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Abstract
This study was undertaken to assess the genetic diversity and host plant races ofM. vitrata
population in South and Southeast Asia and sub-Saharan Africa. The cytochrome c oxidase

subunit 1 (cox1) gene was used to understand the phylogenetic relationship of geographi-

cally differentM. vitrata population, but previous studies did not include population from

Southeast Asia, the probable center of origin forMaruca, and from east Africa. Extensive

sampling was done from different host plant species in target countries. Reference popula-

tions from Oceania and Latin America were used. An amplicon of 658 bp was produced by

polymerase chain reaction, and 64 haplotypes were identified in 686M. vitrata individuals.
Phylogenetic analysis showed no difference among theM. vitrata population from different

host plants. However, the results suggested thatM. vitrata has formed two putative subspe-

cies (which cannot be differentiated based on morphological characters) in Asia and sub-

Saharan Africa, as indicated by the high pairwise FST values (0.44–0.85). The extremely

high FST values (�0.93) ofMaruca population in Latin America and Oceania compared to

Asian and African population seem to indicate a different species. On the continental or larg-

er geographical region basis, the genetic differentiation is significantly correlated with the

geographical distance. In addition, two putative species ofMaruca, includingM. vitrata
occur in Australia, Indonesia and Papua New Guinea. The negative Tajima’s D and Fu’s FS
values showed the recent demographic expansion ofMaruca population. The haplotype

network and Automatic Barcode Gap Discovery analyses confirmed the results of phyloge-

netic analysis. Thus, this study confirmed the presence of three putativeMaruca species, in-
cluding one in Latin America, one in Oceania (including Indonesia) andM. vitrata in Asia,

Africa and Oceania. Hence, the genetic differences inMaruca population should be careful-

ly considered while designing the pest management strategies in different regions.
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Introduction
Legume pod borer,Maruca vitrata (F.) (syn.M. testulalis) (Lepidoptera: Crambidae), is consid-
ered as the most serious pest of food legumes in tropical Asia, sub-Saharan Africa, South Amer-
ica, North America, Australia and the Pacific [1].M. vitrata can feed on at least 45 different
host plant species, mostly on legumes as well as two non-legume species, in tropical Asia and
sub-Saharan Africa [1–4]. It is reported as a major pest on different cultivated legume species
(Vigna unguiculata subsp. sesquipedalis, V. radiata, V.mungo, Cajanus cajan, Lablab purpur-
eus, Phaseolus angularis, P. vulgaris, Sesbania cannabina, S. grandiflora and Glycine max) year-
round in South and Southeast Asia. There are relatively few cultivated legumes that serve as
host plants forM. vitrata in sub-Saharan Africa, although cowpea (V. unguiculata) is the pre-
dominant host. The majority ofM. vitrata population occur on perennial leguminous shrub or
tree hosts, particularly during the main dry season [3,5]. Moths and larvae ofM. vitrata are
nocturnal. Female moths prefer to lay eggs on the floral buds. Larvae create webs on floral
buds, flowers and pods, inside of which they feed on the various plant parts [1]. Infestation that
starts in the terminal shoots but later spreads to the reproductive structures [6], is highest on
flowers, followed by floral buds, pods, and leaves [1,7]. The mature larvae, especially from the
third instar, are capable of damaging pods and occasionally the peduncle and stems [8]. Up to
80% of yield losses have been reported in various vegetable and grain legumes due toM. vitrata
damage [9–12].

M. vitrata is believed to be the onlyMaruca species causing economic damage on food le-
gumes. Seven otherMaruca species viz.,M. amboinalis (Felder 1875),M. aquitilis (Guérin-
Méneville 1832),M. bifenestralis (Mabille 1880),M. fuscalis (Yamanaka 1998),M. nigroapicalis
(Joannis 1930),M. simialis (Snellen 1882) andM. testulalis (Geyer, 1832) are mentioned in the
genusMaruca [13]. However,M. testulalis was found to be synonymous withM. vitrata (Fabri-
cius 1787). BesidesM. vitrata, only two other species,M. amboinalis andM. nigroapicalis, have
been described, and the latter was never found again after the first description [14–16]. They
were observed in the Indo-Malaysian and Tonkin area, the most probable center of origin for
the genusMaruca. The question that remains unanswered is whether the speciesM. vitrata is
composed of any cryptic species. A recent study has shown evidence for the presence of multi-
ple uniqueMaruca species or subspecies worldwide [17]. Two forms ofM. vitrata were re-
ported in Australia [18]. WhetherM. vitrata is a species or species complex, has implications
for the management of this pest, especially for using pheromones for monitoring and/or mass-
trapping, since pheromones are an important component in integrated pest management
(IPM) strategies.

(E,E)-10,12-hexadecadienal was identified as the major component ofM. vitrata sex phero-
mone [19], whereas (E,E)-10,12-hexadecadienol, and (E)-10-hexadecenal were identified as
minor components [20]. Re-examination ofM. vitrata sex pheromone revealed two new com-
ponents such as (E)-10-hexadecenol and (Z,Z,Z,Z,Z)-3,6,9,12,15-tricosapentaene [21]. Varia-
tions have been observed in the responses ofM. vitratamales to synthetic sex pheromone lures
over various geographical locations in sub-Saharan Africa and tropical Asia. A synthetic sex
pheromone developed forM. vitrata consisting of (E,E)-10,12-hexadecadienal, (E,E)-
10,12-hexadecadienol, and (E)-10-hexadecenal attracted maleM. vitratamoths in Benin and
Ghana, while (E,E)-10,12-hexadecadienal alone was most effective in Burkina Faso [22]. Nei-
ther pheromone was effective in Taiwan [23], while a variant blend was effective in India [21].
It is imperative to assess the homogeneity ofM. vitrata population to develop pheromone-
based control methods.

DNA polymorphism in mitochondrial and nuclear genes has been used for insect molecular
systematics and diagnostics. Sequences of the mitochondrial cytochrome oxidase I and II (cox1
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and cox2) genes and internal transcribed spacer 1 (ITS1) and 2 (ITS2) regions are commonly
used to differentiate species or cryptic species within a species complex. Molecular phylogeny
using these DNA sequences has been well established in thrips [24], whiteflies [25] andM.
vitrata [17]. Indo-Malaysian region is considered to be the center of origin forM. vitrata [15]
and there are no earlier reports available onM. vitrata in this region. Hence, the aim of our
study was to assess the genetic diversity and host plant races ofM. vitrata population in South
and Southeast Asia and sub-Saharan Africa on different host plant species, and to determine if
subspecies have been formed.

Materials and Methods

Ethics Statement
No specific permits were required for the described studies, and no specific permissions were
required for these locations/activities. We confirm that samples were taken from non-endan-
gered, non-protected species on open, public lands.

Insect sampling
For this study, a total of 77 differentM. vitrata population containing 686 individuals from 22
host plants covering 13 genera (Sesbania cannabina, S. grandiflora, S. rostrata, S. vesicaria,
Vigna unguiculata, V. unguiculata. subsp. sesquipedalis, V. radiata, V. angularis, V. cylindrica,
V. sinensis, Phaseolus sp., P. vulgaris, Cajanus cajan, Psophocarpus tetragonolobus, Pterocarpus
santalinoides, Canavalia sp., Pueraria phaseoloides, Dolichos lablab, Lonchocarpus cyanescens,
Tephrosia bracteolata, Crotalaria juncea and Centrosema pubescens) in 10 countries, viz., Ban-
gladesh (24°12’N 89°08’E), Benin (6°45’N 2°38’E to 6°58’N 1°39’E, 7°01’N 2°37’E to 7°53’N 2°
05’E, 8°05’N 2°32’E to 8°51’N 2°36’E, 9°17’N 2°52’E to 9°44’N 1°40’E, 58’68N 3°15’16E and 11°
37’81N 3°10’74E), Indonesia (7°42’S 110°31’E), India (11°61’N 78°01’E, 12°95’N 77°63’E, 23°
33’N 85°31’E, 22°55’N 72°95’E and 30°91’N 75°85’E), Kenya (0°19’S 34°11’E to 0°80’S 34°72’E
and 0°42’S 37°57’E to 0°57’S 37°62’E), Lao PDR (16°30’N 104°49’E to 16°58’N 104°44’E, 17°
03’N 104°46’E to 17°51’N 102°38’E, 18°21’N 102°32’E to 18°25’N 102°28’E and 19°24’N 102°
06’E to 19°56’N 102°13’E), Malaysia (2°33’N 102°21’E, 2°78’N 101°99’E, 6°19’N 102°11’E, 3°
00’N 101°71’E, 3°06’N 101°61’E, 3°42’N 102°50’E, 3°49’N 101°94’E, 4°47’N 101°47’E and 5°
19’N 116°15’E to 5°89’N 116°78’E), Taiwan (22°46N 120°29’E to 23°12N 120°30’E), Thailand
(13°53’N 100°01E, 14°01N 99°57’E, 14°10N 100°46’E and 15°12N 99°51’E) and Vietnam (14°
50’N 105°49’E, 20°06’N 105°05’E to 21°23’N 106°00”E, 11°16’N 108°05”E and 10°42’N
105º26”E) were collected from the field, and preserved in 95% ethanol.

DNA Extraction
We followed two methods using locally available kits following manufacturers’ instructions
with slight modifications. In the first method, DNA was extracted from a single insect using
Easy DNA High-speed Extraction Tissue Kit (Saturn Biotech, Taiwan). The whole insect was
placed on Whatman filter paper, washed with double distilled water, and allowed to dry for 5
min. The head was dissected using a sterile knife and forceps, and transferred to eppendorf
tubes containing 32 μl of Solution 1A and 8 μl of Solution 1B. The tubes were vortexed for 10 s
and moved to the dry heater for 20 min at 95 °C. After cooling, 10 μl of Solution 2 was added,
and the mixture was stored in aliquots (20 μl and 30 μl) at -20 °C. In the second method, DNA
was extracted from a single insect using BuccalAmp DNA Extraction Kit (Epicentre, through
Bio-Genesis Technologies, Inc., Taipei, Taiwan). In this method, a 0.5–1 cm long piece was cut
below the head and transferred to eppendorf tubes containing 50 μl extraction solution, each.
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The samples were vortexed for 15 s, incubated in a water bath for 30 min at 65 °C, vortexed
again for 15 s and moved to a dry heater for 15 min at 98 °C. The DNA solution was treated
with RNase and stored in aliquots (20 μl and 30 μl) at -20 °C.

