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Abstract

The oriental fruit moth (OFM) Grapholita molesta is one of the most destructive orch-

ard pests. Assumed to be native to China, the moth is now distributed throughout the

world. However, the evolutionary history of this moth in its native range remains

unknown. In this study, we explored the population genetic structure, dispersal routes

and demographic history of the OFM in China and South Korea based on mitochon-

drial genes and microsatellite loci. The Mantel test indicated a significant correlation

between genetic distance and geographical distance in the populations. Bayesian anal-

ysis of population genetic structure (BAPS) identified four nested clusters, while the

GENELAND analysis inferred five genetic groups with spatial discontinuities. Based on

the approximate Bayesian computation approach, we found that the OFM was origi-

nated from southern China near the Shilin area of Yunnan Province. The early diver-

gence and dispersal of this moth was dated to the Penultimate glaciation of

Pleistocene. Further dispersal from southern to northern region of China occurred

before the last glacial maximum, while the expansion of population size in the derived

populations in northern region of China occurred after the last glacial maximum. Our

results indicated that the current distribution and structure of the OFM were compli-

catedly influenced by climatic and geological events and human activities of cultiva-

tion and wide dissemination of peach in ancient China. We provide an example on

revealing the origin and dispersal history of an agricultural pest insect in its native

range as well as the underlying factors.
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Introduction

Improved knowledge regarding the history of individ-

ual species will improve our ability to predict how they

will react to environmental dynamics in the future and

can promote strategies in species management and con-

servation (Porretta et al. 2007; Lyons et al. 2012; Wei

et al. 2013). Climate change and dispersal are two major

factors influencing the contemporary distribution and

genetic diversity of organisms (Hewitt 2004; Broquet &

Petit 2009). In the climate oscillation of the Quaternary,

species retreated into refugia during the glacial period

and then expanded when conditions became suitable

(Hewitt 2000). The repeated changes in the ranges
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initially shaped the distribution pattern of most living

species (Hewitt 2004). In recent times, demographic

events, such as stepping-stone expansion (Kerdelhu�e

et al. 2009), human-related dispersal (Parker et al. 2001;

Halpern et al. 2008) and active migration (Lyons et al.

2012; Wei et al. 2013) of the species, interactively con-

founded their distribution ranges (Hewitt 2000). In con-

trast, the present genetic constitution of the populations

and species, carrying consequent signals of these past

dynamics, can be used to interpret the evolutionary his-

tory of species (Hewitt 2004).

The oriental fruit moth (OFM) Grapholita molesta

(Busck, 1916) (Lepidoptera: Tortricidae) is a serious pest

that inflicts severe damage to orchards worldwide. The

larvae damage the shoots and fruits of the stone and

pome plants belonging to the family Rosaceae, mostly

in the genera Prunus and Pyrus (Rothschild & Vickers

1991). This includes many of the economically impor-

tant fruits, such as peach, apple and pear (Cory 1925;

Myers et al. 2007; Pinero & Dorn 2009).

Assumed to be native to China, the OFM is now dis-

tributed throughout the stone-fruit-growing areas of

Asia, the Middle East, Europe, Africa, South and North

America, New Zealand and Australia (Rothschild &

Vickers 1991). The OFM was first described under the

name of Laspeyresia molesta in the USA in 1916 (Quain-

tance & Wood 1916), at which time no record of this

species was found in Europe. Prior to this, the moth

was mentioned as an unidentified pest of the peach in

Japan (1901) and Australia (1910). The record of this

species in other regions of the globe, such as South

Africa, South America and New Zealand, came even

later, confirming a recent worldwide introduction of

this species (Table S1, Supporting information).

Due to its economic importance and recent introduc-

tion to other continents, the genetic structure and dis-

persal routes of the OFM population have been

extensively examined (Timm et al. 2008; Torriani et al.

2010; Kirk et al. 2013; Zheng et al. 2013). Global study of

the OFM indicated that the Australian and Japanese

populations clustered with populations from China.

The number of private alleles was significantly higher

among Chinese populations than among populations

from Japan, Europe and North America (Kirk et al.

2013). Although the OFM adults displayed a weak flight

ability (Yetter & Steiner 1932), no pattern of isolation by

distance was found within South Africa or Italy (Timm

et al. 2008; Torriani et al. 2010), which is usually typical

of recently colonized populations (Endersby et al. 2006;

Yang et al. 2012). It was presumed that active and pas-

sive dispersal associated with accidental anthropogenic

displacements helped expand their geographical range

(Torriani et al. 2010). The effect of orchard management

practices (Torriani et al. 2010) and selective host switch

(Zheng et al. 2013) might have played important roles

in the observed patterns of genetic variation.

However, the spatial expansion and temporal varia-

tion of the OFM in its presumed native area of China

remain unclear. The OFM has been considered to be

originated in northwest China, but questioned by the

wider native range of its plant hosts in central Asia

(Rothschild & Vickers 1991). Compared to the pattern

of expansion and its influencing factors observed on

other continents in which the OFM was introduced

within the past 100 years (Quaintance & Wood 1916),

the evolutionary history of this moth in China might be

affected in a more complicated manner via both ancient

and recent events. For example, Pleistocene climatic

fluctuations on the distributions and the genetic diver-

gence were detected in several widespread species in

China (Meng et al. 2008; Zhang et al. 2008). It is also

possible that the changes in environmental conditions

could lead to expansion of multiple post-glacial colo-

nization events in the agro-ecosystem (Kobayashi et al.

2011).

Given the limited knowledge on evolutionary history

of the OFM in its native range, we examined the popu-

lation genetic structure of the OFM in China and South

Korea using both mitochondrial DNA sequences and

microsatellite loci. The origin and dispersal history of

this moth was deciphered using the approximate Baye-

sian computation (ABC) approach, which has proved to

be a powerful method in dealing with complicated sce-

narios (Beaumont et al. 2002; Bertorelle et al. 2010). Our

research demonstrated the southern origin and a north-

ward dispersal of an important agricultural insect in its

native range of China as well as the underlying factors

that contributed to shape the current patterns of popu-

lation genetic structure and diversity.

