeeping gene sequences in ambiguous cases) associated with the original species 

publication with the sequences retrieved from genome sequences (Dataset S1). Whole genome 
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sequences (WGSs) generated to support new species description in original publications were 

considered as authentic (Dataset S1). 

 

Core-genome gene phylogeny 

The core genome phylogeny was obtained using the GET_HOMOLOGUES software package 

version 10032020 [10] and the GET_PHYLOMARKERS software package Version 

2.2.8_18Nov2018 [11], as described previously [12]. As a result, a set of 170 non-recombining 

single-copy core marker genes was selected (Dataset S2), and a concatenation of their codon-

based alignments was used as input for IQ-Tree ModelFinder, with which a search for the best 

sequence evolution model was conducted. The model ‘GTR+F+ASC+R8’ was selected based on 

a Bayesian information criterion. The maximum likelihood (ML) core genome phylogeny was 

inferred under this model using IQ-TREE [13], with branch supports assessed with approximate 

Bayes test (-abayes) and ultrafast bootstrap with 1000 replicates (-bb 1000). 

 

Overall Genome Relatedness Indexes calculations 

Whole-proteome amino-acid identity (wpAAI; usually simply known as AAI) was computed using 

the CompareM software (github.com/dparks1134/CompareM) using the aai_wf command with 

default parameters, i.e., ortholog identification with DIAMOND [14], e-value < 1e-3, percent 

identity > 30%, and alignment length > 70% the length of the protein. 

Core-proteome amino-acid identity (cpAAI) was computed as the proportion of substitutions 

in pairwise comparisons of sequences from the 170 non-recombining, single-copy core marker 

genes identified using GET_PHYLOMARKERS [11], using a custom R script that notably relied 

on the dist.aa() function from the ‘ape’ package [15]. 

Percentage of conserved proteins (POCP) was determined using publicly available code 

(github.com/hoelzer/pocp) and the ortholog identification thresholds defined by Qin et al. [16], 

namely, e-value < 1e-5, percent identity > 40%, and alignment length > 50% the length of the 

protein. This pipeline involved the reannotation of genomes with Prodigal version 2.6.3 [17] and 

ortholog identification using the BLAST+ package, version 2.10.1 [18]. 

The average nucleotide identity (ANI) comparisons were conducted using PyANI version 

0.2.9, with scripts employing the BLAST+ (ANIb) algorithm to align the input sequences 

(github.com/widdowquinn/pyani). The in silico DNA-DNA hybridization (isDDH) computations 

were performed with the Genome-to-Genome Distance Calculator (GGDC 2.1; 

ggdc.dsmz.de/distcalc2.php) using the recommended BLAST+ alignment and formula 2 

(identities/HSP length) [19]. 

 

16S rRNA gene phylogeny 

The RNA fasta files for the 157 Sinorhizobium or Ensifer strains analyzed in our recent study [20] 

were downloaded from the National Center for Biotechnology Information database, and all 16S 

rRNA gene sequences ≥ 1000 nt were extracted. The 16S rRNA gene sequences were aligned 

using MAFFT version 7.3.10 with the localpair option [21], and trimmed using trimAl version 
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1.4.rev22 with the automated1 option [22]. A ML phylogeny was prepared using raxmlHPC-

HYBRID-AVX2 version 8.2.12 with the GTRCAT model [23]. The final phylogeny is the 

bootstrap best tree following 756 bootstrap replicates, as determined by the extended majority-rule 

consensus tree criterion. 

 

RESULTS AND DISCUSSION 

Overall genomic relatedness indexes measurements in the family Rhizobiaceae 

To develop a framework for genus demarcation within the family Rhizobiaceae, we examined a 

selection of 94 genomes of Rhizobiaceae isolates, most of which are species type strains. 

Liberibacter, an obligate intra-cellular pathogen with a highly reduced genome, was excluded from 

our selection of organisms to avoid biasing the analysis by overly reducing the conserved gene set. 

We reasoned that good practices for genome sequence-based genus delineation should consider 

both phylogenetic relatedness of species based on a concatenated alignment of core-genome genes 

(Figures 1, S1), and one or more overall genomic relatedness index (OGRI) measurement. We 

initially considered three OGRIs, calculated as described in the Methods: (i) whole-proteome 

average amino acid identity (wpAAI); (ii) core-proteome average amino acid identity (cpAAI) 

based on the proportion of substitutions between the concatenated translated sequences of the core 

marker gene set used for the core-genome phylogeny; and (iii) the percentage of conserved proteins 

(POCP) as defined by Qin et al. [16]. Average nucleotide identity (ANIb; Dataset S3) and in silico 

DNA-DNA hybridization (isDDH; Dataset S4) were performed for some strains to verify they 

represented distinct species; however, these OGRIs were not considered when defining genera as 

it has been argued that these measures are more appropriate for intra-genus analyses rather than 

inter-genus comparisons [16]. 

 We reasoned that an OGRI threshold for delimiting genera should correspond to a drop in 

the OGRI frequency distribution. We therefore plotted histograms of all pairwise comparisons to 

identify potential genera boundaries (Figures 2, S2, S3). It was previously suggested that a 50% 

POCP threshold is a good measure of genus boundaries in other families [16]. However, we found 

that 3,885 out of the 4,371 (89%) pairwise comparisons in our Rhizobiaceae dataset gave a POCP 

value ≥ 50%, with no clear breaks in the frequency distribution (Figure S2). We therefore 

concluded that POCP is not a useful OGRI measurement for defining genera in the family 

Rhizobiaceae. 

cpAAI data was recently used to delineate genera among other bacterial families [24] and 

stands as a promising metric for genus demarcation in the family Rhizobiaceae (Figure 2). We 

observed a break in the frequency distribution at ~ 93% to ~ 94%, but it was too stringent to use 

for genus demarcation as it would result in the majority of the 94 strains being classified into their 

own genera. Likewise, the break at ~ 73% to ~ 74% was too lenient for genus delimitation as all 

strains would be grouped as a single genus, except for those belonging to the genera Martelella, 

Hoeflea, “Neopararhizobium”, and Georhizobium. Instead, the drop in the frequency distribution 

at 86% to 86.7% (inclusive), within which only five of the 4,371 pairwise comparisons fell, 

appeared to be a reasonable threshold to aid with defining genera in the Rhizobiaceae family 
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(Figure 2). Using a cpAAI threshold of ~ 86%, combined with the phylogeny of Figure 1, we 

were able to recover the genera Agrobacterium, Ciceribacter, Endobacterium, Ensifer (as 

previously defined), Gellertiella, Georhizobium, Mycoplana, “Neopararhizobium”, 

“Peteryoungia”, Pseudorhizobium, Pararhizobium, and Shinella (Figures 3, S4). Such a threshold 

would, however, split the genera Allorhizobium, Hoeflea, Martelella, Neorhizobium, and 

Rhizobium sensu stricto into two or more genera. 

There was less support for the presence of a genus-level drop in the wpAAI frequency 

distribution (Figure S3). However, the wpAAI frequency distribution density increased sharply 

below 76.5%. Additionally, although noisier, a wpAAI threshold of 76.5% returned similar genus 

demarcations as did a cpAAI threshold of ~ 86%, with the exceptions that the genus Martelella 

was recovered as a single genus, Hoeflea was split into fewer genera, and the separation between 

the genus Ciceribacter and its sister taxon was less clear (Figures S5, S6). 

 

Proposal for a framework for genus delineation in the family Rhizobiaceae 

Based on the results summarized above, we propose that genera within the family Rhizobiaceae 

be defined as monophyletic groups (as determined by a phylogenetic reconstruction using a core-

genome analysis approach; Figure 1) separated from related species using a pairwise cpAAI 

threshold of approximately 86% calculated as described in the methods. We strongly recommend 

the use of cpAAI over wpAAI due to 1) its natural agreement – by construction – with the core-

genome gene phylogeny, 2) clearer gaps in its distribution of values among Rhizobiaceae, and 3) 

the fact that it would not be sensitive to the wide genome size variation within the Rhizobiaceae, 

notably due to the variation in presence of large mobile genetic elements, including symbiotic 

megaplasmids.  We do not, however, propose that cpAAI serve as the sole information source for 

genus demarcation as nearly all biological rules have exceptions. We therefore propose that genus 

demarcation using a cpAAI threshold higher than 86% can be justified by the presence of alternate 

genomic or phenotypic evidence (as proposed below for splitting of the genus Ensifer), while a 

lower cpAAI threshold may be appropriate when considering historical classifications of genera 

within the family. 

 

Taxonomic implications of the proposed framework 

Following the criteria for genus demarcation outline above would notably lead to the formation of 

several new genera for species currently assigned to the genus Rhizobium, which is notoriously 

paraphyletic. They also imply that a few genera (Neorhizobium, Allorhizobium, Martelella, 

Hoeflea, and Rhizobium sensu stricto) may be candidates for division. We also note that there is a 

clear break in the distribution of cpAAI values at ~ 73% to ~ 74% that may represent an appropriate 

threshold for delimiting the family Rhizobiaceae. If adopted, this threshold would result in the 

genera Martelella and Hoeflea being transferred to their own families, while the genera 

Georhizobium and “Neopararhizobium” would form another family. However, a proposal for 

family-level demarcations in the order Rhizobiales is outside the scope of this work.
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Figure 1. Maximum likelihood core-genome phylogeny of the family Rhizobiaceae. A maximum likelihood phylogeny 94 Rhizobiaceae strains 

is shown. The number of strains included in each collapsed clade is indicated. Clades of focus in the current study are expanded along the righthand 

side of the figure. The phylogeny is built from the concatenated alignments of 170 nonrecombinant loci using IQ-TREE [13]. The numbers on the 
nodes indicate the approximate Bayesian posterior probabilities support values (first value) and ultra-fast bootstrap values (second value). The tree 

was rooted using three Mesorhizobium spp. sequences as the outgroup. The scale bar represents the number of expected substitutions per site under 

the best-fitting GTR+F+ASC+R8 model. An expanded phylogeny is provided as Figure S1.
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Figure S1. Maximum likelihood core-genome phylogeny of the family Rhizobiaceae. A maximum 

likelihood phylogeny 94 Rhizobiaceae strains, and three Mesorhizobium spp., is shown. The phylogeny is 
built from the concatenated alignments of 170 nonrecombinant loci using IQ-TREE. The numbers on the 

nodes indicate the approximate Bayesian posterior probabilities support values (first value) and ultra-fast 

bootstrap values (second value). The scale bar represents the number of expected substitutions per site 
under the best-fitting GTR+F+ASC+R8 model. 
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Figure 2. Distribution of core-proteome AAI (cpAAI) comparisons of the family Rhizobiaceae. 

Pairwise AAI values were calculated based on 170 nonrecombinant loci from the core-genome of 94 

members of the family Rhizobiaceae Results are summarized as a histogram with a bin width of 0.5%. 

 

 
Figure S2. Distribution of percentage of conserved proteins (POCP) comparisons of the family 

Rhizobiaceae. Pairwise POCP values were calculated between 94 members of the family Rhizobiaceae as 

described in the Methods, and the results are summarized as a histogram with a bin width of 0.5%. 

 

 
Figure S3. Distribution of whole-proteome AAI (wpAAI) comparisons of the family Rhizobiaceae. 

Pairwise wpAAI values were calculated between 94 members of the family Rhizobiaceae using the 

CompareM workflow, and the results are summarized as a histogram with a bin width of 0.5%
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Figure 3. Core-proteome AAI (cpAAI) matrix of the family Rhizobiaceae. A matrix showing the pairwise cpAAI values for each pair of 94 

members of the family Rhizobiaceae. Values were clustered using the core-genome gene phylogeny of Figures 1 and S1. Several named genera are 

indicated with red boxes, as indicated. A version of this matrix with a colour scheme representing the full range of cpAAI values is provided as 
Figure S4. 
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Figure S4. Core-proteome AAI (cpAAI) matrix of the family Rhizobiaceae. A matrix showing the pairwise cpAAI values for each pair of 94 

members of the family Rhizobiaceae. Values were clustered using the core-genome gene phylogeny of Figures 1 and S1. 



Page 12 of 33 

 
Figure S5. Whole-proteome AAI (wpAAI) matrix of the family Rhizobiaceae. A matrix showing the pairwise wpAAI values for each pair of 94 

members of the family Rhizobiaceae. Values were clustered using the core-genome gene phylogeny of Figures 1 and S1. Several named genera are 

indicated with red boxes, as indicated. A version of this matrix with a colour scheme representing the full range of cpAAI values is provided as 

Figure S6. 
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Figure S6. Whole-proteome AAI (wpAAI) matrix of the family Rhizobiaceae. A matrix showing the pairwise wpAAI values for each pair of 94 

members of the family Rhizobiaceae. Values were clustered using the core-genome gene phylogeny of Figures 1 and S1.
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Proposal of a new genus encompassing the species R. oryzae and “R. rhizosphaerae” 

In a recent study presenting a phylogeny of 571 Rhizobiaceae and Aurantimonadaceae strains (ML 

tree based on 155 concatenated core proteins) [25], the type strains of the species R. oryzae 

(Allorhizobium oryzae) [26] and “R. rhizosphaerae” formed a well-delineated clade (with 100% 

bootstrap support) that was clearly separated from the closest validly published genus type, i.e. 

Parahizobium giardinii strain H152T. This pattern was also evident from a ML phylogeny of 797 

Rhizobiaceae produced in another study based on the concatenation of 120 near-universal bacterial 

core genes [5]. The analyses presented in the current study further support the separation of the R. 

oryzae/“R. rhizosphaerae” clade (RoRr clade; two species type strains) not only from the 

Pararhizobium clade (four species type strains), but also from a sister clade consisting solely of 

rhizobial strains from unnamed species (unRhsp clade; including Rhizobium sp. strains Leaf383, 

Leaf371, 9140 and NFR03) (Figure 1); all three clades in the phylogenetic tree are supported by 

100% bootstrap value. All within-clade pairwise cpAAI values were above 85.7%, 91%, and 94% 

for the Pararhizobium clade, RoRr clade, and the unnamed Rhizobium clade, respectively (Figure 

3). In contrast, all pairwise cpAAI values between the RoRr clade and the Pararhizobium or 

unRhsp clades were less than 81%, while pairwise cpAAI values between the Pararhizobium and 

unRhsp clades were below 83.5% (Figure 3). All three clades thus represent separate genera 

according to the criteria proposed above, and this remains true when the analysis is repeated with 

an expanded set of strains (Figure S7). We therefore propose to define a new genus encompassing 

the RoRr clade, for which we propose the name Xaviernesmea (see below for formal description). 

As no strains belonging to the unRhsp clade have been deposited in any international culture 

collection, we leave the task of describing new species and genera within this clade to others who 

have access to these strains. 

 
 

Figure S7. Whole-proteome AAI (wpAAI) matrix of the genus Xaviernesmea and related taxa. A 

matrix showing the pairwise wpAAI values for four members of the genus Xaviernesmea together with 24 
related organisms. 
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Taxonomy of the “R. aggregatum complex”  

The “Rhizobium aggregatum complex” was initially identified as a sister taxon of the genus 

Agrobacterium [26], with subsequent work demonstrating that it is instead located on a clade 

neighbouring the genus Allorhizobium [12]. Moreover, the latter study suggested that “R. 

aggregatum complex” includes members of the genus Ciceribacter and that it may represent a 

novel genus on the basis of phylogenetic and multiple OGRI data, although the authors advised 

that further investigation was required [12]. It was recently suggested that the “R. aggregatum 

complex” be split into two genera [27]. It was proposed that R. daejeonense, R. naphthalenivorans, 

and R. selenitireducens be transferred to the genus Ciceribacter, while R. ipomoeae, Rhizobium 

rhizophilum, R. rosettiformans, R. wuzhouense, and “Peteryoungia desertarenae” be transferred 

to the novel genus “Peteryoungia” [27]. 

The analyses presented in the current study included 13 strains belonging to the “R. 

aggregatum complex” (Figure 1). The genus demarcation framework proposed here supports the 

previous studies indicating that the “R. aggregatum complex” is separate from the genus 

Allorhizobium. A group of seven species that included all “Peteryoungia” species present in our 

analysis (Rhizobium aggregatum DSM 1111T, “Agrobacterium albertimagni” AOL15T, 

“Rhizobium glycinendophyticum” CL12T, “Peteryoungia ipomoeae” shin9-1T, “Peteryoungia 

rhizophila” 7209-2T, “Peteryoungia rosettiformans” W3T, and “Peteryoungia wuzhouensis” 

W44T) formed a monophyletic group with 100% bootstrap support (Figure 1). All pairwise cpAAI 

values within this group were > 88%, while all pairwise cpAAI values against the other six “R. 

aggregatum complex” species were < 84.7% (Figure 3). These results support the proposal for the 

genus “Peteryoungia” [27], which should also primarily include R. aggregatum, as well as “A. 

albertimagni”, and “R. glycinendophyticum” once their names are validly published. 

The remaining six “R. aggregatum complex” species formed a monophyletic group that could 

be further sub-divided into two clades. One clade corresponded to the three Ciceribacter species, 

while the other clade contained R. daejeonense DSM 17795T, R. naphthalenivorans TSY03bT, and 

R. selenitireducens ATCC BAA-1503T (Figure 1). All within-group cpAAI values were > 86.5% 

while all between-group cpAAI values were ≤ 85.4%, providing support for these two clades 

representing separate genera. However, the bootstrap support for the split of these two clades in 

the phylogeny is only 80%, and the topology of the tree in this region (Figure 1) differs from the 

tree reported by Rahi et al., wherein R. daejeonense, R. naphthalenivorans, and R. selenitireducens 

were not monophyletic (see Figure 2 of [27]). Overall, the data presented here are not in agreement 

with the proposal to transfer R. daejeonense, R. naphthalenivorans, and R. selenitireducens to the 

genus Ciceribacter. Instead, we propose this clade be referred to as the “R. daejeonense complex” 

pending further study – enabled by the availability of additional genomes of strains belonging to 

these clades – to resolve whether these species belong to a novel genus or whether they should be 

transferred to the genus Ciceribacter. 

 

Proposal for the emendation of the genus Sinorhizobium as a distinct genus from Ensifer  

Taxonomy of the Ensifer / Sinorhizobium genus has been the subject of discussion since the early 
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2000s. The genus Ensifer was proposed in 1982 to describe Ensifer adhaerens, a bacterial predator 

[8]. Subsequently, the genus Sinorhizobium was proposed in 1988 when Rhizobium fredii was 

reclassified as Sinorhizobium fredii [9], which was followed by the emendation of this genus by 

de Lajudie et al., 1994 [28]. In 2002, as the 16S rRNA gene sequence of E. adhaerens became 

available, the Subcommittee on the Taxonomy of Agrobacterium and Rhizobium (hereafter “the 

subcommittee”) of the International Committee on Systematics of Prokaryotes (ICSP) noted that 

this taxon is a part of Sinorhizobium [29]. Although the subcommittee pointed out that the name 

Ensifer has priority, conservation of the name Sinorhizobium was endorsed in contravention of the 

rules of the International Code of Nomenclature of Prokaryotes (ICNP). Neighbour-joining trees 

constructed from 16S rRNA gene sequences or partial recA gene sequences, together with 

phenotypic data, provided further data interpreted as supporting the synonymy and unification of 

the genera Sinorhizobium and Ensifer, leading Willems et al. (2003) to propose the new 

combination “Sinorhizobium adhaerens” [30]. Accordingly, in their Request for an Opinion to the 

Judicial Commission, Willems et al. officially proposed to conserve the name Sinorhizobium [30]. 

As the primary argument for conservation of the name Sinorhizobium, the authors indicated that 

the name Ensifer would cause misunderstanding and confusion in the scientific community. A few 

months later, in his Request for an Opinion to the Judicial Commission, J. M. Young argued that 

Ensifer, not Sinorhizobium, was the valid name for the unified genus, as Ensifer had priority [31]. 

At the same time, J. M. Young emended the description of the genus Ensifer, and transferred 

previously described Sinorhizobium species to this genus [31]. The Judicial Commission of the 

ICSP (Judicial Opinion 84) later confirmed that Ensifer had priority over Sinorhizobium, pointed 

out that the name "Sinorhizobium adhaerens" is not validly published, and supported the transfer 

of members of the genus Sinorhizobium to Ensifer [32]. In this Opinion, it was claimed that the 

transfer of the members of the genus Sinorhizobium to the genus Ensifer would not cause 

confusion. The subcommittee, however, disagreed with this justification [33]. J. M. Young 

criticized these actions of the subcommittee [34], which was also later acknowledged by Tindall 

[35]. As predicted by Willems et al. [30], adoption of the genus name Ensifer continues to be met 

with resistance from many rhizobiologists [36].  

Earlier phylogenetic studies noted that E. adhaerens was an outgroup of the genus Ensifer 

[37], providing some support that E. adhaerens represented a distinct genus; however, it was 

suggested that further evidence would be required prior to redefining genera within this clade [37]. 

Significant phylogenomic and phenotypic data now exists providing strong evidence that the 

genera Ensifer and Sinorhizobium as defined Casida 1982 [8] and Chen et al. 1988 [9], 

respectively, refer to closely related, yet separate, taxa. At least seven studies, including the 

Genome Taxonomy Database, have presented phylogenetic trees containing two well-defined 

clades within the genus Ensifer [20, 25, 38–42]. These phylogenies were built on the basis of gene 

(up to 1,652 genes) or protein (up to 155 proteins) sequences using ML or Bayesian inference 

analysis approaches, indicating that the observed clades are robust to the choice of phylogenetic 

approach. Notably, our recent study presents a ML phylogeny where the genus Ensifer is split into 

two clades of 12 and 20 genospecies with 100% bootstrap support for the split, which we then 
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defined as the “nonsymbiotic” and “symbiotic” clades, respectively [20]. The split is also observed 

in a ML phylogeny of the 16S rRNA genes of the same strains, with 62% bootstrap support (Figure 

S8). We similarly see a split of the genus Ensifer into two clades of three species type strains 

(including E. adhaerens Casida AT, the type strain of the type species of the genus Ensifer Casida 

1982) and 12 species type strains (including E. fredii USDA 205T, the type strain of the type 

species of the genus Sinorhizobium Chen et al. 1988) in our core-genome gene phylogeny, with 

100% bootstrap support (Figure 1), representing the nonsymbiotic and symbiotic clades, 

respectively. However, all between-clade cpAAI values were above the suggested 86% threshold 

as a baseline criterion for genus delimitation. Despite this, and following our proposed framework, 

we argue that there is sufficient other genomic and phenotypic data supporting the division of this 

genus (cf. Figures 3, 4, and 5 of [20]). We describe the distinctive traits and respective 

synapomorphies of these clades in Table 1 and below. 

 

 
Figure S8. 16S rRNA gene phylogeny of the genera Ensifer and Sinorhizobium. A maximum likelihood 
phylogeny of 258 16S rRNA genes from 157 strains of the genera Ensifer (red) and Sinorhizobium (blue) 

is shown. Strains are named as recorded in NCBI at the time of collection. The phylogeny was created using 

RAxML as described in the Materials and Methods. Values represent bootstrap support from 756 bootstrap 

replicates. The scale represents the mean number of nucleotide substitutions per site. One 16S rRNA gene 
from each of E. sp. GL28 and S. meliloti BM806 are not shown due to extremely long branch lengths. 
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Table 1. Characteristics differentiating the previously-defined nonsymbiotic and symbiotic clades of the 
genus Ensifer, corresponding to the emended genera Ensifer and Sinorhizobium, respectively. 

Characteristic 

Nonsymbiotic clade 

(emended genus Ensifer) 

Symbiotic clade (emended 

genus Sinorhizobium) Reference 

GANTC sites per kb 0.9 to 1.3 (mean: 1.06) 1.5 to 1.8 (mean: 1.70) [43] 

Number of CDS  5816 to 7682 (mean: 6876) 5516 to 8629 (mean: 6550) [20] 
Ribosomal RNA operons 5 3 [20] 

Carries nod and nif genes No* Yes [20]  
Bacterial predation ability Yes No [8, 44, 45] 

Division by budding Yes No [46] 
Growth in unmodified LB medium Yes Poor [20] 

Starch hydrolysis Yes No [47] 
Growth at 37˚C No (generally) Yes (generally) [20] 

Fatty acids More 16:0 3OH  More 18:1 ω9c [47] 
Carbon sources used (Biolog PM1/PM2) 69 to 87 (mean: 81) 50 to 81 (mean: 65) [20] 

pH tolerance (Biolog PM9) Better low pH tolerance Better high pH tolerance [20] 

* Except for the species E. sesbaniae, whose nine strains are legume symbionts. 

 

 

The genome-wide frequency of the pentanucleotide GANTC is higher in all genomes of the 

symbiotic clade compared to all genomes of the nonsymbiotic clade, with a statistically significant 

average difference of 60% (1.70 vs 1.06 GANTC sites per kb, p--value < 1 x 10-10 using a two-

sample t-test) [43]. As the GANTC motif is methylated by the highly conserved cell cycle-

regulated methyltransferase CcrM [48, 49], this difference may reflect an important difference in 

the cell cycle biology of these two clades [43]. Indeed, species of the nonsymbiotic clade (E. 

adhaerens and E. morelensis) are capable of division by budding unlike species of the symbiotic 

clade [46]. It has also been shown that the ability to hydrolyze starch [47] and robustly grow in LB 

broth lacking Ca2+ and Mg2+ ion supplementation [20] is specific to the nonsymbiotic clade. Stress 

tolerance of the two clades also differs (based on an analysis of 10 representative strains), with 

strains of the nonsymbiotic clade generally being more tolerant to alkaline conditions while strains 

of the symbiotic clade were generally more acid-tolerant and heat-tolerant [20]. Although many 

catabolic abilities could be found in at least a subset of each clade, which is unsurprising given 

both clades have open pangenomes, species of the nonsymbiotic clade are capable of catabolizing 

an average of 81 (out of 190 tested) carbon sources compared to an average of 65 for the symbiotic 

clade [20]. These differences in general phenotypic traits, together with the additional genomic 

and phenotypic differences outlined in Table 1, indicate marked differences in the biology of 

strains from these two clades. Indeed, at least two genospecies of the nonsymbiotic clade have 

been described as bacterial predators [8, 44, 45], a lifestyle that has not been attributed to any 

members of the symbiotic clade. Moreover, these two clades display significant differences in 

relation to their interactions with plant species, specifically, a biased distribution of the nod and 

nif genes required for establishment of nitrogen-fixing symbiosis with legumes [20, 41]. A recent 

study showed that whereas the core nodABC and nifHDK genes were present in strains from all 20 

genospecies of the symbiotic clade, they were observed in just one of the 12 genospecies belonging 

the nonsymbiotic clade (E. sesbaniae, with all 9 reported strains, isolated from three different 

geographic origins, being symbiotic) [20, 47]. Symbiotic traits are linked to the presence of an 

accessory megaplasmid in the genome, and thus should not be considered relevant in delineating 
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taxa [6]. However, this almost unique ability of genomes from the symbiotic clade to host 

symbiotic megaplasmids with respect to their relatives from the nonsymbiotic clade likely reflects 

differences in their genetic background. These discrepancies in symbiotic potential could thus be 

interpreted as a further marker of differentiated biology between these two clades.  

Taken together, these genomic and phenotypic data suggest that the organisms in these two 

clades significantly differ in their biology and ecology, reminiscent of the stable ecotype model 

for bacterial species [50].  Notably, the type species of the genus Ensifer (E. adhaerens) is found 

within the nonsymbiotic clade, while the original type species of the genus Sinorhizobium (S. 

fredii) is found within the symbiotic clade. Given we established the taxonomic position of these 

type species-containing clades to be well separated, we argue that the proposal of Willems et al. 

(2003) [30] to unify the genera Ensifer Casida 1982 and Sinorhizobium Chen et al. 1988, and the 

Judicial Opinion 84 enacting the transfer of the members of the genus Sinorhizobium to the genus 

Ensifer [32], are no longer supported. Instead, we propose that Ensifer Casida 1982 and 

Sinorhizobium Chen et al. 1988 refer to closely related sister genera, of which Ensifer and 

Sinorhizobium, respectively, are the legitimate names in accordance with Rules 51a and 23a of the 

ICNP [51]. We note that the subcommittee has previously indicated support for this proposal [52], 

while also stating they are not in favour of creating subgenera for these taxa [36]. Formal genus 

and species emendations and circumscriptions are provided below. 

 

Taxonomy of the genus Neorhizobium 

More study is required to resolve the taxonomic relationships between the “Neorhizobium sensu 

stricto” clade (Figure 1) – which includes N. vignae, N. alkalisolii, N. hautlense, N. galegae and 

N. tomejilense, as well as Rhizobium petrolearium – and related taxa. The core-genome gene 

phylogeny (Figure 1) and the cpAAI data (Figure 3) suggest that “Neorhizobium lilium” 

represents a new genus, as does the clade formed by Neorhizobium sp. NCHU2750, Rhizobium 

smilacinae, and Rhizobium cellulosilyticum. However, because bootstrap values provided only 

moderately good support for the topology of the tree in the extended Neorhizobium clade and the 

clades were not well-resolved by the cpAAI data, we defer the proposal of new genera until 

publication of further genomic evidence. 

 

Additional taxonomic implications of the proposed framework for genus delimitation 

R. petrolearium DSM 26482T formed a clade with “Neorhizobium sensu stricto” (Figure 1). 

Pairwise cpAAI values were all > 90% when R. petrolearium was compared against 

“Neorhizobium sensu stricto” species type strains (Figure 3). We therefore propose that R. 

petrolearium be transferred to the genus Neorhizobium (see below for formal description). 

Rhizobium tarimense CCTC AB 2011022T formed a clade with the genus Pseudorhizobium 

(Figure 1). Pairwise cpAAI values were all > 88% when R. tarimense was compared against the 

four Pseudorhizobium species type strains, but < 85% when compared against all other species 

(Figure 3). We therefore propose that R. tarimense be transferred to the genus Pseudorhizobium 

(see below for formal description). 
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Rhizobium arenae MIM27T formed a clade with the genus Pararhizobium. Pairwise cpAAI 

values were 87.4%, 87.4%, and 85.7% when R. arenae was compared against the three 

Pararhizobium species type strains, but < 84% when compared against all other species (Figure 

3). We therefore propose that R. arenae be transferred to the genus Pararhizobium (see below for 

formal description). 

Rhizobium azooxidifex DSM 100211T formed a clade with “Mycoplana subbaraonis” JC85T 

and Mycoplana dimorpha DSM 7138T (Figure 1). Pairwise cpAAI values between these three 

species type strains were all > 89%, while cpAAI values against strains outside of this clade were 

all < 85% (Figure 3). We therefore propose that R. azooxidifex be transferred to the genus 

Mycoplana (see below for formal description). 

Rhizobium yantingense CCTCC AB 2014007T formed a clade with Endobacterium cereale 

(Figure 1). The pairwise cpAAI value between these two species was > 95%, while cpAAI values 

against strains outside of this clade were all < 84% (Figure 3). We therefore propose that R. 

yantingense be transferred to the genus Endobacterium (see below for formal description). 

To confirm the distinct taxonomic positions of the above-mentioned species and support their 

transfer to the respective genera, we compared them to other genus members using ANIb and 

isDDH indices. These indices are regarded as standard measures of relatedness between 

prokaryotic species that were widely used for species delimitation [53, 54]. In all cases, the 

obtained values were clearly below the thresholds for species delimitation (95–96% for ANI or 

70% for DDH) (Datasets S3 and S4), confirming the authenticity of these species. 

In addition, the following species are candidates as type species for new genera: “R. album”, 

R. populii, R. borbori, and R. halophytocola. The reclassification of R. album into a new genus 

was also suggested by Young et al. 2021 [5]. Moreover, R. helianthi CGMC 1.12192T, R. 

rhizoryzae DSM 29514R, and Allorhizobium pseudoryzae DSM 19479T formed a monophyletic 

group as a sister taxon to the genus Endobacterium (Figure 1). This clade of three species type 

strains is another candidate for reclassification as a new genus as pairwise cpAAI values within 

the clade were all > 86.5% while all cpAAI values with species outside of the clade were all < 

83% (Figure 3). 

 

Description of Xaviernesmea gen. nov. 

Xaviernesmea (gza.vje.nem’e.a.; N.L. fem. n., in honour of Dr. Xavier Nesme, taxonomist of 

agrobacteria and rhizobia who pioneered the use of reverse ecology approaches to infer the ecology 

of Agrobacterium genomic species from comparative genomic analyses [7]). 

Cells are Gram-negative, rod-shaped, and aerobic. Oxidase and catalase positive. Can utilise 

adonitol, D-raffinose and succinic acid and pH range for growth is 5.0–11.0 [55]. The G+C content 

of the genomic DNA is in the range 62.8-64.7 %. The genus Xaviernesmea has been separated 

from other Rhizobiaceae genera based on a core-genome phylogeny and whole- and core-proteome 

relatedness indexes (wpAAI and cpAAI). 

The type species is Xaviernesmea oryzae.  
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Description of Xaviernesmea oryzae comb. nov. 

Xaviernesmea oryzae (o.ry’zae. L. gen. fem. n. oryzae, of rice, referring to the host of isolation 

of the type strain). 

Basonym: Rhizobium oryzae Peng et al. 2008 [56]. 

Homotypic synonym: Allorhizobium oryzae (Peng et al., 2008) Mousavi et al. 2015. 

The description is as provided by Peng et al. 2008 [56] and Mousavi et al. 2015 [26]. X. oryzae 

can be differentiated from other species of the genus Xaviernesmea based on OGRI calculations 

(ANI and isDDH). The genomic G+C content of the type strain is 62.8 %. Its approximate genome 

size is 5.39 Mbp. 

The type strain is Alt 505T (= LMG 24253T = CGMCC 1.7048T), isolated from Oryza 

alta growing in the Wild Rice Core Collection Nursery of South China Agricultural University. 

The NCBI RefSeq Assembly accession number for the genome sequence is GCF_001938935.1. 

 

Description of Xaviernesmea rhizosphaerae sp. nov. 

Xaviernesmea rhizosphaerae (rhi.zo.sphae’rae. N.L. gen. fem. n. rhizosphaerae, of the 

rhizosphere, referring to host plant compartment of isolation of the type strain).  

The description is as provided by Zhao et al. 2017 [55]. X. rhizosphaerae can be differentiated 

from other species of the genus Xaviernesmea based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 64.7 %. Its approximate genome size is 5.18 Mbp.  

The type strain is MH17T (= ACCC 19963T = KCTC 52414T), which was isolated from root 

of rice collected from Beijing, China. The NCBI RefSeq Assembly accession number for the 

genome sequence is GCF_001938945.1. We note that the name “Rhizobium rhizosphaerae” that 

was proposed in the original publication [55] has yet to be validly published. 

 

Emended description of the genus Ensifer Casida 1982 

The description is as given by Casida 1982 [8] with the following emendations. The optimal 

growth temperature is 27-28˚C. Some species can grow at 37˚C. Capable of growth in unmodified 

Lysogeny Broth (LB). Capable of hydrolyzing starch. Resistant to multiple antibiotics including 

ampicillin and erythromycin. The genomic G+C content is ~ 61-63 %. The genomic GANTC 

pentanucleotide frequency is ~ 0.9-1.3 sites per kb. Most strains carry 5 rRNA operons. The genus 

can be differentiated from other genera based on core-genome gene phylogenies. 

The type species is Ensifer adhaerens. 

The emended genus contains the species E. adhaerens, E. morelensis, and E. sesbaniae. 

The species E. alkalisoli, E. americanum, E. arboris, E. fredii, E. garamanticum, E. glycinis, 

E. kostiensis, E. kummerowiae, E. medicae, E. meliloti, E. mexicanum, E. numidicum, E. 

psoraleae, E. saheli, E. sofinae, E. sojae, and E. terangae are transferred to the genus 

Sinorhizobium. 
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Emended description of the genus Sinorhizobium Chen et al. 1988 emend. de Lajudie et al. 

