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In source leaves of resistant tobacco, oxidative burst and subse-
quent formation of hypersensitive lesions after infection with
Phytophthora nicotianae was prevented by inhibition of glucose-
6-phosphate dehydrogenase (G6PDH) or NADPH oxidases. This
observation indicated that plant defense could benefit from im-
proved NADPH availability due to increased G6PDH activity in the
cytosol. A plastidic isoform of the G6PDH-encoding gene, G6PD,
displaying high NADPH tolerance was engineered for cytosolic
expression (cP2), and introduced into a susceptible cultivar. After
infection, transgenic (previously susceptible) lines overexpressing
cP2 showed early oxidative bursts, callose deposition, and changes
in metabolic parameters. These responses resulted in timely for-
mation of hypersensitive lesions similar to resistant plants, al-
though their extent varied considerably between different trans-
genic lines. Additional RNAi suppression of endogenous cytosolic
G6PD isoforms resulted in highly uniform defense responses and
also enhanced drought tolerance and flowering. Cytosolic G6PDH
seems to be a crucial factor for the outcome of plant defense
responses; thus, representing an important target for modulation
of stress resistance. Because isoenzyme replacement of G6PDH in
the cytosol was beneficial under various kinds of cues, we propose
this strategy as a tool to enhance stress tolerance in general.

oxidative burst � source-to-sink transition � NADPH availability �
pathogen resistance � tobacco

P lants are under continuous threat of being challenged by
pathogenic microorganisms, which try to exploit them as a

source of carbohydrates and other assimilates. Timely recog-
nition of invading microorganisms and rapid and effective
induction of defense responses are presently considered the
main difference between pathogen-resistant and susceptible
plant lines (1). So-called compatible interactions between
pathogens and plants result if the pathogen can overcome plant
defense barriers and establish disease symptoms. During an
incompatible interaction, a wealth of defense mechanisms
[e.g., generation of reactive oxygen species (ROS), synthesis of
pathogenesis-related (PR) proteins, cell-wall fortification, and
the hypersensitive reaction (HR)] can efficiently limit patho-
gen growth. The HR, which includes ROS formation and
programmed cell death (PCD), represents the most efficient
mechanism of plant defense. ROS were previously proposed to
orchestrate the establishment of plant defense responses (2, 3).
NADPH oxidases at the plasma membrane are considered the
main source of extracellular ROS formation during defense,
the so-called oxidative burst. Down-regulation or elimination
of NADPH oxidase leads to suppression of pathogen-induced
oxidative bursts and HR (4).

The oxidative burst, an evolutionarily conserved mechanism,
is part of the innate immune response, and (besides triggering
plant PCD) it is thought to contribute to direct killing of invading
microorganisms. It also helps to mount an invasion barrier
through radical-mediated polymerization of cell-wall compo-
nents, which is later followed by formation of hypersensitive
lesions (2). Importantly, NADPH oxidase activity (and resulting

ROS production) relies on rapid regeneration of NADPH in the
cytosol, which requires an enhanced carbohydrate metabolism.

Defense reactions are always associated with increased de-
mand for reducing equivalents and carbon skeletons. However,
in photoautotrophic plant tissues, the metabolic situation is not
well suited for defense. Due to rapid export, soluble sugar levels
are fairly low and carbohydrate-consuming pathways important
for defense, such as glycolysis, respiration, oxidative pentose-
phosphate pathway (OPPP), and shikimate pathway are tuned
down. Nonetheless, photosynthetically active source leaves of
resistant plants can exhibit strong defense reactions, including
HR. We have previously shown for a resistant tobacco cultivar
that metabolic source-to-sink shifts accompany early defense
reactions in source leaves (5, 6), and that sink situations stimulate
de novo synthesis of cytosolic glucose-6-phosphate dehydroge-
nase (G6PDH, EC 1.1.1.49) in leaf discs (7), suggesting a role for
this enzyme during plant defense.

