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Šlechtitelů 11, 783 71 Olomouc, Czech Republic
2 Palacky University in Olomouc, Faculty of Science, Department of Experimental Physics, Laboratory of Biophysics, Tř. Svobody 26,
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Received 28 October 2008; Accepted 22 December 2008

Abstract

The spontaneous mutant 7B-1 in tomato (Solanum lycopersicum¼Lycopersicon esculentum) is a photoperiod-

dependent male-sterile mutant previously reported as resistant to various abiotic stresses specifically under blue

light. Since this finding improved the potential of 7B-1’s use in breeding programmes, its susceptibility to stress

induced by coronatine (COR), the phytotoxine produced by several Pseudomonas syringae strains, was assessed in

this study. The 7B-1 mutant was found to be less sensitive than the corresponding wild type (WT) to COR treatment

in a blue light-dependent manner. Treatment of WT and 7B-1 plants with COR induced a strong accumulation of
salicylic acid (SA), jasmonic acid (JA), and abscisic acid (ABA) in hypocotyls. Interestingly, accumulation of ABA and

SA in the 7B-1 mutant was distinctly greater than in WT, especially in blue light. Based on the cross-talk between

SA- and JA-signalling pathways, expression analysis of NPR1 and COI1 genes, respectively involved in these

pathways, was investigated in COR-stressed plants. The blue light-specific lower sensitivity of 7B-1 plants to

COR was found to be associated with blue light-specific overexpression of the NPR1 gene. These data suggest

that the SA-dependent NPR1-dependent pathway could be involved in the lower sensitivity of the 7B-1 mutant

to COR. The role of anthocyanins and ABA accumulation during the response to COR is also discussed in the

present study.
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Introduction

Male sterility of crop species, spontaneous or induced, is

a criterion of importance for breeders. In almost all crops,

several male-sterile mutants have been isolated. Nevertheless,

their use in breeding programmes has been limited as some of
them were sensitive to abiotic stress, mainly temperature and

drought (for review, see Kaul, 1988; Rao et al., 1990). The

resistance of male-sterile mutants to abiotic stress, as well as

to biotic stress, should greatly increase their value with

regard to practical applications, such as in the hybrid seed

industry. The tomato (Solanum lycopersicum¼Lycopersicon

esculentum L.) is one of the most important crop species

worldwide, with a production exceeding 125 million tons in
2006 (source: Food and Agriculture Organization of the

United Nations, 2008; http://www.fao.org/). In the late 1990s,

a recessive single gene mutant, 7B-1, was isolated based on

its photoperiod-dependent male-sterility (Sawhney, 1997,
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2004). Previous studies have demonstrated that the 7B-1

mutant was resistant to several abiotic stresses in a specific

blue light-dependent manner (Fellner and Sawhney, 2001,

2002). It is well known that in some systems blue light is

involved in cell osmoregulation (Marten et al., 2007; for

a review, see Shimazaki et al., 2007). But the involvement of

blue light in responses to abiotic stresses was demonstrated

for the first time in the tomato (Fellner and Sawhney, 2002).
The spontaneous 7B-1 mutant, defective in responsiveness

to blue light, was used to study the role of light in sensitivity

to coronatine (COR), a toxin produced by Pseudomonas

syringae.

In order to protect themselves from pathogen attacks,

plants in general have evolved sophisticated mechanisms.

To induce effective resistance, it is absolutely necessary for

plants to activate the specific signalling pathways that will
be more likely to counteract the invader. At the same time,

other signalling pathways not involved in pathogen re-

sistance or with minimal effect will be attenuated or simply

suppressed to avoid depletion of valuable physiological

resources (Anderson et al., 2007). In the response to

pathogen attack, it is commonly accepted that the salicylic

acid (SA)-signalling pathway and the jasmonic acid (JA)/

ethylene-signalling pathway are antagonistic, while SA is
involved in resistance against biotrophic pathogens and JA/

ethylene is involved in resistance against necrotrophic

pathogens (reviewed in Kunkel and Brooks, 2002; Ander-

son et al., 2007). Antagonistic interactions between both

pathways have been studied in different species, and

particularly in Arabidopsis. Thus, in NahG Arabidopsis

transgenic plants, unable to synthesize and accumulate SA,

more genes were involved in the JA pathway compared with
the corresponding wild type (WT), demonstrating that SA

accumulation is associated with suppression of the JA-

induced pathway (Spoel et al., 2003). Furthermore, Spoel

et al. (2003) demonstrated that NPR1, an important

element in the SA-signalling pathway, controls the SA-

induced suppression of the JA pathway. Inversely, in

tobacco it was shown that JA inhibits the expression of

SA-induced genes (Niki et al., 1998). It is then conceivable
that pathogens have evolved strategies based on antagonism

to induce the efficient promotion of disease. Nevertheless,

this antagonistic scheme between both pathways is over-

simplified and recent studies tend to demonstrate that these

two signalling pathways could act together to control

a pathogen attack. Several studies have demonstrated that

the response of plants to pathogen attacks is not limited to

the stimulation of the two SA and JA hormones, as the
induction of other phytohormones has been reported

(Robert-Seilaniantz et al., 2007). Thus, concomitantly, it

was established that pathogen attacks induce auxin and

abscisic acid (ABA) accumulation (O’Donnell et al., 2003;

Schmelz et al., 2003).

