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A B S T R A C T

Plants exposed to combined abiotic and biotic stress conditions may show enhanced pathogen resistance.
Biocontrol agents (BCAs) can further contribute to ameliorate plant responses to these complex situations. In
recent years, wheat production has been challenged by the expansion of salt-affected soils as well as by severe
outbreaks of emerging diseases such as wheat blast. Here, the role of two BCAs, Pseudomonas stutzeri AN10 and
Trichoderma harzianum Th56, was examined in salt-stressed seedlings infected with two Pyricularia oryzae iso-
lates of contrasting aggressiveness. BCAs did not enhance plant tolerance to high salt stress. However, BCAs
improved performance of salt-stressed wheat plants infected with the less aggressive Pyricularia isolate. The
lower infection in salt-stressed BCAs-treated plants could be due to a salt-induced priming state required to
trigger an early expression of plant defence genes.

1. Introduction

Pyricularia oryzae (Magnaporthe oryzae Couch) is a species complex
of hemi-biotrophic, pathogenic fungi with a high degree of host speci-
ficity which causes blast disease in many Gramineae family species,

including staple cereal crops such as rice and wheat (Couch et al., 2005;
Tosa et al., 2006). Wheat grain infection by P. oryzae decreases yield
and quality, causing important losses in susceptible cultivars (Kohli
et al., 2011). Wheat blast is severely threatening wheat production in
several South American countries (Kohli et al., 2011). In Argentina,
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Pyricularia oryzae isolates were recently recorded on wheat, barley, and
other herbaceous plants (Perelló et al., 2015), and the severity of wheat
blast and associated effects on grain quality and 1000 grain weight
were documented (Perelló et al., 2017; Martínez et al., 2018). In 2016,
an outbreak in Bangladesh caused losses of up to 90% in infected wheat
fields (Callaway, 2016). This alarming event further reinforced the need
to control this devastating disease, launching initiatives such as the
Open Wheat Blast website (www.wheatblast.net).

Control of Pyricularia disease is challenging, as the fungus presents a
high genetic diversity and it can recombine by parasexual reproduction
to rapidly develop new races, thus hampering the development of re-
sistant wheat cultivars (Monsur and Kusaba, 2018). Moreover, the use
of fungicides has not been effective in susceptible wheat varieties so far
(Kohli et al., 2011; Maciel, 2011). Under these circumstances, the use of
BCAs is recommended as an alternative approach to enhance plant
health and to avoid the environmental risks associated to the use of
chemical pesticides (Woan-Fei Law et al., 2017).

Under field conditions, crops are challenged by both biotic and
abiotic stress conditions. This constitutes a key issue, as plant responses
to combined stresses are different from those to individual stress factors
(Atkinson and Urwin, 2012). In arid and semi-arid regions all around
the world, soil salinization is one of the most limiting factors hampering
wheat productivity under both irrigated and rain-fed conditions
(Colmer et al., 2006). Mujeeb-Kazi and Díaz de León (2002) reported
that about 8–10% of wheat cultivating land was affected by salinization
in India, Pakistan, Iran, Egypt, Libya and Mexico.

Both positive and detrimental effects of soil salinity on the plant’s
response to pathogen stress have been reported. DiLeo et al. (2010)
found that a brief salinity stress made tomato and chrysanthemum
plants more susceptible to Phytophthora spp. infection. These authors
reported a relationship between an increase in root ABA and the pre-
disposed state. Moreover, disease enhancement was also triggered by
exogenous ABA concentrations. In contrast, different salts, in a con-
centration-dependent manner, and exogenous ABA, enhanced the re-
sponse of barley to Blumeria graminis (Wiese et al., 2004).

Among the BCAs, Trichoderma and Pseudomonas have been reported
to be effective against diseases caused by pathogens as well as ameli-
orating the plant’s response to salinity. A recent study (Ali and
Nadarajah, 2014) reported that Trichoderma inhibited blast disease in
rice. Trichoderma can directly inhibit pathogens by producing toxic
compounds or by competing with these microbes for space and re-
sources. Moreover, Trichoderma may indirectly hamper pathogen de-
velopment in target plants by triggering induced systemic resistance
(ISR) (Benítez et al., 2004). ISR results from the complex cross talk
amongst different stress hormone-triggered signalling pathways
(Mathys et al., 2012; Niu et al., 2011). Moreover, colonization of Ara-
bidopsis and cucumber roots by Trichoderma improved seed germination
under saline conditions through mechanisms that involved the reduc-
tion of ethylene (ET) levels and the promotion of the antioxidant ca-
pacity (Brotman et al., 2013). The rhizobacteria genus Pseudomonas
also owns direct mechanisms for pathogen control such as effective
antimicrobial secondary compounds i.e. antibiotics as phloroglucinols,
pyrrolnitrin and phenazines (Chin-A-Woeng et al, 2003) and indirect
mechanisms triggering ISR (Van Loon, 2007). Recently, Spence et al.
(2014) reported that a Pseudomonas chlororaphis isolate protected rice
against blast disease by triggering a mechanism dependent on jasmonic
acid (JA) and ET signalling, which decreased the severity of the infec-
tion. In addition, Pseudomonas spp. also ameliorated plant responses to
salt. Different mechanisms have been reported on the effect of Pseu-
domonas inoculation in salt-stressed plants, which include, among
others, increased K+ and Ca2+ uptake, higher concentrations of com-
patible solutes, enhanced 1-aminocyclopropane-1-carboxylate (ACC)
deaminase activity and reduced lipid peroxidation and superoxide
dismutase (SOD) activity (reviewed by Shrivastava and Kumar, 2015).

Stress tolerance has been mostly focused on plant responses to in-
dividual stresses; thus, the understanding of a plant’s ability to adapt to

combined stresses is limited. The relationship amongst pathogen, an-
tagonists and biotic stress and their relative role in the response of
crops, such as wheat, are less studied and still deficient. Mohamed and
Haggag (2006) and Bheemaraya et al. (2013) pointed out that growth
and physiological state of Trichoderma sp. is affected by both biotic and
abiotic stress factors in the natural environment. Recent results (Guo
et al. 2018) provided theoretical support and a practical reference for
the development of Trichoderma strains to alleviate saline or alkaline
stress and to improve the management of fungal diseases in saline or
alkaline soils.

On the other hand, Trichoderma harzianum Th56 (Perelló et al.,
2017) and Pseudomonas stutzeri AN10 (García-Valdés et al., 1988) are
microorganisms of interest in our laboratories for its potential role in
different processes, amongst them, the possible beneficial effects on
plant growth and development, and on plant responses to stress con-
ditions.

