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Abstract Plant antimicrobial peptides are the interesting

source of studies in defense response as they are essential

components of innate immunity which exert rapid defense

response. In spite of abundant reports on the isolation of

antimicrobial peptides (AMPs) from many sources, the

profile of AMPs expressed/identified from single crop

species under certain stress/physiological condition is still

unknown. This work describes the AMP signature profile

of black pepper and their expression upon Phytophthora

infection using label-free quantitative proteomics strategy.

The differential expression of 24 AMPs suggests that a

combinatorial strategy is working in the defense network.

The 24 AMP signatures belonged to the cationic, anionic,

cysteine-rich and cysteine-free group. As the first report on

the possible involvement of AMP signature in Phytoph-

thora infection, our results offer a platform for further

study on regulation, evolutionary importance and

exploitation of theses AMPs as next generation molecules

against pathogens.

Keywords Proteomics � Antimicrobial peptides �
Differential expression � Host–pathogen interaction

Introduction

Antimicrobial peptides (AMP) are small peptides, size

ranging from 2 to 9 kDa with broadspectrum antimicrobial

activity. The percentage distribution is high in animals

(74.53%) followed by plants (13.57%) (Sarika et al. 2012).

On the basis of electric charge, the AMPs are either

cationic or anionic (Pelegrini et al. 2011) and they are

constitutively expressed or regulated upon stress (Nawrot

et al. 2014). AMPs have been isolated from many plants

and from various plant parts viz. leaves, stems, roots,

flowers and seeds and were proved to act against phy-

topathogens. They belong to the families viz., defensins,

thionins, lipid transfer protein (LTP), snaking, cyclotides

and hevein like proteins which are cysteine rich peptides

(Park et al. 2000). Except few reports (Egorov et al. 2005;

Silva et al 2012; Zipfel 2009), the description of cysteine

free AMPs from plants are rare. Apart from the direct

action against pathogens, plant AMPs are also important

molecules in MAPK (MAP Kinase) defense signaling

(Scott et al. 2007), innate immunity (Rahnamaeian 2011),

ROS and H2O2 accumulation (Fan et al. 2008).

Black pepper is an export oriented spice crop, rich in

essential oil and oleoresin. Among the biotic /abiotic

stresses, the foot rot disease caused by Phytophthora is of

major concern (Anandaraj 2000) in black pepper. The

investigation on presence of AMPs (both constitutive and

induced) and its characterization from the resistant geno-

type would yield information on innate immunity, which

will help in developing resistant varieties and also the

candidate AMPs as possible lead molecules in future

management strategies.

Chromatography based (Cammue et al. 1992) and EST

based (Asiegbu et al. 2003; Ke et al. 2015) methods were

used to identify and isolate the AMPs from plants. But the
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AMPs are underrepresented in these conventional methods,

including immnunoblots due to their extreme isoelectric

points and small size (Zhou et al. 2011). Weinhold et al.

2015 quantified the ectopic expression of AMPs in trans-

genic Nicotiana attenuata from apoplastic proteins using

label-free protein quantification by nanoUPLC-MSE anal-

ysis coupled with Hi3 method. Our present study was

aimed to explore the label free proteomics strategy to

identify the AMPs in resistant variety of black pepper upon

infection by Phytophthora. The aim of this work was to

bring out the entire profile along with expression quan-

tification of AMP signatures upon infection with Phy-

tophthora from the total leaf protein using label free

proteomics and in-silico analysis of physiochemical, bio-

logical properties of AMP signatures. For the first time, we

showed the occurrence of both cysteine rich, non cysteine

AMP signatures from a complex sample and some major

AMPs as innate immunity factors against Phytophthora.

Materials and methods

In planta inoculation

Black pepper variety, ‘‘IISR Shakthi’’ resistant to Phy-

tophthora capsici was used in this study. The plants with

three to four leaves were inoculated at the abaxial side (in

planta) at 3rd leaf using 72 h old mycelium of highly vir-

ulent isolate (05-06). Control plants were mock inoculated

with moist cotton. The experiment was conducted in trip-

licates. The leaf samples were collected at 24 hpi (hours

post inoculation), the necrotic spot was removed and used

for protein extraction. The mock inoculated leaves were

also collected for the extraction of proteins. Samples from

3 biological replicates were used for the analysis.