Materials and methods

Specimen collection

We collected 754 OFM larvae from peach orchards at 20

locations across China and one location in South Korea

between 2010 and 2012 (Table 1, Fig. 1). Ten individual

Grapholita dimorpha were used for gene sequencing as

out-groups of molecular dating. All specimens were

preserved in absolute ethanol and stored at �80 °C
prior to DNA extraction.

DNA extraction, mitochondrial gene sequencing and
microsatellite genotyping

Total genomic DNA was extracted from one abdominal

segment of individual larvae using the DNeasy Blood

and Tissue Kit (Qiagen, Germany).

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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For the mitochondrial markers, DNA sequences with

a total length of 4223 bp from six of the 13 mitochon-

drial protein-coding genes (cox1, cox2, atp8, atp6, nad5

and nad1) and one of the two mitochondrial ribosomal

RNA genes (large ribosomal RNA gene, rrnl) were used

in this study. Most of the seven gene sequences have

been previously shown to be powerful markers in pop-

ulation genetic studies (Meng et al. 2008; Ma et al. 2012).

The amplification and sequencing primers were

designed using PRIMER PREMIER software version 5 accord-

ing to the complete OFM mitochondrial genome (Gong

et al. 2012) (Table S2, Supporting information). Poly-

merase chain reaction (PCR) was conducted using the

Mastercycler pro system (Eppendorf, Germany) under

the following conditions: an initial denaturation for

3 min at 94 °C, followed by 35 cycles of 10 s at 94 °C,
15 s at 48 °C and 2 min for the region of cox1-atp6 and

nad5 and 1 min for the regions of nad1 and rrnL at

68 °C, and a subsequent final extension for 10 min at

68 °C. The PCR components were added as recom-

mended by the manufacturer of Takara LA Taq (Takara

Biomedical, Japan). Amplified products were purified

and sequenced directly from both strands using the ABI

3730xl DNA Analyzer (Applied Biosystems, USA).

For the nuclear markers, eight microsatellite loci pre-

viously isolated by Torriani et al. (2010) were genotyped

in the study (Table S3, Supporting information). All loci

were fluorescently labelled and amplified as previously

described by Schuelke (2000). The size of the amplified

PCR products was determined using the ABI 3730xl

DNA Analyzer with GeneScan 500 LIZ size standard.

Allele designation was obtained using the software GEN-

EMAPPER version 4.0 (Applied Biosystems, USA).

Data preparation and genetic diversity analyses

The sequencing results of mitochondrial genes deter-

mined from both strands were assembled in SEQMAN

within the LASERGENE suite version 7.1.2 (DNASTAR,

Inc., USA). Each gene was aligned independently using

CLUSTALW (Thompson et al. 1994) implemented in MEGA

version 5 (Tamura et al. 2011) using the default set of

parameters. Alignment of the nucleotide sequences of

the protein-coding genes was guided by amino acid

alignment. The standard diversity indices and back-

ground selection using Tajima’s D (Tajima 1989) were

calculated using ARLEQUIN suite version 3.5 (Excoffier &

Lischer 2010).

The microsatellite loci determined from GENEMAPPER

were first checked for stuttering and large allele drop-

out using MICRO-CHECKER version 2.2.3 (van Oosterhout

et al. 2004). Null allele frequencies at each locus were

calculated using the R package GENELAND version 4.0.4

(Guillot et al. 2005). The number of alleles and observed

Table 1 Sample collection information of the Grapholita molesta used in this study

Group Population Collection location Longitude (E) Latitude (N)

Collection date

(Month/Year)

Number of

individuals

SL SL Yunnan Province, Shilin 103°19048.000 0 24°51048.960 0 May/11 17

KD South Korea, Daegu 128°36005.200 0 35°52017.170 0 Aug/12 10

CD CD Sichuan Province, Chengdu 104°03053.480 0 30°39030.960 0 Sep/10 53

ND ND Fujian Province, Ningde 119°32052.560 0 26°39056.220 0 Jul/11 30

CE NB Zhejiang Province, Ningbo 121°32038.360 0 29°52006.010 0 Sep/10 13

WH Hubei Province, Wuhan 114°18019.290 0 30°35035.110 0 Jul/11 28

NJ Jiangsu Province, Nanjing 118°47048.760 0 32°03036.920 0 Jul/10 30

TS Gansu Province, Tianshui 105°43029.810 0 34°34051.100 0 Apr/10 30

YL Shanxi Province, Yangling 108°05005.040 0 34°16019.620 0 Aug/10 39

ZZ Henan Province, Zhengzhou 113°37031.320 0 34°44047.760 0 Aug/10 30

YA Shanxi Province, Yanan 109°29022.690 0 36°35007.530 0 Aug/10 31

NO TG Shanxi Province, Taigu 112°33004.890 0 37°25016.710 0 Sep/10 36

QD Shandong Province, Qingdao 120°22057.010 0 36°04001.990 0 Jun/10 59

SJ Hebei Province, Shijiazhuang 114°30053.500 0 38°02032.310 0 May/10 47

BD Hebei Province, Baoding 115°27053.300 0 38°52026.010 0 Jul/10 36

DX Beijing City, Daxing 116°20029.020 0 39°43036.940 0 Aug/10 48

MT Beijing City, Mentougou 116°06006.130 0 39°56025.230 0 Jul/10 48

PG Beijing City, Pinggu 117°070170.030 40°08026.160 0 Jun/10 48

YQ Beijing City, Yanqing 115°58029.920 0 40°27023.970 0 Jul/10 43

DL Liaoning Province, Dalian 121°36052.860 0 38°54050.410 0 Jul/10 48

SY Liaoning Province, Shenyang 123°25053.290 0 41°48020.590 0 Sep/10 30

Groups are divided based on the GENELAND analysis using mitochondrial genes. CE indicates a central group; NO indicates a northern

group. The italic populations are used in DIYABC analyses.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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and expected heterozygosities were calculated using

MICROSATELLITE ANALYSER (MSA) version 4.0.5 (Dieringer &

Schl€otterer 2003). Tests for linkage disequilibrium and

deviation from Hardy–Weinberg equilibrium at each

locus and for each population, and estimation of

inbreeding coefficients (FIS) for each population, were

performed using GENEPOP version 4.0.11 (Raymond &

Rousset 1995).

