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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Sugars are involved in many metabolic and signalling pathways in plants. Sugar signals may also contribute to

immune responses against pathogens and probably function as priming molecules leading to pathogen-associated

molecular patterns (PAMP)-triggered immunity and effector-triggered immunity in plants. These putative roles also

depend greatly on coordinated relationships with hormones and the light status in an intricate network. Although

evidence in favour of sugar-mediated plant immunity is accumulating, more in-depth fundamental research is

required to unravel the sugar signalling pathways involved. This might pave the way for the use of biodegradable

sugar-(like) compounds to counteract plant diseases as cheaper and safer alternatives for toxic agrochemicals.

Key words: immunity, pathogen, priming, signal, sugar.

Introduction

Sugars such as glucose, fructose, and sucrose are recognized

as signalling molecules in plants (Rolland et al., 2006;
Bolouri-Moghaddam et al., 2010), in addition to their

typical roles as carbon and energy sources (Koch, 2004).

Invertases play crucial roles in the regulation of sucrose

levels, sink strength, and sucrose:hexose ratios linked to

sugar signalling. Vacuolar, cell wall, and neutral/alkaline

invertases can be discerned (Koch, 2004; Xiang et al., 2011).

Sugar signalling might also be of great importance in plant

(defence) responses under biotic and abiotic stresses.
Therefore, sugars from microbial (Moxon and Kroll, 1990;

Smith, 1990; Levitz, 2004; Zaragoza et al., 2009) or plant

(Herbers et al., 1996a) origin might play critical roles in

host–pathogen interactions (Morkunas et al., 2005) and

determine the outcome of such reactions. Plant innate

immunity involves two kinds of responses: a response to

slowly emerging pathogen/microbe-associated molecular

patterns (PAMP or MAMP, respectively) such as flagellin
through transmembrane pattern recognition receptors lead-

ing to PAMP-triggered immunity and a response inside the

cell via the activation of most resistance genes, known

as effector-triggered immunity (Jones and Dangl, 2006;

Chisholm et al., 2006). Sugars are well known to activate

various pattern recognition genes (Herbers et al., 1996a,b;
Johnson and Ryan, 1990). Among these, cell wall invertases

(CWIs), extracellular enzymes that split sucrose into glucose

and fructose, are also considered PR proteins (Roitsch

et al., 2003). Among sugars, sucrose is emerging as

a candidate signalling molecule in plant innate immunity

(Gómez-Ariza et al., 2007; Birch et al., 2009). Whether or

not sucrose can be considered a true ‘priming’ agent

remains unclear. Defined in a narrow sense, priming is
a process that prepares a plant for a faster and/or stronger

defence response without actually starting those defence

responses prior to the respective stress condition (Conrath,

2011). The important benefit of priming is that the plant

does not suffer from a cost benefit (reduced fitness/yield)

accompanied by the actual defence response.

It is likely that a coordinated interaction of sugar and

hormonal pathways in plants leads to effective immune
responses. It can be speculated that shifts in apoplastic

sugar levels are sensed, and these signals might be in-

tegrated with those derived from the sensing of PAMP and

further activation through systemic acquired resistance

Abbreviations: ABA, abscisic acid; CWI, cell wall invertase; DMDP, 2,5-dideoxy-2,5-imino-D-mannitol; GA, gibberellic acid; JA, jasmonic acid; MAMP, microbe
associated molecular patterns; MAPKs, mitogen activated protein kinases; NO, nitric oxide; OGs, oligogalacturonides; PAMP, pathogen associated molecular patterns;
Phy, phytochrome; PR, pathogenesis-related; SA, salicylic acid; SAR, systemic acquired resistance; WAK, wall-associated kinase.
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(SAR). In plants, these mechanisms are probably affected

by light and photoperiod.

The aim of this paper is to review current evidence on the

roles of sugars in plant innate immunity. The functions of

sugars (or sugar-like compounds) as metabolites and as

signal molecules and their interaction with hormones and

light during pathogen attacks are discussed.

