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Abstract Trichoderma harzianum (MTCC5179) is
the biocontrol agent in the black pepper (Piper
nigrum.L) production system against the destructive
pathogen Phytophthora capsici which causes foot
and root rot. We employed label-free quantitative
proteomics to study the 7. harzianum mediated in-
duced systemic response in this system. We studied
the defence response in leaves in T. harziznum
primed plant roots which are also infected with
P. capsici. The pattern of interactions was studied
as black pepper x T. harzianum (two-way), black
pepper x P. capsici (two-way) and black pepper x
T. harzianum x P. capsici (three-way). The proteins
induced only in the three-way interaction were iden-
tified as Trichoderma induced resistance proteins.
Eighteen reactive oxygen species-related proteins
and 22 defence-related proteins were identified as
marker proteins. Apart from these groups, the ethyl-
ene synthesis, isoflavanoid pathway and lignin syn-
thesis proteins were found to be enhanced. We re-
port the early induced systemic resistance in leaves
after Trichoderma priming at roots (72, and 96 h
after interaction) against Phytophthora capsici after
12 and 24 h of infection at roots. The peptides/
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proteins from this study will serve as important
marker peptides/proteins for the induced systemic
resistance in plants by Trichoderma.
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Introduction

Black pepper (Piper nigrum L.), known as the king of
spices, is a perennial crop native to India. This export-
oriented important spice crop is grown in many tropical
countries. Foot rot disease caused by Phytophthora
capsici, an oomycete pathogen infects the vine both in
the nursery and the field and contributes to major crop
loss (Anandaraj 2000). The application of 7. harzianum
(MTCC 5179) resulted in enhanced growth in black
pepper with increased numbers of nodes and biomass
(Anandaraj and Sarma 2003). T harzianum treatment
alone imparted greater growth promotion and disease
suppression than that of consortia of plant growth-
promoting rhizobacteria (Sibi 2013). Based on these
reports on its growth promotion (Sibi 2013; Anandaraj
and Sarma 2003) and disease suppression (Rajan et al.
2002; Paul et al. 2005) T. harzianum has been included
as a component of integrated disease management in
black pepper cultivation in India. But studies towards
understanding the actual molecular mechanisms has not
been attempted. We recently reported: (i) the impact of
probiotic application of 7. harzianum on population and
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functional dynamics of the microbial community in the
rhizosphere of black pepper using Illumina HiSeq whole
genome metagenome sequencing of rhizosphere soil
(Umadevi et al. 2017a), and (ii) the endophytic interac-
tion of this fungus in black pepper roots using anatom-
ical studies (Umadevi et al. 2017b). At present there is
no molecular information on the host (black pepper)
response to 7. harzianum. No study on induced systemic
resistance (ISR) by this fungus towards the foot rot
pathogen in black pepper has been attempted so far.

The defense response of black pepper primed with
T. harzianum to P. capsici was found to be systemic on
the leaves with the involvement of PR proteins
exhibiting peroxidase activity (Ezziyyani et al. 2007).
Khan et al. (2004) conducted split root experiments
which demonstrated the induction of the systemic re-
sponse in cucumber by Trichoderma harzianum 382
against P. capsici. Reduction of symptoms due to inhi-
bition of disease related processes and upregulation of
the defense mechanism after Plasmapora viticola in
Trichoderma strain T39 —primed grape vine has been
demonstrated (Perazzolli et al. 2012). Induced resis-
tance by Trichoderma in a susceptible variety from
their study was found to be partially mimicking the
resistant variety of grapevine.

The nature and composition of ISR strongly depends
on the tripartite combination of plant, biocontrol agent
and pathogen (Duijff et al. 1998; Tjamos et al. 2005).
Velazquez-Robledo et al. 2011, Segarra et al. (2012) and
Karolev et al. (2008) reported the induction of ISR-like
response with 7. asperellum or T. harzianum T39
against Botrytis cinerea in tripartite interactions. Mathys
et al. (2012) also found that the induction of ISR hap-
pened only after pathogen infection in the Arabidopsis -
Trichoderma - B. cinera combination. The tripartite
interaction (plant X Trichoderma * pathogen) has been
less studied (Marra et al. 2006) in comparison to the
two-way interaction (plant x Trichoderma) (Harman
et al. 2004). Knowledge on the tripartite interaction at
the molecular level is needed in order to enhance the
applicability of bioconrol agents in agroecosystem and
to examine the cross-talk involved in the beneficial
association (Keswani et al. 2016). Tripartite interaction
studies require experiments that investigate the changes
in gene expression dynamics in each partner involved,
singly and also in all possible combinations. Induced
systemic resistance (ISR) is not only restricted to roots
but also develops in aerial parts of the plants. ISR in
plants is regulated by jasmonic acid (JA) and or ethylene
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(ET) synthesis, unlike in systemic acquired resistance
(SAR) which is regulated by salicylic acid (SA) (Vallad
and Goodman 2004). When compared to gene expres-
sion and transcriptomics approaches, the application of
proteomics in this area of research is minimal. Gel-based
proteomics was attempted by Marra et al. (2006) on
Trichoderma-bean-Botrytis and Trichoderma—bean-
Rhizoctonia interactions. The proteomics approach in-
dicated that plant-specific pathogenesis-related (PR)
proteins and other disease-related factors (i.e. potential
resistance genes) regulated the three-way interaction.
The presence of Trichoderma, modified quantitatively
and qualitatively the plant response to pathogen attack.
This was the only proteomics study on three-way inter-
actions involving Trichoderma. Recently, we showed
the application of label free proteomics in profiling the
anti- microbial peptide (AMP) signature in black pepper
upon Phytophthora infection (Umadevi et al. 2018). In
the present study we applied label-free quantitative pro-
teomics to study the tripartite interaction of black pep-
per, Trichoderma and P. capsici with the focus on pro-
filing the Trichoderma induced systemic resistance (T-
ISR), the expression dynamics of systemically induced
resistance proteins that serve as a valuable marker in
analyzing the induction of resistance. The activation of
defense proteins is induced only upon infection by the
pathogen. The present study aimed to understand the
systemic defense induced in black pepper leaf when the
roots are treated with 7. harziznum. We elucidated: (i)
the Trichoderma induced systemic resistance proteins in
this tripartite interaction, and (ii) the pathway model for
Trichoderma induced systemic resistance in black pep-
per against P. capsici.

