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Abstract

A plant’s defensive capacity can be enhanced by treatment with various synthetic and natural
compounds capable of improving its immune system and make it more resistant. This is called
priming. Primed plants express faster and stronger enhanced defence upon encountering either abiotic
or biotic stress. Traditionally, plant stress has been studied by applying a single type of stress such as
drought, salinity or infection and analysing phenotypic and molecular aspects of the resulting plant
phenotype. However, this type of analysis is in sharp contrast to natural conditions where plants are
simultaneously subjected to a combination of different abiotic and biotic stresses that limit crop yields.
Recent evidence shows that a combination of abiotic and biotic stress can have a positive effect on
plant performance by reducing the susceptibility to biotic stress. Such an interaction between both
types of stress points to crosstalk between their respective signalling pathways. Using the non-protein
amino acid p-aminobutyric acid (BABA) to prime tomato plants, we found that BABA-treated plants
showed earlier and higher expression of PRI and PR5 genes following combination of salt stress and
infection with Botrytis cinerea compared to unstressed plants exposed to salt. Histochemical analysis
revealed that in BABA-treated plants, induced levels of callose deposition and lignin accumulation
were higher than in non-treated controls, while the spread of B. cinerea was strongly reduced. A rapid
H,0; accumulation detected in BABA-treated plants under combined stress, may have contributed to
the observed decrease in the pathogen’s proliferation.
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Introduction The interaction between abiotic and biotic stresses in plant
responses is controlled by different hormonal signaling
pathways and by a variety of molecular mechanisms that work
together in a very complex way [10,14-16]. Narusaka et al. [17]
indicated that plant responses to a simultaneous abiotic and
biotic stress are associated with changes in complex gene
networks in order to withstand the stress. However, studies in
) - ) this field suggested that abiotic stress can have additive
However, the yield potential of tomato is strongly affected by (jncreaging the stress impact) or reductive (increasing stress
biotic stress factors including Botrytis cinerea [4,5]. This (o]erance) effects on plants upon pathogen attack and vice versa
necrotrophic fungus induces cell death in the vegetative tissues [10,18-20]. The rapid accumulation of abscisic acid (ABA) in
[6,7]. B. cinerea penetrates through wounds or stomata and  {he plants as an adaptive response to abiotic stress for example
kills plant tissues by secreting toxic compounds or Iytic jncreases the susceptibility of plants to pathogen attacks [21].
enzymes [8]. This infection leads to necrosis of the host. gorohym and bean stressed by drought stress present a higher
Constitutive barriers, such as a stronger cell wall or stored susceptibility to Macrophomina phaseolina [22,23]. The same

metabolites, and inducible defenses, such as the synthesis of holds true for Arabidopsis exposed to drought stress and P.
phytoalexins, help plants cope with such fungal attacks [9].  gyringae [24]. Moreover, under salt stress, increased plant

However, in their natural habitats, plants are often challenged  (jarance through Na* compartmentalization in the vacuoles

not only by biptic stress but gt the same tirpe'with ab%ot?c may have adverse effects on pathogen feeding and
stresses. The simultaneous action of both abiotic and biotic development [12]. In contrast, in some cases the exposure of

stressors can activate a multitude of compounds in the plant 1,45 to abiotic stress enhances resistance to pathogen attacks

that act with different modes of convergence ensuring the 2556 via the positive effect of ABA on callose deposition
regulation and the modification of the plant response pattern [27,28] and the induction of gene expression in response to

which could be completely different from the predicted plant oy kinds of stress [29]. Drought stress enhances resistance
responses to a single constraint [10-13].

Tomato (Solanum Iycopersicum L.) is one of the most
important crops and widely cultivated around the world. In
2013, it was seventh in the ranking of food crops worldwide,
while production and consumption are constantly increasing
[1,2]. Tomato provides valuable compounds like lycopene,
known for its anti-oxidative and anticancer properties [3].
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against B. cinerea in tomato [30]. This positive interaction can
be due to stomatal closure reducing water loss from infected
tissues or the high levels of defense compound accumulated
after a period of abiotic stress as shown in the sitiens tomato
mutant where the abscisic acid deficiency increases the
resistance to B. cinerea [31]. It is still not clear why some
studies on to the combination of abiotic and biotic stresses
report an increase of plant resistance against pathogen attacks
while others an increased susceptibility to infection [32].

Generation of reactive oxygen species (ROS) as inducible
defense response following abiotic and biotic stress depends on
the strength and duration of the stress [33-35]. Low levels of
ROS occur primarily as stress signal transduction molecules
that insure plant acclimation against many stresses. They can,
however, become toxic for plants if levels continue to increase
leading to oxidative stress [36]. To minimize damage under
abiotic stress conditions, plants produce antioxidant and ROS-
scavenging enzymes [37,38]. In contrast, plants actively
generate ROS and act positively on plant resistance against
pathogen infection by mediating the hypersensitive response
(HR)-like cell death, a process known as the oxidative burst. In
this case, the accumulation of ROS limits pathogen spread
[39-41]. Furthermore, ROS accumulation in response to a
combination of abiotic and biotic stress may create a stress-
specific signal to both stressors in order to induce the
acclimation response to the plants. Laluk et al. [42]
demonstrated that Pentatricopeptide Repeat Protein for
Germination on NaCl (PGN) controls the role of ROS in the
combination of abiotic and biotic stress conditions, which
indicates that PGN is responsible to regulate ROS homeostasis
in the mitochondria.