Bacterial speck, caused by Pseudomonas syringae pv.

tomato (Pst), is one of the diseases affecting tomato under

field and greenhouse conditions (Zhao et al., 2003). Pst can
be considered as a hemi-biotrophic pathogen, as the most

aggressive intercellular growth phase occurs without cell

death (Nomura et al., 2005). Among strategies developed to

induce host colonization, Pst produces another virulence

factor, the phytotoxin COR, which is indispensable to

ensure total virulence of the bacteria in plant cells (Bender

et al., 1999; Nomura et al., 2005). Although COR is not

required to induce the pathogenicity of Pst, its production

results in increasing the severity of the damage caused by

the bacteria and contributes to systemic movement of
bacteria in planta, promotion of lesion expansion, and

multiplication of bacteria in host cells (Bender et al., 1999;

Zhao et al., 2003). The symptoms induced by COR are

intense chlorosis, hypertrophy, inhibition of root growth,

stimulation of ethylene production, synthesis of anthocya-

nins, accumulation of alkaloids, and promotion of disease-

associated senescence (Weiler et al., 1994; Bender et al.,

1999; Zhao et al., 2003; Uppalapati et al., 2005). COR is
a polyketide composed of coronafacic acid (Parry et al.,

1994; Rangaswamy et al., 1998) and coronamic acid,

a cyclized derivative of isoleucine (Mitchell, 1985). Both

moieties of COR have structural analogies with endogenous

plant signalling molecules. Whereas coronamic acid is

similar to aminocyclopropyl carboxylic acid, the direct

precursor of ethylene, and has biological activity in planta,

it does not function as an analogue of aminocyclopropyl
carboxylic acid (Uppalapati et al., 2005). The coronafacic

acid moiety is structurally and functionally similar to

several jasmonates and, more particularly, the endogenous

jasmonate JA-Ileu (Krumm et al., 1995; Staswick and

Tiryaki, 2004). Studies of COR-insensitive mutants in

Arabidopsis (coi1; Feys et al., 1994) and tomato (jai1; Zhao

et al., 2003) provided information about COR-induced

pathogenicity. These mutants are JA-insensitive and accu-
mulate higher amounts of SA, resulting in a higher re-

sistance to Pst. Li et al. (2004) demonstrated that JAI1 is

a homologue of COI1. The JAI1/COI1 gene encodes an

F-box protein involved in ubiquitin-dependent protein

degradation and determines the target specificity of the E3

ubiquitin ligase SCFCOI1 (where SCF indicates Skp/Cullin/

F-box; Xie et al., 1998; Katsir et al., 2008). This complex

controls the degradation of jasmonate ZIM domain (JAZ)
proteins that repress the transcription of the JA-responsive

genes (Zhao et al., 2003; Santner and Estelle, 2007; Katsir

et al., 2008). Recently, Thines et al. (2007) demonstrated

that the physical interaction between COI and JAZ is

strictly dependent on JA-Ileu. As COR has been shown to

be a homologue to JA-Ileu, it is understandable that COR

can also induce the COI/JAZ complex formation, thus

inhibiting the JA-signalling pathway repression and allow-
ing the establishment of pathogenicity (Krumm et al., 1995;

Staswick and Tiryaki, 2004).

Studies on resistance to biotic stress are mostly conducted

on the model plant Arabidopsis thaliana. Conversely, little

information is available about crop species. Using the

spontaneous 7B-1 mutant affected in the blue light re-

sponse, the sensitivity of tomato to COR-induced stress was

studied. The question of whether and how blue light can
directly affect the response to COR-induced stress was

addressed. Whereas resistance to abiotic stress was assessed

2 of 12 | Bergougnoux et al.



based on seed germination of the spontaneous 7B-1 mutant,

this paper focused for the first time on the response of

young 7B-1 seedlings to biotic stress. These results consti-

tute the first step towards understanding the role of blue

light in plant responses to biotic stress.

Materials and methods

Plant material and growth conditions

The single-gene recessive 7B-1 mutant in tomato (Solanum

lycopersicum L. background cv. Rutgers) was isolated as a

photoperiod-sensitive male-sterile mutant (Sawhney, 2004).

To obtain sterile cultures, seeds were soaked in Savo solution
(3% sodium hypochlorite) (Bochemie, Czech Republic) for

20 min, rinsed extensively with sterile distilled water, and

sown on 0.7% (w/v) agar medium in Petri dishes (/ 90 mm).

The basal medium (BM) contained Murashige and Skoog

salts (Murashige and Skoog, 1962), 1% (w/v) sucrose, and 1

mM MES [2-(N-morpholino)-ethanesulphonic acid], pH

6.1. Seed germination was induced in the dark for 4 d at 23

�C. Petri dishes with germinated seeds were placed in
a culture chamber (Snijders, The Netherlands) at 23 �C,
under continuous light. Fluorescent lamps were used to

provide blue light (TL-D 36W/Blue, Phillips; total photon

fluence rate 20 lmol m�2 s�1) and red light (TL-D 36W/

Red, Phillips; total photon fluence rate 10 lmol m�2 s�1).

Light spectra were measured using a portable spectroradi-

ometer (model LI-1800; Li-COR, Lincoln, NE, USA). For

dark conditions, Petri dishes were wrapped in aluminium
foil, and placed in the same culture chamber under the same

temperature regime.

Hypocotyl growth measurement

Germinated seeds were transferred on BM containing

various concentrations of COR (Sigma-Aldrich, Czech
Republic). Petri dishes were placed vertically in the culture

chamber at 23 �C and the seedlings were incubated for 7

d under continuous light (blue or red) or in the dark.

Hypocotyl length was measured with a ruler and the

percentage of hypocotyl growth inhibition was determined.

Three to six independent experiments were done for every

treatment with at least 10 plantlets in each.

