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Abstract: Bactrocera minax (Enderlein) (Diptera: Tephritidae) is an important citrus pest in Asia with
a non-uniform distribution. In some locations, it had been reported to occur but was either eradicated
or disappeared itself. To understand species dispersal of B. minax, we collected and analyzed
359 individuals from 18 localities in China. One mitochondrial DNA gene fragment (nad4) was used
to investigate the genetic diversity and population genetic structure of B. minax. The populations were
divided by phylogenetic analyses and statistical parsimony haplotype networks into three branches:
a Central China (CC) branch, a Western China (WC) branch, and a Southern China (SC) branch. A total
of 93 variable sites (15.6% of the 595 bp alignment) and 91 unique haplotypes were observed in the
359 individuals scored from the nad4 gene of the 18 B. minax populations. This indicated that B. minax
had a high level of genetic diversity. These populations also showed a discrete distribution in both
the scatter plots of genetic versus geographical distance for pairwise population comparisons and the
median-joining network of haplotypes, which revealed the strong genetic structure of B. minax.
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1. Introduction

The Chinese citrus fly, Bactrocera minax (Enderlein) (Diptera: Tephritidae), is an important pest of
citrus fruits in Asia [1-3]. Infestations cause serious economic losses and also trigger international
trade embargoes. B. minax was first reported in Sikkim, India in 1920, and the first infestation in China
was reported in Chongqing in 1940. This species was formally named the Chinese citrus fly in 1955
to distinguish it from the Japanese orange fly, B. (Tetradacus) tsuneonis (Miyake) [4]. There have been
records of B. minax in 134 counties and cities of nine provinces in China so far, and the geographic
distribution of the pest continues to expand.

B. minax is considered unique among the members of family Tephritidae in being univoltine, i.e.,
one generation per year [5,6]. The larvae of B. minax live and feed inside host fruit, making effective
pest control difficult. Most published research on B. minax has focused on the basic biology, ecology,
and behavior [6], and phylogenetic studies [7,8]. Population genetics study would provide theoretical
basis for analyzing evolutionary potential and environmental adaptability as well as to make integrated
prevention and control measures. In 2011 and 2012, four mitochondrial DNA (mtDNA) genes (cox1;
nadl, cytb, and nad5) were used to infer two main invasion routes and origin of the oriental fruit fly,
B. dorsalis (Hendel) [9,10]. Thereafter, more targeted methods were developed based on these findings
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for a preventive of the oriental fruit fly. Relatively, data about expansion processes of B. minax is scarce
despite the current and potential risk from this species.

Animal mtDNA is a favorite molecule for evolutionary studies due to several special characteristics,
such as simple sequence organization, maternal inheritance, and absence of recombination [11]. Among
the mitochondrial genes, nad4 is regarded as a very useful marker owing to its high rate of evolution
and rich polymorphism [12]. In this paper, the genetic structure of B. minax in Mainland China was
investigated through analysis of molecular variations in a fragment of the mtDNA gene nad4, and we
also studied genetic diversity among different geographic populations of B. minax in China.

2. Materials and Methods

2.1. Sampling

A total of 359 B. minax adults were trapped in citrus orchards through pheromone traps at
18 locations in China (Table 1 and Figure 1). No specific permissions were required to collect from
these locations, which were not privately owned or protected in any way, and our study did not
involve endangered or protected species. The samples were preserved in 95% ethanol at 4 °C prior to
DNA extraction.

Table 1. Sampling information of Bactrocera minax specimens.

Location (City, Province) Abbreviation Number of Individuals  Longitude Latitude
Shiyan, Hubei SY 21 110°28’(E)  32°23'(N)
Zigui, Hubei ZG 21 110°58’(E)  30°49’(N)
Yichang, Hubei YC 19 111°19’(E)  30°46’(N)
Jingzhou, Hubei 1Z 20 112°14’(E)  30°20'(N)
Xiangxi, Hunan XX 16 109°44’(E)  28°18’(N)
Taoyuan, Hunan TY 21 111°28'(E) 28°54’(N)
Linli, Hunan LL 20 111°38(E)  29°26'(N)
Fuchuan, Guangxi FC 19 111°16/(E) 24°38’(N)
Luzhai, Guangxi LZ 20 109°43'(E) 24°28'(N)
Qinglong, Guizhou QL 20 105°12’(E)  25°50’(N)
Guiyang, Guizhou GY 21 106°39’(E)  26°24’(N)
Wulong, Chongqing WL 18 107°45'(E)  29°19’(N)
Zhongxian, Chongqing 7ZX 21 108°01’(E)  30°18’(N)
Wanzhou, Chongqing Wz 19 108°24’(E)  30°48’(N)
Yunyang, Chongging YY 20 108°41’(E)  30°55’(N)
Wushan, Chongqing WS 23 109°52’(E)  31°04’(N)
Hanzhong, Shanxi HZ 20 107°01’(E) 33°04’(N)