Priming plants puts them into a stage where they show an
increased and accelerated ability to activate various defense
mechanisms upon encountering biotic and abiotic stresses
[43,44]. Among the many inducers of resistance, [-
aminobutyric acid (BABA) has proved to be an effective agent
for the induction of resistance to both biotic and abiotic
stressors [45,46]. Depending on the challenging stressor,
BABA-primed plants will mount their defense via the
appropriate  defense signaling pathway. BABA-induced
resistance against downy mildew and Pseudomonas for
example depends on salicylic acid (SA) signaling leading to
the accumulation of pathogenesis-related (PR) proteins while
defense against necrotrophic fungi depends on ABA [47,45].
PR proteins are induced not only in response to pathogen
attack but also under abiotic stress conditions [45,48-50].
Unfortunately, there is a lack of information related to BABA-
induced tolerance in plants subjected to a combination of
abiotic and biotic stress. The objective of this study was to
determine the effect of pre-treatment of tomato plants with
BABA on salt-induced predisposition to the foliar pathogen B.
cinerea. We also evaluated the impact of BABA on the
expression pattern of PR genes and some transcription factors
involved in the defense responses to a combination of salinity
and infection with B. cinerea.
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Material and methods

Culture conditions

Controlled conditions: Seeds of tomato cultivar Marmande
were obtained from Quedlinburger (Aschersleben, Germany).
For sterilization, tomato seeds were rinsed in 70% ethanol,
incubated for 15 minutes in 2% bleach and washed 4 to 5 times
with sterile distilled water. After 24 hours at 4°C, sterilized
seeds were pre-germinated for 6 days in a Petri dish with a
humid sterile Whatman filter paper in the dark in a plant
growth chamber (Percival AR-95L, CLF Plant Climatics
GmbH, Wertingen, Germany). Tomato seedlings were then
transferred to multi-cell growing trays filled with commercial
soil (Compost (25%), sand (12%) and peat (63%); Ricoter
Erdaufbereitung AG, Aarberg, Switzerland) watered with
Solbac (Andermatt Biocontrol, Switzerland) solution to
prevent fungus gnat problems. Ten days later, seedlings were
individually transferred to small 100 mL plastic pots filled with
the same soil. All plants were well watered and kept in the
same plant growth chamber with the following conditions: 16-
hour day at 26°C, 8-hour night at 18°C, 60% relative humidity
and an irradiance of 245 pmol m2 s! until they reached the
stage of four fully expanded true leaves (from the tip,
excluding petiole). At this stage, plants of uniform size were
used for the experiments.

Greenhouse conditions: Seeds of tomato cultivar Marmande
were sterilized and pre-germinated as described above. Tomato
seedlings were then transferred to multi-cell growing trays
filled with soil mixture (Compost (25%), sand (12%) and peat
(63%), Fafard, Canada) and further processed in a greenhouse
(Plant Research Facility Greenhouse, McGill University,
Canada) under the same conditions as described above for
growth chamber grown plants.
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Figure 1. Time course of the combined stress experiments in BABA-
treated tomato plants. Four-week-old tomato plants were exposed to
a chemical stimulus, BABA, by soil drench. After two days, the
primary stress ‘salt stress’ was applied as a soil drench. After one
day, a secondary stress ‘B. cinerea’ was applied by placing 6u
droplets of the fungal suspension on the third and the fourth true
leaves. Leaf tissues were harvested at four-time points: (1) after 8
hours post inoculation (hpi); (2) after 12 hpi; (3) after 24 hpi; (4)
after 72 hpi.
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Priming and stress application

B-Aminobutyric acid (BABA) (Sigma-Aldrich, Switzerland
and Canada) was dissolved in water and applied as a soil
drench (5 mM BABA final soil concentration) [51] to 4-week-
old plants 2 days prior to applying salt stress (0 and 50mM
NaCl). Control plants were watered with tap water. The time
point of BABA treatment is considered to be day 0 (Figure 1).
Tomato plants (cv Marmande) were subjected to pre-treatments
with various concentrations of BABA, followed by the salt
stress 48 hours later. The inoculation with B. cinerea was
performed after 24 hours of the salt stress.

Inoculations

B. cinerea was isolated from an infected tomato fruit and was
routinely cultured on potato dextrose agar (PDA) (Difco
Laboratories, Detroit, Switzerland and Canada) at 24°C.
Conidia were harvested from sporulating colonies (15-day-old
cultures) with 5 mL of sterile water. Conidia were filtered
through gauze, washed by centrifugation (10 min, 1533 g,
20°C) and centrifuged another time (4 min, 13552 g). The
pellet was re-suspended in 1 mL of sterile water and the final
conidia suspension was made with 1 mL of 1/2 strength PDB
(Potato Dextrose Broth) (Difco Laboratories, Detroit) and 10
pL of sucrose (10 mM as a final concentration) at a density of
10° conidia mL"!. The suspension was pre-incubated without
shaking for 2 hours. Six uL droplets of the suspension were
placed on the third and the fourth true leaves. All plants were
transferred to a container with a transparent lid (growth
chamber) or covered with transparent plastic bags (greenhouse)
to keep 100% of relative humidity. These experiments were
repeated two times with similar results.

