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RESEARCH ARTICLE

Genetic analysis of Bactrocera zonata (Diptera: Tephritidae) populations from
India based on cox1 and nad1 gene sequences

Jaipal S. Choudharya, Naiyar Naaza, Moanaro Lemtura, Bikash Dasa, Arun Kumar Singha, Bhagwati P. Bhattb and
Chandra S. Prabhakara,c

aICAR Research Complex for Eastern Region, Research Centre, Ranchi, India; bICAR Research Complex for Eastern Region, ICAR Parisar, P. O.
Bihar Veterinary College, Patna, India; cDepartment of Entomology, Veer Kunwar Singh College of Agriculture (Bihar Agricultural University,
Sabour), Dumraon, India

ABSTRACT
The peach fruit fly, Bactrocera zonata, is among the most serious and polyphagous insect pest of fruit
crops in many parts of the world under genus Bactrocera. In the present study, the genetic structure,
diversity and demographic history of B. zonata in India were inferred from mitochondrial cytochrome
oxidase 1 (cox1) and NADH dehydrogenase 1 (nad1) sequences. The efficiency of DNA barcodes for iden-
tification of B. zonata was also tested. Genetic diversity indices [number of haplotypes (H), haplotype
diversity (Hd), nucleotide diversity (p) and average number of nucleotide differences (k)] of B. zonata
populations across India maintain high level of genetic diversity without isolation by distance among
the geographic regions. Non-significant negative correlation between pairwise Fst and geographic dis-
tance suggests a high level of gene flow among studied populations of B. zonata. The possibility of
sudden expansion of B. zonata revealed through mismatch distribution analysis as well as negative
Tajima’s D and Fu’s Fs values further supported by star-like network of haplotypes. DNA barcoding ana-
lysis suggests that B. zonata specimens can be clearly differentiated from other species with 100%
accuracy of identification. Therefore, cytochrome oxidase 1 (cox1) barcode sequences generated in the
present study could be a valuable source for the rapid identification and global population genetic
study of B. zonata.
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Introduction

The peach fruit fly, Bactrocera zonata (Saunders), is a serious
pest of horticultural crops mainly tropical fruits in many parts
of the world particularly in South Asia (India, Bhutan,
Bangladesh, Nepal and Pakistan), Southeast Asia (Laos,
Myanmar, Thailand and Vietnam) and some parts of Africa
(Egypt, Libya and Mauritius) (White and Elson-Harris 1992; El-
Samea and Fetoh 2006; CABI/EPPO 2013; EPPO 2014).
B. zonata was first recorded from Bengal (India) by Saunders
during 1842 (Kapoor 1993) and is considered as one of the
most destructive and widely distributed species of fruit fly in
India. Crop losses of 25–100% in peach (Prunus persica), apri-
cot (Prunus armeniaca), guava (Psidium guajava) and figs
(Ficus carica) (Gupta et al. 1990; Rana et al. 1990; Rai et al.
2008; Choudhary et al. 2012; Prabhakar et al. 2012a; EPPO
2014). In certain areas of north India and Pakistan, it has
been more notorious than Bactrocera dorsalis (Qureshi et al.
1991; Kapoor 1993). Being multivoltine and highly polypha-
gous, B. zonata can infest fleshy fruits of more than 50 spe-
cies of cultivated and wild plants (Duyck et al. 2004).