1994 

The description is as given by de Lajudie et al. 1994 [28] with the following emendations, drawing 

also from Young 2003 [31]. The optimal growth temperature is 25-33˚C, but some strains can 

grow at 12˚C and others can grow at 44˚C. Optimum pH is 6-7, but some strains can grow at pH 

5.0 and others at pH 10.0. Starch is not utilized. Ammonium salts, nitrate, nitrite, and many amino 

acids can serve as nitrogen sources for most strains. Most strains produce cytochrome oxidase and 

catalase. The genomic G+C content is ~ 61-64 %. The genomic GANTC pentanucleotide 

frequency is ~ 1.5-1.8 sites per kb. Most strains carry 3 rRNA operons. The genus can be 

differentiated from other genera based on core-genome gene phylogenies. 

The type species is Sinorhizobium fredii. 

The emended genus contains the species S. alkalisoli, S. americanum, S. arboris, S. fredii, S. 

garamanticum, S. glycinis, S. kostiense, S. kummerowiae, S. medicae, S. meliloti, S. mexicanum, 

S. numidicum, S. psoraleae, S. saheli, S. sofinae, S. sojae, and S. terangae. 

 

Description of Sinorhizobium alkalisoli comb. nov. 

Sinorhizobium alkalisoli (al.ka.li.so’li. N.L. neut. n. alkali, alkali (from Arabic al-qaliy); L. neut. 

n. solum, soil; N.L. gen. neut. n. alkalisoli, of alkaline soil, referring to the saline-alkali soil where 

the bacterium was isolated). 

Basonym: Ensifer alkalisoli Li et al. 2016. 

The description is as provided by Li et al. 2016 [57]. S. alkalisoli can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 62.2 %. Its approximate genome size is 6.13 Mbp. 

The type strain is YIC4027T (=HAMBI 3655T =LMG 29286T). The NCBI RefSeq Assembly 

accession number for the genome sequence is GCF_008932245.1. 

 

Emended description of Sinorhizobium americanum Toledo et al. 2004 

Sinorhizobium americanum (a.me.ri.ca’num. N.L. neut. adj. americanum, American, referring to 

the isolation of the type strain from the Colorado Plateau). 

Homotypic synonym: Ensifer americanus (Toledo et al. 2004) Wang et al. 2015 emend. Hördt 

et al. 2020. 

The description is as provided by Hördt et al. 2020 [4]. S. americanum can be differentiated 

from other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 62.3 %. Its approximate genome size is 6.75 Mbp. 

The type strain is CFNEI 156T (=ATCC BAA-532T =CIP 108390T =DSM 15007T). The NCBI 

RefSeq Assembly accession number for the genome sequence is GCF_001889105.1. 
 

Emended description of Sinorhizobium arboris Nick et al. 1999 

Sinorhizobium arboris (ar’bo.ris. L. fem. n. arbor, tree; L. gen. fem. n. arboris, of a tree). 

Homotypic synonym: Ensifer arboris (Nick et al. 1999) Young 2003 emend. Hördt et al. 2020. 
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The description is as provided by Hördt et al. 2020 [4]. S. arboris can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 62.0 %. Its approximate genome size is 6.85 Mbp. 

The type strain is HAMBI 1552T (=ATCC BAA-226T =DSM 13375T =LMG 14919T =NBRC 

100383T =TTR 38T). The NCBI RefSeq Assembly accession number for the genome sequence is 

GCF_000427465.1. 

 

Emended description of Sinorhizobium fredii (Scholla and Elkan 1984) Chen et al. 1988 

Sinorhizobium fredii (fred'i.i. N.L. gen. neut. n. fredii, of Fred, named after of E.B. Fred). 

Homotypic synonym: Ensifer fredii (Scholla and Elkan 1984) Young 2003 emend. Hördt et 

al. 2020. 

Heterotypic synonym: Ensifer xinjiangensis (Chen et al. 1988) Young 2003 [39] 

The description is as provided by Hördt et al. 2020 [4]. S. fredii can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 62.2 %. Its approximate genome size is 7.15 Mbp. 

The type strain is USDA 205T (=ATCC 35423T =CCUG 27877T =DSM 5851T =HAMBI 

2075T =ICMP 11139T =IFO 14780T =JCM 20967T =LMG 6217T =NBRC 14780T =NRRL B-

14241T =NRRL B-14594T =PRC 205T). The NCBI RefSeq Assembly accession number for the 

genome sequence is GCF_009601405.1. 

 

Description of Sinorhizobium garamanticum comb. nov. 

Sinorhizobium garamanticum (ga.ra.man’ti.cum. N.L. neut. adj. garamanticum, pertaining to 

Garamante, Garamantian, the country of Garamantes, from which the strains were isolated). 

Basonym: Ensifer garamanticus Merabet et al. 2010. 

The description is as provided by Merabet et al. 2010 [58]. S. garamanticum can be 

differentiated from other species of the genus Sinorhizobium by phylogenetic analysis based on 

several housekeeping (recA, glnA, gltA, thrC and atpD) genes and 16S rRNA gene sequencing. 

The genomic G+C content of the type strain is approximately 62.4 % (HPLC). 

The type strain is ORS 1400T (=CIP 109916T =LMG 24692T). 

 

Description of Sinorhizobium glycinis comb. nov. 

Sinorhizobium glycinis (gly.ci’nis. N.L. gen. n. glycinis, of the botanical genus Glycine, the 

soybean, named for its nodulation characteristics and symbiotic genes). 

Basonym: Ensifer glycinis Yan et al. 2016. 

The description is as provided by Yan et al. 2016 [59]. S. glycinis can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 62.4 %. Its approximate genome size is 6.04 Mbp. 

The type strain is CCBAU 23380T (=HAMBI 3645T =LMG 29231T). The NCBI RefSeq 

Assembly accession number for the genome sequence is GCF_001651865.1. 
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Emended description of Sinorhizobium kostiense Nick et al. 1999 

Sinorhizobium kostiense (kos.ti.en'se. N.L. masc./fem. adj. kostiense, pertaining to Kosti, the 

region in Sudan where most of these organisms have been isolated). 

Homotypic synonym: Ensifer kostiensis (Nick et al. 1999) Young 2003. 

The description is as provided by Nick et al. 1999 [60]. S. kostiense can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 61.7 %. Its approximate genome size is 6.33 Mbp. 

The type strain is DSM 13372T (=ATCC BAA-227T =HAMBI 1489T =LMG 15613T =LMG 

19227T =NBRC 100382T =TTR 15T). The NCBI RefSeq Assembly accession number for the 

genome sequence is GCF_001651865.1. 

 

Emended description of Sinorhizobium kummerowiae Wei et al. 2002 

Sinorhizobium kummerowiae (kum.me.ro’wi.ae. N.L. gen. fem. n. kummerowiae, of Kummerowia, 

a genus of leguminous plants, referring to the host from which the bacterium was isolated). 

Homotypic synonym: Ensifer kummerowiae (Wei et al. 2002) Young 2003. 

The description is as provided by Wei et al. 2002 [61]. S. kummerowiae can be differentiated 

from other species of the genus Sinorhizobium by phylogenetic analysis based on 16S rRNA gene 

sequences. The genomic G+C content of the type strain is approximately 61.6 % (Tm). 

The type strain is CCBAU 71714T (=CGMCC 1.3046T =CIP 108026 T =NBRC 100799T). 

 

Emended description of Sinorhizobium medicae Rome et al. 1996 

Sinorhizobium medicae (me’di.cae. L. gen. fem. n. medicae, of/from lucern (plant belonging to the 

genus Medicago). 

Homotypic synonym: Ensifer medicae (Rome et al. 1996) Young 2003. 

The description is as provided by Rome et al. 1996 [62]. S. medicae can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 61.2 %. Its approximate genome size is 6.53 Mbp. 

The type strain is A 321T (=11-3 21aT =HAMBI 2306T =ICMP 13798T =LMG 19920T =NBRC 

100384T =USDA 1037T). The NCBI RefSeq Assembly accession number for the genome sequence 

is GCF_007827695. 

 

Emended description of Sinorhizobium meliloti (Dangeard 1926) de Lajudie et al. 1994 

Sinorhizobium meliloti (me.li.lo’ti. N.L. masc. n. Melilotus, generic name of sweet clover; N.L. 

gen. masc. n. meliloti, of Melilotus). 

Homotypic synonym: Ensifer meliloti (Dangeard 1926) Young 2003. 

The description is as provided by de Lajudie et al. 1994 [28]. S. meliloti can be differentiated 

from other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 62.0 %. Its approximate genome size is 7.34 Mbp. 

The type strain is USDA 1002T (=ATCC 9930T =CCUG 27879T =CFBP 5561T =DSM 30135T 

=HAMBI 2148T =ICMP 12623T =IFO 14782T =JCM 20682T =LMG 6133T =NBRC 14782T 
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=NCAIM B.01520T =NRRL L-45T =NZP 4027T). The NCBI RefSeq Assembly accession number 

for the genome sequence is GCF_007827695.1. 

 

Description of Sinorhizobium mexicanum comb. nov. 

Sinorhizobium mexicanum (me.xi.ca’num. N.L. neut. adj. mexicanum, of or belonging to Mexico, 

where the strains were isolated). 

Basonym: Ensifer mexicanus Lloret et al. 2011. 

The description is as provided by Lloret et al. 2011 [63]. S. mexicanum can be differentiated 

from other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 61.4 %. Its approximate genome size is 7.14 Mbp. 

The type strain is ITTG R7T (=ATCC BAA-1312T =CFN ER1001T =CIP 109033T =DSM 

18446T =HAMBI 2910T). The NCBI Assembly accession number for the genome sequence is 

GCF_013488225.1. 

 

Description of Sinorhizobium numidicum comb. nov. 

Sinorhizobium numidicum (nu.mi’di.cum. N.L. neut. adj. numidicum, pertaining to the country of 

Numidia, Numidian, the Roman denomination of the region in North Africa from which the 

majority of the organisms were isolated). 

Basonym: Ensifer numidicus Merabet et al. 2010. 

The description is as provided by Merabet et al. 2010 [58]. S. numidicus can be differentiated 

from other species of the genus Sinorhizobium by phylogenetic analysis based on several 

housekeeping (recA, glnA, gltA, thrC and atpD) genes and 16S rRNA gene sequencing. The 

genomic G+C content of the type strain is approximately 62.8 % (HPLC). 

The type strain is ORS 1407T (=CIP 109916T =LMG 24692T). 

 

Description of Sinorhizobium psoraleae comb. nov. 

Sinorhizobium psoraleae (pso.ra.le’a.e N.L. gen. fem. n. psoraleae, of Psoralea, referring to the 

main host of the species). 

Basonym: Ensifer psoraleae Wang et al. 2013. 

The description is as provided by Wang et al. 2013 [47]. S. psoraleae can be differentiated 

from other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 61.3 %. Its approximate genome size is 7.43 Mbp. 

The type strain is CCBAU 65732T (=HAMBI 3286T =LMG 26835T). The NCBI RefSeq 

Assembly accession number for the genome sequence is GCF_013283645.1. 

 

Emended description of Sinorhizobium saheli de Lajudie et al. 1994 

Sinorhizobium saheli (sa’hel.i. N.L. gen. neut. n. saheli, of the Sahel, the region in Africa from 

which they were isolated). 

Homotypic synonym: Ensifer saheli (de Lajudie et al. 1994) Young 2003 emend. Hördt et al. 

2020. 
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The description is as provided by Hördt et al. 2020 [4]. S. saheli can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 63.6 %. Its approximate genome size is 5.99 Mbp. 

The type strain is LMG 7837T (=ATCC 51690T =DSM 11273T =HAMBI 215T =ICMP 13648T 

=NBRC 100386T =ORS 609T). The NCBI RefSeq Assembly accession number for the genome 

sequence is GCF_001651875.1. 

 

Description of Sinorhizobium shofinae comb. nov. 

Sinorhizobium shofinae (sho.fi’nae. N.L. fem. gen. n. shofinae from Shofine, a company name, 

referring to the fact that the type strain of this species was isolated from root nodule of soybean 

grown in the farm of the company, Shandong Shofine Seed Technology Company Ltd., located in 

Jiaxiang County, Shandong Province of China). 

Basonym: Ensifer shofinae Chen et al. 2017 emend. Hördt et al. 2020. 

The description is as provided by Hördt et al. 2020 [4]. S. shofinae can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 59.9 %. Its approximate genome size is 6.21 Mbp. 

The type strain is CCBAU 251167T (=HAMBI 3507T =LMG 29645T =ACCC 19939T). The 

NCBI RefSeq Assembly accession number for the genome sequence is GCF_001704765.1. 

 

Description of Sinorhizobium sojae comb. nov. 

Sinorhizobium sojae (so'ja.e. N.L. gen. n. sojae, of soja, of soybean, referring to the source of the 

first isolates). 

Basonym: Ensifer sojae Li et al. 2011 emend. Hördt et al. 2020. 

The description is as provided by Hördt et al. 2020 [4]. S. sojae can be differentiated from 

other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 60.9 %. Its approximate genome size is 6.09 Mbp. 

The type strain is CCBAU 5684T (=DSM 26426T =HAMBI 3098T =LMG 25493T). The NCBI 

RefSeq Assembly accession number for the genome sequence is GCF_002288525.1. 

 

Emended description of Sinorhizobium terangae de Lajudie et al. 1994 

Sinorhizobium terangae (te’ran.gae. N.L. n. terengae, hospitality (from West African Wolof n. 

terenga, hospitality); N.L. gen. n. terangae, of hospitality, intended to mean that this species is 

isolated from different host plants). 

Homotypic synonym: Ensifer terangae (de Lajudie et al. 1994) Young 2003. 

The description is as provided by de Lajudie et al. 1994 [28]. S. terangae can be differentiated 

from other species of the genus Sinorhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 61.4 %. Its approximate genome size is 6.79 Mbp. 

The type strain is SEMIA 6460T (=ATCC 51692T =DSM 11282T =HAMBI 220T =ICMP 

13649T =LMG 7834T =NBRC 100385T =ORS 1009T). The NCBI RefSeq Assembly accession 

number for the genome sequence is GCF_014197705.1. 
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Description of Endobacterium yantingense comb. nov. 

Endobacterium yantingense (yan. ting. en’se. N.L. neut. adj. yantingense referring to Yanting 

district, Sichuan Province, PR China, where the organism was isolated). 

Basonym: Rhizobium yantingense Chen et al. 2015. 

The description is as provided by Chen et al. 2015 [64]. E. yantingense can be differentiated 

from another species of the genus Endobacterium (Endobacterium cereale corrig. Menéndez et al. 

2021) based on OGRI calculations (ANI and isDDH). The genomic G+C content of the type strain 

is 59.5 %. Its approximate genome size is 5.82 Mbp. 

The type strain is H66T (=CCTCC AB 2014007T =LMG 28229T), which was isolated from 

the surfaces of weathered rock (purple siltstone) in Yanting (Sichuan, PR China). The JGI IMG 

accession number for the genome sequence is Ga0196656. 

 

Description of Neorhizobium petrolearium comb. nov. 

Neorhizobium petrolearium (pe.tro.le.a’ri.um. L. fem. n. petra, rock; L. neut. olearium related to 

oil, of or belonging to oil; N.L. neut. adj. petrolearium related to mineral oil). 

Basonym: Rhizobium petrolearium Zhang et al. 2012. 

The description is as provided by Zhang et al. 2012 [65]. N. petrolearium can be differentiated 

from another species of the genus Neorhizobium based on OGRI calculations (ANI and isDDH). 

The genomic G+C content of the type strain is 60.5 %. Its approximate genome size is 6.97 Mbp. 

The type strain, SL-1T (=ACCC 11238T =KCTC 23288T), was isolated from petroleum-

contaminated sludge samples in Shengli oilfield, Shandong Province, China. The JGI IMG 

accession number for the genome sequence is Ga0196653. 

 

Description of Pararhizobium arenae comb. nov. 

Pararhizobium arenae (a.re’nae. L. fem. gen. n. arenae of sand, the isolation source of the type 

strain). 

Basonym: Rhizobium arenae Zhang et al. 2017. 

The description is as provided by Zhang et al. 2017 [66]. P. arenae can be differentiated from 

another species of the genus Pararhizobium based on OGRI calculations (ANI and isDDH). The 

genomic G+C content of the type strain is 59.8 %. Its approximate genome size is 4.94 Mbp. 

The type strain is MIM27T (=KCTC 52299T =MCCC 1K03215T), isolated from sand of the 

Mu Us Desert, PR China. The NCBI RefSeq Assembly accession number for the genome sequence 

is GCF_001931685.1. 

 

Description of Pseudorhizobium tarimense comb. nov. 

Pseudorhizobium tarimense (ta.rim.en’se. N.L. neut. adj. tarimense, pertaining to Tarim basin in 

Xinjiang Uyghur autonomous region of China, where the type strain was isolated). 

Basonym: Rhizobium tarimense Turdahon et al. 2013. 

The description is as provided by Turdahon et al. 2013 [67]. P. tarimense can be differentiated 

from other species of the genus Pseudorhizobium based on OGRI calculations (ANI and isDDH). 
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The genomic G+C content of the type strain is 61.2 %. Its approximate genome size is 4.83 Mbp. 

The type strain is CCTCC AB 2011011T (=NRRL B-59556T =PL-41T). The JGI IMG 

accession number for the genome sequence is Ga0196649. 

 

Description of Mycoplana azooxidifex comb. nov. 

Mycoplana azooxidifex (a.zo.o.xi’di.fex. N.L. azooxidum, dinitrogenmonoxide; L. masc. suff. -

fex, the maker; N.L. masc. n. azooxidifex, the dinitrogenmonoxide maker (nominative in 

apposition)). 

Basonym: Rhizobium azooxidifex Turdahon et al. 2013. 

The description is as provided by Turdahon et al. 2013 [67]. M. azooxidifex can be 

differentiated from other species of the genus Mycoplana based on OGRI calculations (ANI and 

isDDH). The genomic G+C content of the type strain is 64.3 %. Its approximate genome size is 

5.89 Mbp. 

The type strain is DSM 100211T (=Po 20/26T =LMG 28788T). The NCBI RefSeq Assembly 

accession number for the genome sequence is GCF_014196765.1. 
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ABSTRACT: Many bacteria, often associated with eukary-
otic hosts and of relevance for biotechnological applications,
harbor a multipartite genome composed of more than one
replicon. Biotechnologically relevant phenotypes are often
encoded by genes residing on the secondary replicons. A syn-
thetic biology approach to developing enhanced strains for
biotechnological purposes could therefore involve merging
pieces or entire replicons from multiple strains into a single
genome. Here we report the creation of a genomic hybrid
strain in a model multipartite genome species, the plant-
symbiotic bacterium Sinorhizobium meliloti. We term this
strain as cis-hybrid, since it is produced by genomic material
coming from the same species’ pangenome. In particular, we moved the secondary replicon pSymA (accounting for nearly 20%
of total genome content) from a donor S. meliloti strain to an acceptor strain. The cis-hybrid strain was screened for a panel of
complex phenotypes (carbon/nitrogen utilization phenotypes, intra- and extracellular metabolomes, symbiosis, and various
microbiological tests). Additionally, metabolic network reconstruction and constraint-based modeling were employed for
in silico prediction of metabolic flux reorganization. Phenotypes of the cis-hybrid strain were in good agreement with those of
both parental strains. Interestingly, the symbiotic phenotype showed a marked cultivar-specific improvement with the cis-hybrid
strains compared to both parental strains. These results provide a proof-of-principle for the feasibility of genome-wide replicon-
based remodelling of bacterial strains for improved biotechnological applications in precision agriculture.

KEYWORDS: replicon independence, genome coadaptation, experimental transplantation, accessory genome, Sinorhizobium meliloti

I nterest in large-scale genome modification and synthetic
bacterial chromosome construction has strongly increased

over the past decade (for instance, see the literature1,2) with a
goal of engineering bacterial strains with new or improved
traits. However, phenotypes are often the result of the coor-
dinated function of many genes acting together in a defined
genome architecture.3 Hence, the ability to predict the pheno-
typic outcomes of large-scale genome modification requires a
precise understanding of the genetic and regulatory inter-
actions between each gene or gene product in the genome.
As such, there is a need for integrated approaches, combining
experimental evidence with computational-based methods, to
interpret and potentially predict the outcomes of genome-wide
DNA manipulations.

In this context, multipartite (or divided) genomes (i.e.,
genomes possessing more than one informational molecule)
are particularly interesting. The genome of bacteria with a
multipartite structure is typically composed of a principal chro-
mosome that encodes the core housekeeping and metabolic
genes essential for cellular life, and one (or more) secondary
replicons (termed chromids and megaplasmids). More than
10% of the presently sequenced bacterial genomes are charac-
terized by the presence of a multipartite architecture.4,5 The
secondary replicons can account for up to half of the total
genome size, and their level of integration into cellular
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regulatory and metabolic networks is variable.6−9 In some
cases, strong replicon-centric transcriptional networks have
been suggested.10−14 The apparently functional modularity of
secondary replicons is particularly attractive from both ecol-
ogical and biotechnological viewpoints. Indeed, secondary
replicons might act as plug-and-play functional modules,
potentially allowing the recipient strain to obtain previously
untapped genetic information.15 This, in turn, might allow the
emergence of novel phenotypic features leading, for example,
to the colonization of a new ecological niche.16 Moreover, such
modularity paves the way for large-scale, genome-wide
manipulations of bacterial strains with a multipartite genome
structure, by synthetically merging complex biotechnologically
important traits in the same strain.17

However, it remains unclear to what extent complex phe-
notypes can be directly transferred into a recipient strain, as
secondary replicons are in part coadapted to the host genome,
for example, through regulatory interaction and/or inter-
replicon metabolic cross-talk.10,18−21 In the past years, there
have been examples of conjugal transfer of large plasmids in
some bacterial species, including rhizobia and agrobacte-
ria.22−34 However, especially for the very large (>1 Mb)
megaplasmids of rhizobia that have been transferred between
species, the transfer was accompanied by only partial
transmission of the plasmid phenotypic features. However,
interspecies transfer events are conceptually distinct from the
proposal to create cis-hybrid strains through intraspecies
(interstrain) replicon transfers. We are aware of only one
study that deeply examined the phenotypic consequences of
replacing a large (>800 kb) native secondary replicon with a
homologous replicon of closely related strains. In that study,
the third replicon of Burkholderia cepacia complex strains was
mobilized and the effects on various phenotypes including
virulence was examined.35 It was found that in some cases,
phenotypes were dependent solely on the secondary replicon,
whereas in other cases, the phenotypes depended on genetic/
regulatory interactions with the other replicons.35 However,
additional studies are required to examine the generalizability
and the controllability of those observations.
To further test the feasibility, the stability, and the predict-

ability of secondary replicon shuffling on the phenotype(s) of
the cell, here we have performed experimental and in silico
replicon transplantation between two bacterial strains. We used
the symbiotic nitrogen-fixing bacterium Sinorhizobium meliloti
as a model, considering that it is characterized by a well-
studied multireplicon genome structure.16,36 Additionally,
S. meliloti represents a highly valuable microorganism in agricul-
ture, as its symbiosis with crops like alfalfa is estimated to be
worth more than $70 million/year in the United States.37 The
genome of the mostly commonly studied S. meliloti strains (the
two very closely related strains Rm1021 and Rm2011) are com-
posed by a chromosome (∼3.7 Mb), and by two secondary
replicons: a chromid (∼1.7 Mb, called pSymB) and a mega-
plasmid (∼1.4 Mb, called pSymA,). The pSymA megaplasmid
determines many of the biotechnologically relevant functions,
as it harbors most of the key genes involved in plant symbiotic
colonization and in nitrogen-fixation.38 The S. meliloti large
replicons have recently been proposed as scaffolds for novel
shuttle vectors for synthetic biology.39 Furthermore, previously
performed genome reduction experiments have led to the com-
plete removal of one or both of the two secondary replicons,16,40

and an in silico genome-scale metabolic model has been

reconstructed,41 paving the way for massive genome-scale
remodelling of S. meliloti.
Here, we constructed a hybrid strain containing the

chromosome and the chromid of the laboratory S. meliloti
Rm2011 strain with the pSymA replicon from the wild isolate
S. meliloti BL225C. The genome of BL225C is 290 kbps larger
than that of Rm2011;36,42 moreover, up to 1,583 genes are
differentially present in the genomes of these strains.43,44 Further-
more, the BL225C strain has been shown to have several inter-
esting biotechnological features, including plant growth
promotion, and nodulation efficiency.36,45 The majority of
the genetic differences between Rm2011 and BL225C are asso-
ciated with the homologous pSymA and pSINMEB01 homol-
ogous megaplasmids (as shown in Supplemental Figure S1);
836 of the 1,583 variable genes are located on this replicon.43

We therefore expect that creating a hybrid strain between
Rm2011 and BL225C, by moving the pSymA-equivalent from
BL225C to the Rm2011 derivative lacking pSymA, will provide
a good testing ground to examine (i) the feasibility of large
replicon shuffling between strains, and (ii) the stability and
predictability of the phenotypes linked to such replicons.
We term this novel hybrid strain as cis-hybrid since it derives
from cis-genic manipulation and contains genetic material from
the pangenome pool of the same species (in contrast to a trans-
genic strain that would contain genes from a distinct species).
cis-Hybrid strains could be an important way to promote
environmental-friendly and regulatory compliant biotechnol-
ogy and synthetic biology in bacterial species of interest in
agricultural and environmental microbiology.17

■ RESULTS AND DISCUSSION

We report here the creation of a cis-hybrid S. meliloti strain,
where the symbiotic megaplasmid pSINMEB01, was trans-
ferred from the natural strain BL225C to the laboratory strain
Rm2011. The pSINMEB01 megaplasmid is homologous to
pSymA, and is ∼1.6 Mb in size, accounting for nearly 23% of
total genome. In silico metabolic reconstruction and a large set
of phenotypic tests, including Nuclear Magnetic Resonance
(NMR)-based metabolomic profiling, Phenotype Microarray,
and symbiotic assays with different host plant cultivars have
been performed.

Experimental Creation of a cis-Hybrid Strain. Starting
with the derivative of the S. meliloti Rm2011 strain that lacks
the pSymA replicon, herein referred to as ΔpSymA,46 we
produced a cis-hybrid strain that contains the Rm2011 chromo-
some and pSymB chromid, and the pSymA replicon from a
genetically and phenotypically distinct S. meliloti strain, BL225C
(all strains used in this work are listed in Table 1).36,45 The
cis-hybrid strain was produced through a series of conjugations
as described in the Methods section. Briefly, a plasmid for
overexpressing rctB47 was transferred to BL225C; as RctB is a
negative regulator of RctA,47 which in turn is a negative
regulator of the pSymA conjugal genes,48,49 this step was nec-
essary to promote pSymA transfer without mutating the repli-
con. Concurrently, a plasmid carrying an antibiotic resistance
gene marker (gentamycin, plasmid pMP760550) was trans-
ferred to the ΔpSymA strain to allow for the use of the
gentamycin resistance marker in the selection of cis-hybrid
transconjugants in the next step. Finally, a mating mixture of
the ΔpSymA acceptor strain and the BL225C donor strain was
prepared, and cis-hybrid transconjugants were isolated on a
medium selective for the gain of the pSymA replicon (see
Methods). Correct construction of the cis-hybrid strain was
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initially confirmed through PCR amplification on specific unique
genes on the Rm2011 chromosome and pSymB, and the pSymA
homologue of BL225C (pSINMEB01) (see Table S1). Subse-
quently, whole genome sequencing (Figure 1, Supplemental
Figure S1) confirmed the complete transfer of pSymA, and the
banding pattern observed in pulse-field gel electrophoresis
(PFGE) (Supplemental Figure S2) was consistent with

pSINMEB01 being present as an independent replicon (i.e.,
not integrated into the chromosome or pSymB).

In Silico Metabolic Network Reconstruction. In addi-
tion to the experimental creation of the cis-hybrid strain, we
attempted to predict its metabolic outcomes by generating
a new metabolic model which includes the genomic features
present in the cis-hybrid strain. The curated iGD1575 recon-
struction (herein referred to as the Rm2011 reconstruction)
was used to represent metabolism of S. meliloti Rm2011;46

although iGD1575 is based on the strain Rm1021, the genomic
content of these strains is 99,9% identical, with the exception
of numerous SNPs42 that are not considered in the process of
metabolic reconstruction. Next, our recently described pipe-
line51 was used to build a representation of BL225C based on a
draft reconstruction built with the KBase Web server and
enhanced based on the iGD1575 model. An in silico rep-
resentation of the cis-hybrid strain was then built by remov-
ing all pSymA genes (and dependent reactions) from the
Rm2011 model, followed by the addition of all pSymA
(pSINMEB01) genes (and associated reactions) from the
BL225C model using our published pipeline.51 Despite there
being numerous (47 to 143 gene) differences in the gene
content of the metabolic reconstructions, the Rm2011 model
differed from the BL225C and the cis-hybrid models by no
more than a half dozen reactions (Table 2). The low reaction
variability between models may (i) reflects the difficulty in
predicting the function of the S. meliloti variable gene content,
(ii) suggests the presence of nonorthologous genes encod-
ing proteins catalyzing the same reaction(s), and/or
(iii) indicates that few metabolic features are dependent on
the accessory gene set. Not surprisingly, given the near iden-
tical reaction content of the reconstructions, the outputs of flux
balance analysis simulations for the different reconstructions

Table 1. Strains and Plasmids Used in This Studya

strain or
plasmid description reference

Sinorhizobium meliloti

Rm2011 Wild type SU47 derivative; SmR Sallet et al.,
201342

BL225C Wild isolate from Medicago sativa in Lodi
(Italy)

Galardini
et al., 201136

RmP3498 Rm2011 ΔpSymAB+B with engA and tRNA
into the chromosome; SmR SpR

diCenzo et al.,
201416

BM 826 RmP3498 with pMp7605; SmR SpR GmR This study

BM 806 BM 826 with pSymA from BL225C; SmR SpR

GmR
This study

BM 848 BL225C with pTE3rctB; TcR This study

Escherichia coli

MT616 Helper strain carrying pRK600 that has the
RK2 tra genes; CmR

Finan et al.,
198631

Plasmids

pMp7605 Broad host range vector constitutively
expressing the mCherry gene; GmR

Lagendijk
et al., 201050

pTE3rctB Broad host range vector overexpressing the
Rhizobium etli rctB gene; TcR

Nogales et al.,
201347

aCode of strains and plasmid is reported. A succinct description of the
main phenotypic features is shown; SmR, streptomycin resistance, SpR,
spectynomcin resistance, GmR gentamycin resistance, TcR tetracyclin
resistance, CmR, chloramphenicol resistance.

Figure 1. Confirmation of the genome structure of the cis-hybrid strain. (a) Comparison of cis-hybrid strain genome sequence with Rm2011
chromosome and pSymB, and with pSymA of the donor strain (BL225C) (contigs alignment performed with Contiguator). Apparent indels in the
alignment of the cis-hybrid assembly with the Rm2011 genome are artifacts of the assembly, as revealed by directly mapping sequencing reads to
the reference Rm2011 genome (Figure S1). (b) Percentage of identity of each replicon which composed the multipartite genome of cis-hybrid
strain with those of the donor strains (Rm2011 and BL225C).
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were nearly identical (data not shown); therefore, we do not
describe these results further.
Metabolic Phenotypes and Profiles of the cis-Hybrid

Strain. To confirm that the process of replicon swapping did
not result in any unintended metabolic perturbations, the
cis-hybrid strain and the parental strains were characterized
using Phenotype MicroArray experiments to test metabolic
capacity, and using 1H nuclear magnetic resonance (NMR) to
compare their metabolomic profiles.
Phenotype MicroArray experiments were performed to test

the substrate utilization abilities (as presence of an oxidative
metabolism, hence growth) of the cis-hybrid strain, as well as
the parental and wild type strains, with 192 different carbon
sources and 96 different nitrogen sources. Previous work has
shown that the pSymA megaplasmid has little contribution to
the metabolic capacity of S. meliloti.16,40 Consequently, we
expected a small number of differences in the cis-hybrid strain.
A previous Phenotype MicroArray experiment identified only
four carbon substrates (3-methyl glucose, D-gluconic acid,
D-ribono-1,4-lactone, and β-D-allose) and one nitrogen source
(cytosine) that appeared dependent on pSymA in Rm2011.16

3-methyl glucose was the only carbon source of these four that
supported growth of Rm2011 in the current study. The
contribution of pSymA to metabolism of BL225C has not been
elucidated. Consistent with the past results, only minor changes
in the substrate utilization abilities were observed follow-
ing the introduction of the pSymA of BL225C (pSINMEB01)
into the ΔpSymA strain (Figure 2, Table S2). Importantly, the
ΔpSymA strain did not grow with 3-methyl glucose as a carbon
source and cytosine as a nitrogen source. Both these metabolic
abilities were restored in the cis-hybrid strain. These results
confirm the expression of metabolic functions the pSymA
homologue in the cis-hybrid strain.
Concerning the differences between the cis-hybrid strain and

the two parental ones, Rm2011 and BL225C, the cis-hybrid
strain showed a higher activity index (a metrics of substrate
utilization52) with respect to both the parental strains on
22 out of 192 (11.4%) carbon sources tested, and a lower
activity index in 29 of 192 (15.1%) carbon sources
(Supplemental Table S2a). For the nitrogen sources utilization
(Supplementary Table S2b), the cis-hybrid strain showed
higher activity index values with respect to the parental strains
in 6 out of 96 (6.2%) tested compounds, and a lower activity
index in 27 of the 96 (28.1%) compounds. Most of the
compounds on which the cis-hybrid strain displayed different
activity index with respect to both parental strains (as for
instance formic acid, propionic acids, pyruvic acid, L-alanine,
L-serine etc.) are the same shown previously accounting for
metabolic differences by S. meliloti wild-type strains, including
Rm1021 and BL225C.45

We further inspected if the changes in metabolic abilities
were related to genetic differences in the megaplasmids. This
analysis was performed with DuctApe dape module.52 In 87 of
192 carbon sources, the cis- hybrid strain showed different
metabolic activity with respect to the sole parental Rm2011,
with whom it shares the chromosomal and chromid back-
ground. Among these, the cis-hybrid activity index is lower in
48 and higher in 39 of the 87 carbon sources. Only in few cases

Table 2. Comparison of S. meliloti Metabolic Network Reconstructionsa

genes reactions

strain BL225C cis-hybrid ΔpSymA BL225C cis-hybrid ΔpSymA

Rm2011 1525/52/91 1551/26/76 1336/241/0 1821/6/6 1823/4/6 1755/72/0

BL225C − 1598/18/29 1308/308/28 − 1827/0/2 1753/74/2

cis-hybrid − − 1336/291/0 − − 1755/74/0
aThe gene and reaction content of the four S. meliloti metabolic reconstructions used in this work are shown. For each cell, the values are a
comparison of the strain indicated on the left with the strain indicated along the top. Three values are provided in each cell, and these correspond
to the following. The first value is the number of genes or reactions in common between the models. The second value is the number of genes or
reactions present in the reconstruction on the left but not in the one along the top. The third value is the number of genes or reactions present in
the reconstruction along the top but not in the one on the left.

