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Biological invasions represent a natural rapid evolutionary process in which invasive
species may present a major threat to biodiversity and ecosystem integrity. Analyzing
the genetic structure and demographic history of invaded populations is critical for the
effective management of invasive species. The spotted alfalfa aphid (SAA) Therioaphis
trifolii is indigenous in the Mediterranean region of Europe and Africa and has invaded
China, causing severe damages to the alfalfa industry. However, little is known about
its genetic structure and invasion history. In this study, we obtained 167 complete
mitochondrial genome sequences from 23 SAA populations across China based on
high-throughput sequencing and performed population genetic and phylogenomic
analyses. High haplotype diversity and low nucleotide diversity were found in SAA
populations in China with distinct genetic structures, i.e., all populations diverged into
three phylogenetic lineages. Demographic history analyses showed a recent expansion
of the SAA population, consistent with the recent invasion history. Our study indicated
that SAA may have invaded through multiple introduction events during commercial
trades of alfalfa, although this needs further validation by nuclear markers.

Keywords: Therioaphis trifolii, biological invasion, population genetic structure, phylogenetics, mitochondrial
genome

INTRODUCTION

The spotted alfalfa aphid (SAA), Therioaphis trifolii (Hemiptera: Aphididae), was first described by
Monell (1882). It is an indigenous species in the Mediterranean region of Europe and Africa, far
north to Scandinavia, south to Ethiopia, and eastward through the Middle East to Afghanistan and
India (Van den Bosch, 1957; Lambers and Van den Bosch, 1964; Carver, 1978). This species is now
widely distributed in Asia, Oceania, and North America following worldwide invasions. SAA occurs
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several generations per year via both gamogenesis and
parthenogenesis, with eggs and adult females representing
the main overwintering stages. SAA’s principal host is alfalfa
(Medicago sativa), but it also infests other Fabaceae species of
Trifolium, Trigonella, and Melilotus (Peters and Painter, 1957;
Bishop and Crockett, 1961; Lambers and Van den Bosch, 1964;
Carver, 1978). This aphid damages its host plants by sucking sap
of young leaves and twigs, inducing a toxic reaction which causes
deformation of leaves, stunting, and plant death (Giles et al.,
2002). The invasion of SAA has caused severe economic losses to
alfalfa and husbandry industries in southwestern United States,
Australia, and China (Howe and Smith, 1957; Van den Bosch
et al., 1957; Zhang and Zhong, 1983; Hughes et al., 1987). In
China, although some efforts have been made to predict and
control this pest, few studies have been performed to assess its
genetic structure and invasion history (Hughes et al., 1987).

The invasion of non-native species continues to occur
worldwide with the increasing intercontinental and regional
trade favoring entry and dissemination. Biological invasions
incur not only economic losses but also dramatic ecological
and sociological effects (Simberloff et al., 2013; Roques et al.,
2016; Nicolas et al., 2018). Introductions of alien species are
accompanied by various genetic consequences. For example,
populations of invasive species are usually subjected to the
founder and bottleneck effects, and the newly established
populations may have lower genetic variations (Dlugosch and
Parker, 2010). However, multiple introduction events may
increase the genetic diversity of the invaded places, especially
when several genetically differentiated source populations
contribute to the invasion (Facon et al., 2003; Kolbe et al.,
2004; Kang et al., 2007). The potentially higher diversity
can counterbalance the deleterious effects of genetic drift or
inbreeding depression (Ciosi et al., 2008; Lombaert et al.,
2010; Estoup et al., 2016). The genetic structure of an
invasive population usually reflects its introduction history,
and evaluating the genetic structure of native and invasive
populations is a crucial step for managing established populations
and preventing further invasions (Estoup and Guillemaud, 2010).
More specifically, deciphering the genetic structure of non-
native populations provides an insight into the dynamics of
the invasion, including the number of introduction events, the
associated demographic events, or the relationships between
different populations (Roderick and Navajas, 2003; Kolbe et al.,
2004; Lavergne and Molofsky, 2007). A better understanding
of introduction events also plays an important role in the
effective management of invasive pests because different control
measures need to be applied to populations based on their
distinct genetic makeup.

