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Black pepper (Piper nigrum L.), a tropical spice crop of global acclaim, is susceptible

to Phytophthora capsici, an oomycete pathogen which causes the highly destructive

foot rot disease. A systematic understanding of this phytopathosystem has not been

possible owing to lack of genome or proteome information. In this study, we explain

an integrated transcriptome-assisted label-free quantitative proteomics pipeline to study

the basal immune components of black pepper when challenged with P. capsici.

We report a global identification of 532 novel leaf proteins from black pepper, of

which 518 proteins were functionally annotated using BLAST2GO tool. A label-free

quantitation of the protein datasets revealed 194 proteins common to diseased and

control protein datasets of which 22 proteins showed significant up-regulation and 134

showed significant down-regulation. Ninety-three proteins were identified exclusively

on P. capsici infected leaf tissues and 245 were expressed only in mock (control)

infected samples. In-depth analysis of our data gives novel insights into the regulatory

pathways of black pepper which are compromised during the infection. Differential

down-regulation was observed in a number of critical pathways like carbon fixation

in photosynthetic organism, cyano-amino acid metabolism, fructose, and mannose

metabolism, glutathionemetabolism, and phenylpropanoid biosynthesis. The proteomics

results were validated with real-time qRT-PCR analysis. We were also able to identify

the complete coding sequences for all the proteins of which few selected genes were

cloned and sequence characterized for further confirmation. Our study is the first

report of a quantitative proteomics dataset in black pepper which provides convincing

evidence on the effectiveness of a transcriptome-based label-free proteomics approach

for elucidating the host response to biotic stress in a non-model spice crop like P. nigrum,

for which genome information is unavailable. Our dataset will serve as a useful resource

for future studies in this plant. Data are available via ProteomeXchange with identifier

PXD003887.
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INTRODUCTION

Plants have developed a complex multi-layered molecular
response against bacteria, fungi, and many oomycete pathogens.
The plant immune system consist of at least two branches,
the pathogen-associated molecular pattern (PAMP)-triggered
immunity or PTI which directly recognizes small molecules
from diverse microbes leading to early defense response and
the effector-triggered immunity(ETI) which respond to specific
molecules produced by the pathogen during their pathogenicity
on the host plant (Jones and Dangl, 2006). Both branches of
immunity involve several immune responses such as reactive
oxygen species(ROS) production, an influx of Ca2+, activation
of Mitogen activated protein kinases (MAPK), production,
and regulation of phytohormones eventually culminating into
transcriptional reprogramming.

Piper nigrum L., commonly referred to as black pepper, is a
major non-model spice crop grown pantropically especially in
southern peninsular India and Southeast Asia (Anandaraj and
Sarma, 1995). The filamentous phytopathogen, Phytophthora,
have devastating effect on a wide range of plants important to
agriculture (Fisher et al., 2012). Two major pathogens of this
groups, Phytophthora infestans and Phytophthora capsici produce
late blight in potato and tomato crops, and they affect scores
of crops leading to decrease in crop productivity and revenue
loss (Lamour et al., 2012). The production of black pepper has
significantly been affected by the hemibiotrophic oomycete, P.
capsici. The pathogenicity of P. capsici toward black pepper
causes foot or root rot disease and over the last century, it
has significantly affected the production of peppercorn by local
farmers. A systematic study of host immune responses and
resistance mechanisms of black pepper against this pathogen
has not been possible owing to lack of genome, transcriptome
or proteome information of this plant (Gordo et al., 2012).
The public databases reveal 206 nucleotide and 89 predicted
protein sequences (22/02/2016) for this plant which suggest the
deficiency in the available molecular data.

High-throughput -omics techniques like proteomics,
transcriptomics or metabolomics have recently been widely
adopted by plant biologist for studying the interaction of
plants with other organisms (Mochida and Shinozaki, 2011).
Recently, label-free quantitative proteomics methods merged
with nano-LC-MS/MS have paved the way for comprehensive
proteomic analysis in Arabidopsis thaliana (Niehl et al., 2013)
and non-model plants like Nicotiana attenuata (Weinhold et al.,
2015), and Zingiber zerumbet (Mahadevan et al., 2014). Several
advantages that make the label-free method a high-throughput
technique include gel-free handling of proteins, in-solution
trypsin digestion and use of internal peptide standards leading
to label-free quantification of protein abundance. This technique
can be effectively used for identification of novel proteins from
non-model organisms for which genome information is very
limited or totally lacking.

In our present study, we report a transcriptome assisted
nanoUPLC-MSE based label-free quantitative proteomics
approach in P. nigrum where we have efficiently used a gel-free
proteomics approach combined with a novel identification

approach using a black pepper leaf transcriptome to obtain
proteomic information from host leaves when challenged with
P. capsici. We have attempted to understand the proteome
changes associated with immune responses of black pepper
against P. capsici infection at 24 h post inoculation. This study is
the first to identify, characterize, and quantitate novel proteomics
information in black pepper as well as produce an expression
data on this important phytopathosystem. Our simple and
integrative approach to derive and understand the molecular
changes involved in plant-oomycete interaction is pivotal for the
advancement of plant immunity research. Our study brings novel
insights specifically involved in black pepper—Phytophthora
interaction which is of practical interest for developing crop
improvement strategy in this plant.

MATERIALS AND METHODS

Plant Material
For our present study, we used 8–12 weeks old black
pepper (P. nigrum L. variety - Panniyur I) plants, grown,
and maintained in a greenhouse at Rajiv Gandhi Center for
Biotechnology, Thiruvananthapuram, India. P. capsici virulent to
black pepper was obtained from Kerala Agricultural University,
Thiruvananthapuram, India.We followed P. capsicimycelial agar
plug inoculation method (Krishnan et al., 2015) on detached
leaves described by Zuluaga and co-workers (Zuluaga et al., 2015)
for infection assay experiment. P. capsici was axenically grown
on potato dextrose agar medium (PDA) at 28◦C for 4 days
prior to inoculation. The abaxial side of the second and third
leaf detached from the top of at least 10 different plants were
pinpricked once and inoculated with P. capsicimycelial agar plug
or sterile PDA plugs (mock control) at multiple sites. The leaves
were placed upside-down in humid transparent plastic trays and
incubated for 24 h in a controlled growth chamber (Conviron,
Canada) at 24◦C and a photoperiod of 16 h and an RH of 70%
prior to sampling. After incubation, the agar plugs from the site of
infection were manually removed. Leaf discs of 7.0 mm diameter
were harvested using a paper hole puncher from the inoculation
site of all the leaves and immediately frozen in liquid nitrogen
(Zuluaga et al., 2015) prior to total RNA and protein isolation.We
inoculated at least 4-6 different areas on a detached leaf. Sampling
was done by combining 40–50 leaf discs per set were pooled for
each experimental condition.