Figure 2. Metabolic phenotype of the cis-hybrid strain. Heatmap of
Phenotype Microarray profiles of the growth on different carbon and
nitrogen sources for Rm2011, BL225C, cis-hybrid and ΔpSymA
strains. (a) Heatmap with Euclidean clustering; (b) values of pairwise
Euclidean distances.
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the observed differences mirror the replicon-localization of the
metabolic pathways. Indeed, a small number of genes involved
in the metabolic pathways for the carbon sources are located
on pSymA (for instance, SM2011_a0233 of Rm2011 and
SinmeB_5530 of BL225C involved in D-trehalose metabolism,
SM2011_a0796, SM2011_a1844, SM2011_a2213 of Rm2011
and SinmeB_5059, SinmeB_5059, SinmeB_6004 of BL225C
involved in acetic acid metabolism, SM2011_a0878 of Rm2011
and SinmeB_6071 of BL225C involved in D-fructose-6-
phosphate metabolism, SM2011_a0398 and SM2011_a0306
of Rm2011 and SinmeB_6485 and SinmeB_6542 of BL225C
in histidine metabolism). Only few of such genes are present in
one megaplasmid only (for instance, the Rm2011 amino-
transferase related with L-alanine metabolism SM2011_a1495
and the ethanolamine ammonia-lyase subunit EutB (Sin-
meB_5765) involved in 2-aminoethanol metabolism, and the
glucoamylase SinmeB_5936 of dextrin metabolism, present
only in BL225C). The same trend was observed for the
nitrogen sources: in 48 of the 96 tested, the cis- hybrid strain
showed different metabolic activity with respect to the parental
Rm2011 only, in 31 cases its activity index is lower and in 17 it
is higher respect to the reference strain. Also in this case, only
few genes involved in the nitrogen sources metabolism are
present in one of megaplamids only (for instance,
SinmeB_5853, involved in L-asparagine metabolism and
SinmeB_5765 involved in agmatina metabolism, on pSymA
homologue of BL225C). Interestingly, in some cases one gene
present on pSymA of BL225C (SinmeB_6469) takes part to
metabolic reactions which in Rm2011 request only genes on
the chromosome (as in the case of guanosine, inosine and
xanthosine). In this situation, the additional participation of a
gene on BL225C pSymA-homologue (pSINMEB01), which is
necessary in the metabolism of the strain, can determine an
increase or a decrease of metabolism in a different chromo-
somal background. In conclusion, the DuctApe dape analysis
showed that only part of the observed differences between the
cis-hybrid strain and the parental ones can be related with
genetics differences (as genes loss or acquisition) at the pSymA
level. In agreement with such analysis is interesting to note that
the substrate utilization abilities of the cis-hybrid strain were
difficultly predictable with the metabolic modeling also. This is
perhaps not surprising given that less than 1% of reactions
differed between the in silico metabolic reconstructions of the
strains. Consequently, we can speculate that the differences in
Phenotype Microarray attributed of the cis-hybrid strain could
be associated with regulatory differences, changes in gene
expression levels and/or with alleles with different function-
ality, all differences which are not considered in the metabolic
modeling.
To more in deep investigate the possible metabolic alter-

ations following pSymA transplantation, a metabolomic analysis
through NMR was performed. Using an untargeted approach,
both cellular lysates and spent growth media were analyzed to
identify the fingerprint of the endo- and exometabolomes of
the two parental strains, the cis-hybrid strain, and the ΔpSymA
recipient.
Principal component analysis (PCA) was used to generate

an initial overview of the metabolome differences among the
four strains (Figure 3a,b), followed by PCA-Canonical Analysis
(CA) to obtain the best discrimination among the strains by
maximizing the differences among their metabolomic profiles
(Figure 3c,d). In both the PCA and PCA-CA score plots
(Figure 3), the cis-hybrid strain clustered very close to both the

ΔpSymA recipient strain and to the parental strain Rm2011,
whereas the parental donor strain BL225C clustered separately.
These results are consistent with previous data indicating that
pSymA has little contribution to the metabolome,7 proteome,8

or transcriptome53 of S. meliloti Rm2011 in laboratory condi-
tions. Importantly, these results confirmed that the synthetic
large-scale horizontal gene transfer performed here to produce
the cis-hybrid strain did not result in a major perturbation of
the cellular metabolism.
In addition to the multivariate analysis of the metabolic

NMR fingerprints described above, the signals of 25 and 19
metabolites were unambiguously assigned and integrated in the
1H NMR spectra of the cell lysates and growth media, respec-
tively (Figure S3). The metabolites that are characterized by
statistically significant differences in concentration levels in at
least one strain with respect to the two other strains are
indicated in Supplementary Table S3 and are also reported in
Supplemental Figure S4. Validating the ability of this approach
to detect metabolic differences between the strains, it was
noted that the ΔpSymA strain exported cytosine unlike the
wild type Rm2011 or the cis-hybrid strain, consistent with the
inability of this strain to catabolize cytosine as shown by the
Phenotype MicroArray data.
Overall, the data reported here are consistent with (i) at

least some of the genes of the homologous pSymA being prop-
erly expressed, and their gene products function, and (ii) that
the replicon swapping procedure did not result in any major,
unintentional metabolic consequences.

Assessment of the Phenotypes of the cis-Hybrid
Strain. Growth Profiles in Synthetic Laboratory Media.
Growth profiles of the cis-hybrid and parental strains in
complex (TY) and defined (M9-succinate) media are reported
in Figure 4. In the complex TY medium (Figure 4a), the
growth of the cis-hybrid strain was impaired relative to the
recipient (ΔpSymA), and to the Rm2011 and BL225C parental
strains. In other words, gain of the BL225C pSymA replicon by
theΔpSymA strain resulted in a decrease in the growth rate in TY
medium. Although we cannot provide a definitive explanation
for this phenomenon, it may be that the simultaneous gain of
hundreds of new genes not integrated into cellular networks
imposes a high metabolic cost to the cell, resulting in impaired
fitness. In contrast, little to no difference was observed in the
growth rate of any of the strains in the defined M9-succinate
medium (Figure 4b). The lack of an observable growth impair-
ment of the cis-hybrid strain in the M9-succinate medium may
be due to the masked general decrease in growth rate of all
strains in this medium. Moreover, the similarity of the growth
profiles of all strains in the minimal medium suggest that, at
least in artificial laboratory conditions, the main growth
characteristics of these strains are primarily dependent on the
core, not accessory, genome.

Growth Using Root Exudate as a Nutrient Source. Root
exudates can be considered a proxy of the nutritional condi-
tions of the plant rhizosphere and contain numerous com-
pounds that can be used by bacteria as carbon and nitro-
gen sources.54 We therefore evaluated the ability of the four
strains to grow on M9 mineral medium supplemented with
root exudates of Medicago sativa, a S. meliloti symbiotic partner.
None of the strains were able to grow when the root exudate
was used as the sole carbon source (data not shown); this was
likely due to a very low amount of carbon sources contained in
the root exudate unable to support the growth. In contrast, all
strains can utilize the root exudate as the sole nitrogen source
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when provided succinate as a carbon source to the M9
medium, as confirmed in the control the nitrogen-free M9
medium (Supplementary Figure S5). Interestingly, different
growth kinetics were observed (Figure 4c). In particular,
BL225C displayed the highest growth among all four strains
when grown with root exudates as a sole nitrogen source.
Plating for viable colony forming units confirmed the
differences in the final population densities (data not
shown). As the robust growth of BL225C with root exudates
did not transfer to the cis-hybrid strain, it is likely that this
phenotype is primarily dependent on the chromosome and/or
pSymB of BL225C, as was suggested by previous stud-
ies.16,43,46,55 This observation would further suggest that the
adaptation of the tested strains to growth in the rhizosphere
occurred prior to the gain of pSymA and symbiotic abilities,
consistent with recent work indicating that the majority of
S. meliloti rhizosphere growth-promoting genes are chromoso-
mally encoded.56 Finally, considering that there are relatively
few differences in the nitrogen metabolic capacity of Rm2011
and BL225C,45 and that FBA (flux balance analysis)
simulations for the metabolic model reconstructions were
nearly identical (data not shown), we hypothesize that the

growth differences observed between these strains are primarily
related to regulatory differences, and less so to differences in
metabolic genes.

Biofilm Formation. Biofilm formation is a key factor in root
colonization and plant invasion for many Proteobacteria.57

In particular, optimal colonization of the roots by rhizobia can
influence nodule formation efficiency and competitiveness.58,59

The formation of biofilm is a complex phenomenon and is
determined by a series of regulatory mechanism involving
many genes.59 Consequently, to evaluate if the large genomic
manipulation of the cis-hybrid strain resulted in a possible
impairment of this process, biofilm formation was measured
for the cis-hybrid strain and the parental strains in two growth
conditions (the complex TY medium and the defined
Rhizobium defined medium (RDM) medium). Biofilm pro-
duction (estimated as the total biofilm-to-biomass ratio) by the
cis-hybrid was similar to the parental strains in TY medium,
and was higher than the parental strains in minimal RDM
medium (p < 0.005; Figure S6). This result supports the
robustness of this phenotype over the genomic manipulation
performed. The higher production of biofilm in RDM by the
cis-hybrid may additionally suggest that some still unknown

Figure 3. 1H nuclear magnetic resonance (NMR)-based metabolomic profiles of cellular lysates and growth media of Rm2011, BL225C, cis-hybrid
and ΔpSymA strains. Score plot of PCA (a,b) and PCA-CA (c,d) analysis of cell lysates (a,c) growing media (b,d). The confusion matrices and the
discrimination accuracy values for PCA-CA analysis are also reported. Ellipses in the score plots illustrate the 95% confidence level.
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regulatory mechanisms may have been modified. This
difference between TY and RDM is also observed for the
ΔpSymA recipient strain, which produced a higher (p < 0.005)
level of biofilm with respect to the other three strains in the
complex TY medium (Figure S6a), but a lower or similar level
in the defined medium RDM (Figure S6b), as already
described for the deletion of the common nod genes (harbored
by pSymA) and of the entire pSymA.60 The different pheno-
type observed on TY and RDM media further supports the
suggestion that during growth in complex medium, there may
be a still unknown pSymA-mediated negative regulation of
biofilm formation.

Symbiotic Phenotypes of the cis-Hybrid Strain. Many
of the key genes required for symbiotic abilities (e.g., nodule
formation and nitrogen-fixation) are present on pSymA of
S. meliloti Rm201138,61 and the homologous megaplasmid
pSINMEB01 of BL225C.36 These replicons additionally con-
tain nonessential genes that promote improved symbiotic
abilities.62 While many of the symbiotic genes are conserved
between these strains, relevant differences between pSymA and
pSINMEB01 are present. The 482 genes exclusive to pSINMEB01
encode symbiotic (e.g., nws, hemA homologue, C P45036) and
nonsymbiotic functions (e.g., acdS).63 For these reasons, this
replicon swapping study was initiated in large part to evaluate
whether swapping the symbiotic megaplasmid could promote
differential symbiotic abilities.
To test the robustness of symbiotic abilities following repli-

con transplantation, in vitro symbiotic assays were performed
on a panel of alfalfa cultivars, as alfalfa is the main host legume
of S. meliloti64 (Figure 5). In particular, the cis-hybrid strain
and the two parental strains (Rm2011, BL225C) were tested in
combination with six alfalfa cultivars (Table S4). These
cultivars belong to the species Medicago sativa, Medicago x
varia, and Medicago falcata, and they are representative of the
variability of cultivars and germplasm mainly used as crops in
Europe. Moreover, BL225C was originally isolated on the
M. sativa cultivar “Lodi” at the CREA-FLC institute (Italy)
during a long-course experiment.65 The percentage of nodulated
plants (Figure 5a), the number of nodules per plant (Figure 5b),
the plant aerial part length (Figure 5c), the shoot dry weight
(Figure 5d), and nodule colonization abilities (Supplemental
Figure S7) were recorded using standard procedures.45,66 Not
surprisingly, for each strain there was high variability in the
symbiotic phenotypes observed with the different cultivars.
The symbiotic interaction is a multistep developmental process
which involves a tight exchange of signals between the bacte-
rium and the plant root at both rhizospheric and endophytic
levels.17,67 Earlier works have demonstrated strain and cultivar
specificities in this process, which results in S. meliloti strains
displaying differential symbiotic effectiveness with various
plant genotypes.65,68,69

The cis-hybrid strain performed very poorly in symbiosis
with some cultivars, such as in the cultivars “Prosementi”,
“Camporegio” and “Verbena”. In particular, the number of
nodules per plant and the length of the aerial part were lower
(Figure 5b,c, Table S5) (p < 0.005), indicating that the pSymA
and pSINMEB01 megaplasmids are not always interchange-
able. This could reflect the importance of the genomic context
of the symbiotic megaplasmid and hypothetically the importance
of inter-replicon regulatory networks.10,70,71 Alternatively,
pSINMEB01 may lack important (but still unknown) sym-
biotic genes whose function may be replaced by chromosomal
genes in BL225C but not by chromosomal genes in Rm2011.

Figure 4. Growth phenotypes of the cis-hybrid strain. The growth of
S. meliloti was examined in TY complex medium (a) M9 minimal
medium (b) and (c) M9 + succinate and root exudates as sole
N source. Data points represent averages from quadruplicate measur-
ements. The letters on the curves represent the statistically significant
differences among the strains growth (p < 0.005, Tukey post hoc
contrasts).
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Strikingly, the cis-hybrid strain displayed clearly improved
symbiotic capabilities during symbiosis with the cultivar “Lodi”
compared to both Rm2011 and BL225C (Figure 5). This was
true for several key measures of symbiosis, including nodule
number per plant, shoot dry weight, and length of the aerial
part of the plant. The competitive abilities of the cis-hybrid
strains, assessed through a coinoculation experiment, were
similar to those of the two parental strains (Rm2011 and
BL225C) (Figure S8).
These data suggest the presence of nonlinear and genomic

context dependent genic interactions in the establishment of
symbiotic abilities. Such interactions may resemble (at the
logic level) those present in some eukaryotic genomes that
result in the so-called “hybrid vigor”, i.e., the tendency for
hybrids to be superior to the parental genotypes.72 However,

since hybrid vigor is related to heterozygosis, in our case we
may speculate that strain-by-strain variability of regulons,10 as
well as the metabolic redundancy of S. meliloti genome5,73,74

(which could in some way mimic the presence of multiple
alleles) could contribute to the increase in the observed
symbiosis-related phenotypes.
Summing up, these data highlight the potential of a large-

scale genome manipulation approach to obtain highly effective,
and cultivar specific, rhizobial strains. This provides a rational
basis for the use of similar approaches in the development of
elite bioinoculants for use in precision agriculture.17,75

■ CONCLUSIONS

The work presented here provides a proof-of-principle for the
feasibility of using a large-scale genome manipulation approach

Figure 5. Symbiotic capabilities of the cis-hybrid strain. Heatmaps of symbiotic performances profiles for Rm2011, BL225C and cis-hybrid strains
in a panel of six alfalfa cultivars; (a) percentage of nodulated plants, (b) number of nodules per plant, (c) plant aerial part length (cm) and (d) the
shoot dry weight (mg).
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that makes use of the species’ pangenome (i.e., the extended
gene set present in a group of microbial strains belonging to
the same species76) to produce daughter strains with improved
biotechnologically relevant (i.e., nitrogen fixing symbiosis)
characteristics.17 In the current work, the large-scale genome
manipulation was based on the transplantation of the primary
symbiotic megaplasmid of a bacterial multipartite genome, a
genome organization commonly found in the rhizobia.
Although an entire replicon accounting for more than 20%
of the total genome content was replaced with a homologous
replicon of a closely related strain resulting in the gain of 482
new genes (in addition to numerous SNPs) and the loss of 354
genes, most of the core metabolic phenotypes appeared largely
resilient to modification with this approach. However, other
phenotypes, particularly complex (i.e., multigenic) phenotypes
such as the symbiotic phenotypes, gave interesting features that
support the validity of this approach to improve biotechno-
logically relevant properties.

■ METHODS

Microbiological and Genetic Methods. Strains and plas-
mids used in this study are described in Table 1. Conjugation
between E. coli and S. meliloti were performed as described in
the literature.77 All growth media (LB, LBmc, TY, M9, RDM)
and antibiotic concentrations were as previously described.16,73,78

cis-Hybrid Strain Construction. First, a triparental mating
between the wild type strain BL225C (the future donor), the
helper strain E. coli MT616 (carrying pRK600 that has the
RK2 tra genes),31 and E. coli with the pTE3rctB vector
(replicative plasmid overexpressing the R. etli rctB gene and
carrying a tetracycline resistance marker)47 was performed to
create the BM848 (BL225C-rctB) strain. Second, a biparental
mating between S. meliloti Rm3498 (ΔpSymA)16 and an E. coli
S17−1 strain carrying the pMp7605 vector (carrying a
gentamycin resistance marker)50 was performed to generate
the strain BM826. Lastly, the cis-hybrid strain BM806 was
created through a biparental mating between the strain BM848
(BL225C-rctB) as the donor and the strain BM826 (ΔpSymA +
pMp7605) as the acceptor. Selection for the cis-hybrid trans-
conjugant strain (which had the pSymA replicon of the donor
strain) was performed on M9 medium containing 1 mM
MgSO4, 0.25 mM CaCl2, 0.001 mg/mL biotin, 42 μM CoCl2,
76 μM FeCl2, 10 mM trigonelline, streptomycin, and gentamycin.
Streptomycin and gentamycin were used to select for the recip-
ient strain, while the presence of trigonelline as the sole carbon
source selected for the gain of pSINMEB01, as the trigonelline
catabolic genes are located on pSymA/pSINMEB01.79

Validation of the Transplanted Strain. Pulsed-Field Gel
Electrophoresis (PFGE) was performed to verify the successful
uptake of pSymA via restriction digestion of genomic DNA
with PmeI. The applied PFGE protocol was modified from
Herschleb et. al 200780 and Mavingui et al. 2002,81 and a
protocol from Sharon Long’s research group (Stanford University,
available at http://cmgm.stanford.edu/biology/long/files/
protocols/Purification%20of%20S%20meliloti.pdf). S. meliloti cul-
tures were grown to an OD600 of 1.0 in TY medium supple-
mented with suitable antibiotics and harvested by centrifuga-
tion (3000g, 15 min, 4 °C). All following steps were carried out
either on ice or at 4 °C. Sedimented cells were washed with TE
buffer (10 mM Tris-HCl, 1 mM EDTA) supplemented with
0.1% (w/v) N-Lauroylsarcosine, and a second time with TE
buffer. Washed cell pellets were then resuspended in TE buffer
and mixed (1:1) with 1.6% (w/v) low-melt agarose (50 °C),

thereby resulting in a final concentration of ∼8 × 108 cells/mL.
Two hundred μL of each suspension was casted into a
moistened mold and gelatinized at 4 °C. The resulting agar
plugs were subsequently incubated at 37 °C for 3 h in lysis
buffer (6 mM Tris-HCl, 1 M NaCl, 100 mM EDTA, 0.5%
(w/v) Brij-58, 0.2% (w/v) Sodium deoxycholate, 0.5% (w/v)
N-Lauroylsarcosine) supplemented with 1.5 mg/mL lysozyme
(SERVA Electrophoresis GmbH, Germany). Treated agar
plugs were then washed in H2O, followed by incubation at
50 °C for 48 h in Proteinase K buffer (100 mM EDTA, 10 mM
Tris-HCl, 1% (w/v) N-Lauroylsarcosine, 0.2% (w/v) Sodium
deoxycholate, pH 8.0) supplemented with 1 mg/mL Protein-
ase K (AppliChem GmbH, Germany). Finally, agar plugs were
sequentially washed in four steps, 1 h per wash. After incuba-
tion in washing buffer (10 mM Tris-HCl, 50 mM EDTA),
plugs were washed in washing buffer supplemented with 1 mM
Phenylmethylsulfonyl fluoride, then in washing buffer, and
finally in 0.1× concentrated washing buffer.
For restriction digestion with PmeI (New England Biolabs,

USA), the prepared agar plugs were incubated in 1 mL of
restriction enzyme buffer (1× concentrated) for 1 h with
gentle agitation at room temperature. Then, the plugs were
transferred into 300 μL of fresh enzyme buffer supplemented
with PmeI (50 units per 100 μL agar plug). Restriction
digestions were incubated overnight at 37 °C. After overnight
incubation, agar plugs were washed in 1× washing buffer for 1 h.
For PFGE analysis, 1/8th of each agar plug was used. PFGE
was performed using the Rotaphor System 6.0 (Analytik Jena,
Germany) following the manufacturer’s instructions. Separa-
tion of DNA fragments was achieved using a 0.5% agarose gel
(Pulse Field Certified Agarose, Bio-Rad, USA) and 0.5× TBE
buffer (44.5 mM Tris-HCl, 44.5 mM boric acid, 1 mM EDTA).
The following settings were applied. Step 1, 18 h, 130−100 V
(logarithmic decrease), angle: 130°−110° (logarithmic decrease),
interval: 50−175 s (logarithmic increase). Step 2, 18 h, 130−80 V
(logarithmic decrease), angle: 110°, interval: 175−500 s
(logarithmic increase). Step 3, 40 h, 80−50 V (logarithmic
decrease), angle: 106°, interval: 500−2000 s (logarithmic
increase). Buffer temperature was adjusted to 12 °C.
For whole genome sequencing, a Nextera XT DNA library

was constructed82 and sequenced using the Illumina MiSeq
platform which generated 2,504,130 paired-end reads. After
trimming, assembly was performed with SPAdes 3.9.0,83 which
produced 399 contigs. Contigs were aligned against the
genomes of S. meliloti 2011 and BL225C with MeDuSa.84

A further check with raw sequence reads was performed with
QualiMap Software, using default parameters.85 The assembly
has been deposited to the GenBank database under the
BioProject ID PRJNA434498.
Finally, several PCR primer pairs for amplification of unique

genes of Rm2011 and BL225C (Supplementary Table S3),
selected based on a comparative genome analysis with Roary,86

were routinely used to ensure the correct identification of
strains during all experiments.

Growth Curves. Growth curves were initiated by diluting
overnight cultures to an OD600 of 0.1 in TY medium or in M9
medium supplemented with succinate as a carbon source.
Incubation was performed in 150 μL volumes in a 96 well
microtiter plate. The microplates were incubated without
shaking at 30 °C and growth was measured with a microplate
reader (Tecan Infinite 200 PRO, Tecan, Switzerland).

Growth with Root Exudate. The ability to colonize
plant roots was tested using growth on root exudate as a
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metabolic proxy for colonization. Root exudate were pro-
duced from seedlings of M. sativa (cv. Maraviglia), as previ-
ously described.63 Strains were grown on TY plates, following
which a single colony was resuspended in 0.9% NaCl solution
to a final OD600 of 0.5 (1 × 109 CFU/mL). Then, each micro-
plate well was inoculated with 75 μL of either M9 without a
carbon source or a nitrogen-free M9 composition with
succinate as a carbon source, 20 μL of root exudate, and
5 μL of the culture. The microplates were incubated without
shaking’ at 30 °C and the growth was measured on a micro-
plate reader (Tecan Infinite 200 PRO, Tecan, Switzerland).
At the end of the incubation period, aliquots from each well
were diluted and viable titers of S. meliloti cells were estimated
after incubation on TY plates at 30 °C.
Plant Symbiotic Assays. Symbiotic assays were performed

in microcosm conditions in plastic pots containing a 1:1
mixture of sterile vermiculite and perlite, supplemented with
200 mL of Fahraeus N-free liquid plant growth medium87

S. meliloti strains were grown in liquid TY medium at 30 °C for
48 h. Cultures were then washed three times in 0.9% NaCl
solution and resuspended to an OD600 of 1.0. Approximately
1 × 107 cells were added to each pot, corresponding to ∼4 ×

104 cells/cm3. Washed cell-suspensions were then directly
spread over the roots of one-week old seedlings that were
directly germinated in the pots, and grown in a growth
chamber maintained at 26 °C with a 16 h photoperiod
(100 microeinstein/m2/s) for 5 weeks. Nodule counts were
performed after the 5 weeks, then the shoots dried at 50 °C for
7 days. Competition assays and the estimations of number of
bacterial genome copies per nodule (determined with qPCR)
were done as previously reported.66 The alfalfa cultivars
(M. sativa, M. falcata, Medicago x varia) used and their main
features are reported in Supplemental Table S4.
Biofilm Assays. Strains were inoculated in 5 mL of

tryptone-yeast extract (TY) medium and in 5 mL of RDM78

and grown for 24 h with shaking. After growth, cultures were
diluted to an OD600 of 0.02 in fresh TY and RDM medium,
respectively, and 100 μL of the diluted culture was inoculated
into a microtiter plate. The plates were incubated at 30 °C for
48 h, after which the OD600 was measured to determine the
cell biomass. Each well was then stained with 20 μL of crystal
violet solution for 10 min. The medium containing the plank-
tonic cells was gently removed and the microtiter plate wells
were washed three times with 200 μL of PBS (0.1 M, pH 7.4)
buffer and allowed to dry for 15 min. The crystal violet in each
well was then solubilized by adding 100 μL of 95% EtOH and
incubating for 15 min at room temperature as described in.88

The plate was then read at 560 nm using a microtiter plate
reader (Tecan Infinite 200 PRO, Tecan, Switzerland).
Phenotype Microarray. Phenotype MicroArray experi-

ments using Biolog plates PM1 (carbon sources), PM2A
(carbon sources), and PM3 (nitrogen sources) were performed
largely as described previously.45 All bacterial strains used in
this study (parental and cis-hybrid) are listed in Table 1. Data
analysis was performed with DuctApe.52 Activity index (AV)
values were calculated following subtraction of the blank well
from the experimental wells. Growth with each compound was
evaluated with AV values from 0 (no growth) to 4 (maximal
growth), after elbow test calculation (Table S3c,d).
NMR Metabolomics of the Cell Lysates and Media.

Overnight cultures were washed, resuspended, and diluted in
100 mL of fresh M9 medium (41 mM Na2HPO4, 22 mM
KH2PO4, 8.6 mM NaCl, 18.7 mM NH4Cl, 4.1 μM biotin,

42 nM CoCl2, 1 mM MgSO4, 0.25 mM CaCl2, 38 μM FeCl3,
5 μM thiamine-HCl, 10 mM succinate).16 For cell lysates,
when cultures reached an OD600 of 1, 50 mL of each culture
was pelleted by centrifuging for 25 min at 15 000g. For the
media, 1 mL of the supernatant of each culture was collected.
For cell lysate analysis, each pellet was resuspended in 500 μL
of PBS, and sonicated for 20 min with cycles of 1 s of activity
and 9 s of rest (292.5 W, 13 mm tip), with contemporary
cooling on ice. After cell lysis, the samples were centrifuged for
25 min at 4 °C at 8000g. For each strain, four independent
experiments were performed. NMR samples were prepared in
5.00 mm NMR tubes (Bruker BioSpin) with 55 μL of a 2H2O
solution containing 10 mM sodium trimethylsilyl[2,2,3,3-2H4]
propionate (TMSP) and 500 μL of sample.

1H NMR spectra were acquired for both the cell lysates and
the growth media. High reproducibility between samples was
seen (Supplemental Figure S3), as expected based on previous
studies with eukaryotic cells.89,90 NMR spectra were recorded
using a Bruker 900 MHz spectrometer (Bruker BioSpin)
equipped with a CP TCI 1H/13C/15N probe. Before measure-
ment, samples were kept for 5 min inside the NMR probe head
for temperature equilibration at 300 K. 1H NMR spectra were
acquired with water peak suppression and a standard Carr−
Purcell−Meiboom−Gill (CPMG) sequence (cpmgpr; Bruker
BioSpin srl), using 192 or 256 scans (for cell lysates and
growing media, respectively) over a spectral region of 18 kHz,
110 K points, an acquisition time of 3.07 s, and a relaxation
delay of 4 s. This pulse sequence91 was used to impose a T2

filter that allows the selective observation of small molecular
weight components in solutions containing macromolecules.
The raw data were multiplied by a 0.3 Hz exponential line

broadening before applying Fourier transformation. Trans-
formed spectra were automatically corrected for phase and
baseline distortions and calibrated (chemical shift was refer-
enced to the doublet of alanine at 1.48 ppm for cell lysates, and
to the singlet of TMSP at 0.00 ppm for growth media) using
TopSpin 3.5 (Bruker BioSpin srl). Multivariate and univariate
analyses were performed on the obtained data using R soft-
ware. For multivariate analysis, each spectrum in the region
10−0.2 ppm was segmented into 0.02 ppm chemical shift bins,
and the corresponding spectral areas were integrated using the
AMIX software (Bruker BioSpin). Binning is a way to reduce
the number of total variables and to compensate for small
shifts in the signals, making the analyses more robust and
reproducible. The area of each bin was normalized to the total
spectral area, calculated with exclusion of the water region
(4.50−5.15 ppm), in order to correct the data for possible
differences in the cell count of each of the NMR samples.
Unsupervised PCA was used to obtain a preliminary

overview of the data (visualization in a reduced space, cluster
detection, screening for outliers). CA was used in combination
with PCA to increase supervised data reduction and classi-
fication. Accuracy, specificity, and sensitivity were estimated
according to standard definitions. The global accuracy for
classification was assessed by means of a leave-one-out cross-
validation scheme. The metabolites, whose peaks in the spectra
were well-defined and resolved, were assigned and their levels
analyzed. The assignment procedure was performed using an
internal NMR spectral library of pure organic compounds,
public databases such as the E. coli Metabolome Database92

storing reference NMR spectra of metabolites, and spiking
NMR experiments.93 The relative concentrations of the various
metabolites were calculated by integrating the corresponding
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signals in the spectra,94 using a homemade program for signal
deconvolution. The nonparametric Wilcoxon−Mann−Whitney
test was used for the determination of the meaningful metabo-
lites: a p-value of 0.05 was considered statistically significant.
The molecule 1,4-dioxane was used as a standard to perform
the quantitative NMR analysis with the aim of obtaining the
absolute concentrations (μM) of the analyzed metabolites.
NMR data were uploaded on the MetaboLights database

(www.ebi.ac.uk/metabolights) with the accession number
MTBLS576.
Generation of the Metabolic Models. The manually

curated iGD1575 reconstruction of S. meliloti Rm102141 was
modified to expand the composition of the biomass reaction
through the inclusion of an additional 31 compounds, includ-
ing vitamins, coenzymes, and ions at trace concentrations as
described elsewhere (Table S6).74 Although iGD1575 is based
on S. meliloti Rm1021, it is expected to accurately represent
Rm2011 metabolism as these two strains are derived from the
same field isolate (SU47) and have nearly identical gene con-
tents;42 while there are numerous SNPs between the strains,
SNPs are not considered during the process of metabolic
reconstruction.
All other metabolic models were constructed using our

recently published protocols for template-assisted metabolic
reconstruction and assembly of hybrid bacterial models.51

Briefly, a draft metabolic reconstructions of S. meliloti BL225C
was produced using the KBase Web server (www.kbase.us)
with gap filling. The draft model was enhanced using the
curated Rm1021 model as a template according to,51 using
orthologous gene sets between BL225C and Rm1021
produced with InParanoid.95 Additionally, an appropriate
“protein synthesis” reaction was manually added to the
model. Finally, replicon transplantation between the BL225C
model and the Rm1021 model was performed as described
recently,51 making use of the InParanoid generated orthology
data and the information contained within each model. All
metabolic reconstructions used in this work are provided in
Supplementary File S1 in COBRA format within a MATLAB
MAT-file. The enhancement and transplantation pipeline is
available at https://github.com/TVignolini/replicon-swap.
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(48) Peŕez-Mendoza, D., Sepuĺveda, E., Pando, V., Munoz, S.,
Nogales, J., Olivares, J., and Sanjuań, J. (2005) Identification of the
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(56) Salas, M. E., Lozano, M. J., Loṕez, J. L., Draghi, W., Serrania, J.,
Torres Tejerizo, G. A., and Parisi, G. (2017) Specificity traits
consistent with legume-rhizobia coevolution displayed by Ensifer
meliloti rhizosphere colonization. Environ. Microbiol. 19, 3423.
(57) Ramey, B. E., Koutsoudis, M., von Bodman, S. B., and Fuqua,
C. (2004) Biofilm formation in plant-microbe associations. Curr.
Opin. Microbiol. 7 (6), 602−609.
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Abstract: Although volcanoes represent extreme environments for life, they harbour bacterial

communities. Vulcano Island (Aeolian Islands, Sicily) presents an intense fumarolic activity and

widespread soil degassing, fed by variable amounts of magmatic gases (dominant at La Fossa

Crater) and hydrothermal fluids (dominant at Levante Bay). The aim of this study is to analyse

the microbial communities from the different environments of Vulcano Island and to evaluate their

possible correlation with the composition of the gas emissions. Microbial analyses were carried out

on soils and pioneer plants from both La Fossa Crater and Levante Bay. Total DNA has been extracted

from all the samples and sequenced through Illumina MiSeq platform. The analysis of microbiome

composition and the gases sampled in the same sites could suggest a possible correlation between the

two parameters. We can suggest that the ability of different bacterial genera/species to survive in

the same area might be due to the selection of particular genetic traits allowing the survival of these

microorganisms. On the other side, the finding that microbial communities inhabiting different sites

exhibiting different emission profiles are similar might be explained on the basis of a possible sharing

of metabolic abilities related to the gas composition.

Keywords: bacterial communities; extreme environments; interstitial soil gases

1. Introduction

In ecology, the term “extreme” commonly refers to unfavourable environmental factors that depress

the ability of organisms to function [1]. Understanding the mechanisms underlying the adaptation of

microbes to extreme environments is of fundamental importance to deeply investigate processes that

led to the evolution of Earth [2]; for example, it has been shown that microbial communities are mainly

shaped by environmental conditions and the microbes inhabiting extreme habitats evolve faster than

those populating benign environments [1]. Bacterial communities from natural extreme environments

represent not only a gene reservoir for potential biotechnological applications (e.g., the discovery of

the Taq polymerase, isolated from the thermophilic bacteria Thermus aquaticus), but they can be used as

a model system to explore relationships between diversity and environmental factors [3]. Adaptative

features of these extremophiles permit them to survive under such extreme and hostile environmental

conditions [4].

In this context, volcanic environments arouse interest in the scientific community, as they are

considered analogous to some of the earliest environments on Earth [5]. In the last decades, several
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studies focused on understanding the distribution of microorganisms in volcanic environments [6],

such as Antarctic and Icelandic volcanoes. These studies were motivated by the desire to elucidate

how the geochemically extreme conditions of such environments can influence microbial diversity

both on the surface and in the subsurface of the Earth. Interest in the microbial diversity of geothermal

and volcanic soils has been growing, and high diversity, including novel and rare bacteria, has been

detected so far [7].

The Aeolian volcanic archipelago is situated north of Sicily (Italy), along the southern margin of

the Tyrrhenian Sea and is underlain by a 15 to 20 km thick continental crust. Lipari, Vulcano, and Salina

are three summits of a volcanic pile located along a regional crustal lineament crossing the north-eastern

coast of Sicily and continuing as far as the Aeolian Islands. Each island in the Aeolian arc has had

a different tectonic and magmatic history and their activity is not always correlated in time [8]. As

usually occurs, shallow hydrothermal systems are associated with the Aeolian volcanoes [9]. Vulcano

and the other Aeolian Islands have been investigated for the microbial populations [10], leading to the

isolation of novel halotolerant and thermophilic species [11–14]. The thermal springs in the bay Baia di

Levante of Vulcano Island (Aeolian Islands) host dozens of aerobic and anaerobic, thermophilic, and

hyperthermophilic microorganisms belonging to Bacteria and Archaea domains [9].

Despite the abundance of researches about the microbial communities from these environments,

from a scientific viewpoint, very little is known about the possible correlation between interstitial soil

gases and soil bacteria.

Due to their detectability in almost every environment and the high information content, volatile

(organic) compounds (VOCs) have been widely studied in relation to different organisms, functions,

and interactions [15]. VOCs produced by bacteria have been correlated with inhibition of laccase

activity [16], alteration of nitrification processes [17], antagonistic interactions with other species [18],

and plant growth promotion [19]. Asensio et al. found microorganism, roots, and physio-chemical

factors to be involved in VOCs emissions [20].

It is known that geothermal fluxes shape microbial soil communities [21] and that bacteria produce

volatile compounds [22], but there is an almost complete lack of information about the possibility that

bacteria may actually participate in the production of these interstitial gases.

Volcanoes are extreme environments for plants too. The role of bacteria associated with plants

represents, at the moment, a very interesting topic. Symbiotic bacteria can establish a relationship

with the host plant that gives benefits to both parts [23]. In an extreme environment, it is reliable to

suppose that the role of bacteria for the survival of the plant in harsh conditions (lack of organic matter,

high or low values of pH, presence of high concentration of metals and heavy metals) might be of

major importance [24]. Microbial communities associated with plants in diverse conditions, including

extreme environments, have been characterized for their potential biotechnological applications in

industry, medicine, and agriculture [25]. Plants belonging to the Poa genus are pioneer plants widely

found in volcanic environments [26–29], thus they result in interesting models to study the endophytic

communities in extreme environments.