Materials and methods
Black pepper- Trichoderma interaction
T harzianum liquid culture preparation

Talcum powder formulation of 7. harzianum MTCC
5179, obtained from the biocontrol laboratory,
ICAR- Indian Institute of Spices Research, Kozhi-
kode, Kerala was used for the pot culture study by
mixing 3 g of formulation containing 10° colony
forming units (CFU) with 3.5 kg of top soil. For
the co-cultivation study (liquid culture of
T. harzianum), a 72 h old culture on potato-
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dextrose-agar (PDA) plates was cut into 5 mm?’
discs, and one such disc was inoculated in conical
flasks containing 50 ml potato dextrose agar. After
10 days, 100 ml sterile double distilled water
(ddH,O) was added to the flasks, and spore mass
was scraped out to be used as inoculum.

Plant material

Single node cuttings of black pepper variety ‘Sreekara’
were washed with tween-20 for 15 min, and again in
running tap water for 30 min. The cuttings were treated
in 0.2% copper oxychloride for 15 min, followed rinsing
in sterile ddH,O twice. The cuttings were sterilized
using 0.1% mercuric chloride for 5 min on a clean
bench, then washed twice with sterile ddH,O. The cut
ends were quick dipped in 8000 ppm indole butyric acid
(IBA) and planted in containers (7.5 x 7.5 x 10 cm,
Himedia) having pre-sterilized perlite medium, fortified
with sterile Hoagland’s solution. The containers were
maintained in a tissue culture room at 25+ 1 °C, and
3000 Ix for the production of saplings.

Trichoderma inoculation

Black pepper plantlets with 4-5 leaves were used for the
interaction study. The plantlets grown under axenic
condition as described above were inoculated with
T harzianum spore suspension (106sp0res/ml) in sterile
containers and maintained at 24 + 1 °C with intermittent
shaking manually.

Defining the time frame

Leaf samples from three biological replicates were taken
from the plants at 72 (T72) and 96 (T96) hai for proteo-
mic analysis. Control plants were kept with sterile water.

Black pepper- P. capsici interaction
Zoospore inoculum preparation

The virulent Phytophthora capsici isolate 05-06 main-
tained in national repository of Phytophthora, ICAR-
IISR, Kozhikode was sub-cultured in carrot agar medi-
um (200 g Carrot; 16 g Agar; 1 L Water) and incubated
at 24+ 1 °C for 72 h. After 72 h mycelial discs (5 mm)
were cut using cork borer, placed gently to float in Petri
plates containing sterile distilled water (avoiding

immersion of the disc in to the water) and incubated in
laminar flow chamber at 24+ 1 °C for 72 h. After the
incubation period the plates were taken and kept at 4 °C
for few minutes in order to liberate zoospores. The
zoospores 10° spores/ml was used to infect the axenic
plants. The zoospore suspension was added to the plants
in the containers and kept at 24+ 1 °C for infection of
the black pepper roots by P. capsici. The leaf samples
from three biological replicates were taken at 12 (P12)
and 24 (P24) hai along with the control sample.

Black pepper-Trichoderma-P. capsici inoculation

The T harzianum primed plants from 72 and 96 hai
were used for the tripartite interaction experiment. The
primed plants were kept in the sterile containers and
P, capcisi zoospores (10°spores/ml) were added. The
plants were kept at 24+ 1 °C in a sterile environment.
The unprimed plants were used as the control. Leaf
sampling was done from three biological replicates for
the control, and after 12 (T72P12 & T96P12) and 24
(T72P24 & T96P24) hai for the proteomic analysis.