Jiangyou, Sichuan JY 20 104°44’(E)  31°46’(N)
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Figure 1. Sample collection sites of Bactrocera minax in China. Blue, Western China; Red, Central China;
Yellow, Southern China.

2.2. DNA Extraction and Amplification

Total DNA was extracted using DNeasy Blood and Tissue Kits (QIAGEN, Venlo, Netherlands)
from the thorax of each individual. A fragment of the mtDNA gene nad4 (639 bp595) was amplified as
described by Zhang [13], using primer pairs nad4-F (5-ACAAAACAAACCTGACGAAC-3’) and nad4-R
(5’-TAGTAGAATGAATCTTTTTATA-3’). Each PCR was performed in a volume of 25 pL containing
80 ng of total genomic DNA, 0.25 uM of each primer, 1.5 mM MgCl,, 10 X PCR buffer, 0.2 mM dNTPs,
and 1.25 U Taq DNA polymerase (Promega, Fitchburg, WI, USA). The temperature profile included an
initial denaturation at 95 °C for 5 min followed by 35 cycles of 94 °C for 45 s, 48 °C for 60 s, and 72 °C
for 45 s, and a final extension step of 72 °C for 10 min. PCR products were subsequently purified and
sequenced in both forward and reverse directions (Invitrogen, Shanghai, China).

2.3. Data Analysis

Sequence alignment and identification of unique haplotypes were performed using ClustalX
ver. 2.1 [14], and then deposited into GenBank for public release. Demographic history analyses,
including Tajima’s D test [15], Fu’s F statistic [16], and mismatch distribution, were carried out using
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ARLEQUIN ver. 3.11 [17,18]. Descriptive statistics of genetic diversity were calculated with DNAsp
ver. 5.0 [19], including polymorphic sites, number and constitution of haplotypes, number of variable
sites, haplotype diversity, nucleotide diversity, and average number of nucleotide differences.

The 18 geographic populations were grouped using SAMOVA ver. 1.0 based on sequence
information and coordinate data [20]. The most likely number of groups (K) was the value that
maximized Fcr. ARLEQUIN ver. 3.11 was used to perform hierarchical analysis of molecular variance
(AMOVA) based on the grouping results from SAMOVA, including comparisons among groups, among
populations, and within populations.

Pairwise genetic distances between populations were estimated using MEGA ver. 5.05 [21],
and then the phylogenetic trees inferred via neighbor-joining (NJ) and maximum-likelihood (ML)
methods were reconstructed with 1000 bootstrap replicates using MEGA ver. 5.05 and PhyML ver.
3.0 [22], respectively. Median-joining networks for inferring the evolutionary relationships among
haplotypes of the 18 geographic populations were constructed based on statistical parsimony using
Network ver. 4.6 [23,24].

3. Results

3.1. Genetic Diversity

Of 359 individuals scored from the nad4 gene, 93 variable sites (15.6% of the 595 bp alignment)
and 91 unique haplotypes were observed (GenBank accession numbers KF310532-KF310890). The nad4
protein-coding region began at the first site of the sequence. Like the two mitochondrial genes 165
rDNA and COI (A+T biased) [25], the base composition of the nad4 was also biased toward A+T
(65.5%). The populations showed a high level of haplotype diversity (%) which ranged from 0.386 at
WZ to 0.928 at WL, nucleotide diversity (rr) ranged from 0.001 at JZ to 0.009 at JY, and the average
number of nucleotide differences (k) ranged from 0.837 at JZ to 5.584 at JY, except for the ZX population
(h <0.001, ™ < 0.001, k < 0.001) (Table 2). Only 15 of the 91 haplotypes were shared by at least two
populations; the most frequent haplotype, H32, was shared by 10 populations, followed by H8 which
was shared by eight populations.

