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erellum T42 induces local defense
against Xanthomonas oryzae pv. oryzae under
nitrate and ammonium nutrients in tobacco†

Bansh Narayan Singh, ab Padmanabh Dwivedi,*b Birinchi Kumar Sarmac

and Harikesh Bahadur Singhc

Trichoderma has been explored and found to play a vital role in the defensemechanism of plants. However,

its effects on host disease management in the presence of N nutrients remains elusive. The present study

aimed to assess the latent effects of Trichoderma asperellum T42 on oxidative burst-mediated defense

mechanisms against Xanthomonas oryzae pv. oryzae (Xoo) in tobacco plants fed 10 mM NO3
� and 3 mM

NH4
+ nutrients. The nitrate-fed tobacco plants displayed an increased HR when Xoo infected, which was

enhanced in the Trichoderma-treated plants. This mechanism was enhanced by the involvement of

Trichoderma, which elicited NO production and enhanced the expression pattern of NO-modulating

genes (NR, NOA and ARC). The real-time NO fluorescence intensity was alleviated in the NH4
+-fed

tobacco plants compared to that fed NO3
� nutrient, suggesting the significant role of Trichoderma-

elicited NO. The nitrite content and NR activity demonstration further confirmed that nitrate metabolism

led to NO generation. The production of ROS (H2O2) in the plant leaves well-corroborated that the

disease resistance was mediated through the oxidative burst mechanism. Nitrate application resulted in

greater ROS production compared to NH4
+ nutrient after Xoo infection at 12 h post-infection (hpi).

Additionally, the mechanism of enhanced plant defense under NO3
� and NH4

+ nutrients mediated by

Trichoderma involved NO, ROS production and induction of PR1a MEK3 and antioxidant enzyme

transcription level. Moreover, the use of sodium nitroprusside (100 mM) with Xoo suspension in the

leaves matched the disease resistance mediated via NO burst. Altogether, this study provides novel

insights into the fundamental mechanism behind the role of Trichoderma in the activation of plant

defense against non-host pathogens under N nutrients.
1. Introduction

Nitrogen (N) is an essential component for plant metabolism.
It is the main component of chlorophyll, nucleic acid, and
amino acid biosynthesis. Nitrogen plays a crucial role in
plant development and disease management.1–6 The primary
issue of N scarcity in soil is due to its slow mineralization,
leaching, and de-nitrication process. Accordingly, a lack
of N availability to plants results in several physiological and
morphological responses.7 Thus, to minimize N deciency,
plants have a unique mechanism through which they over-
come the problem of low N. Specically, different
Development, Banaras Hindu University,

of Agricultural Sciences, Banaras Hindu

pdwivedi25@rediffmail.com

logy, Institute of Agricultural Sciences,

, India

tion (ESI) available. See DOI:

hemistry 2019
transporters residing on the surface of the roots of plants can
enhance the nitrogen uptake efficiency. These transporters
have different affinities and subclasses for nitrate (NO3

�) and
ammonium (NH4

+) uptake.5 N is applied in agricultural soil
in the form of nitrate (NO3

�), ammonium (NH4
+) or

combined. These forms of N activate several defense mech-
anisms in plant systems against pathogens.1,2 These defense
mechanisms are associated with the involvement of PAMP or
ETI (effector-triggered immunity), which reprograms
different nuclear genes,8,9 and thus N is required for
enhancing plant immunity.6 The PAMP defense response
involving the rapid development of plant immunity in
response to pathogen infections is referred to as the hyper-
sensitive response (HR), which seems to appear aer aviru-
lent pathogen and plant interactions.10 A characteristic of
this local HR is the rapid generation of reactive oxygen
species (O2

� and H2O2) and nitric oxide (NO). N is an essen-
tial component that facilitates the HR response against
avirulent pathogens.1 However, N is not only involved in
increasing the plant nutrient status, but its content affects
disease defense. NO is a signaling molecule that was
RSC Adv., 2019, 9, 39793–39810 | 39793
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observed to be rapidly generated during plant pathogen-
interactions and considered one of the important compo-
nents in defense activators.11 The involvement of NO in the
activation of defense signaling cascades has been well
studied. The reactions of NO with cysteine-rich thiol groups
and nitration of tyrosine-rich groups with different proteins
are referred as S-nitrosylation, indicating the regulatory
results mediated by NO.12,13 The modication of the SA
marker protein (NPR1) and ROS generating complex (RBOH)
in Arabidopsis during defense responses are considered good
examples of the role of S-nitrosylation.14–16 In plants, RBOH
production leads to localized ROS bursts to regulate plant
development and immune responses under stress condi-
tions. Induced plant immune responses are associated with
the interaction of elicitors with the plant. Different response
molecules and physiological changes occur during the
interaction of elicitor molecules and plants.17,18 The interac-
tion of Trichoderma as an elicitor with plants stimulates
various defense molecules such as NO, reactive oxygen
species, SA, and genes related to defense. Moreover, Tricho-
derma may induce multiple secondary metabolites, auxin
production and phenolic compounds, which may enhance
the defense mechanisms in plants.19–21

Therefore, systems that can enhance the affinity for N uptake
and promote disease resistance in plants are necessary. Several
plant symbiotic microbes are well known as plant growth
promoters, which facilitate nutrient availability to plants.
However, the minimal use of these microbes in plant defense
occurs in the presence of nitrate and ammonium or both
supplements. Several species of Trichoderma have been
demonstrated to play a key role in disease management against
biotic stresses. They promote plant defense via various
processes such as mycoparasitism, antibiosis, and activation of
the basal defense mechanism. Colonization of Trichoderma
within apoplastic cells led to an enhanced defense response in
Arabidopsis6,22 and pea20 rapidly. Moreover, the colonization of
Trichoderma with plant roots activated different defense-related
enzyme activities and regulation of PR pathogenesis gene.6,12

Perhaps, the activation of these defense responses is due to the
modulation of metabolites and defense genes involved in the
resistance mechanism.20,23

If Trichoderma initiates an enhanced N uptake efficiency6

and NO accumulation,12 it may be implicated in plant defense
via HR-mediated cell death. Trichoderma asperellum T42 as
a biological control agent and Xanthomonas oryzae pv. oryzae
(Xoo) were used in the present experiment. In the previous
studies, the T42 strain was used as the most effective microbe in
nitrogen utilization and root development in tobacco.4 Herein,
we aimed to assess the effects of two forms of N (NO3

� and
NH4

+) nutrients on the defense response in tobacco plants via
HR-mediated cell death against the non-host bacterial pathogen
Xoo induced by the symbiotic rhizospheric fungus Trichoderma
asperellum T42. We demonstrated that Trichoderma asperellum
T42 promotes the oxidative burst response in tobacco grown
under nitrate and ammonium nutrient media via the involve-
ment of both NO and ROS.
39794 | RSC Adv., 2019, 9, 39793–39810
2. Experimental setup
2.1 The growth of Trichoderma asperellum T42 and
Xanthomonas oryzae pv. oryzae and inoculation preparation

T. asperellum (T42 strain; Gene Bank Accession: JN128894) was
routinely cultured on potato dextrose agar (PDA) plates at 28 �
2 �C for 6–7 days until sporulation. Before treatment with the
T42 strain, the spores of the fungus were washed with 0.80%
NaCl solution and the spore suspension was diluted to 1 � 106

CFU mL�1. The Xanthomonas oryzae pv. oryzae strain was
purchased from the Centre for Cellular & Molecular Biology
(Hyderabad, India), and used as a non-host pathogen (incom-
patible) in tobacco plants. Before inltration in the tobacco
leaves, Xoo bacteria were grown for four days in peptone sugar
agar (PSA) media. Aer incubation, the bacterial cell density was
diluted to 1 � 107 CFU mL�1 to ensure each experiment con-
tained an approximately accurate number of cells during
inltration.

