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e Background and Aims Current strategies for increased crop protection of susceptible tomato plants against path-
ogen infections include treatment with synthetic chemicals, application of natural pathogen-derived compounds or
transfer of resistance genes from wild tomato species within breeding programmes. In this study, a series of 45
genes potentially involved in defence mechanisms was retrieved from the genome sequence of inbred reference to-
mato cultivar Solanum lycopersicum ‘Heinz 1706’. The aim of the study was to analyse expression of these selected
genes in wild and cultivated tomato plants contrasting in resistance to the biotrophic pathogen Oidium neolycoper-
sici, the causative agent of powdery mildew. Plants were treated either solely with potential resistance inducers or
by inducers together with the pathogen.

e Methods The resistance against O. neolycopersici infection as well as RT-PCR-based analysis of gene expression
in response to the oomycete elicitor oligandrin and chemical agent [3-aminobutyric acid (BABA) were investigated
in the highly susceptible domesticated inbred genotype Solanum lycopersicum ‘Amateur’ and resistant wild geno-
type Solanum habrochaites.

e Key Results Differences in basal expression levels of defensins, germins, [3-1,3-glucanases, heveins, chitinases,
osmotins and PR1 proteins in non-infected and non-elicited plants were observed between the highly resistant and sus-
ceptible genotypes. Moreover, these defence genes showed an extensive up-regulation following O. neolycopersici in-
fection in both genotypes. Application of BABA and elicitin induced expression of multiple defence-related transcripts
and, through different mechanisms, enhanced resistance against powdery mildew in the susceptible tomato genotype.

e Conclusions The results indicate that non-specific resistance in the resistant genotype S. habrochaites resulted
from high basal levels of transcripts with proven roles in defence processes. In the susceptible genotype S. lycoper-
sicum ‘Amateur’, oligandrin- and BABA-induced resistance involved different signalling pathways, with BABA-
treated leaves displaying direct activation of the ethylene-dependent signalling pathway, in contrast to previously re-
ported jasmonic acid-mediated signalling for elicitins.

Key words: BABA, defence genes, ethylene, Oidium neolycopersici, oligandrin, powdery mildew, resistance,
Solanum lycopersicum, Solanum habrochaites, tomato.

INTRODUCTION

Tomato (Solanum lycopersicum) is one of the most important
food crops and is widely used as a model plant for scientific
purposes. Through domestication, breeding and research activi-
ties of the ancestral wild Solanum species, originating from the
Andean region, many morphologically different cultivars and
forms have been created. During this process, the genomes of
cultivated tomatoes have passed through a progressive genetic
bottleneck, reducing the genetic diversity in cultivated varieties
compared to their wild relatives (Sim et al., 2011). Breeding se-
lection has focused almost exclusively on traits related to

desirable agricultural characteristics such as fruit yield and
quality, loss of germination inhibition or compact growth habit.
However, disease resistance traits have been disregarded, re-
sulting in cultivars highly susceptible to many pathogens
(Foolad, 2007). Wild tomato species, in contrast, such as S. chi-
lense, S. peruvianum, S. habrochaites, S. parviflorum, S. pen-
nellii or S. pimpinellifolium, are considered a rich source of
disease resistance genes and have been utilized in breeding pro-
grammes for the introgression of these genes into cultivated va-
rieties to improve their resistance (Menda et al., 2014).

