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SUMMARY

We investigated the basis for better performance of transgenic Nicotiana tabacum plants with G6PDH-

isoenzyme replacement in the cytosol (Xanthi::cP2::cytRNAi, Scharte et al., 2009). After six generations of

selfing, infiltration of Phytophthora nicotianae zoospores into source leaves confirmed that defence

responses (ROS, callose) are accelerated, showing as fast cell death of the infected tissue. Yet, stress-related

hormone profiles resembled susceptible Xanthi and not resistant cultivar SNN, hinting at mainly metabolic

adjustments in the transgenic lines. Leaves of non-stressed plants contained twofold elevated fructose-2,6-

bisphosphate (F2,6P2) levels, leading to partial sugar retention (soluble sugars, starch) and elevated hexose-

to-sucrose ratios, but also more lipids. Above-ground biomass lay in between susceptible Xanthi and resis-

tant SNN, with photo-assimilates preferentially allocated to inflorescences. Seeds were heavier with higher

lipid-to-carbohydrate ratios, resulting in increased harvest yields - also under water limitation. Abiotic stress

tolerance (salt, drought) was improved during germination, and in floated leaf disks of non-stressed plants.

In leaves of salt-watered plants, proline accumulated to higher levels during illumination, concomitant with

efficient NADP(H) use and recycling. Non-stressed plants showed enhanced PSII-induction kinetics (upon

dark–light transition) with little differences at the stationary phase. Leaf exudates contained 10% less

sucrose, similar amino acids, but more fatty acids – especially in the light. Export of specific fatty acids via

the phloem may contribute to both, earlier flowering and higher seed yields of the Xanthi-cP2 lines. Appar-

ently, metabolic priming by F2,6P2—combined with sustained NADP(H) turnover—bypasses the genetically

fixed growth–defence trade-off, rendering tobacco plants more stress-resilient and productive.

Keywords: G6PDH, isoenzyme replacement, Nicotiana tabacum, NADPH, stress tolerance, flowering, meta-

bolic priming, assimilate partitioning, lipid synthesis, phloem exudates, seed yields.

INTRODUCTION

When exposed to biotic stress (bacteria, fungi and viruses)

or abiotic stress (drought, salt and extreme temperatures),

plants divert most of their energy and resources towards

defence responses and acclimation processes. Among the

first detectable reactions of eukaryotic cells to stress condi-

tions are bursts of reactive oxygen species (ROS) at the

plasma membrane that rely on NADPH provision in

the cytosol (reviewed in Mittler, 2017; Yu et al., 2017). In

resistant plant varieties, pathogen recognition and

subsequent defence signalling lead to fast callose deposi-

tion at plasmodesmata, resulting in sugar retention within

the infected source leaf tissue (Scharte et al., 2005, 2009).

As a consequence, primary metabolism—and linked sec-

ondary metabolism—is stimulated in the closed-off areas

to promote the biosynthesis of stress-specific compounds,

which limits photosynthetic efficiency and long-distance

assimilate transport. This phenomenon, known as growth–
defence trade-off under stress (see the editorial by Eckardt,

2017), usually compromises the harvest yield of both
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vegetative and reproductive plant tissues (reviewed in

Allahverdiyeva et al., 2015; He et al., 2022; Leisner et al.,

2022).

Attempts to improve stress resilience and biomass

production of plant species that are relevant to humankind

have a long tradition. Besides recent sophisticated breed-

ing programs in staple crops (e.g. rice; Takatsuji, 2017),

also transgenic approaches have been pursued. The latter

mainly focused on aspects of source versus sink strength

under stress (Murchie et al., 2023; Yu et al., 2015), photo-

synthetic parameters (Furbank et al., 2015; Nowicka et al.,

2018), or photorespiratory losses (Engqvist & Maurino,

2017; Jin et al., 2022; South et al., 2019). Others set out to

modulate cell-wall fortification (Wang et al., 2016), flower-

ing time (Ionescu et al., 2017), stress signalling (Joshi

et al., 2018; Tarkowski et al., 2022), or devised climate-

smart combinations thereof (Jansson et al., 2018). In part,

these approaches took advantage of mutants and gene

stacking (Kudo et al., 2019), and/or the combination of crop

lines that are resilient to multiple stresses (Rivero et al.,

2022).

So far, engineering plant cultivars for improved stress

tolerance has been attempted by disruption and/or overex-

pression of genes coding for suspected key players, and

studying the effects in transgenic lines compared with the

wild type under standardized growth conditions (Maggio

et al., 2018). We also used this approach in the past to

replace glucose-6-phosphate dehydrogenase (G6PDH) in

the cytosol by an isoform with different kinetics in a sus-

ceptible N. tabacum variety (Scharte et al., 2009). G6PDH

catalyses the rate-limiting step of the oxidative pentose-

phosphate pathway (OPPP) that is an important route for

sugar-based NADPH provision in both the cytosol and

plastid stroma (reviewed in Kruger & von Schaewen, 2003).

NADPH is the preferred electron donor in most anabolic

pathways and also needed for oxidative bursts at the

plasma membrane, later promoting recovery of redox

homeostasis via the universal glutathione buffer (GSH/

GSSG), due to strict NADPH-dependence of glutathione

reductase (EC:1.8.1.7).

Mature source leaves of plants are specialized in

assimilate export and sugar-driven transport to sink tissues

by mass flow in the phloem (reviewed in Zhang & Tur-

geon, 2018). With the onset of pathogen infection, they

close their plasmodesmata by synthesizing callose plugs

wherefore assimilate export ceases and sugars backup.

This measure activates primary metabolism, including the

cytosolic G6PDH isoforms—not only by elevated substrate

(G6P) availability, but also via sugar sensing-induced tran-

scriptional upregulation (as shown for potato, Hauschild &

von Schaewen, 2003). In Arabidopsis, stress signalling acti-

vates cytosolic isoform G6PD6 (At5g40760) by protein

kinases ASKa and/or MPK3/MPK6 (Bhagat et al., 2022; Dal

Santo et al., 2012; Stampfl et al., 2016). Resulting enhanced

flux through the irreversible OPPP reactions provides

ample NADPH in the cytosol to support oxidative bursts by

NADPH oxidase (plant respiratory burst oxidase homolog,

Rboh) at the plasma membrane. This was shown for

tobacco, first using elicited suspension culture cells of the

N. tabacum cultivar Xanthi (Pugin et al., 1997) and then

zoospore-challenged leaves of the hypersensitive N. taba-

cum cultivar Samsun NN (SNN), before comparing the

responses of both varieties (Scharte et al., 2005, 2009).

Activated Rboh enzymes extrude superoxide (O2
�)

into the acidic apoplast, where the unstable ROS is con-

verted to metastable hydrogen peroxide (H2O2) and enters

the cytosol via aquaporins to initiate stress signalling (for

review see Mittler, 2017). H2O2 dissipation in the cytosol

involves peroxiredoxins (Prx) and other members of the

thioredoxin (Trx) superfamily, promoting redox switches in

cognate target enzymes, thus altering their activity and/or

subcellular localization (Baune et al., 2020; Meyer et al.,

2011; Wakao & Benning, 2005). Intersection with kinase

cascades leads to phosphorylation of target proteins (e.g.

Arabidopsis G6PD6 at a conserved Thr residue, Dal Santo

et al., 2012; Stampfl et al., 2016), and further adjustments

to the changed condition (Dietz et al., 2016; Leisner

et al., 2022, and references cited therein). Thus, increased

flux through the irreversible OPPP reactions does not only

support oxidative bursts at the plasma membrane, fol-

lowed by redox signalling and recovery, but may also pro-

mote the biosynthesis of specific compounds needed for

stress adaptation and/or development: for example, proline

with protective roles under both abiotic (Giberti et al.,

2014; Sabbioni et al., 2021) and biotic stress conditions

(Okumoto et al., 2016; reviewed in Alvarez et al., 2022). Of

note, ROS signalling also shapes plant architecture in

response to nutritional cues (Tarkowski et al., 2022).