Polymerase chain reaction (PCR) and DNA sequencing
The universal cox1 primer pair (HC02198 5Rev'-TAA ACT TCA GGG TGA CCA AAA AAT
CA-3' and LCO1490: 5'For-GGT CAA CAA ATC ATA AAG ATA TTG G-3') reported by Fol-
mer et al. [26] was used to amplify the partial sequence of the cox1 gene of singleM. vitrata lar-
vae. DNA was quantified using spectrophotometry and analytical gel densitometry before
performing PCR. PCR was performed in a total reaction volume of 25 μl containing 75 ng of
DNA template, 1X PCR buffer, 0.6 mMMgCl2, 0.15 mM dNTPs, 0.5 μM of each forward and
reverse primer, 0.015 unit/μl Taq polymerase (Super-Therm Gold DNA Polymerase, Catalogue
No. JMR851, JMR Holdings, UK) and 12.75 μl of sterile distilled water. PCR was performed in
a MJ Research Thermocycler (PTC200 DNA Engine Cycler, Bio-Rad Laboratories, Inc.) follow-
ing the profile: 95 °C for 10 min followed by 4 cycles of 95 °C for 30 s, 55 °C for 45 s and 72 °C
for 1.30 min, followed by 30 cycles of 95 °C for 30 s, 50 °C for 45 s, 72 °C for 45 s with the final
extension at 72 °C for 8 min. After amplification, 5 μl of the PCR product of each sample was
analyzed by electrophoresis on 1.5% agarose gels containing ethidium bromide. Bands were re-
vealed and photographed under ultraviolet light. After electrophoresis, the remaining PCR
products were used for sequencing with the previously mentioned forward and reverse primers,
using ABI 3730XL systems at Genomics Bioscience and Technology Company Limited,
Taiwan.

Molecular divergence and population genetic analyses
The cox1 sequences were aligned and edited using BioEdit version 7.0 [27]. The obtained se-
quences were aligned with the mitochondrion genome reference sequences from National Cen-
ter for Biotechnology Information (NCBI) GenBank (GenBank accession numbers HM751150,
KJ466365 and NC024099) to confirm that the amplified gene region is located in the mitochon-
dria only. Subsequently, the sequences were examined for polymorphism among theMaruca
population collected from different locations or host plants. Reference sequences fromM. vitrata
population from Latin America [28] and Oceania [29] were obtained from the NCBI GenBank
database and the International Barcode of Life project (iBOL). The number of variable nucleo-
tide sites, number of haplotypes, nucleotide diversity and haplotype diversity were calculated for
investigating the cox1 sequence diversity using DnaSP 5.10 software [30]. Statistical tests of Taji-
ma’s D and Fu’s FS values were used to detect the deviation from the neutral model of evolution
using DnaSP 5.10. Tajima’s D uses mutation frequencies in the sequences to identify if a popula-
tion has undergone a recent population expansion event, and is determined by the difference be-
tween average number of nucleotide differences and the number of segregating sites estimated
from pair-wise comparisons [31]. Fu’s FS test uses information from the haplotype distribution
in a sample. The test estimates the probability of observing a random sample with equal or less
singletons than the observed given a level of diversity. The test is based on the infinite site muta-
tion model, and assumes that all of the alleles are selectively neutral.

The genetic structure ofM. vitrata population based on cox1 sequences was examined by
Analysis of Molecular Variance (AMOVA) using Arlequin 2.001 [32,33]. This method was
used to partition the genetic variance within population, among population within groups and
among groups. The population was grouped either by geographical location (regions) based on
phylogenetic tree or by host plant species (Table 1). Due to the strong differentiation found
among the reference population ofMaruca in Oceania and Latin America, we conducted
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Table 1. List of identifiedMaruca vitrata haplotypes with their geographical origin and host plants.

Haplotype Representative
sample

Haplotype
frequency

NCBI GenBank
(accession number)

Population

1 DL-9 1 KM987699 Lao PDR (Sesbania vesicaria)

2 HL-1 2 KM987700 Lao PDR (Phaseolus sp.)

3 CD-8 1 KM987701 India (Vigna unguiculata)

4 BV-2 1 KM987702 Vietnam (V. cylindrica)

5 VL-3 1 KM987703 Lao PDR (V. unguiculata subsp. sesquipedalis)

6 VLX-3 2 KM987704 Lao PDR (V. unguiculata subsp. sesquipedalis)

7 VV5-5 1 KM987705 Vietnam (V. unguiculata subsp. sesquipedalis)

8 SW-1 225 KM987706 Bangladesh (V. unguiculata), Benin (Pterocarpus santalinoides), India (V.
unguiculata; Phaseolus vulgaris; Cajanus cajan; Dolichos lablab),
Indonesia (Sesbania grandiflora), Lao PDR (S. vesicaria; V. radiata; C.
cajan; V. unguiculata subsp. sesquipedalis), Malaysia (V. sinensis; P.
vulgaris; V. unguiculata subsp. sesquipedalis), Taiwan (Sesbania
cannabina; S. grandiflora; Canavalia sp.; V. unguiculata; V. unguiculata
subsp. sesquipedalis; C. cajan; D. lablab; V. angularis), Thailand (S.
grandiflora; V. radiata; V. unguiculata subsp. sesquipedalis;
Psophocarpus tetragonolobus), Vietnam (V. cylindrica; S. grandiflora; V.
radiata; P. vulgaris; V. unguiculata subsp. sesquipedalis; P.
tetragonolobus)

9 MVM-1 2 KM987707 Vietnam (V. Radiata), Lao PDR (V. unguiculata subsp. sesquipedalis)

10 YW-6 1 KM987708 Taiwan (D. lablab)

11 VV14-2 1 KM987709 Vietnam (V. unguiculata subsp. sesquipedalis)

12 AW-5 1 KM987710 Taiwan (Canavalia sp.)

13 VLH-2 1 KM987711 Lao PDR (V. unguiculata subsp. sesquipedalis)

14 BV-1 1 KM987712 Vietnam (V. cylindrica)

15 CG-7 1 KM987713 Bangladesh (V. unguiculata)

16 VLV-2 1 KM987714 Lao PDR (V. unguiculata subsp. sesquipedalis)

17 MVM-5 1 KM987715 Vietnam (V. radiate)

18 IM-5 3 KM987716 Malaysia (V. sinensis)

19 OVB-2 1 KM987717 Vietnam (P. vulgaris)

20 BV-12 1 KM987718 Vietnam (V. cylindrica)

21 HL-7 2 KM987719 Lao PDR (Phaseolus sp., V. unguiculata subsp. sesquipedalis)

22 HL-8 2 KM987720 Lao PDR (Phaseolus sp.), Taiwan (V. angularis)

23 IMS-9 32 KM987721 Benin (Canavalia sp., V. unguiculata, Pueraria phaseoloides, Sesbania
rostrata, Tephrosia bracteola, Pterocarpus santalinoides), Kenya (V.
unguiculata, P. phaseoloides, Crotalaria juncea, P. vulgaris, D. lablab),
Lao PDR (V. unguiculata subsp. sesquipedalis), Malaysia (V. sinensis),
Taiwan (V. unguiculata, V. unguiculata subsp. sesquipedalis)

24 TB-7 1 KM987722 Benin (T. bracteola)

25 PKM-5 1 KM987723 Kenya (C. cajan)

26 TB-1 1 KM987724 Benin (T. bracteola)

27 LB-10 1 KM987725 Benin (Lonchocarpus cyanesens)

28 AB-1 1 KM987726 Benin (Canavalia sp.)

29 EB-5 1 KM987727 Benin (P. phaseoloides)

30 RB-10 15 KM987728 Benin (Canavalia sp., V. unguiculata, P. phaseoloides, L. cyanesens, S.
rostrata, T. bracteola, P. santalinoides), Kenya (V. unguiculata, C. cajan,
P. vulgaris)

31 UB-9 2 KM987729 Benin (S. rostrata, P. santalinoides)

32 TB-6 1 KM987730 Benin (T. bracteola)

33 CB-9 2 KM987731 Benin (V. unguiculata, L. cyanesens)

34 NK-8 4 KM987732 Kenya (C. cajan, P. vulgaris, Centrosema pubescens, T. bracteola)

(Continued)
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Table 1. (Continued)

Haplotype Representative
sample

Haplotype
frequency

NCBI GenBank
(accession number)

Population

35 YK-4 143 KM987733 Benin (Canavalia sp., V. unguiculata, P. phaseoloides, L. cyanesens, S.
rostrata, T. bracteola, P. santalinoides), Kenya (V. unguiculata, P.
phaseoloides, C. juncea, C. pubescens, P. vulgaris, C. cajan, T. bracteola,
D. lablab)

36 VL-11 1 KM987734 Lao PDR (V. unguiculata subsp. sesquipedalis)

37 IMU-9 2 KM987735 Malaysia (V. sinensis)

38 OV-5 2 KM987736 Vietnam (P. vulgaris, V. cylindrica)

39 ODB-6 29 KM987737 India (V. unguiculata, P. vulgaris), Lao PDR (Phaseolus sp., V.
unguiculata subsp. sesquipedalis), Malaysia (V. sinensis), Taiwan (S.
grandiflora, V. radiata, D. lablab), Thailand (S. grandiflora, V. unguiculata
subsp. sesquipedalis, P. tetragonolobus), Vietnam (V. radiata; V.
unguiculata subsp. sesquipedalis)

40 YDR-1 6 KM987738 India (D. lablab)

41 WT-7 1 KM987739 Thailand (P. tetragonolobus)

42 VLS-7 1 KM987740 Lao PDR (V. unguiculata subsp. sesquipedalis)

43 VW-13 1 KM987741 Taiwan (V. unguiculata subsp. sesquipedalis)

44 GV-3 1 KM987742 Vietnam (S. grandiflora)

45 XM-6 1 KM987743 Malaysia (V. unguiculata subsp. sesquipedalis)

46 VT-1 20 KM987744 India (D. lablab), Lao PDR (V. unguiculata subsp. sesquipedalis), Taiwan
(S. grandiflora, V. radiata, V. unguiculata), Thailand (S. grandiflora, V.
radiata, V. unguiculata subsp. sesquipedalis), Vietnam (V. radiata, P.
vulgaris, V. unguiculata subsp. sesquipedalis)