G6PDH is present in the cytosol of all eukaryotic cells, and
regulates NADPH provision via the OPPP. Defective yeast
mutants were found to be susceptible to oxidative stress (8), and
a role for G6PDH in supplying NADPH for free-radical scav-
enging has also been observed in stressed mammalian cells (9).
In higher plants, the OPPP is a major source of reduction power
(NADPH) required for anabolic biosyntheses and assimilatory
processes in the cytosol, as well as in plastids, providing key
intermediates for the shikimate pathway and nucleic acid bio-
synthesis (10, 11). Because in higher plants only the oxidative
branch of the OPPP seems to be present in the cytosol (12),
produced C5-sugar phosphates have to be exchanged with
plastids via a pentose-phosphate translocator (13). Plastidic
G6PDH isoenzymes fall into 2 classes: P1 enzymes are charac-
terized by reductive inactivation (to avoid futile interactions with
the Calvin cycle in chloroplasts), whereas P2 enzymes display
relaxed redox regulation, but enhanced tolerance toward
NADPH (14). The latter is needed in the stroma during dark
phases to sustain ferredoxin-dependent reactions, especially in
heterotrophic plastids (14, 15). In this context, enhanced
NADPH tolerance means that the inhibition constant Ki[NADPH]
is higher than the Km of the enzyme for NADP (14, 16). In
contrast, cytosolic G6PDH isoenzymes show similar Ki[NADPH]
and Km[NADP] values, which means they are inhibited earlier by
rising NADPH levels (17).

For elicited tobacco suspension culture cells, Pugin et al.
(18) showed that activation of glycolysis and the OPPP pro-
vides NADPH for the oxidative burst. Based on this evidence
and our own work, we demonstrate by this study that G6PDH
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activity in the cytosol is a key determinant during early
pathogen defense, drought stress, and plant development, due
to controlling metabolic f lux through the oxidative branch of
the OPPP.

Results
After Pathogen Infection, G6PDH Activity Rises in Leaves of a Resis-
tant, but Not of a Susceptible, Tobacco Cultivar. To check whether
G6PDH activity could be a key determinant for establishing
plant defense, zoospores of Phytophthora nicotianae were infil-
trated into a resistant and a susceptible tobacco cultivar. Sig-
nificant 2- to 3-fold rises in G6PDH activity compared with
water-infiltrated controls were recorded for the resistant cultivar
Nicotiana tabacum var. Samsun NN (SNN) from 4 h postinfil-
tration (hpi) on. Leaves of the susceptible Xanthi reacted much
slower, reaching only a 25% increase compared with water-
infiltrated controls at later time points (10–12 hpi; Fig. 1A).
Immunoblot analyses with various G6PDH antisera (14, 19)
demonstrated that these defense-induced rises in G6PDH ac-
tivity mainly result from up-regulated expression of cytosolic
isoforms, encoded by G6PD (Fig. 1B), probably due to sensing
elevated soluble sugar levels (7), known to accompany source-
to-sink transitions of infected tobacco source leaves (5, 6).

Inhibition of Either G6PDH or NADPH Oxidase Activity Interferes with
ROS Production and Hypersensitive Lesion Formation in a Resistant
Tobacco Cultivar. G6PDH is known to regulate NADPH provision
via the oxidative branch of the OPPP. Therefore, we tested

whether G6PDH-dependent NADPH provision in the cytosol
might be critical for the formation of hypersensitive lesions, the
final result of successful HR in resistant plants (see pathway
schematic representation of Fig. 2A). Coinfiltration of the
competitive G6PDH inhibitor glucosamine 6-phosphate (GN6P)
(20) prevented both formation of ROS [brown staining due to
3,3�-diaminobenzidine (DAB) polymerization in the presence
of H2O2 (Fig. 1C Left) and hypersensitive lesions (Fig. 1C
Right)]. Also, coinfiltration of diphenyleneiodonium chloride
(DPI), an inhibitor of NAD(P)H oxidases (18), interfered with
defense-induced oxidative burst and HR (Fig. 1D). This
observation pointed to plasma membrane NADPH oxidases as
the main source of ROS production, important for the for-
mation of hypersensitive lesions in tobacco leaves after infec-
tion with P. nicotianae. Also, these results were strong support
for pursuing a strategy to enhance NADPH provision in the
cytosol of a susceptible tobacco cultivar: Xanthi plants were
engineered for ectopic (cytosolic) expression of a heterologous
plastidic G6PD isoform with superior kinetic characteristics
(P2-type, Ki[NADPH] � Km[NADP]; Fig. S1, and pathway sche-
matic representation of Fig. 2 A) to support oxidative bursts at
the plasma membrane.