Roles of various saccharides in the plant defence
system

The role of soluble sugars in resistance responses to

pathogens has been recognized (Table 1), as they can

stimulate isoflavone accumulation in plants as part of

a defence mechanism (Morkunas et al., 2005). Among

them, small oligosaccharides like 1-kestose (a fructosyl

oligosaccharide) and raffinose (a galactosyl oligosaccha-

ride:), as well as the disaccharide trehalose and galactinol
(galactosyl-myo-inositol) were found to accumulate to

a high extent in syncytia during nematode infection

(Hofmann et al., 2010). Moreover, some of these metabo-

lites, especially 1-kestose and raffinose, were accumulating

in a systemic way in non-infected plant parts, suggesting

that these non-reducing oligosaccharides can be used as

transportable stress signals. Indeed, these oligosaccharides

are known to be phloem mobile. Some plant families even
use raffinose-family oligosaccharides as their main transport

sugars (Keller and Pharr, 1996) and small fructans have

also been reported as phloem-transportable sugars (Wang

and Nobel, 1998; Zuther et al., 2004). The origin of these

oligosaccharides during nematode infection is unknown, but

it can be assumed that they cannot originate from the

nematodes themselves (Hofmann et al., 2010). It can be

speculated that 1-kestose is produced by the activity of
vacuolar invertases. Two forms occur in Arabidopsis (AtVI1

and AtVI2), and both enzymes produce significant amounts

of 1-kestose when the enzymes are challenged with very high

sucrose concentrations (De Coninck et al., 2005). Source-sink

disturbances and local increases in sucrose and myo-inositol

concentrations are often observed under (a)biotic stresses

(Valluru and Van den Ende, 2011). Such mechanisms

stimulate the production of galactinol (mediated by galactinol

synthase) as a precursor for the synthesis of raffinose

(catalysed by raffinose synthase). Evidence has been gener-

ated that galactinol and probably also raffinose are involved

as signals to stimulate plant immunity under pathogen

attack (Kim et al., 2008). Indeed, external application of

galactinol resulted in the activation of PR1a, PR1b, and

NtACS1, which are well-known defence-related genes in

tobacco (Kim et al., 2008).
Trehalose is another well-known non-reducing sugar that

has been shown to partially induce resistance against

powdery mildew (Blumeria graminis f. sp. tritici) in wheat

by activation of phenylalanine ammonia-lyase and peroxi-

dase genes (Reignault et al., 2001; Muchembled et al.,

2006). The expression of a putative trehalose 6-phosphate

synthase/phosphatase 11 (TPS11) gene increased in Arabi-

dopsis plants infected with tobacco mosaic virus (Golem
and Culver, 2003). In contrast to wild-type plants, no

trehalose accumulation and proper resistance against green

peach aphid were observed in tps11 knockout plants.

Resistance could be restored by external trehalose applica-

tion, suggesting that trehalose is an essential signal in the

defence process (Singh et al., 2011). It should be noted that

a phosphorylated form of this sugar, trehalose 6-phosphate,

is emerging as an important regulator of plant growth,
development, and senescence processes (Wingler et al.,

2012), linked to important alterations in carbohydrate

metabolism (e.g. altered sucrose-to-starch ratios). Similar

alterations are observed during aphid infestation (Singh

et al., 2011). It is likely that trehalose 6-phosphate functions

as an inhibitor of SnRK1 (KIN10/KIN11) (Wingler et al.,

2012). In Arabidopsis, TPS11 mediates resistance against the

green peach aphid through the expression of the phytoalexin
deficient 4 (PDA 4) gene (Singh et al., 2011).

It is well known that some plant defence genes are

induced by cell-wall-derived oligogalacturonides (OGs) in

response to fungal invasion. These compounds are released

from the plant cell wall and act as elicitors of the immune

system (Ridley et al., 2001; Denoux et al., 2008). It is

probable that wall-associated kinase 1 (WAK1) and WAK2

are the actual receptors of these molecules (Brutus et al.,
2010), transferring the signal across the plasma membrane.