In addition to inbreeding, the use of resistance inducers is an-
other strategy for the protection of susceptible crop plants.
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Treatment with natural or synthetic chemicals can establish a
primed state of the plant that enables a stronger and faster activa-
tion of defence responses and enhanced resistance to challenging
stresses (Conrath, 2009). The non-protein amino acid B-amino-
butyric acid (BABA) belongs to well-known priming agents.
Unlike its isomers o- and y-aminobutyric acid, BABA induces
resistance in many plants against various pathogens (Pigkna-
Grochala and Kepczynska, 2013). For instance, BABA induces
a strong resistance of tomato towards the tomato late blight
Phytophthora infestans (Cohen et al., 1994; Cohen, 2002) and to
root-knot nematodes (Oka and Cohen, 2001). However, it has
been observed that BABA treatment can undesirably affect plant
growth, thus hindering its use for field applications (Wu et al.,
2010). Studies on Arabidopsis—Botrytis cinerea interactions have
suggested that the protective effects of BABA are mediated
through a salicylic acid (SA)-dependent pathway (Zimmerli
et al., 2001). Furthermore, a recent study of an Arabidopsis mu-
tant in BABA-induced resistance (BABA-IR) towards
Hyaloperonospora arabidopsidis has revealed the Impaired in
BABA-induced Immunity [ (IBI1) gene, which encodes an
aspartyl-tRNA synthetase (Luna et al., 2014). Enantiomer-
specific binding of the R-enantiomer of BABA to IBI1 disrupts
its canonical activity and primes the protein for non-canonical
defence activity. This results in tRNA™P accumulation, inducing
GCN2-dependent phosphorylation of translation initiation factor
elF2o00 responsible for the consequent growth inhibition.
Moreover, the gcn2-1 Arabidopsis mutant remains unaffected in
BABA-IR, demonstrating that BABA-IR and BABA-induced
stress are controlled via separate pathways (Luna ez al., 2014).
With the development of multiple pesticide-resistant patho-
gen strains, current research efforts tend to focus on the replace-
ment of chemical usage with alternative agents and substances
for sustainable, economically profitable agriculture. A potential
biological approach exploits the use of pathogen-derived mole-
cules called elicitors for the activation of defence responses and
subsequent systemic acquired resistance (SAR) in host plants.
This group of chemically diverse compounds includes elicitins,
a class of small proteinaceous molecules secreted by members
of Phytophthora and Pythium spp. in the family Pythiaceae.
Elicitins are known for their capacity to induce the hypersensi-
tive response and SAR against fungal and bacterial pathogens
in some plant species such as tobacco (Kamoun et al., 1993) or
radish (Bonnet et al., 1996). Oligandrin is an elicitin-like pro-
tein secreted by the oomycete Pythium oligandrum. Apart from
its mycoparasitical activity, oligandrin adversely affects patho-
gen growth and development in the host plant and confers en-
hanced resistance in many plants against various pathogens, i.e.
tomato to Phytophthora parasitica (Picard et al., 2000) and
Fusarium oxysporum f. sp. radicis-lycopersici (Benhamou
et al., 2001) or tobacco to P. parasitica and to phytoplasma
(Lherminier et al., 2003). However, the precise mechanism of
the elicitation process remains poorly understood. A study of
the effect of INF1 elicitin, secreted by P. infestans, on tomato
plants has shown that INF1 establishes resistance to bacterial
wilt caused by Ralstonia solanacearum (Kawamura et al.,
2009). Moreover, treatment by INF1 induces in tomato leaves
the expression of jasmonic acid (JA)-responsive PR-6 encod-
ing proteinase inhibitor II, LeATL6 encoding ubiquitin ligase
E3 and LOX-E encoding lipoxygenase. The accumulation of
ethylene (ET) and expression of ET-responsive genes are
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also induced in tomato leaves treated by INF1. Thus, the au-
thors of this study suggest that elicitins induce plant resistance
via JA- and ET-mediated signalling pathways (Kawamura
et al., 2009).

In the present study, we characterized the defence responses
of highly resistant wild tomato genotype S. habrochaites and
susceptible domesticated inbred genotype S. lycopersicum
‘Amateur’. We quantified the expression of selected defence
genes by real-time quantitative PCR (RT-gPCR) in plants
treated with two known inducers of resistance, namely the elici-
tin oligandrin and the non-protein amino acid BABA, alone or
with the economically important biotrophic pathogen Oidium
neolycopersici, the causative agent of tomato powdery mildew.
We describe here the localization and differences in basal ex-
pression levels of selected genes between the resistant and sus-
ceptible genotypes. We also show that the oligandrin- and
BABA-induced resistance against O. neolycopersici are not
based on similar signalling defence pathways. Furthermore, we
suggest that BABA-induced resistance in tomato is ET-
dependent and not based on SA- or JA-dependent signalling
pathways.

MATERIALS AND METHODS
Plant material

Two Solanum spp. genotypes, S. lycopersicum ‘Amateur’ and
S. habrochaites f. glabratum (LA 2128), expressing differential
phenotypes of resistance to O. neolycopersici (Mieslerova
et al., 2000) were selected for the studies. Seeds were sown on
moistened perlite (Agroperlite, Novy Jicin, Czech Republic)
and seedlings were transferred to a garden soil-peat mixture
(2:1, v/v) in plastic pots (7 cm in diameter). Plants were grown
in a growth chamber with a 12-h photoperiod (light intensity of
100 pmol m~?) and day/night temperature of 20/18 °C. Plants
approx. 10 weeks old and with eight true leaves were employed
in all experiments.

Plant inoculation

Oligandrin and BABA were dissolved in Milli-Q deioniaed
water. A 10 mM solution of BABA was applied by spraying,
whereas a 100 nm solution of oligandrin was directly infiltrated
into 4™ and 5™ tomato leaves. Control plants were treated with
an equal volume of Milli-Q water.

