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Abstract

The soybean pod borer, Leguminivora glycinivorella (Matsumura), is an important tortricid pest species widely
distributed in most parts of China and its adjacent regions. Here, we analyzed the genetic diversity and popula-
tion differentiation of L. glycinivorella using diverse genetic information including the standard cox! barcode se-
quences, mitochondrial genomes (mitogenomes), and single-nucleotide polymorphisms (SNPs) from genotyping-
by-sequencing. Based on a comprehensive sampling (including adults or larvae of L. glycinivorella newly collected
at 22 of the total 30 localities examined) that covers most of the known distribution range of this pest, analyses of
543 cox1 barcode sequences and 60 mitogenomes revealed that the traditionally recognized and widely distributed
L. glycinivorella contains two sympatric and widely distributed genetic lineages (A and B) that were estimated to
have diverged ~1.14 million years ago during the middle Pleistocene. Moreover, low but statistically significant
correlations were recognized between genetic differentiation and geographic or environmental distances, indicat-
ing the existence of local adaptation to some extent. Based on SNPs, phylogenetic inference, principal component
analysis, fixation index, and admixture analysis all confirm the two divergent sympatric lineages. Compared with
the stable demographic history of Lineage B, the expansion of Lineage A had possibly made the secondary contact
of the two lineages probable, and this process may be driven by the climate fluctuation during the late Pleistocene
as revealed by ecological niche modeling.
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INTRODUCTION

Phylogeography reveals genetic diversity and differen-
tiation of species often at the population level and clarifies
the mechanisms underlying the current population genetic
pattern of a given species in combination with historical
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geological events and climatic fluctuations (Avise et al.
1987; Beheregaray 2008; Liu et al. 2023a). For example,
Pleistocene glacial cycles are regarded as having pro-
found effects on the distribution dynamics of species,
often leading to complicated genetic variation through
allopatric divergence followed by secondary contact (He-
witt 2004; Dong et al. 2020). For pest species, population
genetics could help understand population differentiation,
genetic structure, dispersal dynamic, and local adaption,
and thereby provide a reference for decision-making
against pests (Beheregaray 2008; Milankov ef al. 2013).
For instance, the key questions revealed by population
genetics, such as the number of genetically distinct
populations, whether populations are expanding or con-
tracting, and the rate at which individuals are moving
between populations, could effectively promote pest
management (Rollins et al. 2006). The insect family
Tortricidae includes numerous important pest species,
such as the worldwide invasive pests Cydia pomonella
(Linnaeus, 1758) and Grapholita molesta (Busck, 1916),
causing major losses in crop and forest production (van
der Geest & Evinhuis 1991; Dombroskie & Sperling
2013). In the past two decades, several investigations of
population genetics on tortricid pests especially the C.
pomonella and G. molesta have been conducted utilizing
molecular markers such as mitochondrial gene fragments,
microsatellite loci, and single-nucleotide polymorphisms
(SNPs) generated from genotyping-by-sequencing (GBS)
or genome resequencing (Fuentes-Contreras et al. 2008;
Kirk et al. 2013; Li et al. 2015; Silva-Brandio et al. 2015;
Wei et al. 2015; Song et al. 2018; Basoalto et al. 2020;
Cao et al. 2021, 2022), which greatly contributed to our
understanding of population differentiation, dispersal
routes, and local adaption of these pests.

The soybean pod borer Leguminivora glycinivorella
(Matsumura, 1898), belonging to Grapholitini of Tortrici-
dae, is widely distributed in most of China and its adjacent
regions (Li 2012). L. glycinivorella is a notorious soybean
pest (Yang et al. 2020), as its larva can enter the soybean
pod and feed on young beans, causing considerable loss of
soybean yield and a decline in seed quality. In northeast-
ern China, the damage varies between 10% and 20% seed
damage on average, and it can exceed 40% for some cul-
tivars (Zhang & Fu 1983; Shi et al. 2018). In the United
States, L. glycinivorella is also listed as a quarantine
pest (Areces-Berazain 2022). Given that L. glycinivorella
has a wide distribution and is of economic importance,
several investigations on morphological or genetic dif-
ferentiation of population samples have been conducted
in recent years. Song (2014) reported that the variations
in the head length and width of the overwintering larvae

and some biological characteristics (such as cooling and
freezing points) have happened among populations in
China. Based on molecular data, Wang et al. (2014) (cox!
fragment, 657 bp) and Wang et al. (2015) (cytb and cox2
fragments, 415 and 683 bp, respectively) investigated
the genetic diversity of 10 L. glycinivorella populations
in Northeast China, both demonstrating low genetic
diversity and frequent gene exchange among them. Then,
using samples from 19 populations across China (12 of
which are located in Northeast China), Zhu ef al. (2017)
(cox2 fragment, 723 bp) and Shi et al. (2018) (coxl
fragment, 408 bp) recognized high genetic diversity, and
populations of Guiyang and Du’An in Southwest China
showed significant divergence with other populations.
We reanalyzed the cox/ data used in Shi et al. (2018)
and interestingly found that the average genetic distance
(Kimura 2-parameter model [K2P]) among Du’An and
other populations ranged from 0.051 to 0.057, which was
much higher than the 0.002-0.011 among the remaining
18 populations including the Guiyang population that is
closer to Du’An at a geographic scale. Considering that
only a 408-bp cox! fragment and sampling of relatively
low geographic coverage were used in Shi et al. (2018),
further investigation of the genetic differentiation of this
important pest is necessary based on samples with a larger
spatial coverage as well as more genetic information.