Based on the characteristics of cytosolic and plastidic

G6PDH isoenzymes from potato (von Schaewen et al.,

1995, Wenderoth et al., 1997; Wendt et al., 2000), we engi-

neered the susceptible N. tabacum cultivar Xanthi for

improved NADPH provision in the cytosol using an isoen-

zyme of heterotrophic plastids with less NADPH-feedback

inhibition (P2 class; Wendt et al., 2000). Arabidopsis

G6PD3 was amplified without transit peptide, placed

under the control of a strong constitutive promoter (CaMV

35S; from cauliflower mosaic virus) and introduced into

the tobacco Xanthi variety via Agrobacterium-mediated

leaf transformation. Among the regenerated T1 lines,

strong 67-3 and weak 83-1 were selected for suppression

of the endogenous cytosolic G6PD isoforms by super-

transformation with a Xanthi-specific dsRNAi construct,

which resulted in more uniform responses due to success-

ful isoenzyme replacement (Scharte et al., 2009). Interest-

ingly, the Arabidopsis enzyme of heterotrophic plastids in

the cytosol (cP2) promoted both stress tolerance and

development of the transgenic tobacco plants. In several
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aspects, the Xanthi-cP2 lines reacted like the SNN cultivar,

with respect to fast pathogen responses and earlier flow-

ering, but also endured water stress better than the wild-

type plants and produced more inflorescences (Scharte

et al., 2009).

Here, we describe that improved performance of the

Xanthi-cP2 lines correlates with metabolic priming by ele-

vated fructose-2,6-bisphosphate (F2,6P2) levels. F2,6P2 is a

signalling molecule that regulates the direction of

sugar-phosphate flux in the cytosol of eukaryotes, with an

additional enzyme (reversible pyrophosphate:fructose-6-

phosphate 1-phosphotransferase, PFP) for carbohydrate

distribution in plant cells (reviewed by Stitt, 1987). Twofold

elevated F2,6P2 levels in the Xanthi-cP2 lines led to partial

sugar retention, allowing for enhanced biosynthesis of

fatty acids, and proline under salt stress.

RESULTS

Near-isogenic Xanthi-cP2 lines retain enhanced defence

responses

During selfing of the isoenzyme-replaced Xanthi lines (cP2-

67::cytRNAi and cP2-83::cytRNAi; Scharte et al., 2009), we

noticed that pre-selection on sucrose-containing media

influenced the soluble sugar levels in source leaves after

transfer to soil (Figure S1). Thus, starting with super-

transformed generation 4 (ST4, Figure 1a), seeds were

directly sown on soil and raised in the greenhouse. In gen-

eration ST6, plants were transferred to climate chambers

and challenged by Phytophthora zoospore infiltration. In

the marked source leaf areas, the formation of ROS

(Figure 1b) and callose (Figure 1c) was accelerated signifi-

cantly, showing as twofold higher cell death rates com-

pared with Xanthi wild type (Figure 1d). This finally

resulted in the formation of necrotic lesions (Figure 1e)

reminiscent of the hypersensitive (HR) response in

pathogen-resistant N. tabacum cultivar SNN. Hence, the

near-isogenic Xanthi-cP2 lines could be used for further

analyses.

First, zoospore infiltration was repeated to measure

phytohormone and metabolite levels linked to pathogen

responses or stress priming (Baier et al., 2018; Hake &

Romeis, 2019). Time-resolved analyses of water- versus

zoospore-infiltrated source leaves showed that the Xanthi-

cP2 lines reacted similarly to parental Xanthi and not the

SNN cultivar (Figure S2). This was the case for both JA

(measured as mixture of jasmonoyl-leucine/jasmonoyl-

isoleucine) and much later appearing SA (salicylic acid), as

well as for ABA (abscisic acid) and ICA (indole-3-carboxylic

acid) levels. ABA is an indicator for drought stress and ICA

for immune-priming linked to callose formation (Gamir

et al., 2018). The obtained results showed that the

improved stress responses of the Xanthi-cP2 lines are

likely due to metabolic adjustments.

Elevated fructose-2,6-bisphosphate levels lead to partial

sugar retention

Regarding carbohydrate distribution, cytosolic fructose-2,6-

bisphosphate (F2,6P2) is known to fine-tune sucrose export

versus sugar retention. Moreover, this signalling molecule has

been linked to wounding and changed water status in plants

(Stitt, 1987). We previously showed that 6-phosphogluconate

(6PG) accumulates in the Xanthi-cP2 lines (Scharte et al.,

2009), which may lead to an increase of F2,6P2 via inhibition of

the bi-functional enzyme 6-phosphofructo-2-kinase/fructose-

2,6-bisphosphatase (F2KP; Figure 2c). F2,6P2 levels were deter-

mined in source leaves of unstressed plants over the day,

revealing about twofold elevated amounts in the Xanthi-cP2

lines compared with Xanthi wild type (or SNN; Figure 2a). In

zoospore-infiltrated SNN leaves, F2,6P2 raised to similarly high

amounts over time (Figure 2b), resulting in sugar retention

and stimulated flux through the OPPP (Scharte et al., 2005,

2009).

Assimilate partitioning is shifted towards a higher share

of lipids

To check for F2,6P2-mediated sugar accumulation, we mea-

sured carbohydrate contents of mature source leaves. Both

soluble sugars (glucose, fructose and sucrose) and starch

levels were markedly raised in the Xanthi-cP2 lines com-

pared with Xanthi wild type (Figure 3a). Glucose-to-

fructose ratios were elevated to 2.8 and 2.9 compared with

1.5 in Xanthi wild type and 2.3 in SNN (Figure 3b), indica-

tive of partial hexose sequestration in vacuoles (Wingenter

et al., 2010). Furthermore, the twofold higher hexose-to-

sucrose ratios (0.6 in the Xanthi-cP2 lines compared with

0.3 in Xanthi and 0.5 in SNN) pointed to sink-type meta-

bolic activity (Farrar, 1993; Moore et al., 1999). Of note,

lipid contents were significantly increased in the transgenic

lines (Figure 3c), with unaffected protein levels compared

with Xanthi wild type (Figure 3d). Thus, assimilate parti-

tioning appeared altered in non-stressed plants of the

Xanthi-cP2 lines, wherefore overall growth parameters

were determined next.

Biomass is mainly allocated to inflorescences and seeds

Plant height and biomass of above-ground tissues of the

Xanthi-cP2 lines lay in between susceptible Xanthi and

resistant SNN, with little differences in total leaf number

(Figure 4a). Plants of the Xanthi-cP2 lines flowered about

1-week earlier—along with SNN, as reported earlier

(Scharte et al., 2009), possibly due to elevated soluble

sugar levels in source leaves, which is known to promote

flowering (reviewed in Cho et al., 2018). In accordance,

assimilates were mainly allocated to inflorescences as

opposed to leaves or stems (Figure 4b), resulting in higher

seed yields (about 15–20%)—which by trend were also

maintained under drought stress (100% versus 50% water,

� 2023 The Authors.
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Figure S3). Seeds of well-watered plants were analysed for

stored ingredients, that is carbohydrate (CHO), protein and

lipid contents, revealing significantly elevated thousand-

grain weights (Figure 5a) with seed composition shifted to

a higher share of lipids—mainly at the expense of stored

starch (Figure 5, panels b and d). The higher lipid-to-CHO

ratio of the Xanthi-cP2 lines (0.7 compared with 0.5 of

Xanthi and 0.6 of SNN; Figure 5c) showed that G6PDH-

isoenzyme replacement increases the energy density of

seeds.

Figure 1. Biotic stress parameters persist in the near-isogenic Xanthi-cP2 lines.

N. tabacum var. Xanthi lines, expressing a cytosolic version of A. thaliana G6PD3 under control of the Cauliflower mosaic virus 35S promoter, were character-

ized in the T1 and lines cP2-67 and cP2-83 super-transformed (ST) with a cytG6PD-RNAi construct (cP2::cytRNAi; Scharte et al., 2009).

(a) The progeny was pre-selected on MS medium with 2% sucrose and antibiotics until the ST3 generation (grey arrows). Starting with the ST4, seeds were

directly sown on soil (light grey arrows) and subjected to various analyses in the following generations (ST5 to ST6).