Proteomic analysis

Protein extraction, protein fractionation
and quantification

The leaf samples (three biological replicates) T72, T
96, P12, P24 and T72P12, T72P24, T96P12,
T96P24 (sample description as given in Table 1)
were used to extract the total leaf protein by follow-
ing the protocol developed previously (Umadevi and
Anandaraj 2015). The whole protein extract was
fractionated using S0KDa Amicon filters. 500 ul of
sample was loaded in the filters, centrifuged at
1000xg for 2 min. The concentrate was removed
separately and the Lowry method (Lowry et al.
1951) for protein quantification was followed. LC-
LTQ Orbitrap MS analysis and peptide identification
was done following Umadevi et al. (2018)

Statistical analysis

For the proteomics analysis, proteins from three biolog-
ical replicates were analyzed. Relative quantification
using Hi3 analysis was done. Anova, with a significance
level of p <0.05, was used to determine a statistically
significant fold-change expression of peptides.
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Table 1 List of codes used to describe the samples taken for proteomic analysis at different time points of bipartite interaction (Black pepper
— P, capcisi & black pepper —Trichoderma) and the tripartite interaction (Black pepper - Trichoderma - Phytophthora capsici)

Sample code Description

T72 Samples taken after 12 h of interaction with T"harziznum

T96 Samples taken after 24 h of interaction with T harzianum

P12 Samples taken after 12 h of interaction with Phytophthora capsici

P24 Samples taken after 24 h of interaction with Phyfophthora capsici

T72P12 Samples taken from plants primed for 72 h with T harzaznum and infected with Phytophthora capsici for 12 h
T72P24 Samples taken from plants primed for 72 h with 7. harzianum and infected with Phytophthora capsici for 24 h
T96P12 Samples taken from plants primed for 96 h with T.harzianum and infected with Phytophthora capsici for 12 h
T96P24 Samples taken from plants primed for 96 h with Trichoderma and infected with Phytophthora for 12 h

Results and discussion

In general, in the tripartite interaction — the three parties
being black pepper, T harzianum, and P. capsici — the
number of proteins up-regulated in the treatments
T72P12, T72P24, T96P12, and T96P24 (Supplementa-
ry file S3) was much larger than that in the bipartite
interaction involving black pepper and 7. harziznum (in
T72 and T 96; Supplementary file S1); the other bipar-
tite interaction, namely that involving black pepper and
P. capsici (P12 and P24; Supplementary file S2),
showed a systemic response mediated by 7. harzianum
in the above ground part of the black pepper plant. The
tripartite interaction T72P12 showed 78 up-regulated
proteins, 36 down-regulated proteins, and 9 completely
down-regulated proteins; the corresponding numbers in
72T24P were 86, 31, and 7; those in T96P12 were 60,
27, and 9; and those in T96P24 were 8, 19, and 19
(Supplementary file S3). The proteins are considered
completely down-regulated when they show infinite
fold-down regulation values in a differential expression
than they do in control samples in Hi3 analysis. The
term ‘completely down-regulated’ is comparable to the
denotation in some 2DE-based reports of proteins found
in the control but not in any treatment. Completely
down-regulated proteins are those that are completely
down-regulated when under stress but begin to show up
in abundance under favourable conditions. All the pro-
teins were functionally annotated as belonging to the
following categories: biological process (BP), cellular
component (CC), and molecular functions (MF) (Sup-
plementary file S4).

The systemically altered defence readiness was dem-
onstrated by Waller et al. (2005) in barley plants primed
with Piriformospora indica: powdery mildew infection
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in barley leaves was reduced, and the levels of antioxi-
dants and those of the components of the glutathione
pool (GSH and oxidized glutathione) were higher. Glu-
tathione reductase activity was also enhanced in leaves
during the first 3 weeks of inoculation, and the degree of
infection was closely correlated to the systemic antiox-
idant capacity induced by P. indica. A similar systemic
defense response in leaves of pepper plants when the
roots of which had been inoculated with Trichoderma
was reported by Ahmed et al. (2000). Such bipartite, or
two-way, interaction has been reported in many other
plants as well. Contreras-Cornejo et al. (2011) reported
that colonization of Arabidopsis roots by T. virens or
T. atroviride reduced foliar symptoms and lowered the
mortality caused by Botrytis cinerea. Root colonization
(Shoresh and Harman 2008) by Trichoderma harzianum
Rifai strain 22 (T22) induced changes in the proteome of
shoots of 7-day-old seedlings of maize, although the
infection was confined only to the roots. Brotman
et al. (2012) reported quantitative differences in gene
expression in Arabidopsis plants primed with strain
T203 of T. harzianum and then inoculated with the
bacterial pathogen and thus showing the priming activ-
ity of the beneficial fungus. Martinez-Medina et al.
(2013) showed that Jasmonic acid-dependent defence
underlies the systemic induction of defence by
Trichoderma in tomato against B. cinerea. Yedidia
et al. (2003) observed Pall activation — both local and
systematic — after inoculation of roots with
Trichoderma, and Shoresh et al. (2006) reported sys-
temic expression of the mitogen-activated protein kinase
gene in cucumber leaves that had been inoculated with
Trichoderma asperellum.

Marra et al. (2006) examined the proteomics triggered
by two tripartite interactions involving Trichoderma,
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bean, and either Botrytis or Rhizoctonia. The protein
profile of the interaction involving Botrytis as compared
to that without Botrysis featured 57 new spots, 93 miss-
ing spots, 25 up-regulated proteins, and 62 down-
regulated proteins. These numbers indicate that the dif-
ferential proteins are the ones responsible for systemic
resistance to the pathogen as a result of infection. The
corresponding numbers in the interaction involving Rhi-
zoctonia solani were 63, 116, 27, and 29, again pointing
to the systemic response triggered by Trichoderma. How-
ever, that study by Marra et al. reported only the changed
numbers but not the details of the proteins.