Expression of a Plastidic G6PD Isoform in the Cytosol of a Susceptible
Tobacco Cultivar Enhances Defense Reactions. For permanent over-
expression of a kinetically superior G6PD isoform in the cytosol
of the susceptible tobacco cultivar Xanthi (Fig. 2 A), we chose a
plastidic P2 isoform (14) from Arabidopsis that is highly induced
by nitrogen starvation in roots (21), and displays a higher
Ki[NADPH] compared with Km[NADP] value (16). Kinetic parame-
ters of the modified enzyme without signal peptide were tested
in a G6PDH-deficient Escherichia coli strain (22) and confirmed
the Ki � Km characteristics of P2-type G6PDH enzymes. Abso-
lute values (Ki[NADPH] 60 �M � Km[NADP] 24 �M) differed from
the enzyme with C-terminal strep tag (Ki[NADPH] 22 �M �
Km[NADP] 17 �M) (16), and most importantly, from reduced
dithiothreitol (DTTred)-resistant (cytosolic) G6PDH activity
(17) extracted from Xanthi and SNN source leaves (Ki � Km),
showing 2-fold higher affinity for G6P and 2-fold lower affinity
for NADP (Fig. S1).

From Xanthi leaf discs transformed with agrobacteria carrying
the binary cP2 construct (Fig. 2B), primary transformants (T0)
were regenerated and selected according to cP2-signal strength
on Northern and Western blottings (Fig. S2 A and B). Defense
responses after infection with P. nicotianae were evaluated
among hygromycin-resistant T1 individuals of different cP2 lines
and compared with those of Xanthi and SNN WT plants. All
Xanthi::cP2 lines showed increased lesion formation compared
with Xanthi WT and were categorized into weak to very strong
responding lines (Fig. 2C). However, cP2 plants grew slower than
WT, although this habit did not correlate well with extent of
lesion formation or differences in cP2-protein levels. Neverthe-
less, within individual lines, responses were stable up to the T3
progeny (Fig. S2C).

Enhanced resistance was also ref lected by further defense-
associated parameters, as shown, for example, for cP2-67 and
cP2-83 (Fig. 2 D–F). Compared with susceptible Xanthi,
defense-induced oxidative burst was significantly increased in
all Xanthi::cP2 lines (especially in strong responders like
cP2-67), and could be mostly prevented by coinfiltration of
DPI (NADPH oxidase inhibitor; Fig. 2D). Also, defense-
induced accumulation of OPPP metabolites in the dark was
recorded by imaging photosynthesis induction (deduced from
chlorophyll-a f luorescence), which is based on changes in
metabolite pools shared between the OPPP and the Calvin
cycle. This technique is a robust indicator for the activity of the
OPPP in either sink leaves or on induction of sink-type
metabolism during defense (for further explanation, see Fig.
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Fig. 1. G6PDH activity is essential for the oxidative burst. (A) After infection
with P. nicotianae, early rises of G6PDH can be recorded in tobacco source
leaves of the resistant SNN, but not of the susceptible Xanthi. Data are shown
as means � SE. (B) Immunoblot with antibodies to cytosolic G6PDH (�-cyt) (14,
19) after infection and in water-infiltrated controls. (C) Different concentra-
tions of glucosamine 6-phosphate (GN6P, infiltrated areas marked red) im-
pede ROS formation [visualized by brown staining due to 3,3�-diaminoben-
zidine (DAB) polymerization in the presence of H2O2; 6 hpi] and hypersensitive
lesions (24 hpi). GN6P is a competitive inhibitor of G6PDH (20). (D) When
treated with 100 �M diphenyleneiodonium chloride (DPI), a well-known
inhibitor of plant NAD(P)H oxidases (18), infection with P. nicotianae induced
neither ROS formation (6 hpi) nor hypersensitive lesions (48 hpi). fw, fresh
weight; w/o, without.
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2E and Fig. 3D) (5, 6). Now, interestingly, this behavior also
occurred in the Xanthi background, and was accompanied by
callose deposition (Fig. 2F), leading to obstruction of sucrose
export and decline in photosynthesis, partially due to stomata
closure (Fig. 2G; Fig. S3). In summary, these changes effec-
tively alter carbon partitioning in favor of metabolic source-
to-sink transitions within infected leaf areas (5, 6). Additional
evidence for an altered pathogen response in cP2 plants is the
accumulation of transcripts encoding PR-Q (5), which now
also occurred in the Xanthi background, comparable with the
resistant SNN (Fig. 2F).