In this study, we collected L. glycinivorella individuals
across most of its distribution range, and especially, the
Huang-Huai Valley in central China, rarely sampled in
prior studies, was intensely covered. Moreover, extensive
genetic information, including the standard cox/ bar-
codes, mitogenomes, and SNPs from GBS, was used to
analyze the genetic diversity and population differentia-
tion pattern of L. glycinivorella and to evaluate its driving
factors. In particular, this study also focused on reevaluat-
ing the genetic status and distribution pattern of samples
from the Du’ An population relative to other populations.

MATERIALS AND METHODS

Sampling and DNA extraction

Adults or larvae of L. glycinivorella were newly
collected at 22 localities in China from 2018 to 2020,
and the sampling localities covered most of the known
distribution range of this pest (Fig. 1 and Table 1).
Specimens were preserved in 100% ethanol under —80°C
environment until used for DNA extraction. Specimen
identification was conducted based on morphology (Li
2012) or/and the mitochondrial cox! barcoding method
(Hebert ef al. 2003). Genomic DNA was extracted from

2 © 2024 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

85U8017 SUOWILLID 8AIIa1D) 8|qedljdde ayp Aq peusenob afe saole YO ‘85N JO S3|nJ 10} ArIq1T 8UIUO /8|1 UO (SUONIPUOD-PUE-SWLBIW00" A3 | 1M ARe1q 1 BUl [UO//SdNY) SUORIPUOD Pue SWB | 81 88S *[7202/TT/8T] Uo Ariqi]auliuo A8|iIM ‘Uspes [eoluelog feoldol | euuedbuenysix Aq 2T62T"L.87-6v2T/TTTT OT/I0p/w0o A3 |1m Aiq Ul |uo//sdny wo.j papeojumod ‘0 ‘2.8Y6Y.LT



Genetic diversity of L. glycinivorella

a
50 A HLJH
J/«):f o s ®)\s
45 S e Ly 10
- NMGC 7 W j1,CC JLDH.
A
_ 40 - % £
z £
§ SDHZ 7
:‘E 35 NL )
= A [l Lineage A
30 B Lineage B
25 E 8000
=
-2 4000
H
20 = 0
100 110 120 130
Longitude (E)

Figure 1 Sampling localities and morphology of Leguminivora glycinivorella. (a) Geographical distribution of the 30 sampling local-
ities analyzed in this study; the two colors represent two lineages referring to Fig. 2; the proportion of different lineages in one locality
is marked in different lineage colors based on the number of individual belongings to each lineage; the locality codes refer to Table 1
in this study and table 1 in Wang et al. (2014). (b) Adult morphology of L. glycinivorella. (c). The red larva of L. glycinivorella.

the legs or head and thorax (depending on the data types
to obtain) tissue from a single individual using a DNeasy
tissue kit (Qiagen, Germany), following the manufac-
turer’s instructions. Voucher specimens were deposited in
the Biology Laboratory of Zhoukou Normal University,
China, under the research project on population genetics
of soybean pests.

The cox1, mitogenome, and SNP data processing

The standard cox/ barcode sequences for L. glycini-
vorella individuals were amplified using the primer pair
LCO1490 (F) and HCO2198 (R) (Folmer et al. 1994)
through polymerase chain reaction (PCR). Then, the PCR
products were sequenced (two directions) with the Sanger
method using the same primer pair.

To obtain mitogenomes, the whole genome shotgun
method (Covaris, Woburn, MA, USA) was used to
fragment the genome to an average size of 400 bases.
The libraries were constructed (one library for each L.
glycinivorella) using TruSeq DNA PCR-Free Sample
Preparation Kit (Illumina, USA) and further sequenced
to acquire approximately 3 Gb data on an Illumina HiSeq
2500 platform with a strategy of 150 paired-ends. Raw
sequences were filtered using Adapter Removal version
2 (Schubert et al. 2016) and SOAPdenovo version 2.01
(Luo et al. 2012) to generate clean data. The Geneious

R11 (Kearse et al. 2012) was used to assemble mi-
togenome sequences, and the “map to reference” strategy
was selected to map all cleaned reads to a cox/ “anchor”
amplified before using the primer pair LCO1490 (F) and
HCO2198 (R). Then, the contig sequences were circu-
larized with MEGA X (Kumar et al. 2018) and further
annotated using the MITOS web server with invertebrate
genetic code (Bernt ef al. 2013).