2.2 Plant material and experimental setup conditions

Six-week-old tobacco plants (Nicotiana tabacum cv. Xanthi) were
used in the experiment. Before two-week-old tobacco plantlets
were transferred to Perspex tubes, sterilized tobacco seeds were
primed with a spore suspension of T42 strain according to the
previously described method,4,24 and allowed to germinate
without nitrogen supplements at 25 �C in the culture lab. Aer 2
weeks, the tobacco plants were transferred to Perspex tubes
(capacity 1.8 L, 0.5 m high, and 15 cm inner diameter) con-
taining a hydroponic solution for four weeks and provided
continuous growth conditions (D/N, 16/8 h; temperature, 22 �C/
20 �C; relative humidity, 70%; articial light of photosynthetic
photon ux density (PPDF), 350–400 mmol m�2 s�1). The
hydroponic culture solution for nitrate nutrient (pH 6.3) con-
sisted of 10 mM KNO3, 1 mM CaCl2, 1 mMMgSO4, 25 mMNaFe-
EDTA, 0.5 mM K2HPO4, and 1 mM KH2PO4, while for ammo-
nium nutrition (pH 6.0–6.2), 3 mM NH4Cl, 1 mM CaCl2, 1 mM
MgSO4, 25 mMNaFe-EDTA, 0.5 mM K2HPO4, 1 mM KH2PO4 (ref.
4 and 25) and trace elements.26 The nutrient solutions were
supplemented to the growing plants and routinely replaced
every two days. Distilled water used in place of the nitrogen
supplement was treated as the control.

2.3 Inltration of chemicals and bacterial strain in tobacco
leaves

To study the modulation of endogenous NO in the HR response,
100 mM SNP (sodium nitroprusside) and 200 mM cPTIO (car-
boxy-2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide;
Alexis Biochemicals) were inltrated with Xoo suspension. Stock
solutions of SNP and cPTIO were prepared in distilled water
(Alexis Biochemicals). The suspension culture containing Xoo
inoculum was prepared in 10 mM MgCl2. There were four
treatments: 10 mM MgCl2 (control), Xoo suspension, Xoo
suspension + 100 mM SNP and Xoo suspension + 100 mM SNP +
200 mM cPTIO. Each treatment was inltrated in a total of ve
groups of tobacco plants, T0: distilled water plants, T1: T42
strain inoculated plants, T2: NO3

�-fed plants, T3: NO3
�-fed +
This journal is © The Royal Society of Chemistry 2019
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T42 strain inoculated plants, T4: NH4
+-fed plants, and T5: NH4

+-
fed + T42 strain inoculated plants. Inltration without Xoo cells
and any chemical treatments was considered as the control
(only 10 mM MgCl2). All the treatments were inltrated on the
abaxial side of the tobacco leaves.

In addition, we studied the effect of SNP on the growth of Xoo
under in vitro conditions. Different concentrations of SNP were
freshly prepared and added to PSA media at 4 �C. Then, the
spore suspension (0.05 OD600) of Xoo was spread on the PSA
media and the growth of the Xoo colony was examined aer 4–5
days (ESI Fig. 1†).

The lesion-induced leaves from each group of plants from
each treatment were harvested. Twenty regions per leaf and 6
leaves per plant were selected from each experiment. The
bacterial number in the leaves from each treatment during HR
induction was counted according to the protocols mentioned in
a previous study.27
2.4 Cell death assay

Cell death assay in the leaves of the different treatment
groups of plants was estimated using Evan's blue solution
with slight modication.28 The membrane damage or desta-
bilized membrane is a hallmark of biotic stress. Evan's blue,
an azo dye, is used to determine the cell viability of plant
cells. Evan's blue quickly penetrates the ruptured membrane
and stains cell. Accordingly, plant cells subjected to biotic
stress exhibited a greater accumulation of Evan's blue dye
compared to the control. In contrast, the healthy plant cells
maintained their membrane integrity and did not allow blue
protoplasmic staining, which could be easily quantied
spectrophotometrically or visualized without the use of
a camera.
2.5 Assay for histochemical visualization and quantication
of H2O2 content

The histochemical staining of H2O2 was performed as previ-
ously described29 with a few modications. In the case of H2O2,
HR lesions of leaves were dipped in 3,30-diaminobenzidine
(DAB; 1 mg ml�1, pH 3) and incubated for 6–8 h in the dark at
25 �C. Dechlorophylization was performed by transferring the
HR samples to a bleaching solution of ethanol : acetic acid-
: glycerol (3 : 1 : 1, v/v) and boiling on a water bath for 10–
15 min at 90 �C. The leaves were rinsed briey in distilled water
and mounted in lactic acid : phenol : water (1 : 1 : 1, v/v), then
observed under a microscope. Estimation of the H2O2 content
from the different treatment groups performed according to the
previously described method.30
2.6 Chlorophyll content determination

Leaf discs from HR-induced regions were collected, and the
leaf tissues homogenized in 80% acetone. The total chloro-
phyll content was monitored spectrophotometrically at 645
and 663 nm in the inoculated and uninoculated leaves,
respectively, and chlorophyll content was calculated as
described in Arnon.31
This journal is © The Royal Society of Chemistry 2019
2.7 Antioxidant enzyme assays

One gram of HR lesion sample was homogenized with a chilled
mortar and pestle at 4 �C in 4 mL 50 mM phosphate buffer (pH
7.8) containing 1 mM EDTA and 2% PVP. The homogenate was
centrifuged at 13 000g for 20 min at 4 �C and the supernatant
was used for the subsequent enzyme activity assays. Total
protein content was determined by the method described
previously.32

Superoxide dismutase (SOD; EC 1.15.1.1) activity was esti-
mated by the method proposed previously.33 Samples without
enzyme extract were taken as the controls. The absorbance was
recorded at 560 nm and one unit of enzyme was taken as the
quantity of enzyme that reduced the absorbance reading of the
sample to 50% in comparison to the tubes lacking enzyme.
Catalase activity (CAT: EC 1.11.1.6) was measured using the
previously described method.34 Ascorbate peroxidase (APX: EC
1.11.1.11), which acts as an H2O2 scavenger, was measured
using the previously described method.35
2.8 Assay for nitrite content

Nitrite level was measured according to the previously described
method with some modications.25 HR-induced leaf samples (1
g) were crushed in liquid N2 and 1200 mL (per sample) reaction
mixture containing 500 mL sulphanilamide (1%), 500 mL N-(1)-
(naphthyl) ethylenediamine-dihydrochloride (0.02%), and 200
mL zinc acetate (0.5 M) immediately added, and incubated at
25 �C for 3–4 h. Subsequently, the reaction mixture was
centrifuged at 16 000g for 5 min. The absorbance of the chro-
mophoric azo product was measured at 540 nm.
2.9 Assay of nitrate reductase activity

NR activity in the HR lesion samples was determined through
the previously described method.36 The intensity of the pink
color was measured with a spectrophotometer (SpectraMax
Me2, Molecular Devices, USA) at 540 nm.
2.10 Spectrouorometry-based detection of NO production

