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Molecular detection and characterization of phytoplasma  
in association with begomovirus in eggplant
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Summary. – The samples from eggplants showing mixed symptoms of little leaf and mosaic were collected 
from two districts (Mirzapur and Varanasi) of Uttar Pradesh, India. The total nucleic acid extracted from these 
samples was amplified by PCR using universal 16S rRNA primers specific to phytoplasma and primers specific 
to DNA-A-like sequence of begomovirus. A total of eighteen eggplant samples showing the symptoms of little 
leaf and mosaic tested positive for the presence of both begomovirus and phytoplasma. The phytoplasma as-
sociated with the mixed symptoms of mosaic and little leaf in the eggplant samples was identified as a member 
belonging to Clover proliferation group (16SrVI) (nucleotide sequence identity of 97.5–97.8%). The characterized 
begomovirus from the eggplant samples was identified as a strain of previously described bipartite begomovirus 
tomato leaf curl Palampur virus (ToLCPalV) (92.5–94.1% nucleotide sequence identity), which is known to infect 
cucurbits and solanaceous crops in India and Ireland. Further, putative recombination events were detected 
within the 16S rRNA gene F2n/R2 fragment of phytoplasma and DNA-A of strain of ToLCPalV. Most of the 
sequence variations observed within the phytoplasma were due to intra and interspecific recombination events 
between eggplant little leaf-16SrVI-D, Ca. P. asteris-16SrI and Ca. P. pruni-16SrIII. Similarly, most of the DNA 
fragments of newly characterized strain of ToLCPalV appear to have been derived from tomato leaf curl New 
Delhi virus (ToLCNDV), squash leaf curl China virus (SLCCNV) and ToLCPalV like ancestors. This perhaps 
is the first evidence of mixed infection of both phytoplasma-begomovirus in eggplant in India.
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Introduction

The eggplant (Solanum melongena L.) is cultivated widely 
in tropical, subtropical and warm temperate countries of the 
world. It is one of the important vegetable crops in Indian 
subcontinent and more than 90% of the world’s eggplant is 
produced in India. The cultivars of the eggplant are highly 

susceptible to a wide array of pests and diseases. Among 
the important biotic factors that limit the eggplant produc-
tion in different regions of the world are phytoplasma and 
viruses (Pratap et al., 2011a,b; Green et al., 2003, Siddique 
et al., 2001; Verma et al., 1969). Phytoplasmas are plant-
pathogenic prokaryotes which belong to the class Mollicutes 
and cannot be cultured under axenic conditions. They are 
transmitted in natural conditions by phloem-sucking vectors 
such as leafhoppers, dodder and psyllids, and could also be 
transmitted through grafting (Amaral-Mello et al., 2006). In 
India, the phytoplasma diseases have been associated with 
more than 45 plant species which include fruit, vegetables, 
ornamental trees and other agriculturally important crop 
species (Chaturvedi et al., 2010; Rao et al., 2011). Based 
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on 16S rRNA sequence analyses, ten diverse groups (16SrI, 
16SrII, 16SrV, 16SrVI, 16SrIX, 16SrXI and 16SrXIV) of 
phytoplasmas associated with diverse crop plant species 
have been identified in India. Among them, the most com-
monly associated group are Aster yellows (16SrI), which have 
been associated with more than 31 plant diseases (Mall et 
al., 2011) of different cultivated and non-cultivated plants. 
Mostly, phytoplasmas belonging to different groups have 
been reported from north-eastern regions of India and very 
few have been reported from other regions. 

On the other end of the spectrum, begomoviruses are 
known to be responsible for emergence of novel diseases on 
many agriculturally important crop plants including egg-
plant. Begomoviruses are circular single stranded DNA plant 
viruses. These viruses belong to the family Geminiviridae and 
are transmitted by whiteflies. The genome of the begomovi-
ruses is arranged as a single component (monopartite), or as 
two separate ssDNA components (bipartite). The component 
a encodes for several multifunction proteins, which are 
involved in virus replication, transcription, cell-to-cell and 
long-distance movement, suppression of host silencing genes, 
and encapsidation of the viral genome. The component B 
plays important role in the movement of virus in the plant, 
symptom expression and enlarging host range (Lazarowitz, 
1992). Their rapid dissemination by whitefly leads to diverse 
symptom expression (Bull et al., 2004; Varma and Malathi, 
2003; Morales and Anderson, 2001). In recent years, new 
begomoviruses have emerged worldwide, particularly in the 
areas where Bemisia tabaci population are present in large 
numbers. Diseases caused by these viruses have become a ma-
jor constraint in the production of many vegetables and fibre 
crops in tropical and subtropical countries (Boulton 2003).