Information regarding rapid identification and characteriza-
tion of different species, genetic diversity, genetic structure,

gene flow and factors facilitates population expansion in the
past and is helpful in the planning of appropriate manage-
ment strategies (Roderick and Navajas 2003; Wan et al. 2012).
For example, in sterile insect technique (SIT), sterile males
fight with the normal males for mating chance with normal
females in the field; nevertheless, this method requires mil-
lions of sterile insects with same genetic makeup (Itô et al.
2003; Prabhakar et al. 2012 b; Kunprom et al. 2015).
Information about genetic makeup, effective population size
and gene flow, which can be assumed from genetic studies
of target insect populations (Aketarawong et al. 2011), is
important in the planning for release of sterile insects in the
development of area-wide management program. The gen-
etic studies with molecular markers could also add to our
understanding on the impact of past climatic conditions
(e.g. Pleistocene glaciations), domestication and distribution
of host crops on current insect populations. Previous studies
on insects, such as mosquitoes (O’Loughlin et al. 2008), black
flies (Pramual et al. 2005, 2011) and other species of fruit fly,
viz. Bactrocera cucurbitae (Coquillett), Bactrocera tau (Walker),
Bactrocera latifrons (Hendel) and Bactrocera correcta (Bezzi)
(Prabhakar et al. 2012 b; Prabhakar et al. 2013; Meeyen et al.
2014; Kunprom et al. 2015), highlighted the importance of
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historical climatic changes and host range in determining the
genetic structure and diversity of South and Southeast Asian
faunas.

Mitochondrial DNA (mtDNA) is one of the most used and
universally accepted molecular markers, in particular for the
phylogeographical studies of insect species (Wan et al. 2011).
Features such as maternal inheritance, non-recombinant, mul-
tiple copy and high rate of evolution make mtDNA as a
strong molecular marker for study intra- and interspecific
relationships when compared with nuclear markers (Simon
et al. 1994; Roderick 1996; Mun et al. 2003; Nardi et al. 2005;
Wan et al. 2012; Prabhakar et al. 2012 b, 2013; Meeyen et al.
2014; Choudhary et al. 2016). Mitochondrial DNA genes, i.e.,
cytochrome oxidase I (cox1) and NADH dehydrogenase gene
(nad1), are very useful tools for genetic studies which showed
greater nucleotide substitution rates and more variation than
other mitochondrial genes (Shi and Ye 2007; Wan et al. 2011,
2012; Wu et al. 2014). nad1 with cox1 genes could be better
in understanding the genetic structure, recognition of cryptic
species, new invasion and evolution of insect species
(Wu et al. 2014; Choudhary et al. 2016).

In spite of being an important pest species which causes
significant economic losses, documented information on gen-
etic structure and geographical variability of B. zonata based
on molecular/genetic markers is presently not available. Most
of the studies on molecular systematics of tephritid fruit flies
included B. zonata for phylogenetic analysis with different
Bactrocera species (Muraji and Nakahara 2001; Nakahara and
Muraji 2008; Zhang et al. 2010; Asokan et al. 2011; Prabhakar
2011). The detailed genetic structure of B. zonata has not
been studied yet from any region of the world.

Keeping all these facts in view during the present study,
both cox1 and nad1 gene sequences were used to investigate
genetic variation, population genetic structure and popula-
tion history of B. zonata from India, considered as the native
region of the species. We also tested the efficiency of cox1
gene sequences as barcode for the identification of B. zonata.
In addition to the knowledge of genetic structure and diver-
sity of this pest gathered from this study, the cox1 barcoding
sequences generated in this study would strengthen further
identification of B. zonata from closely related species and
immature stages, whose morphological identification is
difficult.

Materials and methods

Sample collection and species identification

Adults of B. zonata (male) were collected from the seven
locations in India that covers different climatic zones, during
2012–2014. Flies were collected with the help of paraphero-
mone (methyl eugenol) traps placed in mango orchards that
cover the major endemic areas of B. zonata in India. Details
of the B. zonata collection sites are presented in Table 1. The
collected samples were identified on the basis of available
morphological literature of Drew and Raghu (2002),
Prabhakar et al. (2012c) and Choudhary et al. (2014).
Collected and identified samples were stored in 95% ethanol
at �20 �C until DNA extraction from the specimens. Ta
bl
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DNA extraction, amplification and sequencing