Haplotype relationship analysis

To reveal the relationships among haplotypes, split net-

works were constructed using the software SPLITSTREE

version 4.13.1 (Huson & Bryant 2006) from both single

and the combined mitochondrial genes. This software

provides a framework for analysis using both trees and

networks. The network methods in the software also

provide a valuable tool for phylogenetic inference, even

when reticulation events do not play an important role.

To detect significant signature of reticulation, we used

the neighbour-net method for construction of networks

under a distance model of K2P. The statistically

significant split with >95% confidence was identified

after 1000 bootstraps.

Divergent time estimation

The divergence times for the two haplotype lineages

were estimated using the software BEAST version 1.8.1

(Drummond & Rambaut 2007) based on the combined

mitochondrial genes. The substitution model and the

best partitioning schemes were determined simultane-

ously using the software PARTITIONFINDER version 1.1.1

(Lanfear et al. 2012) under a BIC and linked branch

lengths. The data were partitioned into two partitions,

which are composed of the protein-coding genes and

the ribosomal RNA gene, respectively. The substitution

model HKY + I + G for the protein-coding genes and

HKY + G for the ribosomal RNA gene was applied.

Coalescent tree priors were set to the constant size

model. A relaxed clock with uncorrelated lognormal

distribution was used to allow rate variation among

branches, selected by the path sampling and stepping-s-

tone sampling approaches (Baele et al. 2012, 2013). We

applied the insect molecular clock for the combined

cox1 and rrnl genes (substitution rate = 1.345% per mil-

lion years) (Papadopoulou et al. 2010), leaving the sub-

stitution rates for the other genes to be estimated. Two

runs were executed for 200 million steps, sampling

every 20 000 steps and discarding the initial 25% as

burn-in. Convergence of the chains was checked using

the program TRACER version 1.6 (http://tree.bio.ed.ac.uk/

software/tracer) to ensure that effective sample sizes

were above 200. Samples from the two runs, which

yielded similar results, were combined for the estimation

of the MRCA (most recent common ancestor) of the two

lineages.

Population genetic structure analyses

To gain insight into the population genetic structure of

the OFM, we used multiple approaches. Initially, pair-

wise FST between each pair of the sampled populations

was calculated in the ARLEQUIN suite version 3.5 (Ex-

coffier & Lischer 2010) for both mitochondrial genes

and microsatellite loci.

Next, we performed Mantel tests of the genetic dis-

tance [FST/(1-FST)] vs. the geographical distance (ln km)

across populations for both mitochondrial genes and

microsatellite loci using the software ZT version 1.1

(Bonnet & Van de Peer 2002) to estimate the level of

isolation by distance. We used the FST values of

microsatellite loci calculated by FREENA software, which

uses an excluding null alleles (ENA) method to avoid

the effect of null allele on the estimates of genetic differ-

entiation (Chapuis & Estoup 2007).
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Fig. 1 Collection locations of the Grapholita molesta and spatial

clustering of the individuals based on the combined mitochon-

drial genes estimated from BAPS. Detailed information on the

locations and codes of the populations is presented in Table 1.

The areas of different colours in each population correspond to

the proportion of each cluster in the population. The blue clus-

ter was mainly distributed in the CD population, reductively

distributed in the TS and YA populations. The grey cluster

was widely distributed in most of the sampled populations

and decreased in proportion from southern to northern popu-

lations. The red cluster was mainly distributed in central

China, and the yellow one was mainly distributed in northern

China.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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The spatially explicit BAPS model for clustering of

individuals implemented in BAPS version 6.0 (Cheng

et al. 2013) was used for mitochondrial genes. This

model combines sample locations with the likelihood

of the genetic data and is particularly efficient with

large data sets. As the K values (maximum number of

genetically diverged groups) affect the initial assign-

ment of simulation and thus the possibility of finding

only a local mode is reduced when the simulation is

started many times from different initial assignments,

we performed 20 runs (K = 20) to ensure convergence

and consistency of the results.

Finally, the Bayesian clustering method imple-

mented in the R package GENELAND version 4.0.4 (Guil-

lot et al. 2005) was used to detect its geographical

discontinuities for both mitochondrial genes and

microsatellite loci. This method distributes the individ-

ual genotypes into K clusters by minimizing Hardy–
Weinberg disequilibrium and gametic phase disequi-

librium within the groups, taking into account the

spatial coordinates. As the correlated model seems to

be more prone to algorithm instabilities and more

sensitive to departure from model assumptions, such

as the presence of isolation by distance, we used the

uncorrelated model of allele frequencies for both mito-

chondrial genes and microsatellite loci. The null allele

model was allowed for microsatellite loci (Guillot et al.

2008). Four independent runs were performed with 10

million Markov chain Monte Carlo iterations, of which

every 1000th one was saved. Initially, the tested num-

ber of genetic clusters (K) was set to vary between 1

and 21. To refine the geographical map of the genetic

clusters, the model was run four more times, treating

the number of clusters as known, based on the num-

ber of clusters, K, inferred from the previous runs.

The posterior probability of population membership

was computed using a burn-in period length of 300

iterations.

ABC-based Inferences about the origin and dispersal of
the OFM: overall methodology

The ABC method, as implemented in the DIYABC version

2.0 program (Cornuet et al. 2014), was used to compare

different competing scenarios regarding the ancestral

populations of the OFM as well as the dispersal routes.

This approach simulates the data sets for a number of

predefined scenarios and compares the summary statis-

tics of these with the summary statistics of the observed

data, making it feasible to test complex population

genetic models. The approach also allows for an admix-

ture of two populations, which is suitable for analysing

our data with nested population structures as inferred

from BAPS analysis.