Based on this background, the aim of this work was to explore the
possible ameliorating action of two BCAs, Trichoderma harzianum and
Pseudomonas stutzeri, on the response of salt-stressed wheat plants to
Pyricularia oryzae isolates that differ in virulence. The relative expres-
sion of selected stress-response related genes was used as a marker of
the sensitivity/resistance response of the wheat plants.

2. Materials and methods

2.1. Blast pathogens

Two local Argentinian isolates from field-grown wheat samples
showing blast symptoms, named UNLP2 and UNLP10 were used in this
study. These strains were previously characterized by morphological
and epidemiological analysis (Perelló et al. 2015). They were selected,
amongst others, based on their contrasting aggressiveness profile in
wheat according previous results of pathogenicity tests performed with
different Argentinian isolates inoculated on seedlings and adults (spike)
wheat plants under greenhouse conditions (Perelló et al. 2017).

2.2. Molecular characterization of Pyricularia isolates: DNA extraction,
PCR amplification and sequencing

Conidia were scraped off from a plate and mixed with ethanol. After
removing the ethanol, they were homogenized in lysis buffer with
150mg of sea sand. DNA was extracted using a NucleoSpin® Plant II
(Macherey-Nagel, Düren, Germany) kit according to the manufacturer’s
instructions and quantified at 260 nm.

Molecular characterization of both Pyricularia isolates was per-
formed by DNA sequencing of an internal fragment of the 28S rDNA
gene. The PCR amplification of a 330-bp of the 3′ end of the 28S rDNA
gene was performed as previously described (Qi and Yang, 2002). The
amplified products were purified with Multiscreen HTS PCR 96-well
filter plates (Millipore). Sequencing reactions were carried out using the
ABI Prism BigDye Terminator version 3.1 following manufactures in-
structions, and the sequences were read with an automatic sequence
analyser (3130 genetic analyzer; Applied Biosystems). Sequence ana-
lysis was performed using Sequence Scanner Software 2 (http://www.
appliedbiosystems.com). Sequence comparison with GenBank nucleo-
tide database was performed using the blastn suite (https://blast.ncbi.
nlm.nih.gov/Blast.cgi).

2.3. Trichoderma, Pseudomonas and Pyricularia cultivation and inoculum
preparation

Trichoderma harzianum Th56 was grown on potato dextrose agar 2%
(PDA) plates at 25 °C. This Trichoderma isolate, Th56, was obtained
from wheat grain microflora and maintained at the culture collection of
CIDEFI-FCAyFUNLP (Argentina) at 5 °C due its previous good perfor-
mance against other wheat pathogens (Perelló et al., 2017). Conidia
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were scraped off the plates and collected in distilled water and filtrated
with gauze. Concentrations of propagules in suspensions were stan-
dardized with the aid of the haemocytometer to 1× 108 conidia ml−1

with Ringer solution.
Pseudomonas stutzeri isolate AN10R was a Rifampicin-resistant

spontaneous mutant of Pseudomonas stutzeri AN10 (García-Valdés et al.,
1988) that was obtained after plating strain AN10 on LB agar (10 g
peptone, 5 g yeast extract, 5 g sodium chloride, 15 g agar per litre)
containing 70 µgml−1 of rifampicin. We decided to use this RifR deri-
vative to easily follow its presence during the experiment. Isolate
AN10R was routinely grown on LB agar plates at 30 °C. To prepare the
inoculum, bacteria were scraped off the plates and its concentration
was adjusted to 1× 108 cfu ml−1 with Ringer solution based on their
optical density at 600 nm.

Pyricularia inoculum was prepared from isolates UNLP2 or UNLP10
(Perelló et al., 2015) and grown on PDA plates at 25 °C and kept on a
photoperiod of 12 h light:12 h dark to induce growth for 10 days.
Conidia were suspended in sterile distilled water and their concentra-
tion was adjusted to 5x104 spores ml-1 with Ringer solution.

2.4. Plant culture and salinity treatments

Two experiments were carried out in a biosafety level 2 (BSL-2)
room at the UIB. Triticum aestivum cv. Baguette 18 seeds were imbibed
in distilled water for three days. Following, three treatments were set
up by soaking the germinating seeds in 0.5 L of the following solutions
for 30min.: Ringer’s solution (no BCA), 1×108 ufc ml−1 of
Trichoderma harzianum Th56 (Tricho) and 1× 108 ufc ml−1 of
Pseudomonas stutzeri AN10 (Pseudo). Fifteen seeds were planted per pot
in perlite: vermiculite 1:1 in 13× 10 cm pots (12 pots per BCA treat-
ment) and kept at field capacity with modified Hoagland nutrient so-
lution with 1mM NaCl (Epstein, 1972). Plants were grown in a growth
room at 25 °C, 50% RH, 8 h light:16 h dark photoperiod and PAR
300 µM photons m−2s−1 provided by Sylvania Gro-Lux® fluorescent
tubes.

Three days after planting, two saline treatments were set up: 1 and
200mM NaCl. The severe salinity treatment was imposed in a step-wise
manner, adding daily increments of 50mM NaCl during four con-
secutive days to half of the pots per BCA treatment. Saline treatment
was imposed by immersing the pots in the salinized solution and let
them drain fully by gravity. Once the final salt concentration was
reached, plants were watered alternatively every other day with nu-
trient solution or distilled water.

2.5. Pyricularia inoculation and disease rating

Twenty days after planting, one third of the pots, holding plants at
3rd leaf stage were inoculated by spraying the leaves until run-off with
either distilled water or a spore suspension of P. oryzae UNLP2 or
UNLP10. After inoculation, all pots were individually kept under
transparent covers with zip closures for 2 days to keep plants at satu-
rated relative humidity to favour fungal infection. To further promote
the initial development of the fungus, plants were kept in the dark for
the first 24 h after the inoculation, followed by an 8 h dark:16 h light
photoperiod.

The plants were examined daily for lesion development and pro-
gression. At 7 days after pathogen inoculation, disease severity was
assessed by rating of the percentage of leaf area showing characteristics
symptoms of blast disease (Severity (%)= [diseased leaf area/total leaf
area]× 100). It was rated in five seedlings at the 3-leaf stage per pot in
all pots holding pathogen-inoculated plants and shown as the average
between the first and second leaf lesion percentages.

2.6. Plant growth

Leaf biomass was recorded 7 days after pathogen inoculation in

seedlings at the 3-leaf stage. Leaf biomass was individually recorded in
five representative plants per pot.