3.2. Population Genetic Structure

The Fcr values suggested an optimum of three groups for the 18 populations, as follows: (i) Central
China (CC, including the SY, ZG, YC, JZ, XX, TY and LL population); (ii) Western China (WC, including
the QL, GY, WL, ZX, WZ, YY, WS, HZ and ]JY population); and (iii) Southern China (SC, including the
FC and LZ population). Results of AMOVA showed that the largest percentage of variation (46.15%)
occurred among groups (Table 3), while 15.84% of variation occurred among populations within groups
and 38.01% within populations. Meanwhile, the fixation index among groups was almost double that
among populations within groups (Fcr = 0.462, p < 0.01; Fsc = 0.294, p < 0.01), indicating that there
may be factors limiting the gene flow among regions.

Pairwise Fsr values among populations ranged from —0.018 (between the FC and LZ population)
to 0.796 (between the WZ and ZX population), while the average values ranged from 0.277 (from the
other populations to LL) to 0.612 (from the other populations to YC) (Table S1). Pairwise Fst values
among groups ranked as follows: 0.053 (between SC and WC < 0.211 (between CC and WC) < 0.315
(between CC and SC) (Table 4).
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Table 2. Parameters of genetic diversity of nad4.

Population S h k s Tajima’s D Fu's Fg T Pssp
SY 4 0.724 1.095 0.002 0.787 —27.046 ** 3.742  0.180
7G 14 0924 3.824 0.007 0.157 —24.443 ** 4926  0.390
YC 7 0.526 1.076 0.002 —1.558 * —20.489 ** 10.309 0.480
]Z 5 0.432 0.837 0.001 -1.243 —34.028**  0.004 0.000
XX 5 0425 1.225 0.002 -0.274 —28.882 ** 0.066  0.000
TY 15 0.810 2457 0.004 —-1.535* —26.755 ** 0.525  0.000
LL 23 0.800 3.105 0.005 -1.778* -23.195*  0.352  0.000
FC 6 0.708 2.117 0.003 0.755 —26.845 ** 3414  0.040
Lz 9 0.795 2937 0.005 0.542 —25.571 ** 4.621  0.040
QL 14 0.837 3474 0.006 —0.849 —21.614 ** 6.227  0.120
GY 11 0.886 2.405 0.004 —0.355 —25.177 ** 3.818 0.170
WL 21 0.928 5.327 0.009 -0.499 —15.610 ** 5.787  0.410
zZX 0 0.000 0.000 0.000 0.000 34.028 0.000  0.000
WZ 28 0.386 3.146 0.005 —2.398 ** —23.178 ** 3.000 0.160
YY 16 0.868 2.832 0.005 -1.383 —25.864* 2236 0.670
WS 11 0.818 2996 0.005 0.018 —26.357** 4125 0.340
HZ 2 0479 0958 0.002 1.639 —34.028 ** 2.761  0.160
JY 22 0.837 5.584 0.010 -0.215 —17.651 ** 6.268  0.090
All 93 0917 4217 0.007 -1.979 ** —24.928 ** 4.287  0.860
CcC —1.923 ** —25.881 ** 7.143 0910
SC 0.534 —26.622*  3.639  0.080
WC -1.764 ** —25.194 ** 4504 0.760

S, number of variable sites; , haplotype diversity; k, average number of nucleotide differences; 7, nucleotide
diversity; neutrality tests: Tajima’s D, Fu’s F statistic, and expansion (coalescence) time under the sudden expansion
assumption in mutation-generations (7); Pssp: p value for sum of squared deviations (SSD). * p < 0.05, ** p < 0.01.

Table 3. Partitioning of genetic variation at different hierarchical levels.

Locus Source of Variation  df. Sum of Variance Percentage of Fixation
Analyzed *  Squares Components Variation Indices
nad4 Among groups 2 202.397 1.740 Va 46.15 Fer =0.462 **
Among populations ;551659 0.597 Vb 15.84 Fsc = 0.294 **
within groups
Within populations 341  2588.323 1.433 V¢ 38.01 Fsr =0.620 **
**p<0.01.