In the ABC analyses, mitochondrial genes and

microsatellite loci were separately analysed in two sets

of analyses. Details for the analyses based on the

microsatellite loci are described in supporting informa-

tion. We present the set of analyses based on the mito-

chondrial genes. Prior distributions were uniform and

set as in Table S4 (Supporting information). The HKY

model for the nucleotide substitution was used with the

gamma value and the proportion of invariable sites esti-

mated using the maximum-likelihood method in PHYML

version 3.0 (Guindon et al. 2010). The ‘one sample sum-

mary statistics’ used were the number of haplotypes

and the number of segregation sites, while the ‘two-

sample summary statistics’ used was FST. Optimal num-

ber of simulated data sets was created for each analysis

as recommended by the software.

The DIYABC program allows for estimating the poste-

rior probability of the different scenarios compared. We

compared the posterior probability of the competing

scenarios using a polychotomic weighted logistic regres-

sion (Fagundes et al. 2007) with linear discriminant

analysis (Estoup et al. 2012). Only 1% of the simulated

data sets closest to the observed data were retained for

these estimations (Beaumont et al. 2002). Confidence in

the scenario choice was evaluated by computing type I

error (risk to exclude the focal scenario when it is the

true one) and type II error (risk to select the focal sce-

nario when it is false) in the selection of scenarios. Pos-

terior model checking was performed on the selected

scenario of every analysis using a local linear regression

on 1% of the simulated data sets closest to our real data

(Beaumont et al. 2002). All summary statistics were

used for model checking.

Scenarios of the ABC analyses

For the scenario test, the sampled individuals were trea-

ted as five geographical and genetic groups, as detected

by the package GENELAND, named CD, SL, ND, CE (Cen-

tral group) and NO (Northern group) (Table 1), to

reduce the number and complexity of evolutionary sce-

narios to be compared, as in previous studies (Lombaert

et al. 2014). To balance the number of analysed individ-

uals among the five groups, the individuals from the

sampled populations of TS, YL and WH, representing

the CE group, and those from DL and SY, representing

the NO group, were selected for analysis, rather than

including all individuals identified in the two GENELAND

groups. All of the selected populations are those with

the highest posterior probabilities of population mem-

bership inferred by GENELAND. Because as many as 120

scenarios can be tested with five populations, we nar-

rowed this number by defining nested subsets of com-

peting scenarios that were analysed sequentially, based

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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on genetic diversity, haplotype relationships and popu-

lation structure.

In step 1, the relationships among the three popula-

tions of CD, SL and ND with high genetic diversity,

which were adjacently located in the southern region of

China, were investigated. A total of six possible scenar-

ios among the three populations were tested, regarding

the variation in population size and the split and

admixture events (Step 1-1 in Fig. 2). In this analysis,

the size of ancestral population was varied in all scenar-

ios. Subsequently, two competing scenarios based on

the scenario that ND is from the admixture of CD and

SL were analysed, regarding the source of the southern

populations (Step 1-2 in Fig. 2). When the variation in

the population size was allowed for the ancestral popu-

lation in this analysis, the two scenarios could not be

discriminated with equal probability. Thus, the popula-

tion size was set to be constant in the analysis.

In step 2, we supposed three major hypotheses on the

origin of the OFM, that is southern, central and north-

ern origin. In the scenario definition, the model of step-

ping-stone dispersal was assumed, based on the weak

flight ability of the OFM (Yetter & Steiner 1932) and the

presence of isolation by distance in the sampled popu-

lations. The ND population was set to be an admixture

of SL and CD, while the CD to be a split of SL, as

revealed in step 1. According to the results of demo-

graphic analysis in the following Bayesian skyline plot

analysis, we set the population size of the NO to be var-

ied and that of the others to be constant. Totally, six,

two and one possible scenarios for the hypotheses of

southern, central and northern origin of the OFM could

be defined. In this step, we compared the competing

scenarios of southern and central origin in two analyses

(step 2-1 and step 2-2 in Fig. 2).

In step 3, the best-fit scenarios of southern and north-

ern origins inferred from step 2 as well as the single

scenario of northern origin of the OFM were compared

(step 3 in Fig. 2).

Demographic history analysis

Demographic history was analysed for each of the five

groups identified via the package GENELAND. To avoid

the influence of multiple differentiated lineages within

a population, the two haplotype lineages in the CD and

CE groups identified by SPLITSTREE were analysed

separately as in Zlojutro et al. (2006). Historical demo-

graphic trends were investigated through a mismatch

distribution analysis (Slatkin & Hudson 1991; Schneider

& Excoffier 1999) using ARLEQUIN suite version 3.5. We

also investigated the population history by estimating

the changes in the effective population size over time

using a Bayesian skyline plot (Drummond et al. 2005)

implemented in the software BEAST version 1.8.0 (Drum-

mond & Rambaut 2007). This approach incorporates

uncertainty in the genealogy using MCMC integration

under a coalescent model. The piecewise-linear skyline

model was selected for the Bayesian skyline coalescent

tree priors. Chains were run for 200 million generations

with a sampling of every 20 000 generations. The con-

vergence and output of BEAST were checked and anal-

ysed using TRACER version 1.6.

Results

Genetic variation and neutrality test

For the combined mitochondrial genes, we observed

197 haplotypes from the 21 OFM populations (GenBank

Accession nos: KF163966-KF164208, KT004678-

KT004683). High haplotype diversity was observed both

among genes (ranging from 0.208 to 0.827) (Table S5,

Supporting information) and among the sampled popu-

lations (ranging from 0.721 to 0.966) (Table 2). The pop-

ulations from the southern and eastern regions had

more private haplotypes than those from the other

regions (e.g. 100.0%, 78.9%, 80.6% and 73.3% haplotypes

in SL, ND, CD and TS are private in population)

(Fig. S1, Supporting information). Tajima’s D was not

significantly different from 0 in all of the populations

analysed (Table 2), which indicated that mitochondrial

genes used in the study were under neutral equilib-

rium.