2.7. RNA extraction, cDNA synthesis and qPCR

The effect of salinity, inoculation with BCAs and/or Pyricularia
isolates on the expressions of pathogenesis-related proteins (PR2) and
(PRPI), phenyl ammonium lyase (PAL), chitinase 2 (CHI2), guaiacol
peroxidase 2 (POX2) and lypoxigenase (LOX) defence genes was ex-
amined 24 h after pathogen inoculation. Combined first and second
leaves from three plants per pot in each treatment were harvested and
directly immersed into liquid nitrogen, homogenized to fine powder
and stored at −80 °C until use. Total RNA of each plant (around
100mg) was extracted using a NucleoSpin Plant Kit (Macherey-Nagel,
Düren, Germany) according to the manufacturer’s instructions.
Extracted RNA was quantified and quality controlled with Nanodrop
2000 (Thermo Scientific, DE, USA). The synthesis of cDNA (adjusted to
1 µg) was obtained with iScript™ cDNA Synthesis Kit (Bio-Rad, CA,
USA). The cDNA (1:5) was used as a template for quantitative PCRs
using iTaq™ Universal SYBR® Green Supermix (Bio-Rad, CA, USA) and
reaction was developed on a CFX384 Real-Time System (Bio-Rad, CA,
USA). The plates were edited by the software CFX manager version 3.1.
The primers used for the expression are detailed in Table 1. The ex-
pression of target genes was normalized to the expression level of Actin
gene. Treatment influence on relative gene expression was calculated
according to the 2−ΔΔCt method (Livak and Schmittgen, 2001). Each
sample was three-technically replicated on each reaction.

2.8. Experimental design and data analysis

Two 3×2×3 factorial experiments of identical design were con-
ducted consisting in 2 salinity treatments (S): 1 and 200mM NaCl; 3
BCAs treatments (B): no BCA, Tricho and Pseudo; and 3 pathogen
treatments (P): no pathogen, UNLP2 and UNLP1 arranged in a rando-
mized block design providing two replications (pots) for each treatment
combination (S*B*P). Combined data from the two experiments are
presented in the results. A three-way ANOVA was run to examine the
S*B*P interactions. At each salt concentration, data from all studied
variables were analysed by two-way ANOVA and means from 1 and
200mM-treated plants for each BCA and pathogen treatment were
compared using Fisher’s test (P < 0.05) using Statistica 7 (StatSoft
Inc., Tulsa, OK, USA). In the figures, error bars represent SE, and sig-
nificant differences amongst groups are marked by different letters.

Table 1
Primer sequences used to quantify the relative expression of defence marker
genes in leaves of T. aestivum.

Primers Putative function Sequence 5′-3′ (Fw/Rv) References

Ta PR 2 β-1,3-glucanase ACAGAGATAGGCGACGAGGA Ha et al.
(2016)CCATCCTCCCGGCCATAAAG

Ta Chi2 Chitinase AGGAAAATCAACAGTGGCGA Li et al.
(2010)TTGCTAGATTCTTGATCGAC

Ta PRP I PDF1.2 homology TCGCAGAGCCACAACTTCAA Ha et al.
(2016)CGCAAGTGCTTCTGCAAGAG

Ta LOX Lipoxygenase CGACCCGCAGCTGTTGA Cruz et al.
(2015)CCCTTGTGATCGGAGGTGTT

Ta PAL Phenylalanine
ammonia-lyase

CGTCAAGAGCTGTGTGAAGATGG
GGTAGTTGGAGCTGCAAGGGTC

Zhang et al.
(2011)

Ta POX 2 Peroxidase CAACGACACCACCGACAACA
AAGGTGAACTCGTGATGGAC

Li et al.
(2010)

Ta Actin Reference gene GCTGTTCCAGCCATCTCATGT
GTTTCCTGGAATTGCTGATC

Li et al.
(2010)
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3. Results

3.1. Blast pathogens molecular identification

The DNA sequencing of an internal fragment of the 28S rDNA gene
showed 100% homology with the corresponding Pyricularia oryzae
GenBank sequence (AB026819.1). This confirms that the UNLP2 and
UNPL10 pathogenic isolates belonged to Pyricularia oryzae species.

3.2. Leaf growth response to severe salinity, BCAs and P. oryzae inoculation

A significant three-way interaction was found amongst salt, BCAs
and Pyricularia isolates on leaf fresh weight and leaf infection severity
(Table 2).

Salinity markedly decreased plant growth (see no pathogen treat-
ment in Fig. 1a and b). No BCA no pathogen-treated plants grown at
200mM NaCl for 20 days had 51% lower leaf fresh weight than controls
(Fig. 2a and b). Nonetheless, differences in fresh weight between salt
treatments could have partly be due to lower relative leaf water content

in 200mM NaCl-treated plants. For each salt concentration, a sig-
nificant interaction was found between BCAs and Pyricularia isolates on
leaf fresh weight (Table S1). Neither Pseudomonas nor Trichoderma
ameliorated the inhibitory effect of 200mM NaCl on leaf growth
(Fig. 2b). In plants not exposed to the pathogen, only seed inoculation
with Pseudomonas significantly increased leaf fresh weight (38%), while
no difference in leaf growth between Trichoderma and no BCA plants
were found (Fig. 2a).

Both Pyricularia isolates showed compatible interactions with wheat
cv. Baguette 18. The wheat leaves affected by Pyricularia disease pre-
sented clear necrotic lesions with or without chlorosis symptoms.
Nonetheless, isolate UNLP10 was much more aggressive than UNLP2
(Fig. 1a and b). Two days after inoculation, visual symptoms of blast
disease were already important and spreading fast. Within both isolates,
the infection started and was much more intense at the leaf apex, where
lesions were so frequent that almost contacted one another and, from
there, the symptoms advanced to the leaf base (Fig. 1c).

The effect of Pyricularia disease on leaf growth decreased in 200mM
NaCl-treated plants, with leaf fresh weight showing a 39% and 65%
decline in Pyricularia isolates UNLP2 and UNLP10 with respect to
200mM NaCl no pathogen-inoculated plants (Fig. 2b and c). The BCA
treatment had a significant different effect on the plant response to blast
disease (Table S1). In 1mM NaCl UNLP2-inoculated plants, Trichoderma
reduced leaf growth inhibition and leaf infection severity, while Pseu-
domonas showed no effect (Fig. 2a and c). Remarkably, BCAs neu-
tralized the inhibitory effect of Pyricularia UNLP2 in 200mM NaCl
plants and therefore, in the BCAs treatments no significant differences
in leaf fresh weight was found between plants that had been inoculated,
or not, with the Pyricularia UNLP2 isolate (Fig. 2b). In contrast, BCAs
did not significantly improve leaf growth in 200mM NaCl-treated
plants inoculated with the more aggressive isolate UNLP10 (Fig. 2b).
Nonetheless, Pseudomonas and Trichoderma reduced leaf infection se-
verity in 200mM NaCl-treated plants inoculated with UNLP10
(Fig. 2d).