47 YDR-6 1 KM987745 India (D. lablab)

48 VLH-9 2 KM987746 Lao PDR (V. unguiculata subsp. sesquipedalis), Malaysia (V. sinensis)

49 CN-5 2 KM987747 Indonesia (V. unguiculata)

50 XM-8 1 KM987748 Malaysia (V. unguiculata subsp. sesquipedalis)

51 VVB-2 1 KM987749 Vietnam (V. unguiculata subsp. sesquipedalis)

52 MT-3 1 KM987750 Thailand (V. radiate)

53 VLS-9 1 KM987751 Lao PDR (V. unguiculata subsp. sesquipedalis)

54 PM-1 143 KM987752 Bangladesh (V. unguiculata), India (V. unguiculata; C. cajan), Indonesia
(S. grandiflora, V. unguiculata), Lao PDR (S. vesicaria, Phaseolus sp., V.
radiata, V. unguiculata subsp. sesquipedalis), Malaysia (V. sinensis, P.
vulgaris, C. cajan, V. unguiculata subsp. sesquipedalis), Taiwan (S.
cannabina, Canavalia sp., V. radiata, V. unguiculata, V. unguiculata subsp.
sesquipedalis, D. lablab), Thailand (V. radiata; P. tetragonolobus),
Vietnam (V. cylindrica, V. radiata, P. vulgaris, V. unguiculata subsp.
sesquipedalis, P. tetragonolobus)

55 OM-2 1 KM987753 Malaysia (P. vulgaris)

56 MVB-4 1 KM987754 Vietnam (V. radiate)

57 MV-11 1 KM987755 Vietnam (V. radiate)

58 HL-6 2 KM987756 Lao PDR (Phaseolus sp.), Taiwan (V. unguiculata subsp. sesquipedalis)

59 ZW-2 1 KM987757 Taiwan (V. angularis)

60 ML-4 1 KM987758 Lao PDR (V. radiata)

61 PW-4 1 KM987759 Taiwan (C. cajan)

62 WT-3 1 KM987760 Thailand (P. tetragonolobus)

63 VLN-7 1 KM987761 Lao PDR (V. unguiculata subsp. sesquipedalis)

64 GW-10 1 KM987762 Taiwan (S. grandiflora)

doi:10.1371/journal.pone.0124057.t001
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another AMOVA on the species groups based on Automatic Barcoding Gap Discovery (ABGD)
tree. Levels of significance were determined through 1000 random permutation replicates. Pair-
wise FST values used to appraise the genetic structure among population were obtained with
1000 permutations and at the significance level of 0.05 using the Kimura 2-parameter (K2P)
model [34]. A Mantel test was performed with the web tool isolation by distance (version IBD
3.23) [35] to examine the correlation between genetic differentiation (FST) and geographic dis-
tance. The Euclidean distances between populations were measured based on a strategic central
location in a collection region in the country. For the continent / region based analysis, we chose
a strategic central country in a continent / region to measure the shortest straight distance.

Phylogenetic, species delineation and haplotype network analyses
The FASTA formatted cox1 sequences were imported into the MEGA 5 software package se-
quence alignment application and a multiple sequence alignment was performed with Clus-
talW algorithm using default parameters [36]. The insects that showed 100% nucleotide
similarities were designated as a single cox1 haplotype and the others showing different se-
quence polymorphisms were designated as different cox1 haplotypes (Table 1). cox1 sequences
ofM. vitrata population from Australia, China, Indonesia, Pakistan, Philippines, Papua New
Guinea, sub-Saharan Africa (Cameroon, Gabon, Ghana, Kenya, Nigeria), and Latin America
(Argentina, Bolivia, Brazil, Costa Rica, French Guiana, Mexico, Panama) obtained from i-BOL
as well as from NCBI GenBank were used as reference sequences. The aligned sequences were
used for phylogenetic analysis.

Maximum likelihood (ML) and Maximum parsimony (MP) phylogenetic analyses were
used to identify major clades and to evaluate the relationships among the haplotypes of the
cox1 sequences. The appropriate model of sequence evolution, including model parameters,
was calculated using corrected Akaike Information Criterion (AICc value) with MEGA 5, and
resulted in T92+G (Tamura 3 with Gamma shape parameter) as the best model [36]. The
model was also selected based on partitioning by codon position. With those settings, a heuris-
tic search was performed (nearest neighbor interchange algorithm starting tree obtained via
neighbor joining). For ML analysis, non-uniformity of evolutionary rates among sites was
modeled by using a discrete Gamma distribution (+G) with 5 rate categories. Whenever appli-
cable, estimates of gamma shape parameter were included. The clustering probabilities of each
resulting phylogenetic tree node were statistically tested by a bootstrap method consisting of
1000 replicates. MP analyses were performed in MEGA 5 employing a heuristic search, using
tree bi-section-reconnection (TBR) branch swapping, with simple, closest, random (50 replica-
tions) taxon addition. The initial unweighted parsimony analysis of the full nucleotide
dataset also included 1000 bootstrap replications. Posterior probabilities were calculated by
constructing a 50% majority rule consensus tree of the stationary trees. All trees were rooted by
the outgroup Ostrinia nubilalis.

To validate the results of phylogenetic analysis, we evaluated the primary species hypothesis
using a molecular species delineation method, Automatic Barcode Gap Discovery (ABGD).
ABGD is an automated procedure that clusters sequences into candidate species based on pair-
wise distances by detecting differences between intra- and interspecific variation without a pri-
ori species hypothesis [37]. The program requires two user-specified values: P (prior limit to
intraspecific diversity) and X (proxy for minimum gap width). We analyzed the coxI sequences
in the web-server of ABGD http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html using the
Kimura K80 model, a default gap width of 1.55 and the P value from 0.001 to 0.1.

We also examined the genealogical relationships amongM. vitrata cox1 sequences by estab-
lishing a median-joining haplotype network with the software Network 4.6 (Fluxus Technology
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Ltd, Suffolk, UK) using an epsilon value of 10 and maximum parsimony post-processing that
removed superfluous nodes and links [38], and also downweighting the hypervariable charac-
ters. Transversions were weighted three times as high as transitions.

Results

cox1 haplotype variation inM. vitrata population
The universal cox1 primer pair (HC02198 and LCO1490) successfully amplified PCR products
of 709 bp size in differentM. vitrata population. Although the sequence alignment and editing
resulted in a consensus sequence of 626 bp across allM. vitrata population, we used 615 bp
consensus sequences to maximize the number of possible reference sequences to be included in
this study. The sequence data of haplotypes identified in the current study were submitted to
the NCBI GenBank (accession number: KM987699–KM987762). Analysis of the average nu-
cleotide compositions in theM. vitrata cox1 gene fragments showed high A+T content
(70.22%) and low content of G+C (29.78%), which was consistent with the AT- rich nature of
the cox1 gene. A total of 50 substitution mutations were detected, with 45 being transition mu-
tations (ratio of transitions to transversions = ts/tv = k = 3.17), resulting in a transition to trans-
version bias of (R) = 2.716.

In total, 64 cox1 haplotypes were identified in 686M. vitrata individuals based on sequence
similarity at 47 polymorphic sites, of which 17 were parsimony informative. The largest haplo-
type (Haplotype 8) contain 225M. vitrata individuals, of which all samples were collected from
Asian countries, except one from Benin (Table 1). Although Haplotype 8 had moreM. vitrata
individuals, most of them were sampled from Asian countries, it had only two out of 20 indi-
viduals originating from Magelang, central Java, Indonesia. Two haplotypes (Haplotype 35 and
Haplotype 54), each with 143M. vitrata individuals, formed the second largest haplotype
group. Haplotype 35 containsM. vitrata from sub-Saharan Africa, whereas Haplotype 54 had
M. vitrata from Asian countries. Interestingly, 16 out of 20M. vitrata individuals collected
from central Java in Indonesia fell only within Haplotype 54. The third largest haplotype (Hap-
lotype 23) containing 32M. vitrata individuals, mostly individuals from Africa, also included a
fewM. vitrata individuals from Lao PDR, Malaysia and Taiwan. The mitochondrion genome
reference sequence from NCBI GenBank (HM751150) also aligned with Haplotype 23. Haplo-
type 39 and Haplotype 46 contained 29 and 20 individuals, respectively, all of which had been
collected only from target Asian countries, except Indonesia (Central Java). Haplotype 30 con-
tained 15M. vitrata individuals that originated from African countries. Six out of 10M. vitrata
individuals originating from Jharkhand, India formed a unique haplotype (Haplotype 40).
FourM. vitrata individuals from Kenya and three from Malaysia formed haplotypes 34 and 18,
respectively. A total of 12 haplotypes shared two individuals, and the remaining 42 haplotypes
were unique, with only single insects.

Nucleotide diversity is used to measure the degree of polymorphism within a population
[39]. The nucleotide diversity ofM. vitrata population from Kenya was the lowest (0.00087)
with Vietnam being the highest (0.00214), followed by Malaysia, Thailand, Benin and Lao PDR
(Table 2). The total nucleotide diversity of allM. vitrata population from sampled countries
was 0.00309. The haplotype diversity is a measure of the uniqueness of a particular haplotype
in a given population [40]. The haplotype diversity value was lowest in Kenya, followed by In-
donesia; it was highest in Thailand, followed by Benin and Vietnam. The total haplotype diver-
sity value of allM. vitrata population from sampled countries was 0.801 (Table 2). The lowest
haplotype diversity and nucleotide diversity both occurred in the Kenya population. In con-
trast, although the nucleotide diversity was highest in Vietnam, the highest haplotype diversity
occurred in Thailand. In a total of 64 haplotypes, only 8% of the haplotypes were shared

Molecular Characterization of Geographically DifferentMaruca vitrata

PLOSONE | DOI:10.1371/journal.pone.0124057 April 20, 2015 8 / 24



among multiple countries. Two haplotypes (30 and 35) were shared only by Kenya and Benin
and are specific for the African continent. Similarly, Vietnam and Lao PDR, as well as Lao PDR
and Malaysia, shared one haplotype each. The remaining haplotypes were specific to a particu-
lar country. The number of haplotypes was highest in Lao PDR, followed by Vietnam, and low-
est in Indonesia (Central Java). Since very few samples were collected from Bangladesh, they
were combined with samples from India.

When theM. vitrata samples were analyzed by continent, the highest haplotype numbers
were recorded in Asia, and the lowest haplotype numbers occurred in Oceania (Table 3). How-
ever, Africa had fewer haplotypes than Latin America, although Africa had more than twice
the number ofM. vitrata samples as Latin America. Both Africa and Latin America had less
haplotype diversity than Oceania and Asia. The nucleotide diversity was also less for both Af-
rica and Latin America, whereas it was almost 20- to 30-fold higher for Oceania.