The natural co-existence of virus and phytoplasma in 
the same host plant has been well documented in many 
crop plants (Franova et al., 2001, 2004; Kaminska et al., 
2005; Aljanabi et al., 2008; Parmessur et al., 2002; Lebsky 
et al., 2011). In the background of this, the roving survey 
was conducted to assess the incidence of eggplant diseases 
(mosaic and little leaf) during 2011–2013 at different loca-
tions of Mirzapur and Varanasi region in Uttar Pradesh state 
of India. The infected eggplants under natural conditions 
exhibited symptoms of leaf curl, little leaf, and combination 
of little leaf and mosaic which were observed predominately 
along with the population of whitefly and leaf hoppers. The 
disease incidence ranged from 35–40% in different eggplant 
fields. The distinctive disease symptoms and the presence 
of whitefly and leaf hoppers on eggplants led us to suspect 
the possibility of a mixed infection of begomovirus and 
phytoplasma. Therefore, the present study was carried out 
to verify the natural co-existence of begomovirus and phy-
toplasma and to characterize begomovirus and phytoplasma 
responsible for combined expression of little leaf and mosaic 
disease symptoms on eggplant.

Materials and Methods

Survey and collection of disease samples from eggplants. The rov-
ing survey was carried out during 2011–2013 in different farmer 
fields of Varanasi (15 fields) and Mirzapur (7 fields) districts, Ut-
tar Pradesh state of India, to assess the incidence of little leaf and 
mosaic symptoms on eggplants. The incidence was estimated as 
percent of diseased plants in each farmer fields based on visual 
observation. A total of 18 samples of eggplants exhibiting both lit-
tle leaf and mosaic symptoms were collected from different farmer 
fields of Varanasi (14 samples) and Mirzapur (4 samples). Sample 
collection was limited to plants showing typical mixed symptoms 
of phytoplasma-like little leaf and mosaic. One sample each from 
both locations without any symptoms of eggplants were also col-
lected. The collected leaf samples were stored at -80oC and used 
for DNA extraction. 

Pathogenicity test using graft transmission. The side veneer graft-
ing was established with scions of the infected eggplant showing 
combination of mosaic and little leaf symptoms and rootstocks of 
non-symptomatic seedlings of eggplant cultivar Punjab Barsati. The 
grafted portion was wrapped with a polythene strip and the scion 
was covered with a polythene bag. The grafted plants were kept in 
glasshouse and monitored weekly for the appearance of mosaic 
and little leaf symptoms.

PCR amplification and characterization of begomovirus. Total 
DNA of symptomatic and asymptomatic eggplant samples were 
extracted following Cetyl Trimethyl Ammonium Bromide method 
(Doyle and Doyle, 1990). The presence of a begomovirus in eggplant 
samples was detected by PCR amplification carried out using bego-
movirus genome (DNA-A component) specific primers 2395F/680R 
(Venkataravanappa et al., 2012). These primers bind to the 5' region 
of AC1 (rep), CP gene and intergenic region (IR) (unpublished data). 
The fragments of 1.2 kb length amplified using these primers were 
sequenced. Based on the determined sequences, the begomovirus 
associated with eggplant was found to be a member of a previously 
described bipartite begomovirus species ToLCPalV. Therefore, one 
sample was selected for full-length amplification of begomovirus ge-
nomes (DNA-A and DNA-B) by rolling circle amplification (RCA) 
method performed using an Illustra TempliPhi 100 amplification 
kit (Amersham Biosciences, USA). Amplification was carried out 
as per the manufacturer's instructions. The RCA products were 
digested using different restriction endonucleases (EcoRI, Xba, 
BamHI and HindIII) and cloned into BamHI-linearized pUC19 
plasmid (Venkataravanappa et al., 2016). The ligated products were 
transformed into competent cells of Escherichia coli DH5α strain. 
The recombinant clones were confirmed by colony PCR followed 
by restriction digestion with BamHI and ScaI. The confirmed re-
combinant clones were sequenced in both orientations at Anshul 
Biotechnologies Pvt. Ltd DNA sequencing facility, India. 

Further to confirm the eggplant samples having subgenomic 
components, the total DNA extracted from the eggplant samples 
was amplified by PCR using universal primers of betasatellites 
beta01/beta02 (Briddon et al., 2002) and alphasatellites (Kumar 
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et al., 2010) as described previously for detection of subgenomic 
components of begomoviruses. 