For SNP sequences, 46 L. glycinivorella individu-
als representing the two lineages of L. glycinivorella
inferred by the cox! and mitogenome sequences were
selected. The GBS library was prepared using Mse
I and Ecorl_Haell restriction enzymes. Sequencing
was performed on an Illumina HiSeq 4000 with single
reads 150 bp in length. The BWA-MEM v 0.7.17 (Li
2013) was used to map sequencing data to the refer-
ence L. glycinivorella genome (GCA_023078 275.1)
with default parameters, and the duplicate reads gen-
erated from PCR were removed with the picard tool
(http://broadinstitute.github.io/picard/). The flagstat and
coverage functions implemented in SAMtools v 1.13 (Li
et al. 2009) were used to statistically check the align-
ment. SNP detection for each sample was conducted with
GATK v 4.2.0.0 (McKenna et al. 2010), and the SNP
data were preliminarily filtered with the parameters “QD
< 2.0, MQ < 40.0, FS > 60.0, SOR > 3.0, MQRankSum
< —12.5, and ReadPosRankSum < —8.0.” To obtain
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Table 1 Information on Leguminivora glycinivorella samples sequenced in this study

Sample locality Locality Sample size Sampling time Latitude Longitude
code (cox1/mitogenome/GBS)

Du’An, Guangxi, China GXDA 29/3/7 September 2018 23.9352 108.1011
Heihe, Heilongjiang, China HLJH 20/3/- August 2018 50.2533 127.4605
Shenyang, Liaoning, China LNSY 5/3/- August 2018 41.8197 123.5483
Changchun, Jilin, China JLCC 24/3/- August 2018 43.8061 125.4123
Guiyang, Guizhou, China GZGY 27/3/- September 2018 26.5030 106.6565
Suzhou, Anhui, China AHSZ 8/3/- September 2018 33.6279 116.9791
Lanzhou, Gansu, China GSLZ 18/3/- September 2018 35.5623 104.5952
Longnan, Gansu, China GSLN 23/3/4 October 2018 33.3931 104.9265
Chifeng, Neimenggu, China NMGC 24/3/- October 2018 42.2950 118.8681
Cangzhou, Hebei, China HBCZ 16/3/- August 2018 38.2816 116.8175
Zhoukou, Henan, China HNZK 15/3/7 August 2019 33.6452 114.6781
Yanan, Shaanxi, China SXYA 5/2/- August 2019 36.5712 109.4690
Dunhua, Jilin, China JLDH 3/3/- August 2019 43.3599 128.2323
Shangluo, Shaanxi, China SXSL 5/2/- August 2019 33.8733 109.9258
Fenyang, Shanxi, China SXFY 7/3/- August 2019 37.2458 111.7831
Yongning, Ningxia, China NXYN 11/3/- August 2019 38.2155 106.2286
Luyi, Henan, China HNLY 3/3/2 August 2020 33.8756 115.2170
Dancheng, Henan, China HNDC 2/2/1 August 2020 33.6367 115.2199
Xinxiang, Henan, China HNXX 53/2/11 August 2019 35.0061 113.6985
Fuyang, Anhui, China AHFY 1/1/- August 2019 32.9305 115.7972
Heze, Shangdong, China SDHZ 13/3/3 August 2019 35.4132 115.2513
Xuzhou, Jiangsu, China ISXZ 18/3/11 August 2019 34.2795 117.2928
In total 22 390/60/46

high-quality SNP data, Plink v 1.90 (Purcell et al. 2007)
was used to retain the biallelic variation sites and filter the
SNPs with a missing rate higher than 20% and a minor
allele frequency lower than 3% for all samples. To gener-
ate loci independent of the linkage disequilibrium, every
50 consecutive SNPs were divided into a window, sliding
10 SNPs each time, and SNPs with an LD coefficient
(R?) greater than 0.5 were rejected.

Molecular data analyses

cox1 data

Sequence alignments were conducted using a codon-
based mode within the TranslatorX online platform
(Abascal et al. 2010). Haplotype diversity and nu-
cleotide diversity were calculated using DNASP version
6 (Rozas et al. 2017). Pairwise genetic distances under

K2P were calculated using MEGA X (Kumar et al.
2018). Pairwise differentiation (fixation index [Fst])
values among populations were calculated using Ar-
lequin version 3.5 (Excoffier & Lischer 2010) with 1000
permutations.

Maximum likelihood (ML) and Bayesian inference
(BI) analyses were performed based on haplotype se-
quences using GTR + G model selected by jModelTest
version 2.1 (Posada 2008) with Akaike information
criterion (AIC) (Akaike 1974). ML tree was constructed
using IQ-TREE 2.0.4 (Nguyen et al. 2015), and branch
supports were calculated using 1000 ultrafast bootstrap
replicates (Hoang et al. 2018). The BI tree was con-
structed with MrBayes version 3.2.6 (Ronquist et al.
2012), and convergence was considered to be reached
when the estimated sample size value was above 200
established by Tracer version 1.7 (Rambaut et al. 2018).
The median-joining network showing the relationships of
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cox1 or mitogenome haplotypes was constructed with the
PopART (http://popart.otago.ac.nz) with default settings.