In the tripartite interaction examined in the pres-
ent study, we observed a complex response from
proteins that are part of the photosynthesis-related
pathway. The response comprised proteins from
three categories, namely those that were up-regulat-
ed, down-regulated, or completely down-regulated.
Less et al. (2011), using transcriptomics, reported
the down-regulation of photosynthesis-related genes
in response to many forms of biotic stress in
Arabidopsis including infection by the virulent path-
ogen P. infestans. The increase in the number of up-
regulated proteins in the tripartite interaction sug-
gests that proteins that are part of the assimilatory
process are also induced (the induction is not con-
fined to the defence-related proteins). The treatments
T72P24 and T96P12 recorded more up-regulated
proteins than T7212 and T96P24 did. Plant defence
is a complex process and requires abundant supply
of energy from primary metabolic processes, and the
dynamics of regulation also extended to the genes
involved in photorespiration, carbohydrate metabo-
lism, and the synthesis of amino acids: these genes
are negatively regulated when they are no longer
needed (Bolton 2009).

The two types of interaction, bipartite and tripar-
tite, were compared in terms of the presence or ab-
sence of proteins and the amount of expression. The
proteins present and up-regulated in the tripartite
interaction were taken as the proteins related to
Trichoderma - induced systemic resistance (T-ISR)
and referred to, now on, as T-ISR proteins. The
pattern of expression and the amount of change are
given in Table 2, and details of peptides are given in
Table 3. Many T-ISR proteins from the ROS-
scavenging proteins group, the defence-related pro-
teins group, and other important proteins group serve
as marker proteins of the tripartite interaction.

Reactive oxygen species (ROS) scavenging proteins
related to T-ISR

Proteins that served as markers of T-ISR and belonged
to the ROS-scavenging proteins group were identified
on the basis of their differential expression. Mono-
dehydro-ascorbate reductase is one of the key anti-
oxidant enzymes responsible for scavenging ROS and
its activity is known to be up-regulated in plants under
different forms of stress. The expression of this protein
in T72P12 as 23.45-fold indicating early involvement of
T-ISR proteins in black pepper, and absent in all the
other treatments of the tripartite interaction and also in
both the bipartite interactions (black pepper with either
Trichoderma or P. capsici).

Superoxide dismutases (MnSOD, CuSOD, ZnSOD,
and FeSOD) belong to the group of important enzymes
that form the first line of antioxidant defence. Increased
SOD activity often appears to enhance a plant’s toler-
ance to oxidative stress. We observed the up-regulation
of SOD as a T-ISR protein in all the tripartite interac-
tions and its down-regulation in black pepper infected
only with the pathogen, a patterns that points to the
important role for SOD in defence as a T-ISR protein.

Tobacco class I and II catalases are differentially
expressed during elicitor-induced hypersensitive cell
death and localized acquired resistance (Dorey et al.
1998). In Arabidopsis cat2, a knockout mutant for the
major leaf catalase results in elevated levels of H,O,
(Han et al. 2013). In maize, three biochemically distinct
catalase enzymes have been reported, each with a tem-
poral and spatial specificity in expression (Scandiolios
et al. 1984) and with variable expression under different
forms of environmental stress. This differential expres-
sion of catalase isozymes was also recorded in the
present study. Antioxidant proteins in this important
group were down-regulated in the bipartite interaction
involving black pepper and Phytophthora and absent in
that involving black pepper and Trichoderma whereas
in the tripartite interactions, the enzymes were up-regu-
lated, pointing to their role in T-ISR in black pepper. The
proteins were up- or down-regulated as follows, depend-
ing on the treatment and the enzyme: catalase 2 isozyme
was up-regulated in T72P12 and down-regulated in
T72P24, and catalase 1 and catalase 3 isozymes were
up-regulated in T72P24 and T96P12.

In infected plants, stress-inducible GSTs play a
key role in suppressing the necrosis caused by the
pathogen; they do so by detoxifying the organic
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Table 2 Dynamics of T-ISR proteins identified by the proteomic analysis from the tripartite interaction

S.No Name of the Protein l T72 | T96 |

P24 T72P12 T72P24 l TI6P12 | T96P24

A. Defense Related Proteins
RPP13

Germin like Protein

1
2
3 Subtilisin like protease
4

Carbonic anhydrase like protein

Methionine synthase

5

6 NADP malic enzyme
7 Malate dehydrogenase
8

9

Protein transport inhibitor 1

‘WD repeat containing proteins
10 Aldolase type TIM

11 Nucleoside diphosphate kinase 2

12 Isocitrate dehydrogenase

13 Succinate semialdehyde
dehydrogenase (mitochondrial)
14 NmrA like (-)ve transcriptional
regulator family protein

15 Isoflavone reductase

16 WIN 2 wound induced protein

17 Translationally controlled tumor like
protein

18 2-methylene furane 3 one reductase

19 Porin

20 Cinnamoyl Co-A

21 Leucine amino peptidase

22 Fructose bis phosphate aldolase
(cytoplasmic)

B. ROS Scavenging Proteins

1 Dehydrogenase family protein

2 2-cys peroxiredoxin BAS1

3 Superoxide dismutase (Cu-Zn)
4 Superoxide dismutase (Fe-Mn)
5 Catalase isozyme 1,2,3

6 Pexoxisomal(S)-2-hydroxy-acid

oxidase GLOI-like

7 Peroxidase 12

8 Peroxidse 12 like precursor

9 Peroxidase 5-like

10 Peroxidase 16

11 Peroxidase 60

12 Glutathione S-transferase F13 like
13 Reactive intermediate Deaminase A
chloroplastic

14 Monodehydro ascorbate reductase,
15 Peroxiredoxin Q

16 Ascorbate peroxidase 2 cytosolic
17 Ascorbate peroxidase 1 cytosolic
18 Ascorbate peroxidase 6 cytosolic

(Green Color — Up regulation; Orange Color — Down regulation; Infinite symbol in green box denotes high up regulation while in the orange