For uorometric NO determination, the uorophore 4,5-
diaminouorescein-FM diacetate (DAF-FM DA) (Alexis
Biochemicals, Gruenberg, Germany) was used. DAF-FM DA (10
mM) probing dye (stock prepared in 100 mM HEPES-KOH, pH
7.5) was preloaded in the leaves before inltration. The leaves
were kept in the dark at 25 �C for 30 min. Then, the different
treatment plant groups were re-inltrated in the same region
where DAF-FM DA was preloaded. MgCl2 (10 mM) was used as
a control. Then, 100mg leaves was excised from the HR-induced
leaves with the help of a cork borer (size 0.79 cm2) and imme-
diately crushed in liq. N2. Then, 700 mL of pre-chilled 100 mM
HEPES-KOH (pH 7.5) buffer was added and centrifuged
(16 000g, 15 min, at 4 �C). The reaction product (supernatant)
was used for the measurement of NO production at 488 nm
excitation and 500–515 nm emission wavelengths (2 nm band-
width) with spectrouorimetry (Spectra-Max 2, Molecular
Devices, USA). Relative uorescence was expressed as arbitrary
units (AU) with some modications.25
RSC Adv., 2019, 9, 39793–39810 | 39795
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2.11 In vivo measurement of NO emission

The HR-induced leaves were incubated in 10 mM DAF-FM DA
probe (4-amino-5-methylamino-20,70-diuorouorescein-
diacetate) in 100 mM HEPES-KOH buffer (pH 7.5) and placed
in cavity glass slides and incubated for 5 min in the dark at
25 �C.37 The procedure for DAF-FM DA loading and inltration
was similar to that described above. Then, the leaf samples were
rinsed three times for 5 min with fresh 10 mMHEPES-KOH (pH
7.5) buffer and transferred onto a slide and visualized (Nikon
Eclipse 90i uorescence microscope, Nikon Instruments Inc.
America, excitation at 488 nm, emission at 500–515 nm).

2.12 RNA extraction, cDNA preparation and qRT-PCR

Total RNA was harvested from the HR-induced leaf samples
from each group of plants aer post-inltration at 6, 12, and
24 h according to the method described previously.20 cDNA
preparation and qPCR were performed according to the method
by Singh et al.4 The synthesized cDNA used as a template for the
analysis of targeted genes is listed in ESI Table 1.† qRT-PCR was
carried out in an iQ5 Real-Time PCR Detection System (Bio-Rad
Laboratories, Munchen, Germany) using SYBR Green chemistry
(Affymetrix SYBR® Green Supermix Kit). The transcript level of
mRNA was normalized and determined with the level of
housekeeping gene b-tubulin for tobacco. The data obtained by
real-time PCR of the different treatment groups was normalized
with the 2�DDCT value method.38 Three biological replicates were
used for each group of plants for each treatment.

2.13 Statistical analysis

The data obtained from the different experiments is shown as
mean � standard error (SE) and subjected to analysis of vari-
ance (ANOVA). The treatment mean values were compared by
Duncan's multiple range test at the p < 0.05 signicance level
and analyzed by SPSS ver. 16 (SPSS Inc., Chicago, IL). ClustVis,
an online web tool, was used for heat map development.

3. Result and discussion

Crop production is challenging for farmers in the 21st century.39

The continuous increment of microbes in the ecosystem
increases pressure on agricultural production. Nitrogen avail-
ability in different forms directly affects the growth and devel-
opment of plants.7 Since N is an essential component of
macronutrients, it plays a major role in the defense mecha-
nisms of plants.1 Ammonium ions are readily available to plants
in comparison to nitrate ions, but an excess amount cause toxic
effects to plant.1,6 However, plants prefer NO3

� as the N source
for growth and disease resistance.1,5 In addition, nitrate avail-
ability in the soil can help charge balance.40 However, due to
leaching, plants are unable to uptake sufficient amounts of
nitrate. Several investigations have highlighted the role of
nitrate in different physiological aspects, for example, root
differentiation in tobacco4 and local defense response against
Pseudomonas syringae,6 but there has been much less work done
concerning HR-mediated disease resistance. Currently, the
continuous increase in disease incidence and nutrient
39796 | RSC Adv., 2019, 9, 39793–39810
deciency make plants more prone to pathogen invasion,
especially since the R-gene-mediated HR-linked defense is oen
ephemeral.41 Therefore, alternative strategies including micro-
bial recruitment by plant roots may help solve this problem.
Accordingly, it is necessary to characterize this type of patho-
logical approach, which may compromise or increase HR-
mediated disease resistance. In the present investigation, we
present the effects of NO3

� and NH4
+ nutrition on the defense

response with or without Trichoderma asperellum T42 in tobacco
plants.
3.1 Nitrogen nutrients and Trichoderma recruitment affect
defense response via HR-mediated cell death

Plant resistance is a complex process and exploring the signal
mechanisms is the primary goal to understand host responses
against invading pathogens. Oxidative burst in the plasma
membrane is a primary and rapid event occurring in the
defense mechanism of plants.28 Evidence has supported that
the growth of incompatible or compatible pathogens is
restricted by early host cell death during the HR reaction.42 The
HR is frequently triggered by the rapid generation of reactive
oxygen species (O2

�, H2O2, OH
�, etc.), particularly superoxide,

which is a very unstable free radical and rapidly mutated into
H2O2 and molecular oxygen. In this study, we demonstrate the
HR in the inltrated region aer challenged with Xoo (Fig. 1).
According to the comparison in Fig. 1A (T0, T2 and T4 plants) 12
hpi, the NO3

� (T2)-fed plants showed a higher level of HR
compared to NH4

+ (T4). In contrast, no HR was observed at the
sites of inltration in the plants grown without nutrient (T0).
Also, the induction of cell death was found to be more signi-
cant in the NO3

� grown plants at 12 hpi in comparison to the
control (T0) and NH4

+-fed (T4) plants (compare Fig. 1C and D,
respectively). We further found that maximum cell death
increased in the NO3

� grown plants (Fig. 1C). These results
suggest that N is essential for the defense response, and the
NO3

� nutrient is better than NH4
+ for the activation of the local

defense response against non-host pathogens. Further, we
studied the effect of Trichoderma asperellum T42 in the activa-
tion of the local defense response. We found that the HR was
greater in the plants grown in Trichoderma plus NO3

� (T3) than
Trichoderma plus NH4

+ (T5). While, in the case of the T42 grown
plants (T1), the HR was greater than the control plants (T0)
(Fig. 1A). Thus, these results further support that plants
require N for growth and disease development and Trichoderma
asperellum T42 inoculation can help in increasing the N utili-
zation efficiency.4 Similarly, the inoculation of some groups
with Trichoderma promoted their nutrient absorption capacity,
which elevated the local defense mechanism.22 It was evidenced
that Trichoderma asperelloides inoculation elevated the local
defense mechanisms in plants against both biotic and abiotic
stresses.43

Furthermore, the CFU count and cell death observations
suggest that the NH4

+-grown plants displayed compromised
disease resistance both in the plants inoculated with and
without Trichoderma (Fig. 1B and C, respectively). Aer evalu-
ating the effects of N nutrients and Trichoderma in the local
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Response of Trichoderma in the induction of the local defense response in plants grown under different forms of N nutrient. HR
phenotypes were observed in the tobacco leaves at 24 hpi after infiltration with the NO donor SNP at 100 mM and NO scavenger, 200 mM cPTIO,
with Xoo suspension culture in tobacco leaves (A), and number of colony-forming units per leaf disc (1 cm2) observed in the HR-induced leaves
of tobacco at 6–24 hpi (B). Percentage of dead cells observed after elicitation in tobacco leaves at 6–24 hpi (C). Evan's blue staining used to
measure cell death in the inoculated leaves and uninoculated leaves post challenge inoculation at 6, 24 and 48 hpi (D). Blue colour shows the
level of intensity of cell death. Plants were grown in different treatments: T0 ¼ dist. H2O, T1 ¼ T42 treatment, T2 ¼ NO3

� nutrition, T3 ¼ T42 +
NO3

� nutrition, T4¼NH4
+ nutrition, and T5¼ T42 + NH4

+ nutrition. The lesion was monitored 24 h after elicitor infiltration, and no HR response
was monitored in 10 mM MgCl2. Results are the mean of twelve independent experiments � SE.
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defense response against Xoo, we further assessed the impact of
the NO donor (SNP) in HR induction. Co-inltration of SNP with
Xoo increased the intensities of the HR compared to without NO
This journal is © The Royal Society of Chemistry 2019
donor in all the treated plants (Fig. 1). The application of cPTIO
conrmed the importance of the NO donor in the induction of
HR. These ndings indicate that Trichoderma asperellum T42
RSC Adv., 2019, 9, 39793–39810 | 39797
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inoculation sustained the HR against bacterial pathogen Xoo
interaction, and an especially greater response was found in
NO3

� nutrient. However, there are scarce reports available on
demonstrating the role of Trichoderma asperellum T42 in the
activation of the local defense mechanism in plants grown
under different forms of N nutrients. Hence, in this experiment,
we studied the comparative impact of Trichoderma on
enhancing the local defense response against Xoo stress under
NO3

� and NH4
+ nutrients.

