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Abstract

Background: Although whiteflies (Bemisia tabaci complex) are an important pest of cotton in Pakistan, its taxonomic
diversity is poorly understood. As DNA barcoding is an effective tool for resolving species complexes and analyzing species
distributions, we used this approach to analyze genetic diversity in the B. tabaci complex and map the distribution of B.
tabaci lineages in cotton growing areas of Pakistan.

Methods/Principal Findings: Sequence diversity in the DNA barcode region (mtCOI-5’) was examined in 593 whiteflies from
Pakistan to determine the number of whitefly species and their distributions in the cotton-growing areas of Punjab and
Sindh provinces. These new records were integrated with another 173 barcode sequences for B. tabaci, most from India, to
better understand regional whitefly diversity. The Barcode Index Number (BIN) System assigned the 766 sequences to 15
BINs, including nine from Pakistan. Representative specimens of each Pakistan BIN were analyzed for mtCOI-3’ to allow their
assignment to one of the putative species in the B. tabaci complex recognized on the basis of sequence variation in this
gene region. This analysis revealed the presence of Asia Il 1, Middle East-Asia Minor 1, Asia 1, Asia Il 5, Asia Il 7, and a new
lineage “Pakistan”. The first two taxa were found in both Punjab and Sindh, but Asia 1 was only detected in Sindh, while
Asia Il 5, Asia Il 7 and “Pakistan” were only present in Punjab. The haplotype networks showed that most haplotypes of Asia
Il 1, a species implicated in transmission of the cotton leaf curl virus, occurred in both India and Pakistan.

Conclusions: DNA barcodes successfully discriminated cryptic species in B. tabaci complex. The dominant haplotypes in the
B. tabaci complex were shared by India and Pakistan. Asia Il 1 was previously restricted to Punjab, but is now the dominant
lineage in southern Sindh; its southward spread may have serious implications for cotton plantations in this region.
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Introduction

The whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyr-
odidae) is now recognized as a cryptic species complex [1,2]
composed of at least 34 [3-7] morphologically indistinguishable,
but reproductively isolated species [8,9]. Members of the complex
damage a wide range of agricultural and horticultural crops
through both their feeding activity and their role in the
transmission of plant viruses. Three members of the complex,
Asia 1, Asia II 1, and Middle East-Asia Minor 1 (MEAM 1), have
been previously identified from Pakistan where they are associated
with the transmission of cotton leaf curl disease (CLCuD) which
causes a significant reduction in yield [10,11]. The severity of
CLCuD varies across Pakistan with higher losses in central
(Punjab) than southern (Sindh) Pakistan [12]. There has been a
continuing debate as to the identity of the whitefly lineages in these
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regions and whether differences in the vector pool account for the
differing levels of infection on cotton plants from these provinces.
Ahmed et al. [11] found that MEAM 1 was restricted to Sindh and
Asia II'1 to the Punjab, whereas Asia 1 was found in both regions.
Because Asia II 1 was associated with a higher incidence of
CLCuD in both Punjab and northeastern India [11,13], it is
thought to play an important role in the transmission of this
disease.

A number of DNA-based techniques have been used to identify
species of whiteflies [14-19]. However, most of our understanding
of genetic relationships in the B. tabaci complex comes from the
examination of sequence diversity in the mitochondrial cyto-
chrome ¢ oxidase I (COI) gene. Frohlich et al. [20] were the first to
use COI to distinguish lineages of B. tabact, employing the 3’ end
of the gene, a standard adopted by subsequent investigators with
the result that 383 different haplotypes have now been identified
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for this gene region [21]. Analysis of these haplotypes has revealed
the presence of 28 distinct networks plus seven unconnected
haplotypes [22]. Of these networks, 24 correspond to the putative
species identified by Dinsdale et al. [3]. Researchers have shown
that different species in the B. tabaci complex have varied global
invasion histories [22] and that these lineages have differential
roles in transmitting leaf curl disease to various crops [23,24].
Prior studies have shown that local differences in the abundance
of different species within the B. tabaci complex are due, at least in
part, to competition [25-28] with one member of the complex
often displacing another [26,29,30]. Furthermore, shifts in both
distribution and abundance can occur rapidly [26,29] as the
invading species gains an advantage over the established species by
asymmetric mating interactions [31]. Such displacements or
expansion in species ranges have important implications for pest
and pest-vectored disease management strategies [32]. Concerns
[33] have already been raised in relation to the spread of varied
members of the B. tabaci complex and the viruses they transmit.
The rise of DNA barcoding as a tool for species identification
across the animal kingdom [34-36] has led to a database that now
includes 2.9 million COI-5" sequence (barcode) records derived
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Table 1. COI-5’ (BIN)/COI-3’ (species) translation, BIN distances and host plants of the members of the Bemisia tabaci complex.
Analysis group n (>500 bp) Max dist (K2P) Dist to NN BIN Host plants Country of origin
BIN [54] Dinsdale species [3]
- B. tabaci complex 762 19.7 -
AAM1243 - 14 0.8 9.3 okra, common bean, India
cowpea, cotton, sunflower,
tomato, sweet potato,
brinjal
AAM1244 Asia 1 77 1.2 13.5 brinjal, cotton, cowpea, India, Pakistan
tomato, sunflower
AAM1245 Asia Il 5 22 14 8.1 tomato, mulberry, cassava, India, Pakistan
groundnut, wild colocasia,
cucurbita, blackgram,
tobacco, cotton, Indian
nettle, ipomea
AAM1246 - 2 0.8 29 Cotton India, Pakistan
AAM1247 Asia Il 1 551 23 29 cotton, brinjal, blackgram, India, Pakistan
tomato, mulberry, okra,
cucurbit, pumpkin,
zucchini, bottle gourd,
chillies, sesame, cluster
bean, unidentified weed
AAM1248 - 3 0.6 1.6 tobacco, sunflower, spider India
flower
AAT8875 MEAM1 47 1.0 8.8 cotton, cabbage, Australia, Canada, India,
cauliflower, unidentified Pakistan
weed
AAA4495 - 2 0.0 14.4 unknown GenBank, N/A
AAG4846 20 1.9 8.8 unknown Canada, Australia, Japan
ACD4214 - 2 0.0 16.7 unknown Japan
ACD5051 - 3 0.0 9.4 cotton India
ACE6289 Asia Il 7 6 0.4 1.3 brinjal, Malaise collection India, Pakistan
ACF2778 Asia Il 7 3 0.5 1.0 cotton, white tamarind India, Pakistan
ACF7855 Asia Il 7 8 0.3 1.0 Malaise collection Pakistan
ABX2616 “Pakistan” 1 - 14.3 Malaise collection Pakistan
NN = nearest neighbour; BIN =Barcode Index Number.
doi:10.1371/journal.pone.0104485.t001