Total DNA was extracted from individuals of B. zonata follow-
ing the protocol described by Prabhakar et al. (2009) with
minor modifications. Two fragments (�680bp of cox1 and
�600 bp of nad1) of the mitochondrial genome were ampli-
fied from each individuals using primer pairs cox1, UEA7 (50-
TACAGTTGGAATAGACGTTGATAC-30)/UEA10 (50-TCCAATGCAC
TAATCTGCCATATTA-30) (Lunt et al. 1996) and nad1-F (50-
TTTAGTTGCTTGGTTGTGTATTCC-30)/nad1-R (50-GAAAAAGGTAA
AAAACTCTTTCAAGC-30) (Nardi et al. 2005). PCR amplifications
of cox1 gene were performed with 35 cycles of 1min at
94 �C, 1min at 50 �C, 1min at 72 �C, with an initial denatur-
ation step of 3min at 94 �C and a final elongation at 72 �C
for 30min. The first subunit of the NADH dehydrogenase gene
was amplified with an initial denaturation step of 5min at
94 �C followed by 35 cycles of 1min at 94 �C, 1min at 56 �C,
1min 30 sec at 72 �C and a final extension of 10min at 72 �C.
The PCR products were separated in 2% (w/v) agarose gel
using TAE buffer (40mM Tris acetate, 1mM EDTA). Amplified
PCR products were freeze-dried and sent for custom sequenc-
ing using cox1 and nad1 primers (Xcelris Labs Limited,
Ahmedabad, India). As nuclear copies of mitochondrial genes
(numts) can generate doubtful results (Hazkani-Covo et al.
2010), we systematically double-checked the obtained chro-
matograms to ensure that double peaks did not occur and
that the haplotypes were functional coding genes (absence
of indels or stop codons). After manual correction and assem-
bly, unique sequences (haplotypes) were deposited in
GenBank under accession numbers KY367445–KY367487 for
cox1 and KY367398–KY367444 for nad1 gene sequences.

Data analysis

DNA sequences were aligned using ClustalW program imple-
mented in MEGA ver. 6.0. (Tamura et al. 2013). Unique haplo-
types were identified in Arlequin ver. 3.5 (Excoffier and
Lischer 2010). Descriptive statistics, i.e., number of haplotypes
(H), haplotype diversity (Hd) and nucleotide diversity (p), was
calculated with DnaSP ver. 5.0 software (Librado and Rozas
2009). Statistical significance of nucleotide diversity (p) was
assayed through a non-parametric permutation method (5000
permutations) in Arlequin ver. 3.5.

Analysis of molecular variance (AMOVA) was performed to
assess the genetic structure and genetic variability within and
between the populations of B. zonata. Population pairwise Fst
and AMOVA analyses worked by partitioning the total varia-
tions between and within populations of B. zonata and were
run using Kimura 2-parameter model (K2P) in Arlequin ver.
3.5. Genetic distances among B. zonata population pairs were
also calculated using Kimura 2-parameter methods imple-
mented in MEGA 6.0. To depict the evolutionary and geo-
graphical relationships among haplotypes, a median joining
of haplotype genealogical relationship network of both the
gene sequences was constructed with Network ver. 4.6
(Bandelt et al. 1999). The major clusters of B. zonata haplo-
types were coloured according to the sampling locations of
B. zonata populations to draw migration and invasion pattern
of the species across India. Mantel test (Mantel 1967) was

also used to determine the relationship between genetic dis-
tance (Fst) and geographic distance matrices (km in log scale)
to test an isolation-by-distance (IBD) model. The Mantel test
was performed through IBD web service ver. 3.23 using
10,000 randomizations (Jensen et al. 2005). The geographical
distance between each pair of populations was estimated by
Google Maps Distance Calculator (http://www.daftlogic.com/
projects-google-maps-distance-calculator.htm).