Freshly sporulating mycelium (8 d post-inoculation) of
O. neolycopersici (isolate C-2) was used as the inoculum
source. The 4™ and 5™ oldest true leaves per plant were inocu-
lated by surface contact (dusting/tapping) with the conidia of O.
neolycopersici. The leaves were frozen in liquid nitrogen 48 h
after the treatment and stored at —80 °C. Identical plant growth
conditions and inoculation procedures were employed in three
independent experiments.

Oidium neolycopersici phytoprotection test

Plant resistance was induced by spraying of 5-7-week-old
tomato plants with BABA or by direct infiltration of oligan-
drin into the leaflets as described. Two days after the
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treatment, leaf discs 12 mm in diameter were cut from treated
leaves using a cork borer and inoculated with O. neolycoper-
sici. At 48 h post-inoculation, five leaf discs were transferred
to glacial acetic acid for 48 h and then mounted in glycerol
prior to observations under a light microscope (Olympus
BX50) (Lebeda and Reinink, 1994). Pathogen structures
were stained with 1 % Evans Blue. Germination of the co-
nidia was expressed as the percentage of conidia producing
germ tubes per 100 conidia counted for each leaf disc.
Fungal development was assessed as the number of germ
tubes per conidium at 48 h post-inoculation and as the length
of germ tubes (1*' tube with lobbed appressorium, and 2™
and 3" tubes with nipple-shaped appressorium). At least 100
conidia were observed per each tomato genotype and experi-
mental setting (Piterkova ez al., 2011).

Quantification of defence gene expression

Potentially interesting transcript sequences corresponding to
known targeted functions involved in defence mechanisms
were recovered from the genome sequence of the tomato inbred
reference tomato cultivar S. lycopersicum ‘Heinz 1706°. These
transcripts are generally considered as defence-responsive
genes in other model plants such as Nicotiana tabacum or
Arabidopsis thaliana (Sels et al., 2008; Spoel and Dong, 2012)
and include defensins (def), germins (germ), B-1,3-glucanases
(glu), B-1,4-glucanases (gluco), heveins (hev), chitinases (chir),
osmotins (osm), thaumatins (thaum) and systemin (syst). The
selection was performed using an assembly generated from the
available tomato EST-cDNA at NCBI (nearly 300 000) anno-
tated through BlastX against plant sequences and translated to
proteins. Subsequently, the recovered transcripts were analysed
by the BlastN tool using the available shotgun genome se-
quence of the wild tomato S. habrochaites to confirm their pres-
ence. The specific primers for individual genes were designed
using the program Primer3 (Koressaar and Remm, 2007), with
annealing temperatures of 60°C and expected amplicons of
100-300 bp. Gene expression was analysed by RT-qPCR using
the fluorescent intercalating dye SYBR-Green and Light Cycler
480 (Roche Diagnostics, Czech Republic). Total RNA was iso-
lated from 100mg of leaf tissue using TRI reagent (Ambion,
Austin, TX, USA) and purified using the TURBO DNA-free kit
(Ambion). Reverse transcriptase reactions were performed with
the ImProm-II reverse transcription system (Promega, Madison,
WI, USA) using 0-4 ng of total RNA in a volume of 20 pl ac-
cording to the manufacturer’s instructions. Obtained cDNA
was amplified by gPCR using gene-specific primers
(Supplementary Data Table S1) and GoTaq qPCR Master Mix
(Promega) according to the manufacturer’s instructions. PCR
amplification was carried out as follows: 45 cycles of DNA de-
naturation at 95°C for 20s, annealing and extension at 60 °C
for 40s. Three biological and technical replicates were analysed
for each sample. To evaluate gene expression relative to an en-
dogenous control, the transcript level of each gene was normal-
ized to that of elongation factor lo. (EF-1or) and TIP41-like
family protein (TIP41) genes by the AACt method. It has been
shown previously that expression of the EF-1o and TIP41 genes
is not influenced by different stress conditions (Exposito-
Rodriguez et al., 2008; Nicot et al., 2005).
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Analysis of ethylene production

Analysis was performed using a gas chromatography-flame
ionization detector as described previously (Mala et al., 2009).
Briefly, 1 mL of air was removed from each test tube contain-
ing previously weighed whole tomato leaves and analysed us-
ing an Agilent GC 6890 equipped with a flame ionization
detector and 50-m capillary column (HP-AL/S stationary phase,
15 pm, i.d. =0-535 mm). The injection temperature was set to
200 °C, oven temperature to 40 °C and detector temperature to
220°C. The measurements were conducted four times from
four different test tubes of each variant. The final concentra-
tions were calculated from the calibration curve and adjusted to
vial volume and 1 g of fresh weight.

