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Summary. Root wilt disease of coconut associated with phytoplasma presence is char-
acterized by late symptoms in the field and hence disease detection has been challeng-
ing. Several attempts have been made in the past for detecting the infection, which
included microscopic, histochemical, immuno assays and DNA based methods. How-
ever, the successful detection with precision and by a cost-effective simple assay is still
not available. The current study used two-dimensional electrophoresis followed by
mass spectrometric identification of the differentially or uniquely expressed proteins in
the infected palms compared to healthy ones. Among the different proteins identified
in the study, mannan endo-1,4-beta mannosidase and BTB/POZ domain and ankyrin
repeat containing NPR2 proteins were selected. Bioinformatic analyses were carried
out to characterize these proteins and the signature peptides with antigenic properties
were determined. Biomarker protein structure prediction, homology modelling indi-
cated the structure and function as well as uniqueness of these proteins. The sequences
of these signature peptides are unique to these proteins and were found to be part of
salicylic acid binding amino acid residues, thus involved in systemic acquired resist-
ance against pathogens of plants. It is reported the procedure for obtaining signature
peptides of potential biomarker proteins for detection of root wilt infection in coconut.
The antibodies developed against these peptides would have more specificity for a pre-
cise detection of root wilt infection in coconut farms.

Keywords. Disease detection, phytoplasma, proteome biomarkers, root wilt, signature
peptides.

INTRODUCTION

India accounts 32% of global coconut production. The Karnataka, Tamil
Nadu, Kerala, and Andhra Pradesh are the major coconut growing states in
India. Among them root wilt disease was reported in Tamil Nadu and Ker-
ala. Similar diseases in coconut palms are also reported in other countries
worldwide and described by various other names, including Bogia coconut
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syndrome in Papua New Guniea (Miyazaki et al., 2018),
Weligama coconut leaf wilt in Sri Lanka, Lethal bronz-
ing in Texas, and lethal yellowing in Africa and Carib-
bean (Gurr et al., 2016).

Root wilt disease of coconut is associated with the
presence of phytoplasmas and verified to be transmitted
by Haplaxius crudus in the America continent while oth-
er planthoppers were only reported as infected with phy-
topalsmas (Dollet et al., 2020; Humphries et al., 2021;
Bahder et al., 2023; Paredes Tomas et al., 2023; Fernan-
dez-Barrera et al., 2024). Infected trees exhibit yellowing
of leaves, flaccidity, necrosis of leaflets. Roots and inflo-
rescence as well as leaf are rotting. The unopened pale-
yellow spindle leaves are particularly susceptible to the
disease presence (Ramjegathesh et al., 2019).

Bahder et al. (2020) characterized the lethal bronz-
ing disease progression in date palms as early, moderate,
and late-stage symptoms based on canopy discoloration
at respective stages. However, irrespective of the disease
stage, they observed the phytoplasma titer to be low in
the leaves and high in the base of the trunk. Soto et al.
(2020) recorded a higher phytoplasma titer leading to
leaf collapse within four months.

Diagnosis of root wilt infection in coconut has
been challenging for more than three decades. Micro-
scopic observation of phloem tissues of infected plants
(Solomon et al., 1983; Navratil et al., 2009) and his-
tochemical analysis (Abdulsalam et al., 1993) were
reported. ELISA based detection of phytoplasma pro-
teins was developed later (Sasikala et al., 2001, 2005).
Although universal primers for PCR amplification of
phytoplasma genomic region was developed by Ceram-
ic-Zagorac and Hiruki (1996), and a quantitative PCR
system to amplify specific rRNA has been reported
(Manimekalai et al., 2011).