Table 4. The genetic differentiation index Fgr values of nad4 population pairwise comparisons.

Group CC SC WC
CcC —
SC 0.315 ** —

WC 0.211**  0.053 ** —
CC, Central China; SC, Southern China; WC, Western China. ** p < 0.01.

3.3. Estimation of Migration Rates

The migration rates were estimated using Bayesian inference in Migrate ver. 3.5.1, which revealed
high effective immigration rates per generation between regions (Table S2). Unidirectional estimates of
M ranged from 47.0 (WZ—ZG) to 838.3 (LL—]Z), and no asymmetrical gene flow was found. The gene
flow values among populations ranged from 0.156 (WL—ZX) to 21.508 (TY—ZG), the immigration
rates varied from 0.322 of ZX to 10.006 of T, and the emigration rates from populations ranged from
1.561 of FC to 3.319 of SY. The immigration rates of ZG, TY, and LL populations (8.859, 10.006, and 9.256,
respectively) were significantly higher than the emigration rates of these three populations, and were
also significantly higher than immigration rates of other populations.
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The results of gene flow among the three clusters based on nad4 sequences showed that the
SC cluster had the lowest immigration rate (1.175) and the highest emigration rate (22.785), and the
situation (the immigration rate < the emigration rate) was opposite to the CC and WC clusters (Table 5).

Table 5. Estimates of gene flow among three groups of Bactrocera minax populations.

Group 0 M
CC—i SC—i WC—i
382.3 158.3
nad4 cC 0.032 (0.013-0.061) . 0N
sC 0.004 0000-0010) "2 _ w30
wC 0.072 (0.034-0.100) 137.7 462.3

(0.0-260.0)  (119.3-878.0)

CC, Central China; SC, Southern China; WC, Western China. 0 effective population size before expansion, M,
mutation-scaled effective immigration rate. 95% highest probability density intervals are shown in parentheses.

3.4. Phylogenetic Analysis

3.4.1. Phylogenetic Trees Construction

Both phylogenetic trees constructed by NJ and ML methods were divided into three branches
with the same classification based on the nad4 sequence of 18 populations (Figure 2A,B). However,
these branches were not consistent with the SAMOVA groups. The first branch included all the CC
populations as well as three WC populations (HZ, JY, and ZX). All the SC populations and four WC
populations (QL, WZ, YY, and WS) comprised the second branch. The remaining two WC populations
(GY, and WL) fell into the third branch. One possible reason for the different grouping results is that
B. minax populations have resulted from multiple invasions.

oe]
by
GY
A r B [ :
YC wL | &
HZ = LZ (O8]
TY - WS =
p 84 o
G E FC =
52|— LL = YY g,
SY = oL o
61
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XX XX
M YC
LZ = -
WS - )z S
FC g HZ =
78 YY S 71 TY &
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59 wzl & ZG
GY g SY
80 wL '} zX
=
— @» —
0.001 0.0005

Figure 2. Phylogenetic analyses of nad4 sequence from 18 Bactrocera minax populations. (A) Phylogenetic
tree of nad4 sequence using the neighbor-joining method estimated with MEGA v. 5.05. (B) Phylogenetic
tree of nad4 sequence using the maximum-likelihood method estimated with PhyML v. 3.0. Bootstrap
value was indicated at each node.
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3.4.2. Median-Joining Network of Haplotypes

The M] network showed that some haplotypes at higher frequency (e.g., H8, H32, H87, H78, H25,
and H1) were located centrally, with rare haplotypes connected to them through few mutations. Six
haplotypes (H1, H8, H25, H32, H66, and H87) were shared by at least two groups but only two were
shared by all three groups (H32, and H87) (Figure 3).

Figure 3. Median-joining network of haplotypes. Blue, Western China; red, Central China; yellow,
Southern China.

