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Abstract

Raceway ponds would allow the sustainable production of algal biomass because of their
lower cost. However, for successful cultivation, the target organism needs to prevail de-
spite unavoidable contamination by environmental strains. The development of efficient
methods to control cyanobacterial proliferation is thus highly desirable. With the aim to
identify new cyanobactericidal substances, a set of natural compounds was screened for
the ability to inhibit the growth of a model cyanobacterial strain, Synechococcus elonga-
tus PCC 6301. Three compounds, namely hydroquinone, juglone and plumbagin, were
found to be active in the 107® to 10~* M range. Activity was confirmed on a panel of
10 other cyanobacteria that showed different sensitivity, with concentrations causing 50%
growth inhibition varying up to 2 orders of magnitude. Co-cultivation experiments showed
that the growth of Microcystis aeruginosa PCC 7941 was almost completely suppressed
at quinone concentrations at which that of Tolypothrix PCC 7601 was substantially un-
affected. Juglone and plumbagin in the micromolar range also exerted toxic effects on
eukaryotic microalgae, bacteria and yeast, whereas the growth of higher plants was af-
fected only at higher concentrations. In the case of juglone, activity was lost with time after
being dissolved, allowing water discharge/recycling. The results point at the aromatic
1.4-quinone/diol ring as a lead moiety for the development of chemicals to help maintain-
ing monospecificity of microalgae cultures.

Keywords: cyanobacterial strains; growth inhibitors; plant natural compounds;

monospecific microalgae cultures; quinones

1. Introduction

As the only prokaryotes able to couple oxygenic photosynthesis with biological Nj
fixation, cyanobacteria play a pivotal role in carbon and nitrogen global cycling. Because
of their notable tolerance to even harsh environmental conditions [1], they are broadly
distributed in almost every water habitat on Earth, from caves to glaciers. Under cer-
tain conditions, such as sunny weather, warm temperature and increased anthropogenic
nutrient loading, several cyanobacterial strains are capable of sudden, fast and massive
proliferation [2]. These blooms form a dense surface scum in coastal waters and freshwater
bodies, thereby causing the establishment of anoxic conditions and subsequent ecosys-
tem decline [3]. Most cyanobacteria synthesize a remarkable variety of potentially lethal
inhibitors targeting the nervous system, the gastrointestinal apparatus or the liver, thus
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cyanobacterial proliferation may also cause the release of dangerous toxins into the envi-
ronment [4]. During recent years, environmental pollution by human activities and global
warming have appeared to cause a progressive increase in bloom frequency [5].

Because of this widespread presence and the ability to grow under strikingly diverse
conditions, cyanobacteria are susceptible to contaminating microalgae cultures. In the last
three decades, prokaryotic and eukaryotic microalgae have been widely exploited as cell
factories of bio-based products [6]. With the aim of contributing to solving the problems of
sustainability and energy shortage, the biotechnological potential of many photosynthetic
microorganisms as sources of renewable energy and/or valuable industrial and agri-food
products has been investigated [7]. Large-scale production of algal biomass can proceed
either in open ponds or in photobioreactors ranging from simple, low-cost designs like con-
ventional stirred tank systems to highly sophisticated, high-tech versions such as flat-panel
and hybrid membrane reactors [8]. Because of lower cost, raceway ponds would allow
the sustainable production of bulk volumes of microalgal biomass [9]. However, under
such conditions, a microalgal culture is not a monoculture, as in conventional microbial
fermentation, but a complex system of microalgae, zooplankton and bacteria [10]. For a
successful cultivation, the target microalga needs to prevail despite the unavoidable con-
tamination by environmental strains [11,12]. Because of their generally low doubling time
and superior ability to adapt to any environmental condition, contamination by cyanobac-
teria can significantly reduce the growth of a target microalga by resource competition and
allelopathy. Even in the case of limited growth, the contaminants can affect the quality of
the final biomass, hindering its utilization. For these reasons, open pond cultivation has
been successfully obtained only for some extremophiles to date [13], such as the halophilic
green alga Dunaliella salina [14] and the alkalophilic cyanobacterium Spirulina platensis [15].