Detection of phytoplasma and sequence characterization. The 
phytoplasma was detected in eggplant samples using universal 
primer pair P1/P7 (Deng and Hiruki, 1991; Smart et al., 1996) in 
the first PCR reaction. This was followed by second round nested 
PCR amplification using a primer pair R16F2n/R16R2 (Gundersen 
and Lee, 1996, Lee et al., 1993). Further, the SecY gene was ampli-
fied by PCR using SecYF1/SecYR1 (Lee et al., 2010) of eggplant 
phytoplasma, which has been proven to be useful for fine scale 
differentiation of phytoplasma strains. All the PCR reactions were 
carried out for DNA amplification as described by Venkataravana-
ppa et al. (2017). PCR amplified products of 16S rRNA (1.8 kb) 
and SecY gene (1.5 kb) of eggplant phytoplasma were excised from 
the gel and purified by Qiagen gel extraction kit (Qiagen GmbH, 
Germany) and cloned into the pTZ57R/T vector (Fermentas, 
Germany) following the manufactures instructions. Recombinant 
clones were identified by restriction endonuclease digestion. The 
selected clones were sequenced as described above.

In-silico enzyme digestion. The F2nR2 fragment of eggplant lit-
tle leaf phytoplasma was subjected to virtual RFLP analysis using 
iPhyClassifier (Zhao et al., 2009). The F2nR2 fragment was digested 
by seventeen restriction enzymes that are used in classification of 
phytoplasmas into different groups and subgroups (Wei et al., 2008). 
A virtual gel electrophoresis image (3.0% agarose) was generated 
after in-silico restriction digestion. The PCR-RFLP pattern with the 
key enzymes that distinguish pattern from previously recognized 
group/subgroup patterns were made in iPhyClassifier. These virtual 
RFLP gel patterns were used for fine scale differentiation of eggplant 
strain within the clover proliferation group (16SrVI). 

Multiplex PCR for rapid detection of virus and phytoplasma in 
eggplant. A multiplex PCR assay was optimised for simultane-
ous detection of phytoplasma and begomoviruses using primers 
specific to the phytoplasma viz. P1/P7 (Deng and Hiruki, 1991) 
and R16F2n/R2 (Lee et al., 1993) and begomovirus specific (DNA 
a region) primer IF1/IR1 (CCCTGAATGTTYGGA TGGAA/ CG 
GGCGTAGAAATGACGAT). PCR conditions for this multiplex 
were optimized to ensure sensitive and rapid detection of both 
phytoplasma and virus (ToLCPalV).

Sequence analysis. Sequence similarity was assessed by com-
paring sequence of newly characterized begomovirus (DNA-A 
and DNA-B) and phytoplasma (16S rRNA and SecY gene) to all 
sequences available in the database (Table 1, 2a and 2b) using BlastN 
(Altschul et al., 1990). Sequences that showed highest identity with 
begomovirus and phytoplasma were aligned using the Muscle meth-
od implemented in SDT version 1.0 (Muhire et al., 2014) and the 
sequence identity matrixes for the begomovirus and phytoplasma 
sequences and the representative sequences were generated. Phylo-
genetic tree was generated using the Neighbor-Joining method with 
1000 bootstrapped replications. The evolutionary distances between 
all pairs of sequences were estimated using MEGA 6.01 software 
(Tamura et al., 2013). Split-decomposition trees (as implemented 
in SplitsTree version 4.11.3) were constructed with 1000 bootstrap 

replicates to unravel the evidence of recombination in begomovirus 
and phytoplasma sequences (Huson and Bryant, 2006). Recombina-
tion analysis was performed using different methods such as RDP, 
GENECOV, Bootscan, Max Chi, Chimara, Si Scan and 3Seq that 
are implemented in RDP4 (Martin et al., 2015).

Results

Symptoms observed in different eggplant fields 

The roving survey was conducted to assess the viral and 
phytoplasma mixed disease incidence on eggplants in differ-
ent farmer fields of Varanasi and Mirzapur region of Uttar 
Pradesh state. The results revealed that incidence of mixed 
type of little leaf and mosaic disease symptoms ranged from 
35–40% in different farmer fields. The infected eggplants 
exhibited diverse symptoms such as mosaic, leaf crinkling, 
mixture of little leaf and mosaic, little leaf, witches-broom 
growth, proliferation of lateral buds, hypertrophic calyx and 
virescent flowers which lack anther and ovary. In all cases 
the floral buds were malformed into leaf like structure and 
infected plant failed to set fruits. Infected plants in the fields 
could be easily recognized from a distance because of their 
little leaf and bushy appearance. The infected plants were 
pale green in colour and at the end all little leaves turned 
into brown and fallen to the ground (Fig. 1). 