Isoenzyme Replacement Is Superior to Overexpression of a P2-Type
G6PD Isoform in the Cytosol of a Susceptible Tobacco Cultivar. To
limit contribution of endogenous cytosolic G6PDH activity
(modified pathway schematic representation of Fig. 3A) and
thereby prove that the effects observed in the susceptible
tobacco cultivar are due to ectopic (cytosolic) expression of a
kinetically different G6PD isoform, we additionally transformed
2 cP2 lines (strong cP2-67-3 and weak cP2-83-1) with a binary
RNAi construct specifically targeting cytosolic G6PD isoforms
of Xanthi (Fig. 3B). RNAi-mediated suppression was confirmed
by G6PDH activity tests in the presence of DTTred, which is

A D

B
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E

F G

Fig. 2. Overexpression of a kinetically superior G6PDH in the cytosol enhances pathogen resistance. (A) Pathway schematic representation of the consequences
of expressing a plastidic G6PD isoform of P2-type from Arabidopsis in the cytosol of the susceptible tobacco cultivar. GN6P and DPI blocks are indicated in red,
endogenous cytosolic G6PDH is shown as gray, and the engineered cP2 isoform as black arrow. Hex, hexoses; Suc, sucrose; Glc, glucose; G6P, glucose 6-phosphate;
Mito, Mitochondrion; 3PGA, 3-phosphoglycerate; 6PG, 6-phosphogluconate; Ru5P, ribulose 5-phosphate; Triose-P, triose phosphates. For further explanation,
see main text. (B) Expression cassette of binary vector used for the generation of Xanthi::cP2 lines. (C) Evaluation of lesions formed in leaves of different
Xanthi::cP2 lines (T1 progeny) versus resistant SNN and susceptible Xanthi WT plants. In the various Xanthi::cP2 lines, resistance increased, as indicated by the
extent of lesions formed within infected areas. Based on the examples given below the pie charts, cP2 lines were categorized ‘‘weak’’ to ‘‘very strong.’’ The
Xanthi::cP2 lines displayed enhanced resistance against P. nicotianae compared with Xanthi WT plants, but the degree of resistance differed considerably
between weak to very strong lines. (D) Representative confocal laser scanning microscopy images of defense-induced ROS release by mesophyll cells at the
infection sites (dichlorofluorescein fluorescence in green, indicating the formation of ROS; chlorophyll fluorescence in red). (E) Representative chlorophyll-a
fluorescence images of defense-induced changes in dark metabolism. Accelerated induction of photosynthesis after a dark period is characteristic for high levels
of OPPP intermediates (5, 38). Low values (blue) indicate slow, high values (green to red) indicate fast induction; for color scale, see Fig. 3E. Photosynthesis
induction was accelerated in infection zones of the resistant SNN as well as in Xan::cP2–67, indicating increase in metabolites of the OPPP. Also, Xanthi::cP2
transformants displayed fast photosynthetic induction in whole leaves per se (green background), which is indicative of a higher permanent activation of the
OPPP (Fig. 3D). (F) Defense-induced formation of callose (bright blue fluorescence), a well-known plant defense reaction (39), and transcript accumulation of
PR protein Q (PR-Q), occurred in SNN and strongly responding Xanthi::cP2 lines. Initially, callose distinctively appeared at the cell-to-cell contacts, which shuts
down sucrose export routes and supports source-to-sink shifts by retaining carbohydrates within infected cells (5, 6). Total RNA was isolated from infected source
leaf areas (6 hpi). 18S cDNA served as loading control. (G) Early stomata-dependent inhibition of photosynthesis is enhanced in infected leaves of resistant SNN
and Xan::cP2-67 compared with susceptible Xanthi WT. Data are calculated from chlorophyll-a fluorescence images (2% O2; Fig. S3) and are shown as means �
SD. O2-sensitive inhibition of photosynthetic electron transport indicates inhibition of photosynthetic CO2 fixation as a result of stomata closure (directing overall
flux toward photorespiration) (5). Because stomata closure is known to involve ROS (40), this effect could be due to improved ROS formation in the transformants.
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known to inhibit plastidic isoenzymes (Fig. S1) (22, 23), and
immunoblot analyses with isoform-specific G6PDH antisera (14,
19). Although cP2-protein levels were reduced compared with
those detected in the 2 parental lines (Fig. S4), both isoenzyme-
replaced Xanthi lines showed similar extents of lesion formation
after infection (Fig. 3C). Notably, the responses were even
stronger than those of the parental cP2 lines, and more similar
to the resistant tobacco cultivar SNN. Thus, enhanced resistance
displayed by the isoenzyme-replaced lines is independent of cP2
protein levels, underscoring that enzyme quality and not quan-
tity is important for the observed effects. Time-resolved analyses
of defense-induced ROS production and dark metabolism (Fig.
3D and Fig. S5) showed that cP2-83-1::cytRNAi (formerly weak)
and cP2-67-3::cytRNAi (formerly strong) Xanthi lines exhibit
highly uniform, strong defense responses. Stability of the effects
was confirmed through side-by-side analysis of enzyme-replaced
T0 and T1 plants for defense-induced ROS release (Fig. S6).
Similar defense responses were observed after application of
elicitors such as necrosis-inducing Phytophthora protein 1
(NPP1) and cell-free zoospore filtrate (5).