In order to improve the feasibility of microalgae growth in open systems, the de-
velopment of efficient methods to control cyanobacterial proliferation is therefore highly
desirable. Physical and chemical strategies have been successfully exploited at a pilot
scale [16-19]. This notwithstanding, the former are generally too expensive to be applied in
the field, whereas the latter are susceptible to causing pollution. In nature, cyanobacterial
blooms seem to be limited by some bacteria through the production and secretion of algici-
dal compounds [20,21]. Isolation, characterization, and facile chemical synthesis of these
natural substances would allow a biological approach to the problem, providing an effec-
tive strategy for bloom control. However, chemical synthesis of the algicidal compounds
identified so far does not seem trivial, and no active principle has been commercialized to
date with this aim. Moreover, the activity spectrum of these substances has been poorly
investigated. To be effective, algicidal compounds should exert differential effects on target
and non-target organisms.

Bioactive natural products can be isolated from agricultural wastes and unprocessed
residues [22]. By processing raw materials, the agri-based industry produces several billion
tons of residues in non-edible portions each year. The management of these residues is
sometimes a serious problem, as they can cause pollution, and the cost of their disposal
may significantly reduce the economic sustainability of the supply chain [23]. The use of
agricultural by-products to yield valuable bioactive compounds may couple the low-cost
production of active principles with cleaner production and increased sustainability of
industrial processes [24]. Vascular plants produce a myriad of secondary metabolites en-
dowed with biological activity [25], representing a promising source of new phytochemicals
to be used in crop protection [26], human therapy [27] or food fortification [28].

In this work, the possibility of identifying plant secondary metabolites that can be
obtained from agricultural by-products and show cyanobactericidal activity was investi-
gated. With this aim, a panel of plant secondary metabolites was screened for the ability to



Fermentation 2025, 11, 608

30f15

inhibit cyanobacterial growth. Three quinones were found to be active in the micromolar
range, at concentrations at which plant growth was less affected. Interestingly, they showed
differential effectiveness against various prokaryotic and eukaryotic algal strains. The
results point at these compounds as a promising lead for the development of control agents
to limit contamination of microalgae cultures in open ponds.

2. Materials and Methods
2.1. Reagents

Unless specified otherwise (Supplementary Table S1), the chemicals used were pur-
chased from Sigma-Aldrich-Merck (Darmstadt, Germany) and were of analytical grade.

2.2. Cyanobacterial and Eukaryotic Algal Growth

Cyanobacterial strains (Table 1) and eukaryotic algae were grown at 24 & 1 °C under
14 h: 10 h day (100 umol m~2 s~! photosynthetically active radiation [PAR]): night in Bg11
mineral medium, as previously described [29]. Chlorella protothecoides ATCC 30411 was
grown in Bg11 medium supplemented with 1 g L~! proteose peptone. Chlorella vulgaris SAG
211-11p and Chlamydomonas reinhardtii T222 were grown mixotrophically in TAP medium,
as described [30]. Growth was followed by measuring chlorophyll concentration. Culture
aliquots (0.5—1.0 mL) were centrifuged for 3 min at 14,000 g. Pellets were solubilised
with 1.0 mL of either methanol or DMSO for 30 min in the dark, vortexing the samples
every 5 min. Samples were then centrifuged as above, and the chlorophyll concentration in
the supernatant was measured at 660 nm.

Table 1. Cyanobacterial strains used in this study.

Strain Subsection
Anabaena sp. PCC 7120 v
Calothrix sp. PCC 7507 v
Chroococcidiopsis thermalis PCC 7203 II
Gloeothece sp. PCC 6909 I
Leptolyngbya boryana PCC 6306 I
Lyngbya sp. PCC 7419 I
Microcystis aeruginosa PCC 7941 I
Nostoc sp. PCC 7524 v
Synechococcus elongatus PCC 6301 I
Synechocystis sp. PCC 6803 I
Tolypothrix sp. PCC 7601 v

2.3. Evaluation of the Inhibitory Activity on Algal Growth

Cells in the late exponential phase of growth were pelleted by centrifugation 5 min
at 4000x g, and used to inoculate 96-well plates, 0.2 mL per well, to an initial density
of about 0.2 mg L~! chlorophyll. The compounds were dissolved in DMSO to obtain
10 mM solutions. Aliquots (2 pL) of these solutions and of their 1:2 serial dilutions were
added to each well, obtaining final concentrations ranging from 1000 to 0.1 uM. For each
concentration, 4 replicates were carried out, and 12 for controls treated with the same
volume of DMSO. Growth in each well was measured as the increase in absorbance at
660 nm up to one week following the inoculum using a Ledetect 96 plate reader (Labexim,
Lengau, Austria). Turbidity at 750 nm was also measured. Data were linearized by
logarithmic transformation, allowing calculation of growth constants that were expressed
as a percentage of the mean value obtained with controls.