We also observed cell death efficiency through histochemical
staining using the Evan's blue method (Fig. 1D). The cell death
efficiency was observed to be higher in the NO3

�-grown plants
compared to NH4

+ at 12 hpi. Meanwhile, T42 inoculation in the
plants further enhanced the cell death efficiency and the
maximum efficiency was observed in NO3

� nutrient aer chal-
lenged with Xoo pathogen. A reduction in cell death was
observed in the case of the plants grown without any treatments
(Fig. 1D, upper panel). This efficiency was further increased
through SNP application, suggesting that NO3

� nutrient has
a greater effect in the local defense response (HR induction),
where even inoculation with Trichoderma promoted HR induc-
tion. Previous reports have studied the induced local defense
response with Trichoderma virens inoculation in tomato leaves
aer exposure to Rhizoctonia solani.12,44 Here, the Trichoderma
asperellum T42-treated tobacco plants activated local defense
mechanisms, which inuenced Xoo invasion. Our results
suggest that the suppression of local disease symptoms in the
Trichoderma asperellum T42 plus NO3

� plants may be correlated
with the activation of the plant defense response through other
signaling networks, as demonstrated by Wany et al. (2018) in
Arabidopsis plants protected by Trichoderma strains against
Pseudomonas syringae.6
3.2 H2O2 production and RBOH transcript accumulation
helps HR induction in Xoo challenged plants

ROS generation is a continuous process, but in the presence of
elicitors/or incompatible pathogens, it drastically increases.
ROS generation is a result of constant metabolism processes
and may involve NADPH oxidase/RBOH activities.45 Further-
more, ROS are by-products generated from different part of
plant organs such as chloroplast, mitochondria, and peroxi-
some; however, ROS production participates in HR-mediated
cell death.1 Evidence has highlighted that Trichoderma spp.
induces ROS against several biotic stresses46 and together with
NO, plays an important role in HR-mediated cell death.47 H2O2

is the most critical ROS molecule, which acts as a signal
transducer in HR induction.48 Herein, we investigated whether
H2O2 production participating in cell death is linked to disease
resistance, which is regulated by plant homologs membrane-
associated RBOHs in plants against pathogens. We found that
the induction of H2O2 production was signicantly greater aer
Xoo challenged, and particularly greater in the NO3

�-fed plant
leaves (T2) compared to the NH4

+-fed plants (T4) (Fig. 2A),
similarly to H2O2 production in Arabidopsis.42 However, it was
low without any treatment (T0), even aer Xoo challenged. H2O2

production was found to be maximum in the plant leaves grown
39798 | RSC Adv., 2019, 9, 39793–39810
under Trichoderma plus NO3
� treatment (3.72 mmol g�1 FW) at 6

hpi among the treatments (Fig. 2A). DAB staining also followed
a similar pattern of observations (Fig. 2B; H2O2 staining images
at 6 and 24 hpi not shown). A similar view was also reported in
maize, where H2O2 production was generated in the early stage
of infection of a fungal hypha of Colletotrichum graminicola.20,49

Moreover, H2O2 production was also observed in Arabidopsis
aer colonization with T. virens43 and in pea by Trichoderma
asperellum.20 The higher accumulation of H2O2 production in
the Trichoderma-inoculated plants grown in N nutrients
provides evidence that Trichoderma can promote H2O2 produc-
tion under N nutrients during Xoo infection. A previous study
demonstrated that the T42 strain increased the nitrogen use
efficiency in tobacco plants.4 However, H2O2 production was
reduced aer co-inltration of 100 mM SNP with Xoo, and the
lowest production was observed in the control (T0) plant leaves
(0.079 mmol g�1 FW). Interestingly, cPTIO reversed the effect of
SNP in all the treatment groups.

RBOHs are one of the primary sources for ROS generation
upon pathogen elicitation, which participate in defense
responses mediated through cell death in tobacco50,51 and pea
leaves.52 Here, we also found that the higher accumulation of
NtRBOH transcripts was activated at a late stage of infection, i.e.,
24 hpi in the T1, T2, and T4 treatment groups, except for T3 and
T5, where Trichoderma association promoted earlier transcript
accumulation at 12 hpi (comparison in Fig. 9). A reduction in
NtRBOH transcript expression was observed in the NH4

+ (T4) fed
plants (0.8 fold) compared to that in NO3

� (T2) nutrient (5.3
folds) aer Xoo challenged, indicating the rst cue that the
NO3

� form of N nutrient promotes the RBOH level during
incompatible Xoo pathogen interaction. These results are
consistent with the H2O2 production and staining results
(compare Fig. 2 with Fig. 9), where ROS production was
demonstrated to be higher in the NO3

�-fed leaves as compared
to NH4

+. The use of SNP further elevated the NtRBOH transcripts
level, suggesting that RBOH is involved in plant cell death.
3.3 Trichoderma and N nutrients overcome chlorophyll
degradation

Besides, the activation of RBOH-dependent ROS generation
leads to continuous oxidative reaction in plants systems,
causing membrane instability, and thus chlorophyll degrada-
tion is the rst visual sign of oxidative damage. It was evidenced
that nitrogen metabolism plays important in role in preventing
chlorophyll degradation in potato leaves infected with Phy-
tophthora infestans.53

Considering the putative biological roles of N fertilizers and
Trichoderma in disease management, a study was conducted to
determine if N fertilizers and Trichoderma have any visual
effects in tobacco leaves infected by bacterial Xoo pathogen
using seven-week-old plant leaves. We found that the chloro-
phyll content was signicantly degraded/reduced aer Xoo
inltrated the tobacco leaves compared to in the absence of
pathogen infection at 6–24 hpi (Fig. 3). It was observed that at 6
hpi, the chlorophyll content in the inltrated tobacco leaves was
reduced, and maximum reduction was observed in the control
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Detection of ROS production in HR-induced tobacco leaves. Reactive oxygen species (H2O2) generation in HR-induced tobacco leaves
modulated by Xoo, as analyzed spectrophotometrically at 6 to 24 hpi (Fig. 2A). Histochemical staining of H2O2 production with DAB dye in
tobacco leaves at 12 hpi (Fig. 2B). H2O2 accumulation in tobacco leaves grown in different treatments: T0 ¼ dist. H2O, T1 ¼ T42 treatment, T2 ¼
NO3

� nutrition, T3 ¼ T42 + NO3
� nutrition, T4 ¼ NH4+ nutrition, and T5 ¼ T42 + NH4

+ nutrition at 6, 12 and 24 hpi. Suspension cultures of Xoo
infiltrated with 100 mM SNP and 200 mM cPTIO. Suspension culture of Xoo was prepared in 10 mM MgCl2 as a control. Error bars represent SEs
from the mean of three measurements. Different superscript letters indicate significant differences from other treatments (p # 0.05; Duncan's
multiple range test) (Fig. 2A). Brown color represents H2O2 deposition. The color intensity represents higher ROS (H2O2) generation during plant–
pathogen interactions (Fig. 2B).
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plants (T0) (0.03 mg g�1 FW) where Xoo was challenged, while
the lowest reduction was observed in the Trichoderma plus NO3