Detection of phytoplasma 

A total of eighteen eggplant samples showing the mixed 
little leaf and mosaic symptoms were collected from differ-
ent farmer fields and initially assayed for the presence of 
phytoplasma by PCR using universal primer pairs P1/P7 
followed by nested PCR using R16F2n/R2 primers. The PCR 
amplicon of approximately 1.8 kb and 1.2 kb size fragment 
(data not shown) were obtained. Similarly, the SecY gene 
of eggplant little phytoplasma was amplified using SecYF1/
SecYR1 primer pair to produce amplicon of approximate size 
of 1.5 kb. There was no amplification in the samples collected 
from non-symptomatic plants. The amplified PCR products 
of P1/P7 and SecY gene primers derived from eighteen egg-
plant samples were sequenced and the sequences of eighteen 
eggplant phytoplasmas (16SrVI) shared 99% identity with 
each other. Therefore, a representative sequence (BLL-2) of 
16S rRNA (Acc. No. KC478607) and SecY gene (KX778476) 
were deposited in GenBank respectively.

Analysis of 16S rRNA and SecY gene sequence of egg-
plant little leaf phytoplasma 

16S rRNA sequence analysis. Comparison of F2n/R2 
primed 16S rRNA gene sequence of eggplant little phyto-
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plasma (Acc. No. KC478607) with corresponding region 
of different groups of phytoplasma retrieved from database 
revealed that the eggplant phytoplasma shared maximum 
identity in the range of 97.5–97.8% with subgroup 16SrVI-A 
belonging to Clover proliferation group (Fig. 2a). Further, 
the eggplant phytoplasma was compared within the 16SrVI 
subgroups (A, B, C, D, E, F, G, H, I). It showed sequence 
similarity of 91.1–93.6% with 16SrVI-B, 95.2–97.6% with 
16SrVI-C, 95.2–97.6% with 16SrVI-D, 97.2% with 16SrVI-E 
(AY270156), 16SrVI-F (EF186819), 16SrVI-G (AF190225), 
96.7% with16SrVI-H (EF651786) and 95.5% with 16SrVI-I 
(GU292081) (Fig. 2a). The threshold level of 16S rRNA se-
quence identity is set at 94% for classification of phytoplasma 
groups into two distinct groups of phytoplasmas (Lee et al., 
1993, 2000). The 16S rRNA gene sequence identity of egg-
plant phytoplasma characterized here was above the thresh-
old level. Therefore, it is proposed that eggplant phytoplasma 
should be considered as a member of Clover proliferation 
group (16Sr VI). This was also supported by a phylogenetic 

analysis in which 16S rRNA gene of eggplant phytoplasma 
closely clustered with members of Clover proliferation group 
(16Sr VI) that infect different crops (Fig. 2). 

SecY gene sequence analysis

SecY gene sequence of eggplant little phytoplasma were 
compared with the corresponding region of phytoplasmas 
that belong to different groups (Lee et al., 2010). The eggplant 
phytoplasma showed maximum nucleotide identity of 94.8% 
with Brinjal little leaf-16SrVI-D (GU004356), 94.2% with 
Potato witches'-broom-16SrVI-A (GU004316) and 94.1% 
with Clover phyllody-16SrVI-A (GU004315) which belong 
to Clover proliferation group (16SrVI) (Fig. 2b). This result 
was also supported by a phylogenetic analysis, which showed 
close affinity between SecY gene of eggplant phytoplasma 
(GU004356), Vinca virescence-16SrVI-A (GU004317) and 
Lucerne virescence-16SrVI-A (GU004318) that are members 
of Clover proliferation group (16Sr VI) (Fig. 2). 

Fig. 1

Symptoms of phytoplasma and TolCPalV in eggplants 
(a) Over view of eggplant field showing little leaf symptoms, (b) little leaf phytoplasma, (c) mosaic symptoms, (d) mixed type symptoms of little leaf and 
mosaic under natural conditions.

(a)

(c)

(b)

(d)
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Fig. 2

Phylogenetic tree based on sequences of 16S rRNA and SecY gene comparison
16S rRNA and SecY genes from phytoplasma isolated from little leaf and mosaic symptomatic eggplants compared with other phytoplasma strains using 
Neighbor-joining algorithm. Horizontal distances are proportional to sequence distances, vertical distances are arbitrary. The trees are unrooted. A boot-
strap analysis with 1000 replicates was performed and the bootstrap percent values more than 50 are numbered along branches.
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16S group/subgroup classification by in-silico enzyme 
digestion

Virtual RFLP patterns were obtained from in-silico diges-
tions of F2n/R2 fragment from eggplant little leaf phyto-
plasma using seventeen restriction endonuclease enzymes. 