In this study, we aim to investigate the diversity of bacterial communities of Vulcano Island,

Aeolian Islands (Italy). Physicochemical characteristics of fluids from the different sampling areas

analysed in this study were investigated, in order to establish a possible correlation of these data with

the composition of bacterial communities, and to evaluate the possibility that bacteria may be involved

in the production of these interstitial soil gases.

2. Materials and Methods

2.1. Study Area: Vulcano Island

Vulcano is the southernmost island of the Aeolian archipelago (Sicily, southern Italy), a volcanic

arc consisting of seven islands and nine sea mountains with an extension of 22 km2. The base of the

volcanic cone leans on the Calabro-Peloritano block at an average depth of 1000 m below sea level,
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for a diameter of about 15 km [30]. The evolution of the island is linked to a trans-tensional tectonics,

related to the subduction process [31].

Sampling Areas

Samples for microbiological and geochemical analyses were mostly collected from two areas

marked by intense exhalative activity: La Fossa Crater and the Levante Bay, along the eastern side of

the isthmus connecting Vulcano Island to the Vulcanello peninsula.

The north-western sector of the crater rim of La Fossa Crater is currently affected by intense

fumarolic degassing, with outlet temperatures ranging from the boiling point of water up to 450 ◦C.

The fumarolic fluids have a typical magmatic composition, with dry gas fraction dominated by CO2

and with relevant concentrations of HCl, SO2, H2S, HF, and CO [32,33]. The mineralogy of the crater

fumaroles is dominated by sulfides and sulfosalts, deposited due to a sublimate formation under

high-temperature reducing conditions [34–36]. Notable quantities of ammonium minerals were also

recognized [37]. Rapidly changing temperatures, magmatic fluids input, soil permeability, etc., offer a

multitude of environment in a very narrow area. On the volcanic edifice, pioneer plants belonging to

the Poa genus start to grow at the altitude of nearly 360 m above the sea level.

The Levante Bay area is characterized by the presence of low-temperature fumaroles (T < 100 ◦C),

both subaerial and submerged, that originated by boiling of a shallow geothermal aquifer heated by

the uprising hot magmatic fluids. The discharged fluids have a typical hydrothermal composition,

being characterized by higher contents of CH4 and H2S relative to the crater fumaroles. Pioneer plants

are present in Levante Bay, in high CO2 fluxes areas, and in high salinity environments. This site

and, in particular, the submarine gas vents were selected as natural laboratories for research studies

regarding, e.g., (i) ocean acidification [38] and (ii) thermophilic bacteria [11].

2.2. Interstitial Soil Gas Sampling and Analyses

Sampling was performed on May 2017 in different sites of Vulcano Island, Aeolian Islands (Sicily,

Italy). In this work, analyses were concentrated at La Fossa Crater (38◦24′15′′ N 14◦57′42′′ E) and

Levante Bay (38◦25′02′′ N 14◦57′34′′ E).

Interstitial soil gases were collected from 8 sampling sites, as follows: (i) 3 sites on the northern

flank of La Fossa Crater at different distances from fumarolic emissions (CSCS, CSF56, CSF94), (ii) 1

site on the western flank of the volcanic edifice characterized by the presence of a pioneer plant (CPBS),

and (iii) 4 sites in the Levante Bay (LSV11, LSV13, LSV14, LPBS), selected according to in situ soil

CO2 flux measurements. Soil CO2 fluxes were measured according to the accumulation chamber (AC)

method [39], using a cylindrical chamber (basal area 200 cm2 and inner volume 3060 cm3) and a Licor®

(NE, USA) Li-820 Infra-Red (IR) spectrophotometer, as described in Venturi et al. [40].

Gas samples were collected by inserting a stainless-steel probe within the soil down to the

sampling depth (5, 10, or 30 cm) connected, through silicon tubing and a PTFE three-way valve, to

a 60 mL plastic syringe in order to pump the gas into (i) a 12 mL glass vial equipped with a silicon

rubber membrane and (ii) a 1 L Supelco’s (Darmstadt, Germany) Tedlar® gas sampling bag. The

detailed description of the sampling equipment and procedure is reported in previously published

literature [40–43]. After sampling, soil temperature was measured with a thermocouple inserted within

the soil down to the sampling depth.

The chemical analyses of major gas constituents were performed on gas samples stored in the

glass vials using a Shimadzu (Duisburg, Germany) 15A gas chromatrograph (GC), equipped with a

thermal conductivity detector (TCD) and either a 10 m long 5A Molecular Sieve column (for N2, O2, Ar

and H2) or a 3 m long column filled with 80/100 mesh Porapak Q (for CO2 and H2S). The analyses of

VOCs were performed using (i) a Shimadzu 14A GC equipped with a flame ionization detector (FID)

and a 10 m long stainless-steel column filled with 23% SP 1700 on Chromosorb PAW (80/100 mesh) for

the analysis of light hydrocarbons (C1–C3), and (ii) a Thermo Trace Ultra GC coupled with a Thermo
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DSQ Quadrupole Mass Spectrometer (MS) for the analysis of C4+ VOCs. The analytical procedure and

instrumental specifications are described in Venturi et al. [43].

The analysis of carbon isotopic composition of CO2 and CH4 (expressed as δ13CO2 and δ13CH4,

respectively, in %� vs. V-PDB) was performed on gas samples stored in the Tedlar® bags by using a

Cavity Ring-Down Picarro G2201-i spectrometer after proper gas sample treatments, as described in

Venturi et al. [43].

2.3. Biological Sample Collection

Samples were collected into 50 mL sterile falcon tubes. Then, 20 g of soil samples were taken in

the same sites where interstitial soil gases were measured, immediately before the gas sampling.

A pioneer plant, belonging to the Poa genus, present both on the western flank of the volcanic

crater and in Levante Bay, was included in the study. Each plant sample analysed was composed of

a pool of three plants collected in the same site. Plants were divided into two main compartments:

Aerial part and roots. Moreover, rhizospheric and bulk soils were collected from each site, resulting in

four different samples for each plant (Levante Bay: LPA, LPR, LPRS, LPBS; La Fossa Crater: CPA, CPR,

CPRS, CPBS).

Table 1 reports the list of samples collected from each site.

Table 1. List of samples collected on Vulcano Island.

No. Code Site Sample

1 CPA La Fossa Crater Plant Aerial Part
2 CPR La Fossa Crater Plant Roots
3 CPRS La Fossa Crater Plant Rhizospheric Soil
4 CPBS La Fossa Crater Plant Bulk Soil
5 LPA Levante Bay Plant Aerial Part
6 LPR Levante Bay Plant Roots
7 LPRS Levante Bay Plant Rhizospheric Soil
8 LPBS Levante Bay Plant Bulk Soil
9 CSF94 La Fossa Crater Soil, 94 ◦C
10 CSF56 La Fossa Crater Soil, 56 ◦C
11 CSCS La Fossa Crater Soil from Cap Surface
12 LSV11 Levante Bay Soil, site V11

13 LSV13 Levante Bay Soil, site V13

14 LSV14 Levante Bay Soil, site V14

2.4. Extraction of Genomic DNA and Next Generation Sequencing

DNA extraction was performed from each sample by using the PowerLyzer® PowerSoil® DNA

Isolation Kit (MO BIO laboratories, Inc., Carlsbad, CA, USA) following the manufacturer’s instruction.

Concentration and purity of extracted DNA were checked by 0.8% agarose gel electrophoresis. Bacterial

16S rRNA gene contains conserved sequences and nine hypervariable regions, named V1–V9 [44,45].

Hypervariable regions are used as molecular markers for bacterial identification in HTS analysis [46].

In particular, in this study, we sequenced the V3–V4 regions using the primer 341F and 805R [47]

according to the protocol reported in the 16S Metagenomic Sequencing Library Preparation protocol

from Illumina [48]. Library preparation and demultiplexing were performed following Illumina’s

standard pipeline [49]. Libraries were sequenced in a single run using Illumina MiSeq technology with

pair-end sequencing strategy with MiSeq Reagent Kit v3. PCR amplification, library construction, and

sequencing were performed by an external company (IGA Technology Services, Udine, Italy). Sequence

files were deposited in the NCBI sequence read archive (SRA) under the accession PRJNA508599.
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2.5. Sequence Analysis

Primers were removed from all the sequences using Cutadapt [50], version 2.4. Sequences were

clustered following the DADA2 pipeline (version 1.8) described at https://benjjneb.github.io/dada2/

tutorial.html [51], using the R software version 3.4.3 [52]. Sequences were trimmed, quality checked

(Figure S1), denoised, and then forward and reverse reads were merged. An amplicon sequence variant

(ASV) table was obtained, a higher-resolution analogue of the traditional OTU table [53]. Chimeras

were removed; then the taxonomy was assigned to the output sequences through the Silva database

(version 128) [54]. Tables produced by the DADA2 pipeline were imported into phyloseq (through the

phyloseq R package version 1.22.3), for further analyses of microbiome data. Representative sequences

that were not assigned to domain Bacteria were removed from the dataset (Tables S1 and S2).

2.6. Statistical Testing

All statistical analyses were performed into the R environment, version 3.4.3 [52,55]. Good’s

coverage estimator was calculated using the formula: 1-(n/N)·100, where n is the number of sequences

found only one time in a specimen (singletons) and N is the total number of sequences assigned to an

ASV in that specimen [56].

Bacterial diversity was estimated using the vegan package (version 2.5–4, Dixon 2003). The

function ‘diversity’ was used to compute the Shannon index (H), whereas species evenness (J) was

estimated as a function of the Shannon diversity and the number of ASVs detected in the sample

(S), according to the Pielou’s formula J =H/log(S) [57]. Differences in bacterial diversity between the

different sampling sites were tested using the Student’s t-test (‘t.test’ R function), and the possible

correlation between samples’ Shannon diversity and environmental parameters was calculated with

the ‘cor.test’ function through the Pearson method.

Beta-diversity was analysed with the Bray–Curtis dissimilarity, using the ‘vegdist’ function of the

vegan package. Correspondence analysis (CA) and canonical correspondence analysis (CCA) were

performed using the ‘cca’ function of the vegan package.

Different community structures were tested using permutational multivariate analysis of variance

(‘adonis2’ function of the vegan R package) with 1000 permutations.

The possible correlation between taxa distribution and gas composition of soil samples

was evaluated with a Mantel test of correlation (‘mantel’ function of vegan package with

Bray–Curtis distance).

The composition of all interstitial gases detected was fitted onto ordination analyses previously

produced using the ‘envfit’ function of the vegan package.

2.7. Isolation of Culturable Bacterial Strains

Isolation of bacteria was performed on Tryptic Soy Agar (TSA) medium using as starting material

1 g of soil (for samples CSCS, CSF56, CSF94, CPBS, CPRS, LSV11, LSV13, LSV14, LPBS, LPRS), and 0.5

g of surface sterilized plant tissue (samples CPA, CPR, LPA, LPR) [58].

Samples were serial diluted and plated on TSA medium, in triplicate. Bacterial plate counts were

carried out after 48 h incubation at 30 ◦C. For each sample, a variable number of colonies (based on the

different number of isolates obtained from the samples) was isolated on TSA medium and stored at

−80 ◦C in 20% glycerol for further analysis.

Cell lysates of bacterial isolates were prepared by processing with thermal lysis (95 ◦C for 10 min,

0 ◦C for 5 min) an isolated colony dissolved in 20 µL of distilled sterile water.

2.8. Random Amplified Polymorphic DNA (RAPD) Analysis

Random amplification of DNA fragments [59] was performed on DNA samples obtained from

thermal lysis. Reactions were performed in a 25 µL total volume, as described in Chiellini et al. [58]

using primer 1253 (5′-GTT TCCGCCC-3′) [58,60]. Amplicons were analysed by 2% agarose gel
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electrophoresis. For each biological sample, isolates showing the same RAPD profile were grouped

together into the same haplotype.

2.9. Taxonomical Characterization of Culturable Bacterial Strains

One strain for each RAPD haplotype was chosen for the amplification of the 16S rRNA gene,

following the protocol described in Chiellini et al. [58]. Amplification of 16S rRNA genes was

performed in a final volume of 20 µL, with DreamTaq DNA Polymerase reagents (Thermofisher

Scientific, Waltham, MA, USA), 0.5 µM of P0 and P6 primers (P0, 5′-GAGAGTTTGATCCTGGCTCAG;

P6 5′-CTACGGCTACCTTGTTACGA) [61] and 1 µL cell lysate was used as template [61]. Amplification

conditions were the following: 90′′ denaturation at 95 ◦C, 30 cycles of 30′′ at 95 ◦C, 30′′ at 50 ◦C, and

1′ at 72 ◦C, followed by a final extension of 10′ at 72 ◦C. Sequencing of the 16S rRNA amplicon was

performed by and external company (IGA Technology Services) with primer P0. Taxonomic affiliation

of the 16S rRNA gene sequences was performed using the Classifier tool of Ribosomal Database Project

(RDP) [62]. Each sequence obtained was submitted to GenBank with the accession numbers from

MK249884 to MK249979.

3. Results

3.1. Geochemical Features of Interstitial Soil Gases

3.1.1. La Fossa Crater

Sampling sites at La Fossa Crater were characterized by widely varying soil temperatures at

5 cm depth, sharply decreasing as the distance from the fumarolic emission increased, i.e., 94 ◦C

at less than 1 m (CSF94), 56 ◦C at about 10 m (CSF56), and 31 ◦C at about 50 m (CSCS). Similarly,

the chemical composition of soil gases changed as a function of the distance from the fumarolic

vent. Although N2 was the dominant gas constituent (from 507 to 877 mmol/mol), CO2, H2S, and H2

progressively increased approaching the fumarolic vent, while N2, Ar, and O2 showed an opposite

behaviour (Table S3). The isotopic composition of CO2 was slightly heavier than that of the fumarolic

gas (−0.86%� vs. V-PDB; data not reported), with δ13CO2 values progressively increasing from 1.11%�

to 2.39%� vs. V-PDB moving away from the fumarolic vent. Considering that the isotopic signature of

CO2 in the fumarolic gases implies an origin related to mixing of magmatic and carbonate sources [32],

the δ13CO2 values of the interstitial gases, which are enriched in 13C, were likely produced by partial

consumption of volcanogenic CO2 occurring in the soil due to microbial activity [43]. CH4 showed

similar concentrations in CSF94 and CSF56 (6.2 and 7.1µmol/mol, respectively) and markedly decreased

in CSCS (2.3 µmol/mol), while the δ13CH4 values markedly increased from −47.2%� and –44.8%� vs.

V-PDB in CSF94 and CSF56 to−5.5%� vs. V-PDB in CSCS. Such a wide range of δ13CH4 values was likely

caused by oxidation, at different degrees, of volcanogenic CH4 [43], the latter likely being produced by

thermogenic processes acting on pre-existing organic matter at relatively high temperatures typical of

a volcanic environment [63].

The organic fraction of interstitial soil gases was largely dominated by alkanes (C2 to C11

compounds, mainly represented by ethane), with relative abundances ranging from 61% to 79% of

ΣVOCs (Table S3), followed by aromatics, which were characterized by relative abundances varying

from 12% to 26% of ΣVOCs and decreasing as the distance from the fumarolic emission increased.

A similar trend was observed for cycloalkanes and S-bearing compounds (≤2.96% and ≤8.75% of

ΣVOCs), whilst the relative abundance of O-bearing species sharply increased as the distance from the

fumarolic vent increased (from 0.26% to 7.40% of ΣVOCs). Alkenes (only represented by iso-butene)

were present at relative abundances varying in a narrow range, from 1.06% to 1.99% of ΣVOCs. Overall,

ΣVOCs concentrations ranged from 0.15 to 0.53 µmol/mol and decreased moving away from the

fumarolic emission.
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3.1.2. Levante Bay

Sampling sites at Levante Bay were characterized by soil temperatures ranging from 30.9 to

37.5 ◦C and strongly different soil CO2 fluxes (hereafter, ΦCO2), with values of 6.5, 53, and 346 g m−2

day−1 in LSV13, LSV11, and LSV14, respectively (Table S3). Similarly, the chemical composition of

interstitial soil gases varied widely among the selected sites. N2 was the dominant gas component

(from 537 to 963 mmol/mol), but the CO2/N2 ratio progressively increased with increasing ΦCO2

values (from 0.02 to 0.77), the CO2 concentrations varying from 15 to 411 mmol/mol. H2S and H2 were

only detected in LSV11 and LSV14, where O2 and Ar concentrations were from 36 to 44 mmol/mol

and around 7 mmol/mol, respectively, and CH4 ranged from 1.7 to 1.9 µmol/mol. Differently, LSV13

was characterized by lower O2 (8.7 mmol/mol) and higher Ar (13 mmol/mol) and CH4 (5.1 µmol/mol)

contents (Table S3). The isotopic compositions of CO2 and CH4 (Table S3) were largely different among

the selected sites, with heavier values in sites characterized by higher ΦCO2 (from −3.33%� to −1.15%�

vs. V-PDB and from 4.30%� to 6.47%� vs. V-PDB, respectively) and lighter values in LSV13 (−8.13%�

and −46.2%� vs. V-PDB, respectively). Methane concentration was 840 µmol/mol, i.e., two orders of

magnitude higher than those of the interstitial soil gases. The isotopic compositions of CO2 and CH4

in this gas sample were −2.21%� and −16.2%� vs. PDB, respectively.

Alkanes dominated the organic fraction of interstitial soil gases (Table S3), being represented by

C2 to C11 compounds with overall relative abundances ≥74% of ΣVOCs in high ΦCO2 sampling sites

and by C2 to C6 compounds with overall relative abundance of 51% of ΣVOCs in LSV13. Ethane was

the most abundant alkane, followed by propane. Aromatics (dominated by benzene) represented the

second most abundant organic functional group, with relative abundances ≤19% of ΣVOCs in LSV11

and LSV14 and of 43% in LSV13. Iso-butene was constantly present at ca. 2% of ΣVOCs, whereas

cycloalkanes and S-bearing species were only detected in LSV11 and LSV14 (up to 1.37 and 3.5% of

ΣVOCs). On the other hand, O-bearing compounds were present at relative abundances ≤0.37% of

ΣVOCs in LSV11 and LSV14 and of 3.39% in V13. Overall, ΣVOCs concentrations ranged from 0.12 (in

LSV13) to 1.48 (in LSV11) µmol/mol.

3.1.3. Pioneer Plant Sites

The chemical composition of interstitial soil gases from the two pioneer plants bulk soil

(temperatures around 30 ◦C) was largely dominated by N2 (up to 965 mmol/mol). No relevant difference

was observed in terms of inorganic constituents between CPBS and LPBS, being characterized by CO2

concentrations of 16 and 21 mmol/mol, respectively, and Ar and O2 of 14 and 15 mmol/mol and 5.2

and 3.1 mmol/mol, respectively. H2S and H2 were not detected (Table S3). LPBS, characterized by a

low ΦCO2 value (2.6 g m−2 day−1), was slightly enriched in CH4 (5.7 µmol/mol) with respect to CPBS

(2.8 µmol/mol). Although the δ13CH4 values were similar in the two sites (−45.4%� and −47.7%� vs.

V-PDB in CPBS and LPBS, respectively), the δ13CO2 values strongly differed, the interstitial soil gas

from CPBS being much heavier (8.60%� vs. V-PDB) with respect to that from LPBS (−15.5%� vs. V-PDB)

(Table S3).

The chemical composition of the organic fraction of the two interstitial soil gases was different in

terms of relative abundances of alkanes and aromatics. The former (C2 to C6 compounds) represented

63% and 58% of ΣVOCs in CPBS and LPBS, respectively, whereas the latter accounted for 24% and

37% of ΣVOCs in the two sites, respectively (Table S3). Cycloalkanes and S-bearing species were not

detected, whereas iso-butene was present at ca. 1.6% ΣVOCs in both sites. A sharp difference was

observed in the relative abundances of O-bearing compounds, accounting for 12% and 3.8% of ΣVOCs

in CPBS and LPBS, respectively. Overall, ΣVOCs concentrations were 0.10 and 0.14 µmol/mol in CPBS

and LPBS, respectively (Table S3).

An overall view of the interstitial gases composition of every sample site is shown in Figure 1.
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Figure 1. Heatmap showing the scaled measures of detected interstitial soil gases.

3.2. Molecular Characterization of Bacterial Communities

Bacterial communities of soil and plant tissues samples collected in both emissive and non-emissive

areas of Vulcano Island were examined through NGS analysis. Sequencing yielded 2,360,693 paired

sequences (2 × 300 bp). More than 60% of the initial pairs were correctly merged (1,446,377 sequences)

with a mean of 103,313 sequences per sample. Quality filtering steps produced 975,139 high-quality

sequences that were correctly mapped into 5073 ASVs with an average of 69,653 sequences per sample.

Samples reported a Good’s coverage estimator ranging from 99% to 100% indicating that roughly 1%

of the reads in a given sample came from ASVs that appear only once in that sample [64].

Representative sequences for each ASV were correctly classified into 520 bacterial genera belonging

to 23 phyla according to the Silva database (see Materials and Methods), with a different distribution

across samples. The analysis of the taxonomic composition revealed that more than 83% of the ASVs

were classified into five phyla: Proteobacteria (32.22%), Planctomycetes (16.44%), Actinobacteria (13.56%),

Firmicutes (11.93%), and Bacteroidetes (8.95%).

Comparison between La Fossa Crater and Levante Bay Soil and Plant Samples

Bacterial communities of soil samples from La Fossa Crater (at different soil temperatures) and

Levante Bay (at different soil CO2 fluxes) were analysed, and data obtained are shown in Figure 2.

 

Figure 2. Bar plot showing the relative abundances of bacterial phyla in each sample (from Crater, on

the left, and Levante Bay, on the right). Amplicon sequence variants (ASVs) representing <3% of the

whole community were reported as “Other”.
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Exploring the different communities at the phylum level, the Crater soil samples showed the

presence of three main phyla (Actinobacteria, Proteobacteria, and Firmicutes) that, in the samples CSCS,

CSF56, and CSF94, comprise more of the 99% of the detected ASVs. Both CSF94 and CSF56 showed

a frequency of over 50% in Actinobacteria (54.5% and 53.5%, respectively), of 25.6% and 25.9% in

Proteobacteria, and of 19.7% and 20% in Firmicutes. The sample CSCS showed frequencies of 73.3% in

Firmicutes, 17.3% in Actinobacteria, and 9.1% in Proteobacteria. Conversely, the sample CPBS presented

a frequency in Chloroflexi equal to 65.6%, and in Planctomycetes of 13.9%, followed by Actinobacteria

(7.3%), Proteobacteria (6.8%), Acidobacteria (4.3%), and Firmicutes (1.6%).

In Levante Bay soil samples, the main phyla detected were Proteobacteria (51.3%, 20.7%, 49%, and

24.4%), Firmicutes (37.5%, 16.2%, 13.9%, and 2.2%), Planctomycetes (4.4%, 14.4%, 8.9%, and 21.4%), and

Actinobacteria (2.9%, 24.4%, 5.2%, and 26%) in LSV11, LSV13, LSV14, and LPBS, respectively.

Bacterial communities of Poa plant aerial part, roots, rhizosphere, and bulk soil from both Levante

Bay and La Fossa Crater were analysed too (Figure 2). All the samples presented a high frequency

in Actinobacteria and Proteobacteria, except for the samples CPBS and CPRS in which Chloroflexi are

predominant (65.6% and 53.7%, respectively).

Levante Bay samples showed a higher biodiversity than Crater samples (Figure 3a,b), and the

Student’s t-test between the Shannon indices and evenness of the two sampling sites resulted in

statistically significant p-values (p-value = 0.0033 and 0.0028, respectively).

 

−
−

Figure 3. Shannon diversity of samples bacterial communities. (a) Samples’ Shannon diversity indices,

calculated on raw data; (b) box-whiskers plot of the indices based on the different sampling area:

Ends of the whiskers represent the lowest and the highest point still within 1.5 of the inter quartile

range (IQR); (c) relation between Crater samples soil temperatures and Shannon diversity indices

(log transformation of the data has been performed); (d) absence of correlation between Levante Bay

samples CO2 fluxes and Shannon diversity indices (log transformation of the data has been performed).

A reduction in the Shannon diversity of the Crater soil samples was observed as the distance of

the sampling site to the fumarolic emission decreases (so, as the soil temperature enhancing) (Pearson’s
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r = −0.94, p-value = 0.06) (Figure 3c). The analysis of the Levante Bay soil samples did not reveal a

linear correlation between the diversity and the soil CO2 fluxes (Pearson’s r = −0.50, p-value = 0.50)

(Figure 3d).

Correspondence analysis (CA) showed a high similarity between the Crater soil samples CSF94,

CSF56, and CSCS, while Levante Bay soil bacterial communities of the different samples resulted

in being diverse from each other (Figure 4a). Different community structures were tested using

permutational multivariate analysis of variance, resulting in a coefficient of determination R2 = 0.24

and in a non-statistically significant p-value (p-value = 0.09).

 

 

Figure 4. Correspondence analysis (CA) ordination analysis of samples based on (a) soil microbiome

taxonomic composition; (b) soil gas emissions; (c) soil microbiome taxonomic composition collapsed at

the genus level; (d) plant microbiome taxonomic composition.

To evaluate whether the differences between the two sampling sites, in terms of composition of

the bacterial community, can be possibly correlated to the gas emissions present in these areas, a CA

analysis was performed on the samples on the basis of the gas emissions (Figure 4b). In this case,

the samples LSV11 and LSV14 appeared to be similar to each other, as did LPBS, CPBS, and LSV13,

whereas the other samples were separated. Permutational multivariate analysis of variance resulted in

a p-value = 0.97, showing no interstitial gases differences between the sampling sites.

Subsequently, a CA analysis was performed on the microbiome taxa composition collapsed at

the genus level (Figure 4c): Both the CA analysis and the CCA analysis constrained on the interstitial

gases composition (Figure S2) resulted in the same spatial distribution of the samples, which appeared

to be comparable to the distribution of the samples based on the gases composition: In particular,

samples LSV13, LPBS, and CPBS, and LV11 and LSV14 formed two clusters that are conserved in both

the distributions. However, a contrasting pattern was observed for the samples CSF94, CSF56, and

CSCS, when comparing microbiome and gases ordinations. Indeed, a Mantel test showed an overall

non-significant correlation between taxa and gases composition (p-value > 0.1).

To assess the possibility that one (or more) gases could affect the taxonomic distribution, the

fitting of the interstitial gases composition into taxa ordination analysis was performed, resulting in
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significant p-values for decane (p = 0.009), argon (p = 0.018), i-octane (p = 0.029), and undecane (p =

0.044) (Figure S3).

Beta diversity between plant samples was analysed through CA analysis (Figure 4d) and revealed

a marked separation between Levante Bay and La Fossa Crater samples, on the CA1. Permutational

multivariate analysis of variance between the two sites gave back a R2 = 0.23 and a p-value = 0.047,

resulting in a statistically significant difference between the plants bacterial communities of La Fossa

Crater and Levante Bay.

3.3. Culturable Bacterial Community Analysis

Due to the very scarce amount of microbiological studies concerning the cultivable microbiome of

Vulcano Island, we performed the isolation of cultivable bacteria from the samples collected in this

study. The analysis of the titer of cultivable bacteria in the samples revealed that they contained from

5 × 102 to 1.5 × 105 CFU/g (Table 2).

Table 2. Table counts of cultivable bacteria in the collected samples.

No. Code Site Sample
Bacterial Plate
Count (CFU/g)

Number of
Isolated Strains

1 CPA La Fossa Crater Plant Aerial Part 1.5 ± 0.7 × 104 14

2 CPR La Fossa Crater Plant Roots 3.8 ± 0.6 × 104 5

3 CPRS La Fossa Crater Plant Rhizospheric Soil 2.7 ± 2.5 × 104 11

4 CPBS La Fossa Crater Plant Bulk Soil 9.5 ± 0.7 × 103 14

5 LPA Levante Bay Plant Aerial Part 1.03 ± 0.09 × 103 16

6 LPR Levante Bay Plant Roots 4.9 ± 0.9 × 103 16

7 LPRS Levante Bay Plant Rhizospheric Soil 1.1 × 104 9

8 LPBS Levante Bay Plant Bulk Soil 6.1 ± 1.4 × 104 14
9 CSF94 La Fossa Crater Soil, 94 ◦C 0 0
10 CSF56 La Fossa Crater Soil, 56 ◦C 0 0

11 CSCS La Fossa Crater Soil 5 ± 0.007 × 102 2

12 LSV11 Levante Bay Soil 1 ± 0.7 × 104 15

13 LSV13 Levante Bay Soil 1.2 ± 0.2 × 105 46

14 LSV14 Levante Bay Soil 1.4 ± 1.6 × 105 32

All the isolates were screened through RAPD analysis in order to split them into groups, on

the basis of their RAPD profile (hereinafter haplotype), assuming that isolates exhibiting the same

haplotype correspond to the same strain. For one strain for each haplotype, a 16S rRNA gene sequencing

was performed, in order to taxonomically affiliate the strain. Table S4 reports the list of strains isolated

from the samples collected in this study.

4. Discussion

The comprehension of the mechanisms that may shape bacterial communities living in extreme

environments is crucial from both evolutionary and ecological viewpoint. In this context, Vulcano

Island (Aeolian Islands, Sicily, Italy) represents an interesting field of study for analysing bacterial

communities of extreme environments, since it offers a multitude of different situations in a very narrow

area. Even though previous studies have been carried out on microbial communities of Vulcano Island,

very little is known about the possible correlation between interstitial soil gases and soil bacteria. Thus,

in this work, we aimed to analyse bacterial communities from different substrates of Vulcano Island

and explore the possibility that these bacteria may participate in the production of interstitial gases.

4.1. Bacterial Communities Study

A wide number of studies on extreme environments microbial communities has been carried

out in the last decades. Chan et al. performed a similar bacterial communities’ study on Malaysian

circumneutral hot springs, finding that Firmicutes and Proteobacteria dominated this environment.
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Medrano-Santillana et al. found that the bacterial communities in volcanic soils were characterized by

the prevalence of Firmicutes, Proteobacteria, and Actinobacteria [65,66]. The same phyla were disclosed in

this study, along with others, such as Planctomycetes and Bacteroidetes, in agreement with other studies

showing that members of these phyla have been found in a wide variety of environments, confirming

their strong versatility.

4.1.1. Soil Samples Analysis

Analysing the composition of the bacterial communities of La Fossa Crater and Levante Bay

samples, it was shown that Crater samples exhibited a lower biodiversity with respect to Levante

Bay ones (Figure 3a,b). Considering the Shannon diversity of the bacterial communities of La Fossa

Crater and Levante Bay soil samples, it was shown that Crater samples exhibited a negative trend

between the Shannon diversity index and the proximity to the fumarolic emission, in agreement with

previous studies showing that extreme environments are less diverse than other ones [67]. Moreover,

Crater samples, with the exception of CPBS sample, showed a major taxonomic uniformity compared

to Levante Bay ones, confirming that more emissive environments select only few taxa able to survive

under these conditions (Figure 4a).

The correlation between the soil bacterial composition and interstitial soil gases composition was

analysed. The ordination analyses resulted in different spatial distribution of samples between the taxa

composition CA plot and the gases CA plot (Figure 4a,b). These data did not highlight the existence of

a direct influence of bacteria on the interstitial gases’ composition, or vice versa. However, bacterial

communities of Levante Bay samples differentiate from each other on the basis of the sampling sites

(they present differences in the relative abundances of the main phyla detected, that are Proteobacteria,

Firmicutes, Planctomycetes, and Actinobacteria), but belong to the same clusters in the interstitial gases

ordination analysis; therefore, we can hypothesize that, in spite of their taxonomical diversity, they

could share metabolic abilities related to the gas composition. On the other hand, we can also speculate

that sites with similar bacterial communities’ composition and different interstitial gases (i.e., Crater

samples) could host different genetic repertoire responsible for different functions within the same

taxonomic unit.

Performing a CA analysis on the taxa composition collapsed at the genus level (Figure 4c); the

distribution of samples obtained appeared to have some similarities to the distribution based on

interstitial gases composition. This could suggest the possibility of a direct relation between some

soil bacterial genera and interstitial soil gases. However, a Mantel test did not support statistical

correlation, possibly in relation to the relatively low number of samples analysed. Anyway, we can

hypothesize that some genetic traits, possibly related to the presence of some interstitial gases, could

be shared among the same genus.

Further, the fitting of the interstitial gases’ composition into the taxa ordination analysis was

performed to evaluate the possibility that one (or more) gases could affect the taxonomic distribution.

The analysis suggested that decane, argon, i-octane, and undecane could be related with the different

composition of the microbial communities; however, data obtained from this study do not allow to

understand whether the gases affect the taxa distribution, or if bacteria are involved in the production

of such gases. Moreover, since these results do not represent a cause-effect relation, it is not possible to

know which group of bacteria is responsible for such evidence.

4.1.2. Plant Samples Analysis

It is known that microbial communities associated with plants can establish relationships with the

host, giving benefits to both parts [23]. Accordingly, in an extreme environment, it is plausible that the

role of bacteria could be of major importance for the survival of the plant [24].

In this study, we choose a pioneer plant belonging to the Poa genus, since they are widely

distributed in volcanic environments, as a model to study the bacterial communities associated with it.
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The bacterial communities of plants tissues and the surrounding soil from both Levante Bay

and La Fossa Crater presented the predominance of Actinobacteria and Proteobacteria, except for two

Crater soil samples (bulk soil and rhizospheric soil) in which Chloroflexi are the most abundant phyla

detected (Figure 2). In a previous study [68], Chloroflexi phylum has been found as dominant group in

the Atacama Desert, the oldest and driest desert located in South America. So, it is possible that the

aridity might represent a driving force for the development of such communities. At the same time,

the absence of this phylum in the Crater soil samples CSCS, CSF56, and CSF94 could be due to the

presence of higher fumarolic emissions in these sites.

Evaluating the distances between the samples, ordination analysis resulted in a marked separation

between Levante Bay and Crater samples showing that, despite the differences between the plant

compartments analysed, the composition of bacterial communities between the two sampling areas is

more different than between the plant compartments of the same area (Figure 4d).

4.2. Cultivable Bacteria

Due to the very scarce amount of microbiological studies concerning the cultivable microbiome of

Vulcano Island, we also isolated cultivable bacteria from the samples for further analyses and future

perspectives. About the soil samples, the vital titer resulted in a difference between sampling areas: In

particular, samples collected in La Fossa Crater showed a lower amount of cultivable bacteria, with

a total absence in the samples CSF94 and CSF56, collected at the temperatures of 94 ◦C and 56 ◦C,

respectively, and in proximity of the fumarolic emission. Concerning the plants samples, there are no

obvious differences between the sampling sites.

Analysing the 16S rRNA gene of the isolates (Table S4), a prevalence of the Bacillus genus in

Levante Bay soil and plant tissue samples was observed, while in Crater samples, a higher diversity

of cultivable bacteria was detected, with isolates mainly belonging to Arthrobacter and Staphylococcus

genera, and the almost total absence of Bacillus genus.

5. Conclusions

Vulcano Island is an interesting place harbouring different geochemical situations able to shape

bacterial communities. In this context, our work represents one of the first geo-microbiological

approaches for the study of volcanic environments. Data obtained on the composition of the bacterial

communities from different sites collapsed at the genus level with different emission profiles suggested

the possibility of a correlation between the two parameters. It is plausible to imagine that the ability of

different bacterial genera/species to survive in the same area might be due to the selection of particular

genetic traits, allowing the survival of these microorganisms. On the other side, the finding that

microbial communities inhabiting different sites exhibiting different emission profiles are similar might

be explained on the basis of a possible sharing of metabolic abilities related to the gas composition.

Moreover, analysing the gases individually, a possible correlation between decane, argon, i-octane,

and undecane and the different composition of the microbial communities emerged, even though it is

not possible to know which group of bacteria is responsible for such evidence.