Size of infected area

Seventy-two hours after inoculation, the area of infection was
calculated by measuring with a caliper square (two diameter
values for each infection site) and the infected leaves were
directly put into 100% ethanol for later callose staining.
Average sizes of infection were based on at least 20

measurements from six tomato plants. Six biological replicates
were collected.

Callose staining

Seventy-two hours after inoculation, tomato leaves were
collected, discolored in 95% EtOH and stained with aniline-
blue (Sigma Aldrich, Switzerland) as described previously by
Ton et al. [45], with some modifications. Briefly, leaves were
incubated for at least 24 h in 100% ethanol until all tissues
were transparent, washed in 0.07 M phosphate buffer (pH=9),
and incubated for 1 to 2 h in 0.07 M phosphate buffer
containing 0.01% aniline-blue (Sigma Aldrich, Switzerland),
prior to microscopic analysis. Observations were performed
with an epifluorescence microscope with UV filter (BP 340 to
380 nm, LP 425 nm). Callose was quantified from digital
photographs by the number of white pixels (callose intensity)
or the number of depositions relative to the total number of
pixels covering plant material, using Image J software. Callose
was selected automatically, using the “Color Range” tool. The
accuracy of resulting callose selection was visually verified
before proceeding. Average callose measurements were based
on at least 20 photographs from different tomato plants. Six
biological replicates were collected.

Gene expression

Plant material was harvested at Oh, 8h, 12h, and 24h after
inoculation with B. cinerea, flash frozen in liquid nitrogen and
kept at -80°C until use. Three biological replicates were
collected per time point.

RNA extraction and gene expression analysis

Total RNA was extracted from the frozen tomato leaf tissues.
RNA isolation was performed according to manufacturer’s
instructions using the RNeasy Plant Mini kit (Qiagen, http:/
www.qiagen.com). RNA was treated with DNase (Qiagen) and
reverse transcribed into cDNA wusing SuperScript III RT
(Invitrogen, http://www.invitrogen.com).

Table 1. Primers used to assess transcription factor and gene expression in tomato leaves under combination of abiotic and biotic stress.

Stress Gene Accession Fw primer Rev primer
Drought CBF3 AY497899 CTGTTTTCCATGCCAGGATT GGGGAGGAGGTAGCATGAG
Drought AREB NM_001247667 TGGTGAAACTGTTATTCAGTCTGC GTGTGGATCTGACCCCATTC

Biotic stress PR1 EU_589238 AAACCTAGCTGCCGCTTTC TTGCTTCTCATCAACCCACA

Biotic stress PR5 NM-001247422 GTGAATGCCCTGGTTCACTT TCCGAATGTAGTACAAGGGTTG
Reference gene | Actin-7-like XM_004249818 GGTTGGAATGGGTCAGAAAG GATACCCCTCTTGGATTGAGC
Reference gene | Tubulin NM_001247878.2 TACTGAAGGCGCAGAGTTGA TTCTCCGCTTCTTTACGAACA

Primers for qRT-PCR were designed using the universal probe
library assay design tool from Roche. The genes and their
corresponding primers used in this study are listed in Table 1.
Primer efficiency was determined by performing a qRT-PCR
with serially diluted cDNA. Minimal accepted efficiency for
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the primers was set to 0.8. The qRT-PCR was performed using
the SensiMix SYBR kit (Bioline, http://www.bioline.com) on a
Rotor-Gene 6000 cycler (Qiagen). The reaction volume was 10
pL, consisting of 2.5 uL nuclease-free water, 5 pL. SensiMix
SYBR mastermix, 0.25 pL forward and reverse primer (each
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10 uM) and 2 pL cDNA. PCRs were performed using 3
independent biological replicates per sample, each replicate
consisting of a pool of 3 plants. PCR reactions were performed
in technical duplicates as a three-step reaction (initial hold step,
95°C for 10 min; 40 cycles of amplification, 95°C for 15 s,
60°C for 20 s, 72°C for 20 s) with a final melting curve analysis
(68°C-95°C). Melting curve and cycle threshold (Ct) analysis
were performed on the Rotor-Gene 6000 software 1.7. Relative
gene expression of stressed tissue was calculated relative to
control treated plants in regard to the two housekeeping genes
Actin and Tubulin and the specific primer efficiencies with the
help of REST 2009 (Qiagen).

DAB staining, microscopy analysis, and H, O,
quantification

In situ hydrogen peroxide (H,O,) production was revealed by
brown precipitates after 3,3’-diaminobenzidine (DAB)
staining. The 3™ and the 4™ fully expanded leaves at 72 hpi
were cut into discs (0.5 cm in diameter). Harvested leaf discs
were stained in 1 mg mL-! of DAB (Sigma Aldrich, Canada) at
pH<3, put for 24 h in the dark and subsequently destained in
saturated chloral-hydrate (Sigma, Canada), as described
previously [52,53]. H,O, is visualized as a reddish-brown
deposit in DAB-treated leaves. DAB staining intensities were
quantified from digital photographs (Zeiss stereo discovery
v20 microscope (Carl Zeiss Canada ltd., Toronto, Ontario,
Canada)) by the number of dark-brown DAB pixels relative to
total pixels corresponding to plant material, using Image J. Six
biological replicates were collected for analysis and average of
ROS measurements were based on at least 20 photographs
from different tomato plants.