from more than 318K animal species. Efforts are underway to
construct comprehensive DNA barcode reference libraries for
various animal groups including pest species [37-40]. These
libraries not only aid the documentation of biodiversity [41], but
also facilitate the identification of invasive species [42,43].
However, because little sequence analysis has been directed
toward the barcode region in B. tabaci, there is no ‘translation
table’ to connect the lineages of this species which have been
recognized based on their COI-3’ sequence with their COI-5’
counterparts [43].

In this study, we use DNA barcodes to discriminate the lineages
of B. tabaci found in India and Pakistan, reveal their genetic
diversity and subsequently test if their distributions have shifted in
the cotton-growing areas of Punjab and Sindh since a study in
2007-2009 [11]. We also employ barcodes to separate species of
the B. tabaci complex and begin construction of the ‘translation’
matrix from COI-3' to COI-5'. Because barcode reference
libraries enable species identification, the study provides insights
into the diversity, movement, and distributional patterns of species
in the B. tabaci complex in the region.
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Figure 1. Histogram (A) and ranked (B) pairwise (K2P) distances among 762 barcode sequences of B. tabaci complex.
doi:10.1371/journal.pone.0104485.g001
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Materials and Methods

Ethics Statement
No specific permissions were required for this study. The study
did not involve endangered or protected species.

Collection of whiteflies

Adult whiteflies were collected by sampling 255 sites within
Punjab and Sindh from 2010 to 2013. Sampling followed
protocols outlined by Ahmed et al. [11]. GPS coordinates were
recorded [Table S1] and collection localities and species distribu-
tions were mapped using an online tool (www.simplemappr.net).
Samples were collected using an aspirator, then transferred to 95%
ethanol and stored at —20°C until analysis. Two to three whiteflies
were chosen from each collection site, producing a total of 649
specimens for barcode analysis. Individual whiteflies were labeled,
assigned specimen numbers and photographed. Specimen data
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along with the collection information were added to the project
MAWTFL (Whitefly Species Complex of Pakistan) in BOLD (www.
boldsystems.org), the Barcode of Life Data System [44]. All
barcode compliant sequences from B. tabaci available in GenBank
(173) were also analyzed to gain a better understanding of the
global patterns of barcode diversity in B. tabaci.

DNA isolation

Genomic DNA was extracted from most specimens at the
Canadian Centre for DNA Barcoding using the protocol described
by Porco et al. [45], but a few specimens processed early in the
study were analyzed using methods outlined by Erlandson et al.
[46]. In brief, these specimens were homogenized individually in
250 pl of Lifton buffer, proteins were precipitated by potassium
acetate, and DNA was then purified by phenol-chloroform
extraction. Precipitated DNA pellets were resuspended in 50 pL
of sterile ddHoO with 0.5 pL of 10 mg RNase A/mL.
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Figure 2. BIN-based phylogenetic analysis of B. tabaci complex. The tree was estimated using Bayesian inference. Posterior probabilities are
indicated at nodes. Dinsdale species [3] identified from Pakistan are shown (in square brackets) next to their associated BINs (in red).

doi:10.1371/journal.pone.0104485.g002
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Figure 3. Phylogenetic relationship of the new B. tabacilineage “Pakistan” (indicated by an arrow) with those reported by Dinsdale
et al. [3] and De Barro and Boykin [6]. The tree was estimated using Bayesian inference. Posterior probabilities are shown next to the branches.

Species also detected in Pakistan are in red.
doi:10.1371/journal.pone.0104485.9g003

mtCOI PCR amplification and sequencing

Amplification of the barcode region (COI-5") was performed
with primer pair LepF2_tl (TGTAAAACGACGGCCAGTAAT-
CATAARGATATYGG)/LepR1  (TAAACTTCTGGATGTC-
CAAAAAATCA) following the PCR conditions; 94°C (1 min), 5
cycles of 94°C (40 s), 45°C (40 s), 72°C (1 min); 35 cycles of 94°C
(40 s), 51°C (40 s), 72°C (1 min) and final extension of 72°C
(5 min). Amplification of COI-3" was performed with primer pair
C1-J-2183 (CAACATTTATTTTGATTTTTTGG)/TL2-N-
3014 (TCCAATGCACTAATCTGCCATATTA) [47] following
the PCR conditions; 94°C (1 min), 40 cycles of 94°C (40 s), 48°C
(40 s), 72°C (1 min) and final extension of 72°C (5 min). PCRs
were carried out in 12.5 pLL reactions containing standard PCR
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ingredients and 2 pL. of DNA template. PCR products were
analyzed on 2% agarose E-gel 96 system (Invitrogen Inc.).
Amplicons were sequenced bidirectionally using the BigDye
Terminator Cycle Sequencing Kit (v3.1) (Applied Biosystems) on
an Applied Biosystems 3730XL DNA Analyzer. The forward and
reverse sequences were assembled, aligned and edited using
CodonCode Aligner (CodonCode Corporation, USA) and sub-
mitted to BOLD. Sequences were also inspected and translated in
MEGA V5 [48] to verify that they were free of stop codons and
gaps. All sequences generated in this study and their GenBank
accession numbers (Table S1) are accessible on BOLD in the
dataset DS-MAWFL.
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Figure 4. Single MPT inferred from the barcode sequences from B. tabaci Complex. Bootstrap values are shown above the branches (values
<50% not shown). Dinsdale species [3] identified from Pakistan are shown (in square brackets) next to their associated BINs (in red).

doi:10.1371/journal.pone.0104485.g004

Cryptic species discrimination using Barcode Index
Numbers (BINs)

Past researchers have often assigned specimens to operational
taxonomic units (OTUs) in cases where morphological identifica-
tions are difficult [49,50]. Although this approach has sometimes
been criticized [51], its general value has been accepted [52,53].
Ratnasingham and Hebert [54] recently developed the Barcode
Index Number (BIN) system which adds important new function-
alities. Since its inception, the BIN system has been used as a
species-level taxonomic registry for various animal groups [55-57]
and has aided the discovery of new species [58]. As a result, all B.
tabact sequences in this study were assigned to a BIN.