Neutrality tests of Tajima’s D (Tajima 1989) and Fu’s
Fs (Fu 1997) were calculated with DNASP version 6
(Rozas et al. 2017), and the sum of square deviations
(SSD) and Harpending’s raggedness index (r) were cal-
culated with Arlequin version 3.5 (Excoffier & Lischer
2010). Analyses of mismatch distribution were performed
in DNASP version 6 (Rozas et al. 2017) with the con-
stant population size as the model for expected values.
Bayesian skyline plots were obtained for cox/ datasets
using the Coalescent Bayesian Skyline model for the prior
tree in BEAST version 2.0 (Bouckaert et al. 2014). In
this analysis, a strict clock model was selected using the
proposed conventional mutation rate of the insect cox/
gene of 2.3% per million years (Brower 1994), and the
Tracer software Tracer version 1.7 (Rambaut et al. 2018)
was used to generate the plot. Based on cox/ haplotypes,
the BEAST version 2.0 (Bouckaert et al. 2014) was
employed to test the divergence time between the two lin-
eages revealed by phylogenetic trees and networks. Given
their close sequence similarity among up to 103 haplo-
types defined in Lineage A, six haplotypes were selected
from this lineage in the divergence time estimation. Also,
a strict clock model was applied to the Yule model (Yule
1925) for the prior tree. Two independent MCMC runs
of 1000 million generations were performed, with trees
sampled every 1000 generations. The TreeAnnotator
program in BEAST version 2.0 (Bouckaert et al. 2014)
was used to calculate the consensus tree and annotate
the divergence times with “height 95%_HPD” after
discarding the initial 25 % of trees as burn-in.

To analyze the correlations between Fgsr and geo-
graphic distance (in km) and between Fsr and envi-
ronmental distance, Mantel tests were performed to
test the isolation-by-distance (IBD) and isolation-by-
environment (IBE) models using the vegan package
(https://github.com/vegandevs/vegan) of R software
version 4.1.3 (R Core Team 2021) with 999 replicates.
Pairwise geographic distances among populations were
calculated with the sp package (https://github.com/edzer/
sp/) with the population coordinates as input data. In
IBE analysis, 19 bioclimatic and elevation environmental
layers for historical (near current) conditions downloaded
from the WorldClim website were used to extract the
environmental data based on the population coordinates
(Ran et al. 2024).

Mitogenome data

Sequence alignments for each protein-coding gene
were conducted with the same method with that of cox/

Genetic diversity of L. glycinivorella

data. The tRNA and rRNA genes were aligned with the
Q-INS-i algorithm implemented in the MAFFT online
platform (Katoh et al. 2017). The aligned tRNA and
rRNA sequences were filtered using ClipKIT (Steenwyk
et al. 2020) to delete ambiguously aligned sites with the
kpic-gappy algorithm. Pairwise genetic distances under
K2P were calculated using MEGA X (Kumar et al. 2018).
Pairwise differentiation (Fst) values among populations
were calculated using Arlequin version 3.5 (Excoffier &
Lischer 2010) with 1000 permutations.

Five data partitions were defined for the mitogenome
dataset used in phylogenetic analysis, that is, three codon
partitions for PCGs, two for rRNAs, and one for tRNAs.
The jModelTest was used to select the nucleotide sub-
stitution model for each partition that is shown in Table
S1, Supporting Information. The mitogenome-based ML
and BI trees were constructed with the same softs and
parameters as that of cox/ data.

SNP data

The Fgr values were calculated with the vcftools
(Danecek et al. 2011). The high-quality SNP data were
sorted and formatted with Tassel version 5.2.73 (Brad-
bury et al. 2007), and a maximum likelihood phylogeny
was constructed using the raxml-ng version 1.0.3 (Kozlov
et al. 2019) package with the GTR + G model, and
the bootstrap analysis was run 1000 times. Based on
SNP data, the principal component analysis (PCA) was
performed using Plink version 1.90 (Purcell et al. 2007).
Population structure was analyzed with the Admixture
version v 1.3.0 (Alexander et al. 2009) under the default
parameters. The number of ancestral populations was
set from 2 to 7, and the number of optimal ancestral
populations was detected based on a cross-validation
error (K) (Alexander et al. 2009).

Ecological niche modeling

The optimized maximum entropy (MaxEnt) method
(Phillips et al. 2006) was used to predict the past and
present potential distribution of L. glycinivorella. The
29 occurrence records for Lineage A of L. glycinivorella
obtained from our field investigation were used as distri-
bution data. Initially, 19 bioclimate variables were down-
loaded from WorldClim version 1.4 (Hijmans et al. 2005).
After a Pearson’s correlation analysis using the R package
“corrplot” (Wei & Simko 2021), one of the two variables
with a correlation coefficient |#| > 0.8 was randomly re-
moved. Finally, seven variables (BIO02-BI004, BIOO0S,
BIO14-BIO15, BIO18), representing the present climate
conditions during 1960-1990 or the past condition of
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the Last Inter-glacial period (LIG; ~120 000-140 000
years before) (Otto-Bliesner et al. 2006), were used in
the modeling. To avoid overfitting and improve transfer-
ability, the best combination of feature classes (FCs) and
regularization multipliers (RMs) was optimized using
the R packages “ENMeval version 2” (Muscarella ef al.
2014; Kass et al. 2021) and “dismo version 1.3.5” (https:/
/CRAN.Rproject.org/package=dismo). In this process,
six FCs (L, LQ, H, LQH, LQHP, and LQPHT) and eight
RMs (from 0.5 to 4.0 in an interval of 0.5) were set to
calculate the standardized AIC coefficient (AICc). The
area under the curve (AUC) within the receiver operating
characteristic curve was used to evaluate the model
performance.