Additional analyses are still required, involving a major number of samples and a targeted analysis

on archaea communities, combined with gas composition profiling.
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filtering steps, Table S2: Relative abundances of reads through the filtering steps, Table S3: Geochemical data of
the sampling sites, Table S4: List of the isolated strains and their taxonomic characterization, Figure S2: CCA
ordination analysis of soil microbiome taxonomic composition collapsed at the genus level, constrained on the
interstitial gases composition, Figure S3: Plot of the gases fitted on the taxa distribution.
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ABSTRACT

Epilithic river biofilms characterize the rock surfaces along the Acquarossa river (Viterbo, Italy); they are in part red and in

part black colored, maintaining a well-defined borderline. This peculiarity has raised questions about the biotic and abiotic

phenomena that might avoid the mixing of the two biofilms. In this study, the structuring of bacterial communities in black

and red epilithic biofilm in the Acquarossa river has been investigated with both culture dependent and independent

approaches. Data obtained highlighted a (very) different taxonomic composition of black and red epilithons bacterial

communities, dominated by Acinetobacter sp. and iron-oxidizing bacteria, respectively. The chemical characterization of

both river water and biofilms revealed a substantial heavy metals pollution of the environment; heavy metals were also

differentially accumulated in red and black epilithons. Overall, our data revealed that the structuring of red and black

epilithons might be affected mainly by the antagonistic interactions exhibited by bacterial genera dominating the two

biofilms. These findings suggest that biotic factors might be responsible for the structuring of natural bacterial

communities, suggesting that there is a selection of populations at very small scale, and that different populations might

compete for different niches.

Keywords: biofilm; epilithon; antagonistic interactions; Pseudomonas; Acinetobacter

INTRODUCTION

Understanding the ecological processes that lead to the struc-

ture and the function of microbial communities in the environ-

ment is a field that raised great interest in recent years, due to

the crucial roles that they play in natural ecosystems, human

health and industrial biotechnology (Kastman et al. 2016; Wid-

der et al. 2016). Interestingly, biotic interactions amongmicrobes

have been widely described as a force driving the structuring of

environmental communities (Maida et al. 2016 and references

therein). The assemblage of strains in a microbial community is

the result of many factors such as random drift, selection by abi-

otic conditions, and biotic interactions (Stoodley et al. 2002). Abi-

otic conditions have largely been studied in the past years (e.g.

Mathur et al. 2007; Rubin and Leff 2007); they vary depending

on many factors (e.g. environmental conditions) and can be
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Table 1. Basic physico-chemical variables and concentration of nitro-
gen and sulfur species as well as heavymetals in the Aquarossa river
water.

Parameter Acquarossa (river water)

pH 6.50

Conductivity (µS/cm 20◦C) 843

Ammonium (NH4
+) (mg/l) 0.1

Nitrites (NO2) (mg/l) <0.05

Nitrates (NO3) (mg/l) <1

Sulfates (mg/l) <40

Sulfides (mg/l) <0.1

COD (mg/l O2) <10

Cd (mg/l) <0.01

Ni (mg/l) <0.05

Cu (mg/l) <0.05

As (mg/l) <0.02

Zn (mg/l) <0.01

Fe tot (mg/l) 1.788

Fe2+ (mg/l) 0.733

Fe3+ (mg/l) 1.05

manipulated at lab scale to understand their influence on

bacterial community composition (Stubbendieck and Straight

2016). On the other hand, the complexity of biotic interac-

tions, which play a major role by altering the structure and

the degree of organization of complex communities, are chal-

lenging to investigate at lab scale and difficult to understand

(Moënne-Loccoz et al. 2015; Battin et al. 2016). Epilithic biofilms

are microbial communities (Battin et al. 2007) whose struc-

ture and composition have been investigated (e.g. Kobayashi

et al. 2009; Ledger and Hildrew 1998) leading to the sugges-

tion that structure and composition of river epilithic biofilms

can vary in response to many factors, such as anthropogenic

nutrient and organic matter (Kobayashi et al. 2009). Geograph-

ical factors, related for example to the altitudinal gradient,

play also an important role in the composition and diversity of

epilithic communities (Bartrons, Catalan and Casamayor 2012;

Besemer et al. 2013; Wilhelm et al. 2015). Moreover, the inter-

action between prokaryotic and eukaryotic microbial communi-

ties in epilithons has been recently investigated (Zancarini et al.

2017).

Epilithic biofilm of the Acquarossa river (Viterbo) are partic-

ularly intriguing in terms of spatial structuring. Interestingly,

they form two physically separated colored biofilms, that are

in part red and in part black colored. Black and red epilithons

can be found on the rocks very close to each other, but they

do not blend together, maintaining a well-defined borderline.

This peculiarity has raised questions about the biotic and abi-

otic phenomena thatmight avoid themixing of the two biofilms.

The Acquarossa site is characterized by the presence of an

ancient Etruscan village (625–550 B.C.), historically known for

its metallurgic activity (Harrison, Cattani and Turfa 2010),

which caused a contamination due to the spread of signifi-

cant amounts of undesirable heavy metals, especially arsenic,

into the environment (Hook 2007). The river is also charac-

terized by a high iron concentration, conferring a red color

to the water and giving to the river its name Acquarossa, that in

Italian stands for ‘redwater’. Froma scientific viewpoint, there is

an almost complete lack of information on this site, especially

concerning the biological and environmental features; indeed,

most of the available literature focuses on its archaeological and

historical characteristics (e.g. Staccioli 1976; Meyers, 2003, 2013).

The few available information on the Acquarossa site are

mainly focused on the biological aspects and characteristics of

thewhole environment; the lack of information on themicrobio-

logical aspects of the river arose great interest in this unexplored

site.

For these reasons, the goal of this study is to assess

the characterization of the bacterial communities inhabit-

ing this environment, focusing on the abiotic and biotic fac-

tors that may drive the structuring of black and red epilithic

biofilms. To this purpose, both a culture dependent and a

culture independent approach have been applied to deter-

mine the structure and composition of bacterial commu-

nities of red and black epilithon. Physico-chemical param-

eters were also measured in the river water and in the

two biofilms. Moreover, phenotypic characterization of themain

bacterial genera detected through cultivation has been assessed,

focusing on resistance patterns towards heavy metals and

antibiotics, and on the antagonistic interactions between the

two communities.

MATERIALS & METHODS

Site and sample collection

Samples were collected on July 2016 near the Etruscan city of

‘Acquarossa’, 42◦28′47.0′N 12◦07′17.3′E. The site of naturalistic

and archaeological interest is located halfway between Viterbo

and the town of Grotte Santo Stefano (Viterbo, Italy). Fig. 1a

shows a detail of the Acquarossa river course. Fig. 1b and c

shows details of the red and black epilithic biofilms in the sam-

pling site. Several physico-chemical variables were measured,

namely: pH, conductivity, concentrations of ammonium (NH4
+),

nitrites (NO2), nitrates (NO3), Chemical Oxygen Demand (COD),

sulfates, sulfides, total iron content, Fe2+, Fe3+ and heavy metals

(Cu, Zn, As, Cd, Ni).

The concentrations of the following heavy metals were mea-

sured in black and red biofilms: Cu, Zn, As, Cd, Ni and total iron

content.

All the analyzes mentioned above were performed by an

external service. Determination of the concentration of heavy

metals was performed according to UNI EN 13 657:2004 and UNI

EN ISO 11 885:2009 methods (Table 1). Fe2+ and Fe3+ were mea-

sured following the Standard Methods ‘3500-Fe B. Phenanthro-

line Method’ (Copyright 1999 by American Public Health Associ-

ation, American Water Works Association, Water Environment

Federation).

Six samples, three replicates from the red epilithon and three

replicates from the black one, were collected for both culture

dependent analysis, and for High-Throughput Sequencing (HTS)

analysis.

Extraction of genomic DNA, HTS, sequence analysis

and statistical testing

DNA extraction was performed from each sample by using

PowerLyzer R© PowerSoil R© DNA Isolation Kit (MO BIO labora-

tories, Inc., Carlsbad, California, USA) following the manufac-

turer’s instruction. Concentration and purity of extracted DNA

were checked by 0.8% agarose gel electrophoresis. Bacterial

16S rRNA gene contains conserved sequences and nine hyper-

variable regions (V1–V9), whose lengths range from approx-

imately 50–100 bases (e.g. Chakravorty et al. 2007; Petrosino

et al. 2009). Hypervariable regions are used as molecular mark-

ers for bacterial identification in HTS analysis (e.g. Huse et al.
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Chiellini et al. 3

Figure 1. The Acquarossa river (A) and details of the red (B) and black (C) epilithic biofilms.

2008). For this reason, on the extracted DNAs the bacterial V4

region of 16S rRNA genes was amplified with specific primers

(515F, TGYCAGCMGCCGCGGTAA; 806R GGACTACNVGGGTWTC-

TAAT, Caporaso et al. 2011) using the protocol reported in

the 16S Metagenomic Sequencing Library Preparation protocol

from Illumina (Illumina 2013). Library preparation and demul-

tiplexing have been performed following Illumina’s standard

pipeline (Caporaso et al. 2012). Libraries were sequenced in

a single run using Illumina MiSeq technology with pair-end

sequencing strategy with MiSeq Reagent Kit v3. PCR ampli-

fication, library construction and sequencing were performed

by an external company (IGA Technology Services, Udine,

Italy). Sequences were merged and clustered using the UPARSE

pipeline (version 10.0.240) (Edgar 2013). Reads weremerged with

the ‘fastq mergepairs’ command setting the identity thresh-

old to 80% to account for long overlaps (2 × 300bp, V3 – V4).

Low complexity reads that may have been generated during

sequencing were detected and removed using the ‘filter lowc’

command before quality assessment. Merged reads were then

quality checked using StreamingTrim 1.0 with a quality cut-

off of 18 Phred (Bacci et al. 2014). An additional quality filter-

ing step was performed using the ‘fastq filter’ command of the

UPARSE pipeline with a maximum expected error threshold of

1. Obtained sequences were truncated to a fixed length of 420 in

order to remove PCR primers and retain only amplicons with the

expected length. Finally, sequences were clustered into Opera-

tional Taxonomic Units (OTUs) by using the ‘cluster otus’ com-

mand and representative sequences were taxonomically classi-

fied using the ‘sintax’ command along with the RDP training set

(version 16). Representative sequences that were not assigned to

Domain Bacteria were removed from the dataset. The OTU table

was produced with the ‘otutab’ command.

The following analyzes were performed by using the R soft-

ware version 3.4.4 (R Core Team 2014; http://www.R-project.or

g). Assigned OTUs were normalized by cumulative sum scal-

ing normalization implemented in the metagenomeSeq pack-

age (version 1.16) (Paulson et al. 2013). Differences in OTU abun-

dances between red and black epilithon were assessed using

a zero-inflated log-normal model through the ‘fitFeatureModel’

function whereas different community structures were tested

using permutational multivariate analysis of variance (‘adonis2’

function of the vegan R package, version 2.4, Dixon 2003) with

1000 permutations. Taxonomic units reporting adjusted P values

lower than 0.05 were considered as characteristic of a biofilm

type and were analyzed separately. Normalized counts were

used for principal component analysis (PCA) after counts stan-

dardization (‘decostand’ function of the vegan package version

2.4). Environmental factors (black and red epilithon) were fitted

onto the ordination analysis using the ‘envfit’ function of the

vegan package (version 2.4). Bacterial diversity was estimated

using R (vegan package version 2.4, Dixon 2003). The function

was used to compute the Shannon index (H) (Hill 1973) whereas

species evenness (J) (Hill 1973) was estimated as a function of the

Shannon diversity and the number of OTUs detected (S), accord-

ing to the Pielou’s formula J = H / log(S). Differences in bacterial

diversity between black and red epilithon were tested using Stu-

dent’s t-test (‘t.test’ R function). Correlation coefficients between

culture dependent and culture independentmethodswere com-

puted correcting the number of reads assigned to each genus by

the average number of 16S rRNA gene copies as reported in the

rrnDB (Stoddard et al. 2014). Raw data have been submitted to

NCBI SRA archive under the BioProject accession PRJNA412007.

Isolation, taxonomical characterization of culturable

bacterial strains and statistical analysis

Bacterial plate counts were assessed as described in Chiellini et

al (2014) in Tryptic Soy Agar (TSA) medium using 1 g of biofilm

of each sample. Bacterial plate counts were carried out after 48

h incubation at 21◦C, and the t-test was applied using PAST3

software (Hammer, Harper and Ryan 2001) to check for any dif-

ference in the enumeration of culturable bacterial community

between red and black epilithon. For each sample, 12–59 colonies

were isolated on solid TSA medium and stored at −80◦C in glyc-

erol (20% final concentration) for further analysis. The variable

number of isolates was determined by the number of isolated

colonies that could be recovered during plate count enumera-

tion.

Cell lysates of bacterial isolates were prepared by process-

ing an isolated colony dissolved in 30 µl of distilled ster-

ile water with thermal lysis (95◦C for 10 min, followed by

cooling on ice for 5 min). For each isolated strain, the 16S

rRNA gene was amplified following the protocol described in

Chiellini et al. (2014). Briefly, PCR amplification of 16S rRNA

genes was carried out in 20-µl reactions using DreamTaq DNA

Polymerase reagents (Thermofisher Scientific, Waltham, MA,

USA) at the concentrations suggested by the company, and 0.5

µM of primers P0 (5′-GAGAGTTTGATCCTGGCTCAG) and P6 (5′-

CTACGGCTACCTTGTTACGA) (Di Cello and Fani 1996); 1 µl of cell

lysate was used as template. Amplification conditions were the

following: 90-s denaturation at 95◦C, 30 cycles of 30 s at 95◦C, 30

s at 50◦C and 1 min at 72◦C, followed by a final extension of 10

min at 72◦C. Direct sequencing of the amplified 16S rRNA genes

was performed with primer P0 by an external company (IGA

Technology Services, Udine, Italy). Each 16S rRNA gene sequence

was submitted to GenBank and assigned an accession number

from MF964679 to MF964869. Taxonomic affiliation of the 16S

rRNA gene sequences was attributed using the ‘classifier’ tool

of the Ribosomal Database Project—RDP (Cole et al. 2014). Alpha

diversity indices (Shannon, Evenness and Chao1) were calcu-

lated using PAST3 software (Hammer, Harper and Ryan 2001) on

the taxonomic composition of the cultivable fraction of bacteria
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from black and red epilithon (genus level). BioEdit Software (Hall

1999) was used to align the obtained sequences together with

high-quality sequences of closely related Type Strains that were

previously downloaded from the RDP database. MEGA5 Software

(Tamura et al. 2011) was used for phylogenetic tree construction,

by using the Neighbor Joining algorithm; the robustness of the

inferred trees was evaluated by 1000 bootstrap resampling.

Random amplified polymorphic DNA analysis.

Random amplification of DNA fragments (Williams et al. 1990)

was independently performed on Pseudomonas sp. and Acineto-

bacter sp. bacterial strains. Reactions were performed in a 25-µl

total volume, as described in Chiellini et al (2014) using primer

1253 (5′-GTT TCCGCCC-3′) (Mori et al. 1999). For each genus,

strains showing the same Random amplified polymorphic DNA

(RAPD) profile were grouped together into the same haplotype.

Alpha diversity indices (Shannon, Evenness and Chao1) were

calculated using PAST3 software (Hammer, Harper and Ryan

2001) on the results obtained from haplotype attribution, con-

sidering the number of strains attributed to each detected hap-

lotype.

Phenotypic characterization of Acinetobacter and

Pseudomonas spp. bacterial strains: resistance to

antibiotics and heavy metals, and antagonistic

interactions

The resistance patterns to six antibiotics and to six different

heavy metals were obtained through the broth microdilution

methods in Muller Hinton Broth (MHB), according to the pro-

tocols of Clinical and Laboratory Standards Institute (Jorgensen

1993). Briefly, 96-well plates were used for the experiments. Each

well contained 10 µl of bacterial inoculum and 90 µl of MHB

medium enriched with each tested substance at different con-

centrations, in order to obtain the requested final concentration

in each well. The bacterial inoculumwas prepared by dissolving

in liquid MHB the isolated bacterial colonies after 48 h growth

at 21◦C in solid medium; when the suspension was adjusted to

0.5 McFarland (corresponding to 1 × 108 CFU/mL), a 1:20 dilu-

tion in MHB medium was then performed, in order to yield 5 ×

106 CFU/mL in a volume of 10 µl. The final test concentration of

bacteria was approximately 5 × 105 CFU/mL.

Six antibiotics belonging to different classes and having dif-

ferent cellular targets were chosen and tested at different con-

centrations: Tetracycline (0.5–1.25–2.5–5–12.5–25 µg/ml), Chlo-

ramphenicol (1–2.5–5–10–25–50 µg/ml), Rifampicin (5–10–25–50–

100 µg/ml), Ciprofloxacin (0.5–1–2.5–5–10 µg/ml), Streptomycin

and Kanamycin (0.5–1–2.5–5–10–50 µg/ml).

Six different heavy metals were chosen and tested at the fol-

lowing concentrations: Cu (CuCl2 - 1–2.5–5-10 mM), Ni (NiCl2 5–

10-15–25mM), Zn (ZnSO4 5–10-15–25mM), Cd (Cd(NO3)2 1–2.5–5-

10 mM), As (V) (KH2AsO4 0.5–1-2.5–5-7.5–10-12.5–25 mM) and As

(III) (NaAsO2 0.5–1-2.5–5-10–15) mM. Results from Brothmicrodi-

lution methods applied for antibiotics and heavy metals were

validated by using TECAN microplate reader (Tecan, Durham,

USA) at 600 nm wavelength, after 48 h incubation at 21◦C.

Antagonistic interactions among 36 bacterial strains were

tested by the cross-streak method (Arasu, Veeramuthu and

Savarimuthu 2013; Thirumurugan and Vijayakumar 2015) using

a 36 × 36 (total 1296) array of tests, as described in Maida et al

(2016). All tests were performed in TSA medium. Antagonism

assays were performed both with petri dishes with or without a

septum separating the two hemi-cycles. In petri dishes without

Table 2. Concentration (mg/kg) of heavy metals in red and black
epilithic biofilms collected from the Acquarossa river.

Heavy metal (mg/kg) Red epilithon Black epilithon

Cd <1 <1

Ni <5 54

Cu <5 17

As 7 17

Zn 14 108

Fe tot 54 314 11 668

septum, the inhibitory activity might be due to both the pres-

ence of volatile and of molecules diffusing in the agar medium;

in petri dishes containing a central septum, the inhibition is due

to the production of volatile compounds only, since the septum

physically separates the two chambers hosting the tester and

the target strains, respectively.

Statistical analysis of phenotypic results

Phenotypic characterization results were organized in a table

with different colors corresponding to different levels of

growth/inhibition. For both heavy metals and antibiotic resis-

tance pattern experiments, a positive control consisting on the

bacterial inoculum in MHB medium was assessed to verify the

growth of each strain in the absence of heavymetal or antibiotic.

A negative control, consisting ofMHBmedium,was also set up in

triplicate in each microplate, to verify the absence of any exter-

nal contamination. The OD600 valuemeasured after 48 h incuba-

tion at 21◦C for the positive control, was considered as the 100%

value. All the other measured values corresponding to the dif-

ferent concentrations of each tested substance, were reported as

percentage of growth in proportion to the positive control. The

datamatrix containing the data of growth expressed as % on the

positive control has been used for statistical analysis (UPGMA

with Bray Curtis distance measure, and PCA) with PAST3 soft-

ware (Hammer, Harper and Ryan 2001), as described in Mengoni

et al (2014).

The results from the cross-streak inhibition assay were orga-

nized in two distinct inhibition matrices representing the test

performed with both petri dishes with or without septum; in

each matrix, rows stand for a target strains and each column

stands for a tester strain, as described in Maida et al (2016). The

inhibition values corresponding to three different inhibition lev-

els observed during the cross-streak experiment are complete

(red), strong (orange), weak (yellow) and absence (white) of inhi-

bition.

RESULTS

Physico-chemical characterization of river water and

epilithic biofilms

The values of the measured water variables are resumed in

Table 1; the concentration of heavy metals tested in the biofilms

is shown in Table 2. The pH of the river water was 6.5, and

the conductivity was 1133 µS/cm. Data obtained revealed that

water samples collected in the Acquarossa river were enriched

in iron (total content 1.788 mg/l). The Fe2+ and Fe3+ content in

the Acquarossa river water was 0.733 and 1.05mg/l, respectively.

The total iron content within epilithic biofilm matrix was about

four orders of magnitude higher in respect to river water con-

tent. Moreover, total iron content of red epilithic biofilm was
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Chiellini et al. 5

Table 3. Mean values ±SEM of richness and diversity indices calcu-
lated for both type of biofilms (n = 3). P values resulting from Student
t-test are also shown.

Mean ± SEM

Index Red epilithon Black epilithon P

Shannon 3.86 ± 0.121 3.73 ± 0.666 0.86

Simpson 0.95 ± 0.001 0.87 ± 0.070 0.34

Richness 784.67 ± 183.550 870.33 ± 217.428 0.78

Evenness 0.59 ± 0.007 0.56 ± 0.094 0.79

five times higher than black epilithic biofilm. Quantification of

Cd, Ni, Cu, As and Zn revealed that these heavy metals accu-

mulated in the epilithic biofilms. Particularly, the heavy metals

content within the biofilm matrix was almost 100 times higher

for Cd, 100–1000 times higher for Ni, Cu and As, and up to 104

times higher for Zn respect to the river water.

HTS analysis

Sequencing yielded 6 804 040 paired sequences (2 × 300 bp) with

a mean of 567 003 sequences per pair. More than 50% of the

initial pairs were correctly merged (1 822 737 sequences) with

a mean of 151 894 sequence per sample. Quality filtering step

produced 1 238 851 high-quality sequences that were clustered

into 1850 OTUs. Representative sequences for each OTU were

correctly classified into 276 genera, 212 families, 114 orders, 84

classes and 35 phyla according to the RDP database (see Mate-

rials and Methods). Sequences were correctly mapped to OTUs

with 80 262 sequences per sample on average.

Samples from red and black epilithon showed similar degree

of bacterial diversity according to the main indices computed

(Table 3). Indeed, no significant differences were found between

the two biofilms studied (Student’s t-test). The taxonomic distri-

bution of bacterial phyla in each biofilm, obtained through HTS

of the 16S rRNA gene, is reported in Fig. 2. Both epilithons were

characterized by a dominance of Proteobacteria (ranging from41%

to 89%), followed by Bacteroidetes and Acidobacteria (ranging from

0.5% to 20% and from 2% to 37%, respectively). Replicates from

red epilithon appeared to be more homogeneous in respect to

replicates from black epilithon. This finding was also confirmed

by a principal component analysis (PCA, Fig. 3) revealing that

black epilithon samples were more different than those coming

from the red one, spanning a higher range of the plot. However,

bothmultivariate analysis of variance and environmental fitting

on PCAdid not support a statistically significant difference in the

whole community assemblage (P = 0.1; environmental fitting, R2

= 0.8; P = 0.1).

At a finer scale, 14 OTUs were more represented in red

epilithon sampleswhereas only onewasmore abundant in black

epilithon (zero-inflated log-normal model, p < 0.05, adjusted

using false discovery rate correction) (Fig. 4). Interestingly, while

Gammaproteobacteria appeared the most abundant class in red

epilithon (Fig. 2), at OTU level, there was a dominance by mem-

bers of Betaproteobacteria, as members of Gallionellaceae family

(15%), Sideroxydans species (11%) and Gallionella species (11%).

On the contrary Acinetobacter was the dominant genus in black

epilithon.

Culturable bacterial community analysis and

taxonomic diversity

Analysis of the concentration of heterotrophic cultivable bacte-

ria in red and black epilithic biofilm samples revealed that they

contained from 5.9 × 104 to 7.5 × 107 CFU/g (Table 4). No signifi-

cant differences between the two epilithons were detected (p >

0.5).

To check the structure and the composition of the cultivable

bacterial communities isolated from the two epilithons, we

used a two-step strategy. First, we amplified the 16S rRNA gene

from bacterial isolates randomly chosen coming from the two

epilithons. Once we obtained a phylogenetic affiliation, a RAPD

analysis was carried out to check if the different bacterial iso-

lates corresponded to the same or different strains.

Phylogenetic analysis of 16S rRNA gene sequences from

the bacterial isolates obtained (Fig. 5) revealed that the black

epilithon was dominated by bacteria affiliated to Acinetobacter

sp. (56.6% vs 6.5% of red epilithon), whereas Pseudomonas sp. was

prevalent in red epilithon (53.2% vs 8.5% of black epilithon). Cur-

tobacterium sp. and Sphingobacterium sp. were detected in black

epilithon samples, but with low percentages (7.8% and 2.3%

respectively). Bacillus sp. and Aeromonas sp. were two other bac-

terial genera contributing to the differentiation of the two kinds

of biofilm; Bacillus sp. was mostly present in black epilithon

(12.4%) with respect to red epilithon (3.2%) while Aeromonas

sp. showed a greater abundance in red epilithon (16.1%) with

respect to black epilithon (1.6%). Even though the Chao1 index

was higher in black epilithon than in the red one (11.33 vs 9),

and the Evenness value was higher in red epilithon (0.5313) than

in the black one (0.4212), the differences were not statistically

significant (p = 0.07 in both cases). On the contrary, Shannon

indexwas significantly different in the two epilithons (p= 0.006),

showing a value higher in red than in black epilithon (1.565 vs

1.533, respectively).

A good correlation between the taxonomic composition (at

the genus level) detected with both culture dependent and cul-

ture independent methods was found (Fig. S1, Supporting Infor-

mation). Pseudomonas and Acinetobacter were among the most

abundant genera detected in both black and red epilithons, with

the former exhibiting a higher presence in the cultured isolates

than in HTS analysis.

Due to the dominance of cultivable Acinetobacter or Pseu-

domonas in the two epilithons, we further inspected the genetic

structure and the degree of strain sharing of the Acinetobacter

and Pseudomonas populations associated to the two epilithons

using the RAPD technique. The analysis was performed on a

total of 77 and 44 Acinetobacter sp. and Pseudomonas sp. isolates,

respectively. Each RAPD fingerprinting obtained was compared

with the other ones to split the bacterial isolates into groups (or

haplotypes), very likely corresponding to different strains. Data

revealed that the 77 Acinetobacter and the 44 Pseudomonas strains

were split into 12 and 19 RAPD haplotypes, respectively, and the

two epilithons harbored distinct populations of Pseudomonas and

Acinetobacter (Tables S1a and b, Supporting Information). More-

over, the higher values of richness and diversity indices calcu-

lated for the cultivable fraction of bacterial communities in red

and black biofilms suggested that the genetic diversity of Pseu-

domonas community was higher than that of the Acinetobacter

one (Table S2, Supporting Information). Very interestingly, the

two epilithons did not share any Pseudomonas and/or Acinetobac-

ter strain, suggesting the existence of a hidden/unknown factor

driving the structuring of these communities. The phylogenetic

analysis on Acinetobacter sp. (Fig. S2, Supporting Information)
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Figure 2. Affiliation of 16S rRNA sequences obtained from red (left panels) and black (right panels) epilithic biofilms. Phyla with relative abundance lower than 0.5%

were grouped together and labelled as ‘Other taxa’.

Figure 3. PCA analysis of HTS data on samples collected in red and black

epilithons.

and Pseudomonas sp. strains (Fig. S3, Supporting Information),

confirmed the separation of the strains in the different hap-

lotypes detected by RAPD analysis. Indeed, data revealed that

isolates exhibiting the same RAPD profile, clustered together in

the phylogenetic tree. Moreover, the phylogenetic analysis con-

firmed the higher genetic diversity of Pseudomonas in respect to

Acinetobacter strains.

Phenotypic characterization of Pseudomonas and

Acinetobacter community

In order to obtain insights into the (different) phenotypic fea-

tures of Acinetobacter and Pseudomonas strains, some phenotypic

tests (resistance to heavy metals and antibiotics, antagonistic

interactions) were carried out on a panel of 13 Acinetobacter sp.

strains (3 from red epilithon and 10 from black epilithon) and 23

Pseudomonas sp. strains (8 from black epilithon and 15 from red

epilithon), representative of all the identified RAPD haplotypes.

The Pseudomonas and Acinetobacter strains exhibited differ-

ent resistance patterns to antibiotics (Table S3, Supporting Infor-

mation); this was particularly evident for Streptomycin and

Rifampicin. Indeed, most Pseudomonas strains grew at Strepto-

mycin concentrations up to 10–50 µg/ml, while most Acinetobac-

ter strains grew up to 5–10 µg/ml. Similarly, Pseudomonas strains

were able to grow at Rifampicin concentrations up to 5–10µg/ml,

while Acinetobacter strains were sensitive to all the tested con-

centrations of this antibiotic.

Concerning heavy metals, Pseudomonas strains were more

sensitive to Arsenate than Acinetobacter ones; on the contrary,

Pseudomonas could grow on Cadmium (up to 5 mM), while Acine-

tobacter were sensitive to all the Cadmium tested concentra-

tions. When analyzed separately, heavy metals resistance pat-

terns did not reveal any strong separation between Acinetobac-

ter and Pseudomonas communities (Fig. 6a); conversely, antibiotic

resistance patterns allowed a strong and complete separation

between the two distinct communities (Fig. 6b).
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Figure 4. Top—HTS analysis results of bacterial phyla distribution within samples collected in red and black epilithon. Phyla with a relative abundance lower than

0.5% were pooled together and labelled as ‘Other’. Bottom—Distribution of classes belonging to Proteobacteria phylum.

Table 4. Viable counts of heterotrophic bacteria in red and black
epilithic biofilms.

Sample

ID

Type of

biofilm

Bacterial plate

count (CFU/g)

Number of

isolated

strains

1 Black 2.08± 0.09 × 107 63

5 Black 1.65 × 105 35

6 Black 2.63± 0.02 × 106 106

2 Red 7.53± 3.5 × 107 38

3 Red 1.73 ± 0.4 × 106 39

4 Red 5.88 ± 4.4 × 104 12

Antagonistic interactions experiments carried out between

Acinetobacter sp. and Pseudomonas sp. and between strains

belonging to the same genus (Acinetobacter vs Acinetobacter

and Pseudomonas vs Pseudomonas) using single-chambered petri

dishes highlighted a strong inhibitory activity of Pseudomonas

sp. strains against the Acinetobacter strains and a moderate

inhibitory activity between Pseudomonas sp. strains (Table 5,

upper part). Moreover, since it is known that bacterial strains

can produce volatile organic compounds that may inhibit the

growth of other bacteria (Papaleo et al. 2013), the same experi-

ments were carried out using two-chambered petri dishes with

a central septum physically separating the tester strain from

the target ones. Data obtained are shown in Table 5 (lower part)

whose analysis revealed that the Pseudomonas sp. strains were

less active against Acinetobacter strains; moreover, the inhibi-

tion among Pseudomonas strains disappeared completely. On the

other side,Acinetobacter sp. strains exhibited an almost complete

absence of inhibition activity against Pseudomonas, either with

single-chambered or two-chambered petri dishes, with the only

exception represented by Acinetobacter strain 1.7, which showed

a slightly moderate inhibitory activity vs Pseudomonas strains

when grown on single-chambered petri dishes.

DISCUSSION

The Acquarossa river (Viterbo, Italy) represents a still unex-

plored site of naturalistic interest. To the best of authors’ knowl-

edge this is the first study exploring the structure and com-

plexity of bacterial communities of rock biofilms along the river

course, focusing on both chemical and microbiological aspects.

Data obtained in this work shed some light on the role that

biotic factors might play in driving the structuring of the bac-

terial communities of rock biofilms.

On the basis of HTS data, iron-oxidizing bacteria, mainly

related to Sideroxydans sp. andGallionellaceae represent an impor-

tant fraction of the entire microbiota of the red-colored biofilms.

It is known that freshwater iron-oxidizing bacteria are a group of

bacteria associated to aqueous environments containing appre-

ciable concentrations of Fe(II) (Emerson, Fleming and McBeth

2010; Emerson et al. 2013). The analysis of Fe2+ and Fe3+ con-

tent in the Acquarossa river water revealed that almost 60% of

the total iron content (1.05/1.788 mg/l) is in the oxidized Fe3+
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Figure 5. Bacterial genera distribution in black and red epilithons obtained by analysing culturable bacterial communities.

form, while the 40% is in the form of Fe2+. The presence of

high amounts of Fe2+ in the river is favoured by pH (about 6.5

in the flowing water) (Hem and Cropper 1960) thus sustaining

the activity of iron-oxidizing bacteria (Emerson, Fleming and

McBeth 2010) and deposition of iron hydroxides in biofilms dom-

inated by these microorganisms. Therefore, the red color shown

by this biofilm might be related to the presence of iron hydrox-

ides that accumulates within the biofilm matrix (presumably

due to the formation of Fe2O3) (Fig. 1c).

The color of the black epilithon might be due to the pres-

ence of other compounds in the river water. One possible

explanation might be related to the presence of iron sulfides,

which are known to form a black colored precipitate (Berner

1964) and that can be the result of the combination of Fe2+

with S (Table 1) by sulfate-reducing bacteria in the biofilm

matrix. HTS data revealed the presence of sulfate-reducing bac-

teria affiliated to Nitrospirae and Deltaproteobacteria both in red

and black epilithic biofilms (Fig. 2). Among them, the analysis

of OTUs at genus level revealed the presence of sulfate reduc-

ing Desulfobulbus and Desulfuromonas. However, the multivariate

analysis of variance did not show any significant difference in

the whole community assemblage between the two epilithons

(p = 0.1), and as a consequence, there are not significant differ-

ences in sulfate-reducing bacteria distribution within the two

biofilms. Hence, it might be possible that other bacterial and/or

archaeal groups not analyzed in this work could carry out the

chemical reaction leading to the production of black precipitates

characterizing this biofilm.
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Figure 6. UPGMA analysis (Bray Curtis distance) performed on the heavy metal data matrix (A) and on the antibiotic data matrix (B) obtained by means of the broth

microdilution methods.

The prevalence of Proteobacteria in red and black epilithons

might be expected since Proteobacteria dominance in epilithic

biofilm has been already reported from different environ-

ments (e.g. Bartrons, Catalan and Casamayor 2012; Ragon

et al. 2012). Moreover, it has been reported that a lim-

ited number of dominant bacterial phyla (<10) prevails in

rock biofilm bacterial communities (McNamara and Mitchell

2005). The bacterial communities in black and red epilithons

were dominated by Acinetobacter and unclassified Gallionel-

laceae, Sideroxydans sp. and Gallionella sp., respectively. The

HTS data partially agree with those obtained using culture-

dependent approach: indeed, strains affiliated to Acinetobacter

spp. were more abundant in black epilithon samples, whereas

Pseudomonas sp. prevailed in red epilithon ones (Fig. 5). This dis-

crepancy in the red epilithon might be explained as bacteria

belonging to the genera Gallionella and Sideroxydans don’t grow

on the TSA medium, hence, they might have not been isolated

by the culture conditions used in this work. Indeed, they are

considered ‘iron bacteria’ because they are able to oxidize iron

(Emerson, Fleming and McBeth 2010) and live in environments

with high iron concentration, preferentially at the oxic–anoxic

interfaces.

Bacterial plate counts gave comparable results in both red

and black epilithon samples revealing that there was not a sig-

nificant difference between the two biofilms. This result sug-

gest that the fractions of cultivable and non-cultivable bacte-

rial communities are comparable in the two environments and

do not contribute to the differences between the red and black

epilithon.

The complete absence of RAPD haplotype sharing between

red and black epilithon both for Acinetobacter and Pseudomonas,

suggests that the two communities are genetically differentiated

at the strain level. These findings are in agreement with pre-

vious data suggesting that when two communities co-exist in

the same environment and are spatially and physically in con-

tact with each other, there could be some selective pressure that

create and/or maintain a barrier to the free intermix of bacterial

strains (Chiellini et al. 2014 and references therein). This selec-

tive pressure might likely be due to biotic conditions such as the
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Table 5. Results from the cross-streak inhibition assay performed with petri dishes without (upper) or with (lower) septum. Rows stand for
target strains and each column stands for a tester strain. The inhibition values corresponding to three different inhibition levels are as follows:
complete (red), strong (orange), weak (yellow) and absence (white) of inhibition; n.d. stands for ‘not determined’ tests. Red and black numbers
indicate strains isolated from red and black epilithon, respectively.

production of antibacterial compounds, as previously shown for

other bacterial communities (Mengoni et al. 2014; Maida et al.