RESULTS

Comparison of levels of induced resistance by BABA and
oligandrin in tomato genotypes

In agreement with previous studies (Mieslerova et al., 2000),
we observed a high level of resistance against O. neolycoper-
sici, characterized by decreased lengths and numbers of patho-
gen 2" and 3" germ tubes, in control non-treated tomato plants
of wild S. habrochaites compared to susceptible genotype S.
lycopersicum ‘Amateur’ (Fig. 1). Treatment of 7-week-old to-
mato plants with BABA and oligandrin, using optimal concen-
trations reported in previous publications (Kawamura er al.,
2009; Bengtsson et al., 2014a), resulted in significant changes
in the plant resistance against the biotrophic pathogen O. neoly-
copersici (Fig. 1). Oligandrin at a concentration of 100 nm in-
duced a significantly increased resistance of S. lycopersicum
‘Amateur’ against O. neolycopersici characterized by a de-
creased percentage of 3™ germ tubes and decreased lengths of
2" and 3™ germ tubes (Fig. 1A). Similarly, the application of
10 mm BABA induced significant resistance against O. neoly-
copersici in S. lycopersicum ‘Amateur’ in agreement with pre-
vious studies (Worrall et al., 2012; Bengtsson et al., 2014a).
However, in contrast to oligandrin, BABA application induced
significant changes only in the length of the conidia and not
their representation (Fig. 1B). On the other hand, both oligan-
drin and BABA application induced almost no observable
changes in resistance in S. habrochaites, which may be a conse-
quence of its considerably higher basal resistance (Fig. 1). The
only observed changes related to the resistance response of S.
habrochaites plants induced by BABA were slightly decreased
lengths of pathogen 2™ germ tubes (Fig. 1B).

Selection of genes involved in tomato defence responses

To determine the molecular mechanisms involved in BABA
and oligandrin-derived activation of defence in tomato, the ex-
pression levels of selected defence gene transcripts were mea-
sured by qPCR. Transcript changes were also monitored after
plant infection with O. neolycopersici, in both compatible and
incompatible interactions. In total, 55 genes generally consid-
ered as defence responsive in other model plants such as N.
tabacum or A. thaliana were selected. These genes included
defensins (def), germins (germ), B-1,3-glucanases (glu), B-1,4-
glucanases (gluco), heveins (hev), chitinases (chif), osmotins
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Fic. 1. Oligandrin- and BABA-induced resistance of tomato plants against Qidium neolycopersici. The relative representation of pathogen germ tube lengths and

pathogen developmental structures was determined 24 h after the inoculation with O. neolycopersici (isolate C-2) on leaf discs from 7-week-old tomato plants

(Solanum lycopersicum ‘Amateur’ and Solanum habrochaites) treated with (A) the elicitin oligandrin (100 nm) and (B) BABA (10 mm). Data are presented as

means * s.e. of three replicates from three independent experiments. Each replicate corresponds to eight inoculated areas on four leaves from one plant. Asterisks
denote a significant difference of the mean values compared to the control group determined by Student’s #-test at **P < 0-05 or **P < 0-01.

(osm), systemin (sysf) and genes of PR1 proteins. During the
optimization of reaction conditions, ten genes were excluded
on the basis of very low basal transcript levels, non-specific
amplification or primer dimer formation. Thus, only 45 of the
55 genes were finally selected for the ensuing experiments
(Table S2). Mapping of these genes on the reference genome of
S. lycopersicum ‘Heinz 1706’ showed that considering the num-
ber of genes on each chromosome there was a relatively higher
concentration of these defence genes on chromosomes 1, 5, 8,
9 and 10. Intriguingly, there was no overlap with previously
analysed genomic locations of domestication sweeps,
but on chromosomes 1 (2), 2 (3) and 8§ (4) there was an overlap
with the genomic locations of improvement sweeps
analysed and described in another recent study (Lin et al.,
2014) (Fig. 2A).

Comparison of basal levels of defence gene transcripts

Initial comparison of basal levels of defence gene transcripts
between the highly resistant wild tomato S. habrochaites and
the susceptible genotype S. lycopersicum ‘Amateur’ revealed
that about half of the analysed genes with expected roles in to-
mato defence showed different basal expression levels (Fig. 2).
However, only 14 transcripts showed an upregulation in S. hab-
rochaites compared to S. lycopersicum ‘Amateur’, while the
remaining 11 transcripts were downregulated (Fig. 2).
Interestingly, 12 of the 14 transcripts (86 %) upregulated in the
highly resistant genotype were found to co-localize on chromo-
somes 1, 8 and 10 to quantitative trait loci (QTLs) for early
blight and P. infestans resistance (Foolad, 2007). These obser-
vations provide additional support for the involvement of these
genes in resistance mechanisms in the highly resistant
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FiG. 2. Solanum lycopersicum ‘Amateur’ and Solanum habrochaites exhibit differences in the basal levels of defence-related gene transcripts. (A) Location of indi-

vidual transcripts in the reference genome of Solanum lycopersicum ‘Heinz 1706’. Underlined transcripts overlapped with the genomic locations of improvement

sweeps analysed in the study of Lin et al. (2014). (B) Overview of the differential accumulation of candidate defence-related transcripts identified by RT-qPCR in
control non-infected leaf tissues of the respective tomato genotypes.

genotype, in contrast to upregulated transcripts observed in the
susceptible genotype, which showed an almost homogeneous
genomic distribution.