Analysis of barcode data from BOLD/GenBank

All barcode data for B. tabact available on BOLD and GenBank
were assembled to assess the growth in coverage since the most
recent report [43]. There are now 766 barcode records for B.
tabact on BOLD (inclusive of this study and 173 accessions on
GenBank, all of which were imported to BOLD (accessed
December 17, 2013)). These barcode records were used in a
combined analysis with the Pakistan data to determine the number
of COI-5'" lineages in the B. tabaci complex and to ascertain
genetic distances among these lineages.

Cryptic species identification using mtCOI-3’

This study does not evaluate evolutionary relations in the B.
tabact complex as this topic has seen extensive work [3,21,59],
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although reassessment of the number of its constituent species
continues [7]. Instead, we construct a barcode reference library
and determine the number and distributional patterns of whitefly
lineages in Pakistan. Dinsdale et al. [3] used a 3.5% (K2P)
sequence threshold for COI-3’ to delimit different members of the
B. tabaci complex. Boykin et al. [60] subsequently compared the
results from this approach with those obtained with four other
delimitation methods (Rosenberg’s reciprocal monophyly, Rodri-
go’s (P(randomly distinct)), the genealogical sorting index, and
general mixed Yule-coalescent) and found that all recognized the
same number of genetic lineages. Since the existing nomenclature
for members of the B. tabaci complex is based on sequence
diversity in COI-3’, we also sequenced this gene region for
representative specimens from each COI-5" BIN detected in our
study. This enabled their assighment to one of the species
recognized on the basis of COI-3" sequence variation by
comparing each COI-3’ sequence to the reference sequences for
the species in the B. labaci complex [3,6,61]. Reference COI-3’
sequences were obtained from the global Bemisia dataset [6].

Distance and phylogenetic analysis

ClustalW nucleotide sequence alignments [62] and pairwise
(K2P) distance analysis were performed using MEGA5. The
online version of ABGD [63] was used to generate distance
histograms and distance ranks. Because the BINs [54] and the
putative species [3] of B. labaci were represented by variable
number of sequences, a consensus sequence for each BIN or
species was obtained using the ‘Consensus Barcode Generator’

August 2014 | Volume 9 | Issue 8 | 104485
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Figure 6. Barcode haplotype networks of B. tabaci species identified from Pakistan by corresponding COI-3’' sequences and named
following Dinsdale nomenclature [3]. Barcode sequences of B. tabaci species shared between India and Pakistan were also included. Numbers in
circles show the haplotype frequencies. Blue and yellow circles indicate the detection of a haplotype solely in Pakistan or India, respectively, while red

circles indicate haplotypes present in both countries.
doi:10.1371/journal.pone.0104485.g006

intraspecific distance of 2.3% in AAMI247, the maximum
intraspecific distances were less than 2% for each BIN (Table 1).
The combined B. tabaci barcodes were assigned to 15 unique
BINs (Table 1). Ten BINs derived from India, and seven of these
were also detected from Pakistan (Table 1). Two other BINs
(ACF7855, ABX2616) were only detected in Pakistan, while three
(AAM1243, AAM1248, ACD5051) were exclusively from India.
Two BINs (AAG4846, ACD4212) have not previously been
reported from the Indo-Pakistan region (Table 1), while the origin
of one BIN (AAA4495) is unknown. Histograms of sequence
divergence values and ranked distances among barcode sequences
in B. tabaci complex are shown in Fig. 1. There was a clear gap
between the intraspecific and interspecific K2P distances with a
majority of the intraspecific distances falling well below 2%.

Barcode and COI-3’ connection of B. tabaci

Analysis of the COI-3' sequences from seven of the B. tabaci
BINs from Pakistan showed their correspondence with five of the
34 putative species [6] of B. tabaci: Asia 1, Asia II 1, Asia II 5, Asia
II 7 and MEAM 1 (Table 1, Fig. 2). Maximum distance among
COI-3" sequences of three BINs (ACE6289, ACF2778, ACF78)
was less than 1.3%, and following the distance limit (3.5%) for B.
tabaci species differentiation set by Dinsdale et al. [3], these BINs
were assigned to the same species, Asia II 7 (Table 1, Fig. 2). The
COI-3" sequence of the BIN: ABX2616 is extremely divergent
from any known clade, showing 13.7% divergence from the
nearest neighbour (Table S2) in the existing whitefly databases
[3,6]. Because this genotype substantially exceeds the 3.5%
sequence threshold employed for taxon recognition, this lineage
represents a new addition to the B. tabaci complex which is named
as “Pakistan”. The K2P distances among COI-3’ consensus
sequences of 34 putative species in the Bemisia database [6]
ranged between 1.3-22.7% and the new putative species
“Pakistan” showed a NN distance of 13.7% (Table S2). Barcode
sequences for the other eight BINs, including AAM1246 from
Pakistan were obtained from GenBank and their corresponding
COI-3' sequences were unavailable, preventing their connection
with Dinsdale nomenclature [3].