Tajima’s D test did not show any positive value and the values were not significant, except
for Lao PDR population or the overall population (Table 2). When the samples were analyzed
by continent, Tajima’s D test showed negative values for all except the Oceania samples which

Table 2. List of number of samples studied, number of haplotypes, haplotype diversity (h), nucleotide diversity (π), Tajima’sD and Fu’s FS tests
forMaruca vitrata populations from ten countries in South and Southeast Asia, and sub-Saharan Africa.

Country No. of
samples

No. of
haplotypes

Haplotype
diversity (h)

Nucleotide
diversity (π)

Tajima’s
D

Tajima's D (NonSyn/
Syn) ratio

Fu’s FS

India (including
Bangladesh)

57 8 0.619 0.00180 -0.66314 2.74183 -2.319

Thailand 41 7 0.712 0.00189 -0.41528 - -1.672

Lao PDR 98 21 0.645 0.00185 -1.90868* - -19.581**

Vietnam 107 17 0.700 0.00214 -1.55724 0.98528 -10.426**

Malaysia 81 10 0.613 0.00194 -0.85345 - -3.364*

Indonesia (Central
Java)

20 3 0.358 0.00091 -0.87550 0.76967 0.031

Taiwan 83 13 0.641 0.00164 -1.28504 0.81737 -8.044**

Benin 69 12 0.703 0.00188 -0.98528 -1.13421 -6.165**

Kenya 130 5 0.289 0.00087 -0.49067 -0.36717 -1.045

All countries 686 64 0.801 0.00309 -1.96635* 0.66033 -74.078**

** values were significant at P < 0.01

*** values were significant at P < 0.001

doi:10.1371/journal.pone.0124057.t002

Table 3. List of number of samples studied, number of haplotypes, haplotype diversity (h), nucleotide diversity (π), Tajima’sD and Fu’s FS tests
forMaruca vitrata populations from four selected continents / regions.

Continent /
Region

No. of
samples

No. of
haplotypes

Haplotype
diversity (h)

Nucleotide
diversity (π)

Tajima’s D Tajima's D (NonSyn/
Syn) ratio

Fu’s
FS

Africa 199 14 0.464 0.00133 -1.21271 -0.71451 -9.043

Asia 490 54 0.701 0.00311 -2.45557*** 0.66712 -57.941

Oceania 37 10 0.806 0.03816 2.66440** -0.07254 13.618

Latin America 93 16 0.384 0.00193 -2.59704*** 0.60453 -10.779

All continents /
regions

819 81 0.802 0.01223 -1.53255 1.17793 -30.284

** values were significant at P < 0.01

*** values were significant at P < 0.001

doi:10.1371/journal.pone.0124057.t003
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have significant positive values, whereas the values were highly significant for both Asia and
Latin America (Table 3). The negative Tajima’s D values indicated that theM. vitrata popula-
tion in the target countries or in Asia, Africa and Latin America began to expand recently, and
they provide evidence for purifying selection at this locus. However, significantly positive Taji-
ma’s D value for Oceania indicated that theM. vitrata population may have suffered a recent
sharp decline in its size (bottleneck).

Similarly, apart from the Indonesia (Central Java) population (Table 2) or the Oceania pop-
ulation (Table 3), all other population showed negative values for Fu’s FS test with or without
significance. Thus, besides Tajima’s D, a negative value of Fu’s FS for most of our studied popu-
lation is evidence for a possible recent population expansion or genetic drift due to random
sampling. A positive value of Fu’s FS for Indonesia (Central Java) or Oceania population is evi-
dence for the deficiency of alleles due to a recent population decrease.

A 208 residue cox1 amino acid (aa) sequence was derived fromM. vitrata sequence data,
from which multiple sequence alignments predicted four non-synonymous aa changes, with
the serine to glycine mutation at aa position 109, present only in threeM. vitrata individuals
(one from Vietnam and two from Indonesia (Central Java)). A change from isoleucine to valine
at aa position 117 was observed in an individual from India. Another change from leucine to
methionine at aa position 146 was mainly observed in African population in 57% of Benin
samples and 87% of Kenya samples, besides two Asian individuals (each one from Lao PDR
and Taiwan). The fourth mutation at aa position 155 with the isoleucine to valine was observed
in a Vietnam individual. Except for these four non-synonymous mutations, all the other muta-
tions were predicted to be silent.

F-statistics (Fst) and Analysis of Molecular Variance (AMOVA)
The FST values of all population pairwise comparisons were ranged from -0.001 to 0.85
(Table 4). Negative FST values can be interpreted as no genetic differences between the two
populations compared, due to imprecision of the algorithm used [41]. Based on the negative
FST values, India (South), Thailand and Lao PDR population are not significantly different
from the India (Gujarat, GJ) population. Lao PDR (Savannakhet, SK) population is not signifi-
cantly different from the India (South) population. Similarly, Bangladesh, Lao PDR (Vientiane,
VN), Vietnam and Taiwan population are not significantly different from the India (Punjab,
PB) population, and Thailand, Lao PDR (VN), Vietnam and Taiwan population are not signifi-
cantly different from the Bangladesh population. Lao PDR (VN) population is not significantly
different from Taiwan population. Within-country population from Benin, Kenya, Lao PDR,
Malaysia and Vietnam are homogeneous and not significantly different from each other. The
genetic difference of both the Benin and Kenya population from all the Asian population was
highly significant based on pairwise FST values (0.44–0.85; p<0.01). It is interesting to note that
the genetic difference of Benin (South and Central) population from the Kenyan population
was highly significant based on pairwise FST values (0.09–0.26; p<0.01). However, Benin
(North) population is not significantly different from Kenya (Eastern) whereas it is significant-
ly different from Kenya (Nyanza, NYZ) (0.07; p<0.05). Among the Asian population, the ge-
netic difference of the India (Jharkhand, JK) population from all other population was highly
significant. Similarly, the genetic difference of the Indonesia (Central Java, JV) population
from all other population, except the Malaysia (East) population, was also highly significant
(0.11–0.74).

When the samples were analyzed by continent, no negative FST values were found between
any of the samples (Table 5). It can be interpreted that significant genetic differences exist
among the population from different continents / larger geographical regions. Based on the
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significantly higher and positive FST values (0.9370–0.9690; p<0.01), AfricanM. vitrata popu-
lation have greater genetic differentiation from the Oceania (PNG) and Latin American popu-
lation. A significantly high (p<0.01) and positive FST value of>0.5 for South AsiaM. vitrata
population compared to Benin, and all AsianM. vitrata population compared to KenyaM.
vitrata population suggest considerable genetic differentiation from them. AfricanM. vitrata
population has little genetic differentiation from Southeast Asian and a few
Australian populations.

AMOVA analysis was performed with the population grouped as a single group by geo-
graphical distribution (countries and continents) as well as host plants. There is relatively little
differentiation among population within the same country (FSC = 0.0310), among population
within continent (FSC = 0.3905) or among host plant population within countries (FSC =
0.0354) (Tables 6, 7 and 8). There is substantial genetic differentiation amongM. vitrata popu-
lation in four selected continents / regions (FCT = 0.7547). In fact, differences within popula-
tion in various continents / regions alone is nearly responsible for all of the differences (FST =
0.8505). However, both the differences between population in different countries or host
plants, and the differences within all population in various countries or host plants, are almost
equally responsible for all of the differences when the population were analyzed on country or
host plant grouping. Thus, AMOVA analysis revealed that most of the genetic variation oc-
curred amongM. vitrata population from different continents / regions (75.47%). However,

Table 6. Result of AMOVA analysis ofMaruca vitrata populations from nine countries in South- and
Southeast Asia as well as sub-Saharan Africa, based on coxI sequence data.

Source of variation df Sum of
squares

Variance
components

Percentage of
variation

Fixation
indices

Among countries 8 310.25 0.5035** 48.56 ΦCT = 0.4856

Among populations
within countries

11 10.33 0.0166* 1.60 ΦSC =
0.0310

Within all populations 666 344.17 0.5168** 49.84 ΦST = 0.5016

Total 685 664.75 1.0368

* significant at P < 0.05

** highly significant at P < 0.01

doi:10.1371/journal.pone.0124057.t006

Table 5. Pairwise FST values (below diagonal) and distance matrix (above diagonal; in the unit of kilometer) comparing populations ofMaruca
vitrata (continent or larger geographical region based analysis).

Populations 1 2 3 4 5 6 7 8 9

1. Asia (South) 0.0000 1,855 3,555 8,951 5,818 8,124 7,292 16,559 16,135

2. Asia (Southeast) 0.1040 0.0000 2,352 10,637 7,071 6,269 5,498 18,085 17,245

3. Asia (East) 0.0363* 0.0351** 0.0000 12,415 9,294 5,509 4,201 19,303 15,386

4. Africa (Benin) 0.5006** 0.4033** 0.4719** 0.0000 4,127 16,025 16,.049 7,608 9,501

5. Africa (Kenya) 0.7226** 0.6154** 0.7044** 0.1677** 0.0000 11,913 12,044 11,017 13,616

6. Oceania (Australia) 0.2525** 0.4524** 0.2892** 0.3094** 0.5056** 0.0000 1,611 14,964 14,468

7. Oceania (PNG) 0.9430** 0.9629** 0.9536** 0.9370** 0.9664** 0.5915** 0.0000 16,115 14,373

8. Latin America (Others) 0.9578** 0.9472** 0.9608** 0.9402** 0.9690** 0.6203** 0.8946** 0.0000 3,971

9. Latin America (Costa Rica) 0.9543** 0.9467** 0.9564** 0.9446** 0.9641** 0.7755** 0.9478** 0.0373 0.0000

* FST values were significant at P < 0.05

** highly significant at P < 0.01

doi:10.1371/journal.pone.0124057.t005
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when the population was grouped on the basis of countries or host plants, most of the genetic
variation occurred within population (49.19–49.84%) as well as among the countries (48.56%)
or host plants (49.01%), with much smaller amounts occurring among population.