Furthermore, these WAK genes are upregulated by salicylic

Table 1. Roles of various sugars and sugar-like compounds in plant innate immunity

Sugars and sugar-like
compounds

Function Reference

Sucrose Anthocyanin accumulation, activation of PR genes Solfanelli et al., 2006; Thibaud et al., 2004; Gómez-Ariza et al.,

2007

Galactinol Activation of defence genes PR1a, PR1b, and NtACS1 Kim et al., 2008

Raffinose-family oligosaccharides Induction of resistance against nematode infection? Hofmann et al., 2010

Trehalose Induction of resistance against powdery mildew and aphid

infestation

Reignault et al., 2001; Muchembled et al., 2006; Singh et al.,

2011

Oligogalacturonides Response to fungal invasion Ridley et al., 2001; Denoux et al., 2008

Palatinose, fluoro-sucrose, and

turanose

Activation of MAPKs Sinha et al., 2002

Psicose Induction of resistance to bacterial blight Kano et al., 2011

Allose and DMDP Activation of defence-related genes Birch et al., 1993; Derridj et al., 2009; Kano et al., 2011
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acid (SA), wounding, and bacterial infection (He et al.,

1998; Wagner and Kohorn, 2001). The link between WAKs

and transcriptional/enzyme regulation is established by

mitogen-activated protein kinases (MAPKs) such as MPK3

and MPK6 (Kohorn et al., 2011). Intriguingly, loss-of-

function wak2 mutants need external sugars for normal

growth and also show reduced vacuolar invertase activities

(Kohorn et al., 2006). Taken together, the WAK signalling
pathway controls the expression of many defence genes and

alters cellular sugar metabolism through sensing of extra-

cellular OGs.

Furthermore, evidence is accumulating that some rare

sugars such as psicose and D-allose and the sugar-like

2,5-dideoxy-2,5-imino-D-mannitol (DMDP, a fructose ana-

logue) can stimulate the plant immune system and upregu-

late defence-related genes. It has been suggested that these
compounds act as signals through hexokinase-dependent or

-independent pathways (Birch et al., 1993; Derridj et al.,

2009; Kano et al., 2011). However, DMDP also acts as

a strong invertase inhibitor by binding in the heart of the

active site of CWIs and vacuolar invertases (Verhaest et al.,

2007). DMDP can also enter the cell (Müller et al., 2000)

and, as such, it can increase the cellular sucrose:hexose

ratio, differentially influencing glucose- (Moore et al., 2003),
fructose- (Li et al., 2011), and sucrose-specific signalling

pathways (Smeekens et al., 2010). Such an altered

sucrose:hexose ratio might influence defence responses.

In Arabidopsis, D-allose interferes with gibberellic acid

(GA)-mediated signalling in a hexokinase-dependent way

(Fukumoto et al., 2011). In rice, it has also been docu-

mented that psicose induces resistance to bacterial blight

(Kano et al., 2011). Furthermore, exogenous application of
the sucrose isomers palatinose and turanose and fluoro-

sucrose (a sucrose analogue) can act as elicitors to activate

MAPKs (Sinha et al., 2002). Therefore, exogenous applica-

tion of rare sugars as non-metabolized compounds might be

recognized as pathogen-derived elicitors triggering the plant

defence signalling cascade.

Sucrose, invertase, and plant immunity

Sucrose is the major product of photosynthesis and the

major transport carbohydrate in plants (Koch, 2004). It has

been recognized as contributing to various regulatory

mechanisms in plants including growth and development,
differential gene expression and stress-related responses

(Wind et al., 2010). Interestingly, it has been proposed that

sucrose can act as an endogenous signal to induce defence

responses against pathogens in rice. Indeed, exogenous

sucrose application 1 day before infection effectively in-

creased plant resistance (Gómez-Ariza et al., 2007). Accord-

ingly, exogenous sucrose application, UVB irradiation and

MAMPs activate PR1 and PR2 genes (Thibaud et al.,
2004). It has also been documented that defence-related

genes such as OsPR1a, OsPR1b, PBZ1, and PR5 were

upregulated systemically in rice leaves when sucrose was fed

to the roots (Gómez-Ariza et al., 2007). Sucrose applica-

tions also lead to increased defence responses against

Fusarium in lupin (Morkunas et al., 2005), probably (at

least partly) mediated by the accumulation of isoflavanoids.