Trypan Blue Staining of P. capsici
For microscopic observation of P. capsici, we followed an
established trypan blue staining technique (Chung et al., 2010).
In short, the leaf discs were submerged in solution A (acetic
acid: methanol, 1:3 v/v) for 10–12 h. After the initial incubation,
solution A was replaced by solution B (acetic acid: ethanol:
glycerol, 1:5:1 v/v/v) and tissues were incubated for 3–6 h. Later,
solution Bwas removed and replaced by a staining solution which
includes 0.01% trypan blue in lactophenol and the leaf discs were
incubated for 6–12 h. Finally, the staining solution was removed
and the leaf discs were rinsed with 60% glycerol twice. Leaf
discs were mounted on slides with 60% glycerol and observed
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under 40X magnification under a compound microscope (Leica
Microsystems DM750).

Protein Isolation, Solubilization, and
Filter-Aided Sample Preparation (FASP) of
Protein for Label-Free Mass Spectrometry
Total protein was extracted from P. capsici infected and mock
control leaves separately as described earlier (Isaacson et al.,
2006). For solubilization of protein, the lyophilized protein pellet
was vortexed at room temperature for 1 h in 10 mL of 7 M
urea and 2 M thiourea and 1 mM PMSF. The resolubilized
protein was centrifuged at 14,000 g for 15 min in a refrigerated
centrifuge (Eppendorf, 5810R, Germany). For the preparation
of proteins suitable for mass spectrometry, we improvised an
FASP technique (Wiśniewski et al., 2011) where a sequential
buffer exchange step using 3KDa spin filtration units (Millipore)
was followed using 50 mM ammonium bicarbonate (Sigma)
as exchange buffer. Briefly, 200 µl of the clear supernatant
was mixed with 200 µl of 50 mM ammonium bicarbonate,
loaded on to pre-activated Amicon ultra 0.5 mL centrifugal
filters (Millipore) and centrifuged at 14,000g at 20◦C for 45
min. The addition of exchange buffer was repeated twice for
complete removal of salts from the solubilized protein. The
solubilized protein sets were then quantified using Bradford
method (Bradford, 1976).

Trypsin Digestion, Liquid Chromatography,
and MS Analysis
For preparation of tryptic peptides, an aliquot equivalent to
100 µg of the concentrated protein was taken separately for each
sample. The samples were normalized to a final concentration
of 1 µg/µl using 0.1% (w/v) of Rapigest SF (Waters, Milford,
MA) prepared in 50 mM ammonium bicarbonate (Sigma).
Preparation of tryptic peptides was carried out following the
protocol described earlier (Gopinath et al., 2015). Briefly, protein
disulfide bonds were reduced by treating the sample with 5 µL of
100 mMDL-dithiothreitol in 50 mM ammonium bicarbonate for
30 min at 60◦C and alkylated with 200 mM iodoacetamide in 50
mM ammonium bicarbonate at room temperature for 30 min in
the dark. Proteins were then digested by using trypsin (Sequence
grade, Sigma) modified in 50 mM ammonium bicarbonate by
incubating overnight at 37◦C. The trypsin digestion reaction was
stopped by adding 1 µL of 100% formic acid. The solutions
containing digested peptides were centrifuged at 14000 rpm for
12 min, and the collected supernatant was stored at −20◦C until
LC/MS/MS analysis.

For protein profiling and label-free quantitative proteomic
analysis, we spiked the peptide samples with appropriate peptide
standards following previous report (Mahadevan et al., 2014)
optimized for label-free protein quantitation. Briefly, appropriate
peptide standards of various known proteins were spiked in
different ratios among the samples using Mass PREP Digestion
Standard (MPDS, Waters) which is a set of tryptic digested
peptides from four proteins, namely, Bovine Serum Albumin
(BSA), Rabbit Glycogen Phosphorylase b (GPB), Yeast Alcohol
Dehydrogenase (ADH), and Yeast Enolase I (ENO). TheseMPDS

(Waters) were available as Protein Expression Mixture 1(MPDS
1) and Protein Expression Mixture 2 (MPDS 2) having 1:2:8:0.5
fold abundance of peptides for ADH, ENO, BSA, and GPB,
respectively, in MPDS 2. MPDS 1 was spiked in the control
sample and MPDS 2 in the test sample for eventual protein
expression analysis using a label-free method.

The nanoUPLC-MSE acquisition of tryptic peptides was
carried out according to Gopinath et al. (2015). Briefly, the
tryptic peptides were separated using a nanoACQUITY UPLC R©

chromatographic system (Waters, Manchester, UK) were the
peptides were separated by reversed-phase chromatography
technology. Instrument control and data processing was taken
care with the help of MassLynx4.1 SCN781 software. The peptide
sample was injected in partial loop mode in 5 µl loop (final
injection volume was 3.0 µl which contains ∼3 micrograms
of tryptic digested peptides).Water was used as solvent A and
acetonitrile was used as solvent B. All solvents for the UPLC
system contained 0.1% formic acid. The tryptic peptides were
trapped and desalted on a trap column (Symmetry R© 180 µm
× 20 mm C18 5 µm, Waters) for 1 min at a flow rate of
15 µl/min. The trap column was placed in line with the reversed-
phase analytical column, a 75 µm i.d. X 200 mm BEH C18
(Waters) with particle size of 1.7 µm.Peptides were eluted from
the analytical column with a linear gradient of 1 to 40% solvent
B over 55.5 min at a flow rate of 300 nl/min followed by a
7.5 min rinse of 80% solvent B. The column was immediately
re-equilibrated at initial conditions (1% solvent B) for 20 min.
The column temperature was maintained at 40◦C. The lock
mass, [Glu1]-Fibrinopeptide B human (Sigma) (positive ion
mode [M+2H]2+ = 785.8426) for mass correction was delivered
from the auxiliary pump of the UPLC system through the
reference sprayer of the NanoLockSprayTM source at a flow rate
of 500 nl/min. Each sample was injected in triplicate with blank
injections between each sample.