However, the success rate in PCR based method is
low due to the non-specific amplification in the com-
plex metagenome of tender leaf tissue from phytoplas-
ma infected coconut trees. Rather than targeting the
organism for detection, proteomics offers an alterna-
tive strategy to identify differentially expressed proteins
in the infected tissues which could serve as biomarkers
of infection. The differentially expressed proteins may
include i) pathogen derived proteins and or ii) host pro-
teins in response to pathogen infection. In the current
study, such biomarker proteins were specifically identi-
fied in the proteome of infected leaf samples. Signature
peptides which are unique to the protein and do not
show homology with any other peptides of other pro-
teins were also analyzed and identified to improve the
specificity of the detection technique.
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MATERIALS AND METHODS
Sample collection

The tender leaf tissues from crown region of healthy
and root wilt infected coconut trees were collected from
two different coconut growing regions of Tamil Nadu,
India namely Pollachi and Vellore, which are in the
extreme west and north of the state with a distance of
267 miles. In each of these districts, root wilt infected
and uninfected farms were chosen for sample collection.
In Pollachi, healthy leaf tissues were from “Tall x Dwarf’
variety trees cultivated in Aliyar village and infected
leaf tissues were from ‘Chowghat orange dwarf” variety
trees cultivated in Zamin Uthukuli village which are 15
miles away. In Vellore region, infected and healthy sam-
ples were collected from Pallikonda and Brahmapuram
villages respectively, which are 17 miles away. Tender
leaf tissues from the crown region of ten coconut trees
from healthy and infected farms were collected. All the
samples were carried to the laboratory in polyethylene
bags in ice container. The samples were surface sterilized
using 70% ethanol and stored at -80°C.

PCR confirmation of infected and healthy samples

DNA was extracted from tissue samples using the
modified CTAB method as described by de Silva et al.
(2023). Nested PCR was performed using two sets of
primers namely, P1/P7 primers (Deng and Hiruki, 1991;
Schneider et al., 1995) for the first PCR and R16F2n/
R16R2 (Lee et al., 1995; Gundersen and Lee, 1996) for
the second PCR. The 20 pL reaction mixture contained
2 pL of template DNA, 0.5 pM of each primer, 200 pM
of ANTP and 10 pL of 1x master mix (Ampliqon, Den-
mark) and nuclease free water. The PCR conditions for
P1/P7 primers are: initial denaturation step for 2 min at
94°C, followed by 40 cycles for 30 s at 94°C, annealing
at 53°C for 30 s and extension at 72°C for 1.5 min, and
final extension at 72°C for 10 min. The conditions for
the second round of PCR with R16F2n/R16R2 primers
are the same except 50°C for 30 s and 72°C for 1 min,
for annealing and extension respectively. PCR reactions
were carried out in a thermal cycler (BioRad, Singapore).
The amplicons were analyzed in 1% agarose gel and
stained with ethidium bromide.

Extraction of proteins from coconut leaf tissues

Phenol-SDS method: One gram of leaf tissue was
homogenized using mortar and pestle in the presence
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of liquid nitrogen followed by 5 mL of extraction buffer
(0.1 M Tris HCI (pH 7.5), 30% (w/v) sucrose, 2% (w/v)
SDS). The resulted slurry was transferred to sterile cen-
trifuge tubes and subjected to vortexing with intermittent
cooling on ice for 5 min. Equal volume of tris saturated
phenol was added and contents were mixed by inverting
the tubes up and down and allowed to stand on ice for
10 min and centrifuged at 12,000 rpm for 15 min. The
organic phase obtained on top was collected in a separate
tube to which 4 volumes of 0.1 M ammonium acetate in
methanol was added and mixed by inverting the tubes
followed by overnight incubation at -20°C. Samples were
further centrifuged at 12,000 rpm for 15 min and the pel-
let was dissolved in 80% acetone containing 0.07% DTT
vortexed and centrifuged at 12,000 rpm for 15 min. Ace-
tone wash was repeated two more times. The pellet was
air dried and dissolved in the rehydration buffer (8 M
Urea, 2% CHAPS, 50 mM DTT, 0.2% ampholyte, bromo-
phenol blue 20 pL). After sonication at 40% power rate, 5
sec burst with 10 sec time interval and incubated at 4°C
overnight. Contents were centrifuged at 12,000 rpm for
15 min and the supernatant obtained was retained and
stored at -80°C until further use.