Histochemical analysis of lignin

Histochemical determination of lignin was performed using
Wiesner’s test. The 3™ and the 4t fully expanded leaves were
cut into discs at 72 hpi. Discs were treated with a saturated
solution of phloroglucinol (Sigma Aldrich, Canada) in 85%
(v/v) ethanol, for 3 min at room temperature and washed in
25% (v/v) HCI [54,55]. Lignin was visualized as a pink color
around the infection site. Pictures of lignin were taken under a
Zeiss stereo discovery v20 microscope (Carl Zeiss Canada Itd.,
Toronto, Ontario, Canada).

Statistical analysis

Significance of differences between control and treated plants
was analyzed with a two-way ANOVA; control and stressed
plants (P<0.05) were then compared using the Tukey’s range
and t-test. All statistical analyses were accomplished using
Sigma Plot 11.0 (http://www.sigmaplot.com).

Results

Disease progress in leaves

The objective of this experiment was to evaluate the effect of
BABA on the induction of resistance in plants subjected to a
combined stress in two different, namely controlled (growth
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chamber) and semi-controlled (greenhouse) conditions.
Progress of the disease differed between cv Marmande plants
treated and non-treated with BABA and stressed or not with
salt (Figures 2 and 3). Compared with non-treated control
plants, BABA-treated cv Marmande plants showed a
statistically significant reduction in lesion size at 72 h after
combined stress in both conditions (Figure 2). The effect of
BABA on the proliferation of B. cinerea in the abscisic acid
(ABA)-deficient sitiens tomato mutant (Figures S2 and S3)
was better than the results obtained with cv Marmande, under
semi-controlled conditions which sitiens exhibited a higher
level of resistance against B. cinerea (Figure 2). The size of
infections in the sitiens mutant was smaller compared to both
cv Rheinlands Ruhm and c¢v Marmande. In addition,
concomitant treatment with BABA and 50 mM of salt lead to a
higher protection against B. cinerea compared to non-treated
and stressed cv Marmande plants. This induction of resistance
was also reflected by a statistically significant reduction of the
infection size, but there was no significant difference between
control plants treated with BABA and plants treated with
BABA+50 mM of salt which still looked healthy under
controlled and semi-controlled conditions (Figure 3).
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Figure 2. Size of lesions caused by B. cinerea infection 72 h post-
inoculation of tomato leaves (cv Marmande) treated with water or
BABA and then challenged with abiotic stress (salt stress: water
control and 50 mM NaCl). A) Size of infection area in tomato grown
under controlled conditions. B) Size of infection in tomato from
greenhouse conditions. Data shown are average values (+ standard
error of the mean; n>6 independent replicates) of relative area.
Asterisks indicate significant differences (Student s t-test, p<0.001) in
the area of infection between plants treated with water and plants
treated with BABA. The experiment was repeated 2 times with similar
results. (*=p<0.05, **=p<0.01, ***=p<0.001).

However, plants subjected to 100 and 200 mM of salt,
respectively, were severely infected by the fungus,
independently if they had been treated with BABA or not
under controlled conditions (Figure S1). This suggests that
high salt concentrations (100 and 200 mM) were toxic to the
plants and BABA was not able to protect them under these
severe conditions.

Localization and intensity of callose deposits induced
by B. cinerea

To investigate the role of stress combination (salt stress and
inoculation with B. cinerea) on BABA-induced callose, we
examined the dynamics of callose accumulation in BABA-
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primed and non-primed plants in response to a stress
combination (Figures 4 and S4). We did find a statistically
significant increase in callose deposition upon concomitant
treatment with BABA and the combination of two stresses
compared to plants treated with BABA and just a single stress
(inoculation with B. cinerea; Figure 4). These results suggest
that callose induction in BABA-treated plants was improved by
the simultaneous application of two stresses. However, in the
case of water-treated control plants, there was a significant
difference between plants subjected to a single or double stress
with a lower level of callose detected upon stress combination.

Water BABA
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Figure 3. Responses of tomato plants (cv Marmande) treated with
water or BABA to the combination of salt stress (50 mM) and B.
cinerea. A) Leaves from tomato plants subjected to combined stresses,
experiment was conducted under controlled conditions: Leaves
treated with water or BABA (representative of two replicate
treatments) from control (a and b) and stressed with 50 mM of salt (c
and d). B) Leaves from tomato plants subjected to combined stresses,
experiment was conducted under greenhouse conditions: Leaves
treated with water or BABA (representative of two replicate
treatments) from control (a and b) and stressed with 50 mM of salt (c
and d). Symptoms photographed 72 h post-inoculation.
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Figure 4. Callose deposition in tomato leaves in response to B.
cinerea infection in water or BABA-treated plants additionally
exposed or not to salt stress (50 mM). Data shown are average values
(% standard error of the mean; n>20) of relative callose intensities at
72 hpi with B. cinerea. Asterisks indicate statistically significant
changes in response to BABA treatment and combined stress
(Student s t-test; a=0.05). (p=0.0272).