The phylogenetic tree of B. tabaci BINs showed a close
relationship among three species of Asia II group (Asia II 1, Asia II
5, Asia I1 7) (Fig. 2) which clustered together with a 98% posterior
probability (PP). Barcodes of Asia II 7 were assigned to three BINs
(Fig. 2, Table 1) indicating the presence of considerable sequence
variation in this taxon. Both the barcode and COI-3’ sequences of
the BIN: ABX2616 did not match any sequence in the available
databases (14.3% divergence from NN barcode and 13.7% from
NN COI-3" (Table S2)) and thus it was proposed as a new lineage
“Pakistan”. Barcode-based BI showed that this lineage was
phylogenetically closer to MEAM 1 than to the species in the
Asia group (Asia I, Asia II) (Fig. 2). DNA barcode analysis of the
B. tabaci complex from sites around the world is not complete, so
we used COI1-3" sequences to determine the position and
phylogenetic relationship of the new B. tabaci lineage “Pakistan”
(ABX2616). Taken as a whole, the COI-3" based phylogenetic tree
of B. tabaci (Fig. 3) was similar in topology to those generated by
other researchers [3,6,7]. The “Pakistan” lineage was sister to the
putative species “Uganda” (PP=0.75) and formed a separate
clade between the New World and the Subsaharan Africa species
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(Fig. 3). The relationship of the new lineage “Pakistan’ with other
members of the B. labaci complex was further ascertained by the
parsimony analysis. The most parsimonious trees (MPT) for the
barcode (Fig. 4) and the COI-3' (Fig. 5) sequences showed that the
topology retrieved under parsimony analysis was not in conflict
with that obtained using Bayesian Inference. Thus both methods
of phylogenetic reconstruction placed the putative species “Paki-
stan” as a distinct clade sister to “Uganda”.

Genetic diversity and species distributions

The genetic diversity indices are presented in Table 2. The
average number of pairwise nucleotide differences, k, and
nucleotide diversity, m, were relatively higher in Asia 1 (n=77)
and Asia I 7 (n = 14) than in Asia I 1 (n =551), the most common
species in the region. Haplotype network analysis revealed 29
haplotypes among the 551 sequences of Asia II 1 from Pakistan
and India (Fig. 6). One haplotype was dominant (63%), occuring
in all populations from both countries and in all cotton-growing
areas of Pakistan. Three other haplotypes with a relatively high
frequency (>7%) and two with a low frequency (<1%) were also
found in both the countries. There were seven Asia II 1 haplotypes
unique to India and 16 unique to Pakistan. Eight haplotypes of
Asia II 5 were present, but only two were from Pakistan. There
were seven haplotypes of Asia II 7, six from Pakistan and one from
India. Eleven haplotypes were present among the 77 specimens of
Asia 1 with the commonest haplotype detected in both the
countries. There were nine Asia 1 haplotypes unique to India and
one unique to Pakistan. Seven haplotypes were present among the
46 specimens of MEAM 1 with the most common comprising 59%
of the total and present only in Pakistan.

The five species of the B. tabaci complex identified through
COI-3" analysis showed marked variation in abundance in
Pakistan with Asia I 1 comprising 88%, MEAM 1-7%, Asia II
7-2%, Asia 1-2% and Asia II 5-0.3% of the individuals.

Fig. 7 shows that Asia II 1 was present in all of the cotton-
growing areas in Punjab and Sindh. The specimens of Asia II 5
and Asia II 7 derived from central and northern Punjab, while
Asia 1 was only present in central and southern Sindh. Finally,
MEAM 1 was detected from all three regions (northern, central
and southern) of Sindh and from southern Punjab. Chi-square
analysis showed a significant heterogeniety for species abundance
between the two provinces (x>=203; p=0.0) and for species
composition (32 =856.9; p=0.0) which was clearly skewed
towards Asia II 1. The host information on whitefly specimens
from India and Pakistan showed that the species of B. tabaci
complex in Pakistan were recorded on multiple plants (Table 1).
Asia IT 1, the most frequent whitefly species in Pakistan, was
recorded from at least 14 host plants (Table 1).

Discussion

The varied incidence of cotton leaf curl disease in different areas
of Pakistan [73] raises the possibility that disease transmission may
be influenced by regional variation in species composition of the B.
tabact complex whose member taxa vector the virus responsible
for this disease. Although examination of reproductive compati-
bility among the putative species has also been successful [74],
sequence analysis has been frequently used to discriminate
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Figure 7. Map of Punjab and Sindh, Pakistan showing the distribution of three species in the B. tabaci complex. The range of each
species is indicated by a blue broken line (before 2010 [11]) and a black solid line (after 2010 [this study]). (A) Asia Il 1; (B) Middle East-Asia Minor 1; (C)

Asia 1.
doi:10.1371/journal.pone.0104485.g007

members of this complex [1,21] and COI-3" has been the standard
marker employed for their separation [3,8,59]. However, COI-5’
has been adopted as the DNA barcode standard for the entire
animal kingdom [34,35] and its use is gaining adoption for
biosecurity [42] and regulation [75]. The superiority of DNA
barcoding over traditional methods for the detection and
distribution analysis of invasive species is now well established
[76,77]. Despite this fact, the present study represents the first
effort to obtain both COI-5" and COI-3’ sequences for members
of the B. tabaci complex to develop a correspondence map
between haplotypes recognized by these two markers.

Analysis of sequence diversity in COI-5" revealed that six
species of the B. labaci complex were present in Pakistan.
Determination of their COI-3’ sequences established that they
included Asia II 1, Asia II 5, Asia II 7, Asia 1, MEAM 1, and a
new species ‘‘Pakistan”. Four of these species (Asia II 1, Asia II 5,
Asia 1, MEAM 1) were found on cotton in Pakistan. Asia IT 7 was
only collected in a Malaise trap in Pakistan, but has been recorded
on cotton in India. The levels of sequence divergence at COI-3’
and COI-5" were generally congruent (data not shown), indicating
the interchangeability of the markers. An earlier study of whiteflies
from Pakistan [11] revealed three species (Asia II 1, Asia 1,
MEAM 1), while our results indicated the presence of three more -
one on cotton (Asia II 5) and two from uncertain hosts (Asia II 7
and ““Pakistan”, both collected in Malaise traps). The previous two
studies on whiteflies in Pakistan examined fewer specimens and
fewer geographic localities. Ahmed et al. [17] sequenced 16
specimens from 16 locations, while Ahmed et al., [11] sequenced
141 specimens from 48 locations while this study examined 593
specimens from 255 locations. The most recent study on whitefly
diversity [78] reported the presence of three genetic groups in
cotton areas of Pakistan, but the sample size was small (80) and the
technique used (RAPD) prevents species identification.