For the microsatellites, we included 14 populations

for analyses, taking into account the frequency of null

alleles and balance of sampling from the northern

China (Table S3, Supporting information). There were

141 alleles in eight microsatellite loci. The number of

alleles in an individual population ranged from 37 to

83. The observed heterozygosity in an individual popu-

lation ranged from 0.2797 to 0.3706, and the expected

heterozygosity ranged from 0.5566 to 0.7440 (Table S6,

Supporting information). Significant linkage disequilib-

Fig. 2 Scenarios for the DIYABC analyses to infer the origin and dispersal of the Grapholita molesta based on mitochondrial genes. Step

1-1: six scenarios for relationships of three southern populations of CD, SL and NO, regarding the variation in population size and

the split and admixture events; step 1-2: two competing scenarios based on the formation of ND from the admixture of CD and SL;

step 2-1: six scenarios of southern origin; step 2-2: two scenarios of the northern origin; step 3: the best-fit scenarios of southern and

northern origins inferred from step 2 and the single scenario of northern origin. The best scenario in the corresponding step was

indicated by red square.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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Step 1-1: 
six scenarios 
for relationships 
of three southern 
populations of CD, 
SL and NO, regarding 
the variation of 
population size and 
the split and 
admixture events.

Step 1-2:
two competitive 
scenarios based on 
the scenario that ND 
is from the admixture 
of CD and SL.

Step 2-1:
six scenarios of 
southern origin.

Step 2-2:
two scenarios of the 
northern origin.

Step 3:
the best-fit scenarios 
of southern and 
northern orign 
inferred from step 2 
as well as the single 
scenario of northern 
origin.
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rium was present in 22 of 210 pairs of loci within

populations and none of 28 locus pairs across all popu-

lations, but unlikely due to physical linkage (Torriani

et al. 2010). The inbreeding coefficients are very high,

ranged from 0.397 to 0.627 (Table S6, Supporting infor-

mation), which might be related to sampling of each

population from a single orchard and the weak flight

ability of this moth (Yetter & Steiner 1932), or even to

the effect of orchard management practices (Torriani

et al. 2010). Hardy–Weinberg tests revealed seven of the

eight loci across all sampling sites and all of the 14 pop-

ulations across multilocus exhibited significant devia-

tion, which is similar to the result of other studies on

this moth (Torriani et al. 2010; Zheng et al. 2013).

Haplotype relationships and divergence times

The SPLITSTREE result revealed two haplotype lineages

(Fig. 3): a minor one, which contained most haplotypes

of CD, partial of TS and a few of the YA population, and

a major one, which was composed of haplotypes from all

populations. No significant signature of reticulation (with

>95% confidence) was detected after 1000 bootstraps.

In addition, we estimated the divergent time of the

two lineages by molecular clock analysis of mitochon-

drial genes. The divergence time of the two lineages

was dated to 254 thousand years ago (Ka), with a 95%

highest posterior density (HPD) of 159–371 Ka. The

time to the MRCA was 110 Ka with 95% HPD of 63–
160 Ka for the minor and 104 Ka with 95% HPD of 61–
157 Ka for the major lineage.

Population genetic structure

The pairwise FST difference indicated significant differ-

entiation in 84 of the 91 population pairs based on

microsatellite loci (Table S7, Supporting information)

and in 200 of the 210 based on mitochondrial genes

(Table 3). For the microsatellite loci, no significant dif-

ferences were observed between pairwise FST and ENA-

corrected pairwise FST for null alleles (t-test,

P = 0.0678), suggesting that null alleles did not affect

this analysis.

The Mantel test results produced an r value of 0.269

for microsatellite loci (P = 0.0099) and 0.350 for com-

bined mitochondrial genes (P = 0.0013) (Fig. 4, Fig. S2,

Supporting information), which indicated that a signifi-

cant correlation was found between the genetic distance

and geographical distance in the OFM populations.

BAPS analysis of the mitochondrial genes identified four

clusters in the 21 populations, exhibiting nested popula-

tion structures (Fig. 1). The first cluster was mainly

Table 2 Parameters of the genetic diversity and the demographic analysis of 21 populations of Grapholita molesta based on the