(b) ROS formation 15 min after Phytophthora nicotianae infiltration (DFC fluorescence, a.U. arbitrary Units); n ≥ 4 replications.

(c) Callose deposition at plasmodesmata 6 h post-infiltration (hpi); n ≥ 4 replications.

(d) Cell-death rates; n ≥ 6 replications. Data were compiled in Excel with box plots showing the mean (x), the median (line) and outliers (dots outside boxes). Dif-

ferent statistical groups (P < 0.05) are indicated by letters (one-way ANOVA with Tukey‘s post hoc test).

(e) Lesion formation in source leaves after zoospore infiltration; n ≥ 6 replications with Samsun NN (SNN) as HR wild-type control.
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Seedlings and mature leaves show improved abiotic

stress tolerance

To test for elevated abiotic stress tolerance, salt and

drought stress conditions were mimicked during seedling

establishment and root growth by raising the concentra-

tion of NaCl or mannitol in agar media. Germination rates,

relative to the non-stressed condition, revealed much bet-

ter performance of the Xanthi-cP2 lines compared with

Xanthi wild type, with similar results obtained at equiva-

lent osmotic pressure (Figure 6a,b, comparing 150 mM

NaCl to 300 mM mannitol). On vertical hard agar plates,

primary root lengths on 200 mM NaCl resembled those on

300 mM mannitol (as reported by Udawat et al., 2016), with

growth rates of the Xanthi-cP2 lines similar to Xanthi wild

type (Figure 6c). On MS control and 150 mM NaCl plates,

cP2-67 performed similarly well—but remained shorter,

which may be linked to about 20% wider roots compared

with cP2-83 or Xanthi wild type (Figure S4a). Root growth

ceased beyond 300 mM NaCl (not plotted) and little was

recorded beyond 400 mM Mannitol.

Abiotic stress tolerance was also tested with excised

leaf disks of non-stressed plants. No major differences

Figure 2. Leaves of the Xanthi-cP2 lines contain about twofold elevated F2,6P2 levels.

(a) Fructose-2,6-bisphosphate (F2,6P2) contents in source leaves (four plants per genotype). Data represent mean values (over the day) of two replications (sets).

(b) F2,6P2 levels in water-infiltrated (control) versus zoospore-challenged SNN leaves (hpi, hours post-infiltration). Bars represent the mean (�SE) of three repli-

cations. Significant differences are indicated by a star (P < 0.05); n.s., not significant. Note that in non-stressed leaves of the Xanthi-cP2 lines, F2,6P2 levels were

about twofold of Xanthi wild type and resemble those of zoospore-infected SNN (3–6 hpi).

(c) Scheme modified according to Nielsen et al. (2004). Note that the phosphatase reaction of bi-functional F2KP (6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase) can be inhibited by either Pi or 6-phosphogluconate (6PG) (dark blue sphere with white minus sign), wherefore elevated 6PG levels in the

Xanthi-cP2 lines (Scharte et al., 2009) lead to elevated F2,6P2 levels (light blue flash sign). High F2,6P2 attenuates sugar export via inhibition of unidirectional

FBP (fructose-1,6-bisphosphatase, light blue sphere with blue minus sign), favouring flexible use of carbohydrates via activation of PFP (reversible

pyrophosphate:fructose-6-phosphate 1-phosphotransferase (light blue sphere with blue plus sign). HK, hexokinase; PFK, Phosphofructokinase; Triose-P, triose

phosphates (dihydroxyacetone phosphate = DHAP and glyceraldehyde 3-phosphate = GA3P). The three OPPP enzymes are indicated by numbers, with conse-

quences of G6PDH-isoenzyme replacement by a cytosolic P2 isoform (Ki[NADPH] > Km[NADP+]) depicted in orange.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 116, 1696–1716

1700 Judith Scharte et al.

 1365313x, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16460 by U

niversita D
i Ferrara, W

iley O
nline L

ibrary on [11/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



were detected upon raising the concentration of Methylvio-

logen (MV = Paraquat) in the light (Figure S4b), causing

ROS formation mainly in chloroplasts. Yet, leaf disks of the

Xanthi-cP2 lines tolerated higher salt concentrations than

Xanthi wild type (Figure S4c). Aside from elevated soluble

sugar contents (see above), this may also result from

higher proline levels, which was investigated next.

Salt stress leads to higher proline synthesis and efficient

NADP(H) recycling

In most plants, stress tolerance of photosynthetic tissues

correlates with an elevation of the compatible solute pro-

line that can alleviate ROS formation by contributing to

NADP+ recycling (reviewed in Alvarez et al., 2022). First, d1-
pyrroline-5-carboxylate reductase (P5CR) was enriched

from crude leaf extracts of tobacco wild-type plants by

anion-exchange chromatography (Figure S5a) and tested

for preferred activity with NADPH (versus NADH) in the

presence of salt (NaCl) or proline (Figure S5, panels b

and c) as previously shown for Arabidopsis (Giberti et al.,

2014), rice (Forlani et al., 2015) and barrel clover (Rusz-

kowski et al., 2015). Then, total amino acids, proline and

NADP(H) contents were determined in source leaves of

untreated and NaCl-treated plants (Figure 7).

In leaves of untreated plants, no major differences

were found between Xanthi wild type and the transgenic

Figure 3. Sugar retention in source leaves leads to alter assimilate partitioning.

(a) Carbohydrate contents, of glucose (Glc), fructose (Fru), sucrose (Suc) and starch in source leaves of 3-week-old Xanthi-cP2 lines compared with Xanthi wild

type and SNN (four plants per genotype).

(b) Soluble sugar ratios are indicative of subcellular localization: Glc-to-Fru ratios around 1 of cell-wall invertase activity, high Fru over Glc levels (up to 40-fold)

of cytosolic invertase activity, and two- to fourfold higher Glc-to-Fru levels of vacuolar invertase activity (Wingenter et al., 2010). The hexose (Hex)-to-Suc ratio is

a reliable parameter of sink strength (or metabolism; Moore et al., 1999). Note that the ratios of the Xanthi-cP2 lines lie about twofold higher compared with

Xanthi wild type (and exceed those of SNN).

(c) Leaf lipid contents; (D) Leaf protein contents. Data (≥3 replications) were compiled with Excel. For better visualization, the y-axis in panels c and d does not

start at zero. The box plot of panel d shows the mean (x) and the median (line). Different statistical groups (P < 0.05) are indicated by letters (one-way ANOVA

with Tukey‘s post hoc test).
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lines. Both, proline (Figure 7a) and total amino acids

(Figure S6) increased during illumination, paralleled by ele-

vated NADP(H) contents (Figure 7b). After watering plants

with 150 mM NaCl for 2 days, proline raised 10-fold and

amino acids threefold in all genotypes (Figures 7 and S6,

compare y-axis in panels a and c), confirming a specific

raise of proline during salt stress. In the Xanthi-cP2 lines,

proline accumulated to much higher amounts compared

with fairly constant levels in Xanthi wild type (Figure 7c).

This trend was also observed for the other amino acids,

albeit to lesser extent (Figure S6c). NADP(H) contents of

the NaCl-treated Xanthi-cP2 plants differed most signifi-

cantly from Xanthi wild type between 2-h and 4-h illumina-

tion (Figure 7d). Concomitantly, NADPH/NADP+ ratios

showed the lowest values in this time period and a much

later return to the initial levels (Figure S6d), indicative of

higher NADPH consumption and recycling to NADP+ in the

transgenic lines.

Reduced sucrose export and enhanced PSII-induction

kinetics

To study assimilate export, source leaves were harvested

from greenhouse plants after 2-h illumination and trans-

ferred to a growth chamber. Leaf tips were trimmed and

phloem exudates collected over a 6-h light and after an

additional 16-h dark period (Figure 8a, top). In accordance

with partial sugar retention (described above), sucrose

efflux was reduced by about 10% in the Xanthi-cP2 lines

(Figure 8a, bottom). Next, photosynthetic electron trans-

port rates (ETR) were measured in greenhouse plants

using a portable PAM fluorimeter. Source leaves of the

Xanthi-cP2 lines showed enhanced PSII-induction kinetics

(Figure 8b, left), with little differences at the stationary

phase (Figure 8b, right). Considering the higher seed yields

with elevated lipid-to-CHO ratios (described above), these

results indicated that assimilates produced in source

leaves of the Xanthi-cP2 lines reach sink tissues in altered

composition.