RESULTS

Data generation

A total of 543 standard mitochondrial cox/ barcode
sequences were gathered, 330 of which were newly
sequenced in this study; 60 were extracted from the 60
mitogenomes sequenced in this study, and the remaining
153 sequences were downloaded from GenBank submit-
ted by Wang et al. (2014) with samples collected from
eight populations in Northwest China. Sixty mitogenomes
were assembled, annotated, and circularized in the present
study except for two individuals that we failed to assemble
trnM, trnl, and part of A + T-rich region for AHSZ2M,
and part of L-rRNA and A + T-rich region for JSXZ1M.
The lengths of fully sequenced mitogenomes ranged
from 15 506 to 15 619 bp, and the length differences of
A + T-rich regions mainly account for the variation of
mitogenome in length (Table S2, Supporting Informa-
tion). In each fully assembled mitogenome, 37 typical
mitochondrial genes were identified, and gene order was
identical and typical of Lepidoptera (Fig. S1, Supporting
Information). For SNP data, 44 199 SNPs were detected.
After Hardy—Weinberg equilibrium tests, 24259 SNPs
were maintained in our matrix for 46 individuals and
were used in subsequent analyses. The sampling size of
molecular data for each population is shown in Table 1.

Genetic diversity based on mitochondrial
sequences

The cox! barcodes and mitogenome sequences yielded
alignment lengths of 657 and 14 948 bp, respectively.
Among 543 coxI sequences, 109 haplotypes were defined
from samples of 30 localities, and one haplotype (Hapl)

was shared by 215 individuals from 27 populations (Table
S3, Supporting Information). The lowest haplotype diver-
sity was 0.123 for the GXDA population and up to 1 for
populations SXFY, HNLY, and HNDC. The nucleotide
diversity ranged from 0.00047 (DQ) to 0.02212 (SXYA).
Overall, of the two lineages defined by phylogenetic
analyses, Lineage A showed comparative haplotype
diversity with Linage B, whereas the nucleotide diversity
was a little lower than Lineage B (Table 2). However,
for each population of the two lineages, the haplotype
diversity for Lineage A ranged from 0 to 1, with the
populations in central China generally showing higher
values, whereas that for Lineage B ranged from 0 to
0.667, generally without a geographic pattern (Fig. S2,
Supporting Information). The average pairwise genetic
distance between the two lineages was 0.038.

For mitogenome sequences, 58 haplotypes were rec-
ognized from 60 sequences. Haplotype diversity was
approaching 1 for both lineages, and nucleotide diversity
of Lineage A was lower than that of Lineage B, a pattern
of genetic diversity similar to that based on cox! bar-
codes (Table 3). To further evaluate the level of genetic
divergence between the two lineages, pairwise genetic
distances among 60 samples based on each PCG, the
combined 13 PCGs, and the combined 37 genes were
calculated. As shown in Fig. S3, Supporting Information,
except for atp8, the average genetic distances between
Lineage A and Lineage B were always significantly
higher than that within each lineage. The values even
reached above 0.04 for cob, nadl, nad3, and nad6. In
contrast, pairwise distances were generally below 0.01
within Lineage A or Lineage B.

Phylogeny and haplotype network based on
mitochondrial sequences

Based on 109 cox! haplotypes, ML (Fig. 2a) and
BI (Fig. S4, Supporting Information) trees showed two
clearly defined lineages with strong supports. Lineage A
included 103 of the 109 haplotypes, but the haplotypes
from the same or neighbor population generally did not
form a cluster. Lineage B contained the remaining six
haplotypes, which were distributed in nine populations.
Members of the two lineages had a sympatric distribution
in eight populations that generally covered the whole
distribution range of L. glycinivorella in China (Fig. 1a).
In the median-joining network (Fig. 2b), two haplotype
groups linked by 18 mutation steps were clearly defined,
which corresponded to the two lineages of phylogenetic
trees. In Lineage A, 103 haplotypes were linked by one
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Figure 2 Phylogeny and median-joining network based on 109 haplotypes defined from 543 cox! sequences. (a) Maximum likelihood
(ML) tree constructed with GTR + G model determined by jModelTest. (b) Median-joining network; circles represent different hap-
lotypes and short lines between haplotypes represent mutation steps; the area of the circle is proportional to the number of individuals
belonging to the haplotype; the codes on the right represent sampling localities; the codes marked in blue indicate all individuals for
this locality belong to Lineage A; the code marked in red indicate all individuals for this locality belong to Lineage B; the codes
marked in both red and blue indicate this locality contain members of both Lineage A and Lineage B.

to five mutation steps, and Hap_1 was shared by up to
27 collecting localities, rendering the star-like haplotype
relationships. The remaining six haplotypes constituted
Lineage B, which were linked by one to three steps.