2-D-Gel electrophoresis, Mass Spectrometry, and annota-
tion

The quantified protein concentrations were normal-
ized to 100 pg using rehydration buffer and subjected to
IPG strip rehydration and first-dimension electrophoresis
in a Protean IEF unit (Biorad, USA). Focusing of strips
were programmed as follows: 50 pA limit per strip; 250
V for 15 min; 4000 V for 2 h; 4000 V for 5 h (20,000 Vh);
500 V hold step. The strips were equilibrated with buffers
I with DTT and buffer II with iodoacetamide (Babu et
al., 2005). The strips were placed on polyacrylamide sep-
arating gels with a high range protein molecular weight
marker. SDS-PAGE was carried out in 12% and 15% sep-
arating gels at a constant voltage of 50 V. The electropho-
resis continued until the dye front reached the bottom
of gel. The gels were stained overnight with Coomassie
brilliant blue R-250 followed by silver stain. Gel images
were compared using PD Quest software and spot inten-
sity was quantified using ImageJ software. Differentially
expressed protein spots were selectively excised and sub-
jected to MALDI TOF/TOF Mass spectrometry analysis
at Sandor Lifesciences-Hyderabad, India. The spectrum
search was performed using Mascot against Swissport
2019_09 -Veridiplantae database and protein hits were
obtained at p value <0.05 confidence.

The functional annotation of the identified pro-
teins was performed using QuickGo online server and
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MapMan “Bin” ontology in Mercator pipeline Version
3.0. The Conserved Domain Database, a component of
NCBI’s Entrez was used to annotate protein sequences
and the conserved domains of the proteins were pre-
dicted. The data was used to draw a domain graph using
TBtools for visualization.

Protein selection and in silico characterization

The differentially expressed proteins were analyzed
using protein sequence motif search tool (https:/www.
genome.jp/tools/motif/ MOTIF.html) of Prosite and
Pfam databases. Based on the literature search on role
of these proteins during plant-phytoplasma interactions,
BTB/POZ domain and ankyrin repeat-containing pro-
tein NPR2 and Mannan endo-1, 4-beta-mannosidase
were selected as biomarkers for phytoplasma disease in
coconut.

The template for the identified query proteins was
obtained by performing database search using NCBI-
blastp tool (BLAST: Basic Local Alignment Search Tool
(nih.gov) ) against standard protein database, with Vir-
idiplantae/Green plants (taxid:33090) as organism name.
The templates were selected with sequence similarity
above 45%. Further the protein structure was predicted
via template-based homology modelling using Swiss
modeller (https://swissmodel.expasy.org/). The alpha
fold predicted structure obtained from uniport (Uni-
Prot )were considered for the biomarker protein having
homology cover less than 40%.

Identification of signature peptides and their antigenicity

With a long-term objective developing antibod-
ies for detection of root wilt infection in coconut trees,
unique peptides in the biomarker with antigenicity were
identified. The biomarker protein sequence was used to
find potent antigens and subunit vaccines using VaXi-
Jen v 2.0 server (VaxiJen (ddg-pharmfac.net)). Whereas
the allergenicity was predicted using AllerHunter server
(http://allerdictor.vbivt.edu/). Further the linear B-cell
epitope prediction using the Immune Epitope Database
(IEDB) (http://tools.immuneepitope.org/bcell/) mod-
ule of Kolaskar and Tongaonkar (Kolaskar and Ton-
gaonkar, 1990) was employed. With 75% accuracy, the
results predicted the epitopes. Additionally, the IEDB
was used to predict the characteristics of B-cell epitopes,
including the predictions of Emini surface accessibil-
ity, Parker, Karplus and Schulz flexibility, and Bepipred
linear epitope. The results also supported Chou and
Fasman’s prediction that the antigenic portions of the
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proteins are restricted to beta turn regions. For a com-
prehensive compression, B-cell epitopes were further
predicted based on artificial neural network http://crdd.
osdd.net/raghava/abcpred/ABC_submission.html and
BepiPred-2.0 (Jespersen ef al., 2017). Further, the B-cell
continuous epitopes were predicted using secondary
structure of biomarker proteins in PDB format as input
in ElliPro server (http://tools.iedb.org/ellipro/). Using
a support vector machine tool (http://sysbio.unl.edu/
SVMTriP/prediction.php) the predicted linear epitopes
having similar amino acids with a length ranging from
10-15 residues were selected. The epitopes were manu-
ally searched against Uniport protein database to vali-
date them as signature peptides specific to the biomarker
protein. All the analysis was performed under unaltered
default settings.