Table 2
Analysis of variance of the effects of salt (S), BCAs (B) and P. oryzae infection
(P) on leaf fresh weight (LFW), leaf infection severity (LIS) and the expression
of pathogenesis-related protein (PRPI), chitinase 2 (CHI2), lipoxygenase (LOX),
phenyl ammonium lyase (PAL), guaiacol peroxidase (POX2), pathogenesis-re-
lated protein (PR2). Bold values are significant (P < 0.05).

Sources of variation F values

LFW LIS PRPI CHI2 LOX PAL POX2 PR2

S 207,7 85,7 15,0 23,9 31,8 1,7 20,9 0,05
B 4,7 34,9 12,3 11,5 8,5 6,1 2,7 1,56
P 229,6 798,5 50,7 33,5 31,0 69,3 12,6 2,32
S*B 0,8 3,5 10,5 12,0 13,2 10,8 5,8 3,18
S*P 58,0 45,9 16,7 20,6 28,9 4,9 10,9 5,69
B*P 7,8 52,3 19,6 10,3 11,9 28,5 5,5 4,32
S*B*P 11,6 16,1 10,3 10,1 13,0 7,4 3,3 4,37

Fig. 1. Wheat plants cv. Baguette18 grown for 27 days at 1mM (a) or 200mM (b) aCl, seven days after inoculation with P. oryzae isolates UNLP2 (left) or UNLP10
(right). Wheat blast symptoms (c).
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3.3. Salt, BCAs and P. oryzae effects on the expression of wheat defence
genes

The effects of high salt, P. stutzeri AN10 and T. harzianum Th56 in
the relative expression of defence genes of wheat plants was examined
24 h after the inoculation (24 hai) with P. oryzae (Figs. 3 and 4). Pre-
vious results in compatible interactions showed that rice cells con-
taining P. oryzae invasive hyphae plasmolyzed at 27 hai (Kankanala
et al., 2007), and consequently, defence pathway activation analysis
should be conducted before 27 hai (Bagnaresi et al., 2012).

The expression of most of the defence genes studied in wheat cv.
Baguette 18 was significantly affected by salinity, BCAs and Pyricularia
treatments and for the two-way and three-way interactions (Tables 2).

In the no pathogen treatments, 200mM NaCl did not triggered the
relative expression of defence genes. On the contrary, the expression of
PAL was decreased by 200mM NaCl, with no differences amongst BCAs
treatments (Figs. 3 and 4).

In plants grown at 1mM NaCl, a significant interaction between
BCAs and Pyricularia isolates in the expression of the defence genes was
only found for the SA-dependent signalling marker genes PRPI and PAL,
while in 200mM-treated plants, the interaction was significant for all
tested genes (Table S1). P. oryzae isolate UNLP2 triggered the expres-
sion of defence genes almost exclusively in BCAs-inoculated 200mM
NaCl-stressed plants. CHI2, LOX and, POX2 gene markers of the JA/ET,
JA and ET signalling pathways, respectively, showed an increased ex-
pression in 200mM NaCl -stressed plants inoculated with Pseudomonas
and even a higher increase in Trichoderma-inoculated plants (Fig. 4b, d
and f). A similar pattern was found for the SA-dependent gene markers
PR2, PRPI and PAL with some changes. PR2 did not increase in 200mM

NaCl -stressed plants inoculated with Pseudomonas (Fig. 3b) and PRP1
and PAL increased in both salt and BCAs treatments (Fig. 3d and f).

Defence gene expression was little affected in plants inoculated with
the most aggressive P. oryzae isolate, UNLP10. Nonetheless, a sig-
nificant increase was found in the expression of PAL. The relative ex-
pression of this gene highly increased in 1mM NaCl no BCA-treated
plants and in 200mM NaCl plants inoculated with Trichoderma (Fig. 3e
and f).

4. Discussion

Under field conditions, crop plants are exposed to multiple stress
situations; nonetheless, still few studies in the literature have focused
on the plant response to simultaneous biotic and abiotic stress situa-
tions (Atkinson and Urwin, 2012). Combined stresses trigger a cross
talk among different cell signalling pathways yielding either additive or
antagonistic interactions (Asselbergh et al., 2008; Atkinson and Urwin,
2012; Mittler and Blumwald, 2010). Here, we tested the response of
200mM NaCl -stressed wheat seedlings to the infection of the devas-
tating pathogenic fungus, P. oryzae, in the presence or absence of BCAs.

Wheat is a fairly salt tolerant crop, which shows a high variability to
saline conditions (Munns et al., 2000). The salt threshold concentration
below which wheat does not show a growth reduction was set to
60–80mM NaCl (Mass and Hoffman, 1977). The commercial cultivar
used in this study, cv. Baguette 18, showed a 50% decreased in seedling
growth at 200mM NaCl. The reason for using this high salt con-
centration was the need to grow plants under a high relative humidity
to favour fungal spread (An et al., 2001). The same salt concentration in
a dryer atmosphere may have caused a substantially stronger plant

Fig. 2. Leaf fresh weight and leaf infection severity of wheat plants cv. Baguette 18 grown with 1mM Na Cl (a and c) or 200mM NaCl (b and d) for 27 days, 7 days
after inoculation with two P. oryzae isolates, UNLP2 or UNLP10. Before planting, one third of the seeds were inoculated with P. stutzeri AN10 or T. harzianum Th56.
Data are means of four replications from two independent experiments. Each replication consists of five plants. Two-way ANOVA followed by Fisher’s LSD test were
performed. Error bars represent SE and significant differences are marked by different letters (p≤ 0.05).
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growth inhibitory effect.
Many Pseudomonas are qualified as plant growth-promoting rhizo-

bacteria, as they have found to enhance plant growth and health (Glick,
1995; Haas and Défago, 2005). In this line, Pseudomonas stutzeri AN10
greatly promoted leaf growth in non-salinized plants. This growth
promoting activity in wheat seedlings could be related to the capacity
of P. stutzeri AN10 for indole-3-acetic acid production, which has al-
ready been identified in different strains of this species (Desnoues et al.,
2003; Pedraza et al., 2004).