box denotes the complete down regulation)

hydro peroxides of fatty acids produced as a result
of the peroxidation of membranes (Dixon et al.
2002; Gullner and Komives 2001). Our results sup-
port this observation. The up-regulation of GSTs
was noticed only in the bipartite interaction involv-
ing Phytophthora and but not in that involving
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Trichoderma, indicating that the GSTs were induced
by the pathogen but not by the beneficial organism
Trichoderma. In the tripartite interaction, the change
was many times higher than that in the bipartite
interaction involving Phytophthora, which suggests
that the particular protein was a T-ISR protein.
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Table 3 T-ISR marker peptides with the sequence, score, ion and mass
Protein name of peptide Peptide sequence under quantitation Peptide ion Score ~ Mass
RPP13 AQELLMSLLK 1651 5391  1144.6340
Germin like Protein VTFLDDAQVK 3955 4437  1134.5923
Subtilisin like protease LADPFDYGGGLVNPNK 876 65.01  1675.8218
Carbonic anhydrase like protein NPELYGELAK 611 39.02  1132.5760
Methionine synthase YLFAGVVDGR 1525 5251 1095.5709
NADP malic enzyme SIQVIVVTDGER 1073 6434  1314.7144
VLIQFEDFANHNAFVLLAK 1514 3430 2218.1445
Malate dehydrogenase DDLFNINAGIVIC 2776 51.82  1317.6929
Protein transport inhibitor 1 KLEMLSIAFAGDGDLGLHHVISGCESLR 927 33.80  2983.4453
WD repeat containing proteins VTSVASFFVSR 2892 62.06  1198.6349
Aldolase type TIM GLVGEIISR 939 63.09  942.5501
Nucleoside diphosphate kinase 2 IIGATNPADSAPGTIR 807 5825  1552.8217
Isocitrate dehydrogenase DQYLNTEEFIDAVAEELK 3919 120.51 2126.0075
Succinate semialdehyde dehydrogenase VETLLQDATSK 1512 58.64  1203.6349
(mitochondrial)
NmrA like (—)ve transcriptional regulator FFPSEFGNDVDR 2059 51.01  1428.6317
family protein
Isoflavone reductase YLPSEFGNDVDR 3843 3090  1410.6416
WIN 2 wound induced protein YGWTAFCGPVGPR 4112 5570  1466.6764
Translationally controlled tumor like protein VVDIVDVFR 3194 74.12  1060.5917
2-methylene furane 3 one reductase VAAAALNPUDSK
Porin SLFTISGEVDTR 2783 61.75  1323.6673
Cinnamoyl Co-A DVAEALILLYEK 4323 48.79  1375.7609
Leucine amino peptidase EVFAASCVSGEK 871 43.56  1251.5983
Fructose bis phosphate aldolase (cytoplasmic) TIEVNNTDAEGR 3101 49.12  1317.6165
Dehydrogenase Family protein TAEQTPLSALYAAK 2137 4025 1462.7674
2-cys peroxiredoxin BAS1 APDFEAEAVFDQEFINVK 1561 46.20  2067.9801
GLFIIDKEGVIQHSTINNLAIGR 2701 59.83  2507.3898
LNTEVLGVSIDSVFSHLAWVQTDR 1865 3537  2685.3773
Superoxide dismutase (Cu-Zn) AFVVAELEDDLGKGGHELSLTTGNAGGR 1613 70.04  2878.4228
Superoxide dismutase (Fe-Mn) LVVETTANQDPLVTK 2789 72.16  1626.8832
Catalasel EGNWDLVGNNFPVFFIR 683 6741  2022.9972
Catalase 2 EGNWDLVGNNFPVFFIR 809 66.86  2022.9985
Catalase 3 DLYSISAGNYPEWK 979 3736 1756.7952
Peoxisomal (S)-2-hydroxy-acid oxidase GLOI like AIALTVDTPLLGR 519 79.73  1338.7872
VPVFLDGGVR 1048 62.58  1057.5919
Peroxidase 12 IVSCADITAIAAR 483 100.61 1359.7189
Peroxidase 12 like precursor QGLFTSDQDLYTDC 3336 73.68  1657.7589
Peroxidase 5-like GCDGSVLIDSTASVSEK 2764 4133 1809.8604
Peroxidase 16 FSQTFVTAPATLR 2194 50.14  1437.7616
Peroxidase 60 GVVSCADIIAMAAC 163 75.66  1448.7446
Glutathione S tranferase F13 like NPFGQIPVLDGDLTLFESR 971 55.60  2246.7268
VLDVYEER 232 40.24  1021.5090
VLDYYEGR 753 4427  949.4865
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Table 3 (continued)