Determination of chlorosis and chlorophyll quantification

Seeds were sown in soil in the greenhouse. Folioles from 6–

12 mature leaves of 3-week-old plants were inoculated with

either water or 1 nmol of COR, contained in a 1.6 ll
droplet. At 7 d and 15 d post-inoculation (dpi), leaves were

detached from the plants and scanned. Chlorotic surfaces

were determined using ImageJ software (Abramoff et al.,
2004) and expressed as a percentage of the whole leaf area.

Inoculated folioles (7 and 15 dpi) were further used for

quantitative chlorophyll determination. For this purpose,

leaves were placed in N-N#-dimethylformamide (Sigma-

Aldrich, Czech Republic) for 7 d in darkness at 4 �C. The

extract was measured by spectrophotometer (model Smart-

Spec� Plus; Bio-Rad, Czech Republic) at 664.5 nm (for

chlorophyll a) and 647 nm (for chlorophyll b). Total

chlorophyll content was determined according to Inskeep

and Bloom (1985). Results were expressed as the ratio of

chlorophyll content between treated and control folioles.

Anthocyanin determination

Anthocyanins were extracted as described by Sheoran et al.

(2006) with little modification. Hypocotyls from plants

grown on various concentrations of COR in dark or blue

or red light were harvested, weighed, ground in a pre-cooled

mortar with 1 ml of cold ethanol (96%) containing 1% (v/v)

HCl, and centrifuged for 10 min at 20 000 g at 4 �C.
Anthocyanin content was measured by spectrophotometer

at 535 nm and calculated according to Sheoran et al. (2006).

Interference with chlorophyll accumulation in light-grown
hypocotyls was corrected by measuring absorbance at

640 nm. Results were expressed in nmol of anthocyanins

per hypocotyl.

Analysis of COR-induced gene expression by
quantitative-RT-PCR (q-RT-PCR)

Seedlings transferred on BM 6100 nM COR were placed

vertically in a culture chamber at 23 �C and continuous dark,

blue light, or red light. Five days after transfer, hypocotyls

were harvested, immediately frozen in liquid nitrogen, and
ground in liquid nitrogen using a mortar and pestle. The total

RNA was extracted using an RNeasy Plant Mini Kit

(Qiagen, Germany) according to the manufacturer’s instruc-

tions. An additional DNase I treatment was performed using

RQ1 RNA-free DNase (Promega, USA) for 30 min at 37 �C,
and purification of the RNA was performed by a subsequent

phenol/chloroform/iso-amylalcohol (25:24:1) step. A reverse

transcription reaction was performed from 1 lg of the total
RNA by adding 4 ll of RT buffer, 1 ll of 10 mM dNTP, 1 ll
of 0.1 M DTT, 1 ll of 50 lM oligo(dT)15 primer, 20 units of

RNasin Plus RNase inhibitor (Promega, USA), and 1 ll of
SuperScript� III reverse transcriptase (Invitrogen, USA).

The volume was filled up to 20 ll using RNase-free water.

The reaction mixture was then incubated at 50 �C for 60 min

followed by heat inactivation of reverse transcriptase by

incubation at 70 �C for 15 min. RNA was digested by 5 units
of RNase H (New England Biolabs, USA) for 20 min at

37 �C. The cDNA was subsequently purified on a column

and eluted in sterile RNase-free water before use for q-RT-

PCR analysis. Amplification of target genes and real-time

detection of amplicon production were monitored on an

Mx3000P sequence detector (Stratagene, USA). q-RT-PCR

reactions contained 80 nM of each primer, 5 ll of cDNA

template (diluted 1/100), 12.5 ll of 23 absolute SYBR Green
ROX Mix (ABGene, Epsom, UK). The volume was filled up

to 25 ll with sterile RNase-free water. PCR cycling

conditions required an initial HotStart activation of 15 min

at 95 �C, followed by 45 cycles of 95 �C for 30 s and 60 �C
for 30 s. To confirm the product purity, a melting curve
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analysis was performed at the end of the PCR reaction and

an aliquot of each PCR product was loaded onto a 3%

agarose gel. The SYBR green fluorescent signal was stan-

dardized with a passive reference DYE (ROX) included in

the SYBR green PCR master mix. The target gene expression

was quantified relative to the expression measured from the

reference gene in the same sample. Different reference genes

were tested and a subsequent analysis by geNorm (Vande-
sompele et al., 2002) determined that ubiquitin (accession

number TC173965) was the best reference gene in the present

working conditions. Differences in the cycle numbers during

the linear amplification phase between the samples and the

DDCT method were used to determine the differential gene

expression. Gene expression in 7B-1 hypocotyls was

expressed as relative to that obtained for WT hypocotyls

grown in the dark in the absence of COR. The set of primers
used in the expression of selected genes is given in Table 1.