Mass spectral analysis of eluting peptides from the
nanoACQUITY UPLC R© was carried out on a SYNAPT R©

G2 High Definition MSTM System (HDMSE System, Waters).
The instrument settings were: nano-ESI capillary voltage–3.3
KV, sample cone–35 V, extraction cone–4 V, IMS gas (N2)
flow–90 (mL/min). To perform the mobility separation, the IMS
T-WaveTM pulse height is set to 40 V during transmission and
the IMS T-WaveTM velocity was set to 800 m/s. The traveling
wave height was ramped over 100% of the IMS cycle between 8 V
and 20 V. All analyses were performed using positive mode ESI
using a NanoLockSprayTM source. The lock mass channel was
sampled every 45 s. The time of flight analyzer (TOF) of the mass
spectrometer was calibrated with a solution of 500 fmole/µL of
[Glu1]-Fibrinopeptide B human (Sigma). This calibration set the
analyzer to detect ions in the range of 50–2000 m/z. The mass
spectrometer was operated in resolution mode (V mode) with a
resolving power of 18,000 FWHM and the data acquisition was
done in continuum format. The data was acquired by rapidly
alternating between two functions—Function-1 (low energy) and
Function-2 (high energy). In Function-1, we acquire only low
energy mass spectra (MS) and in Function-2, we acquire mass
spectra at elevated collision energy with ion mobility (HDMSE.
In Function-2, collision energy was set to 4 eV in the Trap region
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of mass spectrometer and is ramped from 20 to 45 eV in the
Transfer region of mass spectrometer to attain fragmentation in
the HDMSE mode. The continuum spectral acquisition time in
each function was 0.9 s with an interscan delay of 0.024 s.

Data Processing, Protein Identification,
and Label-Free Quantitation
The acquired ion mobility enhanced MSE spectra was analyzed
using Protein Lynx Global SERVERTM v2.5.3 (PLGS, Waters)
for protein identification and label-free relative protein
quantification. Data processing included lock mass correction
post acquisition. Processing parameters for PLGS were set as
follows: noise reduction thresholds for low energy scan ion—150
counts, high energy scan ion—50 counts and peptide intensity—
500 counts (as recommended by the manufacturer). The default
setting in PLGS (“automatic”) was used for the precursor ion
and fragment ion mass tolerance in which the mass tolerance
depends on the resolution of the mass spectrometer. For protein
identification and quantification, the obtained raw data were
searched against a target-decoy black pepper protein database
created using a publically available transcriptome dataset for
black pepper leaf (Joy et al., 2013). Briefly, raw reads were
obtained from NCBI SRA accession number SRX119532. A
transcriptome database was constructed as described by Evans
et al. (2012), where Trinity (vr2012-10-05) (Grabherr et al., 2011)
de novo assembly software was used to generate an output of
assembled transcripts using default parameters. A total of 169165
entries were generated with contig N50 of 1188 bp. The Trinity-
generated transcripts were used to predict and create a custom
protein database with open reading frames (>200 nucleotides)
from all six frames using the EMBOSS tool getorf (Rice et al.,
2000) provided on the Galaxy-P website (https://usegalaxyp.org).
The parameters opted include a standard translation with start
codon of methionine (M), translation was fixed between start and
stop codons, number of flanking nucleotides were kept at 100 bp
and the ORF prediction were allowed in the reverse complement
as well. The protein identifications were obtained by searching
against this custom generated black pepper database. During
database search, the protein false positive rate was set to 4%. The
parameters for protein identification were followed as described
earlier (Gopinath et al., 2015). The identification of a peptide
required, at least, one fragment ion match, detection of a protein
required at least three fragment ion matches and a protein was
required to have at least one peptide match for identification.
Variable modification and fixed modification were selected as
oxidation of methionine and cysteine carbamidomethylation
respectively. The enzyme was chosen as trypsin with a specificity
of one missed cleavage.

For label-free protein quantification, datasets were normalized
using the PLGS “auto-normalization” function. All protein hits
were identified with a confidence of >95%. Yeast Alcohol
dehydrogenase (ADH) was used as the internal standard
for normalization during relative quantification. Quantitative
analysis was performed by comparing the normalized peak
area/intensity of identified peptides between the samples. In
principle, any non-changing peptide ion can be regarded as a

spike peptide along with the internal spike peptides already added
during sample peptide preparation. Proteins identified in at least
two of the three injections were only considered for expression
analysis. For label-free quantitation, the expression fold changes
were fixed as described (Meng et al., 2011) where only those
proteins with a ratio of either ≥1.2 or ≤0.80 (±0.20 natural
log scale) were regarded as significantly up- or down-regulated
respectively. Concurrently, we obtained parameters such as score,
sequence coverage and the number of peptides identified for
each protein which is representative of the expression analysis of
samples.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (Vizcaíno
et al., 2016) partner repository with the dataset identifier
PXD003887 and 10.6019/PXD003887.

Functional Annotation and Bioinformatics
Analysis
All the protein sequences corresponding to protein hits identified
by MS/MS analysis were manually retrieved in FASTA format
from the custom black pepper protein database. The protein
sequences were also separated in batches namely—differentially
expressed proteins, test proteins (proteins present only in
P. capsici infected leaf protein dataset) and control proteins
(proteins present only in mock control leaf protein dataset).
The retrieved sequences were loaded on Blast2Go 3.0 software
(http://www.blast2go.com) (Conesa et al., 2005; Götz et al.,
2008) which is a comprehensive high-throughput tool for gene
ontology (GO) (Ashburner et al., 2000) online tool. ReViGO
removes the redundant terms, calculates and summarizes the
list of GO terms according to the enrichment in the cellular
component, biological process, and molecular function and
helps visualization of the remaining GO terms based on
their semantic similarities in scatterplots. The differentially
expressed proteins were also checked for their enrichment
in KOBAS 2.0 software (http://kobas.cbi.pku.edu.cn/) (Xie
et al., 2011). Protein–protein interaction for the differentially
regulated protein dataset was derived from the STRING (Search
Tool for the Retrieval of Interacting Genes/Proteins) database
version 9.1 (www.stringdb-org) (Franceschini et al., 2013).
Differentially down-regulated protein sequences derived from
our quantitative proteomics analysis were manually retrieved
and were mapped to STRING protein database of A. thaliana.
Only those protein interactions with a high confidence score
(≥0.9) were retained in the network. Further, TargetP1.1
(http://www.cbs.dtu.dk/services/) (Emanuelsson et al., 2007) was
used to predict sub-cellular localization of all the proteins.