In the case of competition experiments, growth was followed as the increase in phy-
cobiliprotein (PBP) content. Each cell suspension (1.5 mL) was centrifuged and the super-
natant was discarded, while the pellet was resuspended with 150 uL of glycerol and stored
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for 24 h at —20 °C. Samples then had 1.35 mL distilled water added, and were vortexed
and further centrifuged as above. The obtained supernatants were read at 562, 615 and
652 nm, and the concentrations of PBP were calculated according to the method of Bennett
and Bogorad, as previously described [31], using the following equations:

Phycocyanin (PC) [mg mL ] = [Ag15 — (0472 - Agsp)]/5.34

Allophycocyanin (APC) [mg mL 7! = [Ags2 — (0.208 - Agi5)]/5.09
Phycoerhythrin (PE) [mg mL 1] = [Asg; — (2.41 - [PC] — 0.849 - [APC]/ 9.62)

2.4. Bacterial and Yeast Growth

Escherichia coli strain BL21(DE3)pLysS was grown at 37 °C in the dark on a rotary
shaker at 150 rpm in 250 mL Erlenmeyer flasks containing 50 mL of either standard Luria
Broth or Davis and Mingioli medium. Baker yeast Ura3~ strain 523344C was grown at 30 °C
in either Yeast Carbon Base supplemented with 50 mg L~! uracil and 1.0 g L~! ammonium
sulphate or Yeast Extract Peptone Dextrose medium.

2.5. Evaluation of the Inhibitory Activity on Bacterial and Yeast Growth

The effect of quinones on the growth of the above-mentioned bacterial and yeast
strains was assessed as described for cyanobacteria, but by measuring the absorbance at
600 nm. The inoculum was made to an initial density of about 0.1 optical units, and growth
was followed for up to 10 h by reading the absorbance at 30 or 60 min intervals.

2.6. Plant Cell Culture and Seedling Growth

Seedlings and suspension-cultured cells of rice (Oryza sativa L. cv. Gigante Vercelli)
and rapeseed (Brassica napus L., cv. Zeruca) were grown as described [32,33]. Briefly,
undifferentiated cells were cultured in dim light at 24 °C on a rotary shaker (100 rpm; Lauda,
Konigshofen, Germany) in 500 mL Erlenmeyer flasks containing 125 mL of MS medium [34]
that had been supplemented with 30 g L~! sucrose and 2 mg L~ 2,4-dichlorophenoxyacetic
acid (2,4-D) for rice, or 0.5 mg L~! of both 2,4-D and 6-benzylaminopurine for rapeseed.
For seedling growth, seeds of the same cultivars were surface sterilized by treatments
with ethanol (for 1 to 3 min, depending on the species) and bleach (3% NaClO in the
presence of 0.04% Triton X100 for 2 to 5 min). Following extensive washing with sterile
distilled water, seeds were sown in Magenta GA7 vessels (6 = x 6 # x 20ff cm) containing
50 mL of half-strength MS medium and allowed to germinate and grow at 24 &+ 1 °C under
14 h: 10 h day (250 pmol m~2 s~! PAR): night. In the case of rice, seeds were covered with
50 mL of sterile water.

2.7. Evaluation of the Inhibitory Activity on Plant Cultured Cells and Seedlings

To measure the effect of quinones on the growth of cultured cells, cultures in the early
stationary phase of growth were harvested and used to inoculate 100 mL culture flasks
containing 25 mL of fresh medium, so as to obtain an initial density of about 1.0 mg mL !
(dry weight). After 8 days of incubation, when untreated controls approached the station-
ary phase of growth, cells were harvested on paper filters, and the dry weight increase
was determined for each sample after drying at 80 °C for 48 h. At least four replicates
were carried out for each treatment. The results for treated samples were expressed as a
percentage of mean values obtained for untreated controls. In the case of seedling growth,
seeds were directly sown in medium either containing the test compound or not, with
16 seeds per vessel. A randomized complete block design with three replications was used.
Destructive harvest was carried out 8 to 15 days after sowing, when controls had reached
the three-leaf stage. Each plantlet was weighed individually (40 < n < 48, depending on
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germination rate) before and after treatment in the oven (J.P.Selecta, Abrera, Spain) at 80 °C
for 48 h.

2.8. Statistical Analysis

The results were analyzed using Prism for Windows, version 6.07 (GraphPad Software,
La Jolla, CA, USA). The concentrations able to inhibit growth by 50% (ICsp) and their
confidence limits were calculated by nonlinear regression analysis of growth rates. To
evaluate the effect of quinones on plant cell and seedling growth, the results were analyzed
by multiple ¢ tests, corrected by multiple comparisons using the Holm-Sidak method.
Where differences are reported, they are at the o = 0.05 level.

