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ABSTRACT

The precise control of photoassimilate production, partitioning, and storage is a crucial process during plant growth and development. An
excess of carbohydrates mediates important regulatory processes, including the down-regulation of source-specific genes and the up-
regulation of sink-specific gene repertoires. Such source-to-sink transitions occur also in plant cells infected with biotrophic pathogens. A
growing body of evidence now indicates that successful plant defense responses are accomplished by the reprogramming of a diverse set
of cellular pathways that are associated with an increased demand for energy. Notably, it is frequently observed that cell wall-bound
invertase (CW-INV) activity is rapidly induced at the infection site, indicating an early metabolic transition of host cells to overcome the
invading pathogen. The shift from housekeeping to defense metabolism is also evident on the basis of microarray-based global transcript
analysis. However, the intimate relationship between the changes in primary carbon metabolism and defense responses in plants remains
poorly understood. In our present review, we focus on the current knowledge of this phenomenon with respect to the reprogramming of
primary carbon metabolism and its potential role in the reinforcement of defense mechanisms in infected plants.
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INTRODUCTION assimilates is required for normal plant growth and develop-

Photosynthesis in higher plants provides most living orga-
nisms with basal food and fuel via the conversion of light
energy into chemical energy. In addition to being a funda-
mental source to fuel carbon and energy metabolism, sugars
have also emerged as potential signaling molecules that
regulate gene expression during normal plant growth and
development, and during plant defense responses (Jang et
al. 1997; Smeekens 1998; Rolland et al. 2001; Leon and
Sheen 2003; Gibson 2005; Biemelt and Sonnewald 2006;
Penna et al. 2006; Rolland et al. 2006). On the basis of the
ratio between sugar uptake and export, plant tissues can be
divided into sink and source tissues. Whereas sink tissues
require a net import of assimilates, source tissues produce
excess assimilates which are then allocated to competing
sinks. Sink and source tissues are not static but change ac-
cording to environmental and developmental signals. Hence,
an appropriate regulation of the sink-to-source transition of

ment, as well as for a fortified defense response in plants
infected with pathogens.

Alterations in carbon partitioning in plants faced with
various stresses act as new signals that balance the portion-
ing or reduction of stress-induced damage. A timely source-
to-sink transition in pathogen-infected tissues is thus ex-
tremely important for plant defense responses, as invading
pathogens may also benefit from an clevated availability of
assimilates, which might facilitate an easier exploitation of
nutrients from the host cells. Thus, during the early phases
of infection, a change in carbon flux towards sink metabo-
lism of pathogen-infected tissues might be critical for the
establishment of a successful defense response.

Several reports have now described global gene expres-
sion pattern changes in plants after pathogen attack (Chou et
al. 2000; Tao ef al. 2003; Craigon et al. 2004; Zipfel et al.
2004), but so far little attention has been paid to the rela-
tionship between primary carbon metabolism and the plant
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defense response. In particular, plants generally activate
multiple defense responses upon pathogen invasion, leading
to a diverse cellular reprogramming that is closely associ-
ated with an increased demand for energy. On the basis of
chlorophyll fluorescence imaging and sugar level assays,
some analyses of photosynthesis and carbohydrate metabo-
lism have been performed during host-pathogen interact-
tions (Scharte et al. 2005; Swarbrick et al. 2006). These
studies have indicated that the timely activation of path-
ways generating and utilizing soluble hexoses, via both en-
hanced cell wall invertase (CW-INV) activity and plasma
membrane hexose transporter (HXT), may play a crucial
role in maintaining a successful robust defense response in
pathogen-infected host tissue.

After invasion, plant pathogens deploy one of three
main strategies to utilize the host as a food source: necro-
trophy, biotrophy, or hemibiotrophy (Hammond-Kosack
and Jones 1997; Schulze-Lefert and Panstruga 2003; Glaze-
brook 2005). In this review, we have put a particular em-
phasis on the specialized nature of biotrophic plant-patho-
gen interactions, in which the invading organisms subvert
the metabolic processes to favor their growth and repro-
duction, and the plant cells remain alive throughout the in-
fection.

SOURCE-TO-SINK TRANSITION OF PLANT
TISSUES INFECTED WITH BIOTROPHIC
PATHOGENS

Light is obviously a tremendously important environmental
factor during plant growth and development, but has also
been found to play a key role in the innate immune res-
ponse of plants to infection. For example, the expression of
a rice pathogenesis-related (PR) gene, OsPR1b, was found
to be enhanced under high light (Agrawal et al. 2000).
Light is also required in plants for the activation of sys-
temic acquired resistance (SAR), the induction of defense
genes, and the regulation of programmed cell death (PCD)
(Bechtold et al. 2005; Chandra-Shekara et al. 2006). More-
over, analysis of the Arabidopsis phytochrome photorecep-
tor mutants phyA and phyB showed an altered response to
the activation of SA-induced PR gene expression and a
hypersensitive response (HR) (Genoud et al. 2002). The
plant Toll/Interleukinl Receptor-Nucleotide Binding Site-
Leucine-Rich Repeat (TIR-NBS-LRR) family members
have also been widely reported as disease resistance pro-
teins with a similarity to animal toll-like receptors (Holt e?
al. 2003). Notably, in a similar manner to animal TIR do-
main proteins, the dual role of an NBS-LRR protein in both
photomorphogenic development and defense response has
been uncovered during the analysis of the Arabidopsis
constitutive shade-avoidance mutant csal (Faigon-soverna
et al. 2006). In addition, silencing of the psbO subunit of
the oxygen-evolving complex in photosystem II led to in-
creased virus replication in tobacco, again suggesting an
important role for light in disease resistance responses in
plants (Abbink et al. 2002).

While the impact of light on plant defense in terms of
molecular response to biotic attack has been underscored
(Roberts and Paul 2006), the importance of rapid changes
of both light-dependent gene expressions and primary car-
bon metabolic flux in pathogen-infected photosynthetic tis-
sues is less well understood. It has been shown that the
light-dependent expression of genes encoding chlorophyll-
a/b-binding protein (CAB) appears to be strongly disrupted
in rapeseed cell culture with 2.0% sucrose (Harter et al.
1993). This carbohydrate accumulation in cultured cells has
been demonstrated to result in a source-to-sink transition,
thereby suppressing the expression of photosynthetic genes
(Koch 1996; Ehness et al. 1997; Roitsch et al. 2003; Li et
al. 2006; Osuna et al. 2007). Similarly, both the inhibition
of photosynthesis-related gene expression and reduced pho-
tosynthetic activities have been commonly observed in
pathogen-infected tissues (Chou ez al. 2000; Scharte et al.
2005). In Arabidopsis infected with a biotrophic pathogen
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Albugo candida, quantitative imaging of chlorophyll fluo-
rescence revealed that the rate of photosynthesis declines
progressively in the invaded regions of the leaf (Chou et al.
2000). During tobacco-Phytophthora nicotianae interaction,
photosynthetic flux was also evidently reallocated from CO,
assimilation in favor of photorespiration (Scharte et al.
2005). In this study, chlorophyll fluorescence imaging de-
monstrated that reduction in photosynthesis and defense re-
actions are highly localized processes, which occur in single
mesophyll cells. Consistently, expression of photosynthetic
genes such as CAB and Rubisco small subunit (RbcS) was
repressed in pathogen-infected tissues. As a common feature,
a rapid accumulation of soluble sugars such as sucrose, glu-
cose, and fructose was observed in host tissues undergoing
defense response. Moreover, treatment with soluble sugars
or sugar analogs induces the expression of plant defense- or
stress-related genes (Johnson and Ryan 1990; Herbers et al.
1996a; Ehness et al. 1997; Price et al. 2004; Thibaud et al.
2004). These results suggest that an increased level of solu-
ble sugars is positively correlated with the plant defense res-
ponse upon pathogen attack. Considering that the expres-
sion of photosynthetic genes is inversely correlated with the
initiation of plant defense responses, the rapid accumulation
of sugars often observed in pathogen-infected tissues is
likely to be caused by redirection of assimilates to the infec-
tion site, rather than an enhanced production of photoas-
similates. A summary of the coordinated regulation of pho-
tosynthesis-, defense- and primary carbon metabolism-
related genes is shown in Table 1.