RNA Isolation, cDNA Synthesis
Total RNA was extracted from pooled sets of P. capsici infected
and mock control leaf discs separately using RNeasy plant
mini kit (Qiagen) following manufacturers’ instructions. Prior to
cDNA synthesis, all samples were equally treated with DNase I
(Ambion, Austin, TX).First-strand cDNA synthesis was carried
out using 2 µg of total RNA from each sample along with oligo
(dT) 15-mer primers (Promega, Madison, WI), 200 units of
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MMLV reverse transcriptase (Promega, Madison, WI), and 40
units of ribonuclease inhibitor RNasin (Promega, Madison, WI).

Candidate Gene Identification, Quantitative
Reverse Transcription PCR (qRT-PCR),
Cloning, and Sequence Characterization
The full-length nucleotide sequences corresponding to the
protein hits identified by MS/MS analysis were predicted
from the custom black pepper protein database using
Geneious R8 software and were retrieved manually in
FASTA format. All predicted transcripts were confirmed
by their orientation with respect to their start/stop codon.
Primer sequences for all the selected genes for qRT-PCR
and full-length cloning were designed with the Primer3Plus
tool (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi)
(Untergasser et al., 2007) available with Geneious R8 software.
The amplicons were further cloned into pGEM-T-easy Vector
system (Promega) and transformed in E. coli DH5α (Invitrogen)
according to the manufacturer’s recommendations. The plasmid
DNA was isolated from the positive E. coli cells, digested with
EcoRI for validation of their insert size and the inserted DNA
were sequenced in both directions using the BigDye Terminator
method on an auto-sequencer (Applied Biosystems) using vector
specific primers.

For qRT-PCR analysis, we followed SYBR Green I technology
(Applied Biosystems) using Power SYBR Green PCR Master
Mix (Applied Biosystems) on ABI 7900 Real-Time PCR
System (Applied Biosystems, Foster City, USA). The qRT-PCR
conditions were followed as described earlier (Asha et al.,
2012). The housekeeping gene P. nigrum18srRNA was used for
normalization of expression data. Primer dimers and multiple
product formations were ruled out using melting-curve analysis
immediately after the PCR. The fold changes of selected genes
were calculated as log10 relative quantity (RQ) values using the
comparative CT (2−11Ct) method (Schmittgen and Livak, 2008).
All the data generated will be made available to all interested
researchers upon request.

RESULTS AND DISCUSSION

Black Pepper Shows Early Susceptibility to
P. capsici
We conducted preliminary experiments to demonstrate the
interaction between black pepper (P. nigrum L. v Panniyur 1;
Figure 1A) with P. capsici in a time-course experiment. Detached
leaves of black pepper were inoculated with either mycelial
plugs of P. capsici grown on PDA medium or sterile PDA plugs
(Figure 1B). Macroscopic observations of the infection site were
carried out at 12 h interval through 0 to 24 hpi. Multiple
inoculations showed that the initial progression of P. capsici
was observed within 12 hpi when slight browning leading to
water-soaked lesions were observed (Figure 2B). A similar mode
of pathogenicity have been observed on P. parasitica–tomato
(Le Berre et al., 2008) and P. capsici–A. thaliana (Wang et al.,
2013) pathosystems. At 24 hpi, distinct phenotypic changes
suggesting the complete susceptibility of black pepper leaf tissue

FIGURE 1 | (A) Young plant of Piper nigrum L. and (B) Macroscopic evaluation

of symptoms caused by Phytophthora capsici on detached leaves. Symptoms

were monitored at 24 hpi were the pathogen produces water soaked lesion at

the site of infection. The red arrow denotes examples of the 7-mm diameter

leaf disc areas from which total RNA and protein were extracted for the study.

to P. capsici were observed which included extensive browning
of the inoculation site with water-soaking, tissue collapse, and
cell death (Figure 1B). Based on these observations, microscopic
observation of the infection was carried out using trypan blue
staining of P. capsici infected leaf discs in planta along with
mock control (Figure 2A). Microscopically, the inoculation site
of the infected leaves showed progressive developmental stages
of P. capsici, like germination of oospores, mycelial growth,
and formation of haustorial structures (Figure 2B). P. capsici
seems to enter the leaf tissue both through the epidermal
cell walls and were observed penetrating via stomatal cavities.
Within 24 hpi, widespread colonization of P. capsici in and
around the stomatal region was observed (Figure 2C). The
mycelial growth spreads radially toward other healthier leaf
sectors as evident from our experiment. Our observation also
suggests that being a hemibiotroph, P. capsici might have a fast
reproductive cycle during its infection on black pepper, and
may involve an early transition from biotrophy to necrotrophy
within 24 hpi. Similar observation have been reported in
P. capsici–tomato pathosystem (Jupe et al., 2013). Considering
the early hemibiotrophic transition of P. capsici on black pepper,
we presume that the host proteome expression, its biological
regulation toward defense response against the pathogen and
its repertoire of resistance genes could significantly be altered.
In order to get a coordinated insight into the host response
following the oomycete infection, we have tried to understand
the expression analysis of the leaf proteome of black pepper
challenged with P. capsici at 24 hpi.

Label-Free Proteomics Approach to Study
the Black Pepper—P. capsici Interaction
To understand the proteome changes underlying disease
progression in black pepper, we initiated a high-throughput label-
free quantitative proteomics study comparing mock infected
control leaf sets and leaves challenged with P. capsici. For
the precise identification of the host proteins, we utilized
a transcriptome assisted proteomics strategy. One such rare
study which used a transcriptomics assisted proteomic analysis
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FIGURE 2 | Microscopic assessment of black pepper leaves challenged with P. capsici. (A) 0 hpi, (B) 12 hpi, and (C) 24 hpi. The detached leaf disc was

prepared for trypan staining followed by microscopy. Scale bar: (A–C) 100 µm.

approach was reported in Nicotiana occidentalis infected by
Candidatus Phytoplasma mali strain AT (Luge et al., 2014)
where the author used a leaf transcriptome dataset and further
coupled it with a dimethyl labeling approach for quantitative
MS analysis to reveal novel metabolic pathways which were
affected in N. occidentalis during Phytoplasma infection. It is
already accepted that publically available dataset could be utilized
for generating custom protein database (Evans et al., 2012).
In P. nigrum, we could identify only two high-throughput
transcriptome profiling datasets (Gordo et al., 2012; Joy et al.,
2013) but almost no sequence and protein expression data
are available till now. Hence in our study, we used the black
pepper leaf transcriptome dataset (Joy et al., 2013) publically
available with NCBI SRA accession number SRX119532 for
constructing a black pepper protein database. The methodology
followed for creating the target protein database has been
discussed earlier (Evans et al., 2012) in the methods section.
Our custom protein database generated 231,777 predicted
protein sequences in all six frames covering the 169165
transcript sequences generated by de novo assembly of the
transcriptome.