When Mantel test was performed for country-basedM. vitrata population in the current
study, the results revealed no correlation between genetic differentiation (FST) and geographical
distance (R2 = 0.505, p = 0.191) (Fig 1A). For instance, the geographical distance between
Benin (Central) and Malaysia (East) is 12,649 km, but the genetic differentiation (FST) is 0.49.
However, the geographical distance between India (Jharkhand, JK) and Bangladesh is 558 km
only, whereas the genetic differentiation (FST) is 0.34. Hence there is no detectable isolation by
distance for the Asia and AfricaM. vitrata population. However, the results of Mantel test for
continents / larger geographical regions revealed the presence of a significant correlation be-
tween the genetic differentiation among theMaruca populations from Asia, Africa, Oceania
and Latin America, and the geographical distance (R2 = 0.355, p = 0.037) (Fig 1B).

Phylogenetic pattern
The intraspecific phylogenetic relationships based on the cox1 sequences ofM. vitrata are
shown in Fig 2. Phylogenetic analysis based on partial cox1 sequences was used to classifyM.
vitrata collected from different crops in different locations to species level. According to the
maximum parsimony phylogenetic tree in the current study, theM. vitrata population from

Table 8. Result of AMOVA analysis ofMaruca vitrata populations from 22 host plants in South- and
Southeast Asia as well as sub-Saharan Africa, based on coxI sequence data.

Source of variation df Sum of
squares

Variance
components

Percentage of
variation

Fixation
indices

Among host plant
populations

8 310.25 0.5081** 49.01 ΦCT =
0.4901

Among host plant
populations within countries

40 29.63 0.0187** 1.80 ΦSC =
0.0354

Within all populations 637 324.87 0.5100** 49.19 ΦST =
0.5081

Total 685 664.75 1.0368

* significant at P < 0.05

** highly significant at P < 0.01

doi:10.1371/journal.pone.0124057.t008

Table 7. Result of AMOVA analysis ofMaruca populations from four selected continents / regions
based on coxI sequence data.

Source of variation df Sum of
squares

Variance
components

Percentage of
variation

Fixation
indices

Among continents / regions 3 2485.78 4.9343** 75.47 ΦCT =
0.7547

Among populations within
continents / regions

5 224.99 0.6261** 9.58 ΦSC =
0.3905

Within all populations 810 791.64 0.9773** 14.95 ΦST =
0.8505

Total 818 3502.42 6.5378

* significant at P < 0.05

** highly significant at P < 0.01

doi:10.1371/journal.pone.0124057.t007
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target countries was categorized into a single group (Group 1). The referenceM. vitrata popu-
lation from Africa (Cameroon, Gabon, Ghana, Kenya, Nigeria), Asia (China, Pakistan, Philip-
pines) and part of Australia also aligned with our study population from South and Southeast
Asia and sub-Saharan Africa. However, Group 2 was mainly comprised of referenceM. vitrata
population from Indonesia (Kalimantan), Australia and Papua New Guinea. Similarly, Group
3 included all the reference population from Latin America, except one sample from Costa
Rica (HM402516) that formed a separate group (Group 4). Similar results were obtained with
the maximum likelihood and neighbor-joining phylogenetic trees (tree not shown). All the
sampledM. vitrata population formed a unique group, which is quite distinct from theMaruca
population from Latin America and part of Oceania including Indonesia (Kalimantan). Thus,
M. vitrata population from Latin America formed a paraphyletic group (Group 3). Although
they are not as distant as the Oceania group (Group 2) from Group 1, the Latin American pop-
ulation formed a separate clade (Group 3).

Automatic Barcoding Gap Discovery
ABGD analysis resulted in four partitions with a prior of intraspecific divergence up to 0.008
(Fig 3A and 3B). Hence, ABGD tree also clustered the coxI sequences into four groups (putative
species) (Fig 4), which is congruent with the phylogenetic tree. All the sampledM. vitrata pop-
ulation from Asia and Africa formed a unique group, and it is distinct from theMaruca popu-
lation from Latin America and part of Oceania. Interestingly, one population from Costa Rica
(HM402516) formed a separate group, similar to the phylogenetic tree. After constructing the
ABGD tree, the samples were analyzed for F statistics and molecular variance based on ABGD
tree grouping to validate the earlier results. This result is also in agreement with the earlier F
statistics analysis based on country or continent basedMaruca grouping (data not shown).
AMOVA analysis was also performed with theMaruca population grouped in ABGD tree, and
revealed that most of the genetic variation occurred amongMaruca population from different
ABGD Groups (91.85%) (data not shown).

Haplotype network
The haplotype network analysis involving the activeMaruca haplotypes in the current study
also revealed four distinctMaruca species (Fig 5). However, our study population from South
and Southeast Asia and sub-Saharan Africa constituted the same clade. The radial expansion
that occurred in the Asian population (highlighted in yellow in Fig 5), especially in Southeast
Asia, with the largest haplotype (H8) as the founder node may indicate the potential

Fig 1. Genetic isolation-by-distance analysis by regression of genetic differentiation (FST) vs.
geographic distance (km) (A) amongMaruca vitrata population from different countries in Asia and
Africa, and (B) amongMaruca population from different continents or larger geographical regions.

doi:10.1371/journal.pone.0124057.g001
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geographical origin ofM. vitrata population. The population then could have spread to sub-Sa-
haran Africa (highlighted in purple in Fig 5, with H23 as the founder node). Most of the Papua
New Guinea, and a few Australian and Indonesian (Kalimantan)Maruca population formed
the second clade (highlighted in brown in Fig 5); they were very distant from the Asian—Afri-
can clade and the Latin American clade. Although the Latin AmericanMaruca population
formed another major clade (clade 3, highlighted in blue in Fig 5, with ARG-1 as the founder
node), only oneMaruca population from Costa Rica formed a separate clade (clade 4). The
Latin American clades were genetically distant from our Asian and African population. These
results were basically congruent with the topology of the phylogenetic and ABGD trees, indi-
cating distribution of genetic variation due to geographical separation [42].

Discussion
An earlier study demonstrated that the DNA barcoding of the mitochondrial coxl gene is a via-
ble method for determining molecular diversity and global distribution ofM. vitratamitochon-
drial haplotypes [17]. Although it includedM. vitrata population from East Asia, West Africa,
Australia and Puerto Rico, it had excluded Southeast Asia, the most probable center of origin
for the genusMaruca. Our study has included extensive sampling ofM. vitrata population
from most of its host plants in South and Southeast Asia and compared them with the popula-
tion collected from East and West Africa. Despite a broad geographic distribution among sam-
ples in the current study, all the samples fall within a single clade (Group 1), distinct from
Maruca population from Oceania and Latin America. This is consistent with our morphologi-
cal characterization of adultMaruca specimens from Benin, Kenya, Lao PDR, Taiwan, Thai-
land and Vietnam, in which the insects did not differ in their wing venation and the external
genitalia structures ofM. vitrata. Hence, theMaruca species infesting food legumes in these
countries were confirmed asM. vitrata [43].M. vitrata population from Asia and Africa seems
to be genetically similar. An earlier study by Margam et al. [17] also confirmed thatM. vitrata
population from different regions including West Africa (Niger, Nigeria, and Burkina Faso),
Taiwan and Australia formed the single clade in NJ and ME phylogenetic trees. However, it has
to be noted that even subspecies could be sharply genetically differentiated and that FST values
must be at least 0.25–0.30 for subspecies, or races, to be recognized [44–46]. Hence, theM.

Fig 2. Phylogenetic relationship amongMaruca sp. based upon a 615 bpmitochondrial coxI gene
fragments usingmaximum parsimony (MP) algorithm. Countries abbreviated for the reference population
in the phylogenetic tree are as follows: CAM—Cameroon; NGA—Nigeria; GAB—Gabon; KEN—Kenya;
GHA—Ghana; AUS—Australia; PAK—Pakistan; CN—China; PHI—Philippines; CR—Costa Rica; BRZ—
Brazil; MEX—Mexico; ARG—Argentina; PAN—Panama; INDO—Indonesia; PNG—Papua New Guinea.
Groups are marked as below: Red—Group 1; Blue—Group 2; Purple—Group 3; Green—Group 4. Refer to
Table 1 for theM. vitrata population details used in this study.

doi:10.1371/journal.pone.0124057.g002

Fig 3. ABGD analysis- Distribution ofMaruca spp. population K2Pmean divergence in (A) histogram
of distances, and (B) ranked distances.

doi:10.1371/journal.pone.0124057.g003
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vitrata populations in Africa and Indonesia (Central Java) could be two different putative sub-
species in the current study.

In our study, theM. vitrata population may have experienced a recent population expan-
sion, indicated by the negative Tajima’s D and Fu’s FS values for the overall population. Nega-
tive values of Tajima’s D are associated with selective sweeps or population expansion after a
recent sharp decline [31]. Similarly, negative values of Fu’s FS are usually caused by an excess of
singletons in a population expansion event [47,48]. Hence,M. vitrata population in the target
countries in our study could have experienced recent demographic expansion events. The sta-
tistically non-significant numbers indicating recent population growth could have been con-
fined mostly by local geographical regions, except in Lao PDR [49], where demographic
expansion may not be confined to that country alone, as it is relatively small and land-locked.
AlthoughM. vitrata population are speculated to expand locally, a large stable population with
a long evolutionary history might be the case in Vietnam and Thailand which showed high
haplotype and nucleotide diversities [42,50]. Similarly, Benin might have a stable population,
whereas it was not the case for Kenya population. Thus, the population in Thailand, Vietnam
and Benin seem to have attained some stability. Although these populations did not show any
phenotypic variations based on the characterization of adultM. vitrata specimens, earlier stud-
ies documented the different responses ofM. vitratamale moths to the same pheromone
blends in West Africa including Benin [22], India [21], Taiwan [23], Thailand and Vietnam
[51]. Hence, it is possible to speculate about the presence of two different subspecies in South-
and Southeast Asia and in sub-Saharan Africa.