2016).

Concerning the resistance to antibiotics and heavy metals,

UPGMA performed on data from heavy metals (Fig. 6a) and

antibiotics (Fig. 6b) resistance patterns, revealed quite differ-

ent scenarios. Concerning heavy metals, Acinetobacter and Pseu-

domonas populations share similar resistance patterns (Table

S3, B, Supporting Information). Overall, these findings might

suggest that the presence of heavy metals in such environ-

ment (abiotic factor) might not be a driving force for the evo-

lution of the two separated communities inhabiting the red

and the black epilithons. On the contrary, the resistance pat-

terns towards antibiotics (Table S3, A, Supporting Information)

were completely different between the two populations; indeed,

Acinetobacter and Pseudomonas cluster separately (Fig. 6a). Hence,

the resistance pattern towards antibiotics (biotic factor) might

represent (at least) one of the factors responsible for the phys-

ical separation of the different bacterial communities in the
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two biofilm types. This is in agreement with data obtained with

other reports concerning the structuring on bacterial communi-

ties isolated from different compartments (Mengoni et al. 2014).

Pseudomonas spp. population showed higher resistance levels

towards the tested antibiotics in respect to the Acinetobacter spp.

one. The comparison of our results with other published data

is not easy to perform due to the scarcity of similar studies at

environmental scale. One example can be given by Acinetobacter

sp. and Pseudomonas sp. strains associated with fish and water

from Congonhas river, that revealed no significant differences

in resistance patterns towards Streptomycin at concentration of

10 µg/ml (Sousa and Silva-Souza 2001).

The RAPD and phylogenetic analysis performed for the

two bacterial groups suggested that Pseudomonas constitutes a

panmictic population and dominates the red epilithon, while

Acinetobacter is a clonal population that dominates the black

epilithon. Bacteria are naturally organized in clonal populations

due to binary fission; however, the occurrence of horizontal gene

transfer might shift the genetic structure of populations to pan-

mictic (Vogel et al. 2003).

Moreover, it is known that in natural communities the

release of toxic/antagonistic compounds synthesized by some

bacteria can prevent the invasion from other (micro)organisms

by creating an inhospitable zone for competitors (Stubbendieck

and Straight 2016; Stubbendieck, Vargas-Bautista and Straight

2016). The competition for space and resources and the produc-

tion of molecules with inhibiting potential against other organ-

isms represent an advantage for the colonization of a niche by

bacteria, as previously suggested by the few studies on this issue

(Pérez-Gutiérrez et al. 2013).

It has also been reported that antagonistic interactions

between bacterial strains belonging to the same or to different

taxa might play a role in driving the structuring of microbial

communities (Maida et al. 2016). Cross-streaking experiments

(Table 5) performed in this work demonstrated that Pseudomonas

sp. strains are able to inhibit the growth of Acinetobacter sp.

strains by synthesizing diffusible (and very likely not volatile)

antibiotic compounds. The ability of Pseudomonas sp. strains in

synthetizing antibiotic compounds has been previously docu-

mented (e.g. Raaijmakers, Weller and Thomashow 1997; Haas

and Keel 2003). This finding strongly supports the importance of

the antagonistic interaction (biotic factor) as a driving force for

the assembly of microbial communities in those environments

that are spatially structured, such as biofilms (Pérez-Gutiérrez

et al. 2013). This might suggest that the molecule(s) synthesized

by Pseudomonas strains and able to inhibit the growth of Acine-

tobacter can diffuse within the biofilm and might be responsi-

ble for the structuring of the two distinct biofilms character-

izing the black and the red epilithons. Indeed, diffusion has

been previously demonstrated as being the prevalent transport

process for molecules in biofilms (Stewart 2003). Considering

that the black and red epilithons never mix but they are spa-

tially located close to each other, ‘diffusion’ might be the main

mechanism, if not the only one, acting in these environments,

sincemolecules can easily diffuse/flow between cells; indeed, in

aquatic environment—such as the Acquarossa river—molecules

produced by bacteria are carried off the cell and there is a low

probability that they might reach neighbor bacteria (Watnick

and Kolter 2000).

CONCLUSION

The structuring of bacterial communities in black and red

epilithic rock biofilms in Acquarossa river (Viterbo, Italy) has

been investigated by means of cultivation and unculturable

dependent approaches. In both cases, differences in taxonomic

composition of black and red epilithon were highlighted. While

black epilithon is dominated by Acinetobacter sp., bacteria inhab-

iting red epilithon are most iron-oxidizing strains. The propor-

tion of culturable and non-culturable fractions of the commu-

nity, as well as the resistance patterns towards heavy metals,

do not seem to affect the differential structuring of the commu-

nities. On the other side, antibiotic resistance patterns and, in

a larger proportion, the antagonistic interactions between the

dominant bacterial genera seem to affect the whole structuring

of red and black epilithic biofilms. These findings enforce the

role of biotic factors as responsible for the structuring of natural

bacterial communities. Overall, the study suggests that there is

a selection of population at very small scale, and that different

population might compete for different niches.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Improvement of industrial productions through more environment-friendly processes is

a hot topic. In particular, land and marine environment pollution is a main concern,

considering that recalcitrant compounds can be spread and persist for a long time.

In this context, an efficient and cost-effective treatment of wastewater derived from

industrial applications is crucial. Phytodepuration has been considered as a possible

solution and it is based on the use of plants and their associated microorganisms

to remove and/or transform pollutants. In this work we investigated the culturable

microbiota of Phragmites australis roots, sampled from the constructed wetlands (CWs)

pilot plant in the G.I.D.A. SpA wastewater treatment plant (WWTP) of Calice (Prato,

Tuscany, Italy) before and after the CW activation in order to check how the influx of

wastewater might affect the resident bacterial community. P. australis specimens were

sampled and a panel of 294 culturable bacteria were isolated and characterized. This

allowed to identify the dynamics of the microbiota composition triggered by the presence

of wastewater. 27 out of 37 bacterial genera detected were exclusively associated to

wastewater, and Pseudomonas was constantly the most represented genus. Moreover,

isolates were assayed for their resistance against eight different antibiotics and synthetic

wastewater (SWW). Data obtained revealed the presence of resistant phenotypes,

including multi-drug resistant bacteria, and a general trend regarding the temporal

evolution of resistance patterns: indeed, a direct correlation linking the appearance of

antibiotic- and SWW-resistance with the time of exposure to wastewater was observed.

In particular, nine isolates showed an interesting behavior since their growth was

positively affected by the highest concentrations of SWW. Noteworthy, this study is

among the few investigating the P. australis microbiota prior to the plant activation.

Keywords: Phragmites australis, phytodepuration, wastewater, endophytes, antibiotic resistance, metal

resistance
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INTRODUCTION

Plants and microorganisms have been living in association for
a very long time. In fact, arbuscular mycorrhizal mutualism is
believed to have had a key importance in the terrestrialization
process and in the evolution and diversification of plant
phototrophs (Selosse and Le Tacon, 1998; Heckman et al., 2001).
Different microorganisms (bacteria and fungi) can establish
(more or less) deep associations with plants; some of them
exhibit an endophytic lifestyle, in that they colonize plant tissues
internally, although a more specific definition of endophytes
states that they are organisms which, at some moment of their
life cycle, colonize the internal plant tissues without causing
any type of harm to the host (Patriquin and Döbereiner,
1978). Potential endophytes often inhabit the surrounding soil,
especially rhizosphere, from where they can enter plant tissues
switching to an endophytic lifestyle. They may thus enter plant
tissues through wounds, germinating radicles, emergence points
of lateral roots or root elongation and differentiation zones
(Reinhold-Hurek et al., 2006; Sturz et al., 2010). Once inside,
bacteria adapt to different environmental conditions (e.g., pH,
osmotic pressure, carbon source, and availability of oxygen) and
overcome plant defense responses (Zeidler et al., 2004).

The plant host and the bacterial endophytes create a
mutualistic interaction, with bacteria gaining nutrients and
a niche to colonize (Sturz et al., 2010). Even though the
exact role of endophytes within plant tissues has not been
fully understood yet, it is well-established that in many cases
endophytes are beneficial to plants (Schlaeppi and Bulgarelli,
2015; Wani et al., 2015). The most common functions observed
for bacterial endophytes are (i) uptake of nutrients (e.g., N, P,
S, Mg, Fe, and Ca; Duijff et al., 1999; Çakmakçi et al., 2006),
(ii) biosynthesis of phytohormones promoting plant growth
(Spaepen et al., 2007), (iii) 1-aminocyclopropane-1-carboxylate
deaminase activity (ACC; Glick et al., 2007), (iv) nitrogen fixation
(Doty et al., 2009), (v) prevention of pathogenic infections
(Weller, 2007; Pérez-García et al., 2011), (vi) acceleration of
seedling emergence (Hardoim et al., 2008), and (vii) tolerance
to pollution and stresses (Ryan et al., 2008; Lugtenberg and
Kamilova, 2014).

In the context of the present work, particularly important
is the ability of plant-associated bacteria to increase tolerance
to pollution and/or increase the ability of plants to detoxify
polluted environments. Environmental pollution, especially
water pollution, represents a concern of considerable prominence
in the current society. In this regard, phytodepuration is the over-
arching term for a group of technologies that utilizes plants and
the associated rhizospheric microorganisms to remove and/or
transform contaminants leached from soils/sediments and from
used water streams (He et al., 2017; Saxena et al., 2020). It
represents an environmental-friendly and a valuable solution for
environmental cleanup, in particular for wastewater treatment,
and it is popular because of its cost effectiveness, aesthetic
advantages, and long-term applicability (Puvanakrishnan et al.,
2019). In the present manuscript the term “phytodepuration”
has been used to indicate specifically the remediation process
regarding water and wastewater, rather than “phytoremediation,”

TABLE 1 | Antibiotics used in this work.

Antibiotic Class Target

Ampicillin Penicillins Cell wall synthesis: inhibitor of

D-Ala-D-Ala carboxypeptidase

Chloramphenicol Phenicols Ribosome: inhibitor of peptidyl

transferase activity of 23S rRNA

Ciprofloxacin Fluoroquinolones Topoisomerases

Kanamycin Aminoglycosides Ribosome: inhibitor of 30S

ribosomal subunit

Rifampicin Ansamycins DNA-dependent RNA

polymerase

Streptomycin Aminoglycosides Ribosome: inhibitor of 30S

ribosomal subunit

Tetracycline Tetracyclines Ribosome: it blocks the binding

of aminoacyl-tRNAs

Trimethoprim Diaminopyrimidines DNA replication: inhibitor of

dihydrofolate reductase

TABLE 2 | Composition of synthetic wastewaters (SWWs).

Compound 1X SWW 2X SWW 3X SWW

H3BO3 20 40 60

FeCl2 · 4H2O 15 30 45

Na2SeO3 0.03 0.06 0.09

NaCl 5,000 10,000 15,000

Concentrations are expressed as mg/L.

which has a more general meaning, encompassing applications
regarding, for example, soil remediation.

The constructed wetlands (CW) are engineered systems
designed to mimic the self-purification processes of natural
wetlands. For decades, CW have been successfully used for
treating wastewater of different origins and have been identified
as a sustainable wastewater management option worldwide
(Wang et al., 2017), demonstrating their ability to eliminate
diffuse pollutants from urban, rural, and industrial emissions.
In literature, the effectiveness of the use of CW in the
treatment of sewage containing heavy metals and high salinity is
reported (Vymazal, 2011). This process is due to the interaction
between plants, microorganisms, soil, and polluting substances
(Zhou et al., 2013).

In CW, the rhizosphere is the mainly involved plant
compartment, where multiple different physiochemical and
biological processes occur (Stottmeister et al., 2003). The
common reed Phragmites australis is one of the most employed
plant species, because of its ability to flourish in marshy areas
and swamps and the high detoxification and phytodepuration
potential. Moreover, it is widely used to treat industrial
wastewater containing heavy metals (Zhang et al., 2017).
One peculiar characteristic of P. australis is that its internal
environment is characterized by a relatively constant osmotic
gradient determined by the downward transportation of Na+

from stems to roots (Vasquez et al., 2006). For this reason,
P. australis is also well-adapted to salty ecosystems. In CW,
vegetation is responsible for only a small amount of pollutant
removal (0.02%; Zhang et al., 2017), while its main function is
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TABLE 3 | Bacterial counts in roots of Phragmites australis collected during the five samplings and meteorological conditions registered monthly.

Samplings

1st (March 2017) 2nd (July 2017) 3rd (November 2017) 4th (June 2018) 5th (December 2018)

SFS-v (CFU/g) 4 × 106 1 × 107 1 × 106 3 × 106 6 × 105

SFS-h (CFU/g) 5 × 106 1 × 107 5 × 106 2 × 107 1 × 106

Average air temperature (◦C) 13.8 26.4 10.6 23.5 7.4

Total precipitations (mm) 58.8 2.0 108.2 48.6 42.6

Bacterial counts are expressed as colony forming units per gram (CFU/g) of roots, air temperature in Celsius degrees, total precipitations in millimeters.

to provide additional oxygen and organic matter for microbial
growth (Zhou et al., 2013). Indeed, microorganisms have been
described as the main actors of pollutant removal in CW (Zhang
et al., 2017). Phytodepuration has proved to effectively remove
or neutralize hazardous environmental contaminants and it is
predicted to have a growing application in the next years.
However, this process presents some limitations, such as the toxic
effects of pollutants on the growth and health of the plants (Glick,
2003). In fact, plant biomass is critical for phytodepuration
(Germaine et al., 2010) and even hyperaccumulator plants, which
can accumulate concentrations of toxic elements up to 100-
fold higher than other plant species, usually exhibit a reduced
growth. Also, phytodepuration may determine the accumulation
of contaminants in plant tissues, which, in turn, is responsible for
ecological and airborne exposure issues (Ho et al., 2012). In this
scenario, rhizobacteria and endophytic bacteria can aid plants by
supporting their growth (Tesar et al., 2002; Shaw and Burns, 2004;
Chaudhry et al., 2005), reducing phytotoxicity effects, increasing
pollutant uptake and removal (Glick and Stearns, 2011), reducing
the release of toxic compounds into the atmosphere (Barac
et al., 2004), removing contaminants and/or accumulating heavy
metals (Germaine et al., 2010; Ho et al., 2012).

The experimental plant of Calice (Prato, Italy), managed by
G.I.D.A. SpA, has therefore set itself as a goal to verify the action
of this association in tertiary treatment of landfill leachate (LFL;
Coppini et al., 2019).

The aim of this work was to characterize the cultivable
bacterial communities associated to the roots of P. australis
plants in Calice CW and to analyze their temporal dynamics
before and after the activation of the plant for 22 months. This
allowed the assessment of wastewater influx effect in shaping the
composition of pre-existing bacterial communities. Moreover,
bacteria isolated from roots were tested for their ability to grow
in the presence of synthetic wastewater (SWW), along with their
resistance against a panel of antibiotics commonly used to treat
infections in humans. To the best of our knowledge, this work is
among the few taking in consideration the bacterial composition
of endophytes before the activation of CW, and likely the first
regarding this issue in P. australis.

MATERIALS AND METHODS

Site Description
P. australis plants were obtained from the CWs pilot plant
managed by G.I.D.A. SpA and located at Calice Wastewater

Treatment Plant (WWTP) in Prato, Italy. The CW of Calice
was designed for the tertiary treatment of LFL. This CW is
located downstream of a membrane bio-reactor (MBR) designed
to pretreat a mixture of LFLs before their discharging in the
main line of a full-scale WWTP, which treats both urban and
industrial wastewater.

Constructed wetlands medium, used as substrate for the
growth of P. australis, consists of four layers of gravel and sand;
proceeding from the top to the bottom they are (thickness of
layers and diameter range of particles are reported in brackets,
respectively): gravel (20 cm; 5–10 mm) – sand (60 cm; 0.1–
0.4 mm and 0.02–0.1 mm) – gravel (10 cm; 5–10 mm) – gravel
(10 cm; 40–70 mm). CW implant was designed with two parallel
lines, named “Line A” and “Line B,” respectively, with a total
surface area of 1,620 m2. Each line is a two-stage subsurface flow
system (SFS), consisting of a vertical system (SFS-v) followed by
a horizontal one (SFS-h). The SFS-v of Line A is subdivided into
four parallel separated tanks (SFS-v1, SFS-v2, SFS-v3 e SFS-v4),
while the SFS-v of Line B is composed by two tanks (SFS-v5 e
SFS-v6). Furthermore, both SFS-h lines are composed by three
tanks, each one receiving the same hydraulic load. The maximum
hydraulic load supplied to the entire system was 95 m3/day
corresponding to a 1.9-day Hydraulic Retention Time for the
horizontal stage (Coppini et al., 2019).

Sampling and Isolation of Bacteria
Samples from the roots of P. australis were collected using sterile
plastic bags and immediately transported to the laboratory for
the subsequent processing. All procedures described hereinafter
were carried out under sterile conditions to avoid external
contaminations. Samples of three different specimens of
P. australis growing in three different tanks were grouped and
pooled before starting any procedure. Two pools were obtained
from both SFS-v and SFS-h for each sampling campaign. 1 g
of fresh tissue from each pool was surface-sterilized with 1%
v/v HClO solution at room temperature to remove epiphytic
bacteria and then washed three times with sterile water. Aliquots
of 100 µL of water from the last wash were plated in triplicate
as sterility controls. Subsequently, samples were homogenously
pottered in a sterile mortar with the addition of 2 mL of 0.9%
w/v NaCl sterile solution. Serial dilutions of tissue extracts were
plated in triplicate on trypticase soy agar (TSA) medium (Biolife)
and incubated at 30◦C for 48 h. The total number of aerobic
heterotrophic fast-growing bacteria of each sample was expressed
as colony forming units per gram of roots (CFU/g), and it was
determined as an average of three replicates. Isolated bacteria
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TABLE 4 | Number of bacterial isolates grouped for genus and sampling.

Samplings

1st 2nd 3rd 4th 5th Total %

Achromobacter – 1 3 4 4 12 4.08

Acinetobacter – 4 – – – 4 1.36

Aeromonas – – – 1 – 1 0.34

Agrobacterium – 2 1 9 1 13 4.42

Arthrobacter – – – 1 – 1 0.34

Bacillus 9 2 9 – 4 24 8.16

Buttiauxella 1 – – – – 1 0.34

Chryseobacterium – – – – 3 3 1.02

Comamonas – 1 – – – 1 0.34

Devosia – – – 1 – 1 0.34

Enterobacter – – 2 – – 2 0.68

Flavobacterium 1 – – 2 2 5 1.70

Halomonas – 1 6 – – 7 2.38

Idiomarina – 1 – – – 1 0.34

Isoptericola – – 1 – – 1 0.34

Janthinobacterium 1 – – – – 1 0.34

Lelliottia 2 – – – – 2 0.68

Lysobacter – – – 1 – 1 0.34

Microbacterium – 2 1 1 – 4 1.36

Micrococcus – – – 1 – 1 0.34

Ochrobactrum – 2 – – 1 3 1.02

Paenibacillus – – – – 5 5 1.70

Pannonibacter – 1 2 3 – 6 2.04

Pantoea 7 – – – 2 9 3.06

Paracoccus – 1 – – – 1 0.34

Pectobacterium 1 – – – – 1 0.34

Planococcus – – – – 1 1 0.34

Pseudomonas 43 15 12 21 19 110 37.41

Pseudoxanthomonas – 2 1 – – 3 1.02

Rheinheimera – 7 2 1 – 10 3.40

Rhizobium – – 2 13 1 16 5.44

Shinella – – – 2 – 2 0.68

Sphingobium – – – 1 – 1 0.34

Staphylococcus 1 2 – – – 3 1.02

Stenotrophomonas 1 – 8 1 10 20 6.80

Thalassospira – 4 7 5 – 16 5.44

Vibrio – 1 – – – 1 0.34

Total number of isolates 67 49 57 68 53 294

Total number of genera 10 17 14 17 12 37

–: absence of isolates.

were name-coded according to the portion of the CW from
whom they were isolated (V for the SFS-v and H for the SFS-
h, respectively) and the pool of origin collected during the five
samplings (1–2, 3–4, 5–6, 7–8, and 9–10 for the first, second,
third, fourth, and fifth sampling, respectively).

Amplification and Sequencing of 16S
rRNA Gene
Polymerase chain reaction (PCR) were performed to amplify
the 16S rRNA coding gene. 2 µL of colony thermal lysate

were used as template for a PCR in 1X DreamTaq Buffer
(Thermo Scientific) containing 200 µM of each dNTPs, 0.2 µM
of primers P0 (5′-GAGAGTTTGATCCTGGCTCAG-3′) and P6
(5′-CTACGGCTACCTTGTTACGA-3′; Di Cello and Fani, 1996),
2 U of DreamTaq DNA Polymerase (Thermo Scientific) in a
final volume of 25 µl. The PCR cycling for 16S rRNA gene
amplification was 95◦C for 3 min followed by 30 cycles of 95◦C
for 30 s, 55◦C for 30 s, and 72◦C for 1 min, then a final extension
at 72◦C for 10 min. A Bio-Rad T100 thermal cycler was used.
Sequencing of 16S rRNA gene was performed by IGATechnology
Services Srl (Udine, Italy).

Taxonomic and Phylogenetic Analyses
Taxonomic affiliation of isolates was determined through the
alignment of sequences to those of type strains downloaded from
the ribosomal database project (RDP; Cole et al., 2014) using
BioEdit (Hall, 1999). The obtained alignment was then used
to build a phylogenetic tree through MEGA7 (Kumar et al.,
2016), applying the Neighbor-Joining algorithm with a 1000-
bootstrap resampling.

Antibiotic Resistance Assay
Isolates were tested for their resistance against eight
antibiotics (i.e., rifampicin, ampicillin, kanamycin, tetracycline,
chloramphenicol, streptomycin, trimethoprim and ciprofloxacin)
at six different concentrations (i.e., 1 – 10 – 25 – 50 – 100 –
150 µg/mL; Table 1). Bacteria were firstly grown overnight on
TSA (Biolife) at 30◦C, then a single colony was resuspended
in 100 µL of 0.9 w/v NaCl sterile solution. The obtained
suspensions were streaked on Mueller–Hinton II Agar (Biolife)
plates supplemented with the tested antibiotics. Bacteria were
also cultivated on the same medium in the absence of antibiotics,
using these cultures as control to evaluate the presence of growth
inhibition in presence of antibiotics. All plates were incubated at
30◦C and growth performances were evaluated after 48 h. The
minimal inhibitory concentration (MIC) value for each antibiotic
was considered as the lowest concentration of the compound
that inhibited visible growth of the tested isolate.

Growth in Presence of Synthetic
Wastewater
Growth of strains isolated from roots of P. australis in presence
of SWW was assayed through the broth microdilution methods
(Wiegand et al., 2008) using trypticase soy broth (TSB) medium
(Biolife). The bacterial inoculum for the experiment was prepared
by dissolving an isolated bacterial colony in 10ml of TSBmedium
after 24 h-growth at 30◦C on TSA. The inoculum was incubated
overnight at 30◦C under shaking. Upon incubation, absorbance
at 600 nm was measured and adjusted to 0.1. The experiment
was performed using 96-well plates. Each well contained 10 µL
of bacterial inoculum, 80 µL of TSB medium and 10 µL of
10X, 20X, and 30X SWW, to reach the final concentration of
1X, 2X, and 3X, respectively. The composition of SWWs used
for this assay is shown in Table 2. Growth performances in
presence of SWW were evaluated calculating the ratio between
the OD600 of cultures in presence of SWW (herein after indicated
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FIGURE 1 | Distribution of bacterial genera during the five samplings.

as OD600SWW) and OD600 of controls (i.e., bacteria grown in
TSB lacking SWW). Bacterial isolates were considered sensitive
to SWW when this parameter assumed values <0.7, while they
were evaluated as resistant when it was >1.3.

RESULTS

Bacterial Counts
P. australis plants were sampled from the CW in Calice during
a period of 22 months, spanning from March 2017 to December
2018; 5 samplings were conducted, with the first one (i.e., March
2017) performed before the activation of the CW (Table 3). This

experimental strategy allowed us to compare the composition of
the cultivable bacterial community associated to the P. australis
roots before and after the beginning of wastewater influx. The
titer of viable bacteria associated to roots was determined as
described in section “Materials and Methods”. Data obtained

revealed that there were no great differences between the CFU
counts in SFS-v and SFS-h, exception for the third and fourth

samplings in which CFU values were higher in SFS-h (Table 3).

In general, bacterial load was quite constant during the
experiment and fluctuations might be related to different factors,
such as wastewater composition, frequency of raining, and/or
seasonal variations. Indeed, it is likely that the weather exerted
a main effect on bacterial growth since the highest bacterial loads
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TABLE 5 | Frequencies of minimal inhibitory concentration (MIC) values among

bacterial isolates.

MIC (µg/mL) Samplings

1 2 3 4 5

Rifampicin 1 12 18 26 9 8

10 26 28 9 21 20

25 23 – 9 22 13

50 – – 11 1 5

100 – – – 3 4

150 – – – – 2

>150 – – – – –

Ampicillin 1 3 7 18 5 2

10 1 8 1 1 3

25 4 3 4 – 2

50 2 7 6 5 5

100 10 6 1 9 5

150 1 4 2 3 5

>150 39 8 23 33 30

Kanamycin 1 1 – – 2 3

10 50 25 31 16 27

25 2 7 5 7 4

50 3 3 2 14 1

100 1 1 1 5 –

150 1 2 1 – –

>150 1 6 15 12 17

Tetracycline 1 30 43 37 33 12

10 28 4 8 19 31

25 – – 8 3 1

50 – – 1 – –

100 – – – – 8

150 – – – – –

>150 – – – 1 –

Chloramphenicol 1 20 14 9 15 4

10 8 10 17 5 9

25 4 7 14 13 14

50 4 7 8 6 14

100 16 6 – – 6

150 2 2 2 – 1

>150 7 – 4 17 4

Streptomycin 1 3 12 2 – 2

10 32 13 24 16 10

25 10 9 9 4 12

50 10 3 1 5 –

100 4 – 4 2 8

150 1 – – 9 –

>150 3 7 14 20 20

Trimethoprim 1 12 15 8 – 5

10 – 5 9 7 7

25 1 3 2 2 7

50 1 6 3 5 2

100 2 7 15 4 5

150 7 5 5 3 6

>150 42 5 12 35 20

Ciprofloxacin 1 65 43 40 48 39

10 – 3 14 8 5

25 – – – – 8

50 – – – – –

100 – – – – –

150 – – – – –

>150 – – – – –

–: absence of isolates showing a specific MIC value.

FIGURE 2 | Growth of 294 Phragmites australis root-associated bacteria in

the presence of synthetic wastewater (SWW). Ranges of OD600SWW /OD600

values are reported in the x axis, while the number of isolates is reported in the

y axis. (A) 1st sampling; (B) 2nd sampling; (C) 3rd sampling; (D) 4th sampling;

and (E) 5th sampling. Blue: 1X SWW; Orange: 2X SWW; Gray: 3X SWW.
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were observed during summer (i.e., second and fourth samplings,
respectively), when the higher temperatures probably facilitated
bacterial growth and the poor precipitations probably caused a
higher concentration of wastewater.

Taxonomic Affiliation of Cultivable
Bacteria
A total of 294 isolates (67, 49, 57, 68, and 53 from the first,
second, third, fourth, and fifth sampling, respectively) were
isolated from the P. australis roots. The attention was focused on
bacteria isolated from this plant compartment because it has been
reported that it is primarily involved in the depuration process
(Riva et al., 2020). Each of the 294 isolates underwent a taxonomic
characterization; to this purpose the amplification, sequencing,
and analysis of 16S rRNA coding gene(s) were performed as
described in section “Materials and Methods.”

Each sequence was submitted to Genbank and was assigned
the accession number reported in Supplementary Table

S1. The comparative analysis of each sequence with those
available in databases allowed to split the 294 isolates into
37 different genera (Supplementary Figures S1–S30). The
analysis revealed that 254 isolates were Gram-negative while
40 were Gram-positive bacteria. Moreover, a total of four
different phyla were represented, with 246 belonging to
Proteobacteria (59 Alphaproteobacteria, 14 Betaproteobacteria,
and 173 Gammaproteobacteria), 8 to Bacteroidetes (all belonging
to Flavobacteriia class), 33 to Firmicutes (all belonging to Bacilli
class), and 7 to Actinobacteria (all belonging to Actinobacteria
class). The most represented genus was Pseudomonas, whose
members accounted for 37% of all isolates, as shown in Table 4.
The abundance of Pseudomonas was not directly related to the
activation of the CW, because it was the most represented genus
even before the influx of wastewater (Figure 1).

Among the 37 genera, only 4 were exclusively present during
the first sampling (i.e., Buttiauxella, Janthinobacterium, Lelliottia,
and Pectobacterium), while 27 started being present from the
second one on (i.e., Achromobacter, Acinetobacter, Aeromonas,
Agrobacterium, Arthrobacter, Chryseobacterium, Comamonas,
Devosia, Enterobacter, Halomonas, Idiomarina, Isoptericola,
Lysobacter, Microbacterium, Micrococcus, Ochrobactrum,
Paenibacillus, Pannonibacter, Paracoccus, Planococcus,
Pseudoxanthomonas, Rheinheimera, Rhizobium, Shinella,
Sphingobium, Thalassospira, and Vibrio). Hence, it is possible
that the bacteria belonging to these 27 genera might derive
from the wastewater, although it cannot be established whether
they were present in wastewater with either urban or industrial
origin. In addition to this, we cannot a priori exclude the
possibility that they were already present in the pre-existing
community (even though in low percentage) and that the
presence of the wastewater might have exerted a selective
pressure favoring their reproduction. In most cases, the
phylogenetic trees showed a narrow taxonomic distribution
of isolates, which clustered together in the same branch.
For example, all Acinetobacter strains were phylogenetically
close to A. haemolyticus (Supplementary Figure S1), all
Achromobacter isolates formed a distinct cluster and were close

to A. spanius (Supplementary Figure S5), all Chryseobacterium
were related to C. indoltheticum (Supplementary Figure

S7), all Paenibacillus belonged to the same cluster and
were close to P. tundrae (Supplementary Figure S19), all
Pannonibacter were affiliated to P. phragmitetus (Supplementary

Figure S24), and all Thalassospira isolates formed a separate
branch in the phylogenetic tree (Supplementary Figure S29).
Moreover, Rheinhemera isolates distributed in close branches
which included R. aquimaris, R. pacifica, and R. nanhaiensis
(Supplementary Figure S22). On the contrary, a higher
phylogenetic diversity was observed in the case of Bacillus
(Supplementary Figure S4), Enterobacteriales (Supplementary

Figure S10), Pseudomonas (Supplementary Figure S20),
Rhizobiales (Supplementary Figure S23), and Stenotrophomonas
(Supplementary Figure S28). However, with the exception of
the bacteria belonging to the Enterobacteriales order, in the case
of these genera the formation of distinct clusters was observed.

Resistance Against Antibiotics
All 294 isolates were tested for their resistance against a panel of
eight antibiotics used to treat human infections as described in
section “Materials andMethods.” These compounds were chosen
because they are representatives of diverse antibiotic classes and
they are directed toward different cellular targets (Table 1).
Data obtained are shown in Table 5 and Supplementary Table

S2 and revealed that, overall, the most effective antibiotics
were rifampicin, tetracycline and, above all, ciprofloxacin. On
the contrary, the more tolerated antibiotic was ampicillin,
especially in the case of Pseudomonas and Stenotrophomonas
(Supplementary Table S2). Although resistant bacteria were
isolated since the first sampling, a correlation between the time
of exposure to the wastewater (i.e., earlier vs later samplings) and
the increase of MIC values was observed for almost all antibiotics
(Table 5 and Supplementary Table S2).

On one hand, tests with rifampicin, ciprofloxacin and
tetracycline showed a progressive increase in the number of
isolates having the highest MIC values going from the first to
the fifth sampling. On the other one, although MIC values were
not determined in the assayed conditions because isolates were
able to grow even in presence of the highest concentration of
antibiotic, in the case of kanamycin and streptomycin the number
of isolates withMIC> 150µg/mL increased during time. Finally,
clear trends were not detected using ampicillin, chloramphenicol
and trimethoprim: indeed, there were bacteria able to survive in
the presence of the highest concentration since the first sampling
and, also, the frequency of resistant isolates was not subjected to
temporal variations.

According to the MIC breakpoints provided by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST –
Breakpoint tables for interpretation of MICs and zone diameters;
Version 10.0, 20201), relatively to the antibiotics assayed in
this work and limiting to the species reported by EUCAST, six
isolates could be defined as multi-drug resistant strains, since
they were resistant against at least three different antibiotics
(Supplementary Table S2). In detail, two Lelliottia (V2R14 and

1http://www.eucast.org
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FIGURE 3 | Principal component analysis (PCA) showing profiles of resistance against antibiotics and SWW of isolates belonging to the genus Pseudomonas. Dot:

1st sampling; Filled square: 2nd sampling; Triangle: 3rd sampling; Diamond: 4th sampling; and Star: 5th sampling.

H1R21) and two Enterobacter (H5R6 and H5R7) isolates were
resistant to ampicillin, chloramphenicol, and ciprofloxacin; lastly,
the two Pantoea isolates H9R2 and H9R15 that were resistant to
ampicillin, chloramphenicol, trimethoprim, and ciprofloxacin.

Growth in the Presence of SWW
The 294 isolated P. australis root-associated endophytes were also
tested for their ability to grow in the presence of SWWcontaining
B, Fe, and Se since these elements are critical for the WWTP
studied in this work. Selection of bacteria able to grow efficiently
in the presence of these compounds is of relevant interest because
CWmight be enriched with these more tolerant microorganisms,
which, in turn, might increase the pollutant removal efficiency in
wastewater. All bacterial isolates were assayed for their growth
in TSB medium supplemented with three different concentration
of SWW: 1X (i.e., a mix of H3BO3, FeCl2 · 4H2O, Na2SeO3,
and NaCl at the maximum concentrations allowed by law for
sewer emission), and 2X and 3X in which TSB medium was
supplemented with two- and threefold higher concentrations of
1X SWW, respectively.

In general, the presence of 1X SWW did not alter the growth
of isolates, indicating that these endophytes can tolerate the
presence of the tested compounds (Figure 2 and Supplementary

Table S3). The analysis of data shown in Supplementary Table

S3 and Figure 2 also revealed that 211 bacterial isolates were able
to grow efficiently also in the presence of either 2X SWW or 3X
SWW. Interestingly, eight isolates (i.e., V2R8, H3R17, H4R18,
V6R1, V5R1, V8R24, H9R1, and H10R8), belonging to the
genera Bacillus, Planococcus, Pseudomonas, and Rheinheimera,
showed a positive correlation between growth and concentration
of SWW: indeed, the higher the SWW concentration, the
higher the growth of these bacteria. This finding suggests
that these bacteria could represent good candidates for future

applications and for improvements of phytodepuration efficiency
and pollutant removal. Moreover, the isolate H9R16 deserves
further investigations, since it showed the highest growth increase
(about 350%) in presence of SWW. The analysis of the 16S rDNA
phylogenetic tree revealed that it joined bacteria belonging to the
Bacillus gibsonii species (Supplementary Figure S4), alkaliphilic
bacteria exploited for production of alkaline proteases (Martinez
et al., 2013; Deng et al., 2014).

Similarly to the case of antibiotic resistance, also in this assay a
correlation between the time of exposure to wastewater in the CW
and the appearance of more resistant isolates was highlighted.
Indeed, a progressive increase of the number of isolates showing
an augmented growth (measured as OD600SWW/OD600 ratio as
described in section “Materials andMethods”) was observed from
the first to the last sampling. For instance, several isolates with an
OD600SWW/OD600 > 2.4 (Figure 2E) were detected only during
the last sampling.

Changings of resistance profiles along time, considering
those against either antibiotics or SWW, were particularly clear
in the case of isolates belonging to the genus Pseudomonas.
As shown in Figure 3 by the mean of principal component
analysis (PCA) performed with the PAST4 software (Hammer
et al., 2001), the formation of two different main clusters
was observed with the main part of isolates from the first
sampling clustering independently from those isolated from all
the other four samplings.