RESULTS

Collection of root wilt infected and healthy coconut leaf
samples

The samples are collected from two different districts
based on the field survey and observation of symptoms of
the disease. The healthy and root wilt infected coconut
trees and the wilting symptom on the infected leaves are
shown in Figure 1. To confirm the infected and healthy
situation of the trees from which samples were collected

Perumalla Aman Jayaker et alii

for proteome analysis, DNA was extracted from the tis-
sues and PCR was performed using the above listed
primers targeting the 16S rRNA region of phytoplasma
genome, under nested PCR conditions. The expected
amplicon of 1800 bp from PCR was used as template for
the nested PCR with R16F2n/R16R2 which resulted in an
amplicon size of 1250 bp (results not shown).

Differentially expressed proteins

Out of the two protein extraction methods fol-
lowed, phenol-SDS method resulted in higher protein
concentration in the samples indicating the efficiency of
extraction and solubilization. Hence, for all the samples,
proteins extracted by phenol-SDS method was used for
two-dimensional gel electrophoresis. The two-dimen-
sional electrophoresis gel images of proteins solubilized
from healthy and infected leaf tissues are presented in
Figure 2. SBA is the label given to all the differentially
expressed protein spots from another replication (gel
images not shown). Among all these samples, the num-
ber of differentially expressed proteins were 8 in leaf tis-
sues from healthy leaves and 21 in infected leaves. MAL-
DI-TOF/TOF MS analysis revealed the identity of the
proteins and are listed in Table 1.

Compared to the infected leaf samples, the most
abundant proteins in healthy leaf samples includes ubiq-
uitin protein transferase, magnesium dependent protein

Figure 1. Field symptoms of root wilt infection in coconut. (A) Leaves of healthy coconut tree. (B) Leaves of root wilt infected coconut tree.
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Figure 2. Two-dimensional electrophoretic analysis of healthy and infected coconut leaf proteome (Samples from Vellore and Pollachi, Tamil
Nadu - Coommassie stained). (A) Leaf proteins from uninfected coconut trees. (B) Leaf proteins from root wilt infected coconut trees.

serine/threonine phosphatase, mannitol dehydrogenase,
structural protein of cytoskeleton, co-localizing pro-
tein with bZIP18, in the nucleoplasm, GTPase activator
and glycogen synthase, in addition to the house-keeping
genes like DNA binding, RNA binding, photosynthesis,
zinc ion binding. Table 1 reports the details of the mass
spectrometry analysis.

The functional grouping of proteins (Figure 3) in the
leaf tissues of healthy coconut trees indicated that 29% of
proteins were found to be involved in protein modifica-
tion, 20% in secondary metabolism, 10% in glycolysis,
10% in amino acid metabolism, 10% in cell wall organi-
zation and 26% in enzyme classification. In the leaf tis-
sues of root wilt infected trees, 4% of proteins were found
to be involved in processes like photosynthesis, glycolysis,
nucleotide metabolism, DNA damage response, signaling,
development, carbohydrate metabolism, stress response,
Cl-metabolism, and cell division. About 8% of proteins
were related to hormone metabolism and RNA process-
ing. About 12% were involved in protein modification

and 20% in secondary metabolism. Among all identified
proteins, homeobox-leucine zipper protein ROC4 was
predicted as transcription factor responsible for drought
resistance in rice. The majority of differentially expressed
proteins were localised to cytoplasm followed by nucleus
and chloroplast in both the root wilt infected and healthy
coconut leaf samples (Figure 3).