Determination of ABA, JA, and SA

Seedlings were transferred on BM supplemented with 100

nM COR, placed in a growth chamber, and cultured for 7 d

at 23 �C in dark or blue or red light. Control plantlets were

grown on BM without COR. Hypocotyls were harvested

and immediately frozen in liquid nitrogen. ABA, JA, and

SA extraction and quantification were modified according

to Hlavačková et al. (2006). Plant material was extracted

overnight in 80% methanol. In each extract, 100 pmol of
[2H4]SA (Cambridge Isotope Laboratories, Andover, MA,

USA) and 50 pmol of [2H6]ABA and [2H6]JA (Olchemim

Ltd, Czech Republic) were added as internal standards to

check the recovery during purification and to validate the

determination. The extracts were purified using a combina-

tion of an octadecylsilica column (500 mg; Agilent Technol-

ogies, Palo Alto, CA, USA) and a DEAE-Sephadex (Sigma

Aldrich, Taufkirchen, Germany) with a Sep-Pak C18
cartridge (360 mg; Waters, Milford, MA, USA). The diethyl

ether elutes from the C18 column were dried with nitrogen

and stored at –20 �C until further analyses. The purified

samples were quantified by the LC-MS/MS system consist-

ing of an Alliance 2695 Separations Module (Waters) with

Quatro micro API (Waters) triple quadrupole mass spec-

trometer equipped with an electrospray interface operated

in the negative mode. The purified samples were dissolved
in 10% acetonitrile and injected onto a Luna phenyl–hexyl

column (25032.0 mm, 5 lm; Phenomenex, Torrance, CA,

USA). The column was eluted with a linear gradient (0 min,

10% B; 0–10 min, 50% B; 10–12 min, 80%; flow-rate of 0.25

ml min�1) of 10% formic acid (A) and acetonitrile (B).

Quantification was obtained by a multiple reaction moni-

toring (MRM) mode of [M-H]– and the appropriate

product ion. The MRM transitions 269.2>159.1, 215.1>59,

and 141.1>97 were used for labelling, and 263.2>153.1,

209.1>59, and 137.1>93 were used for authentic ABA, JA,

and SA, respectively. For selective MRM experiments,
optimal conditions were as follow: capillary/cone voltage,

1.0 kV/25 V; source/desolvation gas temperature, 100/350

�C; cone/desolvation gas, 2.0/500 L/h; LM/HM resolution,

12.5; collision energy, 15 eV; ion energy 1, 0.3 V; ion energy

2, 1.5 V; entrance, 2.0 V; exit, 2.0 V; multiplier, 650 eV. In

MRM mode, the limit of detection (signal to noise ratio¼3)

for all three analytes was 100.0 fmol, and the linear range

was 0.25–1000 pmol per injection with a correlation co-
efficient of 0.9990–0.9995. Three independent experiments

were performed for each treatment.

Statistical analysis

The statistical significance of the treatment differences was
assessed using Student’s t-test.

Results

COR induces reduced symptoms in the 7B-1 mutant in
planta

Control leaves of WT and 7B-1 genotypes were green

without any sign of chlorosis independent of the duration

of the experiment (7 or 15 dpi; data not shown). Conversely,

chlorosis developed in both genotypes when the leaves were

inoculated with 1 nmol COR (Fig. 1A). Although leaf

surfaces undergoing chlorosis were almost the same in both

genotypes at 7 dpi, chlorosis symptoms increased during the
time lapse of the experiment in both genotypes, with WT

plants developing essentially larger surfaces of chlorosis

than 7B-1 plants (Fig. 1B).

Chlorophyll content was also monitored in WT and

7B-1 genotypes at 7 and 15 dpi, as an indicator of chlorosis

and chlorophyll degradation. In untreated plants, chloro-

phyll content was higher in 7B-1 plants than in WT plants

(data not shown), confirming previous results obtained by
Fellner et al. (2005). After 7 d of COR treatment, no

clearly visible differences could be seen in the chlorophyll

content of WT and 7B-1-treated leaves (Fig. 1C).

Table 1. Sequences of primer sets used for quantitative real-time PCR

Gene name and accession number Primer sequence Function

COI1 (AY423550) coronatine insensitive 1 Upper 5#-ATGGGCGAGCCATCGCTAAG JA-signalling pathway

Lower 5#-AGCCTTGGCTACCTTGCAGC

NPR1 (AF143442) non-expressor of PR1 Upper 5#-GGCGGACAACCTGCGTCAAC SA-signalling pathway

Lower 5#-GCTCTCGTGGTCTGGCAAGC

UBQ (TC173965) ubiquitin Upper 5#-TTCCTTCAGACCAGCAGAGGTTGA

Lower 5#-TTTGCATACCACCACGTAGACGGA
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However, at 15 dpi, COR induced stronger degradation of
chlorophyll in the WT (35% of chlorophyll left compared

with the control) than in 7B-1 (52% of chlorophyll left

compared with the control).

The lower sensitivity of the 7B-1 mutant to high COR is
blue-light specific

In vivo experiments demonstrated that the 7B-1 mutant is
less sensitive to COR in comparison with the WT. In vitro

assays were developed to investigate further the response of

the 7B-1 mutant to COR-induced stress. Seedlings of the

WT and 7B-1 mutant were grown on various concentrations

of COR (0.1–100 nM) and under different light conditions

(dark, blue light, or red light). At the higher concentrations

(10 nM and 100 nM) of COR in the culture medium, both

the WT and 7B-1 seedlings showed chlorosis of cotyledons
and a severe reduction in hypocotyl and root growth in

a light-independent manner (Fig. 2A). At low concentra-

tions of COR (0.1 and 1 nM), hypocotyl growth was weakly

affected in both genotypes. At higher concentrations of

COR (10 nM and 100 nM), WT and 7B-1 responded

differently to COR depending on the light quality. Under

blue light, growth of WT seedlings was more inhibited by

COR than that of 7B-1 seedlings (Fig. 2B). Although
hypocotyl growth in WT plants under dark and red light

seemed to be more inhibited than that of the 7B-1 mutant,

differences were found to be not significant.