The resultant virtual RFLP patterns of eggplant little leaf 
phytoplasma were different from previously established 
16SrVI groups/subgroups with respect to the three restric-
tion enzymes (EcoRI, MseI and HhaI) (Fig. 3). The pattern 
had similarity coefficient of 0.86 with the previously reported 
reference pattern of the 16SrVI group, subgroup D (GenBank 

Fig. 3

Virtual RFLP patterns derived from in-silico digestions
RFLP was done using iPhyClassifier, of F2n/R2 fragments of 16S rRNA gene from strain of BLL-2 (Acc. No. KC478607) using 17 restriction endonuclease 
enzymes (left): AluI, BamHI, BfaI, BstUI, DraI, EcoRI, HaeIII, HhaI, HinfI, HpaI, HpaII, KpnI, Sau3AI, MseI, RsaI, SspI, and TaqI. Virtual RFLP patterns 
of BLL-MZ (EcoR1, Mse1 and Hha1) were used to distinguish strains of other Indian phytoplasmas from other strains in group 16SrVI. The restriction 
fragments were resolved by in-silico electrophoresis through 3% agarose gel. MW = molecular weight marker, WX174 DNA-HaeIII digest.
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Fig. 4

Phylogenetic trees constructed from aligned complete genomes of DNA-A and DNA-B-like sequences of tomato leaf curl Palampur virus  
(ToLCPalV) with other begomoviruses using Neighbor-Joining algorithm

Horizontal distances are proportional to sequence distances, vertical distances are arbitrary. The trees are unrooted. A bootstrap analysis with 1000 rep-
licates was performed and the bootstrap percent values more than 50 are numbered along branches.
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Acc. No. X83431 eggplant little leaf phytoplasma). Since the 
similarity coefficient was much lower than the threshold 0.97 
(Wei et al., 2007, 2008), this strain could be considered as new 
strain that is significantly different from the representative 
strains of 16SrVI subgroups. 

Detection of begomovirus and sequence analysis 

All the eighteen eggplant samples showing the mixed 
symptoms of mosaic and little leaf showed positive 
amplification for DNA-A and DNA-B-like sequence of 
begomovirus, but not the subgenomic components such 
as alphasatellite and betasatellites (data not shown). The 
determined sequences of 1.2 kb fragments generated from 
the initial amplification showed that both DNA-A and 
DNA-B-like sequences in all eighteen eggplant samples are 
associated with a member of a previously described bipar-
tite begomovirus species (ToLCPalV, nucleotide sequence 
identity is more than 96% among the eggplant isolates). 
Therefore, one representative isolate (BLL-2) was selected 
for full length amplification of genomic components (DNA 
a and DNA-B-like sequence) of the begomovirus by RCA 
method. 

The complete genome sequence of begomovirus (BLL-2, 
Acc. No. KC501924) isolated from eggplants was determined 
to be 2757 nt in length and genome having a typical Old 
world (OW) bipartite begomovirus, with six conserved 
ORFs: AV2 (precoat protein, 120-458/121), AV1 (coat pro-
tein, 280-1050/256) in sense orientation; and AC3 (replicase 
enhancer protein, 1047-1457/136), AC2 (transcriptional 
activator protein, 1177-1596/139), AC1 (replication associ-

ated protein, 1499-2602/367) and AC4 (C4 protein, 2269-
2445/58) in antisense orientation. 

The Sequence Demarcation Tool (SDT) analysis of DNA-
A-like sequence (BLL-2) of eggplant begomovirus (Table 1) 
showed highest nucleotide identity with tomato leaf curl 
Palampur virus (ToLCPalV) (92.5–94.1% nucleotide se-
quence identity) which is known to infect cucurbitaceous 
and solanaceous crops in India and Ireland (Table 1). The 
begomoviruses (ChiLCuV and TYLCKaV) isolated previ-
ously from the eggplants share less than 83.2% identity 
with the present eggplant isolate. Following the current 
species demarcation criteria of 91% nucleotide identity for 
begomoviruses (Brown et al., 2015), the virus isolated from 
eggplants in this study is proposed to be strain of tomato 
leaf curl Palampur virus for which the additional descriptor 
(India: Varanasi: eggplant: 2013) is suggested. This result 
was supported by a phylogenetic analysis wherein the egg-
plant isolate (ToLCPalV) closely grouped with ToLCPalV 
(Fig. 4).

The complete DNA-B-like sequence (Acc. No. KX778475) 
of eggplant begomovirus (BLL-2) was determined to be 
2724 nt in length and showed maximum nt identity with 
tomato leaf curl Palampur virus (ToLCPalV) (85.8–89.3% 
nucleotide sequence identity) (Table 2). This result is well 
supported by a phylogenetic analysis wherein the eggplant 
isolate (ToLCPalV) closely grouped with ToLCPalV that 
infects different cucurbitaceous and solanaceous crops 
in India and Ireland. The intergenic region (IR) of isolate 
(BLL-2) shared 90.3–93.3% identity with ToLCPalV isolates 
that are known to infect different hosts (tomato, cucurbits). 
The IR was found to be 280 nt in length and similar to those 

Table 1. Pairwise percent of nucleotide identities between the genomic components and amino acid sequence identities of encoded genes from 
the ToLCPalV [IN:Egg:Var: 13] with the components and genes of selected begomoviruses available in the databases