Label free quantitative proteomics

Total leaf protein was extracted (Umadevi and Anandaraj

2015) and quantified. Three biological replicates from

control and 24 hpi were used to profile the AMPs. For LC-

LTQ Orbitrap MS analysis, samples were re-solubilized in

2% [v/v] acetonitrile, 0.1% [v/v] formic acid in water and

injected onto an Agilent1200 (Agilent, Santa Clara, CA,

USA) nano-flow LC system that was in-line coupled to the

nano-electrospray source of a LTQ-Orbitrap discovery

hybrid mass spectrometer(Thermo Scientific, San Jose,

CA, USA). Peptides were separated on Zorbax 300SB-C18

(Agilent, Santa Clara, CA, USA) by a gradient developed

from 2% [v/v]acetonitrile, 0.1% [v/v] formic acid to 80%

[v/v] acetonitrile, 0.1% [v/v] formic acid in water over

70 min at a flow rate of 300 nl/min. Full MS in a mass

range between m/z 300 and m/z 2000 was performed in an

Orbitrap mass analyzer with a resolution of 30,000 at m/z

400 and an AGC target of 2 9 105. The strongest five

signals were selected for CID–MS/MS in the LTQ ion trap

at normalized collision energy of 35% using an AGC target

of 1 9 105 and two micro scans. Dynamic exclusion was

enabled with one repeat counts during 45 s and an exclu-

sion period of 120 s. All the 6 samples were included in the

analysis where control samples were chosen as reference

and all other ion intensity maps from other samples were

automatically aligned to the reference. The peptide ion

detection method was high resolution. Considering the

good initial alignment quality, the data set was not sub-

jected to any further manual correction such as vector

editing. Relative quantification using Hi-3 was selected for

automatic processing of the software. After successful

alignment, no further filtering was applied to subsequent

quantification steps in the software. Parameter settings such

as no protein grouping and quantitation from non-con-

flicting features were used for protein building. Peptide

identification was performed by CID-based MS/MS of the

selected precursors. For protein/peptide identification, MS/

MS data were searched against the APD database using an

in-house Mascot server (version 2.4) through the Pro-

teomeDiscoverer1.4 software. The search was set up for

full tryptic peptides with a maximum of three missed

cleavage sites. Carbamidomethyl on cysteine, and oxidized

methionine were included as variable modifications. The

precursor mass tolerance threshold was 110 ppm, and the

maximum fragment mass error was 0.8 Da. The signifi-

cance threshold of the ion score was calculated based on a

false discovery rate of \ 1%, estimated by the peptide

valid at or node of the Proteome Discoverer software. Ion

matching requirements were two fragments per peptide,

five fragments per protein, and one peptide per protein.

Anova (p)* 0.05 was kept as significant in selecting the

statistically significant fold change expression of AMPs.

Characterization of AMP sequences

We used APD database for the AMP signature identifica-

tion (Wang et al. 2016). The AMP signatures were also

queried with PhyAMP (Hammami et al. 2009) and

CAMPR3 (Waghu et al. 2016). In order to characterize the

AMPs in silico, we used the descriptors viz., isoelectric

point, aliphatic index and grand average of hydropathy

(Gasteiger et al. 2005) (GRAVY) (using Protparam tool)

and the net charge using PhytoAMP database. We also

characterized the AMPs as cysteine rich, cysteine free

AMPs. The peptide region coding for antigenicity was

predicted using Kolaskar and the secondary structures were

predicted using GOR4 (Kolaskar and Tongaonkar 1990).

Toxin pred (Gupta et al. 2013) and HLP tool (Sharma et al.
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2014) was used to predict the toxic peptides and predict the

half-life of the peptides.

Results

Label free proteomics based identification

and expression dynamics of AMPs

The AMP identification was done in uninfected (control)

and from the 24 hpi sample. A total of 24 black pepper

AMPs (BpAMPs) was matched to the known AMPs from

both the samples and the quantitative expression was also

deduced using Hi3 method (Table 1). The AMPs mass

ranged from 731.4332 to 2340.0385. The relative expres-

sion dynamics ranged from 1. 3 to 11.15 folds. Fourteen

AMPs showed high abundance (5.88–10.59 fold) and the

10 showed low abundance. Low abundance (range) of

peptides were found between 3.59 and 1.02 fold. The Hi3

quantification of peptides showed five BpAMPs with above

5 fold increase in expression were BpAMP3 (5.88 fold),

BpAMP7 (11.15), BpAMP8 (6.48), BpAMP12 (10.28) and

BpAMP23 (10.59).