COMPETITION BETWEEN PLANTS AND INVADING
PATHOGENS FOR SUGARS

Biotrophic plant pathogens, including fungi, bacteria and
viruses, have evolved a tremendous number of sophisticated
strategies to exploit their host nutrients. As an integral part
of their life cycle, biotrophic fungal pathogens enter their
host cells and initiate specialized intracellular infection
structures (Schulze-Lefert and Panstruga 2003; O’Connell
and Panstruga 2006). Haustoria then develop as side bran-
ches from intercellular, intracellular and epicuticular hyphae.
Both hyphae and haustoria remain outside the plant plasma
membrane. The plant-fungal pathogen interface is believed
to function as a key area of nutrient uptake by these patho-
gens and an important site of export for pathogen effector
molecules into host cells. Diverse gram-negative bacteria
have evolved a type III secretion system (TTSS) which deli-
vers effector proteins into the cells of their hosts in order to
optimize the environment for bacterial growth (Grant et al.
2006). Plant viruses can also adapt and optimize the host
metabolism for their own benefit and exploit inter- and in-
tracellular connection systems to facilitate their systemic
spread (Boevink and Oparka 2005).

Extracellular sugars are believed to play a pivotal role in
plant-microbe interactions. Hexoses have been shown to act
as regulatory molecules controlling diverse essential pro-
cesses such as photosynthesis, senescence, and pathogen de-
fense (Sheen 1990; Goldschmidt and Huber 1992; Jang and
Sheen 1997; Perata et al. 1997; Smeekens and Rook 1997;
Wingler et al. 1998; Pego et al. 2000; Smeekens 2000; Rol-
land et al. 2001, 2006). They are also believed to act as sig-
naling molecules that regulate the expression of sink-spe-
cific and defense-related genes to induce diverse cellular re-
programming in pathogen-infected plants. The effective in-
duction of a plant defense response thus requires a sufficient
supply of metabolites and energy. In this regard, the high
sugar resistance phenomenon was proposed, that is charac-
terized by an enhanced plant defense response through an
elevated level of soluble sugars (Horsfall and Dimond 1957).
It has also been shown that the resistance of plants to patho-
gens is largely dependent upon the sugar levels in the infec-
ted leaf tissues (Herbers et al. 1996b). Consistently, sugar
treatment of tissues or elevated sugar levels in transgenic
plants activates the expression of PR genes (Johnson and
Ryan 1990; Herbers et al. 1996a).
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Table 1 Regulation of the transcripts of sink metabolism, defense response, and photosynthesis enzymes by sugars and stress-related stimuli'.

Stimulus Gene regulation’ Special features Plant Reference
Induction of sink metabolism
Suc SUSY (+)* ND* Potato Salanoubat and

Belliard 1989

Agrobacterium tumefaciens SUSY (+), CW-INV  Redirection of carbohydrate delivery for tumor Castor bean (Ricinus Wichter et al. 2003

) growth communis)

Gle, and 6-deoxyGlu® CW-INV (+) ND Chenopodium Roitsch et al. 1995

Chitosan®, Benzoic acid, CW-INV (+) Induction of defense-related genes Chenopodium Ehness et al. 1997

Endothall”

Potato virus Y CW-INV (+) Increased soluble sugar; Sugar-mediated and SA-  Tobacco Herbers et al. 2000
independent viral resistance

Albugo candida CW-INV (+) Decreased starch, and increased level of sucrose,  Arabidopsis Chou et al. 2000
glucose, and fructose; decreased chlorophyll
content in infected leaves

Magnaporthe grisea CW-INV (+) Induction of defense response PBZ1 Rice Cho et al. 2005

Blumeria graminis CW-INV (+) Accumulation of hexoses in infected tissues Barley Swarbrick et al. 2006
accompanied with up-regulation of PR 1

Induction of defense response

Soluble sugars PI(+) PI expression induced by Suc, Glu, Fru, and Mal,  Potato Johnson and Ryan
but not Man 1990

Gle, Endothall PAL (+) Activation of protein kinases that phosphorylate the Chenopodium Ehness et al. 1997
myelin basic protein

Fungal elicitor PAL (+), CHS (+) ND Parsley Chappell and

Hahlbrock 1984
Fungal elicitor (Collectotrichum PAL (+), CHS (+) ND Common bean Lawton and Lamb

1987
Lauvergeat et al. 2001

lindemuthianum), wounding

Xanthomonas campestris pv. ~ Cinnamoyl-CoA Induction of HR during incompatible interaction  Arabidopsis

campestris reductase (+)
Trehalose Glutathione S- Alternation of disaccharide levels and induction of Arabidopsis Bae et al. 2005
transferase (+) stress response proteins

Soluble sugars PR-Q (+), PAR-1 (+) Repression of RbcS and CAB Tobacco Herbers ef al. 1996a

Suc PR-2 (+), PR-5 (+)  SA- but not NPR1-dependent sugar sensing Arabidopsis Thibaud et al. 2004

Glc CHS (+) Upregulation of stress genes and down regulation of Li et al. 2006
light-mediated signaling genes

Repression of photosynthesis

Glc, Acetate RbcS (-) Repression of Maize C4 pyruvate phosphodikinase Maize Sheen 1990
by Glu and acetate

Chitosan, Benzoic acid, RbceS (-) ND Chenopodium Ehness et al. 1997

Endothall

Okadaic acid®, Calyculin® RbcS (-) Inhibition of greening of etiolated seedling by Maize Sheen 1993
okadaic acid

Sclerotinia sclerotiorum RbcS (-) ND Sunflower Mouly and Roby 1988

Tobacco mosaic virus OEC(-) Increase of viral replication in the OEC silenced Tobacco Abbink et al. 2002
plants

Pseudomonas syringae CAB(-) Localized decrease of photosynthesis by bacterial — Arabidopsis Bonfig et al. 2006
infection

Suc CAB (-) Induction of  stress response genes and depression Arabidopsis Osuna et al. 2007

of light mediated signaling genes

" Updated from the data in Ehness ef al. (1997)*

2 genes involved in carbon metabolism or stress-related signals
*(4), up-regulation/increase; (-), down-regulation/decrease