Trichoderma species are fungi widely used as biofertilizer and BCAs
due to their positive effect on plant development and productivity
(Harman, 2006). On wheat plants, the effectiveness of Trichoderma spp.
against seedborne and foliar fungal pathogens was previously

demonstrated under greenhouse and field conditions (Larrán et al.,
2016; Perelló and Mónaco, 2007; Perelló and Dal Bello, 2011). How-
ever, in our experimental conditions, T. harzianum Th56 did not affect
plant growth in 1mM NaCl plants. Moreover, neither P. stutzeri AN10
nor T. harzianum Th56 ameliorated the plant’s response to 200mM
NaCl. Mastouri et al. (2010) reported that T. harzianum alleviated salt
stress in tomato germinating seeds and seedlings, while Trichoderma
asperelloides was found to enhance Arabidopsis tolerance to salt stress by
reducing the ethylene levels and activating the antioxidant defences
(Brotman et al., 2013). However, the Trichoderma’s beneficial effects
reported by these authors were found at much lower salt treatments
than the one used here. This high salinity could also have negatively
affected the PGPR activity of Pseudomonas, as the salt concentration

Fig. 3. Relative expression of defence marker genes PR2, PRPI and PAL in leaves of wheat plants cv. Baguette 18 grown with 1mM Na Cl (a, c and e) or 200mM NaCl
(b, d and f) for 27 days, 7 days after inoculation with two P. oryzae isolates, UNLP2 or UNLP10. Before planting, one third of the seeds were inoculated with P. stutzeri
AN10 or T. harzianum Th56. Actin gene from T. aestivum was used as a reference gene and no pathogen no BCA group was set as a calibrator (RE= 1). Data are means
of three replications from two independent experiments. Each replication consists of five plants. Two-way ANOVA followed by Fisher’s LSD test were performed.
Error bars represent SE and significant differences are marked by different letters (p≤ 0.05).
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used in this study, 200mM, is well above the range of optimal NaCl
concentrations that were reported to produce an optimal IAA con-
centration in different Pseudomonads (Deshwal and Kumar, 2013).

Salinity increases ABA concentration in plant tissues by suppressing
the SA defence pathway and therefore, making salt-stressed plants more
susceptible to pathogens (Thaler and Bostock, 2004). Moreover, exo-
genous application of ABA enhanced rice susceptibility to Magnaporthe
grisea (Koga et al., 2004). In addition, salinity can seep out plant energy
resources and increase its susceptibility to pathogens (Mittler and
Blumwald, 2010). Notably, our results showed that at high salinity,
Pyricularia-induced leaf growth inhibition was lower than in plants
exposed to 1mM NaCl plants. In wheat, both salinity and infection with

Blumeria graminis have been reported to activate the transcription of the
ethylene-responsive factor ERF1. Moreover, the overexpression of
TaERF1 triggered the expression of PR2 gene in non-stressed plants and
improved the tolerance to pathogen and salt stress in transgenic plants
(Xu et al., 2007). In contrast, our results showed no increased expres-
sion of PR2 gene in wheat plants subjected to either salt stress or to
Pyricularia infection.

Trichoderma and Pseudomonas are BCAs with confirmed high capa-
city to ameliorate the plant response to pathogens (Howell, 2003;
Santoyo et al., 2012). Here, in 1mM NaCl-treated plants, only Tricho-
derma ameliorated the leaf response to Pyricularia disease caused by the
isolate UNLP2. This could be due to a direct interaction of Trichoderma

Fig. 4. Relative expression of defence marker genes CHI2, LOX and POX2 in leaves of wheat plants cv. Baguette 18 grown with 1mM Na Cl (a, c and e) or 200mM
NaCl (b, d and f) for 27 days, 7 days after inoculation with two P. oryzae isolates, UNLP2 or UNLP10. Before planting, one third of the seeds were inoculated with P.
stutzeri AN10 or T. harzianum Th56. Actin gene from T. aestivum was used as a reference gene and no pathogen no BCA group was set as a calibrator (RE= 1). Data are
means of three replications from two independent experiments. Each replication consists of five plants. Two-way ANOVA followed by Fisher’s LSD test were
performed. Error bars represent SE and significant differences are marked by different letters (p≤ 0.05).
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with this less virulent Pyricularia isolate (Punja and Utkhede, 2003),
while no beneficial Trichoderma effect was found in plants infected with
the isolate UNLP10. However, only in plants inoculated with the isolate
UNLP2, Trichoderma triggered the plant biotic defence response
(Conrath, 2011).

The different response of Pyricularia isolates UNLP2 and UNLP10 to
the BCAs is consistent with the presence of diverse resistance capacities
within pathogen populations. In fact, none of the two pathogen isolates
had the same resistance phenotype, illustrating variation in the po-
tential for effective antagonist suppression within the Argentinian pa-
thogen population. This variation represents a significant challenge for
consistent biological control of wheat blast. Information about the ex-
tent of diversity in resistance to antagonist inhibition within fields or
across the wheat agricultural regions will be crucial to identifying op-
timal antagonist combinations that may be both most likely to suppress
local Pyricularia populations and least likely to select for substantial
short-term resistance to suppression.

Although some studies have considered that the ISR is independent
of SA and associated to ET and JA (van Loon et al., 1998; Pieterse et al.,
2009), our results at 24 hai showed an increase in the expression of the
marker genes of the SA-dependent signalling pathway, PRP1 and
especially of the gene that codifies for PAL. These results agree with the
ISR induced by Trichoderma hamatum in Botrytis cinerea-infected Ara-
bidopsis plants, which showed enhanced expression of PR2 and PAL
(Mathys et al., 2012). Our results support a role for the SA pathway in
the Trichoderma-induced ISR in wheat seedling inoculated with P. or-
yzae. Notably, in these non-salinized plants, no Trichoderma-enhanced
effect was found in the expression of the marker genes of the JA, ET or
JA/ET dependent signalling pathways.

In salt-stressed seedlings, the ameliorating effect of both BCAs on
the leaf growth response to Pyricularia isolate UNLP2 was related with
SA, but also with JA and ET. Both Pseudomonas and Trichoderma, in
addition to an increase expression of the SA-dependent marker genes,
showed higher expression of the JA/ET, JA and ET marker genes CHI2,
LOX and POX2, respectively. This agrees with previous studies re-
porting that BCAs-induced ISR was simultaneously triggered by SA, JA
and ET signalling pathways (Niu et al., 2011).

PAL was the only defence gene whose relative expression was in-
creased in plants inoculated with the most virulent Pyricularia isolates,
UNLP10. Although enhanced transcripts of PAL were found in 1mM
and in 200mM NaCl- treated plants inoculated with UNLP10, these
plants showed no amelioration of leaf growth.

In addition to other virulence mechanisms, Pyricularia UNLP10
could have evolved a more efficient system than isolate UNLP2 for an
effector-mediated manipulation of the plant’s hormone homeostasis; for
example, targeting plant hormones that are primarily involved in plant
defence, thus causing the specific increased susceptibility of wheat
plants to this isolate. This effector-activated susceptibility conforms to
the interactions between host plants and hemibiotrophic bacteria and
fungi such as P. oryzae (reviewed by Kazan et al., 2014). The exchange
of molecular signals between plants and pathogens builds highly com-
plex networks with interactions that are nowadays still poorly under-
stood. In infected rice plants with P. oryzae, a total of 851 genes en-
coding predicted effector proteins have been identified (Liu et al.,
2013).