Mismatch distribution was used to test the signature of
population expansion (Rogers and Harpending 1992). The
demographic history was studied using mismatch distribu-
tions in DnaSP ver. 5.0 (Librado and Rozas 2009). Tajima’s D
and Fu’s FS values were also calculated to test for neutrality
(Tajima 1989; Fu 1997). Population size before expansion (ho),
population size after expansion (h1), raggedness index and
sum of squared deviations (SSD) between observed and
expected mismatch distributions were similarly calculated. All
parameters were tested against the expected values under
the hypothesis of a recent population expansion based on
1000 bootstrap replicates.

For B. zonata species identification through cox1 barcoding
sequences, 108 cox1 gene sequences (51 sequences were
obtained from previous publications and 57 from the present
study) representing 29 fruit fly species of the genus
Bactrocera were included in the analysis (Supplementary
Table S1). The sequences were further analyzed using MEGA
6.0 software to obtain intra- and interspecific distances, while
maximum-parsimony (MP) trees were constructed to deter-
mine evolutionary relationships between B. zonata and other
Bactrocera species using the Tamura 3-parameterþ I distance
model. The ‘Best Close Match’ and ‘All Species Barcodes’
methods in the program TaxonDNA (Meier et al. 2006) were
performed to test the frequency of successful identification.
This method assigns sequence into species based on the level
of sequence similarity below the threshold value, which is
below 95% of all intraspecific distances (Meier et al. 2006).

Results

Mitochondrial DNA sequence variation

No insertions, deletions or stop codons were present in the
alignment. All sequences were truncated to the same length
to eliminate missing data. Most of the individuals were
sequenced for both cox1 and nad1 gene regions whereas
Indore and Mumbai populations were sequenced only with
nad1. The final sequences of length 549 and 555 bp of cox1
and nad1, respectively, were used for analyses. Collapsing of
individual sequences led to the identification of 43 haplo-
types from 57 individuals and 47 haplotypes from 87 individ-
uals for cox1 and nad1 genes, respectively (Supplementary
Table S2 and Supplementary Table S3), whereas 33 haplo-
types were detected from 34 individual sequences concaten-
ated for both the markers for each individual (Table 1).
Among 43 haplotypes detected with cox1 gene, only two
haplotypes were shared by at least two populations and the
remaining 41 were exclusive haplotypes not shared by any
other populations (Supplementary Table S2, Figure 1). Among
47 haplotypes detected with nad1 gene, 12 and 35
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haplotypes were detected as shared and unique haplotypes,
respectively (Supplementary Table S3). The most common
haplotype was H5 in nad1 sequences, comprised of four indi-
viduals from different populations of peach fruit fly.

Results obtained from basic descriptive genetic diversity
analysis based on concatenated sequences as well as both
genes are summarized in Table 1. Haplotype diversity (Hd)
ranged from 0.908 to 1.0, 0.933 to 1.0 and 0.978 to 1.0 and
nucleotide diversity (p) ranged from 0.007 ± 0.005 to
0.024± 0.013, 0.005 ± 0.003 to 0.007 ± 0.004 and 0.004± 0.003
to 0.013 ± 0.007 were observed in cox1, nad1 and concaten-
ated sequences, respectively, whereas the haplotype diversity,

nucleotide diversity and average number of nucleotide differ-
ences were 0.996, 0.010 and 11.351, respectively, for the
entire B. zonata population used in this study (Table 2).
Values observed from genetic diversity indices showed that
all the populations retain fairly high levels of genetic
diversity.

Mitochondrial genealogy

Median joining (MJ) networks of cox1 and nad1 haplotypes
were generated using Network ver. 4.6 and are depicted
in Figure 1. Networks are normally star-like with limited

Figure 1. Median joining networks of mtDNA haplotypes B. zonata. (A) MJ network of cox1 haplotypes and (B) MJ network of nad1 haplotypes. Each circle repre-
sents a haplotype, and circle diameter is relative to haplotype frequency. Colours represent the geographic origin of specimens. Smallest red squares represent
median vectors.
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substructure. Some haplotypes positioned in the centre of
the networks were found at higher frequency in all popula-
tion (i.e. H19 for cox1 and H5 for nad1), with most remaining
haplotypes that were found in one single population, gener-
ally at low frequency and connecting to central haplotypes
through few number of mutations.