The analysis of all currently available COI-5" data for B. tabaci
indicated the presence of 15 deeply divergent lineages, including
12 from the Indo-Pakistan region. Multiple genotypes of B. tabaci
have previously been reported from the Indo-Pakistan subconti-
nent [11,17,79]. Lisha et al. [15] detected two distinct biotypes of
B. tabaci in India, while Rekha et al. [79] noted three groups -
Asia II 5, Asia II 7 and Asia II 8 [3]. More recently, Chowda-
Reddy et al. [24] found five species in India (Asia 1, Asia IT 5, Asia
II 7, Asia I 8, MEAM 1) based on their survey of multiple host
plants. In our study, except for Asia I 8, we detected all the species
previously identified from India [3,24] and connected their COI-
5'/COI-3".

The COI-3’ sequence of one whitefly (BIN: ABX2616) from
northern Punjab showed 13.7% K2P divergence from any known
lineage, indicating that it represents a new species in the B. tabact
complex. The NN barcode distances in the B. tabaci complex
ranged between 1.0%-16.7% with the new putative species,
“Pakistan”, showing a NN distance of 14.3%. Further, both the BI
and parsimony analysis showed that the “Pakistan’ lineage formed
a separate branch on the tree and was phylogenetically closer to
species in the African group. Previous researchers have used
genetic distances and phylogenetic analysis to determine the
relationships and taxonomic status of species of the B. tabaci
complex [3,5,7], and the number of species in this complex has
generally been assessed by BI [3,7].
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It has been established that begomovirus spread and diversifi-
cation is linked to the genetic and phenotypic variability of
whiteflies [16]. We analysed the genetic diversity in whiteflies at
sites across Punjab and Sindh to see if there was any
correspondence with the varying incidence of CLCuD in these
regions as found in an earlier study in Africa [80]. Two previous
studies which examined genetic diversity in B. tabaci across
Punjab and Sindh from 2007 to 2009 [11,17] found that MEAM 1
was widespread across Sindh, but absent from Punjab. However,
our study detected this species in southern Punjab. Ahmed et al.
[11] found Asia 1 at sites from central Punjab to northern Sindh,
but our studies indicated that it is now restricted to central and
southern Sindh. Ahmed et al. [11,17] found that Asia II 1 was
prevalent througout Punjab, but absent from Sindh. Our study
revealed that it remains the commonest species in Punjab, but that
it is now also the dominant species on cotton in Sindh, revealing
that it has expanded its range to the south. Asia II 5 was only
detected in two districts in central and northern Punjab, and Asia
II 7 only in northern Punjab, but these are the first records for
these species in Pakistan. Other studies have reported the rapid
displacement of one whitefly species by another [29,30,81,82]. For
example, Guo et al. [19] reported that MEAM 1 was dominant in
most provinces of China prior to 2007, but that the Mediterranean
(MED) species was now dominant species in at least 11 provinces.

The prevalence of Asia II 1 in Sindh is important because
Ahmed et al. [11] observed that a higher incidence of CLCuD was
associated with this species. If its greater vector competence
compared with other members of the complex is confirmed, then
the Sindh detections likely signal an increased threat and there are
reports [12,83] of increased CLCuD in the cotton areas of Sindh.
The prevalence and epidemiology of CLCuD in cotton-growing
areas of Punjab is well studied [84] and the role of Asia II 1 in the
spread of CLCuD has been documented [11,17]. However,
further work is needed to assess temporal shifts in the abundance
and distribution of species in the B. tabaci complex to validate
these impacts. Experimental assessment of vector competence for
cach member of the complex as well as evaluation of their host
preference would also improve understanding of the epidemiology
of CLCuD in Pakistan.

Species in the B. tabaci complex within Pakistan seem to show
the same dynamic distributional shifts detected in other regions
[23,26,29], a factor which might influence the incidence of
begomoviruses. However, knowledge of CLCuD in Pakistan lacks
sufficient quantitative data to understand the epidemiology of this
disease with vector composition.

Supporting Information

Table S1 BOLD process IDs, GenBank accessions, collection
locations and host plants of Bemisia tabaci included in the study.
(XLS)

Table $2 COI-3" and COI-5" (barcode) K2P distances among
respective taxonomic units of Bemisia labact complex as
determined by Dinsdale et al. [3] and Ratnasingham and Hebert
[54].

(XLS)

August 2014 | Volume 9 | Issue 8 | 104485



Acknowledgments

We thank colleagues at the CCDB for aid with sequence analysis, and staff’
employed with the DNA barcoding project at NIBGE, Faisalabad for their
diligence in collecting specimens. We also thank students at the
Agricultural Biotechnology Division NIBGE, Faisalabad for their donation
of whitefly specimens. The valuable input received from Reza Zahiri,
Biodiversity Institute of Ontario, for the phylogenetic analysis is
acknowledged.

References

1.

6.

24.

De Barro PJ, Liu SS, Boykin LM, Dinsdale AB (2011) Bemisia tabaci: a
statement of species status. Annu Rev Entomol 56: 1-19.

. Tay WT, Evans GA, Boykin LM, De Barro PJ (2012) Will the real Bemisia

tabaci please stand up? PLoS ONE 7: ¢50550.

. Dinsdale A, Cook L, Riginos C, Buckley YM, De Barro P (2010) Refined global

analysis of Bemisia tabaci (Hemiptera: Sternorrhyncha: Aleyrodoidea: Aleyr-
odidae) mitochondrial cytochrome oxidase 1 to identify species level genetic
boundries. Ann Entomol Soc Am 103: 196-208.

. Alemandri V, De Barro PJ, Bejerman N, Arguello Caro EB, Dumon AD, et al.