To summarize, a scheme of possible mechanisms underlying the
complex interacting signalling network triggered by high salinity, BCAs
and P. oryzae infection is shown in Fig. 5. BCAs were prevailing priming
factors (state A), however, they only induced plant defence responses to
subsequent P. oryzae attack in salt-stressed plants, which indicates the
need to assess another priming state (B) to overcome the P. oryzae ef-
fector-induced susceptibility. Even though, the final expression of
marker genes for the biotic defence pathways was dependent on the
Pyricularia isolate. This is supported by the fact that priming of wheat
seedlings by both BCAs and salinity was not able to overcome the ef-
fector-mediated restrain on defence hormone signalling exerted by the
most virulent Pyricularia isolate, UNLP10.

These differences in effective disease suppression by BCAs reflect
the complex array of factors likely to influence the success of antago-
nists in suppressing pathogens, including, variation in Pyricularia po-
pulations and salinity conditions, especially in their response to an-
tagonists. Therefore, in order to better understand the impact of stress
combinations on wheat plants when BCAs are co-occurring modulating
the blast disease expression, further experiments are imperative to as-
sess its effects under field conditions. Breeders and field pathologists
can use results from such studies to better analyse the performance of
the resistant/tolerant wheat genotypes under field conditions, particu-
larly in climatic change scenarios where concurrence of stresses is
prevalent.

Acknowledgment

Funded by the Spanish Government (Ministerio de Economía y
Competitividad; projects BFU2013-42839-R and BFU2016-75176-R).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.biocontrol.2018.07.003.

References

Ali, H., Nadarajah, K., 2014. Evaluating the efficacy of Trichoderma spp. and Bacillus
subtilis as biocontrol agents against Magnaporthe grisea in rice. Aust. J. Crop Sci. 8,
1324–1335.

An, P.S., Inanaga, U., Kafkafi, A.L., Sugimoto, Y., 2001. Different effects of humidity on
growth and salt tolerance of two soybean cultivars. Biol. Plant. 44, 405–410.

Asselbergh, B., De Vieesschauwer, D., Hofte, M., 2008. Global switches and fine-tuning
ABA modulates plant pathogen defense. Mol. Plant-Microbe Interact. 21, 709–719.

Atkinson, N., Urwin, P.E., 2012. The interaction of plant biotic and abiotic stresses: from
genes to the field. J. Exp. Bot. 63, 3523–3543.

Bagnaresi, P., Biseli, C., Orrù, L., Urso, S., Crispino, L., Abbruscato, P., Piffanelli, P.,
Lupotto, E., Cattivelli, L., Valè, G., 2012. Comparative transcriptome profiling of the
early response to Magnaporthe oryzae in durable resistant vs susceptible rice (Oryza
sativa L.) genotypes. PLoS One 7, e51609.

Benítez, T., Rincón, A.M., Limón, M.C., Codón, A.C., 2004. Biocontrol mechanisms of

Fig. 5. Illustration of possible mechanisms involved in the contrasting response
of wheat plants cv. Baguette 18 to the inoculation with the P. oryzae isolates,
UNLP2 and UNLP10. The decreased severity and ameliorated leaf growth re-
sponse of wheat plants to P. oryzae infection found in salt-stressed P. stutzeri-
inoculated plants and in salt- and non-salt treated T. harzianum-inoculated
plants suggests the sequential participation of at least two signalling compo-
nents, A and B. Nonetheless, the effect of the B component is highly dependent
on the Pyricularia isolates.

C. Cabot et al. Biological Control 125 (2018) 81–89

88

https://doi.org/10.1016/j.biocontrol.2018.07.003
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0005
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0005
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0005
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0010
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0010
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0015
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0015
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0020
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0020
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0025
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0025
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0025
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0025
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0030


Trichoderma strains. Int. Microbiol. 7, 249–260.
Bheemaraya, M.B., Patil, R., Yenjerappa, S.T., Amaresh, Y.S., Naik, M.K., 2013. Salinity

stress tolerance in native Trichoderma isolates. Environ. Ecol. 31, 727–729.
Brotman, Y., Landau, U., Cuadros-Inostroza, A., Takayuki, T., Fernie, A.R., Chet, I.,

Viterbo, A., Willmitzer, L., 2013. Trichoderma-plant root colonization: escaping early
plant defense responses and activation of the antioxidant machinery for saline stress
tolerance. PloS Pathog. 3, e1003221.

Callaway, E., 2016. Devastating wheat fungus appears in Asia for first time. Nat.
Commun. 532, 421–422.

Colmer, T.D., Flowers, T., Munns, R., 2006. Use of wild relatives to improve salt tolerance
in wheat. J. Exp. Bot. 57, 1059–1078.

Conrath, U., 2011. Molecular aspects of defence priming. Trends Plant Sci. 16, 524–531.
Couch, B., Fudal, I., Lebrun, M., Tharreau, D., Valent, B., Van Kim, P., Nottéghem, J.,

Kohn, L., 2005. Origins of host-specific populations of the blast pathogen
Magnaporthe oryzae in crop domestication with subsequent expansion of pandemic
clones on rice and weeds of rice. Genetics 170, 613–630.

Cruz, M.F.A., Debona, D., Rios, J.A., Barros, E.G., Rodrigues, F.A., 2015. Potentiation of
defense-related gene expression by silicon increases wheat resistance to leaf blast.
Trop. Plant Pathol. 40, 394–400.

Chin-A-Woeng, T.F.C., Bloemberg, G.V., Lugtenber, B.J., 2003. Phenazines and their role
in biocontrol by Pseudomonas bacteria. New Phytol. 157, 503–523.

Deshwal, V.K., Kumar, P., 2013. Effect of salinity on growth and PGPR activity of
Pseudomonads. J. Acad. Indus. Res. 2, 353–356.

Desnoues, N., Lin, M., Guo, X., Ma, L., Carreño-López, R., Elmerich, C., 2003. Nitrogen
fixation genetics and regulation in a Pseudomonas stutzeri strain associated with rice.
Microbiology 149, 2251–2262.

DiLeo, M.V., Pye, M.F., Roubtsova, T.V., Duniway, J.M., MacDonald, J.D., Rizzo, D.M.,
Bostock, R.M., 2010. Abscisic acid in salt stress predisposition to Phytophthora root
and crown rot in tomato and chrysanthemum. Phytopathology 100, 871–879.