Involved defense signaling pathways

In order to assess the effect of BABA treatment and saline
stress on B. cinerea resistance at the transcriptomic level, we
evaluated the expression of a chosen set of genes and
transcription factors (TFg) known to be involved in the
induction of salinity tolerance and/or B. cinerea resistance
(Table 1; [56-59]). The expression of tomato defense genes
was studied to determine the cross-talk between abiotic (low
salinity (50 mM)) and biotic stress (B. cinerea) and also the
defense pathways affecting both kinds of stressors (Figure 5).
Control infected tomato plants at 8 hpi presented no significant
differences between plants treated or not with BABA for all
genes tested except PR1, which was slightly down-regulated.
Interestingly, at the same time, BABA induces ABA-
responsive element-binding proteins (AREB) and C-repeat
binding factors 3 (CBF3) expressions after combination of salt
stress (50 mM) B. cinerea, contrary to PR1 and PR5 that were
down-regulated. This suggests that at this initial phase of
colonization, only TF related to abiotic stress (AREB and
CBF3) were activated. Twelve hours post infection the
comparison between plants treated or not with BABA under
single stress (infection with B. cinerea) showed an up-
regulation in the expression of CBF3 and PR1. This shows that
BABA has a positive effect on the expression of CBF3 and
PR1 in plants infected with B. cinerea. Surprisingly, CBF3 was
down-regulated after 12 hpi in plants treated with BABA and
subjected to double stress. In addition, PR1 and PR5 were up-
regulated at 24 hpi in BABA-treated plants under combined
stress. PR1 and PRS5 expressions were induced in plants treated
with BABA under combined stress and were expressed higher
than under single.
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Figure 5. Comparative analysis of defense gene and TF expression in
tomato leaves (cv Marmande) stressed with or without 50 mM of
NaCl and infected with B. cinerea at 8, 12 and 24 hpi. Quantitative
reverse-transcription polymerase chain reaction (qQRT-PCR) analysis
of AREB, CBF3, PRI, and PRS5 in 4-week-old tomato plants
pretreated with B-aminobutyric acid (BABA) 1 day before salt stress
and 2 days before infection with Botrytis cinerea. RNA was isolated
from leaves at 0, 8, 12 and 24 h after inoculation, converted to cDNA
and the analyzed by qRT-PCR. Bars represent mean + standard
deviation (SD), n=3 independent replicates (Fishers least significant
differences test; a=0.05).

Impact of stress on H, O, accumulation and positive
effect of BABA treatment

A possible involvement of ROS in the response of plants
subjected to combined abiotic and biotic stress was addressed.
To this end, leaves of treated plants were subjected to DAB
staining and H,0, accumulation at the inoculation site was
quantified digitally after 24 h of staining. Control and stressed
leaves from tomato plants (cv Marmande) treated with BABA
exhibited higher staining at the inoculation site than leaves
from water controls (Figure 6). Further, this result was
confirmed by quantification of H,O, accumulation (Figure 6)
where the accumulation of H,O, was significantly higher in
leaves of plants treated with BABA compared with non-treated
plants. This confirms that BABA positively influences ROS
accumulation in situ. In non-treated plants, a heavy staining
was observed in the presence of salt stress. The H,O, levels
were higher in stressed plants compared to the control. A
combination of salt stress and inoculation with B. cinerea
increased H,O, accumulation compared to plants under single
stress (B. cinerea). Surprisingly, there was no significant
difference of H,0, accumulation in BABA-treated plants
under double or single stress (p=0.0966). In addition, H,O,
accumulation was significantly higher under combined stress
in BABA-treated sitiens and its wild-type compared to non-
treated plants Moreover, H,O, levels were higher under
combined stress in BABA-treated plants than under single
stress and it was observed that this level was higher in the
sitiens mutants compared to its wild-type and cv Marmande
(Figure S5). These results may be connected to the effect of
ABA in all defense responses in plants under single or double
stress.
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Figure 6. Impact of stressed conditions on H,O, accumulation in
leaves to 30 day-old tomato plants (cv Marmande) treated with water
or BABA (5 mM) 48 h before exposing them to salt stress. The results
are expressed as percentage of dark-brown spots coloration relative
to the total leaf disc surface (* standard error of the mean; n>20) at
72 hours after infection. A) Photographs of stained leaf discs.
Photographs show stained leaf discs with 3,3-diaminobenzidine
(DAB) at 72 hours post inoculation (hpi) and analyzed by light
microscopy. a) Nontreated control inoculated with B. cinerea; b)
BABA-treated tomato plants and inoculated with B. cinerea; c)
Nontreated stressed plants and inoculated with B. cinerea, d) BABA-
treated tomato plants and subjected to a combination of salt and
inoculated with B. cinerea. B) Hy,O, accumulation in treated or non-
treated tomato plants under combination of abiotic and biotic stress.
Asterisks indicate statistically significant differences between salt
stressed and water or BABA-treated plants (Student s t-test; a=0.05).
The experiment was repeated twice with similar results.
(*¥**=p<0,001).

Lignin deposition around the infection sites

BABA-treated tomato plants stressed by salt and infected with
B. cinerea were stained with phloroglucinol-HCI to visualize
lignification in the tissues. A strong accumulation of lignin was
observed in BABA-treated tomato plants in both control and
stressed plants compared to non-treated plants (Figure 7).
However, there was no difference in lignin accumulation in
BABA-treated plants under single or double stress. This
confirms that BABA helps to increase lignification and
therefore induce resistance to biotic stress and combination of
abiotic and biotic stress. Similar results were obtained with cv
Rheinlands Ruhm tomato plants and the sitiens mutant where
plants treated with BABA presented a more pronounced
staining under single and combined stress compared to water-
treated plants (Figure S6).