‘f ND, not described

> 6-deoxyGlu, sugar analog

® Chitosan, fungal elicitor

7 Endothall, phosphatase inhibitor

8 Okadaic acid, phosphatase inhibitor

? Calyculin, phosphatase inhibitor

Abbreviations: CHS, Chalcone synthase; CW-INV, cell wall invertase; Fru, fructose; Glc, glucose; Mal, maltose; Man, mannitol; OEC, oxygen-evolving complex in
photosystem II; PAL, phenylalanine ammonia-lyase; PI, proteinase inhibitor; Suc, sucrose; SUSY, sucrose synthase

The corollary of this is that in order to successfully ini-
tiate disease in plants, pathogens will need to suppress the
defense response of the host and acquire host nutrients. In
order to effectively exploit host-driven hexose sources, fun-
gal pathogens often utilize a haustorium to increase the area
of surface contact with the plant host and maximize nutrient
flow to favor pathogen growth. In order to facilitate hexose
accumulation, some pathogens also make full use of host
enzymes and transporters, in addition to their own appara-
tus. In this context during plant-pathogen interactions, ele-
vated CW-INV activity hydrolyzes sucrose into glucose and
fructose in the apoplast, which then allows the invading pa-
thogen to access these sugar molecules for its nutritional re-
quirements (Herbers ez al. 2000; Roitsch et al. 2003). Fun-
gal pathogens not only depend upon host CW-INV but also
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utilize their own invertases to satisfy their nutritional de-
mand (Voegele et al. 2006). This is of course consistent with
the fact that pathogen infection causes a rapid removal of
extracellular carbohydrates. It has further been reported that
some pathogens absorb nutrients by a facilitated HXT acti-
vity that resides in the haustorium, a specialized feeding
structure (Voegele ef al. 2001).

Barley leaves exhibiting mlo- or Mlal2-based resistance
to powdery mildew have been found to show a small ac-
cumulation of hexoses within 48 hours (Swarbrick e al.
2006). In these localization studies, hexoses are observed to
accumulate in areas of the leaf that actively exhibit resis-
tance responses. A rapid accumulation of sugars at an early
stage of resistance defense response in plants is consistent
with their active utilization in fueling host defense reactions
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and/or their activity as signals that induce the expression of
defense genes. In contrast, a progressive build up of hexo-
ses and sucrose becomes apparent during a susceptible in-
teraction, suggesting that high levels of sugars throughout
the susceptible interaction are needed for pathogen growth.
Nonetheless, the competition for sugars between pathogen-
nic microbes and their host plants at the site of infection
may play an important role in determining the outcome of
the plant defense response. Hence, sugar accumulation at
the early stage of pathogen infection may lead to a success-
ful plant defense, whereas its accumulation during late sta-
ges is likely to favor the nutrient demands of the invading
organisms, resulting in disease.

UNIVERSAL FEATURES OF THE CARBON
METABOLIC FLUX DURING THE DEFENSE
RESPONSE IN PLANTS

To resist an attack by microbial pathogens, plants have e-
volved an effective defense system (Chisholm et al. 2006)
which is primarily dependent upon pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI). Plants
have also acquired a more specialized mechanism to trigger
a strong defense response, often including a PCD phenol-
type hypersensitive response (HR), once the host recog-
nizes the presence of pathogen effector proteins. This ef-
fector-triggered immunity (ETI) has been explained by a
genetic interaction model between resistance (R) and avir-
ulence (Avr) genes (Hammond-Kosack and Jones 1997;
Martin et al. 2003; Chisholm e al. 2006). Subsequently,
successful plant rejection of invading pathogens is accom-
plished by a timely activation of defense responses such as
the generation of reactive oxygen species (ROS) and the
synthesis of pathogen-related proteins (Lamb et al. 1989;
Bowles 1990; Conrath et al. 2002; Martin et al. 2003; Nim-
chuk et al. 2003; Glazebrook 2005). Global gene expres-
sion patterns that arise during plant-pathogen interactions
have also been investigated (Scheideler et al. 2002; Craigon
et al. 2004; Zipfel et al. 2004). In these analyses, a shift
from a housekeeping to a defense response of the primary
carbon metabolic flux in plants is commonly observed,
which is favorable to fending off a pathogen attack. In this
review, we focus on carbon metabolic pathways, including
sucrose to hexose conversion and hexose utilization, as
hexoses are considered to be key regulators of several
cellular pathways in plants, including development and de-
fense responses.

The alteration in the carbon flux in response to patho-
gen invasion appears to be centralized to increase the pro-
duction and utilization of hexoses. Many studies using bac-
terial, fungal or viral systems have found that the expres-
sion of the apoplast-localized invertase, CW-INV, is highly
elevated during pathogen infection (Sturm and Chrispeels
1990; Benhamou et al. 1991; Sturm and Tang 1999; Chou
et al. 2000; Hall and Williams 2000; Herbers et al. 2000;
Roitsch et al. 2003; Cho et al. 2005), suggesting that this
sucrose-cleaving enzyme plays a crucial role in plant-pa-
thogen interactions. The results of earlier reports have also
shown that CW-INV expression is up-regulated following
sugar treatment. Considering the fact that a higher CW-INV
activity increases the sugar levels, pathogen infection and
up-regulation of the CW-INV gene results in a positive
sugar feedback circuit (Roitsch 1999). There is compelling
evidence that type III effector molecules from the virulent
strain of Xanthomonas campestris pv. vesicatoria (Xcv)
suppress CW-INV expression in pepper leaves during the
early stages of infection. This might assist successful bacte-
rial colonization of the host plant (Biemelt and Sonnewald
2006). Conversely, a TTSS-deficient mutant that is unable
to establish disease in plants causes strong induction of
CW-INV gene expression following infection of pepper
leaves. This suggests that the translocation of type III ef-
fectors into host cells is required to achieve transcriptional
regulation of CW-INV. It remains to be determined how
these bacterial effectors regulate CW-INV gene expression.
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Consistently, in the mlo- and Mlal2-mediated resistance
responses in barley leaves to powdery mildew, CW-INV ac-
tivity increases more rapidly and to a much greater extent
compared with infected susceptible leaves (Swarbrick et al.
2006). There are a few contradictory findings, which are not
in agreement with the proposed role of CW-INV during
plant-pathogen interactions. For example, inactivation of the
Arabidopsis CW-INV1 gene, which is responsible for all in-
duced CW-INV activity in mechanically wounded leaves,
did not affect localized alterations in source-to-sink transi-
tion status of wounded leaves or wound-regulated gene ex-
pression (Quilliam ef al. 2006). This may imply that a num-
ber of enzymes associated with carbohydrate metabolismin-
cluding sucrose synthase play a similar role with CW-INV
in wounded leaves.