Comparison of induction of defence-related transcripts by BABA,
oligandrin and pathogen infection

The non-protein amino acid BABA is a well-known priming
agent that induces resistance in many plants against various
pathogens. The manner by which BABA mediates resistance
has recently been unmasked as the disruption of the canonical
activity of an aspartyl-tRNA synthetase (Luna et al., 2014).
Application of BABA as a foliar spray is one of the most com-
mon application methods in laboratory and field conditions.
The optimized concentration of 10 mm BABA used in this
study was chosen to overcome possible side effects on treated
plants manifested as hypersensitive response (HR)-like lesions
with subsequent leaf wilting (Cohen et al., 1994; Siegriest
et al., 2000; Bengtsson et al., 2014a). During testing of the opti-
mal BABA concentrations on the two tomato genotypes, an in-
teresting phenomenon was observed. Treatment of susceptible
S. Iycopersicum ‘Amateur’ plants with 50 and 100 mm BABA
caused severe side effects, as demonstrated by the formation of
HR-like lesions 2 d after treatment, whereas no visible symp-
toms were observed in S. habrochaites plants even after the

application of 100 mm BABA (Fig. 3). In this respect, the be-
haviour of S. habrochaites plants is in accordance with the
study of Cohen e al. (2010) that was conducted on lettuce,
with formation of HR-like lesions as the result of plant-specific
responses to BABA.

Application of 10 mm BABA solution onto leaves of S. lyco-
persicum ‘Amateur’ resulted in significant (more than three
times) upregulation of ten measured transcripts, with the high-
est inductions being observed in the PRI class (Fig. 4,
Supplementary Data Table S2). On the other hand, no upregula-
tion of defensins, germin-like proteins, B-1,4-glucanases or
thaumatin-like proteins was observed. Surprisingly, the applica-
tion of 10 mm BABA solution onto leaves of S. habrochaites
resulted in almost no significant upregulation of any measured
transcript, with the exception of P4 and P6 transcripts belonging
to the PR1 family (Fig. 4). However, this finding is in agree-
ment with the compromised response to BABA observed on
the leaves.

Infiltration of plant leaves with 100 nm solution of oligandrin
triggered the upregulation of multiple transcripts in both
genotypes (Fig. 4, Table S2). A higher induction rate (18 tran-
scripts) was observed in the highly resistant genotype S. hab-
rochaites. Moreover, from 13 transcripts upregulated in S.
lycopersicum ‘Amateur’, most of the ten transcripts were
shared with those upregulated in S. habrochaites, pointing to
a similar signalling mechanism involved in plant responses to
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Fic. 3. Necrotic symptoms triggered by BABA application to tomato leaves. Solanum lycopersicum ‘Amateur’ (A) and Solanum habrochaites (B) plants were
sprayed with 10, 50 and 100 mm BABA and the photographs of representative leaves were obtained 48 h later.

oligandrin in both studied genotypes. A notable finding was a
strong downregulation of several chitinase and osmotin tran-
scripts in both genotypes as well as an upregulation of the
systemin transcript, probably due to the mechanical wound-
ing caused by oligandrin infiltration through the leaf abaxial
layer (Fig. 4, Table S2).

Infection of tomato plants with the biotrophic pathogen O.
neolycopersici clearly demonstrated differences between the

resistant and susceptible genotype. While in the infected highly
resistant genotype a strong induction of 24 transcripts could be
observed, only 14 transcripts were found to be induced in the
highly susceptible genotype, the majority of them common for
both genotypes. This finding might be related to a generally dif-
ferent extent and timing of transcript induction in the suscepti-
ble and resistant tomato genotypes. In our previous studies on
these tomato genotypes, we also found differences in the extent
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FiG. 4. Changes in the expression of tomato defence-related genes induced by
oligandrin or BABA treatment and after infection by Oidium neolycopersici.
Overview of the differential accumulation of candidate defence-related tran-
scripts identified by RT-qPCR 48h after treatment or inoculation. Yellow and
purple colours represent upregulated and downregulated transcripts, respec-
tively. The y-axis shows hierarchical clustering of the corresponding protein se-
quences by the unweighted pair group method with arithmetic mean (UPGMA)
method in MEGAG6 software. Water-sprayed leaves (BABA, Oidium neolyco-
persici) or leaflets infiltrated with water (oligandrin) were used as the control
samples.