Epstein, E., 1972. Mineral Nutrition of Plants: Principles and Perspectives. John Wiley
and Sons Inc.

García-Valdés, E., Cózar, E., Rotger, R., Lalucat, J., Ursing, J., 1988. New naphthalene-
degrading marine Pseudomonas strains. Appl. Environ. Microbiol. 54, 2478–2485.

Glick, B.R., 1995. The enhancement of plant growth by free-living bacteria. Can. J.
Microbiol. 41, 109–117.

Guo, R., Wang, Z., Huang, Y., Fan, H., Liu, Z., 2018. Biocontrol potential of saline- or
alkaline-tolerant Trichoderma asperellum mutants against three pathogenic fungi
under saline or alkaline stress conditions. Braz. J. Microbiol. https://doi.org/10.
1016/j.bjm.2018.02.008.

Ha, X., Koopmann, B., von Tiedemann, A., 2016. Wheat blast and Fusarium head blight
display contrasting interaction patterns on ears of wheat genotypes differing in re-
sistance. Phytopathology 106, 270–281.

Haas, D., Défago, G., 2005. Biological control of soil-borne pathogens by fluorescent
pseudomonads. Nat. Rev. Microbiol. 3, 307–319.

Harman, G.E., 2006. Overview of mechanisms and uses of Trichoderma spp.
Phytopathology 96, 190–194.

Howell, C.R., 2003. Mechanisms employed by Trichoderma species in the biological
control of plant diseases: the history and evolution of current concepts. Plant Dis. 87,
4–10.

Kankanala, P., Czymmek, K., Valent, B., 2007. Roles for rice membrane dynamics and
plasmodesmata during biotrophic invasion by the blast fungus. Plant Cell 19,
707–724.

Kazan, K., Dohi, K., Lyons, R., 2014. Intervention of phytohormone pathways by pathogen
effectors. Plant Cell 26, 2285–2309.

Koga, H., Dohi, K., Mori, M., 2004. Abscisic acid and low temperatures suppress the whole
plant-specific resistance reaction of rice plants to the infection of Magnaporthe grisea.
Phys. Mol. Plant Pathol. 65, 3–9.

Kohli, M.M., Mehta, Y.R., Guzman, E., De Viedma, L., Cubilla, L.E.A., 2011. Pyricularia
blast – a threat to wheat cultivation. Czech. J. Genet. Plant Breed 47, S130–S134.

Larrán, S., Simón, M.R., Moreno, M.V., Santamarina Siurana, P., Perelló, A., 2016.
Endophytes of wheat plants as antagonists against Pyrenophora tritici-repentis. Biol.
Control 92, 17–23.

Li, X., Zhang, J.B., Song, B., Li, H.P., Xu, H.Q., Qu, B., Dang, F.J., Liao, Y.C., 2010.
Resistance to Fusarium head blight and seedling blight in wheat is associated with
activation of a cytochrome P450 gene. Phytopathology 100, 183–191.

Liu, W., Liu, J., Ning, Y., Ding, B., Wang, X., Wang, Z., Guo-Liang, W., 2013. Recent
progress in understanding PAMP- and effector-triggered immunity against the rice
blast fungus Magnaporthe oryzae. Mol. Plant 6, 605–620.

Livak, K., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-ΔΔCT method. Methods 25, 402–408.

Maciel, J.L.N., 2011.Magnaporthe oryzae, the last pathogen: current status and options for
its control. Plant Sci. Rev. 2011, 233–240.

Martínez, I., Sanabria, A., Fleitas, M.C., Consolo, F., Perello, A., 2018. Wheat Blast: ag-
gressiveness of isolates of Pyricularia oryzae and effect on grain quality. J. King Saud
Univ. Sci. https://doi.org/10.1016/j.jksus.2018.05.003.

Mass, E.V., Hoffman, G.J., 1977. Crop salt tolerance – current assessment. J. Irrig. Drain.
Div. Am. Soc. Civ. Eng. 103, 115–134.

Mastouri, F., Björkman, T., Harman, G.E., 2010. Seed treatment with Trichoderma har-
zianum alleviates biotic, abiotic, and physiological stresses in germinating seeds and
seedlings. Phytopathology 100, 1213–1221.

Mathys, J., De Cremer, K., Timmermans, P., Van Kerckhove, S., Lievens, B., Vanhaecke,
M., Cammue, B.P.A., De Coninck, B., 2012. Genome-wide characterization of ISR
induced in Arabidopsis thaliana by Trichoderma hamatum T382 against Botrytis cinerea
infection. Front. Plant Sci. 3, 108.

Mittler, R., Blumwald, E., 2010. Genetic engineering for modern agriculture: challenges
and perspectives. Ann. Rev. Plant Biol. 61, 443–462.

Mohamed, H.A.A., Haggag, W.M., 2006. Biocontrol potential of salinity tolerant mutants
of Trichoderma harzianum against wilt of tomato. Braz. J. Microbiol. 37, 181–191.

Monsur, M.A., Kusaba, M., 2018. Study on parasexual recombination between Pyricularia
oryzae and Pyricularia grisea. Agric. Sci. 9, 317–339.

Mujeeb-Kazi, A., Díaz de León, J.L., 2002. Conventional and alien genetic diversity for
salt tolerant wheats: focus on current status and new germplasm development. In: In:
Ahmad, R., Malik, K.A. (Eds.), Prospects for Saline Agriculture Vol. 37. Kluwer
Academic Publishers, Dordrecht, pp. 69–82.

Munns, R., Hare, A., James, R.A., Rebetzke, G.J., 2000. Genetic variation for improving
the salt tolerance of durum wheat. Aust. J. Agric. Res. 51, 69–74.

Niu, D.D., Liu, H.X., Jiang, C.H., Wang, Y.P., Wang, Q.Y., Jin, H.L., Guo, J.H., 2011. The
plant growth-promoting rhizobacterium Bacillus cereus AR156 induces systemic re-
sistance in Arabidopsis thaliana by simultaneously activating salicylate- and jasmo-
nate/ethylene-dependent signaling pathways. Mol. Plant-Microbe Interact. 24,
533–542.

Pedraza, R.O., Ramírez-Mata, A., Xiqui, M.L., Baca, B.E., 2004. Aromatic amino acid
aminotransferase activity and indole-3-acetic acid production by associative ni-
trogen-fixing bacteria. FEMS Microbiol. Lett. 233, 15–21.

Perelló, A., Dal Bello, G., 2011. Suppression of tan spot and plant growth promotion of
wheat by synthetic and biologic inducers in field conditions. Ann. Appl. Biol. 158,
267–274.