In Arabidopsis, a sink-specific hexose transporter
AtSTP4 is induced in conjunction with the increased activity
of CW-INV after infection with the fungal pathogen Ery-
siphe cichoracearum (Fotopoulos et al. 2003; Scharte et al.
2005). Analysis of the expression profile of sugar trans-
porters in Botrytis cinerea-challenged Arabidopsis points to
the induction of pathogen-specific sugar transporter genes
(Craigon et al. 2004). A recent finding also indicates that the
non-host pathogen B. cinerea enhances glucose transport in
Pinus pinaster suspension-cultured cells through de novo
transcription and protein synthesis of sugar transporters
(Azevedo et al. 2006). In addition, transcripts of an Arabi-
dopsis sucrose transporter (SUT) AzSUC3 that is mainly ex-
pressed in sink organs appear to be strongly enhanced by
wounding, suggesting that 4tSUC3 is possibly involved in
importing carbohydrates from the apoplast after infection or
wounding to cover the enhanced metabolic demand of adja-
cent cells, and to remove any extracellular carbohydrates
which may be exploited by pathogens (Meyer ef al. 2004).

The concept of an alteration in carbon flux in response
to pathogen infection in plants is also supported by a num-
ber of previous studies. Hexokinase (HXK), a key enzyme
involved in this carbon shift, was found to be up-regulated
immediately after pathogen challenge or sugar treatment
(Scheideler et al. 2002; Price et al. 2004; Cho et al. 2006a;
our unpublished data). In Arabidopsis, HXK, which cataly-
zes the ATP-dependent conversion of hexose to hexose-
phosphate, is known to act as a sensor of the levels and
phosphorylation status of sugars, and to transmit this infor-
mation to the nucleus through a signal transduction pathway
(Moore et al. 2003; Rolland and Sheen 2005; Cho et al.
2006b). Transgenic plants expressing catalytically inactive
AtHXK] alleles in the Arabidopsis HXK mutant glucose in-
sensitive2 (gin2) support various signaling processes, inclu-
ding gene expression, cell proliferation, root and inflores-
cence growth, and leaf expansion and senescence (Moore et
al. 2003), suggesting that the catalytic and sensory functions
of AtHXK1 can be uncoupled in the Arabidopsis plant.

The fact that the carbon flow is concentrated toward the
production of hexose-phosphate infers an important func-
tion of HXK-mediated metabolism during the plant defense
response. In this context, the expression of the Arabidopsis
PRI and PR5 genes has been found to depend upon the
HXK-catalyzed glycolysis pathway (Xiao ef al. 2000). Re-
cently, several studies have suggested that mitochondria-as-
sociated HXK that is coupled to ATP production during cel-
lular metabolism plays a pivotal role in the regulation of
apoptosis in animal cells (Pastorino ef al. 2002; Majewski et
al. 2004). In mammalian cells, the binding of mitochondria-
associated HXK II and voltage-dependent anion channel
(VDAC) located in outer membrane inhibits cytochrome c
release and prevents the proapoptotic protein Bax from in-
ducing mitochondrial disruption and PCD (Pastorino et al.
2002). Virus-induced gene silencing (VIGS) of a tobacco
mitochondria-localized HXK, Hxk!, causes the spontancous
formation of necrotic lesions in leaves, indicating that the
silencing of tobacco Hxk!I activates PCD (Kim et al. 2006).
Similarly, Arabidopsis plants overexpressing AtHXK! and
AtHXK?2, mitochondria-localized HXKs, are prevented from
initiating PCD as a result of oxidative stresses caused by



Primary carbon metabolic flux in plant defense. Seo et al.

Suc

\

@]
|

LV

® \@

CW-INV
HXT
HXK
DRs

PS

Nucleus

H,0, and a-picolinic acid (Kim et a/. 2006). Examination
of the gin2 mutant harboring pathogen infection may help
to further investigate the roles of HXK as a sugar sensor
and glycolysis-catalyzing enzyme during the plant defense
response.

In summary, increased CW-INV activity caused by in-
vading biotrophic pathogens reduces the phloem loading of
sucrose and leads to the accumulation of hexoses in the
apoplast. Hexose accumulation results in a switch of photo-
assimilates from a source to a sink status in infected tissues.
Subsequently, apoplastic hexose uptake into host cells is ac-
celerated by increased activity of plasma membrane located
HXTs which might stimulate activation of intracellular de-
fense responses. During these processes, HXK-mediated
sugar sensing and/or metabolism might be involved in the
regulation of defense responses in plants (Fig. 1).

USE OF AN IMBALANCE IN CARBON
PARTITIONING AS A SYSTEMIC DEFENSE
SIGNAL

The induction of the defense response in plants requires
both energy and the activation of sink metabolism. A car-
bon flow from the phloem parenchyma to the neighboring
sieve elements in many plants is achieved largely via suc-
rose through either plasmodesmata (PD)-mediated sym-
plastic movement or apoplastic transport (Lalonde et al.
2004; Lim et al. 2006). In pathogen-infected leaves, a re-
markable accumulation of hexose is assumed to occur in
the intracellular space owing to reduced export and in-
creased import of sugars, because a dramatic change in the
steady state levels of hexose phosphates is not detectable
(Herbers et al. 2000), and a decline in sucrose efflux from
the infected tissues is observed (Scharte et al. 2005). This
notion is supported by other findings that the activities of
insoluble invertase CW-INV and HXT are highly increased
in pathogen-infected tissue (Roitsch ef al. 2003; Azevedo et
al. 2006).

Transgenic tobacco plants expressing a yeast invertase
in the subcellular compartment apoplast or vacuole ap-
peared to develop spontaneous necrotic lesions similar to
HR in source leaves (Sonnewald ef al. 1991). The develop-
ment of necrotic sectors in transgenic plants with the apo-
plastic or vacuolar invertase was found to be linked to the
source state of a leaf. Bleaching that is paralleled by the in-
hibition of photosynthesis follows the sink to source transi-
tion zones, starting at the rim of the leaf and moving to the
base. A similar line of evidence has shown that the expres-
sion of yeast invertase in the apolast or vacuole induces PR
gene expression and confers increased resistance against
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Hex

Fig. 1 Model for the universal primary car-
bon flow leading to a local sugar-enhanced
defense response during a plant-pathogen
interaction. (a) Pathogen infection up-regu-
lates CW-INV, HXT, HXK, and Defense-
related (DR) genes by PAMP- or effector-trig-
gered immune response. (b) Increased CW-
INV activity reduces phloem loading of suc-
rose and accumulates hexose in the apoplast.
Sugar accumulation at the early stage of pa-
thogen infection is crucial for successful plant
defense. (¢) Hexoses in the apoplast are im-
ported to the cytosol via the increased activity
of HXT. (d) Upon the accumulation of hexose
sugars, hexokinase-dependent or independent
and glycolysis-dependent pathways positively
regulate the expression of CW-INV, HXT,
HXK, and DR genes and down-regulate photo-
synthesis-related (PS) genes. ‘+’ and -’ res-
pectively, indicate the up- and down-regula-
tion of mRNA, protein, or enzyme activity.
Hex, hexose; Suc, sucrose.
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potato virus Y (Herbers et al. 1996b, 2000). In contrast, the
transcript levels and enzymatic activity of cytosolic inver-
tase (C-INV) are not significantly changed in response to in-
vading pathogen (Chou et al. 2000; Herbers et al. 2000).
These data suggest that a remarkable change in the source to
sink status of nutrients, which is achieved through the in-
creased hexose pool in either the apoplast or vacuole, is
likely to be essential for mediating a successful systemic de-
fense response in plants. Thus, it is noteworthy that only
hexose accumulation in the cellular compartments belong-
ing to the secretory pathway induces enhanced disease resis-
tance (Herbers ef al. 1996b). Consistently, transgenic plants
expressing an antisense transcript of the SUT gene, SUTI,
exhibit a massive accumulation of leaf carbohydrates and
abnormalities that are similar to disease symptoms, such as
curled and bleached leaves (Riesmeier ef al. 1994).