Phloem exudates of the Xanthi-cP2 lines contain a higher

share of lipids

Further experiments were conducted to determine amino

acid and fatty acid contents in leaf exudates. An experi-

ment conducted in winter (series 1) revealed that efflux

during the day versus the night did not differ much for

amino acids or proline (Figure 9a, top), but rather for fatty

acids (Figure 9a, bottom). Efflux was highest during the

day, for both long-chain fatty acids (LCFAs, C16 and C18)

and very-long-chain fatty acids (VLCFAs, C20 and higher).
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Figure 4. Growth parameters and biomass of above-ground plant parts.

(a) Plant height in the greenhouse (at 1 month and at 3 months) aside from

final leaf number counted for Xanthi wild type, the Xanthi-cP2 lines and

SNN wild type.

(b) Fresh and dry weights of the indicated tissues were determined at matu-

rity of four plants per genotype with two replications. Bars represent mean

values (�SE). Differences between the genotypes were not significant

(P > 0.05). Note that biomass of the Xanthi cP2 lines lay in between Xanthi

wild type and SNN, with preferential allocation to inflorescences (flower)

noticed previously (Scharte et al., 2009).
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Total efflux of amino acids was similar for all genotypes,

with slightly higher proline levels in SNN compared with

Xanthi (Figure 9B, left). Total LCFA efflux from the Xanthi-

cP2 lines was significantly higher (about threefold for cP2-

67 and twofold for cP2-83) compared with Xanthi wild

type, and by trend also that of VLCFAs (Figure 9b, right).

This was even more evident for individual fatty acids, with

16:0 and 18:0 being the most abundant species in phloem

exudates (Figure 9c). Interestingly, fatty acid composition

of leaf disks (harvested from the same source leaf used for

collecting exudates) was similar for all genotypes—with

VLCFAs below the detection limit (Figure 9c, insert). This

confirmed that linolenic acid (18:3) is the most abundant

fatty acid in vascular plants (Me€ı et al., 2015, and refer-

ences cited therein). Yet, 18:3 ranged low in the phloem

exudates, demonstrating that lipid efflux occurs mainly in

saturated form (as in Canola; Madey et al., 2002). Of note,

oleic acid (18:1, preferentially bound by the Arabidopsis

flowering locus T protein in vitro; Nakamura et al., 2014,

2019) was increased about twofold in phloem exudates of

the Xanthi-cP2 lines (15 and 16 ng ml�1 compared with

7 ng ml�1 of Xanthi wild type), exceeding the levels of

SNN (10 ng ml�1).

Repetitions in two greenhouse compartments in sum-

mer, with series 2 under regular (24°C day/20°C night

�2°C) and series 3 under 6°C colder growth conditions

(18°C day/14°C night �2°C), showed that more lipids are

synthesized under regular conditions (Figure S7a, green).

Series 1 (orange) resembled series 3 (blue) under colder

growth conditions, also with respect to fatty acid levels

detected in leaves (Figure S7, panels b and d). By trend,

amino acid and fatty acid efflux was increased under

colder growth conditions (Figure S8).

DISCUSSION

In this study, we found that the basis for better perfor-

mance of N. tabacum var. Xanthi plants with engineered

G6PDH-isoenzyme replacement (Scharte et al., 2009) is
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Figure 5. Higher seed yields with elevated thousand-grain weights and lipid contents.

(a) Thousand-grain weights of dry seeds (four plants per genotype) were determined with an automatic seed counter. Data represent the mean of three replica-

tions (batches). Note that the y-axis does not start at zero. Differences between the Xanthi-cP2 lines and Xanthi wild type were significant (P < 0.5) as indicated

by different letters (one-way ANOVA with Tukey‘s post-hoc test).

(b) Distribution among assimilates stored in seeds: carbohydrates (CHO), proteins and lipids; dw, dry weight.

(c) Lipid-to-CHO ratios (based on data in panel b). Note that the Xanthi-cP2 lines score higher than Xanthi wild type (and SNN).

(d) Carbohydrate composition of seeds. Lower contents of the Xanthi-cP2 lines compared with Xanthi wild type (in panels b and d) mainly correlate with a

reduction in starch but also sucrose.
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metabolic priming. Pathogen challenge of near-isogenic

Xanthi-cP2 plants showed that stress-related hormone or

metabolite profiles resemble susceptible Xanthi and not

the resistant tobacco cultivar SNN, hinting at mainly meta-

bolic changes in the transgenic lines. In fact, F2,6P2 levels

were elevated about twofold in source leaves of

(b)
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Figure 6. Salt versus drought stress during seedling establishment and root growth.

(a,b), About 40–50 seeds of the Xanthi-cP2 lines and Xanthi wild type were placed in sectors of the same agar plate for monitoring germination in the presence

of salt (NaCl), or conditions mimicking drought stress (Mannitol). Bars show the mean (�SE) of three replications relative to the non-stressed condition for each

genotype (MS control, 100%).

(c) For root growth analyses, surface-sterilized seeds were germinated on hard agar plates (MS control) in vertical position. After 1 week, the seedlings were

transferred to square plates with MS control (ctrl) or the indicated NaCl (mM) or Mannitol (Man, mM) concentrations. Primary root growth was scored between

Day 7 and Day 11 after transfer (three replications with 16 plants per genotype and condition, n = 48 total). Note that on MS control plates, roots of cP2-67 plants

were about 20% wider compared with cP2-83 and Xanthi wild type (Figure S4a). Data were compiled in Excel with box plots showing the mean (x), the median

(line) and outliers (dots outside boxes). Different statistical groups (P < 0.05) are indicated by letters (one-way ANOVA with Tukey‘s post hoc test and non-

parametric statistics in panel c).
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non-stressed Xanthi-cP2 plants, similar to those in SNN

upon zoospore infiltration. Further analysis confirmed par-

tial sugar retention and altered assimilate partitioning.

Although vegetative biomass of the Xanthi-cP2 lines was

comparable to Xanthi wild type, flowering started about

1-week earlier (along with SNN; Scharte et al., 2009). Con-

comitantly, assimilates were mainly allocated to reproduc-

tive tissues, although the CaMV-35S promoter (driving the

transgenes) is less well expressed there (Wilkinson

et al., 1997), which indicated that source leaves play a

major role for the repeatedly elevated harvest yields.

Indeed, under standardized growth conditions, seed mass

obtained from the Xanthi-cP2 lines lay about 10–20%
higher compared with Xanthi wild type—by trend also

under water deprivation. Considering that thousand-

grain weights and lipid-to-CHO ratios were increased,

G6PDH-isoenzyme replacement seems to affect both the

source and sink tissues.

An important role of sink strength for photosynthetic

performance under elevated CO2 and nitrogen availability

was found for tobacco plants grown under field conditions

(Ruiz-Vera et al., 2017). Moreover, plants that are able to

maintain both source and sink strength under drought tend

to be more stress-resilient and productive (Rodrigues

et al., 2019). Abiotic stress tolerance was clearly improved

in the Xanthi-cP2 lines (Scharte et al., 2009, and this work),

which has also been reported for the sole overexpression

of cytosolic G6PD isoforms in other plant species (Yang

et al., 2019; Zhao et al., 2020, and references cited therein).

Another obvious process that contributes to elevated

stress tolerance in plants is the biosynthesis of proline as a

universal abiotic stress marker (Alvarez et al., 2022; Ghosh

Figure 7. Higher proline and NADP(H) contents in leaves salt-stressed plants.

Plants of Xanthi wild type and the Xanthi-cP2 lines were incubated with water (untreated) or salt (150 mM NaCl) for 2 days. Untreated plants of all genotypes

produced about similar free proline (panel a) and NADP(H) (panel b) during the light phase. After NaCl treatment, proline raised about 10-fold in all genotypes

(compare the y-axis in panels a and c). Proline contents remained constant in Xanthi wild type during the light phase, but raised markedly in the Xanthi-cP2 lines

(c), by about 40% in cP-83 and 130% in cP-67. A similar trend was found for the NADP(H) contents (d). Data points represent mean values (�SE) of six indepen-

dent replications; ****P < 0.0001 (two-way ANOVA). For results on total amino acid contents and the NADPH/NADP+ ratios, see Figure S6.