3. Results

3.1. Among a Panel of 22 Phytochemicals, Three Quinones Showed the Ability of Inhibiting
Cyanobacterial Growth in the Micromolar Range

A set of 22 plant secondary metabolites (Supplementary Table S1) was screened for the
ability to interfere with the growth of the cyanobacterial model strain Synechococcus elongatus
PCC 6301. When added to the culture medium at concentrations ranging from 10~ to
1073 M, five of them were found to be completely ineffective. Most compounds exerted
mild inhibitory effects at levels exceeding 10~* M. Three of them, namely hydroquinone,
juglone and plumbagin, were more effective, with ICsg values lower than 50 uM (Table 2).

Table 2. Effect of selected phytochemicals on the growth of the cyanobacterial model strain Syne-
chococcus elongatus PCC 6301, expressed as the concentration causing 50% inhibition of cell growth
(ICsp). Confidence limits are also shown.

Compound ICs Lower Limit Upper Limit
Allyl isothiocyanate 185 uM 157 uM 219 uM
Amygdalin N1 - -
Anisaldehyde 941 uM 823 uM 1076 uM
x-asarone 173 uM 158 uM 188 uM
[3-asarone 157 uM 121 uM 204 uM
Betanin N1 - -
Caffeine N1 - -
Chlorogenic acid 5760 uM 3400 uM 9770 uM
Cinnamaldehyde 149 uM 138 uM 161 uM
Eugenol 365 uM 328 uM 406 uM
Gallic acid 132 uM 111 uM 157 uM
Hydroquinone 46.0 uM 42.9 uM 49.2 uM
Juglone 8.5 uM 8.1 uM 9.0 uM
Linalool 1164 uM 1031 uM 1315 uM
Methoxysalicylaldehyde 213 uM 178 uM 255 uM
Phloridzin N! - -
Plumbagin 22.5 uM 20.8 uM 24.5 UM
Rutin 473 uM 195 uM 1144 uM
Scopoletin N1 - -
Thymol 157 uM 145 uM 170 uM
Tomatine 799 uM 720 uM 886 UM
Vanillin 308 uM 274 uM 345 uM

I'N, not inhibitory in the range (from 0.1 to 1000 pM) tested.

Interestingly, these substances have a similar structure, since the two most active com-
pounds show a naphthoquinone core with different substituents, whereas hydroquinone is
a benzene-1,4-diol deriving from benzoquinone reduction.
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3.2. Hydroquinone, Juglone and Plumbagin Exerted Differential Effects on the Growth of Various
Cyanobacterial Strains, and Altered Population Dynamics in Mixed Cultures

The inhibitory potential of these compounds was then assessed on a set of ten other
cyanobacteria, as listed in Table 1. With the only exception of Chroococcidiopsis thermalis
PCC 7203, which showed low sensitivity, the growth of all these strains was reduced by
50% at concentrations ranging from 0.6 to 70 uM (Table 3). Juglone and plumbagin were
approximately equipotent, whereas hydroquinone was less effective. Interestingly, differen-
tial effects were evident among strains, with the bloom-forming cyanobacteria Microcystis
aeruginosa and Synechocystis sp. showing the highest susceptibility. No relationship was
evident between strain sensitivity and their phylogenetic clades, with the resistant Chroococ-

cidiopsis thermalis being the only analyzed species belonging to subsection II (Pleurocapsales;
Table 1).

Table 3. Concentrations of hydroquinone, juglone and plumbagin able to inhibit by 50% the growth
of different cyanobacterial strains.

ICso

Strain Hydroquinone Juglone Plumbagin
Anabaena sp. PCC 7120 59 £4uM 8.1+ 0.5 uM 18+ 1uM
Calothrix sp. PCC 7507 65 + 34 uM 38 £19 uM 22+ 9uM
Chroococcidiopsis thermalis PCC 7203 183 + 5 uM >200 uM >200 uM
Gloeothece sp. PCC 6909 70£15uM 28+ 7uM 34+4uM
Leptolyngbya boryana PCC 6306 29 £ 9 uM 20+ 4 uM 11+3uM
Lyngbya sp. PCC 7419 6.5+1.1uM 51+0.7 uyM 49+0.7 uM
Microcystis aeruginosa PCC 7941 1.1+ 02uM 1.5+ 02uM 0.6 £0.1 uM
Nostoc sp. PCC 7524 71+ 7 uM 18 £ 2 uM 8.7+ 1.3 uM
Synechococcus elongatus PCC 6301 46 £+ 3 uM 9+1uM 23+2uM
Synechocystis sp. PCC 6803 26 +5uM 32+04uM 1.2+ 01uM
Tolypothrix sp. PCC 7601 59 £ 9 uM 18+ 1uM 8.8+ 0.2 uM