There is strong evidence for permanently elevated OPPP
intermediates in source leaves of the Xanthi transformants (Fig.
S5). G6PDH isoenzyme replacement revoked the growth retar-
dation observed to different extents within the cP2 lineages (Fig.
3E) and enhanced drought tolerance (Fig. 3F) and flowering
(Fig. S7), compared with Xanthi WT and the 2 parental cP2
lines. These results demonstrate that channeling flux through a
single but crucial metabolic step improves stress tolerance and
influences developmental processes in plants.

Discussion
Activity assays and inhibitor studies (Fig. 1) indicated that
G6PDH activity is essential for the oxidative burst, and could,
therefore, determine the outcome of plant–pathogen interac-
tions. Thus, we engineered a susceptible tobacco cultivar for
constitutive overexpression of a kinetically superior G6PDH in
the cytosol, which should result in improved NADPH provision
for pathogen-activated NADPH oxidases. The resulting
Xanthi::cP2 lines displayed enhanced resistance against the
oomycete P. nicotianae compared with Xanthi WT, but the

A D
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Fig. 3. G6PDH isoenzyme replacement enhances pathogen resistance, abiotic stress tolerance, and development. (A) Schematic representation of the
isoenzyme-replacement strategy for elimination of endogenous cytosolic G6PDH activity in the cP2 lines by an RNAi approach. Also depicted are possible benefits
for secondary metabolism. Note that NADPH oxidases are activated by transient calcium elevation in the cytosol (41). Hence, NADPH will be consumed only in
response to signals (biotic and abiotic cues), which prevents interference with normal physiology and development. PEP, phosphoenolpyruvate; E4P, erythrose
4-phosphate. (B) Expression cassette of the binary cytG6PD-RNAi construct. (C) Disease evaluation of parental cP2 lines versus the corresponding RNAi
transformants after pathogen challenge compared with SNN and Xanthi WT. High resistance, 80–100% lesions per area (lpa); intermediate resistance, 35–80%
lpa; susceptible response, 0–10% lpa at infiltration site. (D) Representative images of defense-induced ROS release and subsequent changes in dark metabolism.
After isoenzyme replacement, descendents of formerly weak line Xan::cP2–83 react much stronger. The same trend was observed for the T1 progeny (compare
Fig. S6). For further explanations to A and D, see legends of Fig. 2 and Fig. S5. (E and F) G6PDH isoenzyme replacement revokes growth differences displayed
by the parental cP2 lines (E), and enhances abiotic stress tolerance (5 days without watering) (F). Reduced water loss from excised leaf discs further supports
enhanced drought tolerance of the cP2 transformants. Average water loss (6 h after detachment, n � 3) was 55% � 3% for SNN, 67% � 2% for Xanthi
WT, and 50% � 5% for Xan::cP2-83–1::cytRNAi #10. By feeding abscissic acid (ABA) to excised leaves via the petiole, we excluded that observed drought
tolerance is a result of compromised stomatal regulation. Besides ABA-mediated stoma regulation (40), ROS are probably also involved in drought sensing
and ABA synthesis (32).
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degree of resistance differed considerably between weak and
very strong lines (Fig. 2 and Fig. S2). This finding was confirmed
by detailed and time-resolved analyses of further parameters,
known to accompany plant defense responses. Oxidative burst,
defense-related metabolic source-to-sink transitions, induced
expression of a PR protein, as well as callose deposition and early
stomata closure, known to precede the onset of hypersensitive
lesion formation in the resistant SNN (5, 6), were now also
detected in the Xanthi background (Fig. 2). There is increasing
evidence that constitutive overexpression of enzymes associated
with ‘‘normal’’ metabolism can have critical roles for the induc-
tion of plant defense against pathogens (24). Genes encoding
proteins that confer enhanced resistance to host plants have been
designated enzymatic resistance (eR) genes. For example, ex-
pression of peroxisomal glyoxylate aminotransferase in a sus-
ceptible melon cultivar led to higher resistance (25). In this
context, ectopic expression of a P2-type G6PD isoform in the
cytosol can be considered another example for a successful eR
gene.