Our results from phylogenetic analysis are similar to the earlier results fromMargam et al.
[17], who showed that theM. vitrata population from Puerto Rico formed a separate clade in

Fig 4. ABGD analysis- K2P divergence based Neighbor-joining tree based on coxI haplotypes. CN5
marked in red box is the population collected from Central Java, Indonesia, whereas two populations in green
box (HQ571111 and LEPKP101) have originated from Kalimantan, Indonesia.

doi:10.1371/journal.pone.0124057.g004

Fig 5. Median-joining haplotype network of the cox1 gene ofMaruca spp. in Asia, Africa, Oceania and
Latin America. cox1 haplotypes found in the study were included in the network analysis. Haplotype frequency
is represented by the size of each node and red nodes represent hypothetical haplotypes (or median vectors).
Asian haplotypes were marked in yellow nodes, African haplotypes in purple nodes, Latin American samples in
blue nodes, and Oceania haplotypes in brown nodes. Nodes (H8 and H23) containing African, Asian and
Australian haplotypes weremarked in green, whereas nodes containing Asian and Australian haplotypes were
marked in grey. Refer to Table 1 for the haplotype numbers and their correspondingM. vitrata population details
used in this study. Countries abbreviated in this figure are as follows: AUSQL—Australia (Queensland);
CRAL—Costa Rica (Alajuela); CRGC—Costa Rica (Guanacaste); MEX—Mexico; ARG—Argentina; PAN—
Panama; IDO—Indonesia (Kalimantan); PNG—Papua NewGuinea.

doi:10.1371/journal.pone.0124057.g005
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NJ and ME phylogenetic trees, and had a higher genetic distance compared to clade 1 (contain-
ing West African, Australian and Taiwanese population) and clade 2 (containing West African
population). However, Margam et al. [17] included population from only one country in Latin
America in their study, and did not include any population from Papua New Guinea and Indo-
nesia. We includedM. vitrata population from Argentina, Brazil, Costa Rica, Mexico and Pan-
ama as reference sequences. AlthoughM. vitrata population from these Latin American
countries formed a separate clade, they are closer to our study population than the OceaniaM.
vitrata population, which mainly came from Papua New Guinea and also from Australia
(Queensland) and Indonesia (Kalimantan). It is interesting to note that Group 1, which con-
tains all our study population including Indonesia (Central Java), with reference population
from different provinces of China, Pakistan and the Philippines, also containsM. vitrata popu-
lation from Australia. From this study, both Indonesia and Australia have two putative species
ofMaruca in total, and this observation was also supported by Herbison-Evans et al. [18], who
reported two forms ofM. vitrata in Australia. Our study confirmed that Indonesia also has two
putative species ofMaruca, as already documented in Australia. It also should be mentioned
that one Papua New Guinea sample (JX970344) from the NCBI GenBank grouped with our
study population, although we did not include it in our phylogenetic analysis because of its
shorter length (589 bp). Hence, it is possible that Australia, Indonesia and Papua New Guinea
may have two putative species ofMaruca. The Indonesian reference population ofM. vitrata
that aligned with a part of Australia and Papua New Guinea population was collected from east
Kalimantan (1.414 N, 115.976 E), whereas our study population from Indonesia that aligned
with Southeast Asian and African population was collected in Magelang (7.467 S 110.217 E),
central Java. Apparently these two populations are two different putative species based on the
phylogenetic as well as ABGD analysis and FST values.

Compared with the Asian and African populations in the current study, theMaruca popula-
tion in Papua New Guinea and Latin America could be two different putative species ofMar-
uca based on the FST values. The Ostrinia species complex is a model for speciation of
Lepidoptera and used as a basis for comparison ofM. vitrata population by Margam et al. [17].
An overall nucleotide diversity of 0.0259 amongM. vitrata cox1 sequences [17] was similar to
the range of 0.0015 to 0.0723 estimated among Ostrinia spp. using cox1 sequence data [52,53],
but higher than the 0.0130 shown between O. nubilalis and O. furnacalismitochondrial ge-
nomes [54]. They also found that the level of mitochondrial variation amongM. vitrata se-
quences was higher than previously reported species of O. furnacalis [55] or O. nubilalis
(0.005–0.008) [56]. Because of the molecular variation withinM. vitrata cox1 samples, Margam
et al. [17] suggested the existence of a species complex; in the current study, the overall nucleo-
tide diversity amongMaruca cox1 sequences from different continents or larger geographical
regions was similar to the value between O. nubilalis and O. furnacalismitochondrial genomes.
Hence, the three-fold higher nucleotide diversity for the OceaniaMaruca population also sug-
gests that it could be a different putative species.

Thus, it is reasonable to infer that Australia, Indonesia and Papua New Guinea have two pu-
tative species based on the genetic differentiation among theMaruca population, nucleotide di-
versity, and phylogenetic analysis. Our study population from Asia and Africa is also
composed of two putative subspecies. Finally, both Oceania, especially Papua New Guinea and
Latin America, have different putative species ofMaruca. These findings are further supported
by the species delineation method, ABGD in the current study. However, theMaruca adult
specimens from Papua New Guinea and Latin America should be validated by characterizing
the wing venation and genitalia characters for the presence of differentMaruca species in fu-
ture studies to establish the exact identity of thoseMaruca species.
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Existence of two different putative species ofMaruca in Australia, Indonesia, and Papua
New Guinea strengthens the center of origin hypothesis forMaruca spp., since the probable
center of origin is considered to be Southeast Asia. The Indo-Malaysian region is known to
have other species ofMaruca, such asM. amboinalis andM. nigroapicalis [14–16]. Besides
other species ofMaruca, this region is also reported to have several species-specific parasitoids
including Therophilus marucae [57,58]. Thus, it is plausible to hypothesize thatMaruca could
have originated in Southeast Asia, especially in the region covering Vietnam, east Malaysia and
parts of Indonesia, such as Kalimantan. The population then could have spread to sub-Saharan
Africa, which was clearly demonstrated in the haplotype network in which the largest haplo-
type that containsM. vitrata from all the target countries in Asia and Africa served as the
founder node.

Although Asia and Africa are two different continents, the continuous land area and the
availability of host plants year-round could have favored the migration ofMaruca. It has to be
noted thatMaruca is a strong flier and could arrive in large numbers. Thus the genetic differ-
ence in theMaruca populations of Asia and Africa is not so significant, although the geograph-
ical distance is higher, as evidenced in the isolation by distance model used in this study.
However, theM. vitrata population within Africa is slowly evolving to be a different putative
subspecies. For instance, alternation of the flowering pattern of a number of wild and cultivated
host plants on a south-north gradient was found to influence the migration of this insect from
coastal areas to dry savannas in West Africa [59]. During this migration,M. vitrata chooses the
most favorable host plants and conditions and thus increases its population exponentially in
each new generation. Such population growth is confined to local regions alone, as supported
by non-significant but negative Tajima’s D value for the AfricanMaruca population in the cur-
rent study. Confinement will maintain the gene flow within local regions, which may enable
the African population to evolve a separate lineage from the AsianM. vitrata population. Be-
sides coxI, the phylogenetic analysis based on the arrestin gene fromM. vitrata (MaviArr2)
also confirmed the grouping of the African population in a separate clade from the Asian popu-
lation [60]. Our preliminary phylogenetic analysis based on internal transcribed spacer 2
(ITS2) region also complemented the diversity analysis ofM. vitrata population from Asia and
Africa based on coxI gene sequences [61]. This could be a possible reason why Asian and Afri-
canM. vitrata populations responded differently to the same blends of pheromone lures. How-
ever, this puzzle may not be resolved until we know the complete composition of pheromone
blends produced and released byM. vitrata female moths in Asia and Africa, since the existing
literature does not show any variation in pheromone composition. Hence, it is imperative to
profile the complete list of components in the sex pheromone ofM. vitrata populations occur-
ring in Asia and Africa.

It is clearly evident that theMaruca populations in Papua New Guinea and Latin America
are two different putative species, which are quite different from ourM. vitrata population in
Asia and Africa. One possible reason for the difference is that these populations are geographi-
cally isolated, which was also demonstrated in the isolation by distance model. Since Latin
America is quite far from other countries or regions, it is highly unlikely that a Latin American
Maruca population could reach Asia or Africa, despite the species’ strong flying ability. Sec-
ondly,Maruca has several host plants including green beans and soybean, which are cultivated
on larger acreage in Latin America. Hence, it is possible that this species ofMaruca has been
prevalent only in Latin American countries. Finally, we do not have any information on the sex
pheromones of thisMaruca population in Latin America. Hence, insights on pheromones of
Maruca from this region will also be useful to understand theMaruca species complex in the
future.
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Unlike Latin AmericanMaruca species, the species from Papua New Guinea is restricted
neither to this country nor the Pacific Islands alone. This species is also present in Indonesia
(Kalimantan) and Australia, whereM. vitrata is a predominant species. Although Papua New
Guinea is a group of islands, migration ofMaruca from Papua New Guinea to Australia or In-
donesia (Kalimantan), or vice versa, cannot be ruled out. The haplotype network showed that
the founder node for thisMaruca species in Australia, Indonesia (Kalimantan) and Papua New
Guinea is the Indonesian haplotype. Hence, this species could have originated in Kalimantan
region and spread to the Pacific Islands, where it adapted to local conditions. Sampling addi-
tionalMaruca populations from this region could offer more insight into the species’migration
patterns. In addition, both Tajima’s D and Fu’s FS values are positive for Oceania. Positive val-
ues of Tajima’s D are associated with balancing selection where the frequency of polymor-
phisms is equal [31]. Positive values of Fu’s FS indicate a deficiency of singletons, which is
expected from a recent population decline [47,48]. Hence, a recent population expansion may
not be the case for the OceaniaMaruca population because of the smaller geographical areas in
the Pacific island countries and limited availability of host plants. For instance, beans and other
legumes do not make up much of the diet in Papua New Guinea and thus are not widely
grown, which is not the case in several other tropical countries. Very high haplotype and nucle-
otide diversities for the OceaniaMaruca population also confirm a large stable population with
a long evolutionary history in this region, especially in Papua New Guinea [42,50].

Finally, the current study did not differentiate between theM. vitrata populations among
host plants within countries. This is consistent with a recent finding from Benin, where theM.
vitrata population were compared between cultivated host plant (cowpea) and three alternative
host plants [62], and concluded that host plants do not significantly influence the genetic struc-
ture ofM. vitrata. However, their study involved population from three divisions in southern
Benin only. In contrast, our study involved several populations collected from different coun-
tries in South and Southeast Asia as well as sub-Saharan Africa. Despite wider geographical
sampling involving more than 20 host plants, we are unable to establish any genetic differences
associated with host plants.

Conclusions
The cox1 gene has been used to understand the phylogenetic relationship of geographically
differentM. vitrata population, but there are no previous studies that includedM. vitrata
population from Southeast Asia, the probable center of origin forMaruca, or population
from East Africa. We have done extensive sampling from different host plant species in
South- and Southeast Asia as well as East and West Africa. We did not identify any popula-
tion separation based on host plants. However, our results based on cox1 confirmed that the
M. vitrata has different putative subspecies in Asia and sub-Saharan Africa, although they
cannot be differentiated based on their morphological characters. This is possible because of
recent local population expansions and accumulated mutations in the silent sites, which are
supported by the negative Tajima’s D and Fu’s FS values in our study. However, theMaruca
population in Latin America and Oceania, especially Papua New Guinea, seems to be a differ-
ent species, based on the extremely high FST values obtained, phylogenetic and ABGD trees.
In addition, two putative species ofMaruca seem to occur in Australia, Indonesia and Papua
New Guinea. This observation needs further validation through morphological characteriza-
tion based on wing venation and genitalia characters. The genetic differences inMaruca pop-
ulation, especially the distinct population in Asia, sub-Saharan Africa, Latin America and
Oceania, should be carefully considered when designing integrated pest management strate-
gies, especially those based on sex pheromones.