At all the COR concentrations and light conditions, no

significant differences in root responses were observed

between both genotypes, but root growth was highly

sensitive to COR as seedlings subjected to 1 nM COR

showed strong inhibition (35%; data not shown).
One of the symptoms reported to be induced by COR is

the accumulation of anthocyanins (Uppalapati et al.,

2005). Increasing concentrations of COR correlated with

more purple colour in the hypocotyls of both WT and 7B-

1 seedlings, especially at the base of the hypocotyl and

above the cotyledons (Fig. 3A). It is known that anthocya-

nins accumulate under stress conditions. In order to

evaluate possible differences in anthocyanin accumulation

Fig. 1. Effect of coronatine (1 nmol) on leaves of WT and 7B-1 tomato mutant. (A) Chlorosis development 7 dpi. Scale bars represent 1

cm. (B) Estimation of leaf surface undergoing chlorosis 7 dpi and 15 dpi. Data are expressed as a percentage of the whole leaf

undergoing necrosis. Results represent the average 6SE of 6–12 plants analysed. (C) Chlorophyll content in leaves 7 dpi and 15 dpi.

Three to six plants were analysed for chlorophyll content and the average chlorophyll content was calculated for each condition and each

genotype. Values represent the ratio between treated and untreated samples. * Significantly different from the WT (P <0.05).

Fig. 2. Effect of various coronatine concentrations on WT and

7B-1 tomato growth after 7 d under different light qualities. (A)

Phenotype of WT seedlings under decreasing coronatine stress

(from left to right) in dark (D), blue light (BL), and red light (RL).

Scale bars represent 1 cm. (B) Percentage of hypocotyl growth

inhibition of WT and 7B-1. Results presented are averages 6SE of

four to six independent biological repeats. * WT and 7B-1 show

a significant difference (t-test; P <0.05).
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in relation to COR-induced stress, anthocyanins were

extracted and quantified from hypocotyls of both geno-

types grown under various concentrations of COR, and in

different light qualities. In untreated plants, accumulation

of anthocyanins was higher in blue light than in dark and

red light in both genotypes, with 7B-1 seedlings accumu-

lating less anthocyanin than WT seedlings. When plants

were subjected to increasing concentrations of COR, both
genotypes accumulated anthocyanins to a great extent,

independent of the light quality. Whereas no differences

were observed between WT and 7B-1 in dark and red light,

under blue light, 7B-1 accumulated significantly less

anthocyanin than WT, especially at high COR concen-

trations (Fig. 3B).

Lower sensitivity of the 7B-1 mutant to high COR
correlates with increased accumulation of ABA and SA

ABA, SA, and JA accumulations in the WT and 7B-1

plantlets, subjected to high COR concentration (100 nM),

were investigated. As variability between the three experi-

ments performed was important but trends were similar,

data presented in Fig. 4 are results obtained from one

experiment. Other data are shown in Supplementary Fig. S1

available at JXB online. In the absence of COR, 7B-1

hypocotyls accumulated a higher amount of ABA than WT

plants, especially under blue light and red light in agreement

with the fact that the 7B-1 mutant is an ABA-overproducer

(Fellner et al., 2001). COR treatment induced strong ABA

Fig. 3. Coronatine-induced anthocyanin content in 7-d-old hypocotyls. (A) Content of pigments in WT hypocotyl COR concentration-

dependence. (B) Anthocyanin concentration (nmol hypocotyl�1) in hypocotyls of WT and 7B-1 seedlings. Results presented are averages

6SE of three independent experiments. * WT and 7B-1 show a significant difference (t-test; P <0.05).

Fig. 4. Effect of COR treatment (100 nM) on hormone content in hypocotyls of WT and 7B-1 tomato seedlings grown for 7 d in dark (D),

blue light (BL), and red light (RL): (A) ABA concentration; (B) SA concentration; (C) JA concentration. Three independent experiments

were performed. The data shown are data obtained from one representative experiment.
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accumulation in hypocotyls of both genotypes. ABA

accumulation was more pronounced in 7B-1 hypocotyls

than in WT (Fig. 4A), in particular under blue light.

In untreated plants grown in dark or blue light, SA

content was markedly lower in 7B-1 than in WT hypoco-

tyls. After a COR treatment, both genotypes accumulated

SA to a greater extent than unstressed plants. Nevertheless,

in dark and blue light, 7B-1 was much more efficient than
WT in SA accumulation (Fig. 4B). Concentrations of JA in

untreated plants of both genotypes were very small. After

a COR treatment, JA content considerably increased in

both genotypes, especially in light. However, unlike ABA or

SA, the concentration of JA in the hypocotyls of COR-

treated plants was the same in both genotypes (Fig. 4C).

Lower sensitivity of the 7B-1 mutant to high COR
corresponds to a higher expression of NPR1 gene
under blue light

In order to better understand the role of each signalling

pathway of the observed reduced susceptibility of the 7B-1

mutant to COR, the expression pattern of the NPR1 (NON-

EXPRESSOR OF PATHOGENESIS-RELATED1) gene

involved in the SA-signalling pathway, and of the COI1

(CORONATINE-INSENSITIVE1) gene involved in the JA-

signalling pathway were investigated. The highly specific

and sensitive method q-RT-PCR was used to quantify and

compare the changes in gene transcript amount in plants

developed in dark, blue light, and red light, and after COR

treatment.
In the absence of COR, the NPR1 gene in the etiolated

7B-1 hypocotyl was expressed to a markedly greater extent

than in the hypocotyl of WT plants. Blue light reduced

essential amounts of NPR1 transcripts in both genotypes,

while the amount of mRNA in the 7B-1 hypocotyl was still

significantly higher than in WT plants. Red light did not

have a significant effect on NPR1 expression in WT, but

reduced it distinctly in the 7B-1 hypocotyl (Fig. 5A). COR

treatment significantly reduced the expression of NPR1 in

etiolated WT and 7B-1 plants, so that the amount of NPR1

mRNA was similar in both genotypes. Under blue light,

COR did not noticeably influence the amount of NPR1

transcripts in WT, but inhibited expression of the gene in

the 7B-1 mutant. However, the expression of NPR1 under

COR stress in blue light was still essentially higher in 7B-1

than in WT hypocotyls. In red light, COR did not

significantly influence the expression of the NPR1 gene in

WT or in the 7B-1 mutant (Fig. 5A).