Biomarker proteins

The conserved domains of all the identified proteins
in both healthy and root wilt infected samples were pre-
dicted, which revealed the amino acid sequence associ-
ated with the predicted conserved domain cluster. The
conserved domains of the differentially expressed pro-
teins are presented in Figure 4. The amino acid residues
not falling in any of the groups of conserved domain
were used in identification of signature peptides. The two
proteins viz., mannan endo-1, 4-beta-mannosidase and
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26
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Figure 3. Functional classification of differentially expressed proteins in leaf tissues of coconut. (A) Leaf proteins from uninfected coconut

trees. (B) Leaf proteins from root wilt infected coconut trees.

BTB/POZ domain and ankyrin repeat-containing protein
NPR2 were selected as candidate biomarker proteins as
they are functionally associated with phytoplasma infec-
tion in various plants. The conserved motifs in these
potential biomarker proteins are presented in Figure 5.

The candidate protein sequence annotation, as
determined by Prosite, revealed three motif profiles for
the BTB/POZ ankyrin repeat protein: a circular ankyrin
repeat region at amino acid positions 346-418, a BTB
domain at positions 97-191, and an additional ankyrin
repeat at positions 380-412. Pfam analysis disclosed six
profiles for NPR1/NIM1-like defense protein C-termi-
nal (422-626), domain of unknown function (276-323),
ankyrin repeats (3 copies-323-407), multiple ankyrin
repeats (350-392), ankyrin repeat (381-409), and BTB/
POZ domain (97-194). The numbers indicate amino acid
position in the protein sequence.

Gene ontology terms assigned by GO Central indi-
cated the protein’s involvement in defense responses
to bacteria (GO:0042742), defense responses to fungi
(GO:0050832), nuclear activity (GO:0005634), regu-
lation of jasmonic acid-mediated signaling pathways

(GO:2000022), and systemic acquired resistance medi-
ated by salicylic acid signaling pathways (GO:0009862).
Mercator annotation characterized its function as relat-
ed to salicylic acid perception and signal transduction
receptor protein (NPR3/4).

Furthermore, this study identified NPR-related pep-
tides containing a conserved ethylene-responsive ele-
ment-binding factor-associated amphipathic repression
(EAR) motif sequence, notably VDLNE, which interacts
with salicylic acid binding residues within NPR proteins
such as VAMQIAQADTTPEFGIVPAASTSGK, TGKAY-
VAHTVVGGR, and RYFPNCSQVLDK. These residues
have been reported to exhibit affinity towards salicylic
acid. In our Mass spectrometry results (Table 1), the
same peptides were observed in this BTB/POZ domain
and ankyrin repeat-containing protein NPR2.

The biomarker protein mannan endo-1, 4-beta-man-
nosidase is functionally implicated in cell wall organiza-
tion through modification and degradation facilitated
by endo-beta-1, 4-mannanase activity on hemicellulose
and heteromannan. Prosite profiling identified glycosyl
hydrolases at amino acid positions 220-229, while Pfam
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Figure 4. Conserved domains observed in the deferentially expressed coconut leaf proteins. (A) Leaf proteins from uninfected coconut

trees. (B) Leaf proteins from root wilt infected coconut trees.
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Figure 5. Conserved motif sites of the candidate biomarker proteins. (A) Leaf proteins from uninfected coconut trees. (B) Leaf proteins

from root wilt infected coconut trees.

analysis detected cellulase (glycosyl hydrolase family 5
at positions 73-357, glycosyl hydrolase (288-357), beta-
galactosidase (107-247), and glycosyl hydrolases family 2,
TIM barrel domain family 5 signature (214-359).