Molecular Characterization of Geographically DifferentMaruca vitrata

PLOSONE | DOI:10.1371/journal.pone.0124057 April 20, 2015 21 / 24



Acknowledgments
We acknowledge the assistance of Dr. Sunday Ekesi (International Centre of Insect Physiology
and Ecology, Kenya), Dr. Manuele Tamo (International Institute of Tropical Agriculture,
Benin), Dr. Vu Manh Hai (Vietnam Academy of Agricultural Sciences, Vietnam), Mr. Soukha-
vong Khodsimouang (Department of Agriculture, Lao PDR) and Ms. Sopana Yule (AVRDC—
TheWorld Vegetable Center, East and Southeast Asia Regional Office, Thailand) for collecting
insects. We also thank Dr. Jian-Cheng Chang for his comments and suggestions.

Author Contributions
Conceived and designed the experiments: MP RS SR. Performed the experiments: MP. Ana-
lyzed the data: MP. Contributed reagents/materials/analysis tools: MP RS. Wrote the paper:
MP RS KM SR.

References
1. Sharma HC. Bionomics, host plant resistance, and management of the legume pod borer,Maruca

vitrata—a review. Crop Prot. 1998; 17: 373–386.

2. Rathore YS, Lal SS. Phylogenetic relationship of host plants ofMaruca vitrata. Indian J Pulses Res.
1998; 11(2): 152–155. PMID: 9482579

3. Arodokoun DY, TamòM, Cloutier C, Adeoti R. The importance of alternative host plants for the annual
cycle of the legume pod borer,Maruca vitrata Fabricius (Lepidoptera: Pyralidae). Insect Sci. Appl.
2003; 23: 103–113.

4. Huang CC. Seasonality of insect pests on Sesbania cannabina fields located in Taiwan. Plant Prot.
Bull. Taipei. 2004; 46(1): 81–91.

5. TamòM, Arodokoun DY, Zenz N, Tindo M, Agboton C, Adeoti R. The importance of alternative host
plants for the biological control of two key cowpea insect pests, the pod borerMaruca vitrata (Fabricius)
and the flower thripsMegalurothrips sjostedti (Trybom). In: Fatokun CA, Tarawali SA, Singh BB, Kor-
mawa PM, TamoM, editors. Proc. World Cowpea Conference III, Challenges and opportunities for en-
hancing sustainable cowpea production. Ibadan: International Institute of Tropical Agriculture;
2002. pp. 81–93.

6. Jackai LEN. Relationship between cowpea crop phenology and field infestation by the legume pod
borerMaruca testulalis. Ann. Entomol. Soc. Am. 1981; 74: 402–408.

7. Karel AK. Yield losses from and control of bean pod borers,Maruca testulalis (Lepidoptera: Pyralidae)
andHeliothis armigera (Lepidoptera:Noctuidae). J Econ. Entomol. 1985; 78: 1323–1326.

8. Taylor TA. The bionomics ofMaruca testulalisGey. (Lepidoptera: Pyralidae), a major pest of cowpeas
in Nigeria. J. West Afr. Sci. Assoc. 1967; 12: 111–129.

9. Singh SR, Jackai LEN, Dos Santos JHR, Adalla CB. Insect pests of cowpeas. In: Singh SR, editor. In-
sect Pests of Tropical Legumes. Chichester: JohnWiley & Sons; 1990. pp. 43–90.

10. Afun JVK, Jackai LEN, Hodgson CJ. Calendar and monitored insecticide application for the control of
cowpea pests. Crop Prot. 1991; 10: 363–370.

11. Dreyer H, Baumgartner J, TamoM. Seed damaging field pests of cowpea (Vigna unguiculata L. Walp.)
in Benin: occurrence and pest status. Int. J. Pest Manag. 1994; 40: 252–260.

12. Ulrichs C, Mewis I. Evaluation of the efficacy of Trichogramma evanescensWestwood (Hym., Tricho-
grammatidae) inundative releases for the control ofMaruca vitrata F. (Lep., Pyralidae). J Appl. Entomol.
2004; 128(6): 426–431.

13. BayScience Foundation. Maruca (Genus). 2012. Available: http://zipcodezoo.com/Key/Animalia/
Maruca "http://zipcodezoo.com/Key/Animalia/Maruca_Genus.asp" "http://zipcodezoo.com/Key/
Animalia/Maruca_Genus.asp". Accessed 29 May 2014.

14. Rose HS, Singh AP. Use of internal reproductive organs in the identification of Indian species of the
genusMarucaWalker (Pyraustinae: Pyralidae: Lepidoptera). J Adv. Zool. 1989; 10(2): 99–103.

15. CAB International. Selected texts forMaruca vitrata. Crop Protection Compendium, 2005 Edition. Avail-
able: www.cabicompendiu "http://www.cabicompendium.org/cpc" "http://www.cabicompendium.org/
cpc". Accessed 15 March 2009.

16. Kirti JS, Gill NS. Taxonomic studies on Indian species of GenusMarucaWalker (Lepidoptera: Pyrali-
dae: Pyraustinae). Zoos’ Print J. 2005; 20(7): 1930–1931.

Molecular Characterization of Geographically DifferentMaruca vitrata

PLOSONE | DOI:10.1371/journal.pone.0124057 April 20, 2015 22 / 24

http://www.ncbi.nlm.nih.gov/pubmed/9482579
http://zipcodezoo.com/Key/Animalia/Maruca
http://zipcodezoo.com/Key/Animalia/Maruca
http://zipcodezoo.com/Key/Animalia/Maruca_Genus.asp
http://zipcodezoo.com/Key/Animalia/Maruca_Genus.asp
http://zipcodezoo.com/Key/Animalia/Maruca_Genus.asp
http://www.cabicompendiu
http://www.cabicompendium.org/cpc
http://www.cabicompendium.org/cpc
http://www.cabicompendium.org/cpc


17. Margam VM, Coates BS, Ba MN, SunW, Binso-Dabire CL, Baoua I, et al. Geographic distribution of
phylogenetically-distinct legume pod borer,Maruca vitrata (Lepidoptera: Pyraloidea: Crambidae). Mol
Biol Rep. 2011; 38(2): 893–903. doi: 10.1007/s11033-010-0182-3 PMID: 20496006

18. Herbison-Evans D, Crossley S, Hacobian B.Maruca vitrata (Fabricius, 1787). 2011. Available: http://
lepidoptera.butterflyhouse.com.au/spil/vitrat.html. Accessed 29 May 2014.

19. Adati T, Tatsuki S. Identification of female sex pheromone of the legume pod borer,Maruca vitrata and
antagonistic effects of geometrical isomers. J Chem. Ecol. 1999; 25: 105–116.

20. DownhamMCA, Hall DR, Chamberlain DJ, Cork A, Farman DI, TamoM, et al. Minor components in the
sex pheromone of legume pod-borer:Maruca vitrata development of an attractive blend. J Chem. Ecol.
2003; 29: 989–1012. PMID: 12775157

21. Hassan MN. Re-investigation of the female sex pheromone of the legume pod-borer,Maruca vitrata
(Lepidoptera: Crambidae). PhD Dissertation, University of Greenwich. 2007. p. 244.

22. DownhamMCA, TamoM, Hall DR, Datinon B, Adetonah S, Farman DI. Developing pheromone traps
and lures forMaruca vitrata in Benin, West Africa. Entomol. Exp. Appl. 2004; 110: 151–158.

23. Schläger S, Ulrichs C, Srinivasan R, Beran F, Bhanu KRM, Mewis I, et al. Developing pheromone traps
and lures forMaruca vitrata in Taiwan. Gesunde Pflanz. 2012; 64(4): 183–186.

24. Kadirvel P, Srinivasan R, Yun-che Hsu, Fu-cheng Su, de la Peña R. Application of Cytochrome Oxi-
dase I sequences for phylogenetic analysis and identification of thrips species occurring on vegetable
crops. J Econ. Entomol. 2013; 106(1): 408–418. PMID: 23448058

25. De Barro PJ, Liu SS, Boykin LM, Dinsdale A. Bemisia tabaci: a statement of species status. Annu Rev
Entomol. 2011; 56: 1–19. doi: 10.1146/annurev-ento-112408-085504 PMID: 20690829

26. Folmer O, Black M, HoehW, Lutz R, Vrijenhoek R. DNA primers for amplification of mitochondrial cyto-
chrome c oxidase subunit I from diverse metazoan invertebrates. Mol Mar Biol Biotechnol. 1994; 3:
294–299. PMID: 7881515

27. Hall TA. BioEdit: a user friendly biological sequence alignment editor and analysis program for Win-
dows 95/98/NT. Nucleic Acids Symposium Series. 1999; 41: 95–98.

28. BOLD:AAA0257. Barcode Index Number Registry For BOLD:AAA0257. 2014. Available: http://www.
boldsystems.org/index.php/Public_SearchTerms?query=BOLD:AAA0257. Accessed 15 March 2014.

29. BOLD:AAB2755. Barcode Index Number Registry For BOLD:AAB2755. 2014. Available: http://www.
boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAB2755. Accessed 15 March
2014.

30. Librado P, Rozas J. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. Bio-
informatics. 2009; 25: 1451–1452. doi: 10.1093/bioinformatics/btp187 PMID: 19346325

31. Tajima F. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genet-
ics. 1989; 123: 585–595. PMID: 2513255

32. Excoffier L, Smouse PE, Quattro JM. Analysis of molecular variance inferred frommetric distances
among DNA haplotypes: Application to humanmitochondrial DNA restriction data. Genetics. 1992;
131:479–491. PMID: 1644282

33. Schneider S, Kueffer JM, Roessli D, Excoffier L. Arlequin, Version 1.1: A Software for Population Ge-
netic Data Analysis. Genetics and Biometry Laboratory, University of Geneva, Switzerland. 1997.