Anthocyanins as a type of flavonoid, in addition to their

function as pigments with UV-protecting properties, can

also act as antimicrobial agents as part of the plant defence

system against pathogen invasion (Harborne and Williams,

2000; Winkel-Shirley, 2001). However, the precise mecha-

nisms remain unclear.
Sucrose specifically stimulates the accumulation of antho-

cyanins (Solfanelli et al., 2006), while, in contrast,

pathogen-derived flg22 can selectively inhibit this sucrose-

mediated anthocyanin accumulation (Serrano et al., 2012).

The specificity of sucrose as a signalling molecule was

demonstrated by the fact that equimolar applications of

glucose and fructose did not lead to extensive anthocyanin

accumulation (Solfanelli et al., 2006). It has been reported
that anthocyanin biosynthesis by sucrose-specific induction

needs the MYB75/PAP1 gene (Teng et al., 2005). In

conclusion, high sucrose:hexose ratios can probably trigger

a sucrose-specific signal for inducing genes needed to

produce an array of protective agents such as anthocyanins

and other secondary metabolites (Kwon et al., 2011).

It has been known for a long time that virus infection

leads to increased sugar levels in plant tissues (Watson and
Watson, 1951; Shalitin and Wolf, 2000). This suggests that

plants have the ability to modulate their sugar pools to act

either as a source of carbon and energy or to use as signals

and perhaps as putative priming agents to intensify immune

reactions (Gómez-Ariza et al., 2007).

Within sugar pools, the cellular sucrose:hexose ratio is

emerging as an important parameter determining cellular

responses (Bolouri-Moghaddam et al., 2010; Xiang et al.,
2011). Invertases, as sucrose-splitting enzymes, are in-

volved in carbohydrate partitioning and the regulation of

sucrose:hexose ratios. As such, some invertase forms may

take a central position (Proels and Roitsch, 2009) as key

regulators linked to the different (sugar) signalling path-

ways in plants. Invertase-related sugar signals seem to be

very important during plant defence reactions (Fotopoulos

et al., 2003; Kocal et al., 2008), as well as during symbiosis
(Schaarschmidt et al., 2006). During plant–pathogen inter-

actions, CWI genes are induced by elicitors in different

plant species (Sturm and Chrispeels, 1990; Roitsch et al.,

2003; Berger et al., 2004). MAPKs are involved in this

process (Hyun et al., 2009). However, there are contradic-

tory reports on the role of CWIs and their inhibitors in

pathogen responses (Bonfig et al., 2006, 2010; Essmann

et al., 2008; Kocal et al., 2008). The exact functions of
invertase/invertase inhibitor complexes in source and sink

tissues remain unclear and require further investigations

(Hothorn et al., 2010). Furthermore, the precise roles of so-

called fructan exohydrolases in non-fructan plants (De

Coninck et al., 2005), now considered to be defective CWIs,

remain puzzling (Van den Ende et al., 2009).

High CWI activities were reported to be required to

generate hydrogen peroxide (H2O2), a reactive oxygen
species and signalling molecule in defence responses

(Essmann et al., 2008). H2O2 was shown to be a key signal
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independent of SA and jasmonic acid (JA) pathways in

plant immune responses (Miller et al., 2009). Abscisic acid

(ABA) might play a role in such processes by increasing the

expression of CWIs and hexose importers (Hayes et al.,

2010). It was also shown that H2O2 stimulates biosynthesis

of glutathione S-transferase, contributing to the SA path-

way (Leon et al., 1995; Dong, 2004).

Taken together, the evidence described in the two para-
graphs suggests the importance of sucrose and other soluble

saccharides in mediating plant defence responses. However,

the precise mechanism of saccharide-induced immunity and

the related signalling mechanisms remain unclear. The

putative roles of invertases and reactive oxygen or nitrogen

species in these processes also require further investigation.

Moreover, microbial invertases and sugar importers can

also greatly determine the outcome of plant–microbial
interactions (Wahl et al., 2010; Schwachtje et al., 2011),

adding an extra layer of complexity.