J Agric Sci Bot 2018 Volume 2 Issue 3



Citation:

Rejeb IB, Pastor V, Mauch-Mani B, et al. Impact of f-aminobutyric acid on induced resistance in tomato plants exposed to a

combination of abiotic and biotic stress. J Agric Sci Bot 2018,;2(3):12-23.

Water BABA
OomM
NaCl
50mM
NaCl
C

Figure 7. Photographs of lignin deposition in leaf discs of tomato (cv
Marmande) from the third and fourth true leaves treated with water
or BABA followed by a combination of salt stress (50 mM) and
infection with B. cinerea. a) through d), leaf disks (0.5 cm in
diameter) of tomato. a) Water controls inoculated with B. cinerea; b)
Water-treated, salt-stressed plants, inoculated with B. cinerea; c)
BABA-treated plants inoculated with B.cinerea; d) BABA-treated
plants subjected to salt stress and inoculated with B. cinerea.

Discussion

The goal of the study was to evaluate the effect of BABA
treatment on the defensive capacity of tomato plants exposed
to a combination of biotic and abiotic stress. For the biotic
stress we used the grey mold pathogen B. cinerea, a
necrotrophic fungus, and mild abiotic stress was achieved
through soil drench with 50 mM NaCl solution. Our results
shown that exposure to salt does not negatively interfere with
BABA-induced induction of resistance against grey mold.
Similar results have been reported in tomato plants treated with
the resistance inducers Benzothiadiazole-S-methyl ester BTH
and N-(3-chloro-4-methylphenyl)-4-methyl-1,2,3-
thiadiazole-5-carboxamide TDL, [60] to a combination of salt
stress and infection with Pseudomonas syringae pv tomato
[61]. These results contradict earlier findings of Yasuda et al.
[62] that showed that exogenous ABA (simulating the effect of
abiotic stress on plants) suppressed the induction of systemic
acquired resistance (SAR) induced by 1,2-benzisothiazol-3
(2H)-one-1,1-dioxide BIT or BTH [63,60] in Arabidopsis
plants infected with Pseudomonas syringae pv tomato.
Interestingly, under mild salt stress (50 mM) the average size
of necrotic lesions was significantly larger than in water-
treated control plants. These results are in agreement with
some studies reporting a negative impact of abiotic stress on
disease resistance [62,12,64]. Previous reports have shown that
ABA, which is induced during abiotic stress, increases plant
susceptibility to many fungi. Treatment with ABA reduced the
resistance of potato tuber slices against Phytophthora infestans
and Cladosporium cucumerinum [65]. Similarly, the increase
of susceptibility was demonstrated in rice treated with ABA
and infected with Magnaporthe grisea [66].

Contradictory to our observations, relatively mild salt-stress on
tomato plants was shown to have no effect on B. cinerea [30].
Thaler and Bostock [67] likewise demonstrated that salt stress
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did not affect tomato plant resistance to P. syringae. In contrast
to the above report, it was found that drought stress was
responsible to delay powdery mildew disease development in
Alliaria petiolata (garlic mustard), which could be due to
stomatal closure that reduces the ability of the pathogen to
penetrate into the leaf [67,68]. The high resistance of the
BABA-treated ABA deficient sitiens mutant of tomato against
B. cinerea compared to its wild-type and cv Marmande
suggests that the lower concentration of ABA in sitiens is
correlated to the increased resistance against the necrotrophic
fungus.

The pB-1,3-glucan polymer callose is considered a strong
physical barrier against pathogen penetration [59,69]. It is
deposited in the form of papillac at the sites of attempted
fungal penetration. This defense mechanism of the plants is
enhanced after priming [12]. Lignin is an important phenolic
polymer that participates in the formation and rigidity of cell
walls. The induction of lignin-like deposits by BABA has been
shown to be correlated to enhanced resistance against fungi
[70,71]. Our results show that the increase of callose
deposition and lignin accumulation at the cellular level could
contribute to preventing the infection of B. cinerea in BABA-
treated plants. Both callose deposition and lignin accumulation
were more pronounced in BABA-treated than in water-treated
tomato plants. Moreover, lignin accumulation was strongly
induced in ABA-deficient BABA-treated sitiens mutants.
Callose deposition and lignin accumulation might restrict
penetration and development of B. cinerea in BABA-treated
plants, correlating with the increase of resistance in tomato
plants against B. cinerea. In support of our data, Pastor et al.
[69] demonstrated that treatment with BABA induced priming
of callose and decreased disease symptoms caused by
Plectosphaerella  cucumerina. An increase of callose
deposition in Arabidopsis plants treated with BABA before
infection with Alternaria brassicicola or P. cucumerina has
also been shown [47,72]. Our results are in line with the
observation of Hamiduzzaman et al. [71] where callose
deposition and lignification were more pronounced in BABA-
treated than in water-treated grapevine. In addition,
concomitant treatment with BABA and 50 mM of salt lead to a
higher accumulation of callose compared to water-treated
plants and also compared to BABA-treated plants. This shows
that 50 mM of salt increased resistance against B. cinerea in
BABA-treated plants, suggesting that plants exposed to the
combination of abiotic and biotic stress reacts more strongly to
BABA treatment than plants exposed to single stress. As
reported in previous studies, the application of ABA has a
similar effect as BABA on the increase of callose deposition
and consequently can be implicated in the induction of plant
resistance upon pathogen attack [47,73,27].