Protein name of peptide

Peptide sequence under quantitation

Peptide ion Score ~ Mass

Reactive intermediate Deaminase A chloroplastic FVSDTIEEQTEQVLK 4049 48.41 1764.8408
Peroxiredoxin LPFTLLSDEGNK 2578 70.05 1332.6933
NGVVQLIYNNQFQPEK 3498 2841  1889.9637
Ascorbate peroxidase 2 cytosolic TGGPFGTIR 1213 43.09  904.4763
Ascorbate peroxidase 1 cytosolic ALLSDPVFRPLVDK 2317 55.87  1568.8929
Ascorbate peroxidase 6 cytosolic RDEDLLVLPTDAVLFEDPSFK 3648 51.95 24182370

Organic peroxides are part of the plant’s response to
pathogen (Mauch and Dudler 1993); if not reduced, the
peroxides are converted to aldehyde derivatives, which
are cytotoxic and can kill the cells (Dean et al. 2005).
Proteins of the dehydrogenase family are stress-related
proteins and important in detoxifying the aldehydes. In
the present study, a protein of that family was present
and up-regulated only in the tripartite interaction, sug-
gesting that it too was a T-ISR protein. The protein was
probably expressed soon after the infection (12 hai),
because was up-regulated only in T72P12 and T92P12
and was absent in later stages of the infection (24 hai),
namely T72P24 and T96P24.

Plant cells express many peroxidase isozymes in
different organs and tissues, and different subsets of
isozymes are translated for different forms of envi-
ronmental stress. We observed peroxidase 5, 12, 16,
and 60 and a peroxides-like precursor protein to be
up-regulated only in the tripartite interaction, which
makes this enzyme group a T-ISR protein in black
pepper. The expression dynamics are different for
each isozyme. In T72P12, all isoforms were up-
regulated whereas in T72P24, only the isoforms 5
and 12 were up-regulated; in T96P12, isoforms 12,
16, and 60 were up-regulated; and in T96P24, per-
oxidase expression was absent.

Reactive intermediate deaminase A chloroplastic
(RidA) is responsible for scavenging ROS
(Lambrecht et al. 2013). By converting the reactive
enamine or imines to harmless 2-oxoacids, RidA pre-
empts damage to branched-chain amino transferase,
thereby allowing the synthesis of isoleucine to pro-
ceed without interruption. (Niehaus et al. 2014). The
present study showed RidA to be a T-ISR protein in
black pepper, deployed against P.capsici, because the
protein was expressed very early (the amount being 12
times that in T72P12.
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2-Cys peroxiredoxin BASI1 is part of the antioxida-
tive defence system of chloroplasts (Baier and Dietz
1997). This protein was found to be up-regulated only
24 hai during the bipartite interaction involving P,
capsici but in the tripartite interaction, because of the
presence of 7. harzianum the protein was expressed as
early as 12 hai in T72P12.

Ascorbate peroxidase exists as an isozyme with im-
portant roles in metabolizing H,O, in plants. The activ-
ity of this enzyme generally increases along with that of
other antioxidant enzymes, namely catalase and SOD, in
response to various sources of stress in the environment
(Shigeoka et al. 2002). In the present study, we observed
three isoforms of ascorbate peroxidase, namely 1, 2, and
6. The expression of this protein was down-regulated in
the bipartite interactions and up-regulated in the tripar-
tite interaction, suggesting that this protein too is an
important T-ISR protein in black pepper.

Defence-related proteins related to T-ISR

We also grouped the defence related proteins, the other
important group of proteins involved in the tripartite
interaction we studied. Cytosolic isocitrate dehydroge-
nase (cICDH) is the most abundant isoform in leaves,
responsible for up to 90% of NADP*-dependent activity
in leaf extracts (Hodges 2002; Kruse et al. 1998).
Mhamdi et al. (2010) demonstrated that this protein also
plays a role in redox signalling, which is linked to the
response to pathogens in Arabidopsis. In the present
study, the protein was up-regulated not only in the
bipartite interaction involving Phytophthora but also in
the tripartite interaction; in the bipartite interaction, this
protein was expressed only 24 hai whereas in the tripar-
tite interaction, the up-regulation occurred early in the
interaction (12 hai). The amount of change decreased
with the increase in 7. harzianum priming and also with
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time after the infection. This pattern suggests that this
protein is one of those proteins that are induced early
upon the infection of black pepper by P.capsici,

Malic enzyme (ME) plays a role in defence-related
deposition of lignin. Nicotinamide adenine dinucleotide
phosphate - malic enzyme (NADP-ME) is involved in
producing NADP hydrogen (NADPH) for the synthesis
of activated oxygen species, which are produced to kill
pathogens or to attack them (Casati et al. 1999). In the
present study, NADP-ME was up-regulated only during
the later stages (24 hai) in the bipartite interaction in-
volving P. capsica, whereas, in the tripartite interaction,
the enzyme was induced earlier (12 hai), pointing to its
being one of those proteins that are part of T-ISR.