The identified AMP sequences were queried individu-

ally in PhytAMP database using blast tool to identify its

plant origin. All the non-plant AMPs were queried against

a multi-organism database (CAMP R3) and were found to

have matching peptides in this database (Table 2).

Physiochemical and antimicrobial properties

The number of amino acids and the molecular weight of the

BpAMPs ranged from 7–24 to 714–2333.5 respectively.

Seven AMPs had an aliphatic index[ 70, 10 AMPS\ 100

and 6 AMPs\ 70 to[ 100. GRAVY value is calculated as

the sum of hydropathy values of all the amino acids,

divided by the number of amino acid residues in the query

sequence. Positive and negative GRAVY is an indication

of hydrophobicity and hydrophilicity respectively. Among

24 AMPS of black pepper, 12 AMPS were of hydrophobic

and another 12 were hydrophilic (Table 3). The net charge

of the AMPs varied from 1 to 4. Secondary structure pre-

diction using the GOR 4 secondary structure prediction

method showed 23 AMPs having extended strand and

random coil in specific proportions. The only AMP

(BpAMP17) from black pepper from this study was the

type having alpha helix, extended strand and random coil

(Table 3). The Kolaskar and Tongaonkar antigenicity

prediction was used to determine sequences of antigenic

determinants (epitopes) within the AMPs (Table 3). Con-

served Domain search for the 24 AMPs showed using

NCBI CDD tool identified conserved domains in 2 AMPs.

Based on the analysis of cysteine content, the black pepper

AMPs were found to have 13 cysteine free AMPs along

with 11 cysteine rich AMPs. The percentage of amino acids

in the cysteine free peptides is tabulated (Table 4). The

Toxin pred analysis results showed that BpAMP14 was of

toxic. Bowman index the protein binding potential was

deduced and results in predicting half-life of peptides in the

intestine like environment to find the half life for each

AMPs and are tabulated (Table 3).

Discussion

In spite of abundant reports on the isolation of AMPs from

many sources, the profile of AMPs expressed/identified

from single crop species under certain stress/physiological

condition is still unknown. In this study, we aimed to

identify AMP using label free proteomic analysis of protein

extract from black pepper leaf upon infection with P.

capsici. The 24 hpi samples were taken from resistant

genotype as there is no visible symptom expressed in this

cultivar, where as in case of susceptible variety, visible

symptoms expresses in 24 hpi (Unpublished data). The

peptide data from antimicrobial peptide (APD) database

(Wang et al. 2016) was used to query the peptide sequences

from control and 24 hpi using Progenesis IQ software. A

total of 5 AMPs was found to have similarity to plant

peptides and the rest 16 AMPs failed to find a match with

the available entries in the PhytAMP database. The search

in CAMPR3, the multi-organism database showed the

identity for all 16 non-plant AMPs. We suppose them to be

homologs of animal /insect AMP signatures. These AMP

homologs may be of evolutionary novelty in black pepper.

The differential expression of 24 AMPs suggests that a

combinatorial strategy is working in the defense network in

black pepper against P. capsici. BpAMP3 (AGLQFPVGR)

was found to be the Buforin homolog. Burofin isolated

from frog showed broad spectrum antimicrobial activity

including fungi by penetrating the cell membrane (Park

et al. 2000) BpAMP7 (CAPKMKQIGTCGMPQVKCCK)

was the Hevein type AMP showed similarity to AMP from

Euonymus europaeus (European spindle tree). This small

hevein like chitin binding protein possesses antifungal

property and active against Phytophthora cryptogea. The

chitin-binding hevein-type polypeptides were identified

with three (Ac-AMP), four (hevein), five (Eucommia

ulmoides AMPs) and 10 disulphide bonds (Ee-CBP) from

E. europaeus (Van den Bergh et al. 2002). The BpAMP7

identified from black pepper was found to have 4 cysteine

residues. BpAMP8 (NQCINLEKAR) was identified as Rs-

Afp1of Raddish. This type causes membrane permealisa-

tion and formation of reactive oxygen species (Matejuk

et al. 2010) It was demonstrated that that transgenic tomato

plants with this AMP was resistant to Phytophthora
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infestans (Parashina et al. 2000). BpAMP12 (ELEN-

LAAMDLELQK) was the chrombacin analog. These

peptides have the ability to induce chemotaxis and initia-

tion of release of cytokines (Salzet and Stefano 2003).