In potato tubers, reduced activity of the plastidic ATP/
ADP transporter 1 (AATP1) causes a decrease in the starch
and increase in the glucose content (Geigenberger et al.
2001). In transgenic tubers, the accumulation of transcripts
encoding defense-related proteins and thus enhanced resis-
tance to the soft rot-causing bacterial pathogen Erwinia ca-
rotovora or the fungus Alternaria solani (Linke et al. 2002;
Conrath et al. 2003) have been observed. However, the ex-
pression of a cytoplasmic yeast invertase in potato tubers re-
sults in a drastic susceptibility to E. carotovora, although
these plants possessed increased hexose levels (Conrath et
al. 2003). Interestingly, grafting experiments between
AATPI antisense and wild type plants indicate the presence
of a systemic signal generated in A4TP] antisense root-
stocks, which potentiates the cellular defense responses in
the leaves of wild type scions. This indicates that high sugar
levels per se does not cause pathogen resistance, but rather
that the alteration of primary carbon metabolism induced by
decreased AATP1 activity generates a translocated signal
that leads to various defense responses, eventually contrib-
uting to a robust level of plant resistance.

The Arabidopsis mutant hysl (hypersenescencel), ex-
hibiting a hyper-responsive phenotype to exogenously ap-
plied sugar, was found to be allelic to the cpr5 (constitutive
expressor of pathogenesis-related genes 5) mutation (Yo-
shida ef al. 2002). A cpr5 mutant displayed spontaneous
pathogen defense response, including the expression of PR
genes and enhanced resistance to virulent pathogens (Bow-
ling et al. 1997). Analysis of the hysi/cpr5 mutation indi-
cated that imbalanced sugar signaling in the mutant via
either increased sensitivity of HXK to sugar or enhanced
sugar signaling flow is related to spontaneous pathogen de-
fense responses. Thus, the Aysl/ cpr5 mutation provides a
clear link between imbalanced sugar signaling and the de-
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fense response of plants.

Transcription profiling using the ATH1 GeneChip array
was examined in Arabidopsis cells cultured under condi-
tions of sucrose starvation (Contento et al. 2004). These
conditions are commonly assumed to be similar to those of
the sink tissues on the basis of observations that the sucrose
efflux dramatically declines in pathogen-infected source tis-
sues. Interestingly, transcription levels of both SUTs and
HXTs appeared to be highly increased by sucrose starvation.
This is consistent with the data obtained from the global ex-
pression analysis of the plant-pathogen interactions that
show an effective response to the invading organisms. It is
evident that the physiological sink organs compete with
new sinks generated by pathogen infection. Because new
sinks generated by pathogen infection sequester a high
amount of soluble sugars, the physiological sink regions of
the entire host plant would be expected to encounter sugar
starvation, and thereby functions as a transmittable syste-
mic signal of pathogen infection. In the barley albostrians
mutant having white and green leaves due to different plas-
tid differentiation, the white leaves show enhanced resis-
tance to powdery mildew and stronger constitutive or pa-
thogen-induced transcript accumulation, compared with the
green leaves (Jain et al. 2004). Recent examinations of the
maize tie-dyedl mutant, which develops variegated yellow
and green leaf sectors, have revealed that the yellow sectors
have reduced photosynthesis rates and accumulate high
levels of sugars (Braun ef al. 2006). Thus, it is probable that
the yellow sectors retain their sink identity and continue to
import carbon from neighboring green source tissues, cau-
sing an imbalance of the carbon partitioning in the mutant
plant. In this context, it will be interesting to determine
whether tie-dyedl displays an enhanced defense response,
and to investigate the changes in the sugar levels and in the
expressions of some carbon metabolic enzyme genes such
as CW-INV and HXK in white and green leaves of the a/bo-
strians mutant, in response to pathogen invasion.

In summary, the remarkable decline in the carbon efflux
from infected leaf tissues and the facilitated influx into lo-
cal pathogen-infected host cells might support the compete-
tive strength of the host cells. Thus, during the early phase
of pathogen infection, a locally increased hexose concentra-
tion in infected tissue could mediate enhanced defense res-
ponses. Nonetheless, the disturbance of sugar partitioning
caused by a rapid reallocation of soluble sugars may bring

o
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reprogramming of the carbon
fluxes from sucrose to hexose,
mainly involved in the activity
of CW-INV, causes a blockage
of sucrose uploading via SUT
or PD. Subsequently, this leads
to sugar starvation in the phy-
siological sink organs. Thus, an
imbalance of carbon partitio-
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about the activation of a local tissue infected with pathogen
and ultimately of a systemic defense response in remote
sites of the host plant (Fig. 2).

CONCLUDING REMARKS

Several lines of evidence now suggest that plants elevate
their hexose levels immediately in response to invading bio-
trophic pathogens, which in turn might trigger the host de-
fense responses, although sugars are themselves the main
nutrient source for pathogens. In particular, the reprogram-
ming of the carbon flow from sucrose to hexose in patho-
gen-infected tissues supports the crucial role of hexose in
the plant defense response. Thus, increases in the size of the
hexose pool during the early phase of pathogen infection
might be important for successful plant defense. The ac-
cumulation of hexose at the sites of pathogen-invasion initi-
ates the local imbalance of carbon distribution, which then
turns on a local defense response. Subsequently, the star-
vation of sink nutrients caused by a decline in sucrose efflux
may generate a systemic defense response signal. This
notion is supported by the fact that the induction of both the
PR genes and SAR correlates with the accumulation of
sugars. HXK is also possibly involved as a sugar sensor in
mediating plant defense responses. However, it remains to
be elucidated how elevated hexose turns on different activa-
tors (e.g., transcription factors) to reinforce plant defense
responses.

ACKNOWLEDGEMENTS

This work was supported, in part, by grants from the SRC for the
Plant Metabolism Research Center (PMRC), Korea Science and
Engineering Foundation (KOSEF) Program; from the Crop Func-
tional Genomic Center (CG1422), the 21 Century Frontier Pro-
gram; from the Biogreen 21 Program, Rural Development Admi-
nistration; and from the BK21 program, Ministry of Education and
Human Resources Development.

REFERENCES

Abbink TE, Peart JR, Mos TN, Baulcombe DC, Bol JF, Linthorst HJ (2002)
Silencing of a gene encoding a protein component of the oxygen-evolving
complex of photosystem II enhances virus replication in plants. Virology 295,
307-319



Primary carbon metabolic flux in plant defense. Seo et al.