Label-free quantitative proteomics has recently evolved as a
high-throughput technique for identification and quantitation
of proteins from diverse plants like cotton (Meng et al., 2011),
Arabidopsis (Niehl et al., 2013), Z. zerumbet (Mahadevan et al.,
2014), and peanut (Kottapalli et al., 2013). Here we have utilized
an improved protein sample preparation strategy, along with
an in-solution protein digestion followed by a nanoUPLC-MSE

method for identification of tryptic peptides generated from
the spiked protein samples. Ion mobility enhanced MSE spectra
were derived from three technical runs and were completely
analyzed using Protein Lynx Global SERVER v2.5.3 (PLGS,
Waters) for protein identification and label-free quantitative
proteomics analysis. The continuum nLC-MS/MS analyzed
raw data of all the fractions of mock control and P. capsici
infected samples were processed employing the transcriptome
derived black pepper protein database and then merged as single
control file (mock control) and test file (P. capsici infected)
respectively. The label-free proteome profile identified 151,189
peptides of which 5870 were unique peptides which eventually
corresponded to 532 novel protein hits (Table S1). More than

95% of the proteins were identified with at least two uniquely
matched peptides (Table S1). A wide range of proteins with
individual PLGS score of well over 20 (Yerlikaya et al., 2015) was
identified in the present study for which the average molecular
weight predicted by PLGS (Table S1) varied from163564Da
(comp88403_c0_seq2_4) to 7068Da (comp79043_c
0_seq2_2).

Identification of Differentially Expressed
Proteins Using a Label-Free Quantitative
Proteomics
The relationship between Phytophthora species with other hosts
have extensively been studied, most of them based on transcript
levels. Studies on P. capsici–tomato (Jupe et al., 2013), P. sojae–
soybean (Moy et al., 2004), or P. infestans infecting potato (Ali
et al., 2014) suggest that there occurs a significant change in the
gene expression levels in the host plant. In the present study, we
observe significant changes in the abundance level of 194 proteins
out of 532 proteins. These were identified in both test and
control dataset and were considered as differentially expressed
proteins. The protein ratio for each of these proteins ranges
from 0.10 for subtilisin-like protease (comp87657_c0_seq1_4) to
a ratio of 5.87 which was identified for photosystem I reaction
center subunit vi (comp65483_c0_seq1_1). The abundance level
of all the other proteins was between these two ranges and was
highly significant with P-values assigned by PLGS tool. Here,
the significance was tested based on “P-value” calculations made
by PLGS “auto-normalization” parameters and are considered as
an advanced statistical test where the value between 0.95 and 1
indicates a 95% likelihood of up-regulation and a value between
0 and 0.05 represent a 95% likelihood of down-regulation. We
identified 245 proteins uniquely present in control dataset and 93
in test protein dataset (Figure 3). For label-free quantitation, the
protein ratio level of >1.2 (±0.20 natural log scale) was specified
as a threshold to evaluate significantly up- or down-regulated
proteins as described earlier (Meng et al., 2011; Mahadevan et al.,
2014). We identified 134 significantly down-regulated proteins
with a fold expression ratio ≤0.8 and at least 22 proteins were
found to have fold expression ratio of≥1.2 which corresponds to
significantly up-regulated proteins (Figure 3).
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FIGURE 3 | Venn diagram representing the number of proteins

identified in the leaf proteome of Piper nigrum in response to

Phytophthora capsici infection. Of 532 leaf proteins identified, 194 were

grouped as differentially expressed proteins, 245 proteins were identified only

on mock infected set and 93 were identified only on P. capsici infected set.

Label-free proteome quantitation was carried out between infected and

uninfected leaf samples challenged with or without P. capsici at 24 hpi.

Functional Annotation and Classification of
Novel Black Pepper Proteins
All the 532 protein sequences corresponding to their identified
sequence name were manually retrieved for further functional
annotation and bioinformatics analysis. A comprehensive
functional annotation carried out using Blast2GO3.0 revealed
novel leaf proteome of black pepper. The protein sequences
were searched against Viridiplantae database and A. thaliana
TAIR 10 protein database using NCBI BLASTP available with
Blast2GO tool. In total, complete protein description and
gene ontology were available for 518 proteins and have been
represented and explained further. The homology-driven search
of proteins showed similarity to a number of plant species,
the single largest similarity to any species with respect to
BLAST hits being Vitis vinifera followed by Populus trichocarpa
and Glycine max (Figure 4A) to name a few. The enzyme
code distribution of the identified proteins showed the largest
representation of oxidoreductases followed by hydrolases and
transferases (Figure 4B) which indicate the over involvement
of plant defense components (Balmer et al., 2015). Our results
are also in consensus with the earlier observations where the
enzymatic activity and in planta localization of hydrolases and
oxidoreductases were found to be higher during the interaction
of Zantedeschia aethipica with Pectobacterium carotovorum
(Luzzatto-Knaan et al., 2014).

The functional annotation gave a precise description for
all the proteins and paved way for identification of novel

FIGURE 4 | Characterization of the proteins identified in black pepper

based on a Viridiplantae protein database search. (A) Species

distribution of the top BLAST hits for the proteins predicted with a cutoff of

E < 10−3 and (B) Enzyme code distribution of the proteins identified.

proteins which are critical to several biochemical pathways
and immune responses in black pepper (Tables S2A–C). All
the proteins were also assigned with their enzyme commission
(EC) numbers connecting them to Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways where ever possible
(Tables S3A–C). In our study, proteins were found to
be involved in at least 49 biochemical pathways which
potentially correlates with the plant defense response of
black pepper resulting from the Phytophthora infection. The
majority of the proteins were involved in pathways such as
carbon fixation in photosynthetic organisms, glyoxylate and
dicarboxylate metabolism, glycolysis/gluconeogenesis pathways,
methane metabolism, cysteine and methionine metabolism,
glycine, serine, and threonine metabolism, phenylpropanoid
biosynthesis, pentose phosphate pathway, fructose and mannose
metabolism, purine metabolism and glutathione metabolism
(Table S3D).