�

fed plants (T3) (0.35 mg g�1 FW). No signicant difference was
found in the NO3

� and NH4
+ fed plant leaves during 6–24 hpi,

indicating that Trichoderma prevented chlorophyll degradation
only in the plants grown in NO3

� nutrient. Considering that NO
donors play diverse roles in biological systems and help in
chlorophyll development, 100 mM SNP was inltrated with Xoo,
and it was observed that the loss of chlorophyll degradation was
reverted with time (Fig. 3).
3.4 Induction of antioxidant enzymes activities and gene
expression-promoted defense in Trichoderma-treated tobacco
plants grown under N nutrients

Overall, these studies demonstrate that the Trichoderma asper-
ellum T42 strain is efficient in promoting plant immunity
against Xoo. The T42-induced local defense response may be
essential in Xoo resistance in tobacco. The T42 strain treatment
of tobacco plants stimulated ROS molecules (H2O2), which may
activate other defense-related pathways, leading to an increase
antioxidant enzymatic activity. ROS are naturally occurring
signal molecules involved in plant defense.11 They are rapidly
generated at the site of infection caused by biotrophic or non-
biotrophic pathogens in plants.42 Previously, it was reported
that several antioxidant enzymatic activities increased during
Ralstonia solani-induced disease in sunower.54 These
This journal is © The Royal Society of Chemistry 2019
antioxidant properties were further elevated when sunower
seeds were treated with Trichoderma. Moreover, SOD, CAT, and
APX elevation during oxidative stress is actively involved in
plant cell wall strengthening and preventing cellular
damage.44,55 Several pieces of evidence have been demonstrated
that plant growth-promoting microbes induce the generation of
antioxidant enzymes such as SOD and POx during plant host–
pathogen interactions.56,57

The present experiment revealed the key role of the Tricho-
derma asperellum T42 strain in triggering antioxidant enzymatic
pathways, including SOD, CAT and APx. This is similar to
previous reports, where the antioxidant potential increased in
mustard and tomato aer Trichoderma inoculation.58,59 Herein,
we observed that compared to the untreated plants, NO3

�-fed
(T2) tobacco showed greater SOD activity (13.9 EU g�1 FW) than
the NH4

+-fed plants (T4; 11.8 EU g�1 FW) at 6–24 hpi aer Xoo
challenged (Fig. 4A). Meanwhile, Trichoderma inoculation
signicantly increased SOD activity, similar to tomato plants,60

and this effect was comparatively greater in the NO3
�-fed (T3)

plants (67.1 EU g�1 FW) than the NH4
+-fed (T5) plants (42.3 EU

g�1 FW) 6–24 hpi. No signicant difference in the untreated (T0)
and Trichoderma (T1) treatment groups were noticed during the
infection period (Fig. 4A). Moreover, enhanced SOD activity was
observed in the presence of SNP in the NO3

� and Trichoderma
plus NO3

� fed plants compared to the other treatments,
RSC Adv., 2019, 9, 39793–39810 | 39799
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Fig. 3 Effect of Trichoderma and forms of N nutrient on total chlorophyll content (TCC) in tobacco leaves during Xoo challenged. TCC
measured in tobacco leaves grown in different treatments: T0¼ dist. H2O, T1¼ T42 treatment, T2¼ NO3

� nutrition, T3¼ T42 + NO3
� nutrition,

T4¼NH4
+ nutrition, and T5¼ T42 + NH4

+ nutrition after 6, 12 and 24 hpi. Suspension culture of Xoowas infiltrated with 100 mM SNP and 200 mM
cPTIO. Suspension culture of Xoo was prepared in 10 mM MgCl2 as a control. Error bars represent SEs from mean of three measurements.
Different superscript letters indicate data are significantly different from the other treatments (p # 0.05; Duncan's multiple range test).
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indicating that NO may be an essential factor for the induction
of a local defense response against Xoo in tobacco.

Then, we further checked the role of T42 strain-elicited
transcript accumulation of the SOD gene in the T2 and T4
treatment groups. The expression level of SOD level increased
0.2- and 0.15-fold in the T2 and T4 treated plants, respectively
and no signicant difference was recorded in the T0 and T1
groups (Fig. 9). Trichoderma inoculation elevated the transcript
accumulation of the SOD gene similarly to SOD enzyme activity
and maximum folding occurred in Trichoderma plus NO3

�

nutrient (T3; 0.23 folds) followed by T42 plus NH4
+ (T5; 0.21

folds) 6–24 hpi (compare Fig. 4A with Fig. 9). Thus, these nd-
ings suggest that Trichoderma inoculation enhanced the SOD
activity in the presence of NO3

� compared to without any
treatment (control). Co-inltration of 100 mM SNP with Xoo
followed the same pattern as SOD activity. Interestingly, aer
SNP use, the SOD expression level was greater in the T2 plants
compared to the T4 plants (Fig. 4A), while the Trichoderma-
treated plants showed a greater SOD expression level compared
to the T0 plants (Fig. 4A). The effects of SNP were further
abolished using 200 mM cPTIO.

During the local defense response assay, Trichoderma and N
nutrients treatments also affected the CAT activity in the plant
host and Xoo interactions. Herein, CAT activity was signicantly
39800 | RSC Adv., 2019, 9, 39793–39810
increased in T2 compared to that in the T4-treated plants 6–24
hpi (Fig. 4B). A contrasting report was earlier demonstrated
where the maximum CAT activity was observed in NH4

+-fed
plants in comparison to NO3

�.61 The CAT activity was enhanced
more in the Trichoderma treatment group (T1) compared to the
untreated plants (T0). Consistent with our results, Zhang et al.
(2016) found that the overexpression of Tachi (a chitinase gene
form Trichoderma asperellum) in Glycine max abolished disease
infection caused by Sclerotinia sclerotiorum by enhancing CAT
activity.62 A similar result was also reported in tomato plants,
where Trichoderma inoculation enhanced CAT activity under
water-decit conditions.60 In the present study, the effect of
Trichoderma treatment was evaluated in N nutrient conditions.
The CAT activity was found to be greater in the Trichoderma plus
NO3

� fed (T3) plants compared to the Trichoderma plus NH4
+

fed (T5) aer Xoo challenged. Transcriptomic proling of the
CAT gene followed a similar pattern as CAT activity, and the
expression level increased in tobacco aer challenged with Xoo
(compare Fig. 4B with Fig. 9). The transcript level of the CAT
gene in the NO3

�-fed plants was greater than that in the NH4
+-

fed plants compared to the untreated plants (0.25 fold). More-
over, Trichoderma inoculation elevated the transcript accumu-
lation of the CAT gene and it was found to be signicantly
higher in the T3 group (8.9 folds) among the treatment groups
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Superoxide dismutase (A), catalase (B) and ascorbate peroxidase (C) activity in induced tobacco leaves modulated in the presence of Xoo
were analyzed through spectrophotometrically. The enzyme activity was measured in tobacco leaves grown in different treatments: T0 ¼ dist.
H2O, T1 ¼ T42 treatment, T2 ¼ NO3

� nutrition, T3¼ T42 + NO3
� nutrition, T4 ¼ NH4

+ nutrition, and T5 ¼ T42 + NH4
+ nutrition 6, 12 and 24 hpi.