Sugar–hormone interactions, light, and immunity

Cross-talk between sugar and hormone signalling pathways

in defence reactions of plants has been demonstrated (Leon

and Sheen, 2003). When plants face pathogen invasion,

some phytohormones function as signalling molecules for

stimulation of plant innate immunity to activate defence

responses (Pieterse et al., 2009).

A fine-tuned cross-talk among ABA, SA, and PAMP-

triggered signals culminates in stomatal closure and affects
the defence responses together with other signalling path-

ways (Melotto et al., 2008; Ton et al., 2009; Cutler et al.,

2010). As susceptibility to foliar pathogens has been

observed in many mutants with open stomata (Melotto

et al., 2006), stomatal closure is probably the first layer of

defence against PAMPs with a recognized stimulatory role

for ABA (Ton et al., 2009). Recently, HSP90 and HSC70,

important players in plant (Ting et al., 2008) and animal
(Shirasu, 2009) innate immunity, have been reported to

fulfil a critical role in stomatal closure and modulation of

physiological responses to ABA (Clément et al., 2011). The

transcription of HSP90 is increased by ABA (Leng, 2008).

ABA-dependent stomatal closure is mediated by elevated

H2O2 as a signal and usually occurs in response to drought

stress, leading to carbohydrate accumulation (Pattanagul,

2011). ABA-induced H2O2 can activate MAPK and related
antioxidant pathways (Zhang et al., 2006). In addition, it has

been demonstrated that ABA can positively affect and

control a sugar-inducible protein kinase in grape (Lecourieux

et al., 2010). However, these pathways need to be dissected

further.

In addition to its emerging role in plant defence

responses, ABA probably also fulfils an important regula-

tory role in sugar supply and/or osmoregulation under
(a)biotic stress. However, at low sugar concentrations,

antagonistic effects of ABA have been observed during

Arabidopsis seed germination (Garciarrubio et al., 1997).

ABA increases the expression of some cell wall and

vacuolar invertase genes (Trouverie et al., 2004; Hayes

et al., 2010) and increases invertase activities under drought

stress (Kim et al., 2000). It has also been suggested that

ABA activates invertase by downregulating its inhibitor

(Koh et al., 2008). In contrast, an inhibitory role for ABA

in invertase expression has been reported in wheat anthers

(Ji et al., 2011). It seems that responses to drought stress

and pathogens might partially overlap, with ABA as

a positive stimulator. Nevertheless, it has been documented
that ABA also negatively affects immune responses (Hayes

et al., 2010), depending on pathogen type, plant tissues, and

developmental stages (Robert-Seilaniantz et al., 2007;

Asselbergh et al., 2008; Ton et al., 2009). Therefore, it is

becoming clear that ABA shows a complex and dual role in

pathogen resistance.

A positive interaction of ABA and fructose signalling

through hormone biosynthesis has been reported (Cho and
Yoo, 2011). It was also demonstrated that ABA provokes

the expression of anthocyanin biosynthesis-related genes

such as CHS, CHI, DFR, and UFGT, as well as the

regulatory factor VvmybA1 in grape skin (Jeong et al.,

2004; Ban et al., 2003). In addition, exogenous application

of ABA results in anthocyanin accumulation in grape with

no effect on fruit quality and yield (Quiroga et al., 2009).

However, ABA-induced anthocyanin accumulation might
be affected by the genotype (Ithal and Reddy, 2004).

Cytokinins are another class of plant hormones regulat-

ing various processes including plant immunity. Recently, it

has been shown that cytokinins have a beneficial effect on

pathogen resistance by strongly increasing the levels of

antibacterial activities against Pseudomonas syringae pv.

tabaci and by upregulating the production of two antimi-

crobial phytoalexins in tobacco, independent of SA signal-
ling (Großkinsky et al., 2011). Cytokinins also induce

resistance against various viruses (Sano et al., 1996; Pogany

et al., 2004), induce SA in wounding responses (Sano et al.,

1996), and suppress the hypersensitive response (Barna

et al., 2008).