As SA- and JA-signalling pathways are known to be

antagonistic, expression of the COI1 gene involved in JA

signalling was also investigated. In the dark and in the

absence of COR, expression of COI1 in WT and 7B-1

hypocotyls reached a similar extent, and blue and red light
had no significant effect on the amount of COI1 mRNA

(Fig. 5B). When etiolated seedlings of both genotypes were

exposed to COR, the expression of COI1 significantly

decreased to a similar extent in both genotypes. COR also

essentially reduced the expression of the COI1 gene in blue

light- and red light-developed hypocotyls, while the light

effect was similar in both genotypes (Fig. 5B).

Discussion

In natural conditions, plants are continuously exposed to

various abiotic and biotic stresses. In order to survive in
such an environment, plants evolved sophisticated mecha-

nisms that allow them to perceive external signals and to

induce specific resistance responses. In crop species, abiotic

and biotic stresses represent an important problem for

breeders as they cause the loss of yield. Male-sterile

mutants, spontaneous or induced, with reduced sensitivity

to abiotic and biotic stress can be useful for crop producers

Fig. 5. q-RT-PCR quantification of coronatine (COR)-induced gene expression in hypocotyls from 5-d-old WT and 7B-1 tomato

seedlings grown in dark (D), blue light (BL), and red light (RL): (A) NPR1 gene expression; (B) COI1 gene expression. Results are

expressed relative to gene transcript amounts in WT plants developed in the dark and in the absence of COR. Results presented are

averages 6SE obtained from two independent experiments.
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and breeders (Fellner and Sawhney, 2001). Until now, in

tomato, the only male-sterile 7B-1 mutant has been de-

scribed showing a blue light-specific resistance to abiotic

stress, for example, to high salinity and osmotic stress

(Fellner and Sawhney, 2001, 2002). Using in vivo and in

vitro assays, the present study demonstrated that seedlings

of the 7B-1 mutant are less sensitive than WT to COR, the

phytotoxine produced by several P. syringae strains. Simi-
larly, in the case of resistance to abiotic stress, the

significantly reduced responsiveness of 7B-1 to COR was

observed only under blue light.

Effect of COR on the 7B-1 mutant

Physiological experiments in the greenhouse were conducted

to determine the response of the 7B-1 mutant to COR. In

no-stress plants, the 7B-1 mutant contains higher amounts

of chlorophyll than the WT, confirming previous results

(Fellner et al., 2005; Sheoran et al., 2006). During the time

course of the experiments, formation of chlorotic areas by

COR was observed in both genotypes, while COR was less
efficient in inducing chlorosis expansion in the 7B-1 mutant.

Concomitantly, chlorophyll degradation associated with

chlorosis was less pronounced in the 7B-1 than in the WT.

Chlorosis is the first clearly visible COR-induced symptom

(Gnanamanickam et al., 1982; Kenyon and Turner, 1990;

Palmer and Bender, 1995; Tsuchiya et al., 1999). Tsuchia

et al. (1999) demonstrated that COR, as well as MeJA,

induces an accumulation of chlorophyllase mRNA, the first
key enzyme involved in chlorophyll degradation, catalysing

the hydrolysis of the ester bond to yield chlorophyllide and

phytol. In tobacco, the chlorosis correlated with the loss of

chlorophyll a and b (Kenyon and Turner, 1990). Despite

chlorosis, COR induces changes in the amino acid content

with an increase in tryptophan and asparagine, and a drastic

decrease in alanine and aspartate (Kenyon and Turner,

1990). Taken together, these results indicate that, even if in
the final step Pst induces plant cell death (Nomura et al.,

2005), it remobilizes plant metabolism on its own during the

initial phase of infection and development. Therefore, it is

possible that in the 7B-1 mutant COR is less efficient in

inducing chlorophyllase mRNA accumulation, leading to

reduced chlorosis development.

In vitro assays were developed in order to investigate

further the effect of COR-treatment on the development of
tomato seedlings. As reported for different species (Weiler

et al., 1994; Bender et al., 1999; Zhao et al., 2003;

Uppalapati et al., 2005), COR induces important modifica-

tions of tomato seedling morphology: inhibition of root and

hypocotyl growth, accumulation of anthocyanins, and

chlorosis. In the present study, the extent of the change was

COR dose-dependent in both genotypes, while the 7B-1

mutant exhibited a blue light-specific reduced sensitivity to
COR. Fellner and Sawhney (2001), studying the response of

the 7B-1 mutant to abiotic stress, demonstrated a close

relationship between blue light and resistance to abiotic

stress. Previous studies led to the hypothesis that the 7B-1

mutant could be defective in blue light perception and/or in

the blue light-signalling pathway (Fellner and Sawhney,

2002). In this study, the results point to the fact that

reduced responsiveness to blue light of the 7B-1 mutant is

associated not only with resistance to abiotic, but also to

COR-induced stress, suggesting that blue light can be an

important factor involved not only in plant development

but also in interaction with a biotic environment.