Agrawal GK, Rakwal R, Jwa NS (2000) Rice (Oryza sativa L.) OsPRIb gene
is phytohormonally regulated in close interaction with light signals. Bioche-
mical and Biophysical Research Communications 278, 290-298

Azevedo H, Conde C, Gerés H, Tavares RM (2006) The non-host pathogen
Botrytis cinerea enhances glucose transport in Pinus pinaster suspension-cul-
tured cells. Plant and Cell Physiology 47, 290-298

Bae H, Herman E, Sicher R (2005) Exogenous trehalose promotes non-struc-
tural carbohydrate accumulation and induces chemical detoxification and
stress response proteins in Arabidopsis thaliana grown in liquid culture.
Plant Science 168, 1293-1301

Bechtold U, Karpinski S, Mulineaux P (2005) The influence of the light en-
vironment and photosynthesis on oxidative signaling responses in plant-bio-
trophic pathogen interactions. Plant, Cell and Environment 28, 1046-1055

Benhamou N, Grenier J, Chrispeels MJ (1991) Accumulation of B-fructosi-
dase in the cell walls of tomato roots following infection by a fungal wilt pa-
thogen. Plant Physiology 97, 739-750

Biemelt S, Sonnewald U (2006) Plant-microbe interactions to probe regulation
of plant carbon metabolism. Journal of Plant Physiology 163, 307-318

Boevink P and Oparka KJ (2005) Virus-host interactions during movement
processes. Plant Physiology 138, 1815-1821

Bonfig KB, Schreiber U, Gabler A, Roitsch T, Berger S (2006) Infection
with virulent and avirulent P. syringae strains differentially affects photosyn-
thesis and sink metabolism in Arabidopsis leaves. Planta 225, 1-12

Bowles DJ (1990) Defense-related proteins in higher plants. Annual Review of

Biochemistry 59, 873-907

Bowling SA, Clarke JD, Liu Y, Klessig DF, Dong X (1997) The cpr mutant of
Arabidopsis expresses both NPR1-dependent and NPR1-independent resis-
tance. The Plant Cell 9, 1573-1584

Braun DM, Ma Y, Inada N, Muszynski MG, Baker RF (20006) fie-dyed] re-
gulates carbohydrate accumulation in maize leaves. Plant Physiology 142,
1511-1522

Chandra-Shekara AC, Gupte M, Navarre D, Raina S, Raina R, Klessig D,
Kachroo P (2006) Light-dependent hypersensitive response and resistance
signaling against Turnip Crinkle Virus in Arabidopsis. The Plant Journal 45,
320-334

Chappell J, Hahlbrock K (1984) Transcription of plant defense genes in res-
ponse to UV light or fungal elicitor. Nature 311, 76-78

Chisholm ST, Coaker G, Day B, Staskawicz (2006) Host-microbe interac-
tions: shaping the evolution of the plant immune response. Cell 124, 803-814

Cho J-1I, Lee S-K, Ko S, Kim H-K, Jun S-H, Lee Y-H, Bhoo SH, Lee K-W,
An G, Hahn T-R, Jeon J-S (2005) Molecular cloning and expression analy-
sis of the cell-wall invertase gene family in rice (Oryza sativa L.). Plant Cell
Reports 24, 225-236

Cho J-1, Ryoo N, Ko S, Lee S-K, Lee J, Jung K-H, Lee Y-H, Bhoo SH, Win-
derickx J, An G, Hahn T-R, Jeon J-S (2006a) Structure, expression, and
functional analysis of the hexokinase gene family in rice (Oryza sativa L.).
Planta 224, 598-611

Cho YH, Yoo SD, Sheen J (2006b) Regulatory functions of nuclear hexoki-
nasel complex in glucose signaling. Cell 127, 579-589

Chou H, Bundock N, Rolfe SA, Scholes JD (2000) Infection of Arabidopsis
thaliana leaves with Albugo candida (white blister rust) causes a reprogram-
ming of host metabolism. Molecular Plant Pathology 1, 99-113

Conrath U, Linke C, Jeblick W, Geigenberger P, Quick WP, Neuhaus HE
(2003) Enhanced resistance to Phythophthora infestans and Alternaria solani
in leaves and tubers, respectively, of potato plants with decreased activity of
the plastidic ATP/ADP transporter. Planta 19, 75-83

Conrath U, Pieterse CM, Mauch-Mani B (2002) Priming in plant-pathogen
interactions. Trends in Plant Science 7,210-216

Contento AL, Kim SJ, Bassham DC (2004) Transcriptome profiling of the
response of Arabidopsis suspension culture cells to Suc starvation. Plant
Physiology 135, 2330-2347

Craigon DJ, James N, Okyere J, Higgins J, Jotham J, May S (2004)
NASCATrrays: a repository for microarray data generated by NASC’s trans-
criptomics service. Nucleic Acids Research 32, D575-D577

Ehness R, Ecker M, Godt DE, Roitsch T (1997) Glucose and stress indepen-
dently regulate source and sink metabolism and defense Mechanisms via sig-
nal transduction pathways involving protein phosphorylation. The Plant Cell
10, 1825-1841

Faigén-soverna A, Harmon FG, Storani L, Karayekov E, Staneloni RJ,
Gassmann W, Mas P, Casal JJ, Kay SA, Yanovsky MJ (2006) A constitu-
tive shade-avoidance mutant implicates TIR-NBS-LRR proteins in Arabidop-
sis photomorphogenic development. The Plant Cell 18,2919-2928

Fotopoulos V, Gilbert MJ, Pittman JK, Marvier AC, Buchanan AJ, Sauer
N, Hall JL, Williams LE (2003) The monosaccharide transporter gene,
AtSTP4, and the cell-wall invertase, A#ffructl, are induced in Arabidopsis
during infection with the fungal biotroph Erysiphe cichoracearum. Plant
Physiology 132, 821-829

Geigenberger P, Stamme C, Tjaden J, Schulz A, Quick PW, Betsche T,
Kersting HJ, Neuhaus HE (2001) Tuber physiology and properties of starch
from tubers of transgenic potato plants with altered plastidic adenylate trans-
porter activity. Plant Physiology 25, 1667-1678

Genoud T, Buchala AJ, Chua NH, Metraux JP (2002) Phytochrome signal-
ing modulates the SA-perceptive pathway in Arabidopsis. The Plant Journal

48

31, 87-95

Gibson S (2005) Control of plant development and gene expression by sugar
signaling. Current Opinion in Plant Biology 8, 93-102

Glazebrook J (2005) Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogens. Annual Review of Phytopathology 43, 205-227

Goldschmidt EE, Huber SC (1992) Regulation of photosynthesis by end-pro-
duct accumulation in leaves of plants storing starch, sucrose, and hexose su-
gars. Plant Physiology 99, 1443-1448

Grant SR, Fisher FJ, Chang JH, Mole BM, Dangl JL (2006) Subterfuge and
manipulation: type III effector proteins of phytopathogenic bacteria. Annual
Review of Microbiology 60, 425-449

Hall JL, Williams LE (2000) Assimilate transport and partitioning in fungal
biotrophic interactions. Australian Journal of Plant Physiology 27, 549-560

Hammond-Kosack KE, Jones JD (1997) Plant disease resistance genes. Annu-
al Review of Plant Physiology and Plant Molecular Biology 48, 575-607