and timing of the increased production of defence signalling
molecules NO and H,0, during the time-course of powdery
mildew invasion (Piterkova et al., 2009; Lebeda et al., 2014).
The most remarkable difference between the genotypes studied
was in the PRI and germin-like protein classes (Fig. 4).
Moreover, in comparison with a recent study on tomato plants
inoculated with Phytophthora capsici (Jupe et al., 2013), there
was almost perfect correspondence regarding the downregula-
tion of germ2, gluco5 and thaum? transcripts caused by O. neo-
lycopersici infection (Fig. 4, Table S2).
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Overlap of upregulated genes among BABA-, oligandrin- and
pathogen-treated plants

Initial comparison of the transcript profiles revealed a high
similarity in the results obtained from BABA-treated and O.
neolycopersici-infected S. lycopersicum ‘Amateur’ plants, as
well as a very low overlap between oligandrin-treated and O.
neolycopersici-infected plants of both studied genotypes (Fig.
5). Moreover, in both genotypes, transcripts of genes encoding
GERM2, GLUCOS or OSM4 demonstrated an opposing regula-
tion between the oligandrin treatment and O. neolycopersici
infection. These findings raise a question on the different
regulation mechanisms involved in plant responses to oligan-
drin and BABA or O. neolycopersici. In the case of elicitins, ac-
tivation of JA- and ET-mediated signalling pathways has been
previously demonstrated (Kawamura et al., 2009). For BABA
treatment, an SA-dependent pathway has been well described
in Arabidopsis plants; however, to the best of our knowledge,
no such study showing evidence for SA-dependent signalling in
tomato has been published. Therefore, we analysed the pro-
moter regions of BABA-upregulated transcripts spanning about
1000 bp before the start codon using the PlantPAN program
(Chang et al., 2008) in the tomato transcription factor library.
In the majority of BABA-upregulated transcripts, the sequence
for the transcription factor ERELEE4 containing an ET-
responsive element was identified (Table S2). Based on this re-
sult, the transcript levels of key enzymes involved in the ET
synthesis pathway, namely ACC synthase and ACC oxidase,
were determined along with quantification of the production of
ET. On the basis of previous studies of different ACC synthase
isoforms in Arabidopsis (Skottke et al., 2011; Li et al., 2012)
and ACC synthase and oxidase in tomato (Lincoln et al., 1993;
Kim et al., 1998; Cohn and Martin, 2005; Shi and Zhang, 2014;
Yim et al., 2014), three candidate transcripts for each enzyme
(ACSla, ACS2, ACS6 for ACC synthase, and ACO1, ACO 1-
like and ACO 4-like for ACC oxidase) with suspected roles in
pathogenesis processes were selected.

In the BABA-treated plants, a good correlation between the
accumulation of defence transcripts after 24 h and the ET pro-
duction was observed (Fig. 6). In BABA-responsive S. lycoper-
sicum plants, a significant upregulation of ACS2 transcript
followed by an increased ET production was observed. In con-
trast, in BABA low-responsive S. habrochaites plants, there
was no upregulation of any analysed ACS transcript nor any in-
crease of ET production (Fig. 6). In both genotypes, an upregu-
lation of ACO 4-like transcript was observed in BABA-treated
plants. However, unlike ACC synthase, ACC oxidase is not
considered as the key regulatory enzyme in ET synthesis (Igbal
etal., 2013).

Following O. neolycopersici infection, an upregulation of the
ACS2 transcript was observed in both genotypes, while the
ACO transcripts were upregulated predominantly in S. habro-
chaites (Fig. 6). This finding is clearly related to the more in-
tense upregulation of defence-related transcripts in S.
habrochaites after O. neolycopersici inoculation. Treatment
with oligandrin did not trigger upregulation of any analysed
ACO transcript. However, it did cause an upregulation of
ACS?2 transcript in the S. habrochaites genotype, corresponding
to a more intense upregulation of defence-related transcripts in
this genotype upon oligandrin treatment.
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FiG. 5. Venn diagrams showing the relationship among treatments. (A, B) Venn diagrams showing the transcript induction overlap of two inducers, namely BABA

and oligandrin, and Oidium neolycopersici infection in Solanum lycopersicum ‘Amateur’ (A) and Solanum habrochaites (B) plants measured by RT-gPCR. (C)

Overlap of induced transcripts in BABA- and oligandrin-treated plants measured by RT-qPCR. (D) Overlap of Phytophthora capsici-induced transcripts from the

study by Jupe et al. (2013) with our results of O. neolycopersici infection of S. lycopersicum ‘Amateur’ and S. habrochaites plants. Transcript levels were measured
48 h after infection by microarray (Jupe et al., 2013) and RT-qPCR and compared to control represented by time zero.