As a consequence of the differential sensitivity, the presence of these compounds
may be susceptible to altering natural equilibria among species. To verify this possibility,
co-cultivation experiments were carried out with Microcystis aeruginosa PCC 7941 and
Tolypothrix sp. PCC 7601. The two strains were chosen not only for their different suscep-
tibility to hydroquinone but also because of a distinguishable morphology, being coccal
and filamentous, respectively. Moreover, their growth was easily distinguishable because
of the absence and the presence of PE. The mixed culture was treated with increasing
concentrations of hydroquinone in the range 1 to 10 uM, levels higher than the ICsy value
for Microcystis in pure culture, but lower than that for Tolypothrix. Indeed, the treatments
did not substantially affect the growth of the latter, whereas that of the former was pro-
gressively reduced (Figure 1a,b). In the absence of hydroquinone, Microcystis growth was
comparable with that of Tolypothrix (Figure 1c). At the highest dose tested, on the contrary,
an almost monospecific culture of Tolypothrix was obtained after three weeks of incubation
(Figure 1d). Similar results were obtained with mixed cultures of Calothrix sp. PCC 7507
and Synechocystis sp. PCC 6803 treated with 10 uM juglone (Supplementary Figure S1),
and Chroococcidiopsis thermalis PCC 7203 and Synechococcus elongatus PCC 6301 treated with
30 uM plumbagin (Supplementary Figure S2).
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Figure 1. Influence of hydroquinone on cyanobacterial growth in co-cultivation experiments. Mi-
crocystis aeruginosa PCC 7941 and Tolypothrix sp. PCC 7601 were inoculated at a 1:1 ratio (based on
phycobiliprotein content, with an initial concentration of 10 mg L™') in the presence of increasing
levels of hydroquinone, as indicated. (a,b) Growth was followed as the increase in PBP content,
taking advantage of the fact that M. aeruginosa does not contain PE. Results are mean over 3 replicates.
(c,d) Optical microscopy imaging at the end of the incubation period of an untreated mixed culture
and of a culture treated with 10 uM hydroquinone, respectively. Images were acquired in bright-field
mode using an eyepiece camera (Amscope, Irvine, CA, USA) mounted on the optical microscope.
Image capture, processing and scaling were performed with the USB Microscope Camera Measure
Software (version x64 4.11; HAYEAR, Shenzhen, China).

3.3. Juglone and Plumbagin in the 1 to 50 uM Range Also Differentially Inhibited the Growth of
Bacteria, Yeast, Eukaryotic Algae and Plants, Whereas Hydroquinone Was Much Less Effective

Because, as discussed below, cytotoxic effects of aromatic quinones have been reported
in other biological systems, the effects of these compounds against some microorganisms
were also evaluated to see whether cyanobacteria are less, equally or more susceptible. The
results, summarized in Table 4, showed that juglone exerts a strong inhibition in all cases,
being able to reduce the growth of E. coli, yeast and eukaryotic algae by 50% at 1-20 uM.
Plumbagin was slightly less effective, with ICsy values 2- to 15-fold higher. On the contrary,
hydroquinone was substantially ineffective at concentrations lower than 100 uM, with C.
prototechoides being the only exception (ICsg = 43 uM).
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Table 4. Concentrations of hydroquinone, juglone and plumbagin able to inhibit by 50% the growth
of some prokaryotic and eukaryotic microorganisms and eukaryotic algae.

IC50

Strain Hydroquinone Juglone Plumbagin
Escherichia coli (mineral medium) 157 + 8 uM 1.8 +£0.1 uM 15+ 2 uM
Escherichia coli (organic medium) N1 34+5uM 156 + 34 uM
Saccharomyces cerevisiae (mineral medium) N1 1.6 +£0.1uM 25+ 3 uM
Saccharomyces cerevisiae (organic medium) N1 25+0.2uM 10 £2 uM
Chlorella protothecoides 43 £ 8 uM 5.6 + 0.9 uM 39 £ 9 uM
Chlorella vulgaris 754 4+ 50 uM 19+1uM 28 + 2 uM
Chlamydomonas reinhardtii 355 + 50 uM 19+ 02uM 31£04uM

1N, not inhibitory in the range (from 0.1 to 1000 pM) tested.