34. Kimura M. A simple method for estimating evolutionary rates of base substitutions through comparative
studies of nucleotide sequences. J Mol Evol. 1980; 16: 111–120. PMID: 7463489

35. Jensen JL, Bohonak AJ, Kelley ST. Isolation by distance, v.3.23, web service. BMCGenet. 2005; 6:
13. Available: http://ibdws.sdsu.edu/ PMID: 15760479

36. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: Molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol
Biol Evol. 2011; 28: 2731–2739. doi: 10.1093/molbev/msr121 PMID: 21546353

37. Puillandre N, Lambert A, Brouillet S, Achaz G. ABGD, Automatic Barcode Gap Discovery for primary
species delimitation. Mol Ecol. 2012; 21(8): 1864–1877. doi: 10.1111/j.1365-294X.2011.05239.x
PMID: 21883587

38. Polzin T, Daneshmand SV. On Steiner trees and minimum spanning trees in hypergraphs. Oper Res
Lett. 2003; 31: 12–20.

39. Nei M, Li WH. Mathematical Model for Studying Genetic Variation in Terms of Restriction Endonucle-
ases. PNAS. 1979; 76(10): 5269–5273. PMID: 291943

40. Nei M, Tajima F. DNA polymorphism detectable by restriction endonucleases. Genetics. 1981; 97(1):
145–163. PMID: 6266912

Molecular Characterization of Geographically DifferentMaruca vitrata

PLOSONE | DOI:10.1371/journal.pone.0124057 April 20, 2015 23 / 24

http://dx.doi.org/10.1007/s11033-010-0182-3
http://www.ncbi.nlm.nih.gov/pubmed/20496006
http://lepidoptera.butterflyhouse.com.au/spil/vitrat.html
http://lepidoptera.butterflyhouse.com.au/spil/vitrat.html
http://www.ncbi.nlm.nih.gov/pubmed/12775157
http://www.ncbi.nlm.nih.gov/pubmed/23448058
http://dx.doi.org/10.1146/annurev-ento-112408-085504
http://www.ncbi.nlm.nih.gov/pubmed/20690829
http://www.ncbi.nlm.nih.gov/pubmed/7881515
http://www.boldsystems.org/index.php/Public_SearchTerms?query=BOLD:AAA0257
http://www.boldsystems.org/index.php/Public_SearchTerms?query=BOLD:AAA0257
http://www.boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAB2755
http://www.boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAB2755
http://dx.doi.org/10.1093/bioinformatics/btp187
http://www.ncbi.nlm.nih.gov/pubmed/19346325
http://www.ncbi.nlm.nih.gov/pubmed/2513255
http://www.ncbi.nlm.nih.gov/pubmed/1644282
http://www.ncbi.nlm.nih.gov/pubmed/7463489
http://ibdws.sdsu.edu/
http://www.ncbi.nlm.nih.gov/pubmed/15760479
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://dx.doi.org/10.1111/j.1365-294X.2011.05239.x
http://www.ncbi.nlm.nih.gov/pubmed/21883587
http://www.ncbi.nlm.nih.gov/pubmed/291943
http://www.ncbi.nlm.nih.gov/pubmed/6266912


41. Jaramillo C, Montaña M, Castro L, Vallejo G, Guhl F. Differentiation and genetic analysis of Rhodnius
prolixus and Rhodnius colombiensis by rDNA and RAPD amplifications. Memorias Instituto Oswaldo
Cruz. 2001; 96(8): 1043–1048. PMID: 11784920

42. Chang JC, Ponnath DW, Srinivasan R. Phylogeographic structure in mitochondrial DNA of eggplant
fruit and shoot borer, Leucinodes orbonalisGuenée (Lepidoptera: Crambidae) in South and Southeast
Asia. Mitochondrial DNA. 2014; 1–7.

43. Srinivasan R, Yule S, Chang JC, Malini P, Lin MY, Hsu YC, et al. Towards developing a sustainable
management strategy for legume pod borer,Maruca vitrata on yard–long bean in Southeast Asia. In:
Holmer R, Linwattana G, Nath P, Keatinge JDH, editors. Proceedings of the Regional Symposium on
High Value Vegetables in Southeast Asia: Production, Supply and Demand (SEAVEG2012). Chiang
Mai: AVRDC—TheWorld Vegetable Center; 2013. pp. 76–82.

44. Smith HM, Chiszar D, Montanucci RR. Subspecies and classification. Herpetol Rev. 1997; 28: 13–17.

45. Templeton AR. Human races: A genetic and evolutionary perspective. Am. Anthropol. 1998; 100: 632–
650.

46. Graves J Jr. Biological v. social definitions of race: Implications for modern biomedical research. Rev
Black Polit Econ. 2010; 37: 43–60.

47. Fu Y-X. Statistical properties of segregating sites. Theor Popul Biol. 1995; 48: 172–197. PMID: 7482370

48. Fu Y-X. Statistical tests of neutrality of mutations against population growth, hitchhiking and back-
ground selection. Genetics. 1997; 147: 915–925. PMID: 9335623

49. Liao P-C, Kuo D-C, Lin C-C, Ho K-C, Lin T-P, Hwang S-Y. Historical spatial range expansion and a
very recent bottleneck of Cinnamomum kanehiraeHay. (Lauraceae) in Taiwan inferred from nuclear
genes. BMC Evol Biol. 2010; 10: 124. doi: 10.1186/1471-2148-10-124 PMID: 20433752

50. Grant WAS, Bowen BW. Shallow population histories in deep evolutionary lineages of marine fishes: In-
sights from sardines and anchovies and lessons for conservation. J Hered. 1998; 89: 415–426.

51. Srinivasan R, Lin M-Y, Sopana Yule, Chuanpit Khumsuwan, Thanh Hien, Vu Manh Hai, et al. Use of in-
sect pheromones in vegetable pest management: Successes and struggles. In: Chakravarthy AK,
Ashok Kumar CT, Abraham Verghese, Thyagaraj NE, editors. New Horizons in Insect Science. Banga-
lore: University of Agricultural Sciences; 2013. pp. 6.

52. Kim CG, Hoshizaki S, Huang YP, Tatsuki S. Usefulness of mitochondrial COII gene sequences in ex-
amining phylogenetic relationships in the Asian corn borer,Ostrinia furnacalis, and allied species (Lepi-
doptera: Pyralidae). Appl Entomol Zool. 1999; 34: 405–412.

53. Ohno S, Ishikawa Y, Tatsuki S, Hoshizaki S. Variation in mitochondrial COII gene sequences among
two species of Japanese knotweed-boring moths,Ostrinia latipennis andO. ovalipennis (Lepidoptera:
Crambidae). Bull Entomol Res. 2006; 96: 243–249. PMID: 16768812

54. Coates BS, Sumerford DV, Hellmich RL, Lewis LC. Partial mitochondrial genome sequences ofOstrinia
nubilalis andOstrinia furnacalis. Int J Biol Sci. 2005; 1: 13–18. PMID: 15951845

55. Hoshizaki S, Washimori R, Kubota S, Ohno S, Huang Y, Tatsuki S, et al. Two mitochondrial lineages
occur in the Asian corn borer,Ostrinia furnacalis (Lepidoptera:Crambidae), in Japan. Bull Entomol Res.
2008; 98: 519–526. doi: 10.1017/S0007485308005841 PMID: 18826668

56. Coates BS, Sumerford DV, Hellmich RL. Geographic and voltinism differentiation among North Ameri-
canOstrinia nubilalis (European corn borer) mitochondrial cytochrome c oxidase hapoltypes. J Insect
Sci. 2004; 4: 35–43. PMID: 15861250

57. Achterberg C, Long KD. Revision of the Agathidinae (Hymenoptera, Braconidae) of Vietnam, with the
description of forty-two new species and three new genera. ZooKeys. 2010; 54: 1–184. doi: 10.3897/
zookeys.54.475 PMID: 21594134

58. Long KD, Hoa DT. Notes on parasitoid assemblage reared from larvae of legume pod borersMaruca
vitrata (Fabricius) and Etiella zinckenella Treitschke. J Biol. 2012; 34(1): 48–58.

59. TamòM, Bottenberg H, Arodokoun DY, Adeoti R. The feasibility of classical biological control of two
major cowpea insect pests. In: Singh BB, Mohan Raj DR, Dashiell KE, Jackai LEN, editors. Advances
in cowpea research. Ibadan: International Institute of Tropical Agriculture (IITA) and Japan Internation-
al Center for Agricultural Sciences (JIRCAS); 1997. pp. 259–270.

60. Chang JC, Srinivasan R. Molecular-phylogenetic characterization of arrestin-2 from the legume pod
borer,Maruca vitrata Fabricius. Ann Entomol Soc Am. 2013; 106(3): 359–370.

61. Malini P, Schafleitner R, Srinivasan R, Krishnan M. Phylogenetic pattern of the legume pod borer,Mar-
uca vitrata F. populations from tropical Asia and Africa. Form Entomol. 2014; 33(3–4): 356.

62. Agunbiade TA, Coates BS, Datinon B, Djouaka R, SunW, TamoM, et al. Genetic differentiation among
Maruca vitrata F. (Lepidoptera: Crambidae) populations on cultivated cowpea and wild host plants: im-
plications for insect resistance management and biological control strategies. PLoS ONE. 2014; 9(3):
e92072. doi: 10.1371/journal.pone.0092072 PMID: 24647356

Molecular Characterization of Geographically DifferentMaruca vitrata

PLOSONE | DOI:10.1371/journal.pone.0124057 April 20, 2015 24 / 24

http://www.ncbi.nlm.nih.gov/pubmed/11784920
http://www.ncbi.nlm.nih.gov/pubmed/7482370
http://www.ncbi.nlm.nih.gov/pubmed/9335623
http://dx.doi.org/10.1186/1471-2148-10-124
http://www.ncbi.nlm.nih.gov/pubmed/20433752
http://www.ncbi.nlm.nih.gov/pubmed/16768812
http://www.ncbi.nlm.nih.gov/pubmed/15951845
http://dx.doi.org/10.1017/S0007485308005841
http://www.ncbi.nlm.nih.gov/pubmed/18826668
http://www.ncbi.nlm.nih.gov/pubmed/15861250
http://dx.doi.org/10.3897/zookeys.54.475
http://dx.doi.org/10.3897/zookeys.54.475
http://www.ncbi.nlm.nih.gov/pubmed/21594134
http://dx.doi.org/10.1371/journal.pone.0092072
http://www.ncbi.nlm.nih.gov/pubmed/24647356


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