Gene ontology terms were extensively reviewed to understand
the proteome dataset. Initially, a second level GO analysis
carried out for 532 proteins (Figure 5) identified at least 52
biological process terms which primarily included biological
process (21%), response to stress (13%), biosynthetic process
(6%), photosynthesis (6%), small molecule metabolic process
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FIGURE 5 | Gene ontology classification of all the 532 proteins identified in black pepper. The results are summarized in terms of three functional categories:

cellular component, molecular function, and biological process. The blue bar represents proteins identified only in mock-infected protein set, the red bar represents

GO terms for differentially expressed protein set and the green bar represents the proteins identified only in P. capsici infected dataset.

(5%), carbohydrate metabolic process (5%), generation of
precursor metabolites and energy (5%), protein folding (4%),
cellular nitrogen compound metabolic process (4%), catabolic
process (3%), cellular amino acid metabolic process (3%), and
anatomical structure development (3%). Cellular component
ontology revealed 28 different GO term which include plastid
(16%), extracellular region (9%), thylakoid (9%), cellular
component (9%), cell wall (7%), plasma membrane (7%),
cytosol (7%), mitochondrion (6%), protein complex (6%),
vacuole (6%), nucleolus (4%), ribosome (4%), nucleus (2%), and
golgi apparatus(2%). With respect to molecular functions, we
identified 33 GO terms predominated by ion binding (29%),
molecular function (17%), oxidoreductase activity (14%), RNA
binding (5%), peptidase activity (4%), unfolded protein binding
(4%), lyase activity (3%), transmembrane transporter activity
(3%), and ATPase activity (2%). UsingMicrosoft Excel pivot table
analysis, 1203 GO terms were unique among all the identified
GO terms. We used semantic similarity-based scatterplots
offered by ReViGO for visualization and evaluating the potential
function of the unique GO terms identified for all the proteins.
ReViGO functions by negating the functional redundancy of
long GO term list by avoiding uninformative general GO terms
and are represented along with semantic similarities. The unique
GO terms identified were functionally categorized into 792
unique biological processes terms (Table S5A), 181 cellular
component terms (Table S5B), and 223 molecular function
terms (Table S5C). The GO terms represented unique biological
process terms such as response to endogenous stimulus,

carbon utilization, multicellular organism reproduction,
growth, and regulation of symbiosis, encompassing mutualism
through parasitism (Figure 6). Cellular component terms
that were uniquely represented include extracellular region,
plasmodesma, membrane, outer membrane, extracellular
vesicular exosome, macromolecular complex and protein-DNA
complex (Figure 7). Unique molecular functions identified for
223 GO terms include chromatin binding, structural constituent
of ribosome, structural molecule activity, antioxidant activity,
active transmembrane transporter activity, substrate-specific
transmembrane transporter activity and deaminase activity
(Figure 8).

Protein sequences were also analyzed for their localization
into organelles using TargetP1.1 (Emanuelsson et al., 2007)
online tool. Target P1.1 is a comprehensive protein sequence
search for identification of signal peptides for their localization
to either secretory pathway, mitochondria or chloroplasts based
on their N-terminal sequence motifs. We predicted a chloroplast
transit peptide for 20% of the proteins suggesting a chloroplast
localization, a mitochondrial targeting peptide for 10% of the
proteins with localization in the mitochondrion and 22% of
proteins had a signal peptide for localization in secretory
pathways (Tables S4A–C). Out of 532, protein sequences
identified, more than 48% (257 proteins) were predicted to
localize in any other location (Table S4D).

Based on protein abundance ratio, P. capsici infection causes
significant differential expression of host proteins which were
involved in plant defense mechanisms. Some of the major
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FIGURE 6 | The scatterplot visualizes the biological process terms identified for the 532 proteins of black pepper. The bubble color indicates the

uniqueness of the GO terms (the legends for the first 20 terms have been included in the figure). A detailed list of GO terms along with their uniqueness has been

supplied as a Table S5A.

FIGURE 7 | The scatterplot visualizes the cellular component terms identified for the 532 proteins of black pepper. The bubble color indicates the

uniqueness of the GO terms (the legends for the first 20 terms have been included in the figure). A detailed list of GO terms along with their uniqueness has been

supplied as a Table S5B.
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FIGURE 8 | The scatterplot visualizes the molecular function terms identified for the 532 proteins of black pepper. The bubble color indicates the

uniqueness of the GO terms (the legends for the first 20 terms have been included in the figure). A detailed list of GO terms along with their uniqueness has been

supplied as a Table S5C.

proteins which were significantly down-regulated and were
previously reported to have role in plant defense responses
include subtilisin-like protease (Tian et al., 2007), catalases (Le
Fevre et al., 2015), mannose glucose-specific lectin family protein
(Xiang et al., 2011), rhicadhesin receptor-like protein (Ali et al.,
2014), peptidyl-prolyl cis-trans isomerase 1-like protein (Kaur
et al., 2010), germin-like protein (Manosalva et al., 2009), luminal
binding protein (Galeano et al., 2015),oxygen-evolving enhancer
protein, ribonuclease (Comella et al., 2008), aspartic proteinase
nepenthesin-1 (Kadek et al., 2014), phosphoribulokinase, serine
carboxypeptidase (Mugford et al., 2009), lipid transfer protein
(Petti et al., 2010), glutathione s-transferase (Matern et al.,
2015), polygalacturonase-inhibiting protein (Nguema-Ona
et al., 2013),calnexin homolog (Howell, 2013), fasciclin-like
arabinogalactan protein (Wang et al., 2014), xyloglucan-specific
fungal endoglucanase inhibitor protein (Choi et al., 2013),
glycine-rich protein (Kim and Buell, 2015), polyphenol oxidase
(Llorente et al., 2014), and ubiquitin (He et al., 2015).

The complete list of proteins identified in the study
with individual protein sequence name, BLAST2GO protein
descriptions identified on Viridiplantae and A. thaliana TAIR10
databases, the PLGS score which corresponds to the confidence
level for identification of protein, the protein abundance ratio
(test vs. control) of differentially expressed protein, P-value
identified for each hit and TargetP1.1 predicted localization
have been described in the supporting tables (Table S2). The
minimum expect value obtained by BLASTP analysis, mean
percentage similarity of the protein, number of GO terms

identified for each hit, individual GO terms for each hit, EC and
InterProScan identification numbers along with sequence name
and sequence description based on Viridiplantae database and
A. thaliana database have been described in supporting tables
(Tables S6, S7).