combined mitochondrial genes

Population S h p P D (p) s (95% CI) PSSD

SL 12 0.721 0.00112 4.706 1.22258 (0.89900) 9.80664 (0.00000, 14.177773) 0.13935509

ND 39 0.966 0.00154 6.471 �1.26022 (0.09500) 8.32812 (4.56641, 11.24414) 0.01186369

NB 26 0.936 0.00168 7.077 �0.52775 (0.33500) 9.60938 (4.75977, 12.48438) 0.09139810

WH 17 0.841 0.00064 2.704 �1.37471 (0.06900) 0.77344 (0.28906, 1.13281) 0.10329815

NJ 18 0.855 0.00092 3.890 �0.49570 (0.34900) 0.21094 (0.00000, 5.78125) 0.02791498

CD 67 0.957 0.00307 12.938 �0.43010 (0.39700) 3.34570 (0.35938, 20.33789) 0.00842072

TS 56 0.924 0.00406 17.115 0.78976 (0.84300) 31.25977 (0.81250, 38.64648) 0.02941639

YL 27 0.807 0.00084 3.530 �1.46110 (0.05300) 0.05078 (0.00000, 3.56445) 0.01749447

ZZ 26 0.876 0.00140 5.910 �0.29513 (0.46300) 10.75977 (4.13086, 14.23242) 0.04375913

YA 50 0.925 0.00188 7.927 �1.37033 (0.07200) 9.54492 (3.66211, 14.28711) 0.02317419

TG 34 0.897 0.00139 5.849 �1.01308 (0.16300) 8.91797 (3.66992, 11.92969) 0.01674987

QD 30 0.802 0.00124 5.216 �0.62482 (0.2980) 8.49023 (3.15039, 12.03711) 0.03890435

SJ 42 0.931 0.00141 5.954 �1.28787 (0.08300) 8.93750 (4.43750, 12.55273) 0.01162220

BD 37 0.778 0.00141 5.944 �1.18678 (0.10100) 11.55273 (0.57422, 16.22461) 0.03646585

DX 37 0.858 0.00134 5.645 �1.09904 (0.11100) 8.90625 (3.89258, 13.16992) 0.01831298

MT 20 0.822 0.00130 5.478 0.69176 (0.80300) 9.13672 (1.85742, 13.30664) 0.03598778

PG 47 0.949 0.00161 6.737 �1.29261 (0.06900) 9.31641 (5.07422, 12.28320) 0.01144836

YQ 26 0.873 0.00121 5.087 �0.42693 (0.38300) 10.61133 (1.50000, 14.27344) 0.03225109

DL 27 0.873 0.00157 6.604 0.17725 (0.65300) 10.70703 (4.94336, 13.77930) 0.04503887

SY 31 0.782 0.00132 5.549 �1.10628 (0.12900) 9.59180 (1.65430, 13.16602) 0.05675067

KD 14 0.778 0.00101 4.244 �0.65186 (0.26100) 7.51758 (1.33008, 10.76758) 0.08216871

Number of polymorphic sites (S), haplotype diversity (h), nucleotide diversity (p), average number of pairwise differences (P) in the

analysed regions of the Grapholita molesta; neutrality tests: Tajima’s D (D) and expansion (coalescence) time under the sudden expan-

sion assumption in mutation generations (s) with 95% confidence interval (CI). Significance values (P) of the parameters were evalu-

ated with 1000 simulations; PSSD: P value for sum of squared deviations (SSD).

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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distributed in the CD population, reductively distributed

in the TS and YA populations, corresponding to the

minor lineage in the SPLITSTREE tree (in blue in Fig. 1). The

second cluster was widely distributed in most of the sam-

pled populations and decreased in proportion from

southern to northern populations (in grey in Fig. 1). The

SL population was fully occupied by the second cluster.

The third cluster was mainly distributed in central China

(in red in Fig. 1), and the last one was mainly distributed

in northern China (in yellow in Fig. 1).

Assuming uncorrelated allelic frequencies between

sites, GENELAND inferred five distinct genetic groups

based on mitochondrial genes, with spatial discontinu-

ities reflecting geographical locations: a northern

group, which encompassed populations located in the

northern region of China (A1 in Fig. 5); a central

group, which encompassed populations located in the

central region of China (A2 in Fig. 5); and three small

groups, which encompassed the populations of CD,

SL + KD and ND (A3, A4 and A5 in Fig. 5). The

microsatellite loci generated four groups (B1 to B4 in

Fig. 5) corresponding to those inferred from the mito-

chondrial genes (A1 to A4 in Fig. 5). The lacking of

ND group might be related to the lacking of

microsatellite data in the sampling sites.

Origin and dispersal routes

Results for the scenario selection, evaluation of

confidence and model checking of DIYABC analyses based

on mitochondrial genes are summarized in Table S8,

(Supporting information). Our evaluation of confidence

in scenario choice revealed low type I and II errors in

preliminary analyses (type I/II error of steps 1-1, 1-2, 2-

1 and 2-2 is 0.22/0.16, 0.43/0.26, 0.26/0.30 and 0.10/

0.10, respectively), and markedly low values in the final

analyses (type I/II error of step 3 is 0/0.01), suggesting

that our model choice analyses were reliable. Model

checking analyses indicated that the data simulated

under the chosen model and posteriors fitted well the

observed genetic data of the OFM (Fig. S3, Table S8,

Supporting information).

In step 1, scenario testing analyses of the relation-

ships among the three southern populations suggested

a formation of ND from admixture of CD and SL and a

split of CD from SL (Fig. S3, Table S8, Supporting infor-

mation). In step 2, a split of CE from ND was sup-

ported among the six scenarios of southern origin,

while the early split of NO from CE rather than the

southern populations was supported among the two

scenarios of central origin of the OFM (Fig. S3,

Table S8, Supporting information). In step 3, the three

competing hypotheses of southern, central and northern

origin of the OFM were compared, revealing that the

southern origin of the OFM was the most likely

(Fig. S3, Table S8, Supporting information). Our analy-

ses identified both split and admixture events during

the dispersal of the OFM from southern to northern

regions of China, corresponding to the nested popula-

tion structure inferred from BAPS analysis. The analyses

0.01

YASL KDMTTG

NB NJ YQSJ
CD YL DLBD
TS ZZ SYDX

WHND SharedPGQD

30× length of the bar

hap27

hap16

Fig. 3 Splits network for the Grapholita molesta haplotypes constructed by the method neighbour-net, based on combined mitochon-

drial genes. Circles of the same colour indicate haplotypes from the same population. ‘Shared’ indicates the haplotype shared by dif-

ferent populations. The Hap16 and Hap27 were the most commonly shared haplotypes.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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of microsatellite loci also revealed a southern origin of

the OFM and a dispersal routes from southern to the

northern region of China. The time for the emergence

of CD, ND, CE and NO was estimated to be 268.0 (5%

and 95% quantiles: 124.0, 437.0), 54.2 (28.0, 77.2), 32.6

(13.6, 48.0) and 25.1 (6.8, 42.4) Ka, respectively (Fig. S3,

Supporting information).

Demographic history

Mismatch distribution analyses uncovered a multi-

modal distribution for all groups (Fig. 6). However, a

sudden expansion model with small and insignificant

Harpending’s raggedness (HR) index could not be

rejected (HR = 0.011–0.164, P = 0.103–0.870), demon-

strated a demographic expansion (Rogers & Harpend-

ing 1992) or a range expansion recently (Ray et al. 2003;

Excoffier 2004).

The effective population size estimated for each

group revealed different profiles of historical demogra-

phy. The population size of the SL, ND and major lin-

eage of CD remained stable. The minor lineages of CD

and CE exhibited slight decrease in population size,

corresponding to their limited distribution in three sam-

pling sites. The major lineage of CE showed slight

expansion of population size in the past recent years.