(2012) Species within the Bemisia tabaci (Hempitera: Aleyrodidae) complex in
soybean and bean crops in Argentina. J Econ Entomol 105: 48-53.

. Boykin LM, Bell CD, Evans G, Small I, De Barro PJ (2013) Is agriculture driving

the diversification of the Bemisia tabaci species complex (Hemiptera: Sternor-
rhyncha: Aleyrodidae)?: Dating, diversification and biogeographic evidence
revealed. BMC Evol Biol 13: 228.

De Barro P, Boykin LM (2013) Global Bemisia dataset release version 31
December 2012. v1. CSIRO. Data Collection. 10.4225/08/50EB54B6F1042.

. Lee W, Park J, Lee G-S, Lee S, Akimoto S (2013) Taxonomic status of the

Bemisia tabaci complex (Hemiptera: Aleyrodidae) and reassessment of the
number of its constituent species. PLoS ONE 8: ¢63817.

. Xu J, Liu SS, De Barro PJ (2010) Reproductive incompatibility among genetic

groups of Bemisia tabaci supports the proposition that the whitefly is a cryptic
species complex. Bull Entomol Res 100: 359-366.

. Liu SS, Colvin J, De Barro PJ (2012) Species concepts as applied to the whitefly

Bemisia tabaci systematics: how many species are there? J Integr Agric 11: 176—
186.

Simon B, Cenis JL, Beitia F, Khalid S, Moreno IM, et al. (2003) Genetic
structure of field populations of begomoviruses and of their vector Bemisia tabaci
in Pakistan. Phytopathology 93: 1422-1429.

. Ahmed MZ, De Barro PJ, Greeff JM, Ren S-X, Naveed M, et al. (2011) Genetic

identity of the Bemisia tabaci species complex and association with high cotton
leaf curl disease (CLCuD) incidence in Pakistan. Pest Manag Sci 67: 307-317.

. Amrao L, Akhter S, Tahir MN, Amin I, Briddon RW, et al. (2010) Cotton leaf

curl disease in Sindh province of Pakistan is associated with recombinant
begomovirus components. Virus Res 153: 161-165.

. Rana VS, Singh ST, Priya NG, Kumar J, Rajagopal R (2012) Arsenophonus

GroEL interacts with CLCuV and is localized in midgut and salivary gland of
whitefly B. tabaci. PLoS ONE 7: e42168.

. De Barro PJ, Driver F, Trueman JWH, Curran J (2000) Phylogenetic

relationships of world populations of Bemisia tabaci (Gennadius) using ribosomal
ITS1. Mol Phylogen Evol 16: 29-36.

. Lisha VS, Antony B, Palaniswami MS, Henneberry TJ (2003) Bemisia tabaci

(Homoptera: Aleyrodidae) biotypes in India. ] Econ Entomol 96: 322-327.

. Brown JK, Idris AM (2005) Genetic differentiation of whitefly Bemisia tabaci

mitochondrial cytochrome oxidase I, and phylogeographic concordance with the
coat protein of the plant virus genus Begomovirus. Ann Entomol Soc Am 98:

827-837.

. Ahmed MZ, Ren S-X, Mandour NS, Maruthi MN, Naveed M, et al. (2010)

Phylogenetic analysis of Bemisia tabaci (Hemiptera: Aleyrodidae) populations
from cotton plants in Pakistan, China, and Egypt. J Pest Sci 83: 135-141.

. Rabello AR, Queiroz PR, Simoes KCC, Hiragi CO, Lima LHC, et al. (2008)

Diversity analysis of Bemisia tabaci biotypes: RAPD, PCR-RFLP and
sequencing of the I'TS1 rDNA region. Genet Mol Ecol 31: 585-590.

. Guo X.;J, Rao Q, Zhang F, Luo C, Zhang H.-Y, et al. (2012) Diversity and

genetic differentiation of the whitefly Bemisia tabaci species complex in China
based on mtCOI and cDNA-AFLP analysis. J Integr Agric 11: 206-214.

. Frohlich DR, Torres-Jerez II, Bedford ID, Markham PG, Brown JK (1999) A

phylogeography analysis of the Bemisia tabaci species complex based on
mitochondrial DNA markers. Mol Ecol 8: 1683-1691.

. De Barro PJ (2012) The Bemusia tabaci species complex: questions to guide

future research. J Integr Agric 11: 187-196.

. De Barro P, Ahmed MZ (2011) Genetic networking of the Bemisia tabaci cryptic

species complex reveals pattern of biological invasions. PLoS ONE 6: ¢25579.

. Legg JP, French R, Rogan D, Okao-Okuja G, Brown JK (2002). A distinct

Bemisia tabaci (Gennadius) (Hemiptera: Sternorrhyncha: Aleyrodidae) genotype
cluster is associated with the epidemic of severe cassava mosaic virus disease in
Uganda. Mol Ecol 11: 1219-1229.

Chowda-Reddy RV, Kirankumar M, Seal SE, Muniyappa V, Valand GB, et al.
(2012) Bemisia tabaci phylogenetic groups in India and the relative transmission

PLOS ONE | www.plosone.org

Barcode Analysis of Bemisia tabaci Complex

Author Contributions

Conceived and designed the experiments: MA SM PDNH YZ. Performed
the experiments: MA MSM AMK GSS. Analyzed the data: MA PDNH
AMK. Contributed reagents/materials/analysis tools: MA PDNH MSM
SM. Wrote the paper: MA PDNH SM.

26.

27.

28.

29.

30.

31.

32.

40.

41.

46.

47.

48.

efficacy of tomato leaf curl Bangalore virus by an indigenous and an exotic
population. J Integr Agric 11: 235-248.

. Jiu M, Zhou XP, Tong L, Xu J, Yang X, et al. (2007) Vector-virus mutualism

accelerates population increase of an invasive whitefly. PLoS ONE 2: 182.

Liu SS, De Barro PJ, Xu J, Luan JB, Zang LS, et al. (2007). Asymmetric mating
interactions drive widespread invasion and displacement in a whitefly. Science
318: 1769-1772.