Based on 60 mitogenomes, ML (Fig. 3a) and BI (Fig.
S5, Supporting Information) analyses yielded identical
topologies with two lineages as that of cox/ data. Lin-
eage A included 55 samples from 20 localities, and the
relationships among the 55 samples were generally not
related to the geographic distances of sampling localities
as well. Lineage B contained five samples from two
localities, two from HNXX and three from GXDA, and
the samples from the same locality converged together.
Among the 58 haplotypes defined from 60 mitogenomes,
two haplotype groups (Fig. 3b) linked by 438 mutation
steps were clearly defined, corresponding to the two
lineages of phylogenetic trees.

Population differentiation based on
mitochondrial sequences
Based on cox! data, pairwise Fst (Fig. 4a; Table

S4, Supporting Information) ranged from —0.069 (be-
tween QQHE and GZL and HNZK and JLDH) to 0.998

(between GXDA and MDJ, P < 0.05). In Lineage A,
pairwise Fsr (Table S5, Supporting Information) ranged
from —0.069 (between HNZK and JLDH) to 0.763 (be-
tween MDJ and SXYA, P < 0.05). The Fst between the
two lineages was 0.93 (P < 0.05). Based on mitogenome
data, the pairwise Fgsp (Fig. 4b; Table S6, Supporting
Information) ranged from —0.432 (between SXYA and
SXSL) to 0.982 (between GXDA and SDHZ), and the
Fgr between two lineages was 0.871 (P < 0.05).

Phylogeny, population differentiation, and
genetic structure based on SNPs

ML tree (Fig. 5a) based on SNPs recovered two
clusters corresponding to the two lineages yielded by
mitochondrial genes. The Fsr results (Fig. 5b) showed
the Fst values of the GXDA and HNXX with other
populations ranged from 0.164 (between HNXX and
HNLY) to 0.255 (between GXDA and HNXX, GXDA
and SDHZ), whereas the Fgr values among the remaining
populations were all near zero. PCA analyses showed
that GXDA and HNXX samples were assigned into two
separate groups, respectively, and other populations were
assembled into one cluster (Fig. 5c) and were not even
separated from each other when independently analyzed
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Figure 3 Maximum likelihood (ML) tree and median-joining network based on the 37-gene dataset and 58 haplotypes defined from
these sequences. (a) ML tree with partitioned models as shown in Table S1, Supporting Information. (b) Median-joining network;
circles represent different haplotypes and short lines between haplotypes represent mutation steps; the area of the circle is proportional
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Figure 4 Pairwise differentiation among populations inferred from (a) cox! data and (b) mitogenome data.

(Fig. 5d). When K was increased from 2 to 7, admixture Population demography and divergence time
analysis showed the optimal K was 2 for the 46 individ-
uals. In this situation, one cluster included all 7 samples
from GXDA and 10 samples from HNXX, and the other
29 samples from the remaining populations constituted
the second cluster (Fig. Se).

Neutrality tests were conducted for all samples or
lineages using both cox/ and mitogenome data. When all
samples were treated as a whole, the Fu’s Fs values were
significantly negative for both data types. For Lineage
A, Tajima’s D and Fu’s Fs were always significantly

8 © 2024 International Society of Zoological Sciences, Institute of Zoology/
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negative. In contrast, most tests showed positive values
for Lineage B. These results indicated Lineage A had
possibly undergone population expansion (Tables 2,3).
Also, the small » index and the lack of significant SSD
exhibited that populations of Lineage A probably experi-
enced historical expansion events. Analyses of mismatch

distribution showed a unimodal structure for Lineage A,
also suggesting that this lineage underwent demographic
expansion (Fig. 6a—c; Fig. S6, Supporting Information).
Moreover, the effective population size of Lineage A
increased rapidly at ~ 0.1 million years ago (Ma) corre-
sponding to the periods of climate fluctuation during the

© 2024 International Society of Zoological Sciences, Institute of Zoology/ 9
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Figure 6 Mismatch distribution analyses and Bayesian skyline plots for different lineages or samples based on cox/ data. Ma, million
years ago.

late Pleistocene, whereas the effective population size of =~ Mantel tests
Lineage B generally remained stable (Fig. 6d—f).

A BEAST analysis suggested the estimated time of
divergence between the two lineages defined herein was
~1.14 Ma (95% HPD: 0.74-1.59 Ma) (Fig. 7).

Since the individuals of Lineage B recognized from
L. glycinivorella samples in this study were relatively
limited, the Mantel tests of IBD and IBE were conducted

10 © 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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for both all samples as a whole and Lineage A. For all
samples, significant positive relationships were observed
between genetic distance and geographic distance (R =
0.264, P = 0.001) (Fig. 8a) as well as environmental dis-
tance (R = 0.289, P = 0.013; Fig. 8c). The same situation
was found in Lineage A, and both IBD and IBE models
were manifested. These results indicated that both geog-
raphy and environment are associated with population
differentiation of L. glycinivorella to some extent.

The present and past potential distribution

The average test AUC value was 0.844, indicating that
the performance of ecological niche modeling (ENM)
analysis was good, and the projection results were reli-
able. The distribution of predicted suitable habitat under
present conditions was generally identical to the geo-
graphical range defined by previous studies, especially in

central China (Fig. 9a). During LIG, L. glycinivorella had
a broader distribution range with the major distribution
region in South China (Fig. 9b).