Begomovirus# Genome IR
Gene (percentage amino acid sequence identity)

AV2 CP Rep TrAP REn AC4
ToLCPalV-Cuc (25)* 92.5 – 94.1 93.7- 95.9 94.2 – 97.3 88.6 – 91.0 89.9 – 92.3 96.4 – 98.5 95.5 – 96.3 65.5 – 75.8
ToLCPalV-Tom (1) 93.2 – 93.8 94.5- 95.6 96.5- 96.6 89.8 – 91.7 92.0 – 92.1 98.0 – 98.4 96.3 – 97.0 72.4 – 74.1
ToLCNDV-Cum (14) 82.3 – 83.4 77.2 – 80.2 68.7 – 77.0 87.1 – 89.8 78.6 – 86.1 76.2 – 84.3 81.6 – 83.8 68.9 – 77.5
ToLCNDV-Tom (10) 82.5 – 83.4 78.7- 81.3 68.7- 93.7 87.5 – 89.4 83.9 – 85.5 76.2 – 82.0 80.8 – 84.5 67.2 – 70.6
ToLCNDV –Pot (4) 82.4 – 82.6 78.1- 80.6 70.5 -73.2 87.1 – 88.2 85.0 – 85.3 76.9 – 82.0 76.9 – 78.6 67.2 – 72.4
ToLCNDV-Chi (4) 82.6 – 83.6 79.8 – 81.0 72.3 – 74.1 88.6 – 89.8 85.3 – 86.1 77.6 – 81.2 80.8 – 81.6 70.6 – 77.1
ToLCNDV-Egg (1) 83.2 81.2 74.1 88.6 84.2 82.0 83.0 73.0
SLCCNV (5) 81.0 – 81.9 75.6 – 77.4 71.4 – 72.3 88.2 – 89.0 83.3 – 84.7 73.1 – 73.8 81.6 – 83.0 58.0 – 58.6
TYLCKaV (2) 68.7 – 69.1 70.0 – 70.4 47.0 – 47.8 71.4 – 72.2 74.0 – 75.0 53.7 – 57.1 60.4 – 61.0 51.9 – 55.1
ChiLCuV-Egg (1) 73.4 71.2 68.6 88.6 74.7 55.2 58.2 62.0
MYMIV (2) 65.9 – 67.0 60.9-63.1 44.6 – 45.5 73.0 – 74.2 67.0 – 67.3 42.9 – 45.1 39.5 – 41.0 44.8 – 48.2

*Numbers of sequences from the databases used in the comparisons. Genes are indicated as coat protein (CP), replication-associated protein (Rep), 
transcriptional activator protein (TrAP), and replication enhancer (REn). The products encoded by ORFs V2 and C4 have yet to be named. #The spe-
cies are indicated tomato leaf curl Palampur virus (ToLCPalV), tomato leaf curl New Delhi virus (ToLCNDV), squash leaf curl China virus (SLCCNV), 
tomato yellow leaf curl Kanchanaburi virus (TYLCKaV), chilli leaf curl virus (ChiLCuV), mungbean yellow mosaic India virus (MYMIV). For each 
column the highest value is underlined.
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of ToLCPalV isolates available in the GenBank. Further, 
this region encompasses an absolutely conserved hairpin 
structure with a nonanucleotide sequence (TAATATTAC) 
that symbolizes the origin of virion-strand DNA replication. 
The repetitive sequence known as “iteron” (GGAGTC) was 
detected adjacent to the TATA box that serves as recognition 
sequence for binding of rep promoter (Arguello-Astorga et 
al., 1994; Hanley-Bowdoin et al., 1999).

All the eighteen eggplant samples showing the mixed 
symptoms of mosaic and little leaf were amplified by PCR 
using universal primer of alphasatellite and betasatellite. 
The results revealed that none of the eggplant samples were 
found to be positive for subgenomic components such as 
alphasatellite and betasatellites (data not shown).

Recombination analysis 

Phytoplasma. The neighbour-net analysis of aligned 
sequences using split tree program showed extensive net-
worked evolution in 16SrVI groups/subgroups with other 
groups of phytoplasma. This clearly provided an evidence of 
recombination (data not shown). The split decomposition 

analysis also showed a “rectangular” network in which little 
leaf phytoplasma clustered with 16SrVI groups/subgroups 
while all other groups of phytoplasma were clearly distant. 
The separation between little leaf phytoplasma of 16SrVI 
groups/subgroups and other groups of phytoplasma was 
clearly revealed in the phylogenetic analysis that resulted 
in the split graph. 