Population genetic structure

The analysis of molecular variance (AMOVA) showed that
most of the genetic variations were present inside the popu-
lations (89.60% based on concatenated sequences, 85.58%
from cox1 and 97.88% from nad1 gene sequences) than
among the populations (14.42%, 2.12% and 10.40%) (Table 3).
The overall fixation index (Fst) calculated for all populations
with concatenated and both genes was statistically significant
(0.14420, 0.02121 and 0.10401 at p< .05 level) (Table 4).
Population specific fixation index (Fst) was found highest for
VGR (Vengurla, Maharashtra) population (0.18464) with cox1
gene while PTA (Patna, Bihar) population (0.04103) with nad1
gene. Population pairwise Fst values revealed that most pop-
ulations were not genetically different in cox1 gene analysis

in comparison with nad1 gene analysis (Table 4). Relatively,
high Fst values were found between Patna and the other
regions while considering both the genes (Table 4).

Isolation by distance analyses were only performed with
nad1 data. Analysis showed an extremely weak, negative cor-
relation between pairwise Fst values and pairwise geographic
distances but was statistically non-significant (r2¼�0.2596,
p¼ .1550).

Demographic history and neutrality test

The sequence variations of cox1, nad1 gene and concaten-
ated sequences were used to perform Tajima’s D and Fu’s Fs
test to determine deviations from neutrality. Tajima’s D
(p> .10) and Fu’s Fs statistic (p> .10) neutrality tests with all
were non-significant and indicates compatible with neutrality.
As a test of recent population expansion, applied mismatch
distribution analysis indicated non-significant multimodal
(concatenated sequences)/bimodal (cox1) and unimodal
(nad1) shape distribution (Figure 2). However, sudden popula-
tion expansion model was in accord with concatenated and
both gene sequences (Table 2).

Table 2. Genetic diversity and demographic history parameters of B. zonata populations.

Gene H Hd k p ho h1 Tajima’s D Fu’s Fs SSD Raggedness index

cox1 43 0.984 9.227 0.017 4.850 20025.021 �0.50557 �27.814 0.029 0.063
nad1 47 0.980 3.538 0.006 0.250 85721.034 �0.32424 �51.137 0.030 0.097
Concatenated 33 0.996 11.351 0.010 6.07563 80030.56375 �0.41107 �24.966 0.058 0.125

H: number of haplotypes; Hd: haplotype diversity; k: average number of nucleotide differences; p; nucleotide diversity; ho: effective population size before expan-
sion; h1: effective population size after expansion; SSD: sum of squared deviations between observed and expected mismatch distributions under a sudden
expansion model.

Table 3. Summary of AMOVA analysis of different populations of B. zonata.

Gene analyzed Source of variation d.f. Sum of squares Variance components Percentage of variation Fixation index

cox1 Among populations 4 46.540 0.68634Va 14.42 Fst 0.14420�
Within populations 52 211.811 4.07328Vb 85.58
Total 56 258.351 4.75962

nad1 Among populations 6 13.055 0.03766Va 2.12 Fst 0.02121�
Within populations 80 139.060 1.73824Vb 97.88
Total 86 152.115 1.77591

Concatenated Among populations 4 35.081 0.57634Va 10.40 Fst 0.10401�
Within populations 29 143.978 4.96475Vb 89.60
Total 33 179.059 5.54109

�p< .05.

Table 4. Population-specific Fst and pairwise Fst among different populations of B. zonata based on cox1 and nad1 gene.