The nucleoside diphosphate protein kinase (NDPK)
gene TAB2 of tomato was earlier considered a non-
regulatory housekeeping enzyme. Overexpression of
the wild type TAB2 also enhanced resistance to Pseu-
domonas syringae pv. Tomato, which is a virulent form
of the pathogen. The phosphoproteomics approach to
studying the defence pathway of tMEK2 led to the
identification of TAB2 as a downstream protein of
LeMPK3 and as an effective component of the
tMEK2-mediated pathway in disease resistance (Xing
et al. 2008). The present study identified this protein as a
T-ISR protein with enhanced expression in the tripartite
interaction but missing in both the bipartitie interac-
tions (with P.capsici or T harzianum), indicating that
the protein is an important early-response protein in
inducing systemic resistance (since the enzyme was
not expressed in T96P24).

The transport inhibitor protein 1 (TIR1) gene encodes
an F-box protein containing 16 degenerate leucine-rich
repeats (LRRs) (Ruegger et al. 1998). Gray et al. (1999)
showed that overexpression of TIR1 in transgenic plants
enhanced the response to auxins, a part of that response
being increased expression of the auxin-dependent
gene. In the present study, this protein was absent in
the biparrtite interaction involving Trichoderma but was
down-regulated in that involving Phytophthora and also
in the tripartite interactions, which suggests negative
regulation of the auxin-dependent gene in black pepper.

Wound-induced (Win proteins Win 1 and Win 2) are
defence-related proteins, and ethylene plays a role in
regulating their transcription in the systemic response
(Stanford et al. 1989). Precursors of WIN2 were highly
expressed in response to inoculation by the fungus
Aspergillus flavus (Dhakal et al. 2017), and Harris
et al. (1997) reported rapid expression of a Win peptide

in abscission tissue of tomato leaves to protect the
exposed tissue surface from bacteria and fungi. In
the present study, the WIN2 precursor in T72P12
was up-regulated 7.10 times suggesting that the pep-
tide is an important signature of T-ISR and also
participates in defending, through ethylene, black
pepper against P.capsici.

Isoflavone reductase is an important enzyme in the
synthesis of isoflavanoid phytoalexins (glyceollins) in
plants. Cheng et al. (2015) demonstrated that over ex-
pression of GmIFR in transgenic soybean enhanced the
resistance to Phytophthora sojae and also increased
transcriptional levels of the genes involved in the phenyl
propanoid pathway, namely PAL, 4CL, and CHS. The
significantly lower expression levels of ROS in trans-
genic plants than those in non-transgenic plants after
incubation with P. sojae showed that GmIFR may func-
tion as an antioxidant to reduce ROS in soybean. In the
present study, the protein was infinitely up-regulated in
T72P12, pointing to the role of the isofalvanoid pathway
in defence against Phytophthora. The enzyme was
expressed only in the tripartite interaction (in T72P12),
which shows that it was be part of the T-ISR.

An Nmr-like negative transcriptional regulator fami-
ly protein — NmrA is a repressor of genes involved in
nitrogen metabolism (Stammers et al. 2001) — was up-
regulated in the tripartite interaction (in T72P12). Leu-
cine amino peptidase is an inducible component in the
defence response: LapA RNAs, proteins, and their ac-
tivity increase in response to infection by the
oomycete pathogen Phytophthora parasitica (Pautot
et al. 1993). This particular protein was expressed
and up-regulated only in the tripartite interaction but
was absent in both the bipartite interactions and
therefore to be a T-ISR protein induced by the action
of Trichoderma against P. capsici.

Germin-like proteins confer broad-spectrum dis-
ease resistance (Manosalva et al. 2009) on plants.
This type of protein was down-regulated multiple
times in the bipartite interactions (6.54 times in
P12 and 41.06 times in P24) but reduced to some
extent in the tripartite interaction, suggesting that its
expression was improved by the action of
Trichoderma. The amount of change in the down-
regulation was as follows: in T72P12, 1.12 times; in
T72P24, 2.47 times; and in T96P12, 2.59 times.

Subtilisin-like protease plays a role in recognizing a
pathogen and immune-priming the plant against that
pathogen (Figueiredo et al. 2014). In the present study,
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this protein was down-regulated in the bipartite in-
teraction involving Trichoderma and up-regulated in
that involving the pathogen. This difference suggests
that the protein is associated with infection and also
primed by Trichoderma in black pepper. Further
studies are needed to establish the role of subtilisin
protein in this system.

Lu et al. (2012) identified eight family genes of
fructose 1, 6 bisphosphate aldolase localized in cyto-
plasm and plastids. These proteins have a highly con-
served TIM barrel domain and a C-terminal domain
with variable N terminal domain. The expression pattern
of each protein is different in response to various forms
of abiotic stress. In the present study, this protein was up
regulated only in the tripartite interaction, pointing to its
identity as a T-ISR protein and its role in resistance to
the pathogen. The up regulation of fructose
bisophophate aldolase protein was recorded only in
tripartite condition T72P12 (35.83 fold) and the aldolase
TIM barrel family protein was recorded at T72P12 (6.69
fold) and T96P12 (82.70 fold).