A complete analysis for recombination using RDP4 as well 
as the alignment of sequences of 16SrVI groups/subgroups 
and other groups of phytoplasma obtained from database 
further provided clear evidence for presence of recombina-
tion in eggplant little leaf phytoplasma. The analysis showed 
that Bangladesh Brinjal little leaf (AF228052) and Ca. P. 
ulmi-16SrV (AY197655) might have contributed genetic 
material [DNA fragments of 593–907 nt (P-value = 8.13 x 
10-5)] to the emergence of possible new pathogenic strain of 
little leaf phytoplasma capable of infecting eggplant.

Begomovirus. A comprehensive analysis for recombi-
nation performed using RDP4 and the recombination 
events detected subsequently are presented in Table 3. The 
analysis revealed evidence for recombination in the newly 
characterised ToLCPalV isolate, with most of the sequences 

Fig. 5

Multiplex PCR amplification of tomato leaf curl Palampur virus (ToLCPalV) and phytoplasma from eggplants showing the little  
leaf and mosaic symptoms

M: 1 kb ladder; lanes 1–18: phytoplasma and ToLCPalV-positive samples; lane 19: healthy sample. 

Table 2. Percent identity of nucleotide sequences and amino acid sequences of different proteins encoded by DNA-B-like sequence of eggplant 
isolate (ToLCPalV) with those of other begomoviruses selected for the study

Begomoviruses Genomea IRa BV1b BC1b

ToLCNDV- cucurbits (9)* 76.2-78.3 69.1-73.9 75.7-78.7 88.6-93.2
ToLCNDV- potato (6) 78.6-79.2 71.5-73.5 78.7-80.2 90.7-91.1
ToLCNDV- tomato (13) 76.7-78.3 69.6-72.6 71.0-78.3 83.6-96.7
ToLCNDV- chilli (4) 78.1-78.5 71.5-75.2 77.9-78.3 88.5-92.1
ToLCPalV- cucurbits (12) 84.0-85.0 90.3-93.3 88.8-89.9 89.3-91.1
ToLCPalV- tomato (3) 85.8-89.3 90.0-92.0 89.5-95.2 88.6-90.7
SLCCNV- pum (4) 70.8-71.4 68.5-70.6 71.6-72.0 84.6-87.1
MYMIV (2) 58.5-59.3 58.2-68.3 27.5-29.5 44.0-44.7

*Numbers of sequences from the databases used in the comparisons. aNucleotide identity; bAmino acid identity. BV1=Nuclear shuttle protein gene, 
BC1 = movement protein gene. #The species are indicated as, tomato leaf curl Palmpur virus (ToLCPalV), tomato leaf curl New Delhi virus (ToLC-
NDV), squash leaf curl China virus (SLCCNV), mungbean yellow mosaic India virus (MYMIV). For each column the highest value is underlined.
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originating from ToLCNDV, SLCCNV and ToLCPalV. 
Similar, analysis was carried out for DNA-B component. The 
detection of many breakpoints showed larger fragments of 
putative recombinant origin. The evidence clearly indicates 
that these segments are derived from the recombination 
among the ToLCNDV, ToLCPalV and SLCCNV (Table 3). 
The recombinant sequences in IR region and ORFs of MP 
and NSP gene of DNA-B component of eggplant strain and 
begomovirus species provides further evidence to the wide-
spread recombination in begomoviruses.

Graft transmission. Graft transmission was carried out to 
transmit both virus and phytoplasma. The results revealed 
that all the twenty grafted (root stock of cultivar Punjab Bar-
sathi) plants showed symptoms of mosaic with pale yellow 
young apical leaf, which later turned into mosaic symptoms. 
Similarly, grafted plants showed clear symptoms of little leaf 
in combination with mosaic (data not shown). In all the 
grafted plants minimum incubation period was around 20-
25 days after grafting. Further the presence of phytoplasma 
and begomovirus in the grafted plant was confirmed by PCR 
using universal primers (data not shown).

Multiplex PCR for detection of begomovirus and phyto-
plasma in eggplants

The co-existence of virus and phytoplasma under natural 
conditions is common in many crop plants. Therefore, for 
simultaneous detection of virus and phytoplasma in egg-
plants, total DNA of eighteen eggplant samples showing little 
leaf and mosaic mixed type symptoms was tested by PCR 
using specific primers of begomovirus and phytoplasma. 
The resultant PCR amplicon of 1 kb (ToLCPalV) and 1.5 
kb (phytoplasma Group 16Sr VI) were successfully ampli-
fied (Fig. 5) in all eighteen eggplant samples. This test was 
repeated and further optimized for quick detection of both 
pathogens in eggplant samples.