Enrichment Analysis of Differentially
Down-Regulated Proteins
Earlier studies have shown that Phytophthora-host interactions
demonstrate suppression of host immune responses where the
pathogen targets the early innate immune components (Schlink,
2010). In our study, we found evidence that there was a
dramatic down-regulation of more than 70% of the proteins.
In order to evaluate and test this observation, we used the
functional enrichment test which was carried out between
low abundance proteins, their GO terms and their KEGG
pathway over-representation using the Blast2GO application
already available with the tool. The Fischer’s extract test on
the 134 differentially down-regulated proteins was found to be
significant when compared with the reference protein dataset.
The major KEGG pathways which suggested striking down-
regulation in black pepper during Phytophthora infection include
several primary and secondary metabolic pathways. Some of
the major pathways include carbon fixation in photosynthetic
organism, glycolysis/gluconeogenesis, citrate cycle, pentose
phosphate pathway, cyano-amino acid metabolism, fructose
and mannose metabolism, purine metabolism, glycine, serine
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FIGURE 9 | Visualization of biological process terms of differentially down-regulated proteins identified based on enrichment analysis. Bubble color

denotes the p-value (legend provided in the image); bubble size indicates the frequency of the GO term in the underlying GOA database. List of GO terms representing

the biological process along with p-values has been added as a Table S8A.

FIGURE 10 | Visualization of cellular component terms of differentially down-regulated proteins identified based on enrichment analysis. Bubble color

denotes the p-value (legend provided in the image); bubble size indicates the frequency of the GO term in the underlying GOA database. List of GO terms representing

the cellular components along with p-values has been added as Table S8B.
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and threonine metabolism, glutathione metabolism, starch and
sucrose metabolism, phenylpropanoid biosynthesis, and other
glycan degradation. The suppression of genes involved in
photosynthesis, carbon fixation, and secondary metabolites
involved in the biosynthesis of phytohormones during a
compatible interaction have earlier been reported in P. infestans–
potato pathosystem (Restrepo et al., 2005). The role of
metabolic processes such as glycolysis/gluconeogenesis and sugar
metabolism have earlier been reported to play an important
role in the establishment of infection of oomycetes within a
host. The stored nutrients serves as a major source of energy
for Phytophthora during the initial stages of infection, but soon
the pathogen starts utilizing host protein components (Hosseini
et al., 2012). Out data suggest that Phytophthora dramatically
affects source-sink dynamics whichmay lead to the collapse of the
tissue leading to cell death and necrosis. Presently, the reasons for
the suppression of these key pathways during the interaction of
P. capsici and black pepper is unknown. Recent high-throughput
studies on tomato–P. capsici pathosystem (Jupe et al., 2013) have
suggested that there occur dramatic changes in primary and
secondary metabolism in the tomato transcripts during the rapid
lifecycle of this dreaded pathogen. P. capsici, being an oomycete,
contains an arsenal of effector proteins which can take control of
the host proteome for its own survival. Lack of knowledge ofmost
of these effectors is another major challenge to study any of the
affected phytopathosystems. The enrichment of gene ontology
terms suggested an enrichment of 43 GO terms. These terms
were visualized by two-dimensional semantic similarity-based

scatterplots provided by ReViGO as explained earlier. Six major
biological processes were significantly down-regulated during
Phytophthora infection (Figure 9).

Several previous have reported gene enrichment of terms
such as carbohydrate metabolic process (Tauzin and Giardina,
2015), response to stress, transmembrane transport and response
to stimulus (Li et al., 2016). These observations are also in
consensus with recent high-through studies involving other
oomycete phytopathosystems (Jupe et al., 2013; Zuluaga et al.,
2015). At least 23 cellular components were involved during
the overhaul of host proteins during Phytophthora infection
(Figure 10) which include nucleus, intracellular membrane-
bounded organelle, external encapsulating structure and cell
wall. Moreover, 14 unique molecular functions were strikingly
involved during the susceptibility of black pepper to P. capsici
(Figure 11).

Role for RNA binding and nucleic acid binding protein
(Qi et al., 2010), hydrolase activity (Kong et al., 2015), and
ATPase activity (Chen et al., 2010) are active areas of research
in understanding the plant immunity. These observations need
to be validated by further research.

In addition to the BLAST2GO enrichment analysis, we
re-evaluated the data using another tool hosted as KOBAS
2.0. The enrichment revealed significant pathways such as
carbon fixation in photosynthetic organisms, photosynthesis,
carbon metabolism, protein processing in the endoplasmic
reticulum, glyoxylate and dicarboxylate metabolism,
s-adenosyl-L-methionine biosynthesis, glucose and xylose

FIGURE 11 | Visualization of molecular function terms of differentially down-regulated proteins identified based on enrichment analysis. Bubble color

denotes the p-value (legend provided in the image); bubble size indicates the frequency of the GO term in the underlying GOA database. List of GO terms representing

the molecular functions along with p-values has been added as a Table S8C.
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degradation, and ethylene biosynthesis (Table S8) involved
during the susceptibility of black pepper to Phytophthora.

Network Analysis of Significantly
Down-Regulated Proteins
Reconstruction and representation of plant cellular pathway
based on expression profiling have been always challenging
especially for non-model plants. We suppose that the
susceptibility of black pepper to Phytophthora involves a complex
interaction of proteins which are regulated and controlled by
the host and pathogen. In order to test this, we have utilized a
homology based prediction for identifying the protein-protein
interactions among the differentially down-regulated proteins

using STRING 9.1 online tool against A. thaliana TAIR10
database. This approach have earlier been highlighted in several
high-throughput studies (Van Baarlen et al., 2008). At the highest
confidence level of 0.9, we observed overrepresentation of protein
interactions involved in photosynthesis, metabolic pathways,
carbon fixation in photosynthetic organism, protein processing
in endoplasmic reticulum, carbon metabolism, glycoxylate,
and dicarboxylate metabolism, oxidative phosphorylation,
endocytosis, and spliceosome (Figure 12). All the protein
nodes generated using the protein dataset against A. thaliana
database along with their corresponding STRING IDs and the
abbreviations of these interacting proteins along with their
predicted functional partners are provided in the supporting
table (Table S9).