Similar investigations were also carried out with some higher plants, either at the
seedling or at the undifferentiated tissue level. The results obtained with both a dicotyle-
donous and a monocotyledonous crop species are reported in Table 5. When added to
the culture medium at 10 pM, quinones were almost completely ineffective, with a mild
growth inhibition being evident only in the case of rapeseed. At higher concentrations,
a significant effect was found on the contrary, which was proportional to the dose, and
100 uM juglone and plumbagin, in some cases, almost completely suppressed plant growth.
Once again, hydroquinone exerted milder effects and was ineffective up to 30 uM. At both
the plant and cell levels, rice growth was not reduced, even at 100 uM. Interestingly, growth
inhibition of cultured cells was overall similar to that of seedlings, suggesting that quinone
target(s) are also expressed in undifferentiated tissues.

Table 5. Effects of hydroquinone, juglone and plumbagin on the growth of higher plants at either the
seedling or the undifferentiated tissue level, expressed as percentage inhibition (+SE) with respect to
untreated controls.

Concentration
Species Stage Compound
10 uM 30 uM 100 uM

rapeseed seedlings hydroquinone NS! Ns! 325+49
juglone Ns'! 50.7 + 4.3 733+ 2.7
plumbagin 246 +52 49.6 £ 6.0 85.0 £9.7
rapeseed cultured cells hydroquinone Ns'! Ns'! 18.1+3.3
juglone 16.5 £2.9 512435 100.0 £ 0.0
plumbagin Ns'! 771+104 100.0 £ 0.0

rice seedlings hydroquinone NS ! NS! NS !
juglone NS ! Ns! 437 £54
plumbagin NSt 27.7+75 87.7 0.6

rice cultured cells hydroquinone NS ! NS! NS!
juglone Ns'! 382411 100.0 £ 0.0
plumbagin Ns'! Ns'! 50.8 4.2

1 NS, not statistically different from untreated controls.

3.4. Juglone Is Susceptible to Oxidation/Degradation Processes in Solution That Progressively
Reduce Its Biological Activity, Allowing Water Discharge/Recycling

Following solubilisation, quinones may be subjected to oxidation/degradation pro-
cesses. Mainly under acidic conditions, a protonation followed by ring cleavage might
occur for juglone and plumbagin, whereas hydroquinone might be oxidized to benzo-
quinone. This seems particularly true for juglone, whose solutions indeed showed a rapid
darkening, turning from yellow to dark black. To investigate the stability of the active
principles, some of the experiments previously performed with freshly prepared solutions
were repeated with solutions in DMSO that had been prepared and stored for 2 weeks at
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8 °C. Comparable results were obtained for hydroquinone and plumbagin, whereas in the
case of juglone, completely different patterns were evident (Figure 2). With aged solutions,
ICs values 30- to 50-fold higher were found, suggesting a substantial loss of the inhibitory
activity due to juglone degradation over time. Interestingly, in the case of Synechocystis
sp. PCC 6803, the addition of low concentrations of the aged compound resulted, on the
contrary, in a significant growth enhancement.

a Synechocystis sp. PCC 6803 b Anabaena sp. PCC 7120
s s s
S o5 S 25
8 125 8 125
e o) .y
£ 1001 + oxidized % 1004 -+ oxidized
8 oxidize 5
5 75 S 751
ks G
X 501 501
.g < -o- fresh
3 21 - fresh % 257
© 0 & & " 4 L g o 0 ®- P
106 10°° 10~ 10-¢ 1075 104
Juglone (M) Juglone (M)
C Microcystis aeruginosa PCC 7941 d Synechococcus elongatus PCC 6301
s s
c €
1254 1254 -
8 3 -+ oxidized
2 100l -+ oxidized 2 00l —
© (3] )
o A 7 o
S 759 S 759
ks ks
L 501 X 507
< -o fresh < -o- fresh
% 251 ‘% 254
G ¢ G
0 — T 0 ;
1076 107 10+ 1076 107 10
Juglone (M) Juglone (M)

Figure 2. Influence of solution ageing of the inhibitory potential of juglone. Strains were grown in the
presence of increasing levels of the quinone, which was added to the culture medium by dilution of
either as a freshly prepared solution in DMSO (fresh) or a solution that had been stored for two weeks
at 8 °C (oxidized). Growth constants were calculated in each case and expressed as a percentage of
the mean value for controls treated with the same volume of DMSO. Results are mean + SE over
4 replicates; (a) Synechocystis sp. PCC 6803; (b) Anabaena sp. PCC 7120; (c) Microcystis aeruginosa PCC
7941; (d) Synechococcus elongatus PCC 6301.