� 2023 The Authors.
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et al., 2022). Overexpression of the key enzyme d1-pyrro-
line-5-carboxylate synthetase (P5CS) in tobacco resulted in

enhanced flower development and higher root biomass

(Kishor et al., 1995). But unlike F2,6P2, proline levels were

not altered in non-stressed plants of the Xanthi-cP2 lines.

Their basic stress tolerance is likely due to an elevation of

soluble sugars (see Ingram & Bartels, 1996) with hexoses

being partially sequestered in vacuoles (this work). Under

salt stress, the Xanthi-cP2 lines accumulated more proline

in source leaves during the light phase, which was

Figure 8. Reduced sucrose efflux and enhanced PSII-induction kinetics.

(a) Left, leaf ‘flag’ cuttings were placed in 15 mM EDTA solution and incubated in a translucent chamber. Right, a 6-h light phase was followed by a 16-h dark

phase (top). Sucrose efflux was determined at the indicated time points and per cent efflux rates were calculated for the light and dark periods, differing by

about 10% for the Xanthi cP2 lines from Xanthi wild type in total. Data were compiled in Excel with two plants per genotype and three replications. The box

plots show the mean (x), the median (line) and outliers (dots outside boxes). Different statistical groups (P < 0.05) are indicated by letters (two-way ANOVA with

Tukey‘s post hoc test).

(b) Electron transport rates (ETR) were measured in source leaves of plants in the greenhouse over 5 min using a portable PAM fluorimeter. By trend, the

Xanthi-cP2 lines showed enhanced PSII-induction kinetics, with little variation at the stationary phase (>240 sec, saturation curves) or illumination with 280 lE
for 6 h at ambient CO2 (bar diagram). Data are the mean (�SE) of nine independent replications. Differences between the Xanthi-cP2 lines and Xanthi wild type

were not significant (P > 0.05).

� 2023 The Authors.
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accompanied by elevated NADP(H) levels and efficient

NADPH-to-NADP+ turnover. Although the method used

does not distinguish between cytosolic and plastidic NADP

(H) pools, proline biosynthesis profits from elevated

NADPH provision in the cytosol, since PC5S strictly

requires NADPH, and PC5R prefers NADPH over NADH in

the presence of NaCl or proline (Giberti et al., 2014, this

work). Of note, salt-induced proline biosynthesis in the

light is governed by bZIP transcription factor HY5 in Arabi-

dopsis, leading to elevated PC5S levels (proline

Figure 9. (Continued)

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 116, 1696–1716
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biosynthesis) and lower PDH levels (proline catabolism;

Kov�acs et al., 2019).

Anabolic pathways should generally profit from ele-

vated NADPH provision—also when distributed across dif-

ferent compartments. After all, flux through the cytosolic

OPPP constantly feeds C5-sugar phosphates into the plas-

tid stroma via metabolite transporters in the inner enve-

lope membrane: Xu5P mainly by XPT (Eicks et al., 2002)

and Ru5P also by GPT1 (Baune et al., 2020; for schemes

see Linnenbr€ugger et al., 2022). Thus, the cP2 approach

Figure 9. Phloem exudates of Xanthi-cP2 lines contain a higher share of fatty acids.

Plants in the greenhouse (grown under long day regime with additional illumination) remained smaller due to heating problems in winter, resulting in lower

night temperatures. After transfer of source leaves to the laboratory, phloem exudates were collected over a 5-h light (day) and 16-h dark (night) period at 22–
23°C.
(a) Amino acid efflux (top) and fatty acid efflux (bottom) per hour during the day versus the night.

(b) Total efflux over 21 h (day+night). Note that SNN tended to export more proline and the cP2 lines more fatty acids compared with Xanthi wild type. Aa,

amino acids; Pro, proline; LCFAs, long-chain fatty acids (synthesized in plastids); VLCFAs, very-long-chain fatty acids (elongated at the ER).

(c) Fatty acid composition of phloem exudates versus leaf samples (insert), harvested from the central part of the same source leaf (six plants per genotype).

Exudates (day+night) collected over 21 h contained mostly saturated LCFAs (16:0, 18:0), but also VLFCAs (20:0, 22:0, 24:0). Among the LCFAs, 18:1 (preferentially

bound by the flowering locus T protein) accumulated to higher levels in the exudates of the Xanthi-cP2 lines compared with Xanthi wild type (exceeding the

levels of SNN). Note that in leaf tissue (insert), 18:3 was the most abundant fatty acid, and VLCFAs were below the detection limit (dw, dry weight). Box plots

(compiled in Excel) show the mean (x), the median (line) and outliers (dots outside boxes). In panels b and c, statistics were run for each character separately

(colour-coded) with different groups indicated by different letters (one-way ANOVA with Tukey’s post hoc test and non-parametric statistics).

� 2023 The Authors.
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impacts the complete PPP cycle in chloroplasts, showing

as fast photosynthetic induction due to metabolic pools

shared with the reversible reactions of the Calvin cycle

(Scharte et al., 2009; this work). Pathways that withdraw

metabolites from the PPP in plastids should therefore

profit as well, especially the shikimate and phenylpropane

pathway (starting from erythrose-4-phosphate in the

stroma), extending to the biosynthesis of amino acids and

fatty acids (this work), but probably also to nucleotides

when needed in high amounts (e.g. during embryo devel-

opment, Andriotis & Smith, 2019; Baune et al., 2020). Pro-

line metabolism—distributed across the cytosol, plastids

and mitochondria (reviewed in Szabados & Savour�e, 2010)

—mainly profited under stress (this work), being also inti-

mately connected with fatty acid biosynthesis and redox

metabolism in chloroplasts and mitochondria, as shown in

Arabidopsis (Shinde et al., 2016).

Considering that the pathogen-resistant SNN cultivar

did not tolerate water deprivation well (Scharte et al.,

2009), sugar retention and enhanced PSII-induction kinet-

ics, which is important under fluctuating light (shown

for F2,6P2-deficient Arabidopsis mutants; McCormick &

Kruger, 2015), alone—cannot explain all improvements in

the Xanthi-cP2 lines. Rather, the combination of efficient

NADP(H) recycling with little feedback inhibition by NADPH

(cP2 enzyme) allowed to overcome limitations. Elevated

carbohydrate levels not only provide ample energy

(NADPH via the OPPP, ATP via glycolysis and respiration),

but also serve as start material for most biosynthetic path-

ways. Thus, in agreement with elevated F2,6P2 levels in

source leaves of non-stressed Xanthi-cP2 plants, sucrose

export was reduced and replaced by a higher share of fatty

acids—especially in the light. The latter may reflect redox

activation of acetyl-CoA carboxylase that catalyses the first

committed step in the biosynthesis of long-chain fatty

acids (16:0 and 18:0) in the stroma. After export from plas-

tids, extension to very-long-chain fatty acids (C20 to C24)

occurs at the cytosolic face of the ER, consuming NADPH

in the cytosol together with desaturation by extra-plastidial

FAD enzymes (Shanklin & Cahoon, 1998)—also indirectly,

via ER-bound cytochrome P450 enzymes (Linnenbr€ugger

et al., 2022; for reviews on lipid biosynthesis and transport

in plants, see Li et al., 2016 and Rawsthorne, 2002). In fact,

levels of polyunsaturated fatty acids (PUFAs, involving ER

desaturases FAD2 and FAD3 in Arabidopsis; Lou et al.,

2014) correlated with the growth rate of cell cultures from

Arabidopsis and Sycamore (Me€ı et al., 2015). Yet, overex-

pression of a plastidial G6PD in the microalga Phaeodacty-

lum tricornutum—supporting NADPH supply only in the

stroma—increased fatty acid biosynthesis, but decreased

that of VLCFAs (Xue et al., 2017). Besides LCFAs, also

VLCFAs produced at the ER were significantly elevated in

exudates of the Xanthi cP2 lines. They are important pre-

cursors of membrane lipids (e.g. sphingolipids) and may

also be stored in oil bodies as triacylglycerol (TAG). Being

the precursors of cutin and wax, VLCFAs play important

roles in plant responses to abiotic and biotic stress

(reviewed in Batsale et al., 2021), with wax biosynthesis

recently shown to improve drought tolerance in rice (Shim

et al., 2023). On the other hand, phosphatidic acid (PA), an

intermediate of lipid biosynthesis and important signalling

molecule in plants (reviewed in Yu et al., 2017) may also

contribute to improved stress responses in the transgenic

lines. This possibility remains to be studied further.