3.5. Demographic Analysis

Based on the nad4 gene, neutrality test results showed that Tajima’s D values were significantly
negative for all B. minax populations pooled together and the CC+WC clusters (ranging from —1.979 to
-1.764, p < 0.01), but not for the SC cluster (0.534, p > 0.05). Tajima’s D values ranged from
—2.398 (p < 0.01) of WZ to 1.639 of HZ (p > 0.05). The values of Tajima’s D were significantly different
among these populations (Table 2). Fu’s Fs values were significantly negative for all populations
pooled together and for each group individually (ranging from —26.622 to —24.928, p < 0.01) and also
significantly negative in each population (ranging from —34.028 of JZ to —15.700 of WL), except for the
ZX population (34.028, p > 0.05) (Table 3).

The unimodal mismatch distributions based on nad4 data from the 18 populations and each
population group revealed a sudden demographic expansion (Figure 4). The expansion (coalescence)
time under the sudden expansion assumption in mutation-generations (7) ranged from 0.000 (ZX) to
10.309 (YC) (Table 2). To estimate coalescence time in the absence of a molecular clock calibration for
B. minax, we used a mutation rate (i) of 1.7 x 1078 per year for mitochondrial genes [26]. The oldest
coalescence time for nad4 gene of B. minax was in the YC population with about 448,000 years, XX and
JZ populations were approximately 10,000 (7 = 0.066) and 170 (t = 0.004) years old. And the most
special was the ZX population with no expansion history (7 = 0.000), which may be newly established.
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Figure 4. Observed and simulated mismatch distributions of all Bactrocera minax populations.
(A) Central China; (B) Southern China; (C) Western China; (D) All populations.

4. Discussion

A species’ genetic resources exist at two fundamental levels, genetic differences among individuals
within local populations and those among populations [27]. All the B. minax populations had
moderately high levels of genetic diversity except the ZX population with only one haplotype,
which may represent a newly-colonized site. Based on the pairwise Fgr values for nad4 sequences,
the 18 B. minax populations were highly genetically differentiated. Meanwhile, the AMOVA results of
the 18 populations showing 46.15% variation among groups, indicating a strong population genetic
structure of B. minax in Mainland China. Moreover, the scatter plots of genetic versus geographical
distances for pairwise population comparisons and the median-joining network of haplotypes also
exhibit a discrete distribution and support the same conclusion. Combining the differences among
SAMOVA with phylogeny analysis and pairwise Fsr values among populations, we hypothesize
that B. minax may have invaded these areas on multiple separate occasions. The results of AMOVA
and haplotypes phylogeny analyses, based on nad4 sequence data, showed limited gene flow among
regions and suggested that the Yangtze River, Nanling Mountains, and Wushan Mountains may have
acted as substantial barriers to gene flow.

Four main factors promote biological evolution: mutation, gene flow, random genetic drift,
and natural selection [28]. Levels of gene flow depend not only on the distances among populations,
but also on the nature of the surrounding landscapes [29-32]. Under equilibrium conditions, gene
flow offsets the effects of genetic drift, and pairwise Fsr estimates will increase with geographical
distance [33]. The values of gene flow from other populations to ZX were much lower than others
(130.3 < M < 457.0). There should be much citrus trade to the cities of ZG, TY, and LL from the other
15 sites. The immigration and emigration rates were very unequal in the SC cluster (emigration rate
>> immigration rate), suggesting that the SC cluster may be a major dispersal source for B. minax
in mainland China. In contrast, the immigration rate (21.591) was much higher than the emigration
rate (3.199) in the WC cluster, while the immigration rate (8.696) was basically symmetrical with the
emigration rate (5.447) in the CC cluster (Table 5). The gene flow analysis supports the view that
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the Yangtze River, Nanling Mountains, and Wushan Mountains have acted as substantial barriers to
gene flow. There were no strong isolation-by-distance relationships among B. minax populations [34],
the reason for which may be related to the frequent citrus trade between the cities and insect movement
aided by human commerce. A positive Tajima’s D means low levels of low-frequency polymorphisms,
implying a decrease in population size or selection of balancing; meanwhile, a negative Tajima’s D
means excess levels of low-frequency polymorphisms, implying an expansion in population size or
selection of purifying. The same principle holds for Fu's F; test [35,36]. The rate of random walk will
depend on population size (Wright's “effective breeding size”) and the mating structure. The smaller
the population, the greater the random variation, and thus the faster the random walk [37]. Based
on the neutrality test of B. minax nad4 sequences, the significantly negative Tajima’s D and Fu's F;
values suggest an absence of historical population bottlenecks and subsequent population expansion
and an excess of low frequency polymorphisms. Besides, the negative fixation index (Fsy = —0.018,
—0.004) indicated that there was still excess heterozygosity in some B. minax populations. Moreover,
the unimodal mismatched distributions of the nad4 gene within the 18 B. minax populations meant
a population expansion in agreement with the negative Tajima’s D, and reflected the main coalescence
depth of the haplotypes which is ultimately traces to a single ancestor.