DISCUSSION

In the present study, we attempted to analyse and compare the
responses of susceptible and resistant tomato genotypes to resis-
tance inducers oligandrin and BABA and to infection by the
powdery mildew fungus O. neolycopersici, which represents a
typical biotrophic pathogen of tomato. The proteinaceous elici-
tor oligandrin from P. oligandrum, representing elicitins as the
best known oomycete pathogen-associated molecular pattern
(M/PAMPs), induces the HR and SAR in several plants (Picard
et al., 2000; Benhamou et al., 2001). BABA represents a non-
protein amino acid generally accepted as a potent priming agent
conferring increased resistance to biotic and abiotic stresses in
many studied plants. As model tomato genotypes, we selected
the previously well-characterized highly susceptible S. lycoper-
sicum ‘Amateur’, representing a domesticated inbred cultivar,
and S. habrochaites that exhibits a high non-specific resistance
(Mieslerova et al., 2000; Tomankova et al., 2006; Piterkova
et al., 2009, 2011; Lebeda et al., 2014). The defence responses
were monitored as transcript-level changes of selected genes

with proven roles in non-specific resistance in tomato and
model plants N. tabacum or A. thaliana.

Interestingly, the localization of the targeted genes to the
chromosome map of the inbred reference tomato cultivar S.
lycopersicum ‘Heinz 1706’ showed their clustering towards the
ends of chromosomes 1, 5, 8, 9 and 10. The subsequent analysis
of basal transcript levels in both tested genotypes suggested a
role of genes located on chromosomes 1, 8 and 10 in plant dis-
ease resistance. Several other studies have confirmed the rele-
vance of genes on these chromosomes to defence processes.
Following an infection of tomato with P. infestans, an over-
representation of gene sets belonging to chromosome 10 and a
similar tendency in their localization towards the ends of chro-
mosomes were recently detected by gene set enrichment analy-
sis (Lopez-Kleine et al., 2013). Moreover, in agreement with
our results, QTLs for early blight resistance in tomato using
backcross populations of an S. lycopersicum x S. habrochaites
cross have been identified in chromosomes 1, 2, 5, 8, 9, 10 and
12 and QTLs for early resistance to P. infestans have also been
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FiG. 6. BABA treatment or Oidium neolycopersici infection activates ET production and enzymes of the ET synthesis pathway in tomato plants. (A, B) Transcript
accumulation of genes from the ET biosynthesis pathway was measured 24 h after treatment/inoculation by RT-qPCR. (C) ET accumulation was measured 24 and
48 h after BABA treatment by gas chromatography (n = 4). The control tissue was a water-treated control sample. Each bar represents the mean * s.e.
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detected in chromosomes 3, 4, 5, 8, 10 and 11 (reviewed by
Foolad, 2007).

Our results suggest an absence of involvement for five genes
(glucol, gluco2, defl, thauml and thaum4) in the resistance pro-
cess with no significant upregulation by any treatment or in-
creased basal levels in the resistant genotype. Even though the
numbers of differently expressed genes at basal levels of both ge-
notypes were quite similar, we noticed that the expression of the
majority of downregulated genes in the susceptible compared to
the resistant genotype was not affected by any treatment.

Pathogenesis experiments in the resistant S. habrochaites
plants clearly demonstrated the previously proven high level of
basal non-specific resistance to O. neolycopersici, similar to
that induced by BABA or oligandrin in the susceptible S. lyco-
persicum genotype (Mieslerova et al., 2000). This high level of
basal non-specific resistance was found to be associated with
the upregulation of two chitinases, three -1,3-glucanases and
four osmotins. Transgenic plants overexpressing chitinase alone
or in combination with B-1,3-glucanase have been previously
shown to display an enhanced resistance when challenged with
a powdery mildew infection (Oldach et al., 2001) or bacterial
pathogens (Dana et al., 2006). Delayed symptoms of Fusarium
head blight have also been reported in these transgenic plants
(Anand et al., 2004). Furthermore, overexpression of osmotins
acting as antifungal cytotoxic compounds delayed the develop-
ment of P. infestans and disease symptoms in infected potato
plants (Liu et al., 1994; Zhu et al., 1996).