Populations
BGR

(0.04062)
PAR

(0.04168)
RNC

(0.02007)
PTA

(0.04103)
VGR

(0.04286)
IDR

(0.01219)
MBI

(0.00554)

BGR
(0.14861)

�0.00206� �0.03486� �0.06031� �0.14728� 0.01237� 0.01166�

PAR
(0.17305)

0.08892 �0.07886� �0.02965� �0.05993 0.00105� 0.08150

RNC
(0.11151)

0.19200 0.27747 �0.08282� �0.10039� �0.03222� 0.06655

PTA
(0.09539)

0.14386 0.19278� 0.05244� �0.14061� �0.01290� 0.04851�

VGR
(0.18464)

0.07833 0.02702 0.23240 0.16051� �0.06684� �0.04637

IDR / / / / / 0.10281
MBI / / / / / /

Distance values below diagonal are based on cox1 sequences and above diagonal are nad1 sequences obtained by a bootstrap procedure (1000 replicates).
Values given in parenthesis are population-specific Fst based on respective sequences.�Values (distances) shown are significantly differed at �p< .05.
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The ratio between estimated effective population size after
expansion (h1) and before expansion (ho), an estimate of the
extent of population growth, was 13172.389X for concaten-
ated sequences, 2128.870 for cox1 and 342884.136 for nad1
gene sequences implied for population growth. Analysis of
sequences showed population expansion time (s) varied for
both genes from 3.538 to 3.707 million years.

DNA barcode

Intraspecific genetic divergence of 57 cox1 sequences of
B. zonata ranged between 0% and 4.70% with an average
of 1.70% and maximum sequences fall within a range of
0.5–1.0% genetic divergence. Nucleotide frequencies were
31.2% (A), 35.7% (T), 19.0% (C) and 14.1% (G). The base com-
position of cox1 gene fragment was found to be biased
towards adenine and thymine, which together constituted
66.9%. The overall transition (ti)/transversion (tv) bias of
nucleotide sequence was R¼ 1.20. Interspecific genetic diver-
gence ranged between 8.84% (compared with B. nigrotibialis)
and 26.30% (compared with B. tau) with an average of 16.4%.
The best close match methods identified the 95% intraspe-
cific genetic divergence threshold value of cox1 sequences of
B. zonata included in the analysis was 1.78%. Based on the
best close match method, all of B. zonata specimens were
correctly identified. Phylogenetic analysis using the best
model of nucleotide substitution according to the lowest
Akaike information criterion (AIC) was Tamura 3-parameterþ I
in maximum-likelihood statistical method (Figure 3) that

found a strong bootstrap support for the monophyly of
B. zonata with other closer species.

Discussion

Population genetic analysis

The genetic variation in natural populations of any organism
is the outcome of a balance between evolutionary and demo-
graphic processes and thus provides tools to interpret the
evolutionary potential of a species (Li et al. 2013). In the pre-
sent study, genetic distance of B. zonata (ranges between
0.000% to 4.70% for cox1 and 0.00% to 2.02% for nad1 gene
sequences) demonstrated high level of genetic variation in
India which is similar in the pattern of closely related fruit fly
species viz. B. dorsalis (0.7%–2.0%) (Shi et al. 2012; Choudhary
et al. 2016), B. correcta (0.760% and 3.250%) (Kunprom et al.
2015) and Bactrocera tryoni (Froggatt) (0.5%–1.8%) (Blacket
et al. 2012). However, low level of genetic variation has also
been observed for other species of fruit fly, namely B. cucurbi-
tae, population collected from India, China as well as
Southeast Asia by Prabhakar et al. (2012b) and Hu et al.
(2008); B. latifrons (0.09–0.86%) (Meeyen et al. 2014) from
Thailand and Bactrocera oleae (Rossi) (0.09%–0.48%) (Dogac
et al. 2013) from Turkey. High genetic divergence in fruit flies
may result in the presence of different forms of the species
in different populations. It can be demonstrated by investi-
gating morphological, cytological, molecular ground and
Wolbachia infection in the populations of target species
(Jamnongluk et al. 2003; Kunprom et al. 2015). In this study,