In 1940, B. minax was first recorded in mainland China. Since then, B. minax has continued to
spread. It was found in five provinces in 1957, six in 1966, eight in 1995, and nine in 2006. The centers
of origin and the diffusion paths of B. minax are unknown. In this study, it was found that the oldest
coalescence time for nad4 gene in B. minax was about 448,000 years ago, and the ZX population may be
newly established with no expansion history. As to the demographic history the major dispersal routes
of B. minax into Mainland China, we would need more loci and more samples.

5. Conclusions

We collected 359 B. minax individuals from 18 localities in China, and used a mitochondrial
DNA gene fragment nad4 to investigate the genetic diversity and population genetic structure of
this species. Eighteen B. minax populations were divided by phylogenetic analyses and statistical
parsimony haplotype networks into three branches: a Central China (CC) branch, a Western China
(WC) branch, and a Southern China (SC) branch. A total of 93 variable sites and 91 unique haplotypes
were observed in the 359 nucleotides scored from the nad4 gene, which indicated that B. minax had
a high level of genetic diversity. These populations also showed a discrete distribution in both the
scatter plots of genetic versus geographical distance for pairwise population comparisons and the
median-joining network of haplotypes, which revealed the strong genetic structure of B. minax.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4450/10/8/236/s1,
Table S1: Pairwise comparisons between Fgr values of nad4 gene fragments from 18 Bactrocera minax populations.
Table S2: Estimates of gene flow between 18 Bactrocera minax populations.

Author Contributions: FEH. and Y.L. conceived and designed the experiments; EH., L.G., H.-L.H. and P.W.
contributed materials and performed the experiments; FH., ].W. and D.W. analyzed the data and wrote the paper.

Funding: This work was supported in part by the National Key Research and Development Program
(2016YFD0200501-9), the National Natural Science Foundation of China (31401742), and the PhD Research
Funding of Southwest University (SWU118110).

Acknowledgments: We thank Jin-Jun Wang from Southwest University for the technical support. We also thank
Chuanren Li from Yangtze University, Hong Yang from Guizhou University, and Yu Qiu from Hubei Great
Biological Technology Co., Ltd., China, for sample collection.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2075-4450/10/8/236/s1

Insects 2019, 10, 236 10 of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chen, E.-H.; Dou, W.; Hu, E; Tang, S.; Zhao, Z.M.; Wang, J.J. Purification and biochemical characterization
of glutathione S-transferases in Bactrocera minax (Diptera: Tephritidae). Fla. Entomol. 2012, 95, 593-601.
[CrossRef]

Drew, R.A.L; Dorji, C.; Romig, M.C.; Loday, P. Attractiveness of various combinations of colors and shapes to
females and males of Bactrocera minax (Diptera: Tephritidae) in a commercial mandarin grove in Bhutan.
J. Econ. Entomol. 2006, 99, 1651-1656. [CrossRef]

Gao, L.Z; Liu, YH.; Wan, X.W.; Wang, J.; Hong, F. Screening of microsatellite markers in Bactrocera minax
(Diptera: Tephritidae). Sci. Agric. Sin. 2013, 46, 3285-3292.

Chen, S.X.; Xie, Y.Z. Taxonomic notes on the Chinese citrus fly Tetradacus citri (Chen). Acta Entomol. Sin.
1955, 1, 123-126.