Unstressed 7B-1 plants contained less anthocyanin than
unstressed WT plants, in agreement with data obtained by

Sheoran et al. (2006). Under COR-stress, anthocyanin

accumulation in seedlings was remarkable. The 7B-1

mutant accumulated substantially fewer anthocyanins than

the WT, specifically in blue light. Anthocyanin synthesis is

regulated by light and also by abiotic and biotic stress. In

sorghum, inoculation of mesocotyls with the non-patho-

genic fungus Cochliobolus heterostrophus strongly repressed
expression of several genes involved in anthocyanin bio-

synthesis and induced synthesis of four phytoalexins (Lo

and Nicholson, 1998). As anthocyanins and phytoalexins

are synthesized through the same phenylpropanoid path-

way, it was postulated that, under pathogen attack, plants

were able to inhibit production of non-primordial com-

pounds (anthocyanins) to favour production of compounds

involved in the pathogen response. It is tempting to
hypothesize that the reduced accumulation of anthocyanins

in 7B-1 hypocotyls could be linked to increased accumu-

lations of phytoalexins.

Role of hormones in plant growth responses to COR

It is well established that SA and JA are key factors in the

resistance to biotic stress. Although the relationship be-

tween both signalling pathways has been over-simplified, it

is accepted that SA- and JA-signalling pathways are

mutually antagonistic (Anderson et al., 2007). During the

interaction between plants and P. syringae, the resistance is

triggered by an SA-signalling pathway. In the present study,
SA and JA were extracted and quantified from 7B-1 and

WT hypocotyls grown under various light conditions, and

in the absence or in the presence of COR. Concomitantly,

expression of NPR1 and COI1 genes, involved in SA- and

JA-signalling pathways, respectively, was studied as a func-

tion of light and COR concentration.

In untreated plants, the concentration of SA in mutant

hypocotyls grown in dark and blue light was essentially
reduced compared with that in WT plants. The reduced

concentration of SA in the 7B-1 mutant correlated with

essentially a greater amount of NPR1 transcripts in the

dark- and blue light-grown 7B-1 mutant. It was reported by

others that, in Arabidopsis, SA induces expression of NPR1

and consequently a pathogen response gene, such as PR1, in

cooperation with a signalling pathway controlled by PhyA

and PhyB photoreceptors (Devoto and Turner, 2005). The
present data showed that, in 7B-1 but not in WT, red light

reduces the expression of the NPR1 gene relative to its

expression in the dark. It suggests that, in red light, the

functional product of the 7B-1 gene could be positively

involved in an SA-signalling pathway. However, the
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amount of the NPR1 transcripts and the endogenous SA in

red light-grown seedlings was similar in WT and the 7B-1

mutant, and it correlated with similar responses of both

genotypes to the inhibitory effect of COR. In tomato

hypocotyls, blue light negatively affects NPR1 expression,

but stimulates the accumulation of SA. It correlated with

blue light-specific responsiveness to COR. This suggests that

SA- and blue light-signalling pathways interact with each
other, leading to the hypothesis that, in tomato, accumula-

tion of SA may trigger the down-regulation of the SA-

signalling pathway.

In response to COR, both genotypes accumulated SA

and JA in hypocotyls, indicating that both pathways are

likely to be involved in the susceptibility/resistance to COR

in tomato. Concomitant accumulation of SA and JA during

antimicrobial defence is not specific to tomato, since it has
also been described in Arabidopsis, for instance (Block

et al., 2005; Laurie-Berry et al., 2006). Despite an accumu-

lation of defence hormones in both genotypes after a COR

treatment, accumulation of SA was significantly greater in

7B-1 than in WT seedlings grown in blue light. It was

associated with blue light-induced overexpression of the

NPR1 gene and reduced growth inhibition of the 7B-1

hypocotyl by COR under blue light. Conversely, a similar
amount of NPR1 transcripts in WT and 7B-1 hypocotyls

treated by COR in red light correlated with similar

hypocotyl growth responses to COR in both genotypes. A

much greater accumulation of endogenous SA was observed

in COR-treated 7B-1 hypocotyls than in WT when grown in

the dark. This was associated with a slightly lower

sensitivity of the etiolated mutant hypocotyl to the in-

hibitory effect of COR, but did not correlate with the
amount of the NPR1 transcripts, which was similar to that

observed in etiolated COR-treated WT plants. This suggests

that the blue light-signalling pathway including the 7B-1

gene plays a specific role in tomato responsiveness to COR.

The COI1 gene encodes an F-box protein involved in the

de-repression of the JA-signalling pathway through ubiq-

uitination. The role of COR/MeJA in the JA-signalling

pathway is well documented (Zhao et al., 2003; Abramo-
vitch and Martin, 2004; Laurie-Berry et al., 2006; Katsir

et al., 2008). The quantitative PCR analysis of the

expression of the COI1 gene revealed that treatment of

tomato plants with COR led to a down-regulation of the

JA-signalling pathway. However, unlike differential expres-

sion of the NPR1 gene in WT and the 7B-1 mutant, changes

in the expression of the COI1 gene were similar in both

genotypes, and in all light conditions tested.
Resistance to Pst involves complex relationships between

SA- and JA-signalling pathways, subjected to regulation by

phytohormones, like ABA and auxin whose role in re-

sistance to pathogens is well documented (Robert-Seila-

niantz et al., 2007; Wang et al., 2007). Whereas the role of

ABA in resistance to abiotic stress, seed germination, and

plant growth is well known (Seo and Koshiba, 2002;

Nambara and Marion-Poll, 2005), its role in resistance to
pathogens is still poorly understood; several studies have

shown negative as well as positive effects (reviewed in

Mauch-Mani and Mauch, 2005). In tomato, ABA partially

represses PAL activity upon infection with Botrytis cinerea

(Audenaert et al., 2002). Furthermore, Mohr and Cahill

(2007) determined that exogenous ABA impairs the re-
sistance of Arabidopsis to an avirulent P. syringae strain.