Callose deposition was however significantly affected by a
combination of salt and infection with B. cinerea in water-
treated tomato plants, suggesting that salt stress may have an
additive effect on a plant’s response to B. cinerea. In support of
our data, Wiese et al. [74] found a positive role for ABA in
plant-pathogen resistance, where ABA-treated barley primed
for papillae-mediated resistance against powdery mildew.
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Similar results were found in tomato plants under a
combination of salt stress and powdery mildew [64], where
abiotic stress increased plant susceptibility to biotic stress.
Contrary to our results, previous studies reported that treatment
with ABA, a regulator of plant responses to abiotic stress,
triggers callose-mediated resistance against necrotrophic
pathogens [75,76,47].

Plants respond differently to multiple stresses compared to
individual stress, and in this context, we studied the effect of
gene expression levels in primed plants under a stress
combination. Transcription factors like AREB and CBF3 are
major transcriptional activators that regulate ABA-dependent
gene expression and increased abiotic stress tolerance [77-80].
Our transcriptional analysis of some marker genes involved in
abiotic stress has shown an up-regulation of AREB and CBF3
expression in BABA-primed plants at 8 hpi and subjected to
combined stress compared to non-primed plants. On the
opposite, the expression of the genes involved in biotic stress
(PR1 and PRS5) was down-regulated. Salt-stressed and infected
plants did not favor biotic stress resistance which may have
increased the defense response against abiotic stress, at this
stage. At this early time point (8 hpi), BABA-induced AREB
and CBF3 expression may contribute to enhanced resistance in
coordination with reduced expression of PR1 and PRS in plants
under combined stress. In this context, it is worth mentioning
that AREB and CBF3 were both up-regulated, contributing to
the plant induced-resistance against salt stress. Overexpression
of AREB1 was shown to induce drought tolerance in
Arabidopsis, rice and soybean [57,81-83]. Plants including
tomato, tobacco, and wheat overexpressing DREBI1/CBF,
under abiotic stress, showed an increase of stress-responsive
gene expression in order to induce stress tolerance [84,85]. A
similar result was found in transgenic plants where the
overexpression of DREB1/CBF3 led to increased tolerance to
abiotic stress such as salinity [86,87]. Over-expression of
abscisic acid-responsive element binding protein 1 identified in
tomato (SIAREBI) transcripts in tomato and CBF3 in
transgenic oats conferred resistance to salt stress and is
responsible to activate defense-related genes [88,89]. This is in
line with AREBI and CBF3 expression which showed up-
regulation in response to drought stress in leaf and root tissues
of five grape varieties, which are responsible to increase stress
tolerance [90]. In BABA-treated plants, the pathogenesis-
related genes PR1 and PRS5 were up-regulated at 24 hpi,
especially under stress combination (Figure 5). This could be
related to the onset of plant protection against B. cinerea.
Similar results were found in tomato plants treated with BTH,
where PR1 was enhanced and contributed to plant protection
against B. cinerea [31]. Surprisingly, AREB and CBF3 were
suppressed in BABA-treated plants under combined stress at
24 hpi. This is probably due to BABA being responsible for a
higher accumulation of ROS, and, as a consequence, better
protection against B. cinerea [69]. Previous studies
demonstrated that the PR proteins are induced not only
following pathogen attack but also in response to abiotic stress
conditions [91]. BABA-primed plants show an induction of the
expression of salicylic acid-dependent (PR1,PR5) and ABA-
dependent (rab-related gene 18 (RABI18), responsive to
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dessication 29 A (RD29A)) genes upon salt stress [48,45].
Several studies reported that endo-1,3-8 glucanase, which
belongs to the PR protein family, contributed to plant defense
against salinity [92] and drought [49,50]. The highest increased
expression of PR1 and PRS in 50 mM NaCl+B. cinerea in
BABA-treated plants at 24 hpi compared to single stress
(infection with B. cinerea) could be related to salt stress.
Recently, Chojak-Kozniewska et al. [93] showed that the up-
regulation of PR1 in cucumber plants exposed to stress
combination resulted from SA-independent induction by salt
stress. Other studies have demonstrated that the induction of
PR genes upon abiotic stress could probably be the
consequence of an establishment of a complex signaling
crosstalk between abiotic and biotic stress responses [94].

Interestingly, BABA is able to induce stress combination
resistance in tomato plants and the observed priming for the
induction of PR expression is in agreement with the
significantly smaller average area of necrotic lesions in leaves
of plants pre-treated with BABA under stress combination
compared to non-treated stressed plants. Recently, Thevenet et
al. [95] found that BABA is a natural product of plants and
endogenous levels of BABA increase directly after pathogen
attack or abiotic stress. Moreover, the increase of endogenous
BABA levels after infection depends on the plant’s immune
system [96]. These findings can explain the importance of the
effectiveness of BABA against a wide range of stresses
including the combination of abiotic and biotic stress.