Suspension culture of Xoo infiltrated with 100 mM SNP and 200 mM cPTIO. Suspension culture of Xoo (cells) was prepared in 10 mM MgCl2 as
a control. Error bars represent SE from mean of three measurements. Different superscript letters indicate data significantly different from the
other treatments (p # 0.05; Duncan's multiple range test).
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6–24 hpi. However, the CAT expression level increased 3.7-fold
in the Trichoderma inoculated plant grown under N-deprived
conditions (T1; in the presence of Trichoderma) compared to T0
treatment. The higher accumulation of CAT transcripts and
activity in the Trichoderma-grown NO3

� fed plants in compar-
ison to the other treatments in the presence of NO donor (SNP)
again provides evidence that Trichoderma can enhance the local
defense response under nitrogen (compare Fig. 4B with Fig. 9).

Consequently, in case of APx activity, Trichoderma inocula-
tion enhanced the APx activity in comparison to the untreated
plants, similarly to that in an earlier report in tomato plants
under water-decit conditions.60 This effect was observed to be
remarkably higher in the T3 plants (0.35 nmol) followed by T5
(0.13 nmol) compared to the untreated plants (T0) aer Xoo
This journal is © The Royal Society of Chemistry 2019
challenged (Fig. 4C). No signicant difference in the T2 and T4
treated plants were noticed aer Xoo infection, suggesting that
Trichoderma can enhance APx activity in the presence of NO3

�

nutrient. Further, the transcript level of APx gene aer Xoo
challenged was observed. The maximum APx transcript level
aer Xoo challenged in the plant leaves was observed to be 0.38,
0.87, 4.5, 4.6, 1.2 and 3.8 fold in the T0, T1, T2, T3, T4, and T5
treatment groups, respectively, 6–24 hpi (Fig. 9). These ndings
indicate that the maximum APx expression level increased in
the Trichoderma plus NO3

� fed plants (T3). The application of
SNP signicantly affected APx activity and transcript accumu-
lation in all the treatment groups, which was especially higher
in the T3 treatment group compared to the control (T0)
(compare Fig. 4C with Fig. 9).
RSC Adv., 2019, 9, 39793–39810 | 39801
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Consistent with the above results, Trichoderma treatment
increased the SOD, CAT, and APx activity in tobacco plants aer
Xoo challenged. As observed earlier, Trichoderma inoculation
resulted in greater antioxidant activity in cucumber roots63 and
in tomato60 under different biotic and abiotic stresses. The
increased activity of SOD, CAT and APx may result from the
additional protection of cells through the involvement of NO in
the plant cell defense mechanism.56,64 During colonization, the
overproduction of antioxidant enzymes in nitrate nutrient
occurs as a result of the use of SNP, which was demonstrated
previously in Cassia tora roots65 and leaves of tall fescue66 under
different stresses as a mechanism to protect host plants.
3.5 NO-mediated defense is augmented by NO3
� nutrition

and Trichoderma asperellum T42 against Xoo

Here, we further checked the mechanism behind the elevated
local defense response mediated through Trichoderma. It has
been demonstrated that the key features of Trichoderma is the
induction of reactive oxygen species and NO-dependent
defense. The induction of ROS plays a key role in defense
responses.67 Recently, short-term NO production was induced
by elicitation upon Trichoderma,6,68 most probably mediated by
an increase in the expression of nitrate transporters. A mutation
studied with the nia 1,2 tobacco mutant revealed that NO
production is mediated through nitrate reductase in plants.
Several arguments suggested that nitrate reductase is a key
enzyme for NO generation in plants through NR-dependent
pathways.69 However, the mechanism of NO generation in
plants is still a debate. The main source of NO in plants is
nitrate reductase or nitric oxide associated genes, which was
clearly identied in plants.68,70,71 In contrast, nitric oxide syn-
thase (NOS) is a key source for NO generation in animals.
Nitrate is reduced to nitrite by nitrate reductase, and thus an
increased level of nitrite in the system is sign that NO conver-
sion occurred.72 The study by Modolo et al. (2005) demonstrated
the production of NO from nitrite in Arabidopsis as a result of
nitrate reductase activity, which showed disease resistance
against Pseudomonas syringae.73 Also, NO production was
detected in other plants upon subjected to nitrite treatment.74

In our experiments, to check whether the nitrite content and
nitrate reductase activity can help in NO production and
defense, the plants were treated with Trichoderma. We studied
the nitrite content and nitrate reductase activity in all the
treated plants. It was found that in the absence of Xoo inltra-
tion, the nitrite content was 0.58, 0.53, 19.95, 21.42, 1.32 and
16.61 mmol g�1 h�1 FW in the T0, T1, T2, T3, T4, and T5 plants,
respectively (Fig. 5). These ndings indicate that the nitrite
content was higher in the NO3

�-fed plants (T2) in comparison to
the NH4

+-fed plants (T4). However, Trichoderma inoculation
increased the nitrite content, especially in the plants grown in
NO3

� nutrient. No signicant difference in the untreated plants
(T0) and Trichoderma-treated plants (T1, alone) was observed.
Meanwhile, a similar pattern as the nitrite content was also
recorded with NR activity in all the treated plant leaves except in
the T2 and T3 treatment groups, where no signicance differ-
ence was observed (Fig. 6). To study the effect of Xoo infection,
39802 | RSC Adv., 2019, 9, 39793–39810
nitrite content and NR activity were further analyzed in the
Trichoderma and N nutrient-treated tobacco plants (Fig. 5 and 6,
respectively). The nitrite content signicantly increased more in
the NO3

� grown plants (T2) than NH4
+ (T4) 6–24 hpi. No

signicant difference in the T0 and T1 groups was noticed.
However, in the presence of Trichoderma, the nitrite content
increased in the NO3

� fed (T3) and NH4
+ fed (T5) nutrient

groups during Xoo infection (Fig. 5), suggesting that Tricho-
derma has potential to assimilate nitrate.6 Meanwhile, the NR
activity followed the same pattern as nitrite content. The
maximum NR activity was noticed in Trichoderma plus NO3

�

treated plants (T3) (Fig. 6). No signicant difference was
observed in the T0 and T1 plants, providing evidence of the role
Trichoderma in nitrate acquisition. Co-inltration of SNP with
Xoo signicantly increased both nitrite content and NR activity
in the tobacco leaves grown in all the treatment groups 6–24
hpi, indicating that NO may play a role in the mechanism for
promoting nitrate acquisition from roots, but this mechanism
is still unclear.

To conrm NO production by tobacco aer inltration with
Xoo, spectrouorimetry-based detection of NO intensity and
microscopy experiments with DAF-FM dye were performed.12

Previously, NO was identied as a regulator of physiological
response in animals, but now, it is a crucial component for
plant immune response.1,47 The interaction of NO with H2O2

leads to the activation of HR-mediated cell death during non-
host–pathogen interactions.42,75,76NO played a crucial role in the
activation of the defense mechanism during the interaction
between plants and the bacterial pathogen Pseudomonas syrin-
gae,77,78 but the contribution of NO against necrotrophic and
biotrophic fungi has also been demonstrated.79–82

Our ndings demonstrate that NO production was induced
in the tobacco leaves aer inltration with Xoo. The real-time
spectrouorimetry-based detection of NO intensity showed
NO production continuously increased in the tobacco leaves
(Fig. 7). The maximum NO uorescence intensity was observed
at 90 min in the T2-treated plants aer Xoo challenged, while in
the T4-treated plants, at 180 min. Further, Trichoderma inocu-
lation elevated the NO production in the plants (Fig. 7).
Signicant differences in NO intensity were detected in the T3
and T5 plants aer they were infected with Xoo, suggesting that
Trichoderma inoculation enhanced the NO production.
However, in the absence of Trichoderma inoculation, the relative
NO uorescence intensity was lower in the T0-treated plants
(Fig. 7). Moreover, the results of the DAF-FM T intensities in the
HR leaves closely match the uorescence signal observed in the
uorescence microscopy study with all the treatments except
the inltration of 10 mM MgCl2 in the T0 tobacco leaves
(control) (Fig. 8). The microscopic analysis showed that in the
NO3