Dorji, C.; Clarke, A.R.; Drew, R.A.L; Fletcher, B.S.; Loday, P.; Mahat, K.; Raghu, S.; Romig, M.C. Seasonal
phenology of Bactrocera minax (Diptera: Tephritidae) in western Bhutan. Bull. Entomol. Res. 2006, 96, 531-538.
Zhou, X.W.; Niu, C.Y.; Han, P; Desneux, N. Field evaluation of attractive lures for the fruit fly Bactrocera minax
(Diptera: Tephritidae) and their potential use in spot sprays in Hubei Province (China). J. Econ. Entomol.
2012, 105, 1277-1284. [CrossRef]

Zhang, B.; Liu, Y.H.; Wan, X.W.; Wang, Z.L. Molecular phylogeny of Bactrocera species (Diptera: Tephritidae:
Dacini) inferred from mitochondrial sequences of 16S rDNA and COI sequences. Fla. Entomol. 2010, 93,
369-377.

Zhang, C.Y. Molecular Phylogenetic Study and Molecular Identification in Five Species of Fruit Flies
(Diptera:Tephritidae). Ph.D. Thesis, Huazhong Agricultural University, Wuhan, China, June 2007.

Wan, X.W,; Liu, Y.H.; Zhang, B. Invasion history of the oriental fruit fly, Bactrocera dorsalis, in the Pacific-Asia
region: Two main invasion routes. PLoS ONE 2012, 7, e36176. [CrossRef]

Wan, X; Nardi, F.; Zhang, B.; Liu, Y. The oriental fruit fly, Bactrocera dorsalis, in China: Origin and gradual
inland range expansion associated with population growth. PLoS ONE 2011, 6, €25238. [CrossRef]

Zhang, D.X,; Szymura, ].M.; Hewitt, G.M. Evolution and structural conservation of the control region of
insect mitochondrial DNA. J. Mol. Evol. 1995, 40, 382-391. [CrossRef]

Liu, J.; Berry, R.E.; Blouin, M.S. Molecular differentiation and phylogeny of entomopathogenic nematodes
(Rhabditida: Heterorhabditidae) based on ND4 gene sequences of mitochondrial DNA. J. Parasitol. 1999, 85,
709-715. [CrossRef]

Zhang, B.; Nardji, F; Hull-Sanders, H.; Wan, X,; Liu, Y. The complete nucleotide sequence of the mitochondrial
genome of Bactrocera minax (Diptera: Tephritidae). PLoS ONE 2014, 9, e100558. [CrossRef]

Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F;
Wallace, LM.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23,
2947-2948. [CrossRef]

Tajima, F. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics
1989, 123, 585-595.

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

Excoffier, L.; Laval, G.; Schneider, S. Arlequin (version 3.0): An integrated software package for population
genetics data analysis. Evol. Bioinform. 2005, 1, 47. [CrossRef]

Excoffier, L.; Lischer, H.E. Arlequin suite ver 3.5: A new series of programs to perform population genetics
analyses under Linux and Windows. Mol. Ecol. Res. 2010, 10, 564-567. [CrossRef]

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

Dupanloup, I.; Schneider, S.; Excoffier, L. A simulated annealing approach to define the genetic structure of
populations. Mol. Ecol. 2002, 11, 2571-2581. [CrossRef]

Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Mol. Biol. Evol. 2011, 28, 2731-2739. [CrossRef]


http://dx.doi.org/10.1653/024.095.0309
http://dx.doi.org/10.1093/jee/99.5.1651
http://dx.doi.org/10.1603/EC12020
http://dx.doi.org/10.1371/journal.pone.0036176
http://dx.doi.org/10.1371/journal.pone.0025238
http://dx.doi.org/10.1007/BF00164024
http://dx.doi.org/10.2307/3285747
http://dx.doi.org/10.1371/journal.pone.0100558
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1177/117693430500100003
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/10.1093/bioinformatics/btp187
http://dx.doi.org/10.1046/j.1365-294X.2002.01650.x
http://dx.doi.org/10.1093/molbev/msr121

Insects 2019, 10, 236 11 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Guindon, S.; Dufayard, ].E; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods
to estimate maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59,
307-321. [CrossRef]

Bandelt, H.]J.; Forster, P.; Rohl, A. Median-joining networks for inferring intraspecific phylogenies. Mol. Biol.
Evol. 1999, 16, 37-48. [CrossRef]

Polzin, T.; Daneshmand, S.V. On Steiner trees and minimum spanning trees in hypergraphs. Oper. Res. Lett.
2003, 31, 12-20. [CrossRef]

Zhang, B. Analysis of Complete Mitochondrial Genome of Bactrocera minax (Diptera: Tephritidae) and
Exploration of Identification and Detection for Dangerous Tephritid Species by Microarray. Ph.D. Thesis,
Southwest University, Chongqing, China, December 2010.