Zhang P-J, Zheng S-J, van Loon JJA, Boland W, David A, et al. (2009)
Whiteflies interfere with indirect plant defense against spider mites in Lima bean.
Proc Nat Acad Sci USA 106: 21202-21207.

Crowder DW, Horowitz AR, De Barro PJ, Shu-Sheng L, Showalter AM, et al.
(2010) Mating behavior, life history and adaptation to insecticides determine
species exclusion between whiteflies. ] Anim Ecol 79: 563-570.

Hu J, De Barro P, Zhao H, Wang J, Nardi F, et al. (2011) An extensive field
survey combined with a phylogenetic analysis reveals rapid and widespread
invasion of two alien whiteflies in China. PLoS ONE 6: e¢16161.

Muniz Y, Granier M, Caruth C, Umaharan P, Marchal C, et al. (2011)
Extensive settlement of the invasive MEAM 1 population of Bemisia tabaci
(Hemiptera: Aleyrodidae) in the Caribbean and rare detection of indigenous
populations. Environ Entomol 40: 989-998.

Reitz SR (2007) Invasion of the whiteflies. Science 318: 1733.

Gao Y, Reitz SR, Wei Q, Yu W, Lei Z (2012) Insecticide-mediated apparent
displacement between two invasive species of leafminer fly. PLoS ONE 7:
€36622.

EFSA Panel on Plant Health (PLH) (2013) Scientific opinion on the risks to plant
health posed by Bemisia tabaci species complex and viruses it transmits for the

EU territory. EFS J 11: 3162 [302].

. Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Biological identifications

through DNA barcodes. Proc R Soc Lond 270: 313-321.

. Hebert PDN, Penton EH, Burns JM, Janzen DH, Hallwachs W (2004) Ten

species in one: DNA barcoding reveals cryptic species in the neotropical skipper
butterfly Astraptes fulgerator. Proc Nat Acad Sci USA 101: 14812-14817.

5. Krishnamurthy PK, Francis RA (2012) A critical review on the utility of DNA

barcoding in biodiversity conservation. Biodivers Conserv 21: 1901-1919.

. Ekrem T, Willassen E, Stur E (2007) A comprehensive DNA sequence library is

essential for identification with DNA barcodes. Mol Phylogen Evol 43: 530-542.

. deWaard JR, Hebert PDN, Humble LM (2011) A comprehensive DNA barcode

library for the looper moths (Lepidoptera: Geometridae) of British Columbia,
Canada. PLoS ONE 6: ¢18290.

. Zhou X, Robinson JL, Geraci CJ, Parker CR, Flint Jr OS, et al. (2011)

Accelerated construction of a regional DNA-barcode reference library:
caddisflies (Trichoptera) in the Great Smoky Mountains National Park. ] N' Am
Benthol Soc 30: 131-162.

Webb JM, Jacobus LM, Funk DH, Zhou X, Kondratieff B, et al. (2012) A DNA
barcode library for North American Ephemeroptera: progress and prospects.
PLoS ONE 7: ¢38063.

Janzen DH, Hajibabaei M, Burns JM, Hallwachs W, Remigio E, et al. (2005)
Wedding biodiversity inventory of a large and complex Lepidopteran fauna with
DNA barcoding. Philos Trans R Soc Lond B 360: 1835-1845.

. Armstrong KF, Ball SL (2005) DNA barcodes for biosecurity: invasive species

identification. Phil Trans R Soc B 360: 1813-1823.

. Boykin LM, Armstrong K, Kubatko L, De Barro P (2012) DNA barcoding

invasive insects: data roadblocks. Invertebr Syst 26: 506-514.

. Ratnasingham S, Hebert PDN (2007) BOLD: the Barcode of Life Data System

(www.barcodinglife.org). Mol Ecol Notes 7: 355-364.

. Porco D, Rougerie R, Deharveng L, Hebert P (2010) Coupling non-destructive

DNA extraction and voucher retrieval for small soft-bodied arthropods in a high
throughput context: the example of Collembola. Mol Ecol Res 10: 942-945.
Erlandson M, Braun L, Baldwin D, Soroka J, Ashfaq M, et al. (2003) Molecular
markers for Peristenus spp. (Hymenoptera: Braconidae) parasitoids associated
with Lygus spp. (Hemiptera: Miridae). Can Entomol 135: 71-83.

Simon C, Frati I, Beckenbach A, Crespi B, Liu H, et al. (1994) Evolution,
weighting, and phylogenetic utility of mitochondrial gene sequences and a
compilation of conserved polymerase chain reaction primers. Ann Entomol Soc
Am 87: 651-701.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGAS:
Molecular evolutionary genetics analysis using maximum likelihood, evolution-
ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731-2739.

August 2014 | Volume 9 | Issue 8 | 104485


www.barcodinglife.org

49.

50.

51.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

Stackebrandt E, Goebel B (1994) Taxonomic note: A place for DNA-DNA
reassociation and 168 rDNA sequence analysis in the present species definition
in bacteriology. Int J Syst Bacteriol 44: 846-849.

Kauserud H, Mathiesen C, Ohlson M (2008) High diversity of fungi associated
with living parts of boreal forest bryophytes. Botany 86: 1326-1333.

Schloss PD, Westcott SL (2011) Assessing and improving methods used in
operational taxonomic unit-based approaches for 165 rRNA gene sequence
analysis. Appl Environ Microbiol 77: 3219-3226.

. Blaxter M, Elsworth B, Daub J (2004) DNA taxonomy of a neglected animal

phylum: an unexpected diversity of tardigrades. Proc R Soc Lond B 271: S189—
S192.

. Tautz D, Arctander P, Minelli A, Thomas RH, Vogler AP (2003) A plea for

DNA taxonomy. Trends Ecol Evol 18: 70-74.

. Ratnasingham S, Hebert PDN (2013) A DNA-based registry for all animal

species: the Barcode Index Number (BIN) System. PLoS ONE 8: ¢66213.