� and Trichoderma plus NO3
� grown plants, stronger uo-

rescence signals of NO were detected compared to the control
(T0) and T1 plants (Fig. 8). In all the treated plants, NO accu-
mulation was detected in the tobacco leaves at a different time
intervals aer Xoo challenged. The intensities of NO production
in the tobacco leaves were enhanced by co-inltration of SNP
together with Xoo in all the treatment groups. However, the
effect of SNP was conrmed using an NO scavenger. The
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effect of Trichoderma on level of nitrite content in the tobacco plants grown in N nutrients during HR response. Nitrite content was
measured in tobacco leaves grown in different treatments: T0¼ dist. H2O, T1¼ T42 treatment, T2¼ NO3

� nutrition, T3¼ T42 + NO3
� nutrition,

T4 ¼ NH4
+ nutrition, and T5 ¼ T42 + NH4

+ nutrition 6, 12 and 24 hpi. Suspension culture of Xoo infiltrated with 100 mM SNP and 200 mM cPTIO.
Suspension culture of Xoo was prepared in 10 mM MgCl2 as a control. Error bars represent SE from mean of three measurements. Different
superscript letters indicate data significantly different from the other treatments (p # 0.05; Duncan's multiple range test).
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reduction in the uorimetry-based NO signal and microscopy
DAF-FM T intensity was associated with the cPTIO application
(Fig. 8).

Consistent with this, we demonstrated that NO generation
showed comparatively higher disease resistance in the NO3

�

nutrient group as compared to NH4
+ due to the possibility of

utilizing nitrate as a substrate.25 In our experimental approach,
NO generation in the presence of Trichoderma asperellum T42
was activated, which may be an essential component of
signaling of the defense response induced in the presence of
nitrate. The combination with other signaling molecules,
including H2O2 formation during pathogen interaction, may
mutually inuence their activities. NO accumulation was
enhanced in the presence of nitrate nutrient in the Trichoderma-
inoculated tobacco plants. Thus, the question arises, how is
NO3

� nutrition involved in the cell death mediated response?
One of the likely pathways was explained by Romero-Puertas
et al.52 Several well-known pathways have been identied for
the production of NO such as L-arginine-, polyamine- or NAD(P)
H-linked reduction of NO3

� by cytosolic NR.74 Our assessment
of NO production from the nia30 mutant plant demonstrated
that the NO3

� nutrition was the major source of NO produc-
tion,4 similarly to that in the tobacco plant.1 Considering this,
we observed that signicant NO was generated in the NO3

�-fed
This journal is © The Royal Society of Chemistry 2019
tobacco leaves aer elicitation with Xoo, whereas a lower
intensity was observed in the NH4

+-fed tobacco plants. Previ-
ously, Shoresh and Harman et al.23 demonstrated that Tricho-
derma inoculation induced NO generation. Our observation
showed that NO generation activated by Trichoderma asperellum
T42 inoculation may inuence the Xoo infection greater in
nitrate nutrient; however, the tobacco plants were compro-
mised to infection against Xoo in ammonium nutrient.
Consistent with the presence of Xoo-induced NO emission in
tobacco leaves, NO donor (SNP) had a more signicant effect on
Xoo-induced cell death. The NO3

�-fed plant leaves showed
greater induced HR compared to the NH4

+-fed tobacco leaves.
Notably, the inoculation of tobacco plants by T. asperellum
resulted in the ability to counter HR in the NO3

�-fed leaves in
inltrated with Xoo pathogen. This result suggests that priming
with T. asperellum equipped the plants to better respond to
pathogen infection,23,83 especially more in NO3

� nutrition.
3.6 T. asperellum T42 recruitment favors activation of NO-
modulating, PR1a and MEK3 genes in N nutrition,
suppressing incompatible pathogen Xoo

The nitrite content and NR activity levels in the tobacco leaves
increased in the presence of Xoo infection in the different
treatment groups, which are indicative of the fact that NO
RSC Adv., 2019, 9, 39793–39810 | 39803
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Fig. 6 Effect of Trichoderma inoculation in induction of nitrate reductase (NR) activity in tobacco leaves during the local defense response. NR
activity was measured in tobacco leaves grown in different treatments: T0 ¼ dist. H2O, T1 ¼ T42 treatment, T2 ¼ NO3

� nutrition, T3 ¼ T42 +
NO3

� nutrition, T4 ¼ NH4
+ nutrition, and T5 ¼ T42 + NH4

+ nutrition 6, 12 and 24 hpi. Suspension culture of Xoo infiltrated with 100 mM SNP and
200 mM cPTIO. Suspension culture of Xoo prepared in 10 mM MgCl2 served as a control. Different superscript letters indicate data significantly
different from the other treatments (p # 0.05; Duncan's multiple range test).
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production depends on nitrite content and NR activity. A
previous study reported that NR expression was highly induced
by N nutrient in plants.5 In the present study, the expression
level of NR and NOA was found to increase in comparison to
unchallenged Xoo in all the treatments (Fig. 9). The maximum
expression level of NR and NOA increased at 12 hpi in all the
tobacco-treated plants aer Xoo challenged except T0 and T2,
where the maximum NR expression level was observed at 24 hpi.
NR expression was induced at an early stage, i.e. at 6 hpi in the
T1-treated plants. Nitrate nutrient had a signicant effect and
induced greater NR and NOA expression in the NO3

� grown
plants (T2) compared to the NH4

+ grown plants (T4). Down-
regulation of NR expression in the NH4

+ (T4) tobacco leaves
was noticed. Interestingly, Trichoderma inoculation in the
tobacco plants signicantly up-regulated the NR and NOA
expression in the plants grown in NO3

� nutrient (T3 plants)
compared to the NH4

+-fed tobacco leaves (T5 plants). Co-
inltration of SNP with Xoo further induced a higher expres-
sion level by several folds in the NO-modulating genes in all the
treatments except the T5 treatment, where SNP did not affect
the expression of the NO-modulating gene. These results were
further conrmed by the use of an NO scavenger with Xoo and
SNP. Meanwhile, the transcript accumulation of ARC increased
in all the treatment groups aer Xoo inltration except T0
39804 | RSC Adv., 2019, 9, 39793–39810
(Fig. 9), where ARC was down-regulated. The maximum ARC
transcript accumulation occurred in the Trichoderma plus NO3

�

grown plants (T3) (3.3-fold) followed by the NH4
+ grown plants

(T4) (2-fold) 6–24 hpi. The application of SNP with Xoo nega-
tively affected the ARC expression level. Thus, these ndings
suggest that Trichoderma inoculation may enhance ARC accu-
mulation, particularly in the presence of NO3

� nutrient.
To further characterize the N nutritional effects and T.

asperellum T42 recruitment on defense, we focused on the MAP
kinase gene response in the defense mechanism against Xoo in
tobacco leaves. It was also remarkable that in our assessments
of the defense gene, the expression of NO3

� effects seemed to be
conrmed by MEK3-regulated oxidative burst. According to Asai
et al. (2008), the expression of MEK2-SIPK is crucial for the
induction of RBOH in N. benthamiana, which is elicited by INF1,
causing oxidative burst.79 In our experiment, the transcript
accumulation of MEK3 was correlated with the regulation of
RBOH expression in response to Xoo infection in the tobacco
leaves (Fig. 9). We found that the transcript accumulation of
MEK3 increased more in T0 (0.4-fold) compared to T1 (0.14
folds) 6–24 hpi. No signicant difference in MEK3 expression
level in the T2 and T4 grown plants was observed aer Xoo
challenged (Fig. 9). On the other hand, upon T42 recruitment,
MEK3 expression was found earlier (6 hpi) in T42 plus NO3