Figure 2. Observed and simulated mismatch distribution of populations of B. zonata collected from India. (A) Mismatch distribution graph from cox1 gene sequen-
ces, (B) mismatch distribution graph from nad1 gene sequences and (C) mismatch distribution graph from concatenated sequences of cox1 and nad1 gene.
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high level of genetic diversity might have maintained due to
ecological and behavioural characteristics of the B. zonata,
i.e., high reproductive potential (Shehata et al. 2008) and
high dispersal capabilities (Peterson and Denno 1998) along
with stability and high adaptability of the fly in tropical and
subtropical climatic conditions of India. Additionally, the
abundance of suitable host plants, such as guava, mango,
sapota, peach, plum, banana, in India might have exerted lit-
tle novel selective pressure in the past for the establishment
and dispersal of population. Furthermore, high level of gen-
etic diversity is observed when species is considered as
ancient existence because ancestors show significantly more
genetic diversity than derived population due to founder
effect (Grant and Bowen 1998). Generally, invasive species are
low in genetic diversity due to selection pressure (Suarez and
Tsutsui 2008) and genetic drift which may temporarily reduce
population size in founder colonies (Grapputo et al. 2006),
whereas B. zonata considered as a species originated in India.

This may be one of the reason that B. zonata retain fairly
high level of genetic diversity in Indian populations. Similar
trends of high genetic diversity were also observed in B. dor-
salis populations collected from Southeast Asia (Wu et al.
2014), Yunnan Province of China (Shi et al. 2010; Wan et al.
2011) and India (Choudhary et al. 2016). It has been proven
fact that when the values of haplotype (Hd> 0.5) and nucleo-
tide (p> 0.005) diversity are high, the analyzed population is
stable with long evolutionary history (Rosetti and Remis
2012). B. zonata populations studied here fall within these
two conditions of high haplotype and nucleotide diversity
suggests apparent population stability with long evolutionary
history.

Mismatch distribution analysis for testing demographic
expansion of the species with expected unimodal shape of
graph over observed unimodal/bimodal shape for both genes
and in concatenated dataset revealed population expansion
of B. zonata to a demographic equilibrium or a stable

Figure 3. Maximum-likelihood estimation of the phylogenetic relationship among 29 species of the genus Bactrocera including present study species sequences
(red colour) with bootstrap support (1000 replicates) value near the branch. Anastrepha ludens (HM538319) (blue colour) was used as outgroup species.
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population. In general, a multimodal (including bimodal) mis-
match distribution indicates diminishing population sizes or
structured size; and unimodal distribution suggests that
population underwent expansion (Excoffier et al. 1992;
Rogers and Harpending 1992). The MJ networks showed ran-
domly distributed haplotypes of B. zonata populations col-
lected from India, in line with population that underwent
expansion. MJ networks did not display any fundamental
structure which could not be allowed to identify a phylogen-
etic haplogroup in the population of B. zonata. This is gener-
ally interpreted as indicative of a population that has recently
expanded in size from a small number of founders following
a population bottleneck (Slatkin and Hudson 1991). The
notion that the species underwent a significant population
expansion is further in line with the observation that MJ net-
works for both the genes have a distinctly star-like structure,
typical of expansion demographic processes.

The test of neutrality generated negative Tajima’s D value
for cox1 and concatenated cox1 and nad1 genes suggest
the possibility of recent B. zonata population expansion
(Campbell et al. 2004), whereas the negative Fu’s Fs statistical
value observed in B. zonata populations for both the genes
and their concatenated analyses provide strong evidence for
population expansion (Fu and Li 1993). The hypothesis that
the observed data fit the sudden expansion model was tested
using the sum of square deviations (SSD) (Schneider and
Excoffier 1999) and the raggedness index (Harpending 1994).
Here, our observations on non-significant values for SSD and
raggedness index suggest that population have expanded
suddenly in past (Rogers 1995). This notion is also supported
by observations from analysis of molecular variance and
showed nearly 90% of variability was observed within the
population, and a non-significant correlation between genetic
distances and geographic distances suggests no isolation by
distance among populations. This may be due to the accu-
mulation of beneficial genetic variation and pass on to the
next generation in a rapidly growing population (Su et al.
2001). Diverse climatic conditions and ecological suitability of
the region and species capabilities may be the reason for
high genetic diversity and gene flow in B. zonata. Natural bar-
riers like big mountains and rivers are present in the sam-
pling areas which may limit the gene flow in B. zonata.
However, these natural barriers exert insignificant pressure to
lower the gene flow in the present study. Mountain ranges
are also important geographic barriers to gene flow in many
species (Meeyen et al. 2014; Kunprom et al. 2015).