DISCUSSION

Incorporating extensive genetic data including mito-
chondrial cox/, mitogenome, and nuclear SNP data, as
well as samplings from larger coverage, we recognized
the soybean pest L. glycinivorella contains two clearly
divergent lineages that are widely distributed and sym-
patric. The L. glycinivorella individuals from the Du’An
population (coded GXDA in this study), that showed clear
genetic differentiation from other sampling localities as
revealed by Zhu et al. (2017) and Shi et al. (2018), are ge-
netically closely related to partial individuals from other
populations such as HNXX in central China and SXYA
and GSLN in Northwest China and other four localities
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Figure 8 Mantel tests of isolation-by-distance model and isolation-by-environment model among Leguminivora glycinivorella popu-

lations based on cox/ data.

in Northeast China (all these individuals are designated
as Lineage B in this study). Our results highlight that
the members of Lineage B are widely distributed across
China and sympatric with Lineage A, rather than only in
GXDA in Southwest China as recognized by Zhu et al.
(2017) and Shi et al. (2018).

Geological events and climatic fluctuations during the
Quaternary period play a crucial role in shaping geo-
graphic distribution and population differentiation (He-
witt 1996, 2004) often with complex genetic variations of
species such as the existence of divergent genetic lineages
in sympatry. One hypothesis providing explanations for
the genetic discontinuities in sympatry is historically
secondary contact among divergent populations (Avise
et al. 1987) and has been used to account for the current

genetic patterns for many insects. For instance, the lack of
phylogeographic structure among three genetic lineages
in a hemipteran species Geisha distinctissima across the
Zhoushan Archipelago in China may be a consequence of
geographic isolation driven by the rise of sea level during
the Holocene and subsequent human-mediated secondary
contact among divergent populations (Li ef al. 2020).
Similarly, the wide coexistence of L3 and L5 haplotype
clusters of the flower thrips Frankliniella intonsa is pre-
sumably caused by human activities after their divergence
occurred during the late Pleistocene (Liu er al. 2023b).
For L. glycinivorella, the estimated time of divergence
between the two lineages was ~1.14 Ma (95% HPD:
0.74-1.59 Ma), a history period generally corresponding
to uplift of the Yungui Plateau and Kunlun-Huanghe

12 © 2024 International Society of Zoological Sciences, Institute of Zoology/
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Figure 9 Potential distribution of the suitable habitat of Legu-
minivora glycinivorella predicted under (a) the nearly present
condition (during 1960-1990) and (b) the Last Inter-glacial pe-
riod (~120 000-140 000 years before).

tectonic movement in China (Cui et al. 1998; Zachos
et al. 2001), indicating the geological event may play an
important role in the division of L. glycinivorella into two
lineages. Then, members of two lineages began to evolve
independently and finally resulted in genetic divergence.
It was ~0.1 Ma, which generally corresponds to the last
interglacial period (Otto-Bliesner et al. 2006). Climate
warming afforded the expansion of the distribution range
of Lineage A as revealed by demographic analyses from
South China or Southwest China toward central China
as revealed by ENM analysis, which made the secondary
contact of the two lineages probable. Further, from the

perspective of genetic diversity, the members of Lineage
A from Northeast China may be the newly colonized
individuals because of their low haplotype diversity
(Pang et al. 2009). In contrast to Lineage A, Lineage B
has a relatively stable population history. Unfortunately,
we failed to further reveal the demographic history using
the ENM methods due to the limited occurrence points
we recognized in the present study.

Although gene exchange might occur between two
divergent groups upon contact, resulting in the genetic
homogenization of populations, there is still a relatively
high level of genetic differentiation (Fst = 0.93) between
the two lineages in L. glycinivorella as we revealed.
This result may be because the time to the present (~0.1
Ma) was insufficient for gene exchange between them,
especially in the context of the long life history (one gen-
eration per year) of L. glycinivorella, which limited the
rate of genetic recombination. Alternatively, the two lin-
eages before secondary contact might represent incipient
speciation and the capacity of reproductive communica-
tion may have already been limited, which raises the issue
of whether the two lineages represent different species.

Species represent the fundamental unit for various
biological studies such as diversity analysis, ecology, and
evolution (Isaac et al. 2004; de Queiroz 2007). For pest
species, it is particularly imperative to delimit species
because accurate species identification may facilitate
pest management. Regarding the divergent status of the
two lineages, analyses of 543 barcode sequences showed
the average pairwise genetic distance between the two
lineages was 0.038, and the deep genetic divergence is
also revealed by other mitochondrial genes of L. glycini-
vorella. For the coxl barcode, a threshold of 3% inter-
species divergence was proposed by Hebert et al. (2003)
and clarified by later investigations (Hebert ef al. 2004;
Behere et al. 2007) in Lepidoptera. The 3.8% between the
two lineages found herein indicates the clear divergence
of L. glycinivorella. However, selecting a threshold of di-
vergence to delimit species is both challenging and often
contentious (Wiemers & Fiedler 2007; van Nieukerken
et al. 2012). Leguminivora Obraztsov, 1960 included
seven described extant species, and L. glycinivorella is the
only Leguminivora species recorded in China (Li 2012;
Gilligan et al. 2018). Since the other six Leguminivora
species (Gilligan ef al. 2018) have not been barcoded on
GenBank or BOLD systems, 733 cox! barcode sequences
of 63 Cydia spp., which are close to Leguminivora, were
downloaded and analyzed from the BOLD systems. The
average pairwise distances among these species ranged
from 0.015 to 0.18, and there were 11 species pairs with
distances < 0.038, indicating the two lineages detected
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herein within L. glycinivorella hold the possibility of
representing two closely related species. However, we
tentatively refrain from concluding that the two lineages
represent distinct species. Further investigations based
on morphology and biology are necessary to clarify this
issue.