Harter K, Talke-Messerer C, Barz W, Schafer E (1993) Light- and sucrose-
dependent gene expression in photomixotrophic cell suspension cultures and
protoplasts of rape (Brassica napus L.). The Plant Journal 4, 507-516

Herbers K, Meuwly P, Metraux JP, Sonnewald U (1996a) Salicylic acid-inde-
pendent induction of pathogenesis-related protein transcripts by sugars is de-
pendent on leaf developmental stage. FEBS Letters 397, 239-244

Herbers K, Meuwly P, Frommer WBM, Métraux JP, Sonnewald U (1996b)
Systemic acquired resistance mediated by the ectopic expression of invertase:
Possible hexose sensing in the secretory pathway. The Plant Cell 8, 793-803

Herbers K, Takahata Y, Melzer M, Mock H-P, Hajirezaei M, Sonnewald U
(2000) Regulation of carbohydrate partitioning during the interaction of po-
tato virus Y with tobacco. Molecular Plant Pathology 1, 51-59

Holt BF, Hubert DA, Dangl JL (2003) Resistance gene signaling in plants —
complex similarities to animal innate immunity. Current Opinion in Immuno-
logy 15, 20-25

Horsfall JG, Dimond AE (1957) Interactions of tissue sugar, growth substances,
and disease susceptibility. Zeitschrift fiir Pflanzenkrankheiten und Pflanzen-
schutz 27, 417-421

Jain SK, Langen G, Hess W, Borner T, Huckelhoven R, Kogel KH (2004)
The white barley mutant a/bostrians shows enhanced resistance to the bio-
troph Blumeria graminis f. sp. Hordei. Molecular Plant-Microbe Interactions
17,374-382

Jang JC, Leon P, Zhou L, Sheen J (1997) Hexokinase as a sugar sensor in
higher plants. The Plant Cell 9, 5-19

Jang JC, Sheen J (1997) Sugar sensing in higher plants. Trends in Plant Sci-
ence 2,208-214

Johnson R, Ryan CA (1990) Wound-inducible potato inhibitor II genes: en-
hancement of expression by sucrose. Plant Molecular Biology 14, 527-536

Kim M, Lim JH, Ahn CS, Park K, Kim GT, Kim WT, Pai HS (2006) Mito-
chondria-associated hexokinases play a role in the control of programmed cell
death in Nicotiana benthamiana. The Plant Cell 18, 2341-2355

Koch KE (1996) Carbohydrate-modulated gene expression in plants. Annual
Review of Plant Physiology and Plant Molecular Biology 47, 509-540

Lalonde S, Wipf D, Frommer WB (2004) Transport mechanisms for organic
forms of carbon and nitrogen between source and sink. Annual Review of
Plant Biology 55, 341-372

Lamb CJ, Lawton MA, Dron M, Dixon RA (1989) Signals and transduction
mechanisms for activation of plant defenses against microbial attack. Cell 56,
215-224

Lauvergeat V, Lacomme C, Lacombe E, Lasserre E, Roby D, Grima-Pette-
nati J (2001) Two cinnamoyl-CoA reductase (CCR) genes from Arabidopsis
thaliana are differentially expressed during development and in response to
infection with pathogenic bacteria. Phytochemistry 57, 1187-1195

Lawton MA, Lamb CJ (1987) Transcriptional activation of plant defense genes
by fungal elicitor, wounding, and infection. Molecular and Cellular Biology 7,
335-341

Leon P, Sheen J (2003) Sugar and hormone connections. Trends in Plant Sci-
ence 8, 110-116

Li Y, Lee KK, Walsh S, Smith C, Hadingham S, Sorefan K, Cawley G, Be-
van MW (2006) Establishing glucose- and ABA-regulated transcription net-
works in Arabidopsis by microarray analysis and promoter classification
using a relevance vector machine. Genome Research 16, 414-427

Lim JD, Cho JI, Park YI, Hahn TR, Choi SB, Jeon JS (2006) Sucrose trans-
port from source to sink seeds in rice. Physiologia Plantarum 126, 572-584

Linke C, Conrath U, Jeblick W, Betsche T, Mahn A, Diiring K, Neuhaus HE
(2002) Inhibition of the plastidic ATP/ADP-transporter protein primes potato
tubers for augmented elicitation of defense responses and enhances their re-
sistance against Erwinia carotovora. Plant Physiology 129, 1607-1615

Majewski N, Noqueira V, Bhaskar P, Coy PE, Skeen JE, Gottlob K, Chan-
del NS, Thompson CB, Robey RB, Hay N (2004) Hexokinase-mitochondria
interaction mediated by Akt is required to inhibit apoptosis in the presence or
absence of Bax and Bak. Molecular Cell 16, 819-830

Martin GB, Bogdanove AJ, Sessa G (2003) Understanding the functions of
plant disease resistance proteins. Annual Review of Plant Biology 54, 23-61

Meyer S, Lauterbach C, Niedermeier M, Barth I, Sjolund RD, Sauer N
(2004) Wounding enhances expression of AtSUC3, a sucrose transporter from
Arabidopsis sieve elements and sink tissues. Plant Physiology 34, 684-693

Moore B, Zhou L, Rolland F, Hall Q, Cheng WH, Liu YX, Hwang I, Jones T,



Plant Stress 1(1), 42-49 ©2007 Global Science Books

Sheen J (2003) Role of the Arabidopsis glucose sensor HXKI in nutrient,
light, and hormonal signaling. Science 300, 332-336

Mouly A, Roby D (1988) Decrease in mRNA coding for the small subunit of
ribulose-1,5-bisphosphate carboxylase in sunflower plants with Sclerotinia
sclerotiorum. Plant Physiology and Biochemistry 26, 165-171

Nimchuk Z, Eulgem T, Holt BF 3™, Dangl JL (2003) Recognition and res-
ponse in the plant immune system. Annual Review of Genetics 37, 579-609

O'Connell RJ, Panstruga R (2006) Téte a téte inside a plant cell: establishing
compatibility between plants and biotrophic fungi and oomycetes. New Phy-
tologist 171, 699-718

Osuna D, Usadel B, Morcuende R, Gibon Y, Blasing OE, Hohne M, Gunter
M, Kamlage B, Trethewey R, Scheible WR, Stitt M (2007) Temporal res-
ponses of transcripts, enzyme activities and metabolites after adding sucrose
to carbon-deprived Arabidopsis seedling. The Plant Journal 49, 463-491

Pastorino JG, Shulga N, Hoek JB (2002) Mitochondrial binding of hexoki-
nase II inhibits Bax-induced cytochrome c release and apoptosis. Journal of
Biological Chemistry 277, 7610-7618

Pego JV, Kortstee AJ, Huijser G, Smeekens SCM (2000) Photosynthesis, su-
gars and the regulation of gene expression. Journal of Experimental Botany
51, 407-416

Penna S, Teixeira da Silva JA, Anant BV (2006) Plant abiotic stress, sugars
and transgenics: a perspective. In: Teixeira da Silva JA (Ed) Floriculture,
Ornamental and Plant Biotechnology: Advances and Topical Issues (1* Edn,
Vol III), Global Science Books, London, pp 86-93