Signature peptides and antigenicity

The biomarker protein sequences were subjected
to BLAST searches against the NCBI-PDB database.
The protein hit with the highest query coverage of 84%
against endo-beta-mannanase (Solanum lycopersicum)
(PDB ID: 1RH9_A) was selected and utilized as a tem-
plate to build a model using SwissModel. However, for
the biomarker protein containing the BTB/POZ domain

and ankyrin repeats, the homology coverage was less
than 40%. Therefore, the predicted structure from
AlphaFold available in Uniprot was chosen instead.

The amino acid sequences of the selected bio-
marker proteins were submitted to the VaXiJen v 2.0
server, which aids in predicting potent antigens and
subunit vaccines using default parameters, to determine
antigenicity. Subsequently, the query sequences were
screened against databases containing experimentally
obtained antigenic residues (such as IEDB) along with
various prediction modules (ABDpred, BepiPred-2.0,
SVMTrip). Linear epitopes, as well as predictions for
continuous and discontinuous epitopes were obtained
from the analysis of the protein structure model using
the Ellipro server. The predicted epitope sequences were
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Figure 6. Characterization of epitopes and immunogenic residues in protein BTB/POZ domain and ankyrin repeat-containing protein. (A)
Characterization of epitopes. (B) Homologous immunogenic residues plotted from various epitope predictions.

manually searched against non-conserved regions of the
query protein. Further, epitopes with high homology
across predicted results, with lengths ranging from 12 to
14 amino acid residues were retained. The results of the
predictions for BTB/POZ domain and ankyrin repeat-
containing protein NPR2 are presented in Figure 6 and
for mannan endo-1, 4-beta-mannosidase protein in Fig-
ure 7. Additionally, the Uniprot peptide search revealed
epitopes showing specific hits against the query bio-
marker proteins.

The Protein Localization Prediction Server (LocTree-
Protter) was used to characterize the amino acid sequence
of mannan endo-1, 4-beta-mannosidase. The topology
and annotations showed a predicted epitope on the extra-
cellular matrix. Similarly, for the BTB/POZ domain and
ankyrin repeat-containing NPR2 protein, the prediction
indicated localization within the intracellular matrix.
Both proteins exhibited the N-glyco motif (Figure 8).

The signature peptides identified in the study for
use as biomarkers in the molecular detection of root
wilt infection in coconut are VLEKCIRRIARSNL and
HQVEGFEDAHRD respectively for the BTB/POZ

domain and ankyrin repeat-containing protein, and for
mannan endo-1, 4-beta-mannosidase.

DISCUSSION

Root wilt disease is estimated to cause yield loss of
up to 968 million nuts in South India (Manimekalai et
al., 2010). The Central Plantation Crops Research Insti-
tute of the Indian Council for Agricultural Research has
associated the coconut root wilt disease in Tamil Nadu
and Kerala states of India with the presence of phyto-
plasmas belonging to the 16SrXI group and also devel-
oped PCR detection techniques. They have also sug-
gested some insect vectors involved in transmission of
the disease such as lace bug and plant hoppers. ELISA
based detection assay was also developed (https://cpcri.
icar.gov.in).

Diagnosis of root wilt infection in coconut has been
challenging for more than three decades. Microscopic
techniques like fluorescent microscopy (Hibben et al.,
1986), electron microscopy (Solomon et al., 1999) were
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Figure 8. Graphical representation of biomarker proteins with predicted epitopes. A. Mannan endo-1, 4-beta-mannosidase protein
sequence, topology and annotations depicts predicted epitope on intracellular matrix. B. BTB/POZ domain and ankyrin repeat-containing
NPR2 protein sequence, topology and annotations depicts predicted epitope on intracellular matrix.

used in the past. Histochemical staining using 4,6, diami-  pared to healthy leaves and proposed H+ - ATPase as
dino 2 phenylindole-2 hydroxychloride reaction indicated  biochemical marker for early detection of the disease.

the presence of DNA in sieve tubes (Abdulsalam et al., ELISA based detection of phytoplasmal proteins
1993). Thelly and Mohankumar (2001) observed lower  were developed later (Sasikala et al., 2001). Due to the
H+ - ATPase in root wilt infected coconut leaves com-  non-specificity that was observed in ELISA based detec-
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tion, refinement of ELISA was done and used in the early
detection of coconut wilt disease (Sasikala et al., 2005).
Indirect ELISA using a polyclonal antibody was developed
for detection of phytoplasma and it was reported to be
capable of differentiating between phytoplasma-confirmed
palms through PCR amplification of the phytoplasma-
associated secA gene. (Kanatiwela-de Silva et al., 2019).