The obvious increase in population size was found in

the recently derived group of NO at about 5 Ka,

demonstrated demographic and range expansion,

together revealed by the mismatch distribution analysis

(Fig. 6).

Discussion

Origin of the OFM

The ancestral populations usually possess higher

genetic diversity than the derived populations (Savolai-

nen et al. 2002; Ma et al. 2012; Zhang et al. 2012). High

genetic diversity in both mitochondrial genes and

microsatellite loci was found in the studied populations

of the OFM, supporting the assumption that China is

the native range of this moth (Rothschild & Vickers

1991; Kirk et al. 2013). The scenario tests based on ABC

method revealed that the southern area is the most

likely origin of the OFM in China. This origin is con-

gruent with the high genetic discontinuity (Fig. 5) and

high proportion of private haplotype (Fig. S1, Support-

ing information) in southern populations. Further anal-

ysis among three southern populations indicated that

SL was the most ancestral one, sharing no haplotype

with the other populations (Fig. S1, Supporting infor-

mation).

In the population genetic structure analysis, the SL

and KD clustered to the same group in GENELAND analy-

sis based on the mitochondrial genes. However, most

analysis such as the BAPS and SPLITSTREE analysis indi-

cated that these two populations belong to different

clusters (Fig. 1) and haplotype lineages (in black and

dark red in Fig. 3). It is probably that the South Korean

(KD) population is derived from China. This is congru-

ent with the result of the global study of the OFM that

the number of private alleles was low in East Asian

population from Japan, compared to the mainland Asia

(Kirk et al. 2013). The gathering of the SL and KD in

GENELAND analysis might be caused by the high propor-

tion of private haplotypes and extremely low propor-

tion of the most common haplotypes (Fig. S1,

Supporting information).

Quaternary glaciations are often interpreted as a

major factor in shaping the biodiversity of the most

extant species (Hewitt 2004). Based on the gene tree, the

estimated divergence time between the two haplotype

lineages is 254 Ka, which falls within the Pleistocene

(2588 to 12 Ka). Despite having temperatures similar to

those of glaciated areas in North America and Europe,

China remained unglaciated, except at higher elevations

(Shi et al. 2011). Therefore, the persistence of the OFM

is possible in the Shilin (SL) area. This area, having a

subtropical climate, either was found to be a refuge

during the Quaternary climatic change or is the place of

origin of many species (Yang et al. 2008).

Host plant dispersal usually plays an important role

in passively invading insects. Although many host

plants for the OFM were reported, the peach appears to

be its original host (Rothschild & Vickers 1991). Peach
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T/

(1
-F

S
T)

0.00

0.04

0.08

0.12

0.16 Based on microsatellite loci:
r = 0.269, P = 0.0099

2.5 3.5 4.5 5.5 6.5 7.5 8.5

Geographical distance (ln km)
0.00

0.50

1.00

1.50

2.00

2.50
Based on mitochondrial DNA:
r = 0.350, P = 0.0013

Fig. 4 Scatter plots of genetic distance vs. geographical dis-

tance for pairwise population comparisons (both analyses are

calculated from 100 000 randomizations).
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orchards were usually selected in their newly intro-

duced range (Quaintance & Wood 1916; Blomefield &

Barnes 2000), which enhanced the developmental and

survival rate of the larvae by providing abundant

shoots in the earlier summer (Myers et al. 2007). Cur-

rent research has clearly demonstrated that China is the

native habitat of the peach and that the southwest

region was the native location of the ancestral species

Prunus mira Koehne of the modern peach varieties dis-

tributed in southeastern Tibet (Wang & Zhuang 2001;

Faust & Timon 2010; Cao et al. 2014). Our inference on

the origin of the OFM agrees with the origin of its

native host plant in China.

Dispersal of the OFM in China

The use of ABC method can be complex and risky for

the parameter setting, scenario definition and popula-

tion sampling. In our analyses, the input populations

were defined based on population genetic structure of

the OFM, which was recommended as complementarity

of ABC method (Lombaert et al. 2014). We also
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Fig. 5 Maps of the posterior probabilities

of population membership inferred by

GENELAND. The combined mitochondrial

genes inferred five clusters (A1–A5),

while the microsatellite loci inferred four

clusters (B1–B4). Contour lines indicate

the spatial position of the genetic discon-

tinuities. Lighter shading indicates higher

probabilities of population membership.

Reduced number of 14 populations was

used in the analysis based on the

microsatellite loci.
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Fig. 6 Mismatch distributions (left) and

Bayesian skyline plots (right) of five pop-

ulation groups of Grapholita molesta iden-

tified by GENELAND. The two haplotype

lineages identified by SPLITSTREE in CD

and CE groups were analysed separately.

The CD, SL and ND were calculated

based on the sampled populations of CD,

SL and ND, respectively. The CE was

calculated based on the sampled popula-

tions of TS, YL, YA and WH. The NO

was calculated based on the sampled

populations of NJ, NJ, ZZ, TG, SJ, QD,

DL and SY. Harpending’s raggedness

(HR) indices are shown in the mismatch

distribution. For Bayesian skyline plots,

the middle lines represent the median

estimates of the effective population size,

and the shaded areas represent 95%

highest posterior densities (95% HPD).

Abbreviations of populations and groups

are described in Table 1.
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considered the variation and fixation of population size

in scenario definition. The mitochondrial genes and

microsatellite loci were analysed separately, showing

consistent results in scenario selection.

The ABC analyses indicated that the CD population

splits from SL at an estimated time of 268 Ka, which is

coincident with the Penultimate glaciation, MIS6 (mar-

ine isotope stages) to MIS8 (before 130 thousand years

BP), in China (Shi et al. 2011). Afterwards, the OFM dis-

persed to ND from SL with an admixture of CD popu-

lation, at an estimated time of 54.2 Ka and then further

dispersed northward to central and northern China at

32.6 and 25.1 Ka, respectively, before the last glacial

maximum (LGM) (18–25 Ka) (Clark et al. 2009; Shi et al.