Discussion

Phytoplasmas are responsible for more than 300 dis-
tinct plant diseases both in cultivated as well as wild plant 
species of different families, causing severe economic loss 
world-wide (Hoshi et al., 2007). The association of com-
plex phytoplasma-virus with many plant diseases has been 
discussed previously (Arocha et al., 2009). Here we report 
the new strain of phytoplasma and begomovirus and their 
association responsible for causing the little leaf and mosaic 
symptoms on eggplants in India. Based on the sequence 
analysis of complete nucleotide sequence of begomovirus 
and 16S rRNA gene of phytoplasma, it is certain that the 
eggplants are infected by tomato leaf curl Palampur virus 
which belongs to genus begomovirus and phytoplasma 
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which belongs to the Clover proliferation group. This 
perhaps is the first evidence of mixed infection of both 
phytoplasma-begomovirus in eggplants in India. This type 
of mixed infection of both phytoplasma and begomovirus 
was identified in tomato and pepper plants exhibiting yel-
lows symptoms in Mexico (Lebsky et al., 2011). To our 
knowledge, coexistence of begomovirus and phytoplasmas 
in eggplants in India or elsewhere has not been reported yet. 
These types of mixed infections need to be analyzed in more 
detail for understanding pathogen interactions in the host. 
The in-silico digestion of F2n/R2 fragments of 16S rRNA of 
phytoplasma using three enzymes (EcoR1, Mse1 and Hha1) 
was different from all previously established 16SrVI groups/
subgroups. It has been accepted that difference of even one 
restriction site (within the 16S rRNA gene F2nR2 region) 
between phytoplasma strains could be considered as a new 
subgroup (Lee et al., 1998; Wei et al., 2008). Therefore, we 
propose the phytoplasma strain isolated from eggplants as 
new subgroup that differs from those representative strains 
in other subgroups. 

The co-existence of virus and phytoplasma in eggplant 
samples was successfully detected by multiplex PCR, which 
is considered more rapid and sensitive for detection of the 
phytoplasma and the virus. The co-existence of virus and 
phytoplasma is well documented in many crops. For ex-
ample, yellow leaf syndrome disease of sugarcane is caused 
because of the association of sugarcane yellow leaf virus with 
phytoplasma (Parmessur et al., 2002), phytoplasma and RNA 
viruses are reported to be associated with premature berry 
dehydration of grapes (Matus et al., 2008), phytoplasma and 
Corchorus golden mosaic virus with mosaic and little leaf 
symptoms in white jute plants (Biswas et al., 2013), coexist-
ence of potyvirus with phytoplasma in clover exhibiting leaf 
dwarf, curling and diverse drawing symptoms (Franova et al., 
2004) and association of potyvirus, tobravirus, nepovirus, 
tobacco necrosis virus and phytoplasma in common hya-
cinth causing leaf yellowing and mottle disease symptoms 
(Navalinskiene and Samuitiene, 2006).

The split-tree analysis showed significant evidence of 
recombination. The tree clearly substantiated the phyloge-
netic conflicts in the analyzed sequences. Every sequence 
represented in the tree was found to be a potential recipient 
of horizontally acquired sequences. Recombination plays 
a significant role in generating genetic diversity in prokaryo-
tic and eukaryotic virus populations (Domingo and Holland, 
1997; Saunders and Stanley, 1999). In the present study, we 
observed that the little leaf phytoplasma of eggplants has an 
intra and inter recombination with most of the 16S rRNA 
F2nR2 fragments descended from eggplant little leaf-16-
SrVI-D, Ca. P. asteris-16SrI and Ca. P. pruni-16SrIII, like 
ancestors. The recombination in extra-chromosomal DNA 
(EC-DNA) plays a major role in generating genetic diversity 
in phytoplasma and creates the platform for rapid adaptation 

to new environmental conditions. The EC-DNA isolated 
from wild-type line (OY-W) and mild-symptom line (OY-M) 
of onion yellows phytoplasma encoded a geminivirus like 
Rep and single-stranded-DNA-binding protein (SSB). The 
EC-DNA of wild-type line (OY-W) and mild-symptom line 
(OY-M) has intermolecular recombination between EC-
DNAs in phytoplasma (Nishigawa et al., 2002). Similarly, 
recombination is a major driving force in the evolution of 
geminiviruses (Seal et al., 2006a,b) and the evidence provided 
in the current study suggests that recombination played a role 
in the origin of eggplant-infecting ToLCPalV. This new strain 
of ToLCPalV appears to have derived recombination events 
from the DNA a of related viruses (ToLCNDV, ToLCPalV, 
and SLCCNV). 

Although the present study provides the evidence for 
the co-existence of phytoplasma and begomovirus, further 
studies are required to understand synergism between the 
virus and phytoplasma in mixed infection under natural 
conditions. Other factors that include mechanism of coexist-
ence, epidemiological implications and role of geographic 
location and climate on disease development are required to 
be studied for managing disease caused by mixed infection 
of phytoplasma and begomovirus in eggplants. 
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