DISCUSSION

The aim of this work was the analysis of the composition,
the phenotypic characterization, and the temporal dynamics of
the cultivable microbiota associated to the roots of P. australis
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grown in the CW of Calice (Prato, Italy) before and after the
activation of the CW.

The composition of root cultivable microbiota was
determined through five samplings spanning from March
2017 to December 2018. We focused on cultivable bacterial
communities because their isolation and characterization might
permit the identification of strains particularly resistant to the
antibiotics and/or to the compounds present in the wastewater.
Hence, these strains could be used to construct a “synthetic”
consortium that, in turn, might be exploited in pilot-experiments
with the goal of increasing the phytodepuration efficiency of the
plant. The taxonomic analysis was performed on 294 cultivable
bacteria through the analysis of the 16S rRNA genes. Even
though we are completely aware that the number of isolates
could not be representative of the entire community, the analysis
performed gave useful hints on the effect of the activation of CW
on bacterial community composition. Data obtained revealed
that the wastewater income exerted a shaping effect on the
bacterial composition. Overall, 37 bacterial genera were disclosed
and six of them were detected both before and after the activation
of CW. Moreover, bacteria belonging to 27 different genera
were detected only after the activation of the CW, while, on the
contrary, 4 genera that were present at the beginning were not
found in the following samplings. The most represented genus
in all five samplings was Pseudomonas, which accounted for the
37% of all isolates.

As it might be expected, the effect of the wastewater income
was exerted not only at the taxonomic level, but also at the
phenotypic one. Each of the 294 bacterial isolates was assayed
for its resistance against a panel of eight antibiotics belonging
to different chemical classes and acting toward different cellular
targets. This analysis was performed since it is known that
WWTP are reservoirs of antibiotic resistance genes and/or
resistant bacteria. Data obtained revealed the presence of several
resistant (or multi-resistant) strains and, mostly important, that
the number of antibiotic resistant isolates and the degree of
antibiotic resistance increased over time, from the first to the
last sampling. This strongly suggests that the wastewater income
might generate a selective pressure favoring the growth of those
isolates intrinsically resistant to antibiotics, even though it cannot
be a priori excluded the possibility of horizontal gene transfer
(HGT) events and/or the acquisition of resistance through
mutations in chromosomal genes.

All the 294 isolates were assayed also for their ability to grow
in SWW containing three different concentrations of B, Se, Fe,
and NaCl. Analogously to the antibiotic resistance pattern, we
detected a similar correlation between SWW exposure and the
ability to grow in its presence. Interestingly, among isolates able
to grow in the presence of these compounds, nine of them showed
an increasing growth at the highest concentrations of SWW: these
isolates will deserve a specific focus to identify the molecular
mechanisms behind this intriguing behavior. Moreover, a PCA
carried out on Pseudomonas strains, isolated from all the five
samplings, furtherly suggested that the main event changing
the resistance patterns against antibiotics and SWW was the
activation of the plant (i.e., when conveyance of the permeate
into the tanks occurred). The characterization of heavy metal

resistant strains may be crucial to better understand the diffusion
of antibiotic resistance genes in the environment. As a matter
of fact, it has been reported that the occurrence of multiple
heavy metal resistance markers is associated with the onset of
antibiotic resistance (Wales and Davies, 2015; Wu et al., 2018;
Zhu et al., 2019). This might be due to the co-localization
of resistance genes against antibiotics and heavy metals in the
same mobile genetic element(s) and, as a consequence, the
accumulation of heavy metals in the environment can cause the
selection of antibiotic resistant species. So, the dissemination
of these heavy metal resistance genes represents an issue
that should not be underestimated. Moreover, monitoring the
presence of bacteria resistant to antibiotics and/or heavy metals
specifically in WWTPs should be considered as a priority to
contrast the spreading of multi-drug resistant (MDR) pathogens.
Indeed, WWTPs represent hotspots for HGT events, because of
the mixing of bacteria from diverse sources (e.g., households,
hospitals, industries, etc.), the high bacterial densities, stressful
conditions triggering SOS responses and presence of antibiotics
at sublethal concentrations (Karkman et al., 2018). It must be also
considered that although HGT occurring in WWTPs might not
directly regard human pathogens, these could acquire resistance
markers from harmless bacteria which act as vectors as soon as
effluent is released in the environment (Manaia, 2017).

To deeply characterize this phenomenon, future work could
take advantage of emulsion, paired isolation and concatenation
PCR (epicPCR) as previously reported (Spencer et al., 2016;
Hultman et al., 2018). Indeed, this kind of analysis could allow
the “tagging” of resistance genes with phylogenetic markers, such
as 16S rRNA gene, helping to compare these pairs in wastewater
entering the WWTP and in effluents. However, this would be
limited to target resistance markers with known sequence and for
whom it is thereof possible to design specific primers.

CONCLUSION

The experimental approach used in this work revealed that
the cultivable bacterial community existing prior to the plant
activation underwent fluctuations in terms of both taxonomy and
resistance to antibiotics and SWW compounds. As it might be
expected, the influx of wastewater exerted a selective pressure
on the resident bacterial community, selecting and/or bringing
bacterial strains progressively more resistant to SWW and/or
antibiotics.We are completely aware that the analysis of the entire
community (both cultivable and uncultivable) might give more
detailed insights into the composition of the total community.
In spite of this, only the selection of particular cultivable strains,
i.e., more resistant to SWW and antibiotics, can permit the
formulation of a synthetic bacterial community to improve the
phytodepuration properties of P. australis.
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ARTICLE

Diauxie and co-utilization of carbon sources can
coexist during bacterial growth in nutritionally
complex environments
Elena Perrin 1,7, Veronica Ghini2,7, Michele Giovannini1, Francesca Di Patti3,4, Barbara Cardazzo5,

Lisa Carraro5, Camilla Fagorzi 1, Paola Turano6, Renato Fani1 & Marco Fondi 1,4✉

It is commonly thought that when multiple carbon sources are available, bacteria metabolize

them either sequentially (diauxic growth) or simultaneously (co-utilization). However, this

view is mainly based on analyses in relatively simple laboratory settings. Here we show that a

heterotrophic marine bacterium, Pseudoalteromonas haloplanktis, can use both strategies

simultaneously when multiple possible nutrients are provided in the same growth experi-

ment. The order of nutrient uptake is partially determined by the biomass yield that can be

achieved when the same compounds are provided as single carbon sources. Using tran-

scriptomics and time-resolved intracellular 1H-13C NMR, we reveal specific pathways for

utilization of various amino acids. Finally, theoretical modelling indicates that this metabolic

phenotype, combining diauxie and co-utilization of substrates, is compatible with a tight

regulation that allows the modulation of assimilatory pathways.
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M
icroorganisms must quickly and efficiently adapt to a
variety of possible fluctuations in the surrounding
environment. When considering changes in the pool of

available nutrients, this is usually achieved by a tight regulation of
their metabolic phenotypes by sensing the availability of specific
compounds, synthesizing the enzymes required for their catabo-
lism and repressing them after specific metabolites are depleted1.
The spectrum of possible bacterial metabolic adaptation strategies
can be observed, for example, when growing cells in a medium
containing a simple mixture of carbon sources. In this situation
bacterial may exhibit different patterns including diauxic growth2,
simultaneous consumption3, and bistable growth4,5. Further,
nutrients concentration and growth medium composition are
known to affect other important cellular features such as motility
and cell adhesion6,7 and biofilm formation8,9. Typically, these
phenomena have been studied (both theoretically and experi-
mentally) in model organisms (e.g., Escherichia coli and Lacto-
coccus lactis)10, grown on defined media containing simple
mixtures of 2/3 carbohydrates, e.g., glucose and lactose11–14. In
natural conditions, however, bacteria rarely encounter simple
combinations of exploitable carbon/energy sources. Rather,
complex mixtures of nutrients are common and often colonized
by actively growing bacteria. This is the case, for example, of
intracellular pathogens that are commonly faced with a diverse
set of host nutrients in infected tissues. In these cases, bacteria
have been shown to adapt to this situation by the simultaneous
exploitation of plastic and flexibles nutrient utilization strate-
gies15–19.

Do the same models developed for simplified conditions hold
also in real-case scenarios? At present, we witness a knowledge
gap concerning the study of these processes in experimental
settings that do not involve model organisms and/or defined
media and we lack a sound theoretical understanding of the
mechanisms driving nutrients assimilation strategies in condi-
tions that are closer to the ones found in natural settings.

Bacterial exploitation of nutrient patches is made up of (at
least) two different stages, i.e., physical interaction followed by
carbon sources metabolic degradation. The capability of bacteria
to interact with transient nutrient sources is well documented and
has revealed their high efficiency in exploiting transient nutrient
patches20,21. Little is known, instead, on the molecular aspects
regulating and influencing bacterial productivity once micro-scale
nutrient hot spots are colonized. At this stage, i.e., when cells start
to feed on the available carbon source(s), other cellular
mechanisms need to be involved to ensure a systematic exploi-
tation of the resource. Indeed, as nutrient patches are likely
composed of complex nutrient mixtures (that may include car-
bohydrates, amino acids, lipids and nucleic acids) bacteria need to
dynamically activate specific degradation pathways according to
the kind and concentration of external nutrients. In other words,
a continuous and flexible genetic reprogramming needs to be
active to ensure that the preferred compound(s) are sequentially
or simultaneously taken up from the external environment and
properly metabolized. Up to now, this latter aspect has been
mostly overlooked despite it might be central in the under-
standing of micro-scale nutrients dynamics.

In this regard, the marine environment represents a paradig-
matic example of the challenges encountered by microorganisms
when it comes to the efficient (and rapid) exploitation of complex
nutritional inputs. Such a habitat is thought to be characterized
by a low average nutrient level (e.g., the concentration of amino
acids is in the range of ∼10−9 M) and nutrients in general appear
and disappear in a sporadic fashion, demanding a precise che-
mical response, a fast swimming speed, and ability to localize and
exploit a nutrient patch once it is found6. These are the condi-
tions that are commonly faced by marine heterotrophic bacteria,

i.e., those microorganisms relying on the assimilation of external
biomass for both energy generation and nutrition. Their meta-
bolism is pivotal for the maintenance and the correct balance of
oceanic biogeochemical cycles as they are central to the so-called
microbial loop, i.e., the trophic pathway of the marine food web
responsible for the microbial assimilation of dissolved organic
matter, by transforming phytoplankton-derived organic matter
and fuelling the entire ocean biogeochemical nutrient cycle. In
this regard, the metabolism of Pseudoalteromonas haloplanktis
TAC125 (PhTAC125), a heterotrophic marine bacterium isolated
from Antarctica, has recently gained a certain attention due to its
potential biotechnological exploitation22, its capability to syn-
thesize anti-biofilm compounds23, the necessity to set up efficient
culture conditions24,25 and the metabolic reprogramming during
growth in complex environments26. In particular, the analysis of
its growth phenotype in an amino acid rich medium has shown
the presence of metabolic switches among different groups of
amino acids25, although nothing could be said about the mole-
cular mechanisms underlying such phenotype and the possible
regulation involved. Using constraint-based metabolic modelling
we attempted to provide a systems level scheme of PhTAC125
metabolic re-wiring as a consequence of carbon source switching
in such a nutritionally complex medium. Our simulations high-
lighted an efficient reprogramming of PhTAC125 metabolic
machinery to quickly adapt to a nutritionally unstable environ-
ment, compatible with adaptation to fast growth in a highly
competitive environment26.

Here we have investigated the global regulation of a marine
heterotrophic bacterium when grown in both a complex and a
defined rich medium (i.e., including multiple possible carbon
sources) using and integrating a set of complementary-omics
techniques (i.e., transcriptomics and 1H and 13C NMR metabo-
lomics) with measured growth parameters. We show that the two
main nutritional strategies commonly observed (co-utilization
and sequential uptake of multiple substrates) can coexist in the
same growth experiment, leading to an efficient exploitation of
the available carbon sources. We also developed two theoretical
models accounting for nutrients switching in a nutritionally rich
environment in the presence and absence of cell regulation acting
at the level of resource allocation in the synthesis of nutrient
assimilation pathways. We show that a model taking into con-
sideration an overall regulatory control on the sequence of
nutrients uptake produces a better fit with available experimental
data with respect to a purely Michaelis–Menten kinetic model.

Results
Global regulation of a triauxic growth. P. haloplanktis TAC125
(hereinafter PhTAC125) cells were grown in shaken flasks in a
complex medium composed of Schatz salts27 and peptone as their
C source. Optical density (OD) was measured every hour and
cellular RNA was sampled in five different time points of their
growth (Fig. 1a). To increase the time points for a better growth rate
estimation, we also used an interpolation technique on the data
generated at this stage. Details on the specific interpolation
approach used are reported in “Methods” and the resulting plot is
reported in Supplementary Fig. 1. The growth curve displays a
triauxic pattern (Fig. 1a). An initial growth phase (growth rate of
0.023 h−1, 0.021 considering interpolated data) is interrupted by a
lag phase between min. 180 and min. 240; afterwards, cells start
growing over but such growth is interrupted by another lag phase
between min. 280 and min. 340. Cells then started growing again,
until the end of the experiment (growth rate of 0.004 h−1, 0.006 h−1

considering interpolated data). The average growth rate across all
the time points was estimated to be 0.01 h−1. To identify tran-
scriptional changes during cell growth total RNA was extracted and
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sequenced (two biological and two technical replicates for a total of
20 samples) using Illumina MiSeq (Genomix4Life, Naples, Italy).
The main features of the 20 sequenced samples are reported in
Supplementary Table 1. We clustered the genes according to their
expression during the growth and identified six major trends
(clusters C1–C6, Fig. 1b). Overall, we were able to cluster 2045
genes out of the 3448 encoded by the PhTAC125 genome (roughly
60%). We then performed a functional annotation and a functional
enrichment analysis for the genes embedded in each cluster. One of
these clusters (C6) did not include any significantly enriched
functional category and thus it was discarded. Cluster C1 includes
genes that display a decrease in their expression between the first
two time points (T1 and T2) and a constant (low) expression across
the rest of the growth curve.

Over-represented genes embedded in this cluster included
those involved in basic housekeeping functions such as transla-
tion, DNA replication and transcription (Fig. 1c). Genes
embedded in Cluster C2 displayed a decreasing trend throughout
the growth curve and mainly included genes involved in RNA
processing, metabolism of coenzymes and amino acids transport
and metabolism. The expression of the 83 genes included in
Cluster C3 was characterized by an abrupt increase between T1
and T2 and then an overall decrease until the end of the curve.
This cluster significantly included genes involved in post-
translational modification, protein turnover and chaperons.
Clusters C4 and C5 included genes whose expression tended to
increase in the later stages of the growth; over-represented genes
in C4 mainly belonged to lipid metabolism, cell motility and
amino acids transport and metabolism. The expression of genes
included in C5 decreased during the first stages of the growth and
is then increased for the rest part of the curve. The cluster of
genes included those involved in signal transduction mechanisms
and cell motility.

Whole-genome transcriptomics data depict a scenario in which
PhTAC125 is active and fast-growing mainly during the first
stages of the curve, as reflected by the relatively high expression of
translation, transcription replication and coenzyme metabolism
genes. Genes embedded in these categories are under-represented
among those increasing their expression in the last stages of the
growth (Fig. 1c) and over-represented among those with high

expression values in the first stages of the growth. Metabolically,
PhTAC125 cells seem to rely more on amino acids metabolism in
the initial stages of their growth, consistently with their
progressive exhaustion in the medium. The last part of the
growth experiment was also characterized by an increase in gene
expression of cell motility-related genes (over-represented in C4
and C5). Finally, genes generally related to post-processing
mechanisms peak their expression at T2.

A non-E. coli-like regulatory response to nutrients exhaustion.
The triauxic growth curve reported in Fig. 1a (and in Supple-
mentary Fig. 1 using interpolated data) suggests the presence of a
dynamic control on the adjustment of cell physiology. Here we
sought to quantify the regulatory effort required to growing cells
for modulating such cellular response. We focused on tran-
scriptional factors (TFs) and two-component response systems
(TCRSs) and analyzed differentially expressed genes among three
points of PhTAC125 growth curve, namely T1 vs. T3 and T3 vs.
T5. These points should capture PhTAC125 cells during expo-
nential growth after the first growth lag (T1), in-between the two
growth lags (T3) and after the final growth lag but before getting
to plateau (T5).

First, we checked whether PhTAC125 regulation system
somehow resembled the model scheme of the known overall
metabolic regulation (i.e., the one characterized in E. coli). Of
the 81 transcription factors known to directly or indirectly
control central metabolic enzymes28, we found a reliable
homologue (E-value < 1e−20) only for 34 of them (Supplemen-
tary Note 1 and Supplementary Data 1). PhTAC125, for
example, lacks key players in bacterial diauxic shifts as the
major global regulator of catabolite-sensitive operons (when
complexed to cAMP) crp and the genes responsible for the
synthesis of cyclic AMP (adenylate cyclase, cyaA). Among the 34
global regulators identified, only ten (roughly 25% of the shared
ones and 12% of the entire E. coli set) displayed a significantly
altered expression following the first transition (T1–T3) and
none of them was differentially expressed following the second
one (T3–T5). Details on the shared, differentially expressed TFs
are provided in Supplementary Table 2.
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A similar situation was observed for eight selected sigma-
factors that control gene expression globally28. In this case, as
expected, an ortholog was found for each of them, but only two of
them showed an altered expression following T1–T3 transition
and the expression of none of them was significantly altered
following T3–T5 one. The two genes displaying a significant
change in gene expression were rpoS and rpoD. RpoS is the
primary regulator of stationary phase genes, whereas RpoD is the
primary sigma factor during exponential growth. Expectedly, the
first resulted to be upregulated following the T1–T3 transition,
whereas the second was downregulated (Supplementary Table 3).

With the exception of RpoS and RpoD, whose expression is in
line with the global control of exponential vs. stationary phases, it
appears that growth lags are regulated by mechanisms that poorly
overlap with our current knowledge.

For this reason, we evaluated the expression of the entire
repertoire of PhTAC125 TFs across the two points that involved
the ceasing of cellular growth in our experiment, i.e., T1–T3 and

T3–T5. Overall, we identified 41 differentially expressed TFs, 22
downregulated and 19 upregulated (Fig. 2b, Supplementary Fig. 2
and Supplementary Data 2) following the first growth interrup-
tion. The second growth lag was characterized by the significant
change in expression (upregulation) of just one TF. Together with
TFs, TCRSs are a basic stimulus-response coupling mechanism to
sense and react to changes in environmental conditions, e.g.,
nutrient concentration. We identified differentially expressed
TCRSs in the two selected contrasts. Overall, we found 21 TCRSs-
related genes that were differentially expressed in T1 vs. T3 and
none in the T3 vs. T5 transition (Fig. 2c and Supplementary
Data 3).

We conclude that the two growth lags observed in the curve
apparently point to different reprogramming efforts that, in turn,
may underpin distinct nutrients uptake strategies. The first
growth interruption seems to have a deeper impact on the entire
metabolic system, whereas the second could imply a fine tuning
of the catabolic machinery. This is further confirmed by the
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overall number of DEGs across the selected contrasts (Fig. 2a),
1280 between T1 and T3 (633 and 647 up- and downregulated
genes, respectively) and only 101 between T3 and T5.

Amino acid assimilation pathways and their (dis)regulation.
Previous experiments have shown that PhTAC125 displays a
coordinated sequence of amino acids degradation when grown in
medium embedding complex mixtures of such molecules (i.e.,
peptone or casamino acid-based media, Supplementary Note 2)25.
In other words, some amino acids are preferred over others and
are metabolized early in PhTAC125 growth curve. This switching
among nutrients suggests that an active and modulated repro-
gramming occurs during PhTAC125 growth in a nutritionally
complex environment. Similarly, differentially expressed amino
acid metabolic genes (hereinafter AA-genes) are unevenly dis-
tributed among the two contrasts considered (Fig. 2d). T1 vs. T3
displays a higher number of DEGs (85, 33 downregulated and 55
upregulated) with respect to T3 vs. T5 (8, 5 downregulated and 3
upregulated). Considering the amino acid assimilation pathways
of differentially expressed AA-genes in the T1 vs. T3 contrast
(Supplementary Fig. 3), we did not observe a clear functional bias
towards specific routes. Almost all the pathways are represented,
both in terms of up- and downregulated genes. Similarly, the
switch between T3 and T5 included downregulated genes
involved in a broad spectrum of metabolic pathways including
Val, Leu and Ile degradation, Tyr metabolism and Ala, Asp and
Glu metabolism (one gene for each pathway) and upregulated
genes in Gly, Ser and Thr metabolism (1 gene), Lys biosynthesis
(1 gene) and Arg biosynthesis (3 genes).

To unravel the faith of each amino acid inside the cell, we
analyzed the expression of the genes involved in all their possible
first assimilatory step (Fig. 2e and Supplementary Data 4). We
found 13 DEGs in the T1–T3 contrasts and 2 DEGs in the T3–T5
contrast. The first set comprised seven upregulated and six
downregulated genes; upregulated genes were involved in Glu,
Phe, Met, Gly Ile/Val/Leu, Asn/Asp and Ser degradation, whereas
downregulated genes were responsible for the first assimilatory
step of Met, Asp, Glu, Tyr, Ser and Ala. DEGs identified in the
second contrast included genes involved in Glu and Gly
degradation. Taking the DEGs indicated above as a proxy for
the entire assimilatory process of the corresponding amino acids,
we noticed a good overlap with available PhTAC125 physiological
data25.

DEGs analysis also allowed the identification of the major
amino acid entry points into PhTAC125 metabolism. We
counted, for example, 12 alternative possibilities steps to
metabolize Asp in PhTAC125 (Fig. 2e), but the expression of
only two of them (purA and asnB) appeared to be significantly
modified during PhTAC125 growth. Similarly, six alternative
steps can convert Glu to other cellular intermediates following its
uptake. At T1, only two of these genes showed an altered
expression level, suggesting that these may represent the most
relevant players in Glu assimilation and usage. Nearly the same
holds for Ser, with five distinct entry points and only two of them
being differentially regulated.

Overall, we have identified possible key players, both in the
switch among the set of metabolized amino acids, and in the
entrance of amino acids into PhTAC125 entire metabolic
network. However, nutrients switching requires an efficient
genetic regulation to ensure that each catabolic pathway is active
at the right moment, allowing a correct proteome allocation. For
this reason, we analyzed the co-expression of genes belonging to
the same metabolic pathway (Supplementary Note 3) and
identified an overall dis-regulation of such genes (average Fisher’s
Z transformation average of Pearson correlation coefficient 0.49,

Fig. 3a, b, Supplementary Fig. 4 and Supplementary Table 4).
Focusing on the known regulons including AA-genes (Supple-
mentary Table 5), we noticed that nearly half of them (three out
of seven) displayed a relatively low (0.47, ArgR) or almost absent
(0.26 and 0.11, MetJ and TyrR1, respectively) correlation among
the expression values of the corresponding genes (Table 1).
Figure 3c–e summarizes the details of the correlation existing
among each gene of each pathway. In the case of ArgR regulon,
for example, the major contribution to the low intra-regulon
correlation is due to astA and astD (PSHAa0195 and 0196,
respectively), showing an almost opposite expression pattern
compared with the other ArgR regulated genes, especially with
PSHAa2287-91 (Fig. 3C). astA and astD are involved in the
conversion of Arg to Glu, whereas ArgHA, B, C, F, G (encoded by
PSHAa2287-91, respectively) are involved in the synthesis of Arg
from Glu through the formation of citrulline and fumarate.

Concerning MetJ regulon, we noticed a group of genes (including
PSHAa2222, PSHAa2223, PSHAa0287 and PSHAa2292) whose
expression values are negatively correlated with those of genes
PSHAa2274-76 and PSHAa1226 (Fig. 3d). This group of co-
regulated genes include those involved in the conversion of
homocysteine to Met (PSHAa2222 and PSHAa2223), an L-
alanine-DL-glutamate epimerase (PSHAa0287) and a
Methylthioribulose-1-phosphate dehydratase involved in the Met
salvage pathway (PSHAa2292). Finally, as for TyrR1regulon,
PSHAa2042-43, coding for 4a-hydroxytetrahydrobiopterin dehy-
dratase and phenylalanine-4-hydroxylase are negatively correlated
to the other genes in the same regulon (Fig. 3e). PSHAa2043
encodes phhA the gene responsible for the synthesis of Tyr from
Phe, whereas PSHAa2042 (phhB) encodes a Pterin-4-alpha-
carbinolamine dehydratase responsible for the conversion of 4a-
hydroxytetrahydrobiopterin to dihydrobiopterin.

Upstream of most of the genes belonging to the three regulons
considered, we were able to identify a conserved motif for each
regulon (Fig. 3f–h), partially overlapping with their known TF
binding site. Finally, a closer inspection to the metabolic steps
encoded by the differentially regulated genes of these regulons
revealed that they usually belong to different and symmetric
regions of the same metabolic pathway. PSHAa0195 and
PSHAa0196 respectively encodes for astA and astB, responsible
for the first steps of the route leading to the formation of Glu
from Arg. The other genes of the ArgR regulon are mostly
involved in the production of Arg starting from Glu (Fig. 3i).
Similarly, phhA (encoded by PSHAa2043) is involved in the
formation of Tyr (from Phe), whereas all the other genes are
responsible for the formation of Tyr from a set of different
precursors (e.g., prephenate) (Fig. 3k). In the case of MetR
regulon, among the genes that could be reliably assigned to the
methionine metabolic pathway, one of the two group of co-
regulated genes belong to the upper part of the pathway
(upstream the main product methionine), whereas members the
other one are in its close proximity (PSHAa2222) or involved in
the methionine salvage pathway (PSHAa2292), the set of
reactions responsible for the recycle of the thiomethyl group of
S-adenosylmethionine from methylthioadenosine (Fig. 3j).

In a previous work26, we have simulated the growth of
PhTAC125 in a nutritionally complex environment (peptone)
and derived the overall metabolic reprogramming occurring
during growth in a rich undefined medium using constraint-
based metabolic modelling (i.e., flux balance analysis, FBA)
(Supplementary Note 4). We observed a good correlation between
the measured changes in the expression of AA gene regulons and
the predicted changes in metabolic fluxes of their encoded
reactions using FBA (Pearson’s product-moment correlation=
0.89, p value= 0.019). See Supplementary Table 6 for further
details.
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Taken together these results suggest that (i) the two growth lags
observed (Fig. 1a) may be the same phenotypic representation of
two different cellular states (i.e., assimilation strategies) and that
(ii) a rather complex genetic regulation is at work to ensure a
correct decision-making process in nutritionally dynamic envir-
onments. In the next sections these two aspects will be elucidated
using controlled growth conditions and a combination of NMR
experiments and theoretical modelling.

Combination of simultaneous and sequential amino acids
uptake. Up to now, we have analyzed the behaviour of bacterial
cells in a complex medium, using gene expression as a proxy for
amino acids assimilation pathways. The medium used (peptone)
is a complex mixture of nutrients whose exact composition is
unknown.

Accordingly, it is not possible to conclude that the observed
growth features (i.e., triauxic growth) are due to the exhaustion of
certain preferred amino acids in the medium. For this reason, we
assembled a medium including 19 amino acids, 0.2 mM each
(named 19 AA medium, cysteine was not included in the list
because of difficulties in its unambiguous quantitation during the
experiments due to its spontaneous oxidation, as also reported in
ref. 29) and determined the kinetics of their usage during
PhTAC125 growth by analyzing the growing media using 1H
NMR (Supplementary Note 5 and Supplementary Fig. 5). Data
obtained revealed that an important fraction of all the provided
amino acids (16 out of 19) are consumed in the first 7 h of the
growth. Afterwards, the remaining three amino acids (His, Met
and Trp) are (slowly) metabolized (Fig. 4a). Clustering the amino
acids assimilation profiles allowed a clearer visualization of the
order in which amino acids are used by PhTAC125 during its
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growth (Fig. 4b). This analysis divided the set of metabolized
compounds into four main, non-overlapping clusters. Gln, Glu
and Arg are the first amino acids to be consumed in the medium.
Their concentration reaches (negligible) values close to 0.01 mM
after 4.5 h of growth, remaining constant afterwards. The second
set of amino acids is composed of Asn, Asp, Leu and Pro. Their
degradation starts with a small delay with respect to the one of
the first cluster, and they are completely removed from the

medium only between 6 and 6.5 h. The third cluster includes nine
amino acids (Fig. 4b). Their consumption is rather slow in the
first 3 h of growth; afterwards, it accelerates leading to negligible
concentration of the corresponding amino acids at 7.5 h. The
concentration of amino acids belonging to the fourth cluster
remains overall constant for the first 6 h of growth. After that
moment, corresponding to the point in which all the other amino
acids are consumed, it starts decreasing. Importantly, this pattern
of amino acids assimilation results in a triauxic growth curve
(Fig. 4c). Indeed, (short) growth lag phases are observed after 4
and 6 h of growth, in correspondence with the major transition in
amino acids assimilation pattern.

Overall, this behaviour highlights a balanced mix between
simultaneous and sequential uptake of nutrients. Amino acids
belonging to the same group (Fig. 4d) are simultaneously
metabolized by the cells but the assimilation of different groups
occurs with different dynamics and is responsible for growth lags
in the curve. Finally, a typical diauxic nutrient shift is observed
when all the main (preferred) sources are exhausted and the
degradation of the other (previously ignored) compounds begins.
Available growth phenotypes24,30 (Supplementary Note 6) seem
to suggest that the order in which nutrients are used by
PhTaC125 during the growth depends both on the final biomass
and on the specific growth rate achievable when grown with
amino acids as sole carbon sources (Supplementary Fig. 6A, B).
Also, the order of amino acids uptake, partially reflects their entry
point into the TCA cycle (Supplementary Fig. 7).
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Table 1 Fisher’s Z transformation average of Pearson

correlation of the same-regulon genes.

Regulon Process Fisher’s Z transformation

of Pearson correlation

coefficient

HutC His degradation 2.55

HmgS Tyr degradation 1.92

MetR Met biosynthesis 1.22

LiuR Branched-chain amino

acid degradation

0.97

ArgR Arg biosynthesis/

degradation

0.47

MetJ Met metabolism, Met

degradation

0.26

TyrR1 Aromatic amino acids

metabolism

0.11
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Despite the trend seems to be quite clear, a certain variability
was observed in the results shown in Supplementary Fig. 6A, B.
This is the case, for example, of Leu in cluster C2 that is preferred
to Ala (C3) despite the growth rate of PhTAC125 growth on Leu
is about twofold lower than that on Ala. This might be accounted
for by promiscuous uptake of nutrients. Indeed, the broad
spectrum of some amino acids transporters is well described in
bacteria31,32. Thus, some amino acids might be taken up from the
medium not as the result of an active cellular control over the
most efficient carbon sources, but as the result of the broad-
spectrum activity of a membrane transporter.

An additional explanation to the composition of the clusters
might involve the overlap among the catabolic pathways of the
substrate that are co-consumed (i.e., belonging to the same
cluster, Supplementary Note 7). Indeed, we noticed that C1
amino acids (Arg, Glu and Gln) share part of their catabolic
pathways and are all converted to alpha-ketoglutarate before
entering the TCA cycle. Two (out of four, i.e., Asp and Asn)
amino acids of cluster C2 are converted to oxaloacetate before
entering the TCA cycle. Most of the C3 amino acids (six out of
nine, i.e., Ala, Ser, Gly, Thr, Phe and Tyr) are converted to
pyruvate, thus not being directly catabolized into one of the TCA
cycle intermediates. Other three C3 amino acids (Thr, Ile and
Val) can be catabolized to form pyruvate and a TCA intermediate
(i.e., Succinyl-CoA). Finally, C4 includes those amino acids that
are negligibly used during PhTAC125 growth, so no degradation
pathways overlap is required to explain their inclusion in the
same group (Supplementary Fig. 7).

In order to check whether the sequential or co-consumption of
substrates also depends on their own concentrations, we
performed a set of additional experiments aimed at evaluating
the effect of higher concentrations of nutrients on the pattern of
nutrients assimilation (Supplementary Note 8). We both tested
the effects of (i) providing all the 19 amino acids at concentra-
tions five and ten times higher (1 and 2 mM, respectively) than
those used in the 19 AA experiment described above and (ii)
increasing the concentration of late-metabolized amino acids
(His, Met, Trp, 2 mM) on the timing of the last metabolic switch
observed during PhTAC125 growth. The results of these analyses
are reported in (Supplementary Figs. 8 and 9) and revealed that
metabolic phenotype identified in the original 19 AA experiment
is poorly affected by the concentration of the available carbon
sources. Also, we compared the phenotype observed in
PhTAC125 with the one of a model organism (E. coli,
Supplementary Note 9), when grown in the same nutritional
environment (19 AA medium, 0.2 mM each). A poor overlap was
observed between the specific response to nutrients switching of
the two microorganisms (Supplementary Figs. 10 and 11).

The different fate of the catabolized amino acids. Next, we
investigated the different fate of amino acids belonging to the
same cluster once entered inside PhTAC125 cells. To this aim, we
used uniformly labelled 13C amino acids (Glu, Asp, Ala and Met,
belonging to C1, C2, C3 and C4, respectively) and followed the
path of their labelled carbon atoms inside the cells by NMR. More
in detail, for each labelled amino acid used, we prepared four
different parallel cultures, each containing 18 amino acids plus
the 13C labelled one as the only carbon source for PhTAC125.
These four cultures were run in parallel and each of them was
sacrificed at a different time point. Specifically, we analyzed four
time points, i.e., early and late exponential growth (3 and 6 h) and
early and late stationary phase (8 h and 30min, 24 h). For each
time point we analyzed both growing media and the cell lysates
by acquiring mono-dimensional 1H NMR spectra and bidimen-
sional 1H-13C HSQC NMR spectra. A scheme of the structure of

this experiment is reported in Supplementary Fig. 12. This
experiment allowed us to study the metabolic fluxes in a time-
dependent fashion and provided hints on the fate of the meta-
bolized amino acids inside the cell (Fig. 5).

First, by using 1H NMR spectra of growing media, we
confirmed the same growth dynamics for all the replicates of
the experiment and the same overall growth features observed in
the unlabelled 19 AA experiment (compare Fig. 5a, c). Similarly,
amino acids were consumed in the same order and with the same
overall rates previously observed (compare Figs. 5b and 4a).

A principal component analysis (PCA) performed on the 1H
spectra of cell lysates clustered the samples according to their
sampling time, thus confirming the consistency and the high
reproducibility among the different replicates (Supplementary
Fig. 13), besides the occurrence of significantly different
metabolic profiles of PhTAC125 cells along the four sampled
time points.

1H-13C NMR spectra of cell lysates were used to have an
overview of the fate of the metabolized amino acids inside the cells.
Each of the four selected amino acids showed a specific path of
labelled carbon atoms inside the cells, as revealed by the PCA
reported in Fig. 4c (1H-13C HSQC NMR spectra). While the spectra
of Asp and Glu almost overlap, the spectra of Ala and Met are very
well separated. This trend probably reflects the fact that both Glu
and Asp are used to directly feed the TCA cycle, whereas Met and
Ala are used to feed different pathways inside the cell (see below).