Cytokinins can induce CWI and hexose transporter

expression in Chenopodium rubrum (Ehneb and Roitsch,

1997). They cannot delay leaf senescence in the absence of
CWI activity (Balibrea et al., 2004). Recently, the associa-

tion between cytokinin and nitric oxide (NO) has been

demonstrated. NO is a multi-functional messenger mole-

cule. It contributes to many physiological processes such as

flavonoid production and antioxidant activation by stimu-

lating plant defence genes (Xie et al., 2008). NO mediates

OG-triggered immunity and contributes to resistance

responses against Botrytis cinerea in Arabidopsis (Rasul
et al., 2012). Therefore, although cytokinins show antago-

nism with ABA in stomatal closure, their interaction with

invertase and NO points to a signalling network operating

in the next layers of defence.

There is a strong correlation between sucrose and either

JA or cytokinin in the induction of the anthocyanin

biosynthesis-related genes. This not only indicates the

capacity of sucrose to modulate some common anthocyanin
regulatory factors (Shan et al., 2009) but also substantiates

the significance of both sugars and hormones as joined
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modulators of pathways leading to anthocyanin accumula-

tion (Deikman and Hammer, 1995; Weiss, 2000; Solfanelli

et al., 2006).

These findings suggest that ABA and sucrose exhibit

similar effects on anthocyanin accumulation in plants.

Several lines of evidence illustrate the intimate cross-talk of

ABA and sugar signalling pathways. Involvement of ABI3

and two other loci in glucose-insensitive signalling demon-
strates that glucose signalling shares high similarities with

ABA signalling (Dekkers et al., 2008). Interestingly, a simi-

lar cross-talk has also been observed between ethylene and

sugar signalling (Li et al., 2007). Ethylene-insensitive

mutants of Arabidopsis (ein2-1) showed increased levels of

anthocyanin accumulation in response to sucrose treatment,

indicating a negative role of ethylene in the sucrose and

fructose signalling pathways (Kwon et al., 2011). However,
exogenous application of ethylene, but not methyl jasmo-

nate or SA, conferred resistance against Phytophthora blight

in Habanero pepper through an NPR1-independent, SAR-

like response (Núñez-Pastrana et al., 2011).

In tobacco, the expression levels of PR-Q and PR1 seem

to be increased in response to sucrose, glucose, and fructose

treatments in an SA-independent manner. Equimolar appli-

cation of sorbitol was insignificant, suggesting that osmotic
effects were not involved in the process (Herbers et al.,

1996b). Therefore, Herbers et al. (1996b) hypothesized that

such an SA-independent, sugar-mediated route in defence

against pathogen attacks might play a significant role in the

early stages of plant–pathogen interactions, before the onset

of SA-mediated SAR (Herbers et al., 1996b).

JA- and SA-dependent defence responses have been

found to function antagonistically (reviewed by Robert-
Seilaniantz et al., 2007). ABA antagonizes SA (Audenaert

et al., 2002) but synergizes with JA (Asselbergh et al., 2008),

suggesting a pivotal role for ABA between these two

pathways.

Although JA and a number of transcription factors are

potential regulators of the anthocyanin pathway in Arabi-

dopsis (Gao et al., 2011; Qi et al., 2011), it has been shown

that the cross-talk among GA, JA, ABA, and sucrose in
a complex signalling network can modulate anthocyanin

accumulation and, notably, sucrose signalling seems to be

a primary and essential component in this network (Loreti

et al., 2008).

Defence responses of plants to pathogens and herbivores

have been recognized to be highly affected by light

(Karpinski et al., 2003; Bechtold et al., 2005; Roberts and

Paul, 2006; Roden and Ingle, 2009). Arabidopsis tran-
scriptomic data showed that the plant transcriptional

response to the light/dark transition strongly resembles

responses associated with carbon depletion (Morker and

Roberts, 2011). Next to sucrose (Solfanelli et al., 2006),

light is an essential factor for anthocyanin accumulation

(Morker and Roberts, 2011). The regulatory role for

phytochromes in light- and sucrose-induced biosynthesis,

accumulation of anthocyanins, and SAR has been revealed
in many plants (Griebel and Zeier, 2008). Although it has