With the advent of PCR, universal primers for all
phytoplasma were proposed (Ceramic-Zagorac and
Hiruki, 1996) which was also used in detection of root
wilt phytoplasma in coconut. The success was still 60%
as the primers not always amplified the phytoplasma
genomic region. The sample may consist of genomes of
other microbes including viruses and bacteria in addi-
tion to the host genome. Homology of a few nucleotides
in the 3’ end of the primers in non-target DNA may mis-
lead the output of the technique. Hence, nested-PCR was
introduced (Lee et al., 1995) which made use of another
set of genome specific primers and a second PCR reac-
tion. This again consumed more time for detecting the
presence of pathogen in the infected tissues but made
the system more efficient.

In view of an improved detection strategy for phy-
toplasma associated coconut root wilt disease, Mani-
mekalai et al. (2010) had developed a semi nested PCR
primer pair observed no amplification in the healthy
palm tissues which were asymptomatic. The same
primer pair was used here to confirm the diseased and
healthy coconut trees before proceeding to proteome
analysis (Supplementary Figure 1). Similarly, this PCR
analysis showed no amplification in asymptomatic tree
samples except for two samples (Supplementary Figure
2). Nair et al. (2016) established a loop mediated isother-
mal amplification (LAMP) as a better method than con-
ventional nested PCR. The infected samples resulted in
ladder like bands, and the restriction digestion resulted
in expected size fragments Ramjegathesh et al. (2019)
developed qPCR assay combined with Taq Man probe. A
890 bp amplicon obtained from nested PCR was probed
to specifically target a 69 bp region in 16S rRNA gene
using Taq Man. Nested PCR followed by restriction
analysis of 16S rRNA gene sequences was used to con-
firm Candidatus phytoplasma asteris group involved in
the lethal wilt disease of coconut (Babu et al., 2021).

Instead of targeting a single gene (16S rRNA), target-
ing two genes including secA was used for detection of
‘Candidatus Phytoplasma palmicola’ in Ecuatorial Guin-
ea by Bertaccini et al. (2023) and ‘Ca. P. noviguineense’
in Papua New Guinea by Dollet et al. (2022). De Silva et
al. (2023) indicated in the nested PCR based detection
that asymptomatic plants show no amplification. Hence,
they optimized the primer pair combinations to result in
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88 to 100% specificity in the detection of leaf wilt dis-
ease of coconut in Sri Lanka.

The two-dimensional electrophoresis is a high
throughput analytical technique as it has potential in
differentiating the proteome based on isoelectric point
and molecular weight of individual proteins. The result-
ing differentially expressed proteins could be of patho-
gen origin in the infected tissues or host proteins pro-
duced in response to pathogen. Comparing the infected
and uninfected coconut leaf tissues, it was possible to
identify some differentially expressed proteins in repli-
cated samples. Some of the previous studies on proteome
analysis of plants infected with phytoplasma were suc-
cessful in identifying the differentially expressed pro-
teins indicating some of the proteins may be used as
biomarkers for detection. Luge et al. (2014) identified
defense related proteins and proteins involved in alpha-
linoleic acid metabolism, that are upregulated in phyto-
plasma infected Nicotiana occidentalis plants. Cao et al.
(2017) used transcriptome assisted proteomics in Pau-
lownia seedlings infected with phytoplasma and identi-
fied many differentially expressed proteins with or with-
out treatment using methyl methane sulfonate. By per-
forming RT-qPCR, Margaria and Palmano (2011) corre-
lated the protein expression level observed in proteome
analysis of grapevine infected with phytoplasma, with
the RNA concentration. Photosynthesis related proteins
were found to be downregulated in plants infected with
phytoplasma (Ji et al., 2009). However, in an iTRAQ
quantitative proteomics study in Ziziphus jujuba — phy-
toplasma interaction, proteins involved in phenyl propa-
noid pathway and flavonoid biosynthesis were found to
downregulated first and photosynthesis related proteins
were downregulated later. This indicates that the phy-
toplasma downregulates the defence system of plants
as the first thing during infection and later establishes
to downregulate the photosynthesis. In another study,
defense proteins were found to be induced in both sus-
ceptible and resistant varieties of Mexican lime infected
with phytoplasma (Monavarfeshani et al., 2013). How-
ever, the time taken for the response in resistant plants
was found to be less. Proteomics approach was used to
identify candidate biomarkers for phytoplasma infection
in sugarcane (Leetanasaksakul et al., 2022).