Perelló, A., Lampugnani, G., Abramoff, C., Slusarenko, A., Dal Bello, G., 2017.
Suppression of seed-borne Alternaria arborescens and growth enhancement of wheat
with biorational fungicides. Int. J. Pest Manage. 63, 157–165.

Perelló, A., Martínez, I., Molina, M., 2015. First report of virulence and effects of
Magnaporthe oryzae isolates causing Wheat Blast in Argentina. Plant Dis. 99, 1177.

Perelló, A., Mónaco, C., 2007. Status and progress of biological control of foliar diseases
of wheat in Argentina. In: Arya, A. (Ed.), Ecofriendly Management of Seedborne
Diseases. Pawan Kumar, Scientific Publishers, Jodhpur, India.

Pieterse, C.M.J., Leon-Reyes, A., Van der Ent, S., Van Wees, S.C.M., 2009. Networking by
small-molecules hormones in plant immunity. Nat. Chem. Biol. 5, 308–316.

Punja, Z.K., Utkhede, R.S., 2003. Using fungi and yeasts to manage vegetable crop dis-
eases. Trends Biotechnol. 21, 400–407.

Qi, M., Yang, Y., 2002. Quantification of Magnaporthe grisea during infection of rice plants
using real-time polymerase chain reaction and northern blot/phosphoimaging ana-
lysis. Phytopathology 92, 870–876.

Santoyo, G., Orozco-Mosqueda, M.C., Govindappa, M., 2012. Mechanisms of biocontrol
and plant growth-promoting activity in soil bacterial species of Bacillus and
Pseudomonas: a review. Biocontrol Sci. Technol. 22, 855–872.

Shrivastava, P., Kumar, R., 2015. Soil salinity: a serious environmental issue and plant
growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 22,
123–131.

Spence, C., Alff, E., Johnson, C., Ramos, T., Donofrio, N., Sundaresan, V., Bais, H., 2014.
Natural rice rhizospheric microbes suppress rice blast infections. BMC Plant Biol. 14,
130.

Thaler, J.S., Bostock, R.M., 2004. Interactions between abscisic-acid-mediated responses
and plant resistance to pathogens and insects. Ecology 85, 48–58.

Tosa, Y., Tamba, K., Tanaka, K., Mayama, S., 2006. Genetic analysis of hast species
specificity of Magnaporthe oryzae isolates from rice and wheat. Phytopathology 96,
480–484.

Van Loon, J.C., 2007. Plant responses to plant growth-promoting bacteria. Eur. J. Plant
Pathol. 119, 243–254.

Van Loon, J.C., Bakker, P.A.H.M., Pieterse, C.M.J., 1998. Systemic resistance induced by
rhizosphere bacteria. Ann. Rev. Phytopathol. 36, 453–483.

Wiese, J., Kranz, T., Schubert, S., 2004. Induction of pathogen resistance in barley by
abiotic stress. Plant Biol. 6, 529–536.

Woan-Fei Law, J., Leng Ser, H., Khan, T.M., Hong Chuah, L., Pusparajah, L., Gan Chan, K.,
Bey-Hing, G., Han Lee, L., 2017. The potential of streptomyces as biocontrol agents
against the rice blast fungus, Magnaporthe oryzae (Pyricularia oryzae). Front.
Microbiol. https://doi.org/10.3389/fmicb.2017.00003.

Xu, Z.S., Xia, L.Q., Chen, M., Cheng, X.G., Zhang, R.Y., Li, L.C., Zhao, Y.X., Lu, Y., Ni, Z.Y.,
Liu, L., Qiu, Z.G., M, Y.Z.,, 2007. Isolation and molecular characterization of the
Triticum aestivum L. ethylene-responsive factor 1 (TaERF1) that increases multiple
stress tolerance. Plant Mol. Biol. 65, 719–732.

Zhang, H., Wang, C., Cheng, Y., Wang, X., Li, F., Han, Q., Xu, J., Chen, X., Huang, L., Wei,
G., Kang, Z., 2011. Histological and molecular studies of the non-host interaction
between wheat and Uromyces fabae. Planta 234, 979–991.

C. Cabot et al. Biological Control 125 (2018) 81–89

89

http://refhub.elsevier.com/S1049-9644(18)30286-X/h0030
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0035
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0035
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0040
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0040
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0040
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0040
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0045
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0045
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0050
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0050
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0055
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0060
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0060
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0060
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0060
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0065
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0065
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0065
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0070
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0070
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0075
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0075
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0080
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0080
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0080
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0085
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0085
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0085
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0090
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0090
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0095
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0095
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0100
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0100
https://doi.org/10.1016/j.bjm.2018.02.008
https://doi.org/10.1016/j.bjm.2018.02.008
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0110
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0110
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0110
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0115
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0115
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0120
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0120
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0125
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0125
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0125
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0130
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0130
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0130
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0135
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0135
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0140
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0140
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0140
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0145
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0145
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0150
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0150
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0150
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0155
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0155
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0155
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0160
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0160
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0160
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0165
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0165
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0170
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0170
https://doi.org/10.1016/j.jksus.2018.05.003
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0180
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0180
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0185
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0185
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0185
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0190
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0190
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0190
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0190
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0195
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0195
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0200
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0200
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0205
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0205
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0210
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0210
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0210
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0210
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0215
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0215
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0220
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0220
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0220
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0220
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0220
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0225
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0225
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0225
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0230
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0230
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0230
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0235
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0235
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0235
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0240
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0240
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0245
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0245
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0245
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0250
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0250
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0255
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0255
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0260
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0260
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0260
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0265
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0265
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0265
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0270
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0270
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0270
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0275
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0275
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0275
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0280
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0280
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0285
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0285
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0285
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0290
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0290
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0295
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0295
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0300
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0300
https://doi.org/10.3389/fmicb.2017.00003
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0310
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0310
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0310
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0310
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0315
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0315
http://refhub.elsevier.com/S1049-9644(18)30286-X/h0315

	Salinity is a prevailing factor for amelioration of wheat blast by biocontrol agents
	Introduction
	Materials and methods
	Blast pathogens
	Molecular characterization of Pyricularia isolates: DNA extraction, PCR amplification and sequencing
	Trichoderma, Pseudomonas and Pyricularia cultivation and inoculum preparation
	Plant culture and salinity treatments
	Pyricularia inoculation and disease rating
	Plant growth
	RNA extraction, cDNA synthesis and qPCR
	Experimental design and data analysis

	Results
	Blast pathogens molecular identification
	Leaf growth response to severe salinity, BCAs and P. oryzae inoculation
	Salt, BCAs and P. oryzae effects on the expression of wheat defence genes

	Discussion
	Acknowledgment
	Supplementary data
	References