This decreased resistance is associated with the reduction in

lignin and SA accumulation. In soybean, exogenous ABA

suppresses PAL activity and PAL mRNA accumulation in

an incompatible reaction with Phytophtora megasperma

f.sp. glycinea (Ward et al., 1989). It is also possible that

ABA can directly regulate the expression of some genes, like

PR1a (PATHOGENESIS-RELATED1) whose promoter
sequence contains a negative-acting ABA-responsive ele-

ment TAACAAA (Audenaert et al., 2002). Recently, de

Torres-Zabala et al. (2007), using micro-array experiments,

demonstrated that Pst hijacks the ABA-signalling pathway

to cause disease in Arabidopsis. Here, a significant accumu-

lation of ABA was observed in the hypocotyl of both

genotypes treated with COR, with 7B-1 hypocotyls accu-

mulating significantly higher concentrations of ABA, specif-
ically in blue light. Despite the ABA overproduction, the

Fig. 6. Proposed schematic model illustrating the role of the 7B-1

gene in regulation of blue light- and coronatine (COR)-signalling

pathways involved in the control of NPR1 gene expression and the

concentration of SA in tomato hypocotyl. Both blue light and COR

increase the levels of endogenous SA in tomato hypocotyls.

Conversely blue light and COR reduce levels of NPR1 transcripts.

Mutation in the 7B-1 gene reduces the blue light-signalling

pathway, which results in greater expression of the NPR1 gene,

but a reduced concentration of endogenous SA.
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7B-1 mutant showed reduced severity of COR-induced

symptoms and accumulated higher amounts of PAL tran-

scripts than WT (data not shown). Fellner et al. (2001)

hypothesized that the 7B-1 mutant could be less sensitive to

ABA than WT due to a default in ABA perception.

In summary, it became obvious that the 7B-1 mutant is

less sensitive to COR-induced stress. Similarly, as reported

for resistance of 7B-1 to abiotic stress (Fellner and
Sawhney, 2001, 2002), significantly less responsiveness of

the 7B-1 mutant to COR was observed only under blue

light. In etiolated plants, the 7B-1 mutation results in an

essentially lower concentration of endogenous SA, in

elevated amounts of NPR1 transcripts, and in a strong

increase of SA concentrations by COR. Both blue light and

COR increase the concentration of endogenous SA in

tomato hypocotyls but, conversely, both blue light and
COR reduce the expression of the NPR1 gene in both

genotypes. Since the 7B-1 mutant shows reduced blue light-

specific sensitivity to COR, it is suggested that a functional

product of the 7B-1 gene may play a role in both blue light-

and SA-signalling pathways. A model is proposed in which

the functional 7B-1 operates as a negative regulator of the

blue light-controlled expression of NPR1, but also as

a positive regulator of the blue light-mediated induction of
SA in tomato hypocotyls. In addition, it is assumed that

7B-1 negatively regulates COR-induced accumulation of SA

(Fig. 6). This model may explain the results of SA

accumulation and NPR1 expression.

Supplementary data

Figure S1: Effect on COR treatment (100 nM) on hormone

content in hypocotyls of WT and 7B-1 tomato seedlings

grown for 7 d in dark, blue light, and red light. (A, D) ABA

concentration; (B, E) SA concentration; (C, F) JA concen-

tration. A, B and C: data obtained during the second

experiment; D, E and F: data obtained during the third
independent experiment.
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Mansfield JW, Egea PR, Bögre L, Grant M. 2007. Pseudomonas

syringae pv. tomato hijacks the Arabidopsis abscisic acid signalling

pathway to cause disease. EMBO Journal 26, 1434–1443.

Devoto A, Turner JG. 2005. Jasmonate-regulated Arabidopsis stress

signalling network. Physiologia Plantarum 123, 161–172.

Fellner M, Franklin JA, Reid DM, Sawhney VK. 2005. Increased

sensitivity to, and reduced production of, ethylene in an ABA-

overproducing tomato mutant. Acta Biologica Cracoviensia, Series

Botanica 47, 205–212.

Fellner M, Sawhney VK. 2001. Seed germination in a tomato male-

sterile mutant is resistant to osmotic, salt and low-temperature stress.

Theoritical and Applied Genetics 102, 215–221.

Fellner M, Sawhney VK. 2002. The 7B-1 mutant in tomato shows

blue-light-specific resistance to osmotic stress and abscisic acid.

Planta 214, 675–682.

Fellner M, Zhang R, Pharis RP, Sawhney VK. 2001. Reduced de-

etiolation of hypocotyl growth in a tomato mutant is associated with

hypersensitivity to, and high endogenous levels of, abscisic acid.

Journal of Experimental Botany 52, 725–738.

Feys BJF, Benedetti CE, Penfold CN, Turner JG. 1994. Arabidop-

sis mutants selected for resistance to the phytotoxin coronatine are

male sterile, insensitive to methyl jasmonate, and resistant to

a bacterial pathogen. The Plant Cell 6, 751–759.

Gnanamanickam SS, Starratt AN, Ward EWB. 1982. Coronatine

production in vitro and in vivo and its relation to symptom development

in bacterial blight of soybean. Canadian Journal of Botany 60, 645–650.
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