The obtained data are in accordance with immediate and
sustained oxidative bursts of plasma membrane NADPH oxidase
after activation, which relies on effective NADPH regeneration
in the cytosol. The pivotal role of G6PDH in eR became obvious
by yet another transgenic approach. As independent proof that
the observed effects result from introduction of a kinetically
different enzyme into a susceptible cultivar, a weak line and a
strong line of the Xanthi::cP2 transformants were supertrans-
formed with a binary RNAi construct to additionally eliminate
endogenous cytosolic G6PDH activity. This isoenzyme replace-
ment resulted in highly uniform defense responses of the super-
transformants, independent of the parental line (Fig. 3), which
was even more astonishing, considering that the RNAi approach
also reduced cP2 protein levels (Fig. S4) and is probably due to
low selectivity of the targeted sequence region. Through this
unintended cP2 reduction, the benefit of isoenzyme replace-
ment, with respect to altering development and stress responses,
becomes even more obvious. In addition to improved resistance,
isoenzyme replacement revoked the growth retardation ob-
served among several cP2 lines, conferred enhanced drought
tolerance, and accelerated the onset of flowering (Fig. 3F and
Fig. S7). These examples demonstrate the potential of isoenzyme
replacement compared with eR resulting from mere overexpres-
sion of heterologous enzymes in plants. There, enhanced resis-
tance was mostly associated with reduced growth, lower yield, or
other disadvantages. One example is overexpression of yeast
invertase in the apoplast of tobacco plants, which led to high
virus resistance but also spontaneous lesion formation in source
leaves (26). As a new approach, isoenzyme replacement (com-
bined with moderate expression) intends to optimize metabolic
channeling, as shown in this work for the oxidative branch of the
OPPP.

The clarity of the obtained results was somewhat surprising,
because plant cells possess an alternative glycolytic step via
nonreversible D-glyceraldehyde-3-phosphate dehydrogenase
(GAPN) that could also contribute to NADPH supply in the
cytosol. GAPN was originally proposed to mediate indirect
export of NADPH from chloroplasts during photosynthesis (27)
via the triose-P/3-PGA shuttle (see pathway schematic repre-
sentations). Thus, defense-induced activation of glycolysis (18)
could be an additional source of NADPH for the oxidative burst
in plants. However, in heterotrophic cells, activity of GAPN is
regulated by phosphorylation and binding to 14-3-3 proteins
(28), suggesting that these mechanisms might also limit the
contribution of the enzyme to NADPH supply in the cytosol
during defense-induced source-to-sink transitions.

Lately, NADH kinase (29) and external mitochondrial
NADPH dehydrogenase (30) have also been suggested to con-
tribute to cytosolic NADPH levels. However, one has to keep in

mind that any increase in the activity of these enzymes affects the
ratio between NADH and NADPH in the cytosol, and, thus,
inevitably disturbs the balance between catabolic (largely
NADH-dependent) and anabolic (largely NADPH-dependent)
pathways. This switch might make sense in particular situations,
for example, during prolonged stress, when metabolism shifts
completely to synthesizing defense compounds (e.g., phytoalex-
ins, lignin precursors, etc.). Therefore, it is unlikely that those
enzymes can replace G6PDH.