. Ashfaq M, Akhtar S, Khan AM, Adamowicz SJ, Hebert PDN (2013) DNA

barcode analysis of butterfly species from Pakistan points towards regional
endemism. Mol Ecol Res 13: 832-843.

Mutanen M, Kaila L, Tabell J (2013) Wide-ranging barcoding aids discovery of
one-third increase of species richness in presumably well-investigated moths.
Scientific Reports 3: 2901.

Hausmann A, Godfray JCJ, Huemer P, Mutanen M, Rougerie R, et al. (2013)
Genetic patterns in European Geometrid moths revealed by the Barcode Index
Number (BIN) system. PLoS ONE 8: ¢84518.

Landry J-F, Hebert PDN (2013) Plutella australiana (Lepidoptera, Plutellidae),
an overlooked diamondback moth revealed by DNA barcodes. ZooKeys 327:
43-63.

Boykin LM, Shatters RG], Rosell RC, McKenzie CL, Bagnall RA, et al. (2007)
Global relationships of Bemisia tabaci (Hemiptera: Aleyrodidae) revealed using
Bayesian analysis of mitochondrial COI DNA sequences. Mol Phylogenet Evol
44: 1306-1319.

Boykin LM, Armstrong K, Kubatko L, De Barro P (2012) Species delimitation
and global biosecurity. Evol Bioinform 8: 1-37.

Ahmed MZ, De Barro PJ, Olleka A, Ren SX, Mandour NS, et al. (2012) Use of
consensus sequences and genetic networks to identify members of the Bemisia
tabaci cryptic species complex in Egypt and Syria. J App Entomol 136: 510-519.
Thompson JD, Higgins DG, Gibson TJ (1994) ClustalW: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res 22: 4673-4680.

Puillandre N, Lambert A, Brouillet S, Achaz G (2012) ABGD, automated
barcode gap discovery for primary species delimitation. Mol Ecol 21: 1864
1877.

Meier R, Kwong S, Vaidya G, Ng PKL (2006) DNA barcoding and taxonomy
in Diptera: a tale of high intraspecific variability and low identification success.

Syst Biol 55: 715-728.

. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, et al. (2012)

MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across
a large model space. Syst Biol 61: 539-542.

Goloboff P, Farris J, Nixon K (2003) T.N.T.: Tree Analysis Using New
Technology. Program and documentation available from the authors, and at
www.zmuc.dk/public/phylogeny.

PLOS ONE | www.plosone.org

14

67.

68.

69.

70.

71.

72.

73.

74.

76.

78.

79.

80.

81.

82.

83.

84.

Barcode Analysis of Bemisia tabaci Complex

Goloboft PA (1999) Analyzing large data sets in reasonable times: solutions for
composite optima. Cladistics 15: 415-428.

Fu'Y (1997) Statistical tests of neutrality of mutations against population growth,
hitchhiking and background selection. Genetics 147: 915-925.

Tajima I (1989) Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics 123: 585-595.

Librado P, Rozas J (2009) DnaSP v5: A software for comprehensive analysis of
DNA polymorphism data. Bioinformatics 25: 1451-1452.

Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: A new series of programs
to perform population genetics analyses under Linux and Windows. Mol Ecol
Res 10: 564-567.

Teacher AGF, Griffiths DJ (2011) HapStar: automated haplotype network
layout and visualization. Mol Ecol Res 11: 151-153.

Sattar MN, Kvarnheden A, Saced M, Briddon RW (2013) Cotton leaf curl
disease - an emerging threat to cotton production worldwide. J Gen Virol 94:
695-710.

Wang P, Ruan Y-M, Liu S-S (2010) Crossing experiments and behavioral
observations reveal reproductive incompatibility among three putative species of
the whitefly Bemisia tabaci. Insect Sci 17: 508-516.

. Yolanda J, Peters SM, Weland C, Ivanova N, Yancy HF (2013) Potential use of

DNA barcodes in regulatory science: identification of the US Food and Drug
Administration’s “dirty 22" contributors to the spread of foodborne pathogens.
J Food Protect 6: 144-149.

Briski E, Cristescu ME, Bailey SA, Maclsaac HJ (2011) Use of DNA barcoding
to detect invertebrate invasive species from diapausing eggs. Biol Invasions 13:
1325-1340.

. Dejean T, Valentini A, Miquel C, Taberlet P, Bellemain E, et al. (2012)

Improved detection of an alien invasive species through environmental DNA
barcoding: the example of the American bullfrog Lithobates catesbeianus. J Appl
Entomol 49: 953-959.

Hameed S, Hameed S, Sadia M, Malik SA (2012) Genetic diversity analysis of
Bemisia tabaci populations in Pakistan using RAPD markers. Elect J Biotech 15:
(DOI:10.2225/voll 5-issueb-fulltext-5).

Rekha AR, Maruthi MN, Muniyappa V, Colvin J (2005) Occurence of three
genotypic clusters of Bemisia tabaci and the rapid spread of the B biotype in
South India. Entomol Exp Appl 117: 221-233.

Mugerwa H, Rey MEC, Alicai T, et al. (2012) Genetic diversity and geographic
distribution of Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) genotypes
associated with cassava in East Africa. Ecol Evol 2: 2749-2762.

Chu D, Wan FH, Zhang YU, Brown JK (2010) Change in the biotype
composition of Bemisia labaci in Shandong province of China from 2005 to
2008. Environ Entomol 39: 1028-1036.

Chu D, Tao YL, Chi H (2012) Influence of plant combinations on population
characteristics of Bemisia tabaci biotypes B and Q. J Econ Entomol 105: 930—
935.

Panhwar GR, Arain AR (2011) Evaluation of two methods transmission
techniques of BSCV/CLCuV disease and their reponse to different cotton
cultivars. Pakistan Cotton 55: 1-5.

Farooq J, Farooq A, Riaz M, Shahid MR, Saced F, et al. (2014) Cotton leaf curl
virus disease a principle cause of decline in cotton productivity in Pakistan (a
mini review). Can J Plant Prot 2: 9-16.

August 2014 | Volume 9 | Issue 8 | 104485


www.zmuc.dk/public/phylogeny