been shown that all members of the phytochrome (Phy)

family enhance the accumulation of sucrose-dependent

anthocyanins in continuous red light, Phy A has a distinct

regulatory role in response to sucrose. Unlike other iso-

forms, Phy E can suppress anthocyanin biosynthesis/accu-

mulation in continuous red light (Warnasooriya et al.,

2011). Interestingly, sucrose, light, and hormonal balances

(probably the GA:ABA ratio) seem to affect seedling

growth differentially in the light and in the dark in
Arabidopsis (Zhang et al., 2010). Notably, there is a central

role for DELLA proteins in similar processes during seed

germination (Piskurewicz et al., 2009).

In rice, it has been demonstrated that JA and SA

signalling pathways are regulated by phytochromes, in-

ducing PR1 and conferring resistance to the blast fungus

Magnaporthe grisea. Phy A and JA have been proposed to

act synergistically against herbivores and after wounding
(Robson et al., 2010). All the above data suggest that

activation of various defence-related mechanisms, including

a putative sugar-signalling pathway, may depend greatly on

the applied photoperiod and light intensity.

Conclusions and perspectives

Plant innate immunity does not involve straightforward

pathways but arises as a highly complicated network

including many signalling molecules and various cross-talks.

In this intricate network, sugar signals may contribute to

immune responses and probably function as priming
molecules. It is likely that these putative roles also depend

greatly on coordinated relationships with hormones and

light status. Today, plant protection against a vast range of

invasive pathogens and pests needs promising strategies to

produce various agrochemicals to confer crop resistance

(Rahnamaeian, 2011). However, producing agrochemicals

with no environmental risks is almost impossible. More-

over, plant resistance breeding programmes are time-
consuming, and conferred resistance may be lost in

a relatively short time. Therefore, there is a strong need to

find biodegradable and cheap alternatives. More fundamen-

tal research is needed towards sugar-mediated plant immu-

nity in order to explore further the possibilities of using

biodegradable sugar-(like) compounds as alternatives to

toxic agrochemicals.
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Kim JY, Mahé A, Brangeon J, Prioul JL. 2000. A maize vacuolar

invertase, IVR2, is induced by water stress, organ/tissue specificity

and diurnal modulation of expression. Plant Physiology 124,

71–84.

Kim MS, Cho SM, Kang EY, Im YJ, Hwangbo H, Kim YC,

Ryu CM, Yang KY, Chung GC, Cho BH. 2008. Galactinol is

a signaling component of the induced systemic resistance caused by

Pseudomonas chlororaphis O6 root colonization. Molecular Plant-

Microbe Interactions 21, 1643–1653.

Kocal N, Sonnewald U, Sonnewald S. 2008. Cell wall-bound

invertase limits sucrose export and is involved in symptom

development and inhibition of photosynthesis during compatible

interaction between tomato and Xanthomonas campestris pv.

vesicatoria. Plant Physiology 148, 1523–1536.

Koch K. 2004. Sucrose metabolism: regulatory mechanisms and

pivotal roles in sugar sensing and plant development. Current Opinion

in Plant Biology 7, 235–246.

Koh EJ, Lee SJ, Hong SW, Lee HS, Lee H. 2008. The ABA effect

on the accumulation of an invertase inhibitor transcript that is driven by

the CAMV35S promoter in Arabidopsis. Molecules and Cells 26,

236–242.

Kohorn BD, Kobayashi M, Johansen S, Riese J, Huang LF,

Koch K, Fu S, Dotson A, Byers N. 2006. An Arabidopsis cell wall-

associated kinase required for invertase activity and cell growth. The

Plant Journal 46, 307–316.

Kohorn BD, Kohorn SL, Todorova T, Baptiste G, Stansky K,

McCullough M. 2011. A dominant allele of Arabidopsis pectin-

binding wall-associated kinase induces a stress response suppressed

by MPK6 but not MPK3 mutations. Molecular Plant doi: 10.1093/mp/

ssr096 (Epub ahead of print).

Kwon YR, Oh JE, Noh HN, Hong SW, Bhoo SH, Lee HJ. 2011.