Oligandrin treatment of the susceptible S. lycopersicum
plants demonstrated the effectiveness of elicitins in inducing
resistance to O. neolycopersici. The observed resistance in
BABA-treated S. lycopersicum plants against O. neolycoper-
sici infection has previously been demonstrated for BABA-
treated tomato seeds (Worrall et al., 2012). However, our
data from BABA-treated leaves show a direct activation of
the defence responses, characterized by an enhanced accu-
mulation of pathogenesis-related genes, rather than the prim-
ing effect, as observed in the study on tomato seeds. Such
activation of defence responses has been reported in A. thali-
ana, with BABA applied as a foliar spray, in contrast to soil
drench, enhancing expression of the PR1 gene (Jakab et al.,
2001). Similarly, a global effect on the transcriptome and an
increased abundance of secreted proteins related to resis-
tance was observed in tobacco and potato plants only after
application of a BABA foliar spray (Siegriest et al., 2000;
Bengtsson et al., 2014a, b). It therefore appears that the
mode of action of BABA as a priming or resistance-inducing
agent may depend upon the application method. A clear ex-
planation of this phenomenon is a matter of debate and de-
serves further investigation.

Our data obtained from BABA-treated leaves indicate a dif-
ferent resistance mechanism to that observed with oligandrin,
with the suppression of germ tube elongation occurring, rather
than the inhibition of conidial germination. The very low over-
lap of BABA- and oligandrin-induced transcripts in S. lycoper-
sicum and opposing trends in their expression support this
suggestion of different modes of action. Even though the rela-
tionship between different signalling pathways is still a matter
of debate (Glazebrook, 2005; Vleeshouwers and Oliver, 2014),
the very low overlap between BABA- and oligandrin-induced

Satkova et al. — Tomato responses to elicitors and pathogen

transcripts may be a result of the previously reported depen-
dence of elicitin INF1-induced resistance on the activation of
JA- and ET-mediated signalling but not on SA-mediated signal-
ling (Kawamura er al., 2009). Perhaps the dependence of
BABA-induced resistance on both SA- and abscisic acid
(ABA)-dependent defence mechanisms might be involved
(Ton et al., 2005). However, we found a low representation of
ABA-responsive element (ABRE) and a high representation of
ET-responsive elements in the promoter regions of BABA-
responsive genes (Table S2). This result, together with an in-
creased ET production and a clear upregulation of key enzymes
(ACS2 and ACO4-like) of the ET synthesis pathway, supports
suggested ET-dependent mechanisms in BABA-induced resis-
tance in tomato. The participation of ET signalling in BABA-
primed resistance in tomato is further promoted by the observa-
tion that BABA as well as ET increased disease severity caused
by the necrotrophs (van Loon et al., 2006; Worrall et al., 2012).
Moreover, we found an interesting overlap of transcripts upre-
gulated by BABA and O. neolycopersici with those detected in
Phytophthora capsici-tomato interaction and suggesting in-
volvement of ET in the disease development during early and
biotrophic infection stages (Jupe et al., 2013). All these findings
indicate strongly the involvement of ET in BABA-induced
resistance against biotrophic and hemi-biotrophic pathogens in
tomato in contrast to Arabidopsis or tobacco plants (Ton et al.,
2005).

Interestingly, the virtual absence of upregulation of the ana-
lysed genes in S. habrochaites plants upon BABA application
is consistent with the lack of observable symptoms after BABA
treatment; however, the primary cause of this effect is still un-
known. This different response has already been demonstrated
in potato cultivars exhibiting different levels of resistance
(Bengtsson et al., 2014a). The partial response of resistant S.
habrochaites plants to very high concentrations of BABA re-
quires confirmation by screening a larger set of contrasting ge-
notypes. Similarly, whether the tolerance of the resistant
genotype to BABA treatment is a consequence of basal resis-
tance requires further investigation.

In conclusion, the genotype S. habrochaites, exhibiting a
high level of non-specific resistance in previous studies,
showed considerably higher basal levels of transcripts with pro-
ven roles in the resistance process against a broad range of
pathogens and a more extensive induction of defence-related
transcripts following infection. For five genes (glucol, gluco2,
defl, thauml and thaum4), the absence of any significant upre-
gulation following any treatment or increased basal expression
in the resistant genotype suggests no involvement in the resis-
tance response. In the present study, BABA and oligandrin
treatment of the susceptible tomato genotype resulted in induc-
tion of defence-related transcripts, accompanied by an enhance-
ment of resistance against the biotrophic pathogen.
Nevertheless, different regulation mechanisms for induced re-
sistance were observed for each compound, with ET-dependent
signalling, rather than SA- or JA-dependent pathways, appear-
ing to be involved in BABA-induced resistance in tomato. In
the context of previous studies on Arabidopsis and tobacco, our
findings suggest that diverse signalling mechanisms occur in
BABA-induced resistance in plants, dependent on the mode of
application and model plant under study.
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SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Table S1: sequences of
the primers used for qPCR. Table S2: results of qPCR analysis
of selected genes involved in tomato defence responses.
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