Obviously, assimilates produced in the Xanthi-cP2

lines reach sink tissues in altered composition. Besides

sucrose (and its derivatives, creating sufficient osmotic

pressure in the phloem), also amino acids, hormones, inor-

ganic acids, ions, micronutrients (e.g. vitamin C; Tedone

et al., 2004), mRNA species, proteins and signalling mole-

cules are co-transported—but also lipids. Evidence for fatty

acid transport in the phloem was first reported for Canola

(Madey et al., 2002) and occurs mostly in form of free

fatty acids (saturated 16:0, 18:0), but also in bound form

attached to electron-dense spherical particles in the

phloem sap—and in much higher amounts when plants

were stressed. In fact, LCFAs are fairly water-soluble (16:0

up to 7.2 lg ll�1 and 18:0 up to 2.9 lg ll�1 at 20°C; Ralston
& Hoerr, 1942). By contrast, VLCFAs are insoluble in water

and have to be transported entirely in bound form. Madey

et al. (2002) stated that this resembles the long-distance

transport of fatty acids in animals, bound to blood serum

albumin (reviewed in Spector, 1975). In plants, they are

passively co-transported with the bulk flow of sucrose,

entering and leaving the phloem symplastically (via plas-

modesmata between sieve tubes and companion cells).

Upon arrival in sink tissues, unloading is likely driven by

metabolic withdrawal—just like in the case of sucrose,

amino acids and other substances co-transported in the

phloem sap. In plant cells, catabolism and biosynthesis of

fatty acids occur simultaneously (Kessel-Vigelius et al.,

2013). Thus, upon activation (by acyl-CoA synthetases),

they can enter peroxisomes for degradation (b-oxidation)
and conversion to succinate (in the glyoxylate cycle). Succi-

nate, shuttled back into the cytosol, is converted to pyruvate

and may enter mitochondria for respiration or plastids for

anabolic purposes. Alternatively, activated fatty acids may

directly replenish the acyl-CoA pools at the cytosolic face

of the ER, where NADPH-dependent chain elongation and

TAG synthesis take place. TAG is stored in lipid droplets

formed at the ER (reviewed in Ischebeck et al., 2020), and

VLCFAs—as precursors of membrane lipids, cutin and wax

(exported into the apoplast)—do not accumulate in leaf tis-

sue (Li et al., 2016 and this work; Figure 9c, insert).

Proteomic analyses of Arabidopsis phloem exudates

have identified candidate proteins linked to both lipid

transport and signalling (Barbaglia et al., 2016; Guelette

et al., 2012). In fact, phosphocholin (PC, diurnally

� 2023 The Authors.
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oscillating in leaves) seems to influence flowering in Arabi-

dopsis by binding to the FT protein (transported in the

phloem), preferentially as linoleic acid (18:1, Nakamura

et al., 2014, 2019), also in tobacco (Beinecke et al., 2018).

Hence, higher lipid efflux from source leaves in the Xanthi-

cP2 lines, with significantly elevated LCFA and VLCFA

levels, may not only promote earlier flowering—but par-

tially compensate for the reduced sucrose export rates in

the Xanthi-cP2 lines.

Regarding lipid production, Vanhercke et al. (2014)

reported that engineering TAG biosynthesis in tobacco led

to 15% higher lipid contents in leaves. Compared with

this targeted approach, G6PDH-isoenzyme replacement

resulted in 5% higher lipid contents in leaves and about

20% higher lipid contents in seeds of the Xanthi-cP2 lines

—mainly at the expense of stored starch. Moreover, reten-

tion of soluble sugars should allow for the formation of

trehalose-6-phosphate (T6P), which promoted fatty acid

biosynthesis in Arabidopsis by stabilizing the transcription

factor WRINKLED (Zhai et al., 2018). WRINKLED plays an

important role in TAG biosynthesis during seed develop-

ment, which seems to be conserved across plant species

(Kuczynski et al., 2022), also upregulating genes encoding

the third OPPP enzyme 6PG dehydrogenase (dual cyto-

solic/plastidic PGD1 and PGD3 in Arabidopsis; H€olscher

et al., 2016). Yet, causative for altered assimilate partition-

ing in the Xanthi-cP2 lines are most likely the twofold ele-

vated F2,6P2 levels, leading to metabolic priming and

sugar retention. Similar to phosphate (Pi), 6PG, accumulating

in the cP2 lines (Scharte et al., 2009), inhibits the phosphatase

reaction of bi-functional enzyme F2KP (6-phosphofructo-

2-kinase/fructose-2,6-bisphosphatase; Villadsen & Nielsen,

2001). Elevated F2,6P2 levels slow down sucrose export,

both by inhibition of unidirectional FBPase (fructose-

1,6-bisphosphatase, Figure 2c; light blue minus sign) and

by activation of bi-directional PFP (pyrophosphate:fruc-

tose-6-phosphate 1-phosphotransferase, light blue plus

sign). Higher metabolic flux via the OPPP (Figure 2c,

highlighted in orange), combined with less feedback inhibi-

tion by high NADPH levels in the isoenzyme-replaced

Xanthi-cP2 lines, should therefore allow for versatile use of

the retained carbon skeletons. Due to bifunctionality of the

F2KP enzyme (that may synthesize or destroy F2,6P2), this

is difficult to achieve otherwise, because simple overex-

pression of F2KP would not work. G6PDH-isoenzyme

replacement, however, bypasses the complex stress sig-

nalling network that was genetically fixed during plant evo-

lution (Yu et al., 2017). Stress signalling is mainly

coordinated by antagonistic action among phytohormones

(Karasov et al., 2017; Leisner et al., 2022), which was not

changed in the Xanthi-cP2 lines. Our analyses thus support

that the energy limitation myth can be dismissed. Like in

other organisms, evolution tries to avoid extinction and

does not optimize energy-use efficiency (Maggio et al.,

2018). After all, plants rely on a resource (sunlight) that is

diurnally available, with photosynthesis being mainly sink-

limited by downstream metabolism (von Schaewen et al.,

1990; Stitt et al., 1991; reviewed in Paul & Foyer, 2001).

Importantly, in the Xanthi-cP2 lines, several limitations

were overcome, which obviously affected the source-sink

interactions (see reviews by Chang & Zhu, 2017; Murchie

et al., 2023). Sustained NADP(H) provision in the cytosol

‘pushed’ both stress responses and development by facili-

tating oxidative bursts and anabolic biosyntheses (mainly

of fatty acids, but also amino acids—under stress specifi-

cally proline). Higher seed yields with elevated lipid con-

tents obtained from the transgenic lines indicate that

metabolism in sink tissues also profited (‘pull’). Facilitated

by accelerated flowering (due to elevated soluble sugar

and linoleic acid levels) and stimulated fatty acid synthesis,

the harvest index (seed per vegetative biomass) raised for

the Xanthi-cP2 lines (approximately 1 compared with 0.77

of Xanthi and 0.7 of SNN), which is highly promising and

should be repeated under fluctuating light conditions—ide-

ally in the field.

Considering that low sink strength negatively affected

tuber quality and yield in a heat-sensitive potato cultivar

(Hastilestari et al., 2018), the cP2 approach may also

improve stress tolerance and development in other Solana-

ceae. In fact, TAG turnover was recently shown to be

required for efficient stomata opening during heat stress in

Arabidopsis (Korte et al., 2023). Based on systems biology

and metabolomic analyses, the establishment of a primed

or pre-conditioned state has been suggested for improving

crop plants (Tugizimana et al., 2018). Therefore, introduced

in one step, using either a cP2-RNAi double construct or

CRISPR/Cas9 for knock-in of a heterologous cP2 into the

cytosolic G6PD loci (e.g. by the DOTI technique, see edito-

rial of Sanchez-Mu~noz, 2023), G6PDH-isoenzyme replace-

ment could be easily tested for circumventing the

genetically fixed growth/defence trade-off in other plant

species.