The ethylene signaling pathway has a negative impact on sucrose-

induced anthocyanin accumulation in Arabidopsis. Journal of Plant

Research 124, 193–200.

Sugars and plant innate immunity | 7 of 10Sugars and plant innate immunity | 3995
D

ow
nloaded from

 https://academ
ic.oup.com

/jxb/article-abstract/63/11/3989/604616 by guest on 17 M
ay 2020



Lecourieux F, Lecourieux D, Vignault C, Delrot S. 2010. A sugar

inducible protein kinase, VvSK1, regulates hexose transport and sugar

accumulation in grapevine cells. Plant Physiology 152, 1096–1106.

Leng NGS. 2008. Physiological effects of BA and ABA on caixin

seedlings. Masters thesis, National University of Singapore, Singapore.

Leon J, Lawton MA, Raskin L. 1995. Hydrogen peroxide stimulates

salicylic acid biosynthesis in tobacco. Plant Physiology 108,

1673–1678.

Leon P, Sheen J. 2003. Sugar and hormone connections. Trends in

Plant Science 8, 110–111.

Levitz SM. 2004. Interactions of Toll-like receptors with fungi.

Microbes and Infection 6, 1351–1355.

Li P, Wind JJ, Shi X, Zhang H, Hanson J, Smeekens SC, Teng S.

2011. Fructose sensitivity is suppressed in Arabidopsis by the

transcription factor NAC089 lacking the membrane-bound domain.

Proceedings of the National Academy of Sciences, USA 108,

3436–3441.

Li Y, Smith C, Corke F, Zheng L, Merali Z, Ryden P,

Derbyshire P, Waldron K, Bevan MW. 2007. Signaling from an

altered cell wall to the nucleus mediates sugar-responsive growth and

development in Arabidopsis thaliana. Plant Cell 19, 2500–2515.

Loreti E, Povero G, Novi G, Solfanelli C, Alpi A, Perat P. 2008.

Gibberellins, jasmonate and abscisic acid modulate the sucrose-

induced expression of anthocyanin biosynthetic genes in Arabidopsis.

New Phytologist 179, 1004–1016.

Melotto M, Underwood W, He SY. 2008. Role of stomata in plant

innate immunity and foliar bacterial diseases. Annual Review of

Phytopathology 46, 101–122.

Melotto M, Underwood W, Koczan J, Nomura K, He SY. 2006.

Plant stomata function in innate immunity against bacterial invasion.

Cell 126, 969–980.

Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V,

Dangl JL, Mittler R. 2009. The plant NADPH oxidase RBOHD

mediates rapid systemic signaling in response to diverse stimuli.

Science Signal 2, ra45.

Moore B, Zhou L, Rolland F, Hall Q, Cheng WH, Liu YX,

Hwang I, Jones T, Sheen J. 2003. Role of the Arabidopsis glucose

sensor HXK1 in nutrient, light, and hormonal signaling. Science 300,

332–336.

Morker KH, Roberts MR. 2011. Light exerts multiple levels of

influence on the Arabidopsis wound response. Plant, Cell and

Environment 34, 717–728.

Morkunas I, Marczak Q, Stachowiak J, Stobiecki M. 2005.

Sucrose-stimulated accumulation of isoflavonoids as a defence

response of lupine to Fusarium oxysporum. Plant Physiology and

Biochemistry 43, 363–73.

Moxon ER, Kroll JS. 1990. The role of bacterial polysaccharide

capsules as virulence factors. Current Topics in Microbiology and

Immunology 150, 65–85.

Muchembled J, Loune’s-Hadj Sahraoui A, Grandmougin-

Ferjani A, Sancholle M. 2006. Changes in lipid composition of

Blumeria graminis f. sp. tritici conidia produced on wheat leaves

treated with heptanoyl salicylic acid. Phytochemistry 67,

1104–1109.

Müller J, Aeschbacher R, Sprenger N, Boller T, Wiemken A.

2000. Disaccharide-mediated regulation of sucrose: fructan-6-

fructosyltransferase (6-SFT), a key enzyme of fructan synthesis in

barley leaves. Plant Physiology 123, 265–273.
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