4. Discussion

In the present work, the possibility of using certain phytochemicals attainable from
plant waste biomass as a means to selectively inhibit cyanobacterial growth was investi-
gated. At this stage of the research, pure compounds were used to obtain unambiguous
results. Because natural products are expected to be endowed with low recalcitrance and be
rapidly mineralized by soilborne microorganisms, the use of plant-derived compounds to
control cyanobacterial proliferation could have a lower environmental impact than that of
synthetic inhibitors. On the other hand, the utilization of wastes from fruits and vegetables
would greatly increase the economic sustainability of the supply chain.

Among the 22 plant compounds tested, only 3 were found to inhibit cyanobacte-
rial growth at concentrations lower than 10~* M. Remarkably, these three substances
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show structural similarity, in that they possess aromatic 1.4-quinone/diol rings. Quinones
are a wide class of naturally occurring compounds with a variety of biological proper-
ties, such as antibacterial, antifungal, and antineoplastic activity [35-37]. Some natural
1,4-benzoquinones bearing both an N-acetyl and an amino acid moiety, produced by a
Streptomyces sp. named abenquines, were found to inhibit cyanobacterial growth in the 1 to
100 uM range. The synthesis of several chemical derivatives afforded a few analogs 25-fold
more potent than the natural lead, with ICsy values ranging from 0.3 to 3 uM. Although
the molecular target was not identified, these synthetic derivatives were substantially
ineffective at micromolar levels against plants and yeast [38]. In a previous study on a
group of thirteen synthetic 2,5-bis(alkyl/arylamino)-1,4-benzoquinones, two compounds,
namely 2,5-bis(methylamino)- and 2,5-bis(propylamino)-1,4-benzoquinone, were found to
inhibit the growth of S. elongatus PCC 6301 with a slightly lower effectiveness (ICsg values
of 1.6 and 2.6 uM, respectively). In this case, plant growth was also much less affected,
and the compounds were not toxic to insects [39]. The results herein reported and the
previous literature data thus suggest that compounds with a 1,4-benzoquinone core have
the potential to interfere, particularly even if not exclusively, with cyanobacterial growth.
Analogously, some naphtoquinone derivatives have been reported as promising agents for
the efficient mitigation of blooms of the freshwater diatom Stephanodiscus hantzschii [40].

Several early studies reported on the biological activity of hydroquinone, juglone
and plumbagin. Plumbagin, which is found in plants belonging to the families Plumbagi-
naceae, Droseraceae, Ancistrocladaceae and Dioncophyllaceae, showed anti-inflammatory and
anticancer properties [41], as well as significant antiprotozoal [42], anthelmintic [43], an-
timalarial [44] and antimicrobial [45,46] activity. However, in the last study, a minimum
inhibitory concentration of about 30 uM was reported, well above those found in the present
work for Microcystis and Synechocystis spp. (Table 3). Juglone, which is produced by walnut
trees, is among the few compounds commonly recognized as true allelochemicals that
are released into the soil and inhibit the growth of other plant species [47]. Besides some
specific activity as a peptidyl-prolyl isomerase inhibitor [48], its action seems mediated
by the formation of semiquinone radicals able to reduce O, to superoxide, which in turn
causes oxidative damages to the cell [49]. As a consequence, some antibacterial [46,50],
antifungal [51] and antineoplastic [52,53] properties have also been reported. Less is known
about the biological activity of hydroquinone, which is a topical skin-lightening agent and
the standard of care for patients with hyperpigmentation problems [54]. Nevertheless, a
few studies showed a significant toxicity for aquatic organisms, such as Pimephales promelas,
Brachydanio rerio, Daphnia magna and Desmodesmus armatus, being less harmful for bacteria
and fungi [55]. To the best of our knowledge, only one previous study investigated the ef-
fect of hydroquinone on freshwater photoautotrophs [56]. In that case, three cyanobacterial
strains showed a higher sensitivity than three green algae.