EXPERIMENTAL PROCEDURES

Plant growth and harvest

Seeds of super-transformed Xanthi-cP2 lines (Scharte et al., 2009)
were surface sterilized and pre-selected on solid Murashige &
Skoog medium (MS salts plus vitamins, adjusted to pH 5.6 with
KOH, 0.4% agar; Duchefa, Haarlem, NL) supplemented with 2%
sucrose, and antibiotics (40 mg/L hygromycin, 100 mg/L kanamy-
cin) after autoclaving. From generation ST4 on, seeds were
directly sown on soil in the greenhouse and grown under long
day regime with additional illumination (16-h light at 300–
400 lmol quanta m�2 sec�1). After 3–6 weeks, leaf disks of three
to four plants per genotype were harvested from source leaves
with a cork borer (two intercostal fields, opposite of the midrib)
and frozen in liquid nitrogen. Prior to pathogen challenge, plants
were transferred to a growth chamber (14-h light with 300–
350 lmol quanta m�2 sec�1, 10-h dark) for 3-day acclimation.

� 2023 The Authors.
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Plant height was measured after 1 and 3 months (onset of flower-
ing). At maturity, leaf number was counted prior to biomass ana-
lyses. Seeds were harvested from parallel plant sets and dried at
RT for at least 2 weeks prior to storage/further use.

Pathogen challenge and microscopic detection of ROS,

callose and cell death

Infiltration of Phytophthora nicotianae (van Breda de Haan) into
tobacco leaves was conducted as described previously (Essmann
et al., 2008; Scharte et al., 2005). Briefly, 1 h after the onset of
light, intercostal fields of the same source leaf (on opposing
sides of the midrib) were infiltrated with zoospores or water, cir-
cled with a water-resistant pen and kept under long day regime.
At different time points, leaf disks were excised from the infil-
trated areas with a cork borer and snap-frozen for metabolite
analyses. For ROS detection, freshly harvested leaf disks were
incubated in 10 lM 20,70-dichlorodihydrofluorescein diacetate
(H2DCF-DA, Molecular Probes, Invitrogen) for 10 min. ROS-
dependent oxidation of non-fluorescent H2DCF-DA to highly fluo-
rescent DCF was recorded at 488 nm excitation/500–535 nm
emission with a confocal laser-scanning microscope (CLSM; TCS
SP2, LEICA Microsystems GmbH, Wetzlar, Germany). Callose was
stained with Aniline Blue according to G�omez-G�omez
et al. (1999): The epidermal layer was peeled off and leaf disks
were bathed in Farmer’s fluid (3:1 Ethanol-acetic acid) for chloro-
phyll removal. After washing with water for 15 min, samples
were incubated for 20 min in Aniline Blue solution (0.1% in 0.1 M

K2HPO4 pH 7). Fluorescent cells in a defined area were quantified
with a conventional fluorescence microscope (DMRBE, Leica)
using a 340–380 nm excitation filter, 400 nm dichromatic mirror
and 425 nm barrier filter. High-resolution images were recorded
with the CLSM at 405 nm excitation/510–520 nm emission. Cell
death rates were determined upon infiltration of propidium
iodide (0.5 mg ml�1) according to Curtis and Hays (2007). Interca-
lation into DNA of dead cells was documented with the CLSM at
488 nm excitation/590–650 nm emission, and chlorophyll fluores-
cence of living cells at 670–710 nm emission. Per plant, 33
images of four leaf areas were used to calculate the ratio of dead
to living cells.

Phytohormone analyses

Approximately 200 mg fresh weight of the same plant material as
for the lipid analysis was extracted, similar to the procedure
described for lipids in Matyash et al. (2008). Analysis was per-
formed on an Agilent 1100 HPLC system (Agilent, Santa Clara,
CA, USA) coupled to a hybrid triple quadrupole / linear ion trap
mass spectrometer (Applied Biosystems 3200, Life Technologies,
Carlsbad, CA, USA) as described (Ternes et al., 2011). Phytohor-
mones were identified by multiple reaction monitoring (MRM) in
negative ion mode. Mass transitions were as follows: 141/97
[declustering potential (DP) �45 V, entrance potential (EP) �7 V,
collision energy (CE) �22 V] for D4-SA, 137/93 (DP �45 V, EP
�7 V, CE �22 V) for SA, 179/135 (DP �40 V, EP �6.5 V, CE
�22 V) for D5-IAA, 160/116 (DP �40 V, EP �6.5 V, CE �22 V) for
ICA, 325/133 (DP �80 V, EP �4 V, CE �30 V) for D3-JA-Leu, 322/
130 (DP �80 V, EP �4 V, CE �30 V) for JA-Ile/Leu, 269/159 (DP
�55 V, EP �9 V, CE �16 V) for D6-ABA and 263/153 (DP �55 V,
EP �9 V, CE �16 V) for ABA.

Carbohydrate measurements

Total carbohydrate contents were determined as described in Ess-
mann et al. (2008).

Fructose-2,6-bisphosphate

Frozen leaf tissue was extracted under alkaline conditions (van
Schaftingen & Hers, 1983) for determination of F2,6P2 via activa-
tion of endogenous pyrophosphate: fructose-6-phosphate-1-
phosphotransferase (as described in van Schaftingen et al., 1982).
Snap-frozen leaf disks (1.8 cm in diameter) were ground in liquid
nitrogen and resuspended in 0.5 ml of ice-cold 50 mM KOH. Sam-
ples were incubated for 60 min at 80°C in a water bath with occa-
sional shaking. Then, a tip of spatula of activated charcoal was
added, and samples were further incubated on ice for 20 min.
After repeated centrifugation (16 000 g for 10 min at 4°C), the final
supernatant was kept at 4°C and used within 24 h. F2,6P2 was
measured photometrically (endpoint method, as described by
Stitt, 1990). Briefly, 5 ll of supernatant (or 2 pmol F2,6P2, Sigma
F7006) was added to 200 ll reaction buffer (100 mM Tris–HCl pH 8,
1 mM MgCl2, 0.15 mM NADH, 0.25 mM F6P and 0.1 mg ml�1

NaPPi) in a microtiter plate reader (Tecan Safire). After recording
blanks at 340 nm (3–5 cycles), reactions were started by adding
5 ll of enzyme master mix (1 mM MgCl2, 0.1 mM NADH, 4.8 mM

F6P, 0.4 mM NaPPi, 0.4 U aldolase, 6 U triosephosphate isomer-
ase, 0.2 U glyceraldehyde-3-phosphate dehydrogenase and
0.025 U fructose-6-phosphate kinase, pyrophosphate-dependent).
Absorption changes were followed over 30 min at 30°C. All
enzymes were from Sigma.

Biomass analyses

Biomass was determined by measuring fresh and dry weights.
Plant parts were cut into pieces, weighed directly (fresh weight)
and weighed again after 3-day incubation at 80°C (dry weight).
Thousand-grain weights of seeds were determined with an auto-
mated precision counter (model C3, Elmor AG, Schwyz,
Switzerland).

Lipid and protein contents

Crude lipid contents of leaves and seeds were determined
according to Wingenter et al. (2010). Leaf disks (1.8 cm diame-
ter) or dried seeds (25 mg) were first homogenized in liquid
nitrogen. The crushed material was then resuspended in isopro-
panol (0.75 ml), transferred to a reaction vial and incubated on a
shaker (100 rpm) at 4°C for 12 h. After centrifugation (13 000 g

for 10 min), the supernatant was transferred to a pre-weighed
reaction vial. After isopropanol evaporation at room tempera-
ture, lipid contents were determined by weighing. For total pro-
tein contents, leaf disks or seeds (5 mg) were homogenized in
200 ll extraction buffer (50 mM HEPES, 5 mM MgCl2, 15% glyc-
erol, 2% SDS, 1% Triton X-100, 1 mM EDTA and 0.1 mM PMSF)
at room temperature. After transfer to a reaction vial and centri-
fugation at 13000 g for 10 min, the supernatant was diluted 1:5
with bi-distilled water. Protein amounts were determined with
the detergent-compatible PierceTM 660 nm Protein Assay Reagent
(ThermoFisher Scientific GmbH, Bremen, Germany).