In particular, we were able to show that Ala is mostly used to
feed many important pathways inside the cell, namely glycolysis/
gluconeogenesis, nucleotide precursors metabolism and (partly)
TCA cycle. At T3 we found 13C coming from Ala degradation in
most of the key compounds that are the input/output of the
aforementioned pathways, i.e., pyruvate, phosphoenolpyruvate
(PEP), fatty acids and AXP/GXP (Fig. 5d, Supplementary Figs. 14
and 15). Oxaloacetate is the only TCA cycle intermediate that
displays Ala labelling at T3 (Fig. 5d and Supplementary Fig. 16). At
T3, we found Asp-derived 13C labelling on all the TCA cycle
intermediates identified and on purine biosynthesis intermediates,
AXP and GXP (Fig. 5d, Supplementary Figs. 15 and 16). At later
growth stages Asp labelling appeared also on PEP and NAD
precursors (Fig. 5d, Supplementary Figs. 14 and 17). Glu-derived
13C labelling appears in all the TCA intermediates analyzed (with
the exception of oxaloacetate) starting from T3 (Fig. 5d and
Supplementary Fig. 16), suggesting that Glu is readily redirected
towards the TCA upon its uptake. Interestingly, Glu seems also to
be used as a substrate for NAD (and precursors) biosynthesis from
the early stage of growth (Fig. 5D and Supplementary Fig. 17).
Finally, this experiment confirmed that Met is incorporated into
the PhTAC125 metabolic network at a later stage of its growth, in
that no identified compounds was labelled with 13C of Met at T3.
Met labelled 13C appear to be included into homocysteine starting
from T6. After 24 h, we found Met labelled 13C on a compound
whose NMR pattern corresponds to that of trimethylamine (Fig. 5d
and Supplementary Fig. 18). Interestingly, in a previous work33, we
had characterized PhTAC125 as a methylamine producer and also
showed that adding Met to the growth medium was pivotal to
allow PhTAC125 to produce this compound (and inhibit the
growth of human opportunistic pathogens). The metabolic flux
analysis performed here suggests a link between the production of
methylamine from the degradation of Met, possibly through the
formation of trimethylamine.

Overall, using 13C-labelled precursors provided evidence that
the different amino acids used by PhTAC125 during its growth
have different and complementary roles within the cell. Ala is
readily converted into pyruvate and this is used to feed both
gluconeogenic pathways and (possibly through the formation of
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acetyl-CoA) fatty acids synthesis. Only at later growth stages,
TCA intermediates started to display Ala-derived labelling.
Conversely, Glu is immediately used to feed the TCA cycle as
all its intermediates but one (oxaloacetate) carry Glu labelling at
T3. No other compounds in the upper part of Fig. 5d displayed
Glu-derived 13C atoms, thus suggesting a clear separation
between Ala and Glu assimilation pathways. The primary
assimilation pathway of Asp seems to be through the TCA cycle,
although part of its carbon skeleton is diverted to PEP formation
(and possibly to gluconeogenesis) at T6. Quite interestingly, 13C
atoms derived from Asp degradation are observed on purine
metabolism product AXP and GXP from the first sampled time
point to the last, despite the gluconeogenic metabolism precursor
PEP does not display the same signal. We thus argue that the
origin of Asp-derived labelling on AXP and GXP might be due to
TCA intermediates playing a role in purine metabolism, e.g., 5-
phosphoribosylamine, Finally, we confirmed the late entrance of
Met into PhTAC125 metabolic network, being initially converted
to homocysteine and then also rerouted towards the production

of trimethylamine (at T24), with a possible but still undisclosed
pathway involving the formation of betaine or carnitine34–36.

To further characterize the metabolic response of PhTAC125 to
nutrients consumption, the whole intracellular metabolome was
evaluated through untargeted 1H NMR across four time points,
i.e., early and late exponential growth (3 and 6 h) and early and
late stationary phase (8 h and 30min, 24 h). In the spectra, the
signals of 26 metabolites could be unambiguously assigned and
quantified (Supplementary Fig. 19 and 20). These metabolites
were representative of six major metabolic modules, i.e., amino
acids metabolism, purine and pyrimidine metabolism, sugars,
amino sugars metabolism, nucleotide precursors and TCA. The
trend of metabolites’ concentration in time revealed that the
relative concentration of purine and pyrimidines intermediates
(namely uridine and inosine) decreases in time. A similar trend is
observed for ribose and for the detected TCA intermediate
(fumarate). This scenario is compatible with the decrease in
growth rate and overall biomass production of PhTAC125 along
the growth curve (Fig. 4c) and with a consequent decrease of DNA
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synthesis activity (purine and pyrimidine precursors) and energy
demand (TCA cycle). Conversely, sugars (e.g., glucose) and amino
sugars (e.g., UDP-NAG) increase their cellular concentration in
the latest growth stages, reaching values that are up to three times
the initial ones. This latter finding can be interpreted in the light of
two considerations: first, we have already shown that carbohy-
drates metabolic genes increase their expression at the final stages
of PhTAC125 growth on peptones, suggesting the activation of
sugar metabolism-related pathways at later growth stages. Second,
the increase of sugar/amino sugars intracellular concentrations
might have a role in PhTAC125 cell aggregation when nutrients
concentration starts to deplete given that: (i) such metabolites are
known to be involved in cell–cell contacts37, (ii) PhTAC125 was
shown to produce a biofilm that incorporates amino sugars and
(iii) this is supposed to be a strategy to survive in poor nutrient
conditions37. Our findings are in line with a scenario in which the
presence of a lower availability of nutrients induces a greater
production of biofilm since the biofilm matrix can improve the
capture of nutrients38.

Modelling simultaneous and sequential amino acids uptake. At
least two different explanations may account for the mixed sequen-
tial/diauxic nutrient uptake. Either this phenotype is “simply”
determined by different uptake kinetics of the different compounds
or the assimilation pattern is actively regulated by the cells. To dis-
cern between these two scenarios, we implemented two mathematical
models accounting for cell growth and nutrients uptake during the 19
AA experiment. To reduce the complexity of the problem, the 19
amino acids were lumped into the four corresponding clusters shown
in Fig. 4b, d. In this way we modelled the growth of PhTAC125 in a
hypothetical growth medium embedding four different groups of
carbon sources ideally representing the 19 AA medium. The first
model is based on the Michaelis–Menten–Monod kinetics (MMM
model) and is formulated as follows:

P þ Si �!
r

2P; ð1Þ

where P represents bacterial cells, Si (with i= 1, 2, 3, 4) represents
each of the four groups of pooled C sources and r the rate at which
the reaction occurs. Specifically, r was modelled according to a
canonical (Michaelis–Menten-derived) Monod kinetics with:

r ¼
βi � ϕSi
ki þ ϕSi

; ð2Þ

where βi, ϕSi and ki, represent the maximum rate constant for cell
production, the concentration and the Michaelis–Menten constant
for the ith group of amino acids, respectively. According to these
formulas, the state variables model can be written as:

dϕP

dt
¼

X

4

i¼1

βi � ϕS
2
i

ki þ ϕSi
� ϕP � d � ϕP; ð3Þ

dϕSi
dt

¼ �
βi � ϕS

2
i

ki þ ϕSi
� ϕP; ð4Þ

where Si (with i= 1, 2, 3, 4) represents each of the four lumped
substrates and d the bacterial cells death rate.

The second model implemented here accounts for the effect of
the regulatory processes of catabolite inhibition and activation that
can be observed during microbial growth on multiple substrates.
The model is a modified version of the cybernetic model proposed
by ref. 39, overall resembling the one proposed in ref. 40.

The cybernetic modelling framework takes into account the
(yet) unknown regulatory processes regulating the microorgan-
isms’ uptake kinetics. It assumes that microorganisms have
evolved under the selective pressure to become optimal with
respect to certain cellular objectives (in our case, maximization of

biomass production) and achieve this task by actively modulating
the induction/repression and activation/inhibition of the key
enzymes of substrates available in their external environment.
Cybernetic variables (see below) are introduced in the model to
account for the induction/repression and activation/inhibition of
the key, bottleneck enzymes regulating cell growth, substrate
consumption, and key enzyme production41,42.

According to this model, the assimilation of substrate Si by cells
P (Eq. (1)) is assumed to be catalyzed by the set of enzymes Ei
(with i= 1, 2, 3, 4). The assumption here is that enzymes
responsible for the assimilatory pathway of each pool of nutrients
are induced by the presence of Si (and repressed by the presence
of the other nutrients). This alternative model can be written as:

P�!
rivi

2P;
ð5Þ

;�!
rEiui

Ei; ð6Þ

where Ei represents the key assimilatory enzyme. The rate
equations for biomass production (Eq. (5)) and for enzyme
synthesis (Eq. (6)) can be written as a modified form of Monod’s
equation and are respectively expressed as follows:

ri ¼ V max;i � ϕEi �
ϕSi

KSi
þ ϕSi

; ð7Þ

rEi ¼ V
i
�

ϕSi
KEi

þ ϕSi
; ð8Þ

where ϕEi represents enzyme concentration, VEi
is the maximum

rate constant for enzyme’s biosynthesis and Vmax;i is the is the

maximum rate constant for bacterial production P on the ith
substrate. KSi

and KEi
are the Michaelis–Menten constant for the

ith substrate and the synthesis of the ith enzyme, respectively.
The inhibition/activation effect due to the concentration of the

different substrates is accounted for by two (control) variables, ui
and vi, representing the fractional allocation of resource for the
synthesis of Ei and the mechanism of controlling enzymes Ei
activity, respectively. ui is expressed as:

ui ¼
ri

P4
j¼1 rj

; ð9Þ

with 0 ≤ ui ≤ 1 and
P4

j¼1 ui ¼ 1. The other control parameter, vi
is expressed as:

vi ¼
ri

maxfr1; r2; r3; r4g
; ð10Þ

where the denominator accounts for the observation that priority
is given to the consumption of the substrate(s) that guarantee the
highest growth rate43. The model further considers constitutive
enzyme production rate (βi), the effect of dilution of the specific
enzyme level due to cell growth (α), constant protein decay in the
cells and bacterial death rate (d) and can be written as follows:

dϕSi
dt

¼ �ri � vi � ϕP; ð11Þ

dϕP

dt
¼

X

4

j¼1

vj � rj � ϕP � d � ϕP; ð12Þ

dϕEi
dt

¼ ui � rEi �
X

4

j¼1

vj � rj � ϕP � α � ϕEi þ βi: ð13Þ

The model parameters were determined by fitting the
experimental data (shown in Fig. 4a–d) with model simulations
and their values are reported in Supplementary Tables 7 and 8. As
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shown in Fig. 6, the cybernetic model accurately reproduces the
dynamics of all the species considered. This is even clearer in the
case of nutrient concentration dynamics where the model
implementing the MMM model, is not capable of producing a
satisfactory approximation of the real data. Indeed, R2 calculation
indicates that the cybernetic modelling framework is performing
better on four out of five of the species included in the model
(Table 2). Likewise, when using the AIC metric, the comparison
between cybernetic model and MMM was shown to follow the
same trend.

These results suggest that, in the conditions tested, the uptake
of nutrients is tightly regulated, leading to the simultaneous
presence of diauxic and co-utilization strategies within the same
growth curve. Hints on the main catabolic players involved in
such assimilation patterns were obtained combining transcrip-
tomic data from the complex-medium experiment and RT-PCR
on specific targets (see Supplementary Note 10, Supplementary
Fig. 21 and Supplementary Table 9).

Discussion
Our knowledge on the possible bacterial strategies for nutrients
assimilation when multiple sources are available is biased by the
fact that it has been mainly studied in a few model organisms,
providing them with a reduced number of possible inputs
(compared with those available in their source environment).
Here, we have characterized a non-model response to nutrients
switching and studied the process of bacterial nutrients uptake in
experimental conditions that more closely resemble a natural
setting, in terms of the availability of many different substrates
simultaneously. Using a marine heterotrophic bacterium (P.
haloplanktis TAC125) as a case study strain, we have shown that
its response during growth lags do not resemble the one currently
known for E. coli. Only 10% of the E. coli metabolic regulators
and two (out of eight) main generic controllers (rpoS and rpoD)
displayed an altered expression level in our experiments. Also, we
showed that when the two microorganisms were independently
cultivated in the same defined medium embedding 19 different
amino acids, differences arose in the choice of the amino acids to
utilize, in the timing of uptake and in the presence/absence of
overall growth lags.

The poor overlap between PhTAC1215 and E. coli transcrip-
tional response suggests that, in marine bacteria, the response to
nutritional switches and/or multi-auxic growth patterns may
involve still untapped genetic circuits. As a matter of fact,
PhTAC125 is known to lack the CCR system44, which is currently
referred to as the main driver in metabolic switches and diauxic
phenotypes. Using time-resolved transcriptomics we have shown
that growth lags in a nutritionally complex environment are
probably due to the exhaustion of specific carbon sources and that
such event has a deep impact also on other important gene
categories including, for example, motility-related genes. In the
second part of the curve, i.e., when nutrient concentration
decreases, cell motility genes increase their expression, probably
reflecting the need to explore the surrounding environment for
other potential sources. This is in line with the observation that

many bacteria become motile when nutrients are scarce45.
Moreover, among the genes peaking their expression in corre-
spondence of the first growth lag, those involved in post-
translational modification, protein turnover and chaperon are
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Fig. 6 Modelling the multi-auxic growth. Simulation outcomes for the two

models implemented here for biomass (a) and lumped nutrients (b–e).

Dashed lines represent the prediction for the MMM model. Solid lines

represent the prediction for the cybernetic model. Open circles represent

experimental data (same data shown in Fig. 4d). Error bars represent SD of

two different cell cultures in two independent experiments.

Table 2 R2 and AIC calculation for the different simulations using the two different models.

Model Cluster A Cluster B Cluster C Cluster D Biomass

Pearson—MMM model 0.9844 0.9922 0.9584 0.9584 0.9959

Pearson—Cybernetic 0.9920 0.9973 0.9953 0.9193 0.9967

AIC—MMM model −408.53 −418.46 −338.17 −476.82 −378.46

AIC—Cybernetic −439.48 −475.38 −438.75 −395.97 −372.37
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significantly over-represented. Generally speaking, proteins
belonging to this functional category can be easily associated to
the stress encountered by an exponentially growing batch culture
that exhaust (part of) the readily available and preferred nutrients
in the growth medium. At this moment cells undergo a regulated
transition into stasis by activating a stereotypic stress response.
Post-translational modifications have been shown to play a role in
the starvation‐induced growth arrest, for example in S.
coelicolor28,46. It is to be noticed that these proteins do not
increase their expression in the later stages of the growth and, in
particular, in the second growth arrest experienced by
PhTAC125. This, together with the observation that both the
overall number of DEGs and of those involved in many other
functional processes (amino acids degradation, TFs and TCRS) is
much higher in correspondence of the first time contrast, sug-
gested that the same phenotype (the two growth lags) were
mirrored by profoundly different cellular reprogramming pat-
terns. This prompted us to investigate more in depth the reg-
ulation of amino acid assimilation pathways. This analysis
highlighted the tight regulation required to efficiently exploit
complex and amino acid enriched, nutritional conditions. A
paradigmatic example of this capability is the (dis)regulation of
several genes belonging to the same regulon (ArgR, TyrR1 and
MetR), responsible for the activity of distinct and conflicting
functional metabolic modules inside the same metabolic pathway.
In principle, all the genes belonging to the same regulon are
under the control the same TF. It is known that some TFs may
function as either activators or repressors, often according to the
positioning of the TF binding site in the target promoter,
although this feature had not been described, to date, for amino
acid assimilation pathways47. Apparently, such a mechanism is at
work in some of the amino acid catabolic pathways of
PhTAC125, probably ensuring an efficient and correct exploita-
tion of the amino acid mixture available in the surrounding
environment.

Despite being closer to the environmental natural setting,
growth in complex medium does not allow a precise under-
standing of the usage of all the available carbon sources. For this
reason, we have assembled a defined but nutritionally rich
medium containing 19 amino acids as the sole carbon sources for
the bacterial cells. Tracking their concentration in time, we
showed that the two main feeding strategies commonly thought
to be exclusive to each other (i.e., sequential and simultaneous
uptake of nutrients) can coexist in the same growth curve.
Clustering metabolized amino acids into four major groups
revealed that amino acids belonging to the same group are co-
utilized, whereas the switch among the different clusters is tightly
modulated. A “canonical” diauxic shift is finally observed at the
end of the growth, when the consumption of a set of previously
untapped nutrients begins. Thus, similar to the complex-medium
growth experiment (Fig. 1), the two growth lags apparently
underlay different cellular states. Indeed, despite the exhaustion
of nutrients is common to both growth lags, in one case (the first
lag) cells are already metabolizing alternative compounds when
the exhaustion of the preferred sources occurs.

The order in which nutrients are utilized can be partially
explained by the biomass yield and growth rates obtained when
each single amino acid is provided as single carbon sources.
Those amino acids allowing the highest growth rate and biomass
production are those that are consumed first in the 19 AA
experiment.

Using 13C-labelled amino acids and time-resolved NMR
spectra, we were able to follow the degradation pathways of four
selected amino acids (Glu, Ala, Asp and Met) and derive their fate
inside the cell. We showed that Ala is readily converted into
pyruvate and then probably used to fuel sugar metabolism (i.e.,

gluconeogenesis and pentose phosphate pathway), leading to the
production of ribonucleotides. Asp and Glu are instead promptly
used to fuel the TCA cycle, with two notable exceptions, i.e., the
entrance of Glu-derived carbons into the biosynthesis of NAD
precursors and the conversion of (part of) the initial amount of
Asp into PEP and its usage for ribonucleotide biosynthesis. The
fate of Met inside the metabolic network remained hard to
decipher, and the actual contribution to the growth of PhTAc125
will require further investigation. Further, results coming from
the untargeted evaluation of the overall intracellular metabolome
is in line with an increased importance of sugar metabolism/
intermediates upon exhaustion of the available amino acids in the
medium, probably reflected in the characterized production of
biofilm in poor nutrients conditions.

Finally, we have shown that the dynamics of nutrients degra-
dation can be explained using a theoretical model that accounts
for gene regulation and, in general, for the proper resource
allocation for the synthesis of the main assimilatory pathways.
This modelling framework can accurately interpret the pattern of
nutrients degradation in a nutritionally rich environment.

In conclusion, we would like to stress the importance of cul-
tivating and studying microorganisms in nutritional conditions
that more closely resemble the ones most found in nature, for
example for what concerns the contemporary availability of many
distinct possible carbon sources as done here. By doing so and
using a combination of computational and experimental (tran-
scriptomics and NMR-based metabolomics) approaches, we have
shown that, despite diauxie and co-utilization strategies have been
usually thought as conflicting phenotypes, they can coexist in the
same growth curve and give rise to a diversified ensemble of
feeding strategies.

The use of different sources depending on the phase of cell
growth and, most of all, a distinct metabolic fate inside the cell for
each of the metabolized compounds, is a common feature of
intracellular bacteria (e.g., Legionella pneumophila, Listeria
monocytogenes or Coxiella burnetii17,19,48–50) suggesting that
plastic strategies for carbon assimilation might be evolved in
response to nutritionally poor and highly variable conditions.

It will be interesting to investigate which are the molecular
mechanisms allowing the implementation of this mixed and
apparently unconventional feeding strategy and, in particular, the
fine-tuned regulatory circuits that are probably responsible for the
efficient switching among all the available carbon sources. Future
efforts will be also devoted to understanding the effect of fluc-
tuations (in the number of cells and/or in nutrients concentra-
tion) and of possible population heterogenicity10,11 on the
resulting growth dynamics of heterotrophic marine bacteria.

Methods
Bacterial strain, media and growth condition. P. haloplanktis TAC12551 cells
were routinely grown in Marine Agar (MA) or Broth (MB) (Condalab, Spain)
under aerobic condition at 21 °C. The stock suspension of the strain was stored in
20% [v/v] glycerol solution at −80 °C. For growth curves experiment, Schatz salts52

(1 g/l KH2PO4, 1 g/l NH4NO3, 10 g/l NaCl, 0.2 g/l MgSO4 × 7H2O, 0.01 g/l
FeSO4 × 7H2O, 0.01 g/l CaCl2 × 2H2O) were supplemented with 5 g/l Peptone
N-Z-Soy BL 7 (Sigma-Aldrich S.r.l) (complex medium) or with 19 amino acids
(19 AA medium) each one at a final concentration of 0.2 mM (cysteine was not
included due to its rapid oxidation to cystin29). To confirm the order of AA we
used Schatz salts supplemented with (i) 19 AA at a final concentration of 1 mM
each, (ii) 19 AA at a final concentration of 2 mM each and (iii) 16 AA at a final
concentration of 0.2 mM and histidine, methionine and tryptophan at a final
concentration of 2 mM. The experiments with 13C AA were performed using
Schatz salts supplemented with 18 standard AA and one of the four marked amino
acid (L-Alanine-13C3, L-Aspartic acid-13C4, L-Glutamic acid-13C5 and L-Methio-
nine-13C5) all at a final concentration of 0.2 mM. In all cases the pH was adjusted
to 7.0. All the amino acids were purchased from Sigma-Aldrich S.r.l. All the
experiments were performed under aerobic condition at 21 °C.

E. coli Dh5α (laboratory stock suspension stored in 20% [v/v] glycerol solution
at −80 °C) were grown in Luria Bertani (LB)53, agar or broth, and in M9 media53
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supplemented with 19 AA at a final concentration of 0.2 mM (pH 7.0) (19 AA M9
medium). The experiments were performed under aerobic condition at 37 °C.

Growth curve experiments. The growth curve experiments with PhTAC125 were
performed after two pre-cultures, as in Wilmes et al.25 with some adaptations. For
the complex medium growth curves, a first preculture was grown for 20 h, in 20 ml
MB medium in a 100 ml flask. Then this preculture was diluted 1:1000 in a final
volume of 100 ml of the complex medium in a 1 l flask. After 20 h of growth, the
optical density (OD600) of this second preculture was measured to be used to
inoculate the final flask (1 l) in a final volume of 150 ml of Schatz salts and Peptone
with a starting OD600 ~ 0.1. For the growth curves in the 19 AA medium, for all the
concentrations used, the first preculture in MB was diluted 1:100 in a final volume
of 100 ml of the 19 AA medium (for each experiment the AA concentration used
for the final growth curves was used) in a 1 l flask. After 22 h of growth, the second
preculture was washed, resuspend and used to inoculate the final flask (1l) in a final
volume of 200 ml of the 19 AA medium with a starting OD600 ~ 0.1. In all
experiments, the pre-cultures and the final growth cultures were incubated at 21 °C
with shaking. Each experiment was performed in duplicate. Cell growth was
monitored measuring the OD600 every hour in the experiments in complex med-
ium, and every half an hour or an hour, depending on the concentration of AA
used, in the experiments with the 19 AA medium. Three different measures were
performed at each time point for each biological replicate.

The growth curve experiments with E. coli were performed after a first
preculture of 20 h in 20 ml of LB broth in a 100 ml flask and a second preculture in
100 ml of 19 AA M9 medium.

After 20 h of growth, the optical density (OD600) was measured to be used to
inoculate the final flask (1 l) in a final volume of 200 ml of 19 AA M9 medium. The
cells were grown at 37 °C with shaking in duplicate and the growth was monitored
measuring the OD600 every hour.

Sampling. Two biological replicates of the growth curves performed in complex
medium were used for RNA-seq experiment. Every hour, in correspondence of the
OD600 measurements, two replicates of 500 µl each for each curve, were treated
with the RNA protect bacteria reagent (Qiagen S.r.l.) and conserved at −80 °C.

During the experiment in the 0.2 mM 19 AA medium, at each time point, two
replicates of 500 µl each for each curve, were treated with the RNA protect bacteria
reagent like above. During all the experiment in the 19 AA medium, regardless of
the concentration of AA used, and in the growth curve with E.coli, two replicates of
1 ml each for each curve were filtered at each time point (Filtropur 0.2 µm,
SARSTED AG & Co. KG) to remove bacterial cells and conserved at −20 °C for
NMR metabolomic.

Growth curves with 13C amino acids. Four different experiments were performed
using one uniformly 13C-labelled amino acid each time (13C-Glu, 13C-Ala, 13C-Asp
and 13C-Met). For each experiment, two pre-cultures as described above were used,
while the final growth experiments were performed in quadruplicate. Cell growth
were monitored measuring the OD600 every hour. At four time points, early and
late exponential growth (3 and 6 h) and early and late stationary phase (8 h and 30
min, 24 h), one of the four replicates was analyzed. Overall 1 ml of the medium
were filtered (Filtropur 0.2 µm, SARSTED AG & Co. KG) to remove bacterial cells
and conserved at −20 °C. The remaining culture (199 ml), was pelleted by cen-
trifuging for 10 min at 11,000 rpm at 4 °C and resuspended in 500 µl of PBS54.
Then, cells were sonicated for 20 min, with cycle of 1 s of activity and 9 s of rest
(292.5W, 13 mm tip), with contemporary cooling on ice. After lysis, the samples
were centrifugated for 25 min at 4 °C, at 8000 g, as described in ref. 54.

RNA extraction and sequencing. For RNA-seq, a preliminary sequencing (data
not shown) was performed on an Illumina Hiseq 50 platform (Genomix4Life S.r.l.,
Italy). Total RNA was extracted with a RNeasy Tissue Mini Kit (Qiagen S.r.l.)
following manufacturer’s instructions. For improving the lysis step proteinase k
and lysozyme were added to the lysis solution and the samples were homogenized
using Tissue lyser II (Qiagen S.r.l.). The concentration and purity of RNA were
analyzed using a NanoDrop ND-1000 (Thermo Fisher Scientific) and a Bioanalyzer
(Agilent Technologies, Inc.). rRNA was removed from the sample using the Ribo-
Zero Magnetic Kit (Bacteria) (Illumina, Inc.). The quality of the RNA depletion was
then checked using Bioanalyzer (Agilent RNA 6000 PICO Assay, Agilent Tech-
nologies, Inc.). The ScriptSeq v2 RNA-Seq Library Preparation Kit (Illumina, Inc.)
is then used to make the RNA-Seq library from the Ribo-Zero treated RNA. For
each library 1 µg of RNA (rRNA depleted) was used following manufacturer’s
instructions. The quality of the libraries was evaluated using Bioanalyzer (Agilent
Technologies, Inc.).

For the final experiment total RNA was extracted from a total of 20 samples of
the growth curve in complex medium (five time points, two technical and two
biological replicates) and library sequencing has been carried out at Genomix4Life
S.r.l. (Italy) on an Illumina NextSeq500 (single-end sequencing strategy, 1 × 75 bp,
~25 reads/sample).

For real-time PCR (qRT-PCR), total RNA was extracted from the samples of
five time points (T4, T6, T8, T10 and T12) for each biological replicate of the
growth curve performed in the 19 AA medium, using a RNeasy Mini Kit (Qiagen S.

r.l.), following the manufacturer’s instruction. DNA was then removed from the
samples using a RNase-free DNase (Qiagen S.r.l.). Overall 10 µl of the extracted
RNA was reverse-transcribed using a Superscript II Reverse Transcriptase
(Invitrogen) with Random primers (Invitrogen) following the manufacturer’s
instruction.

Quantitative real-time PCR (qRT-PCR). qRT-PCR reactions were performed in a
final volume of 10 μl containing 1 μl of a 1:10 dilution of each cDNA, 5 μl of
Powrup Sybr Master Mix (Life Technologies) and 1 μM of each primer (Supple-
mentary Table 9). Primers were designed using the Primer3 software55. Each
sample was spotted in triplicate.

A first experiment using known amounts of DNA of the PhTAC125 strain
(1-0.1-0.01-0.001 ng) were performed to obtain a standard curve and calculate the
amplification efficiency for each primer pairs (data not shown). rplM and dnaA
genes were used as internal references to normalize mRNA content.

All the reactions were performed on a QuantStudio™ 7 Flex Real-Time PCR
System (Applied Biosystems by Life Technologies). Cycling conditions were:
hold stage [50 °C for 2′ and 95 °C for 10′], PCR stage [40 cycles of: 95 °C for 30′′,
59 °C for 1′, 72 °C for 15′′], melt curve stage [95 °C for 15′′ 60 °C for 1′, 95 °C
for 15′].

RNA-seq data analysis. Bowtie 2 (v2.2.3)56 was used to align raw reads to P.
haloplanktis TAC125 reference genome (GCA_000026085.1_ASM2608v1). rRNA
depletion, strand specificity and gene coverage were evaluated using BEDTools
(v2.20.1)57 and SAMtools (v0.1.19)58 to verify the library preparation and
sequencing performances. Raw read counts were then used to calculate TPM values
for each PhTAC125 gene. Clusters of co-regulated genes were identified using the
Clust tool59 using the following parameters: k-means clustering method, tightness
weight equal to 0.3 and Q3s outliers threshold equal to 2.0.

Differentially expressed genes between the various contrasts were identified
using the R (R Development Core Team, 2012, https://www.r-project.org/) package
DeSeq260 using default parameters and the following thresholds: adjusted p value <
0.01 and log2FC > 0.75 or log2FC <−0.75. The clustering of genes based on their
FC was performed using the Pheatmap R package. Visualization of Pearson
correlation was performed using “corplot” R package.

Functional enrichment analysis and regulon identification. To conduct func-
tional enrichment, each gene whose upstream intergenic region was clustered in
one of the three clusters was assigned to a specific functional category using a
BLAST61 search against the COG database62, with default parameters and con-
sidering a hit as significant if E-value < 1e−20. The exact binomial test imple-
mented in the R package was used to assess over- and under-represented functional
categories against the corresponding genomic background. Available information
on PhTAC125 amino acid metabolism regulons were retrieved using RegPrecise
database63,64. The RegPrecise includes information for 7 PhTAC125 regulons
(Supplementary Table 5).

Motif finding. Shared, conserved upstream motifs were searched up to 200 bp
upstream of the genes belonging to the same regulon. These sequences were
retrieved were retrieved from the P. haloplanktis TAC125 reference genome and
fed into the MEME suite65 v. 5.1.1. MEME was used in combination with MAST
(version 5.0.5)66 for identifying the most plausible shared motifs upstream of the
selected genes. MEME was used setting the following parameters: -nmotifs 5,
-minw 6, -maxw 30, -objfun classic, -revcomp, -markov_order 0, -minsites 1,
-maxsites 3. All the other parameters were set as default. MAST was used using
default parameters. In all cases, only the best scoring motif was considered for
further analyses, provided that the search produced a significant result (e-value <
0.05). The conservation of identified shared motifs was represented using
WebLogo67.

Modelling. The deterministic system was simulated by numerically integrating
differential equations using the Matlab built-in function ode45 v. 2019a. To esti-
mate the unknown parameters of the model from experimental data we used a
stochastic curve-fitting in-house Matlab software. The algorithm is based on the
paper by Cardoso et al.68 and consists in the combination of the non-linear simplex
and the simulated annealing approach to minimize the squared deviation function.
To increase the points available for curve-fitting, we used the spline interpolation
function implemented in MATLAB on the measured values of nutrients and
biomass concentration. The same function was adopted to increase the points
available for growth rate estimation during the experiment reported in Fig. 1a.

The codes used to perform the simulations reported in this work and the details
about the options of the curve-fitting environment, are available at https://
multiauxic.sourceforge.io.

To assess the quality of the fit of the MMM vs. the cybernetic model R2 and AIC
were computed. R2 values between experimental data and model predictions were

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-16872-8 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:3135 | https://doi.org/10.1038/s41467-020-16872-8 | www.nature.com/naturecommunications 13

https://www.r-project.org/
https://multiauxic.sourceforge.io
https://multiauxic.sourceforge.io
www.nature.com/naturecommunications
www.nature.com/naturecommunications


computed using the built-in cor.test function in R69. AIC values were computed as:

AIC ¼ N ´ log
SSE

N

� �

þ 2 ´ p:

With p being the number of parameters in the models (19 and 9 for cybernetic
and MMM models, respectively), N being the number of training cases and SSE
being the sum of squared errors for each training set. The interpolated datasets
used to compute the fit with the models were also used when computing AIC (i.e.,
N= 49). The AIC values were computed using MATLAB 2019a.

Growth rates estimation on interpolated growth data. To increase the points
available for curve-fitting, we used the spline interpolation function implemented
in MATLAB on the measured values of biomass concentration (OD) obtained from
growing PhTAC125 cells on peptone.

Metabolomic assay and data analysis. NMR spectra were acquired on (i) cell
media to monitor the uptake of the various amino acids by measuring their levels
in samples collected at different time points of cell growth; (ii) cell lysates to
characterize the intracellular metabolome and its variation over time.

Medium samples were prepared in 5.00 mm NMR tubes by mixing 60 μL of a
potassium phosphate buffer (1.5 M K2HPO4, 100% (v/v) 2H2O, 10 mM sodium
trimethylsilyl [2,2,3,3−2H4] propionate (TMSP), pH 7.4) and 540 μL of sample.
Cell lysate samples were prepared in 5.00 NMR tubes by mixing 60 μL of 2H2O and
540 μL of samples.

Spectral acquisition and processing were performed according to procedures
developed at CERM54,70–74. All the spectra were recorded using a Bruker 600MHz
spectrometer (Bruker BioSpin) operating at 600.13 MHz proton Larmor frequency
and equipped with a 5 mm PATXI 1H-13C-15N and 2H-decoupling probe including
a z axis gradient coil, an automatic tuning matching and an automatic and
refrigerate sample changer (SampleJet). A BTO 2000 thermocouple served for
temperature stabilization at the level of ~0.1 K at the sample. Before measurement,
samples were kept for 5 min inside the NMR probe head, for temperature
equilibration at 300 K.

For media, NMR spectra were acquired with water peak suppression and (i)
one-dimensional (1D) 1H standard NOESY pulse sequence75 using 128 scans,
65,536 data points, a spectral width of 12,019 Hz, an acquisition time of 2.7 s, a
relaxation delay of 4 s and a mixing time of 0.01 s; (ii) two-dimensional (2D) 1H-
13C heteronuclear single quantum coherence spectroscopy (HSQC) pulse sequence
(hsqcetgpsisp2, Bruker). A total of 80 scans were collected using a spectral width of
12,019 for f2 and of 30,178 for f1, f2 and f1 acquisition time of 0.085 sand 0.002 s,
respectively, and a relaxation delay of 2 s.

For lysates, NMR spectra were acquired with water peak suppression and (i)
1D 1H standard NOESY pulse sequence using 64 scans, 98,304 data points, a
spectral width of 18,028 Hz, an acquisition time of 2.7 s, a relaxation delay of 4 s
and a mixing time of 0.01; (ii) 1D 1H Carr–Purcell–Meiboom–Gill sequence
using 64 scans76, 73,728 data points, a spectral width of 12,019 Hz, an
acquisition time of 3.07 s and a relaxation delay of 4 s; (iii) 2D 1H-13C HSQC
pulse sequence (hsqcetgpsisp2, Bruker)77. A total of 80 scans were collected
using a spectral width of 12,019 for f2 and of 30,178 for f1, f2 and f1 acquisition
time of 0.085 sand 0.002 s, respectively, and a relaxation delay of 2 s.

The raw data were multiplied by a 0.3 Hz exponential line broadening before
applying Fourier transformation. Transformed spectra were automatically
corrected for phase and baseline distortions. All the spectra were then calibrated to
the reference signal of TMSP at δ 0.00 1H chemical shift (ppm) using TopSpin 3.5
(Bruker BioSpin srl).1H-13C HSQC spectra were also calibrated to the methyl signal
of alanine at δ 19.03 13C chemical shift (ppm).

The signals deriving from each metabolite were assigned using an internal NMR
spectral library of pure organic compounds, spiking NMR experiments and literature
data. Matching between the present NMR spectra and the NMR spectral library
was performed using the AMIX and Assure software (Bruker BioSpin srl). The
relative concentrations of the various metabolites were calculated by integrating the
corresponding signals in defined spectral range, using a home-made R 3.0.2 script.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
RNA-seq data that support the findings of this study have been deposited in NCBI SRA

archive with the accession codes SAMN12207305 to SAMN12207324. Metabolomics

data have been deposited at MetaboLights (https://www.ebi.ac.uk/metabolights/) under

code unique identifier MTBLS1699 (www.ebi.ac.uk/metabolights/MTBLS1699).

Databases used in this work: COG (https://www.ncbi.nlm.nih.gov/COG/), KEGG

(https://www.genome.jp/kegg/), RegPrecise (http://regprecise.sbpdiscovery.org:8080/

WebRegPrecise/).

The authors declare that the other data supporting the findings of this study are

available within the paper. No restrictions apply to data availability. The source data

underlying Figs. 1a–c, 2a–d, 2b–e, 4a, c, d, 5a, b, S6a, S8a–d, S9a, b, 10a, b, S20 and S21

are provided as a Source Data files.

Code availability
Code and scripts used to implement the model are available at https://multiauxic.

sourceforge.io.
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