When gene exchange among populations is limited by
geographical and climatic barriers, local adaptation can
be induced through natural selection under different eco-
logical environments (Egger et al. 2017; Cao et al. 2021;
Liang et al. 2023). Among L. glycinivorella populations,
we found low, but statistically significant support for both
IBD and IBE, indicating the existence of local adaptation
to some extent, which provides support to the results of
Zhu et al. (2017) and Shi et al. (2018). This evolutionary
process is also revealed by the high genetic diversity of L.
glycinivorella populations recognized herein, which in-
dicates accumulation of genetic heterozygosity generally
representing high adaptability to local habitats (Liang
et al. 2023). As one of the important environmental fac-
tors responsible for genetic variation and further leading
to local adaptation, topographical isolation has played a
key role in driving the genetic differentiation and even
speciation of populations (Xu et al. 2021; Liu et al. 2023a;
Zhao et al. 2023). Interestingly, L. glycinivorella samples
from mountainous regions in western China (such as
populations GSLZ, GZGY, and SXYA) show higher
differentiation from other samples. In particular, the Fgsr
values of the GSLZ population (about 2000 m above sea
level) are even greater than 0.5 with significant levels
(P < 0.05). In addition to climate heterogeneity and
geographic barrier, we speculate that local adaptation
of L. glycinivorella is closely associated with its low
dispersal ability in adults (Wang et al. 2014). Moreover,
the opportunity for L. glycinivorella, like some other pest
species such as the oriental fruit moth G. molesta that can
spread long distance through host transport and trade,
to spread over a long distance through human activity
is limited because the larvae exit the soybean pods to
hibernate in the soil prior to seed harvest and it is unlikely
to be transported through the seed trade (Areces-Berazain
2022).

Molecular markers provide crucial support for the
investigations of insect phylogeography and population
genetics. As one of the earliest and most efficient molec-
ular markers, mitochondrial gene fragments have gained
wide use (Avise et al. 1987; Hewitt 2004; Liang et al.
2023). Based on mitochondrial coxI, cox2, and cytb
fragments, several studies (Wang et al. 2014, 2015; Zhu
et al. 2017; Shi et al. 2018) attempted to investigate the
genetic divergence of this pest, which greatly advanced

Genetic diversity of L. glycinivorella

our understanding of its genetic pattern. In the present
study, our results, based on the standard cox! sequences
but samplings from larger coverage, support the findings
of Zhu et al. (2017) and Shi et al. (2018) in the existence
of local adaptation but show differences in the population
demography. Likewise, mitogenome has proven effective
for resolving intraspecific divergence history (Morin
et al. 2010; Ma et al. 2012; Du et al. 2019, 2023). We
sequenced and assembled the mitogenome for L. glycini-
vorella for the first time, and comparative analyses of 60
mitogenomes show generally identical genetic patterns
with that based on cox/ data. In addition, we analyzed
nuclear SNP data from samples representing the two
lineages and typical sampling localities given that mi-
tochondrial genes cannot provide complete information
representing the evolutionary history of both parents and
may experience introgression in given species and pro-
duce mito-nuclear discordance (Linnen & Farrell 2007;
Weigand et al. 2017; Hinojosa et al. 2019; Campbell et al.
2020; Liang et al. 2023). Results of phylogeny, PCA, and
Admixture all confirm the two divergent lineages of L.
glycinivorella as revealed by mitochondrial genes.

CONCLUSIONS

For pest species, information on genetic diversity and
population structure is particularly important since it can
guide pest management (Beheregaray 2008; Milankov
et al. 2013; Liang et al. 2023). The two lineages of L.
glycinivorella recovered herein that are deeply divergent
and sympatric highlight that perhaps different control
strategies against this pest should be developed. Besides,
we presume that the wide sympatry of the two lineages
may be due to secondary contact driven by climatic
fluctuation during the late Pleistocene. In the field, it
is very difficult to distinguish the members of the two
lineages. Using molecular evidence, we found only less
than 20% of L. glycinivorella individuals belonged to
Lineage B. Besides, the population haplotype diversity
of Lineage B is lower than most of the populations of
Lineage A. These results indicate Linecage A may have
a higher adaptive ability to the coexisting environment.
In the future, genome-wide molecular markers, together
with morphology and biology data, should be considered
to gain a more comprehensive understanding of the diver-
gent mechanisms of the two lineages and their ecological
adaptabilities.
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