Abiotic stress tests

Salt versus drought tolerance during seedling establishment was
tested by placing surface-sterilized seeds on MS-agar medium
without/with different concentrations of NaCl or mannitol. After
stratification for 2 days at 4°C in the dark, plates were transferred
to a long day regime (14-h light 21°C/10-h dark 18°C) with germi-
nation rates determined after 10 days. Root growth was moni-
tored on vertical plates (Frank et al., 2021). Hard agar medium (MS
salts plus vitamins, pH 5.6 with KOH, 1.6% agar) was prepared

� 2023 The Authors.
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without (control) and with different concentrations of NaCl or
Mannitol. Surface-sterilized seeds were placed on MS control
plates, sealed with MicroporeTM tape (3M.com) stratified for 2 days
at 4°C and incubated in vertical position under long day regime
(16-h light 22°C/8-h dark 20°C) at approximately 140 lmol quanta
m�2 sec�1 (PAR, at plant height) in a growth chamber (PERCIVAL
Model AR-41 L3) using white LEDs at 75% intensity (top level),
64% (centre level) and 75% (bottom level). After 7 days, germi-
nated seedlings were transferred to square petri dishes (12 9 12
cm, Greiner) along a segmented line (colour-coded) to permutate
all positions of the genotypes (two pairs of seedlings per plate,
four plates per condition, n = 16 plants) with three repetitions
(n = 48). Root tips were marked on Day 7 and scanned on Day 11
(along with a ruler, CanoScan 9000F Mark II; Canon Europe,
Amsterdam, The Netherlands). Primary root growth in the 4-day
increment was measured using ImageJ (open-source software).
For monitoring the response of mature source leaves, plants were
grown in the greenhouse for 45 days before leaf disks (1.8 cm in
diameter) were placed in a microtiter plate with buffer (60 mM Na-
phosphate pH 6, 2 mM EDTA, 0.1% Tween-20) and buffer with dif-
ferent concentrations of NaCl or methylviologen for 5 days. To
induce salt stress in entire plants, seedlings were grown on MS
medium (0.6% agar) under a photoperiod of 14-h light (150 lmol
quanta m�2 sec�1) and 10-h dark at 24°C (�1°C) for 3–4 weeks. A
proper volume of salt solution (150 mM NaCl) was spread over the
agar, whereas the control received sterile water.

Amino acid, proline and NADP(H) measurements

Source leaves were harvested at increasing the time after the
onset of the light period. For amino acid quantification, plant
material was immediately resuspended in 2 ml g�1 of 3% (w/v) 5-
sulphosalicylic acid and extracted with a Teflon-in-glass Potter
homogenizer by 20 strokes. The homogenate was centrifuged at
RT for 3 min at 12 000 g, before total amino acid and proline con-
tents were measured by the acid ninhydrin method (Forlani &
Funck, 2020). NADP(H) levels were quantified by the method of
Queval and Noctor (2007). Plant material was harvested, immedi-
ately resuspended in 10 ml g�1 of either 0.2 M HCl or NaOH and
quickly extracted as described previously. After centrifugation,
supernatant aliquots (240 ll) were heated at 98°C for 3 min, neu-
tralized by the addition of 24 ll 200 mM Na-phosphate buffer (pH
5.6), and a proper volume of 0.2 M NaOH or HCl in a final volume
of 480 ll to obtain a pH between 7 and 8. Following further centri-
fugation, seven sample aliquots (from 6 to 18 ll) were placed in
wells of a microtiter plate in a final volume of 200 ll containing
50 mM HEPES buffer (pH 7.5), 1 mM EDTA, 0.12 mM 2.6-dichloro-
phenol-indophenol, 1 mM phenazine metasulphate and 0.5 mM

glucose-6-phosphate. The reaction was started by adding 0.02 ll
of G6PDH suspension (Sigma G7877). The resulting decrease in
A595 was monitored at 20-sec intervals for 5 min, and pyridine
dinucleotide concentrations were calculated using a calibration
curve obtained under the same conditions with known amounts
of an authentic NADP(H) standard. Reduced and oxidized forms
were distinguished by preferential destruction in acid or base,
respectively.

Photosynthetic parameters

Chlorophyll-a fluorescence emission was measured in leaves of
greenhouse plants with a portable pulse-amplitude-modulated
fluorimeter (Junior-PAM; Walz). Source leaves were darkened for
1 h and irradiated with actinic light (280 lE intensity) at ambient
CO2. Electron transport rates were recorded over 5 min with nine
repetitions per genotype.

Collection of phloem exudates and leaf disks

Leaves of 6-week-old plants (number 7 from the top) were har-
vested with a scalpel 2–3 h after illumination in the greenhouse
and put in water-filled beakers (two plants per genotype, on 3 con-
secutive days). In the laboratory, disks were cut from the central
leaf part (on both sides of the midrib) and frozen in liquid nitro-
gen. Flags were prepared from tips by cutting with a razor blade
along main veins, leaving a rhomboid area with longer midvein,
shortened under water and placed in a reaction vial with 15 mM

EDTA pH 7.25 (Tedone et al., 2004). After incubation in a water-
saturated translucent box at 150 lE (lmol quanta m�2 sec�1) for
5–6 h at 22–23°C in a growth chamber (GroBanks; CLF Plant Cli-
matics), petioles were recut with a razor blade, transferred to
another reaction vial (15 mM EDTA pH 7.25) and incubated simi-
larly for 16 h in the dark. Exudate volumes were readjusted with
water and heated to 95°C for 3–5 min. Leaf flags were scanned for
surface area. Cooled exudates were divided and stored at �20°C
until analysis/shipping. Sucrose and amino acid contents were
measured as described above.

Lipid composition analyses

Lipid species were analysed as described in Herrfurth et al. (2021).
Leaf disks were freeze-dried and then pulverized with small metal
beads by shaking on a vortex. From the phloem exudates, 200 ll
were freeze-dried. For lipid analyses by gas chromatography/
flame ionization detection (GC/FID), preparation of fatty acid
methylesters (FAMEs) was performed as described (Miquel &
Browse, 1992) with some modifications. For acidic hydrolysis,
1 ml of a methanolic solution containing 2.75% (v/v) H2SO4 (95–
97%) and 2% (v/v) dimethoxypropane were added to 1 mg leaf tis-
sue or to the freeze-dried phloem exudate. For later fatty acid
quantification, 20 lg of triheptadecanoate was added to the leaf
tissue or 0.5 lg to the phloem exudate. The sample was incubated
for 1 h at 80°C. To extract the resulting FAMEs, 1.5 ml of saturated
aqueous NaCl solution and 1.2 ml of hexane were added, mixed
vigorously and centrifuged at 450 g for 10 min. The hexane phase
was dried under streaming nitrogen and redissolved in 0.1 ml ace-
tonitrile. GC analysis was performed with an Agilent 6890
gas chromatograph fitted with a capillary DB-23 column
(30 m x 0.25 mm; 0.25 lm coating thickness; J&W Scientific, Agi-
lent, Waldbronn, Germany). Helium was used as carrier gas at a
flow rate of 1 ml min�1. The temperature gradient was 150°C for
1 min, 150–200°C at 8 K min�1, 200–250°C at 25 K min�1 and
250°C for 6 min. Peak areas were collected with the ChemStation
software (Agilent, Waldbronn, Germany).

Statistics

Testing for significant differences between the genotypes, ANOVA
was employed followed by Tukey’s post hoc test in case the data
were normally distributed and showed equal variance (Levene’s
test). Non-parametric statistics were used in case the data were not
normally distributed (Wilcoxon signed-rank test followed by the
Benjamini–Hochberg procedure to correct for multiple comparisons).
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