In summary, isoenzyme replacement in the cytosol has
convincingly shown that G6PDH is a key determinant for the
provision of reducing equivalents to NADPH oxidases at the
plasma membrane during early oxidative bursts. From this
metabolic modification, obviously both biotic (defense reac-
tions) and abiotic (drought) stress responses seem to benefit.
Additional suppression of endogenous cytosolic G6PDH ac-
tivity not only eliminates competition (modified pathway
schematic representation of Fig. 3A) but probably also inter-
feres with transcriptional up-regulation of this activity that is
triggered by rising soluble sugar levels (7). In the resistant
SNN, increased G6PDH activity (Fig. 1 A and B) is most likely
also induced by an early infection-dependent accumulation of
soluble sugars (5, 6). Clearly, the susceptible Xanthi is able to
recognize the pathogen, because basic cytosolic G6PDH levels
also rise, but infection-induced timely sugar accumulation and
G6PDH increase to high levels (Fig. 1 A) are absent. In the
Xanthi transformants, the missing sugar feedback is probably
overcome through replacement of sugar-regulated cytosolic
G6PD isoforms by a permanently (but moderately) expressed
P2-type isoform (for further explanation, see Fig. S5). On
elicitation, immediate f lux through reduced levels of the
kinetically different isoenzyme appears to be equivalent or
even superior to up-regulation of endogenous cytosolic
G6PDH activity in the resistant tobacco SNN (Fig. 1 A) during
defense-induced source-to-sink transitions (5). Whether stable
reduction of cytosolic G6PDH activity would conversely ren-
der a resistant cultivar susceptible to pathogen attack remains
unstudied so far.

Especially interesting for agronomic applications are the
developmental and abiotic stress aspects of this pathway modi-
fication. Among the enzyme-replaced Xanthi lines, f lowering
was accelerated, inflorescences enlarged (Fig. S7), and drought
resistance improved (Fig. 3F). There is abundant evidence that
NADPH-driven ROS formation has pivotal roles in cellular
growth and development (31). Obviously, ROS-dependent ABA
signaling during water stress in leaves (32) also profits from
enhanced NADPH supply in the cytosol (Fig. 3F). Whether the
described G6PD isoenzyme replacement alters developmental
processes and abiotic stress resistance in general needs to be
determined in more detail and with a larger set of plants.

By converting a susceptible into a resistant-like tobacco
cultivar, this study demonstrates that fine adjustment of critical
steps in primary metabolism can drastically improve resistance
to biotic and abiotic stress. Because the approach seems to be
beneficial under various kinds of cues, enzyme replacement
might also improve stress responses in other plants or systems.

Methods
Cloning Strategies. For a detailed description, see SI Methods.

Tobacco Transformation. Transgenic tobacco plants were generated as de-
scribed previously (33, 34, 35).

RNA Analyses. Northern blot analyses was conducted as described previously
(5, 14, 19, 35).

Protein Analyses. Immunoblot analyses were conducted as described previ-
ously (14, 19); blots were probed with various G6PDH antisera, developed by
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using the ECL Advance chemiluminescence detection kit (Amersham), and
documented digitally (GeneGnome; Syngene).

Determination of G6PDH Activity. Assays were performed according to ref. 36,
in a robot-based platform at the Max Planck Institute for Molecular Plant
Physiology, Golm, Germany. For further details, see Fig. S1.

Leaf-Infiltration Assays. Source leaves of 6- to 10-week-old tobacco plants
were infiltrated with a zoospore suspension of P. nicotianae (Isolate 1828;
Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,
Germany). Cultivation of plants and pathogens and inoculations were done as
described previously (5).

Microscopic Analyses. ROS production was checked with DAB staining or
2�,7�-dichlorodihydrofluorescein diacetate (H2DCFDA; Molecular Probes).
ROS-dependent oxidation of nonfluorescent H2DCFDA to highly fluorescent
DCF (488-nm excitation and 510- to 535-nm detection) is proportional to the

ROS produced (37). Callose was stained with aniline blue. For detailed de-
scription, see refs. 5 and 6.

Chlorophyll-a Fluorescence Imaging. Photosynthetic electron transport, gas
exchange, and defense-induced stomata closure were determined as de-
scribed previously (5).

Evaluation of Lesion Formation. The extent of hypersensitive lesions formed at
least 50 infiltration sites infected with P. nicotianae on 5 plants were evalu-
ated after 2 days. Values are the means of 3 or more independent rounds of
infections.
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