Perata P, Matsukura C, Vernieri P, Yamaguchi J (1997) Sugar repression of
a gibberellin-dependent signaling pathway in barley embryos. The Plant Cell
9,2197-2208

Price J, Laxmi A, St Martin SK, Jang JC (2004) Global transcription profi-
ling reveals multiple sugar signal transduction mechanisms in Arabidopsis.
The Plant Cell 16, 2128-2150

Quilliam RS, Swarbrick PJ, Scholes JD, Rolfe SA (2006) Imaging photosyn-
thesis in wounded leaves of Arabidopsis thaliana. Journal of Experimental
Botany 57, 55-69

Riesmeier JW, Willmitzer L, Frommer WB (1994) Evidence for an essential
role of the sucrose transporter in phloem loading and assimilate partitioning.
EMBO Journal 13, 1-7

Roberts MR, Paul ND (2006) Seduced by the dark side: integrating molecular
and ecological perspectives on the influence of light on plant defence against
pests and pathogens. New Phytologist 170, 677-699

Roitsch T (1999) Source-sink regulation by sugar and stress. Current Opinion
in Plant Biology 2, 198-206

Roitsch T, Bittner M, Godt DE (1995) Induction of apoplastic invertase of
Chenopodium rubrum by D-glucose and a glucose analog and tissue-specific
expression suggest a role in sink-source regulation. Plant Physiology 108,
285-294

Roitsch T, Balibrea ME, Hofmann M, Proels R, Sinha AK (2003) Extracel-
lular invertase: key metabolic enzyme and PR protein. Journal of Experimen-
tal Botany 54, 513-524

Rolland F, Baena-Gonzalez E, Sheen J (2006) Sugar sensing and signaling in
plants: conserved and novel mechanisms. Annual Review of Plant Biology 57,
675-709

Rolland F, Sheen J (2005) Sugar sensing and signalling networks in plants.
Biochemical Society Transactions 33, 269-271

Rolland F, Winderickx J, Thevelein JM (2001) Glucose-sensing mechanisms
in eukaryotic cells. Trends in Biochemical Sciences 26, 310-317

Salanoubat M, Belliard G (1989) The steady-state level of potato sucrose syn-
thase mRNA is dependent on wounding, anaerobiosis and sucrose concentra-
tion. Gene 84, 181-185

Scharte J, Schon H, Weis E (2005) Photosynthesis and carbohydrate metabo-
lism in tobacco leaves during an incompatible interaction with Phytophthora
nicotianae. Plant, Cell and Environment 28, 1421-1435

Scheideler M, Schlaich NL, Fellenberg K, Beissbarth T, Hauser NC, Vin-
gron M, Slusarenko AJ, Hoheisel JD (2002) Monitoring the switch from

49

housekeeping to pathogen defense metabolism in Arabidopsis thaliana using
c¢DNA arrays. Journal of Biology and Chemistry 277, 10555-10561

Schulze-Lefert P, Panstruga R (2003) Establishment of biotrophy by parasitic
fungi and reprogramming of host cells for disease resistance. Annual Review
of Phytopathology 41, 641-667

Sheen J (1990) Metabolic repression of transcription in higher plants. The Plant
Cell 2, 1027-1038

Sheen J (1993) Protein phosphatase activity is required for light-inducible gene
expression in maize. The EMBO Journal 12, 3497-3505

Smeekens S (1998) Sugar regulation of gene expression in plants. Current Opi-
nion in Plant Biology 1, 230-234

Smeekens S, Rook F (1997) Sugar sensing and sugar-mediated signal trans-
duction in plants. Plant Physiology 115, 7-13

Smeekens S (2000) Sugar-induced signal transduction in plants. Annual Review
of Plant Physiology and Plant Molecular Biology 51, 49-81

Sonnewald U, Brauer M, von Schaewen A, Stitt M, Willmitzer L (1991)
Transgenic tobacco plants expressing yeast-derived invertase in either the cy-
tosol, vacuole or apoplast: a powerful tool for studying sucrose metabolism
and sink/source interactions. The Plant Journal 1, 95-106

Sturm A, Chrispeels MJ (1990) cDNA cloning of carrot extracellular B-fructo-
sidase and its expression in response to wounding and bacterial infection. The
Plant Cell 2, 1107-1119

Sturm A, Tang GQ (1999) The sucrose-cleaving enzymes of plants are crucial
for development, growth and carbon partitioning. Trends in Plant Science 4,
401-407

Swarbrick PJ, Schulze-Lefert P, Scholes JD (2006) Metabolic consequences
of susceptibility and resistance (race-specific and broad-spectrum) in barley
leaves challenged with powdery mildew. Plant, Cell and Environment 29,
1061-1076

Tao Y, Xie Z, Chen W, Glazebrook J, Chang HS, Han B, Zhu T, Zou G, Ka-
tagiri F (2003) Quantitative nature of Arabidopsis responses during compat-
ible and incompatible interactions with the bacterial pathogen Pseudomonas
syringae. The Plant Cell 15, 317-330

Thibaud MC, Gineste S, Nurssaume L, Robaglia C (2004) Sucrose increases
pathogenesis-related PR-2 gene expression in Arabidopsis thaliana through
an SA-dependent but NPR1-independent signaling pathway. Plant Physiology
and Biochemistry 42, 81-88

Voegele RT, Struck C, Hahn M, Mendgen K (2001) The role of haustoria in
sugar supply during infection of broad bean by the rust fungus Uromyces fa-
bae. Proceedings of the National Academy of Sciences USA 98, 8133-8138

Voegele RT, Wiresel S, Moll U, Lechner M, Mendgen K (2006) Cloning and
characterization of a novel invertase from the obligate biotroph Uromyces fa-
bae and analysis of expression patterns of host and pathogen invertases in the
course of infection. Molecular Plant-Microbe Interactions 19, 625-634

Wiichter R, Langhans M, Aloni R, Gotz S, Weilmunster A, Koops A, Tem-
guia L, Mistrik I, Pavlovkin J, Rascher U, Schwalm K, Koch KE, Ullrich
CI (2003) Vascularization, high-volume solution flow, and localized roles for
enzymes of sucrose metabolism during tumorigenesis by Agrobacterium tu-
mefaciens. Plant Physiology 133, 1024-1037

Wingler A, von Schaewen A, Leegood RC, Lea PJ, Quick WP (1998) Regu-
lation of leaf senescence by cytokinin, sugars, and light. Effects on NADH-
dependent hydroxypyruvate reductase. Plant Physiology 116, 329-335

Xiao W, Sheen J, Jang JC (2000) The role of hexokinase in plant sugar signal
transduction and growth and development. Plant Molecular Biology 44, 451-
461

Yoshida S, Ito M, Nishida I, Watanabe A (2002) Identification of a novel gene
HYS1/CPRS that has a repressive role in the induction of leaf senescence and
pathogen-defense responses in Arabidopsis thaliana. The Plant Journal 29,
427-437

Zipfel C, Robatzek S, Navarro L, Oakeley EJ, Jones JD, Felix G, Boller T
(2004) Bacterial disease resistance in Arabidopsis through flagellin percep-
tion. Nature 428, 764-767