Previous reports on the role of some of the proteins
observed in the present study are presented in Table 2.
Tryptophan decarboxylase 1 - like protein was reported
to play a role in disease resistance in rice plants against
Bipolaris oryzae. Flavanone 3 - dioxygenase 2 is known
for its role in plant interactions with phytoplasma and
viruses. Putative penta cyclic triterpene synthase has
been reported in Tanoak - Phytophthora interaction.
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Three proteins such as gibberellic acid methyl trans-
ferase 1, BTB/POZ domain and ankyrin repeat contain-
ing protein NPR2 and mannan endo 1,4 mannosidase
were previously reported in coconut - phytoplasma
interaction and also in coconut salicylic acid defense
pathway.

In the present study, mannan endo-1,4-beta man-
nosidase and BTB/POZ domain and ankyrin repeat
containing NPR2 protein were identified as biomarker
proteins for selection of signature peptides. Both were
upregulated in the infected tissues. mannan endo-1,4-be-
ta mannosidase is known to trigger defense against both
fungal and bacterial pathogens in plants. Mannon oli-
gosaccharides regulate stomata closure and cell death
preventing the invasion of pathogens and also activate
salicylic acid and jasmonic acid signaling pathways. BTB/
POZ domain and ankyrin repeat containing NPR2 pro-
tein is a known activator of systemic acquired resistance
(Boyle et al., 2009). Plant NPR1 and NPR2 are known to
interact with promoter of pathogenesis related protein 1
(PR1) and NPR2 plays significant role in perception of
salicylic acid (Canet et al., 2010; Backer et al., 2019). Both
the proteins identified as potential biomarkers are well
known in systemic acquired resistance in other plants.

Nevertheless, the protein biomarkers also have limi-
tations due to their cross-reactivity of antibodies. Hence,
after the identification of potential biomarker proteins
through proteome analysis, bioinformatic analyses were
carried out to identify the signature peptides. Signature
peptides are unique tags of proteins and were initially
developed for absolute quantification of a given protein
in a mixture. Later, it was used for detection of a par-
ticular target protein (Geng et al., 2000). In both pro-
teins under study, the signature peptides appeared to be
part of salicylic acid binding residues, however the pep-
tides are unique to each protein. The difference in pep-
tide sequences also indicates that salicylic acid binding
peptides are different between salicylic acid responsive
proteins. The signature peptides to be conjugated with
BSA or other carrier protein can be used for raising anti-
bodies for further development of a simple lateral flow
assay which will be useful for field level quick detection
of coconut root wilt by immersing the strip in the sap
obtained from the coconut crown leaves.

Since the proteins used to identify signature peptide
biomarkers are upregulated proteins in infected symp-
tomatic coconut trees, their upregulation in infected
asymptomatic trees needs further evaluation. Hence the
antibodies that would be developed using these signa-
ture peptides have to be tested in infected asymptomatic
trees to develop them as biomarkers for early detection
of the root wilt disease in coconut.
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