Increased ROS production is a common characteristic of cells
exposed to a wide range of stresses. Plants have evolved the
ability to take advantage of these molecules to defend
themselves against abiotic and biotic stress. ROS have a dual
beneficial role depending on the type of pathogen that attacks
the plants. On the one hand, against biotrophic pathogens, they
act as a key defense compound but on the other hand, ROS
serve as the molecules helping the necrotrophic pathogen to
exploit these responses [4]. In both cases, the accumulation of
ROS can be effective in hindering pathogen proliferation.
Here, we show that the high level of resistance to the
necrotroph B. cinerea in tomato plants treated with BABA was
partially due to an increase of H,O, accumulation at the site of
infection. ROS increasing directly after the pathogen attack
acts as second messengers in order to induce cellular defense
responses [97]. In addition, a reduced capacity to scavenge
pathogen-inducible ROS contributes to reinforce and modify
the cell wall, which is known to form the physical barriers
against the progress of B. cinerea [4,98,99]. However,
decreased resistance of salt-stressed tomato plants to B. cinerea
may suggest that abiotic stresses increase susceptibility to
necrotrophic pathogens in non-treated tomato plants. A
contradictory result shows that there is a positive link between
ABA and ROS to increase resistance against B. cinerea [100].
Others have shown that ABA treatment could induce the
resistance of Arabidopsis against B. cinerea [29]. It can be
concluded that the interaction of abiotic and biotic stress is
complex but BABA has the power to induce resistance against
these stressors. Pastor et al. [69] demonstrated that BABA-IR
against P. cucumerina in Arabidopsis thaliana was dependent

J Agric Sci Bot 2018 Volume 2 Issue 3



Citation:

Rejeb IB, Pastor V, Mauch-Mani B, et al. Impact of [-aminobutyric acid on induced resistance in tomato plants exposed to a

combination of abiotic and biotic stress. J Agric Sci Bot 2018;2(3):12-23.

on H,0, accumulation. Mutants NADPH/respiratory burst
oxidase protein D (rbohD) and phytoalexin-deficient 2 (pad2)
(mutant in ROS generation or scavenging) are impaired in
BABA-induced priming of H202 accumulation, and
consequently decreased P. cucumerina susceptibility [69]. We
demonstrate that in BABA-treated and stressed plants the
accumulation of H,0O,-dependent-defenses was tend to be
higher compared to control treated plants, despite that there is
no significant difference. We hypothesize that salt, which is
known to increase ABA, and ROS accumulation are
interconnected components to increase the capacity of BABA-
induced resistance against B. cinerea. A similar result was
presented by Ton and Mauch-Mani [47] where the induction of
resistance by BABA in Arabidopsis against A. brassicicola and
P. cucumerina was mediated by ABA. Thus, we can conclude
that there is an establishment of a link between BABA, ABA
and ROS to increase resistance against B. cinerea. In contrast,
in BABA-treated tomato, the ABA-deficient sitiens mutant
presented a higher level of resistance than the wild-type to B.
cinerea, which coincided with a rapid accumulation of H,0,
under single or double stress (Figure S5). Furthermore, sitiens
presented also a higher H,O, concentration comparing to cv
Marmande. Despite the number of studies examining the
influence of ABA on the response of plants to pathogen attack,
more research is needed to clarify these controversial results.

H,02 accumulation was higher in water-treated sitiens mutants
than its wild-type and cv Marmande. Similar results were
found in the study of Asselbergh et al. [4] where H,0,
accumulation was higher in sitiens mutants than in wild-type
plants ensuring a direct fungitoxic effect on the pathogen. In
this case, H,O, induced an oxidative burst and HR-like
response in sitiens that may play an important role in defense
signaling. Taken together, it is possible that ABA deficiency in
the sitiens mutant represents an adequate defense against B.
cinerea. Strikingly, H,O, accumulation increased in sitiens
mutant plants treated with BABA and under combined stress
and H,0, levels were higher than under single stress. Based on
these results, we hypothesize that BABA and salt stress
proceed together to increase H,O, accumulation in the sitiens
mutant.

The increase of H,O, levels in plants under stress conditions
may be harmful to the plants and affect the redox status and
turn to oxidative stress [101]. However, in this case, the earlier
accumulation of ROS always remained within adequate
concentration and under what would be a toxic level for plant
cell [102,69].

Conclusion

BABA is well known as a priming inducer boosting the
defensive response capacity of a plant against stress, but as
mentioned previously, there are limited studies about the role
and the mode of action of BABA to induce combined stress
tolerance in plants. Here, we conclude that BABA has the
capacity to induce resistance in tomato plants under a
combination of salt stress and infection with B. cinerea.
However, a negative interaction was observed in water-treated
tomato plants under combined stress. BABA primed for an
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increase in callose deposition, lignification, and H,0,
accumulation in order to improve plant performance under
combined stress and especially to increase pathogen resistance.
Up-regulation of PR gene expression in BABA-treated plants
showed also the effectiveness of BABA to induce resistance
not only against abiotic or biotic stress but also against a
combination of both. There is a transition from early to later
time points in the induction of genes. ABA-related genes seem
to be more induced at the beginning (8 hpi) and followed by a
down-regulation while the SA-dependent PR genes behave in
an opposite manner. Plant defenses are dynamic and change
along the time of infection. The results reported in this study
could be reproduced on other crops, at different growth stages
and other combined challenges to better understand the impact
of BABA on plant defensive response.
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