BpAMP23 (DAATGLVTGIQS) was found to be an analog

of Dahlein, bioactive peptides from frog Litoria dahlia

which was found to have wide spectrum activity (Wegener

et al. 2001).

Isoelectric point is an important factor as it affects the

solubility of the AMP. The black pepper AMPs had pI

range from 3.8 to 10.3 denoting the presence of most acidic

and alkaline range having peptides. Aliphatic index shows

the thermal stability of the AMPs. The aliphatic index of 16

black pepper AMPs were with 70 -100 showing greater

thermal stability.

Studies demonstrated that at least net charge 2 is

required for the amphipathic nature (Hancock 1997). The

net charge of most of the black pepper AMPs was found to

be 2 and above, which indicated their antimicrobial

potential. The total of ionizable amino acid residues at a

particular pH determines the anionic or cationic net surface

charge to AMPs. Anionic /cationic AMPs are constitutive

or inducible defense barriers against microbial infections

and also they might have the ability to improve host

immunity by acting as immune modulators (Robinson et al.

2012). We found 4 anionic AMPS (BpAMP1, 12, 19 and

23) while another 18 AMPS were cationic in nature. The

plant derived anionic AMPs are attractive molecule against

cancer. This group of AMPs is reported as host defense

peptides from plants and is shown to have anticancer

property (Song et al. 2012). On the other hand, the plant

cationic AMPs are shown to have activity against nega-

tively charged microbial membranes.

The majority of black pepper AMPs were found to have

extended strand and random coil secondary structures. The

reports state that the anionic peptides should have extended

strand and random coil (Powers and Hancock 2003). The

extended class of peptides is rich in proline and/or glycine

contents and lacks classical secondary structures. The

random coils are found to be involved in cell permeation in

Table 2 Annotation of black pepper AMPs

AMP CAMP R3 APD PhytAMP

BpAMP1 Crystal structure of the hexameric anti-microbial peptide channel

dermcidin

Dermicidin

BpAMP2 Anti microbial peptide (Aspergillus clavatus) CAMPSQ2291 AcAMP (Aspergillus

clavatus)

Snakin

BpAMP3 Buforin (CAMPSQ277) Buforin (Toad)

BpAMP4 Lingual antimicrobial peptide (defensin family) (SQ1412) Beta defensin Ar-AMP Hevein

BpAMP5 NMR structure of CXC chemokine CXCL11/ITAC Chemokine GASA-like Snakin

BpAMP6 Maximin-H7 (SQ1780) Temporin (cationic)

BpAMP7 Prepro-beta-defensin 1 (SQ2648) Beta defensin Ee-CBP leaves (Hevein)

BpAMP8 Gamma-thionin (SQ2567) Rs-Afp 1 plant defensin At-AFP1 defensin

BpAMP9 Ponericin-L2 (SQ218) Ponericin

BpAMP10 Winter flounder 1 (Pleurocidin family) (CAMPSQ861) Winter flounder 1

BpAMP11 Ap (anti fungal) (CAMPSQ3306 Ap

BpAMP12 Chrombacin (CAMP SQ2811) Chrombacin

BpAMP13 Pilosulin 3 (CAMPSQ495) (from Insect Ant) Pilosulin 3

BpAMP14 Pp-AMP1 (defensin) (CAMP SQ3353) Plant Pp-AMP1 (defensin) Plant Pp-AMP1

(defensin)

BpAMP15 Brevinin Brevinin

BpAMP16 Nigroain-C2 (CAMPSQ3641) from frog Nigroain C2

BpAMP17 Defensin-1 (Apis mellifera carnica) (CAMPSQ4363) Royalisin

BpAMP18 No hit Odorranain

BpAMP19 CgUbiquitin (CAMPSQ3702) Cg ubiquitin

BpAMP20 LAP-like antimicrobial peptide (fragment) (defensin) (CAMPSQ 6679) Beta defensin

BpAMP21 Ascaphin-5(human erythrocytes) (CAMPSQ4333 Ascaphin 5

BpAMP22 Dermatoxin S1 (frog) (CAMPSQ 2946) Dermatoxin

BpAMP23 Dahlein 4.3 (synthetic construct) (CAMPSQ2851) Dahlein

BpAMP24 CCL 13 CCL 13 chemokine
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case of Indolicidin AMP (Zhang et al. 2001). The con-

served domain search yielded BpAMP4 (GICV-

PIRCPGSMRQIGTCLGAQVK) with defensin beta

superfamily and BpAMP (IQDKEGIPPDQQR) with UBQ

super family conserved domain (Fig. 1). These results

further strengthen that the label free proteomics approach

as reliable and quick method to identify AMPs even from

complex samples and possibility to find the gene fragment

coding for AMPs.