Identification of species using DNA barcode

In this study, we used DNA barcoding technique and our
results indicate that DNA barcodes based on cox1 sequences
are highly useful for B. zonata identification. Species identifi-
cations based on DNA barcode are considered as reliable and
accurate, if large gaps exist between intraspecific and inter-
specific genetic divergence (Hebert et al. 2004; Meyer and
Paulay 2005). Barcode gap can be detected by recording the
overlap between the highest intraspecific and the lowest
interspecific genetic distances (Meier et al. 2008). Our results
showed large gap between intra- and interspecific genetic

distances for all Bactrocera species used in this study, sug-
gesting the reliability of results and consistent with previous
reports on DNA barcoding of fruit flies. Analysis of base com-
position of the cox1 gene fragment showed that Aþ T con-
tent in B. zonata population was 66.90%. These data are in
agreement with Aþ T content of cox1 region gene sequences
in species of genus Bactrocera (63–68%) (Jamnongluk et al.
2003; Choudhary et al. 2015). Efficiency of cox1 barcoding
sequences for species identification has tested earlier and
suggest the DNA barcode is effectively successful in demar-
cating morphological fruit fly species although the bias
between members of the same species complex was limited
(Armstrong and Ball 2005; Meeyen et al. 2014). There has
been no previous morphological indication of the B. zonata
as a species complex, which is consistent with present find-
ings. Therefore, identification of this species based on cox1
barcoding sequences is simple and accurate. Morphologically,
B. zonata resembles with B. correcta based on wing pattern,
i.e., the discontinuous or an extremely narrow costal band
with section distal to apex R2þ 3 before expanding into a
spot in wing. B. zonata is different in having red-brown scu-
tum (Drew and Raghu 2002; Prabhakar et al. 2012c;
Choudhary et al. 2014). In this context, our study also showed
that B. zonata and B. correcta form a closely related clade
with a very strong support by ML analysis, supporting recent
cox1 barcoding and phylogenetic studies (Muraji and
Nakahara, 2001; Nakahara and Muraji 2008; Zhang et al. 2010;
Asokan et al. 2011). Accurate and successful DNA barcoding
depends on the availability of the sequences of particular
species in the data library (Virgilio et al. 2010; Jinbo et al.
2011). A factor that could lead to incorrect species identifica-
tion using the DNA barcode is insufficient geographic sam-
pling of the taxa (Jinbo et al. 2011). In this context for B.
zonata, present study significantly contributes to the data-
base of GenBank cox1 barcoding sequences, which will foster
the molecular identification of this important pest species.

Conclusions

Collection and genetic analysis of the peach fruit fly, B.
zonata, in our study suggest widely distribution of the spe-
cies in India with high genetic diversity. High gene flow
among B. zonata populations present in different areas of
India due to round the year availability and continuous geo-
graphical presence of wide range of host. The present investi-
gation also suggests that there is no cryptic species present
in B. zonata, although high genetic variability is present in
the fly populations across India. Therefore, the management
of B. zonata could be possible with the genetic control meth-
ods like release of sterile insects or genetically engineered
insect population. cox1 gene sequences developed during
the study could be helpful in the rapid identification for quar-
antine the species at the earliest, where B. zonata is not
present.
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