2011), in China. Unlike species in temperate North

America and Europe which commonly expanded in the

post-LGM era, our result indicates that the spatial

expansion of the OFM occurred within the Pleistocene,

at which time, China remained unglaciated, except at

higher elevations (Shi et al. 2011). This case is similar to

that found in the striped rice stem borer Chilo suppres-

salis (Crambidae) (Meng et al. 2008) and the shrub

Sophora davidii (Leguminosae) (Fan et al. 2013). The find-

ing of the plant species P. mira in the Muli area of

Sichuan Province (Yang 1985) confirms a possible north-

ward dispersal of the OFM associated with its host

plant.

The original and dispersed populations of the OFM

showed nested and differentiated structure with a pat-

tern of isolation by distance, forming three southern,

and the central and northern groups. This genetic pat-

tern is concordant with geographical distribution. The

southern populations are more differentiated and genet-

ically diversified than the northern populations. This

phenomenon suggests that the high elevation in south-

ern China interspersed with many mountain ranges

probably retarded the early dispersal and gene flow of

the OFM, although we could not exclude the fact that

the original area tends to persist high genetic diversity.

Significant geographical structure and high genetic

diversity in southern China have been detected in pop-

ulations of C. suppressalis (Meng et al. 2008), the mos-

quito Anopheles jeyporiensis (Chen et al. 2004) and the

Silver Pheasant Lophura nycthemera (Dong et al. 2013).

Although the genetic structure of the central and north-

ern populations might be diminished by accelerated

rate of dispersal and human-mediated admixture, two

geographical and genetic groups were identified, as fea-

tured in SPLITSTREE (Fig. S1, Supporting information,

Hap16 and Hap 27 in Fig. 3), BAPS (red and yellow clus-

ters in Fig. 1) and GENELAND (CE and NO group) analy-

ses. The boundaries of two groups were coincident with

the two great rivers run through China, that is the

Yangtze River and the Yellow River (Figs 1 and 5), sug-

gesting that further dispersal of the OFM in central and

northern China was probably influenced by river

ranges. River range has been detected as a substantial

barrier to gene flow in China in species of insects (Zhu

et al. 2005; Meng et al. 2008), plants (Zhang & Sun 2011)

and even birds (Li et al. 2009; Song et al. 2009).

Demographic history of the OFM

From the view of genetic diversity, the SL population

exhibited a relatively low genetic diversity, while the

CD population exhibited the highest genetic diversity

among the sampled populations (Table 2). High genetic

diversity out of the ancestral population was reported,

which is likely a consequence of the admixture of

divergent lineages colonizing the continent from sepa-

rate refugia (Petit et al. 2003). It is also likely that dur-

ing a range change, a retreating rear edge will suffer

shrinkage, dissection and extinction, so that the last

surviving population should be severely bottlenecked

(Hewitt 2000). We presumed that both the effect of cli-

mate oscillation and the limited host plants in the SL

area, which is near the glaciated Qinghai–Tibetan Pla-

teau, might cause the reduction in the effective popula-

tion size.

The DIYABC and molecular dating analyses indicated

the dispersal of OFM to its currently distributed area

before the growth of the ice sheets to their maximum

positions in China (Shi et al. 2011). Although no mas-

sive ice sheet was developed in central China during

glacial periods, the tremendous global climatic changes

might affect the distribution of the OFM, thus forming

multiple refugia, as has been demonstrated in China in

other insects (Meng et al. 2008; Zhang et al. 2009), birds

(Qu et al. 2012; Dong et al. 2013) and plants (Wang et al.

2008; Zhou et al. 2010; Li et al. 2012; Fan et al. 2013).

The multimodal mismatch distribution in all groups

(Fig. 6) and the nested population structure revealed by

BAPS analysis (Fig. 1) might indicate the existence of

multiple refugia in China. The cluster present in CD, TS

and YL populations (blue in Fig. 1) identified by BAPS

analysis is likely be originated from a refuge near the

CD area. This area belonging to the Sichuan Basin has a

humid subtropical monsoonal climate. The limited dis-

tribution of this cluster might be due to local adaption

to the environment. The secondary dispersal of the indi-

viduals from SL possibly leads to the existence of two

haplotype lineages, thus increased the genetic diversity

of the CD and TS populations.

The expansion of population size in NO occurred in

the last 5000 years identified by Bayesian skyline plot

analysis (Fig. 6), after the Quaternary glaciations. The

ancestral species of peach was recorded to be dissemi-

nated to the north and east of its native region by the
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ancient Qiang people several thousand years ago (Wang

& Zhuang 2001). Archaeological records indicate that

the peach was eaten by humans approximately

7000 years ago (Cao et al. 2014). The recent expansion

of OFM might be associated with its host plant dissemi-

nation in the history of human activities, which is an

important factor leading to the current genetic structure

of many species (Meng et al. 2008; Dsouli-Aymes et al.

2011; Ma et al. 2012).

Conclusion

This study widely examined the population genetic

structure of the OFM in its presumed native range.

Using the ABC method, the exact range of origin was

traced to southern China near the Shilin area of Yunnan

Province, which has been proved to be the place of ori-

gin of many species. This inferred area of origin of the

OFM is congruent with the origin of P. mira, the oldest

progenitor of the modern peach species. The early

divergence and dispersal of the OFM in southern region

of China was dated to the Penultimate glaciation of

Pleistocene. Further dispersal from southern to northern

region of China occurred before the LGM. The expan-

sion of population size in the derived populations in

northern region of China occurred after the LGM,

which might be related to human activities on the culti-

vation of its host plant. Our results indicated that the

current distribution and structure of the OFM were

complicatedly influenced by climatic and geological

events and human activities of cultivation and wide dis-

semination of peach in ancient China. We provide a

successful example of uncovering the genetic structure

and its underlying factors of an agricultural pest insect

in East Asia. The findings in our study might also shed

light on the research studies of peach planting and

Quaternary glaciations in the area.
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