Most of the aforementioned data come from toxicity studies carried out with a single
or a few model species. In this study, on the contrary, the results initially obtained with
a single model strain were verified on a wider set of cyanobacteria belonging to different
subsections. Besides confirming a general, high susceptibility of these photosynthetic
prokaryotes, it indicates the occurrence of a differential sensitivity, with concentrations
causing 50% inhibition of cell growth differing up to two orders of magnitude. This
implies that these quinones can cause shifts in population dynamics among cyanobacteria,
as shown by the results of the co-cultivation experiments (Figure 1). Interestingly, the
highest susceptibility was evident for some of the species most commonly found in the
environment that give rise to blooms, such as Microcystis aeruginosa [57] and Synechocystis
sp. [58] (Table 3). Therefore, the addition of suitable quinone concentrations to raceway
ponds could help in avoiding or limiting contamination of bulk cultures of eukaryotic
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microalgae by cyanobacteria, or preserving cyanobacterial cultures from contamination by
other, more sensitive cyanobacterial strains.

In most cases, hydroquinone showed a lower effectiveness than juglone and plumba-
gin, causing similar effects at concentrations 5- to 10-fold higher. However, the lower
potency is counterbalanced by some potential advantages. Juglone and plumbagin inhib-
ited cyanobacterial growth at concentrations at which they were found to be inhibitory
against some heterotrophic microorganisms (Table 4). In the case of plumbagin, phyto-
toxic effects were also found (Table 5). On the contrary, hydroquinone was substantially
ineffective against most non-algal species at concentrations at which the growth of some
cyanobacterial strains was completely abolished (Table 3, Figure 1). Therefore, the treat-
ment of water in open pond systems with micromolar concentrations of hydroquinone
would limit cyanobacterial proliferation with only mild non-target effects on plants, yeasts
and bacteria. This notwithstanding, the exhausted growth medium could not be dis-
charged into the environment, given the significant toxicity of hydroquinone toward fish.
In fact, aromatic quinones show a broad and remarkable acute toxicity against aquatic
vertebrates. In the case of juglone, for instance, lethal concentrations 50% (LDsg) as low
as 0.13-0.51 uM were found [59]. Concerning hydroquinone, although the LDs( against
other non-mammalian terrestrial species is very high (4.5 mmol kg~! for pigeon), that for
freshwater fishes is in the micromolar range (1.7 uM for Pimephales promelas and >3.6 uM
for Brachydanio rerio) [60]. In any case, its structure could be exploited for the synthesis of
analogues and derivatives, showing lower toxicity to fish while retaining efficacy against
cyanobacteria. Indeed, the monomethyl ether was reported to be 700-fold less toxic to
goldfish than hydroquinone [61].

Based on present results, juglone seems to be the most suitable for use to control the
growth of contaminating cyanobacteria in open pond systems. Juglone is quite abundant
in walnut husks and shells, from which it can be purified in large amounts at relatively
low costs [62]. Even if it would exert inherent toxicity against non-target organisms, such
as plants and fish, juglone was herein found to lose most of its inhibitory activity in a
few days following solubilisation (Figure 2), while hydroquinone and plumbagin showed
a remarkable stability. This is consistent with previous studies showing that juglone is
rapidly converted to less toxic components in solution [63] and is easily metabolized by
the environmental microflora [64,65]. Therefore, the risk of residual toxicity associated
with the release of juglone-treated water is low. Its utilization would be limited for culti-
vation in open pond systems of algal strains that are naturally resistant to this quinone.
But a more extensive use could be obtained through its chemical modification, yielding
analogues with a different activity spectrum. Because of its numerous biological activities,
1,4-naphthoquinone has been suggested as a privileged structure in medicinal chemistry,
and the design, synthesis, and pharmacological evaluation of new juglone derivatives is in
progress for the development of new prototypes with varied actions [66].

In summary, the body of evidence herein reported, together with the aforementioned
literature data, point to the aromatic 1.4-quinone/diol ring as a lead structure to be exploited
toward the development of specific inhibitors of cyanobacterial growth. Such inhibitors
could find use to improve monospecificity in open systems for microalgae production.
Work is underway to evaluate a set of commercially available structural analogues, as well
as to perform pilot trials in the field.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/fermentation11110608 /s1, Table S1: Phytochemicals screened
as potential inhibitors of cyanobacterial growth; Figure S1: Influence of juglone on cyanobacterial
growth in co-cultivation experiments; Figure S2: Influence of plumbagin on cyanobacterial growth in

co-cultivation experiments.
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APC  allophycocyanin

IC5p  concentration able to inhibit growth by 50%
LDsy lethal concentrations by 50%

PAR  photosynthetically active radiation

PBP  phycobiliprotein

PC phycocyanin

PE phycoerhythrin
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