The R protein RPP 13 is known to act via a novel
signalling pathway independent of salicylic-acid-
mediated pathway in Arabidopsis (Bittner—Eddy
et al. 2000). In the present study, the putative
orthologs of this protein were completely down-
regulated only in the bipartite interaction with
Trichoderma (T24) — but not with the pathogen —
and in the tripartite interaction T72P24 (the extent
of down-regulation was 32.48 times. The protein was
absent in all the other treatments. Trichoderma thus
had a positive effect on the expression of this protein
as the down-regulation increased 32.48-fold. In an
earlier study, the RPP 13 type R gene PnCNBS4 was
highly expressed in a variety of black pepper resistant
to P. capsici but down-regulated in the susceptible
variety (Umadevi and Anandaraj 2017). The priming
by Trichoderma promoted the expression of this
RPP13 R gene in the susceptible variety in the pres-
ent study, which suggests that T-ISR can improve the
fitness of a susceptible genotype (Fig. 1).

Lignin and lignin-related compounds are induced
following infection. Cinnamoyl CoA reductase
(CCR) catalyses the first step of the monolignol-
specific branch from the phenylpropanoid pathway
and is considered a potential control point in regu-
lating the overall carbon flux towards lignin produc-
tion (Chabannes et al. 2001). The induction of H,O,
as one of the defence responses may stimulate the
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polymerization of monolignols in the infected re-
gions. Kawasaki et al. (2006) found that OsRacl
(small GTPase) controls lignin synthesis by regulat-
ing both NADPH oxidase and OsCCRI1 as part of
the defence response in rice. In the present study,
CCR was up-regulated only in the tripartite interac-
tion T72P24, which shows that CCR is an important
T-ISR protein and suggests that Trichoderma medi-
ates lignin production in leaves as part of the ISR.

The gamma amino butyric acid (GABA) shunt is the
metabolic pathway that bypasses two steps of the TCA
cycle. This pathway is composed of succinate semi
aldehyde dehydrogenase. Boucher et al. (2003) reported
that the pathway is involved in preventing the accumu-
lation of ROS and also cell death in Arabidopsis. The
succinate semi aldehyde dehydrogenase protein is up
regulated in tripartite interaction and is one of the T-ISR
proteins in black pepper.

The proteins involved in ethylene biosynthesis
were up-regulated in the tripartite interaction, which
is a clear indication of the involvement of the eth-
ylene pathway in ISR in our study: compared to that
in the control, methionine synthase increased 4.24
times and 5-methyltetrahydropteroyltriglutamate -
homocysteine methyl transferase increased 11.31
times in T72P12; in T72P24, the increase was nearly
infinite. Hence Trichoderma also induces the
ethylene-mediated defence pathway in black pepper
against Phytophthora. Brotman et al. (2012) found
that in Arabidopsis, T203 strongly induced the ET-
responsive transcription factor ERF13 when inocu-
lated with Pseudomonas syringae, pointing to the
activation of ET signalling cascades by T203.

Another T-ISR protein that was upregulated only in
the tripartite interaction in T72P12 and T72P24 was 2-
methylene furan-3-one-reductase, which was absent in
both the bipartite interactions. Translationally controlled
tumor protein plays a negative role in inducing HR. The
role of NbTCTP in such induction was investigated by
silencing NbTCTP by Agrobacterium-mediated tran-
sient expression of HR-inducible elicitors including
INF1 from Phytophthora infestans (Gupta et al. 2013).
Induction of cell death by INF1 expression was signif-
icantly accelerated in NbTCTP-silenced plants com-
pared to the control plants 2448 hai. In the present
study, this protein was up-regulated only in the tripartite
interaction T72P24, which suggests that it reduces the
reaction in black pepper and that 7richoderma mediates
this form of resistance.
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Fig. 1 The putative model depicting the modulation of defense response by 7. harzianum in black pepper against Phytophthora

Other proteins as T-ISR proteins

Proteins that are important in T-ISR but are neither
ROS-related proteins nor defence-related proteins
are grouped as other proteins. These proteins are
also potential markers of T-ISR in black pepper.
Alpha mannosidase is involved in the turnover of
complex N-glycans in plants. The protein was up-
regulated in T72P24 (22.05 times) and T96P24 (in-
finitely). A hairpin-binding protein was up-regulated
only in the tripartite interaction (T72P12 and
T72P24) and down-regulated in the bipartite inter-
actions. The tripartite interaction T72P24 up-
regulated the mitochondrial outer membrane protein
porin (8.66 times), the DUF 810 domain containing
protein (infinitely), and the nucleic acid binding OB-
fold like protein (7.18 times). Enhanced expression
of the above proteins only in the tripartite interaction

suggests that these proteins play a role in the ISR
mediated by Trichoderma in black pepper.

Conclusion

Taken together, our observations of the expression dy-
namics of proteins in the tripartite interaction vis-a-vis
the bipartite interaction indicates that Trichoderma in-
duces systemic resistance in black pepper against
Phytophthora capsici. The strong ROS-related activity
suggests that ROS-mediated signalling is a major com-
ponent of the defence, along with many other defense-
related proteins in T-ISR. The isoflavanoid pathway,
lignin synthesis and ethylene synthesis were enhanced
in T-ISR. Trichoderma-induced systemic resistance is
thus a major component of the defence readiness of
black pepper against Phytophthora capsici and sets in
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early (72-96 hai). The peptides identified in the present
study will serve as important marker peptides of induced
systemic resistance in plants in general and in black
pepper in particular.
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