FIGURE 12 | Network interactions of differentially down-regulated proteins under different biological functions by STRING 9.1 analysis at a maximum

confidence level of 0.9. Over-representation of key pathways such as photosynthesis, oxidative phosphorylation, and endocytosis have been highlighted in red. List

of protein nodes identified against Arabidopsis thaliana TAIR10 reference database have been given in Table S9.
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Validation of Label-Free Quantitative
Proteomics Results
We validated the label-free quantitative proteomics results
obtained using a quantitative real-time RT-PCR analysis. Five
genes were randomly selected from up-regulated protein dataset
which include mlp-like protein (comp59353_c0_seq1_1), laccase
family protein (comp77477_c0_seq1_2), basic 7s globulin-like
protein (comp87186_c0_seq1_2), l-ascorbate oxidase homolog

FIGURE 13 | Real-time PCR analysis of selected up- and

down-regulated genes. The qRT-PCR was conducted using gene-specific

primers to analyze their relative expression in leaf samples. Pn18srRNA was

used as an internal control to normalize the samples. Values are means of

three biological replicates performed in triplicate.

(comp51029_c0_seq1_2), and glycine-rich RNA binding protein
(comp51427_c0_seq2_2). We also selected five genes from the
list of down-regulated protein dataset which include subtilisin-
like protease (comp87657_c0_seq1_4), mannose glucose-specific
lectin family protein (comp67436_c0_seq1_1), germin-like
protein (comp24430_c0_seq1_2), ribonuclease t2 family protein
(comp73900_c0_seq1_3), and serine carboxypeptidase protein
(comp88598_c0_seq1_3). Transcript abundance was compared
between mock control and P. capsici infected (24 hpi) samples
in biological replicates. The quantitative expression of selected
genes was represented as log10 relative quantity (RQ) of
target mRNA normalized against Pn18srRNA reference gene
(Figure 13). The qRT-PCR results of selected up- or down-
regulated genes appreciably correlated with the label-free
quantitative proteomics results. Up-regulation of several novel
genes such as mlp-like proteins which are pathogenesis-related
proteins (Bufe et al., 1996), glutathione s-transferases (Dean
et al., 2005), polyphenol oxidases which are regulated during
development of resistance against pearl millet downy mildew
disease (Raj et al., 2006), laccase which regulate lignification
during fungal infection (Mayer and Staples, 2002), globulin-like
proteins and ascorbate oxidases reported to be involved in
black spot discoloration in wheat (Mak et al., 2006) clearly
suggest that the interaction of P. capsici with P. nigrum does
involve a dramatic regulation of host proteome as well as
transcriptome. It is surprising to observe that even with the up-
regulation of several anti-fungal proteins like aspartyl protease
(Xia et al., 2004), pectinesterase like protein (An et al., 2008),
polyphenol oxidase and mlp-like proteins does not prevent
the susceptibility of the host to the oomycete pathogen. This
may be attributed to down-regulation of many of the major
proteins involved in primary and secondary metabolism (Table
S2A). Major down-regulation of key plant immune responsive
components like subtilisin-like protease (Figueiredo et al.,
2014), serine carboxypeptidase which are required in anti-
microbial compound synthesis leading to defense (Mugford and
Milkowski, 2012), mannose-glucose specific lectins (Xiang et al.,
2011), and germin-like proteins which gives broad-spectrum

FIGURE 14 | (A,B) Detection of a full-length amplicon of selected genes amplified from cDNA synthesized from Piper nigrum by RT-PCR. The amplicon size predicted

along with putative names have been represented on each line. M- 1 Kbp ladder (NEB). The primers used along with all necessary detail have been listed in the Table S10.
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disease resistance (Manosalva et al., 2009) clearly suggest that
this phytopathosystem is unique and highly complex warranting
further investigation.

Full-Length Gene Identification, Cloning,
and Sequence Characterization of Novel
Genes
In our study, we also report a novel strategy for identification
of full-length genes of the corresponding protein candidates
identified using a “reverse-proteomics” approach (Walhout and
Vidal, 2001). Using the protein sequence name as identifiers,
we manually derived the correct nucleotide coding sequences
of at least 526 protein hits which were within the P. nigrum
transcriptome dataset. We further validated this strategy by
designing full-length cloning primers for eight randomly
selected genes with a range of different molecular weights
(included in parenthesis). The genes selected include aspartic
proteinase nepenthesin-1 protein (comp66934_c0_seq1_2;
MW–1211 bp), mannose glucose-specific lectin family protein
(comp67436_c0_seq1_1; MW–1356 bp), germin-like protein
(comp24430_c0_seq1_2; MW–711 bp), calnexin homolog
protein (comp85398_c0_seq1; MW–1632 bp), laccase-7-like
protein (comp77477_c0_seq1; MW–1305 bp), calreticulin
family protein(comp77065_c0_seq2; MW–1254 bp), glutathione
s-transferase-like protein (comp72509_c0_seq2; MW–456 bp),
and s-norcoclaurine synthase-like protein (comp62928_c0_seq1;
MW–540 bp). We were able to successfully amplify all the
predicted genes with expected molecular weight (Figure 14).
These genes were further cloned into pGEM T-easy TA vector
(Promega Inc.), sequenced using Sanger sequencing available at
Rajiv Gandhi Center for Biotechnology, Thiruvananthapuram,
India and analyzed using NCBI BLASTN analysis for
confirmation of the gene predicted. This strategy is highly
efficient for studying the molecular components of non-model
plants and would certainly pave the way for further research in
diverse plant groups including black pepper. All the primers used
in the current study have been listed with necessary information
in the supporting table (Table S10).

CONCLUSION

In the present study, we report a comprehensive high-throughput
proteomics tool for understanding the plant-oomycete

interaction. We explore the use of a transcriptome assisted
label-free quantitative proteomics approach for identification
of novel leaf proteome of black pepper when challenged with
P. capsici. Black pepper has been susceptible to Phytophthora
foot rot for over a century. There are no varieties of black
pepper which can completely resist this disease and the
progress in understanding the molecular components of this
phytopathosystem has been severely hampered due to lack of
proteome or transcriptome databases (Gordo et al., 2012). In
our study, we describe for the first time, a complete list of 532
proteins of black pepper derived from a public transcriptome
dataset generated using black pepper leaves (Table S11). We have
utilized BLAST2GO tool for thorough annotation of over 518

identified proteins. We further report a total of 526 novel open
reading frames of black pepper effectively identified through a
reverse proteomic approach (Table S12) (Walhout and Vidal,
2001). These genes can be directly utilized for studies including
cloning, expression, and further downstream characterization.
This study provides comprehensive insights into the complex
network of proteome changes that happen in black pepper
during a hemibiotrophic oomycete infection.
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