Brower, A.V.Z. Rapid morphological radiation and convergence among races of the butterfly Heliconius erato
inferred from patterns of mitochondrial-DNA evolution. Proc. Natl. Acad. Sci. USA 1994, 91, 6491-6495.
[CrossRef]

Allendorf, EW. Isolation, gene flow, and genetic differentiation among populations. In Genetics
and Conservation; Schonewald-Cox, C.M., Chambers, SM., MacBryde, B., Thomas, W.L., Eds.;
Benjamin/Cummings: Menlo Park, CA, USA, 1983; pp. 51-65.

Bellemain, E.; Gaggiotti, O.E.; Fahey, A.; Bermingham, E.; Ricklefs, R.E. Demographic history and genetic
diversity in West Indian Coereba flaveola populations. Genetica 2012, 140, 137-148. [CrossRef]

Brooker, L.; Brooker, M. Dispersal and population dynamics of the blue-breasted fairy-wren, Malurus
pulcherrimus, in fragmented habitat in the Western Australian wheatbelt. Wildl. Res. 2002, 29, 225-233.
[CrossRef]

Gibbs, ].P. Demography versus habitat fragmentation as determinants of genetic variation in wild populations.
Biol. Conserv. 2001, 100, 15-20. [CrossRef]

Templeton, A.R.; Robertson, R.J.; Brisson, J.; Strasburg, J. Disrupting evolutionary processes: The effect
of habitat fragmentation on collared lizards in the Missouri Ozarks. Proc. Natl. Acad. Sci. USA 2001, 98,
5426-5432. [CrossRef]

Whitlock, M.C.; Barton, N.H. The effective size of a subdivided population. Genetics 1997, 146, 427-441.
Johnson, J.A.; Toepfer, J.E.; Dunn, P.O. Contrasting patterns of mitochondrial and microsatellite population
structure in fragmented populations of greater prairie-chickens. Mol. Ecol. 2003, 12, 3335-3347. [CrossRef]
Gao, L.; Liu, Y;; Wan, X; Tu, Z.; Pu, P; Chen, Y. Genetic diversity analysis of Bactrocera minax (Diptera:
Tephritidae) in China. Plant Prot. 2016, 42, 51-55.

Bachtrog, D.; Andolfatto, P. Selection, recombination and demographic history in Drosophila miranda. Genetics
2006, 174, 2045-2059. [CrossRef]

Haddrill, P.R.; Thornton, K.R.; Charlesworth, B.; Andolfatto, P. Multilocus patterns of nucleotide variability
and the demographic and selection history of Drosophila melanogaster populations. Genome Res. 2005, 15,
790-799. [CrossRef]

Cavallis, L.L.; Edwards, A.W.E. Phylogenetic analysis: Models and estimation procedures. Evolution 1967, 21,
550-570. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/sysbio/syq010
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026036
http://dx.doi.org/10.1016/S0167-6377(02)00185-2
http://dx.doi.org/10.1073/pnas.91.14.6491
http://dx.doi.org/10.1007/s10709-012-9665-6
http://dx.doi.org/10.1071/WR01113
http://dx.doi.org/10.1016/S0006-3207(00)00203-2
http://dx.doi.org/10.1073/pnas.091093098
http://dx.doi.org/10.1046/j.1365-294X.2003.02013.x
http://dx.doi.org/10.1534/genetics.106.062760
http://dx.doi.org/10.1101/gr.3541005
http://dx.doi.org/10.1111/j.1558-5646.1967.tb03411.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sampling 
	DNA Extraction and Amplification 
	Data Analysis 

	Results 
	Genetic Diversity 
	Population Genetic Structure 
	Estimation of Migration Rates 
	Phylogenetic Analysis 
	Phylogenetic Trees Construction 
	Median-Joining Network of Haplotypes 

	Demographic Analysis 

	Discussion 
	Conclusions 
	References