�

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Xoo-induced diaminofluorescein-FM T fluorescence intensity in tobacco leaves. Plants grown under different treatments: T0¼ dist. H2O,
T1 ¼ T42 treatment, T2 ¼ NO3

� nutrition, T3 ¼ T42 + NO3
� nutrition, T4 ¼ NH4

+ nutrition, and T5 ¼ T42 + NH4
+ nutrition up to 24 hpi. After

preloading cells with DAF-FM (as described in the Experimental setup section), Xoo suspension culture singly, Xoo + 100 mM SNP, and Xoo + 100
mM SNP + 200 mM cPTIOwere infiltrated. Cell suspensions for Xoowere prepared in 10mMMgCl2 and infiltration of MgCl2 served as a control. At
the indicated times, 0.75 cm2 discs were removed from the leaves for fluorescence observation. Note that the reaction product of DAF and NO,
DAF-FM T, is stable for a long time. Therefore, a continuous increase in fluorescence indicates a constant rate of NO formation. Each value
represents the mean � SD of eight independent experiments.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:4

2:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compared to T42 plus NH4
+ treatment indicating that Tricho-

derma priming involves activation of MEK3/RBOH and,
promotes cell death during infection. However, the transcript
accumulation of MEK3 increased several folds in the T5-grown
plants (7.1-fold) than the T3-grown plants (3.8-fold) at a later
stage. Co-inltration of SNP with Xoo in tobacco leaves up-
regulated the MEK3 expression in all the treated plants except
in the T5 plants, where a negative effect of SNP on MEK3 was
observed. The lack of complete information about the correla-
tion of NO and MEK3 in NO3

� or NH4
+ feeding modifying HR in

the presence of T. asperellum T42 requires further character-
ization to determine how Trichoderma recruitment changes HR
against infection of non-host–pathogens through NO3

� or
NH4

+.
This journal is © The Royal Society of Chemistry 2019
NO is known to trigger the salicylic acid marker gene,47 and it
has the ability to induce oxidative burst to augment cell death
during HR.80 Thus, the induction of PR1a gene activation in
response to Xoo infection in the NO3

�-fed tobacco leaves is most
likely linked to inducedNOproduction (Fig. 9), whichwas further
investigated. The expression level of PR1a increased 0.3-fold
under nutrient-deprived (control; T0) conditions at 6 hpi (Fig. 9).
The PR1a expression was high in the NO3

�-fed plants compared
to NH4

+ nutrient, suggesting that the plants fed in NO3
� nutrient

showed more PR-mediated disease resistance compared to NH4
+

nutrient against incompatible Xoo, similarly to the ndings of
Gupta et al.,1 where the form of N nutrition affected cell death
linked to resistance in response to elicitation of HR against
Pseudomonas syringe in tobacco leaves. However, switching of
RSC Adv., 2019, 9, 39793–39810 | 39805
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Fig. 8 Detection of NO accumulation using diaminofluorescein-FM fluorescence in tobacco leaves after Xoo infiltration. Xoo-induced DAF-FM
T fluorescence under different treatments: dist. H2O (T0), T42 treated (T1), nitrate (T2), nitrate + T42 strain (T3), ammonium (T4) and ammonium
+ T42 strain (T5) grown tobacco leaves. After preloading cells with DAF-FM (as described in the Experimental setup section), Xoo suspension
culture singly, Xoo + 100 mM SNP, and Xoo + 100 mM SNP + 200 mM cPTIO were infiltrated. Cell suspensions for Xoo were prepared in 10 mM
MgCl2 and infiltration of MgCl2 served as a control. At the indicated times, 0.75 cm2 discs were removed from the leaves for fluorescence
observation. Note that the reaction product of DAF and NO, DAF-FM T, is stable for a long time. Therefore, a continuous increase in fluorescence
indicates a constant rate of NO formation. Bars represent ¼ 100 mM.

39806 | RSC Adv., 2019, 9, 39793–39810 This journal is © The Royal Society of Chemistry 2019

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:4

2:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06802c


Fig. 9 Real-time qPCR expression profiling of NO synthesis, MAK, SAR and ROS induced genes in HR-induced tobacco leaves. The expression
patterns of NR, NOA RBOH,MAK3, CAT, APxI, SOD, PR1a and ARC indicated their important roles in the Xoo-induced HR in different treatments:
T0 ¼ dist. H2O,T1 ¼ T42 treatment, T2 ¼ NO3

� nutrition, T3¼ T42 + NO3
� nutrition, T4 ¼ NH4

+ nutrition and T5¼ T42 + NH4
+ nutrition at 6, 12

and 24 hpi. Application of 100 mM SNP and 200 mM cPTIO with Xoo suspension was infiltrated in the leaves of the tobacco plants with each
treatment. Suspension culture was prepared in 10 mMMgCl2 as a control. The heatmap was generated by a folding pattern of the real-time PCR
data presented as DDCT. Tobacco ubiquitin gene was used as an internal control. Red and green colors show up- and down-regulation of genes,
respectively; however, yellow color was used for the transcript expression level for control plants.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 39793–39810 | 39807
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PR1a expression by T. asperellum T42 inoculum in the N nutrient-
fed tobacco plants depends on the mode of infection mecha-
nism. Its expression level was down-regulated in the T1, T3, T4,
and T5 grown plants (Fig. 9). The induction of PR1a expression in
the presence of NO donor (SNP) linked with disease resistance
mediated through NO and PR1a was demonstrated in tobacco
leaves, similarly to another observation.25

4. Conclusion

In conclusion, in the present experiment, we found that Tri-
choderma asperellum T42, saprophytic lamentous fungi, could
signicantly promote the plant defense response against Xan-
thomonas oryzae pv. oryzae by modulating reactive oxygen
species and nitric oxide molecules in tobacco plants. Tricho-
derma-induced disease resistance to Xanthomonas oryzae pv.
oryzae was demonstrated to induce NO via the NR and NOA
pathways, and accumulation of H2O2 by an increase in antiox-
idant enzyme activity. Moreover, the application of nitrate as
a nitrogen source was promoted by Trichoderma inoculation,
which helped the plants maintain NO and H2O2 generation
during the hypersensitive response against Xanthomonas
infection. Our study provides new insight into the mechanistic
approach of Trichoderma, which reprograms disease resistance
against non-host–pathogen Xanthomonas oryzae via NO and
H2O2 production in response to nitrogen nutrition. Further,
these ndings will open new gateways for researchers to study
how and which mechanisms are associated with Trichoderma
for increasing N acquisition. It may be possible that certain
novel signaling molecules are volatile compounds; however,
additional experiments are essential to determine this.
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Planta, 2006, 224, 246–254.

38 T. D. Schmittgen and K. J. Livak, Nat. Protoc., 2008, 3, 1101.
39 D. Tilman, K. G. Cassman, P. A. Matson, R. Naylor and

S. Polasky, Nature, 2002, 418, 671.
40 S. Boudsocq, A. Niboyet, J. C. Lata, X. Raynaud, N. Loeuille,

J. Mathieu, M. Blouin, L. Abbadie and S. Barot, Am. Nat.,
2012, 180, 60–69.

41 D. D. Stuthman, Euphytica, 2002, 124, 253–258.
42 M. Schlicht and E. Kombrink, Front. Plant Sci., 2013, 4, 351.
43 H. A. Contreras-Cornejo, L. Maćıas-Rodŕıguez, E. Beltrán-
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