The cysteine free AMPs are more common in animal,

insects and they were found to be linear peptides without

cysteine with a high proportion of certain residues. In plant,

till now only 3 reports are available on linear cysteine free

AMPs (Egorov et al. 2005; Zipfel 2009; Silva et al. 2012).

Out of 13 cysteine free BpAMPs, 9 AMPs were found to be

in up-regulation (BpAMP1, 3, 9, 10, 11, 12, 22, 23 and 24)

and the remaining 4 were with down-regulation. The cys-

teine rich AMPs are very common to plant kingdom with

Table 4 Cysteine free AMPs with the amino acid composition and regulation

AMP Amino acid composition (%) Regulation upon Phytophthora 24h (fold change)

BPAMP1 Ala, Ser (7.14); ASP, Glu, Gly, Val, Lys, Leu (14.29) Up (1.17)

BPAMP3 Ala, Phe, Pro, Gln, Arg, Val (11.11); Gly (22.22) Up (5.88)

BPAMP6 Phe, Lys, Met, Ser (9.09;)Ile, Leu (18.18); Gly (27.27) Down (3.85)

BPAMP9 Ala, Lys (22.22); Gly (33.33); Leu, Val (11.11) Up (3.53)

BPAMP10 Glu, Gly, Ile, Leu, Lys, Arg, Try (14.29) Up (2.04)

BPAMP11 Ala, Phe, Asn, Pro, Ser, Thr (11.11); Lys (33.33) Up (10.28)

BPAMP12 Ala (14.29); Asp, Lys, Met, Asn, Gln (7.14); Glu (21.43); Leu (28.47) Up (2.53)

BPAMP18 Gly, Lys, Arg (14.29); Ser, Val (28.57) Down (2.01)

BPAMP19 Asp, Ile, pro (15.38); Gln(23.08); Glu, Gly, Lys, Arg (7.69) Down (2.49)

BPAMP21 Asp, Gly, Trp (14.29); Ile, Lys (28.57) Down (3.59)

BPAMP22 Ala, Gly, Lys, Thr (14.29); Leu (42.86) Up (1.74)

BPAMP23 Ala, Gly, Thr (16.67); Asp, Ile, Leu, Gln, Ser, Val (8.33) Up (10.59)

BPAMP24 Gly, His, Leu, Met, Asn, Gln, Arg, Val, Trp, Tyr (8.33); Lys (16.67) Up (1.41)

Fig. 1 Black pepper AMPs with conserved domains
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varying number of cysteine residues. In this study, we

identified AMPs in black pepper with 4 cysteine residues

(BpAMP7), 3 cysteine residues (BpAMP2, 4 and 17), 2

cysteine residues (BpAMP5 and 14) and 1 cysteine residue

(BpAMP8, 13, 15, 16 and 20). Among the 11 cysteine rich

AMPs, two were up-regulated upon Phytophthora infec-

tion, BpAMP7 (11.15 fold) that is similar to hevein type

AMP and BpAMP8 (6.48 fold) similar to Rs-Afp-1, sug-

gesting them to be the effective candidate AMPs as

molecule against Phytophthora.

In addition to this, the analysis to detect the toxic nature

and half-life of the AMPs which are important for any drug

development. This information would be important for any

researcher to use the peptides towards drug development.

By using label free proteomics strategy, we established

for the first time the black pepper peptidome associated

with the innate immunity against Phytophthora. We

showed the occurrence of both cysteine rich, cysteine free

AMPs from a complex sample and some major AMP sig-

natures as innate immunity factors against Phytophthora.

However, whether all the AMPs or some major AMPs are

contributing to the pathogen resistance in this genotype still

needs to be worked out. Our work presented here will offer

a basic platform for further studying the immunology and

evolutionary significance of these newly discovered AMPs

in black pepper and also utilizing some of the AMPs as

next generation fungicide molecules.
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