Whole mitochondrial genome (mitogenome) sequences have
been proved as powerful molecular markers for analyzing the
genetic structure of species (Drag et al., 2015; Du et al., 2019,
2021). In this study, we sequenced mitogenomes of 167 SAA
individuals representing 23 geographic populations in China
using high-throughput sequencing and analyzed the genetic
diversity, phylogenetic structure, and demographic history of
SAA. Based on the population genetic analyses, we discussed
the possible invasion history of SAA in China and our study

would provide a foundation for further analysis of its global
introduction events.

MATERIALS AND METHODS

Sampling and Mitogenome Sequencing
When sampling each population, we chose three to five locations
with an interval of more than 5 m and collected five individuals at
least for each location. Collected samples were placed in absolute
alcohol and stored at −80◦C until DNA extraction. A total
of 167 SAA adults were selected from 23 natural populations
across China (Table 1 and Figure 1). Voucher specimens (NO.
VAphA001–VAphA167) were deposited in the Entomological
Museum of China Agricultural University. We obtained whole
genomic DNA from individual specimen using the DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. The quality and concentration
of extracted DNA were measured using Qubit 3.0 (Invitrogen,
United States). Each specimen was identified morphologically
(Zhang and Zhong, 1983) and checked by BLAST search in
the GenBank database using their COI gene sequence (with
percent identity ≥ 99.00%), which was acquired through PCR
sequencing under the following conditions: initial denaturation
at 95◦C for 1 min; 40 cycles at 98◦C for 10 s; 45◦C for
50 s; 68◦C for 1 min; and a final single extension at 72◦C for
2 min (with primers, reagents, and reaction system shown in
Supplementary Tables 1, 2).

A 350 bp insert size library was constructed from each
specimen and sequenced in 150 bp pair-end mode to obtain
∼3 Gb of data using an Illumina NovaSeq 6,000 platform (San
Diego, CA, United States) at Berry Genomics (Beijing, China).
Raw reads were trimmed off adapters using Trimmomatic
(Bolger et al., 2014), and low-quality or short reads were
discarded with Prinseq (Edwards, 2011). The remaining high-
quality reads were mapped onto the published reference
mitogenome (GenBank accession: MK766411; Liu et al., 2019)
using Geneious 10.1.3,1 allowing for mismatches of up to 2%
with a maximum gap size of 5 bp and a minimum overlap
of 30 bp. The consensus sequences were generated as novel
individual mitogenomes under the threshold of 75% uniformity
at each site. Sequences obtained from mapping were annotated
in Geneious according to the reference sequence. Annotation of
protein-coding genes (PCGs) and ribosomal RNA genes (rRNAs)
was aligned with homologous genes of the reference mitogenome.
Transfer RNA genes (tRNAs) were rechecked using the MITOS
Web Server (Bernt et al., 2013). Each PCG was independently
aligned using TranslatorX online platform with the MAFFT
method, with all stop codons removed (Abascal et al., 2010), and
the PCG dataset was finally obtained. Besides, we also performed
ABGD (Automatic Barcode Gap Definition) analysis with the
aligned PCG dataset (Pmin = 0.001, Pmax = 0.02) and confirmed
that all sequences belong to the same species T. trifolii. Analyses
in this study were all based on the PCG dataset.

1http://www.geneious.com/
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TABLE 1 | Summary of sampling sites and parameters of genetic diversity of Therioaphis trifolii.

Sample locality Code Date Altitude Longitude Latitude N S Nh Hd π

Beibei, Chongqing CQBB 2019.8 276 m 106◦24′14′′ 29◦49′55′′ 5 0 1 0 0

Qingyang, Gansu GSQY 2019.8 1240 m 107◦50′25′′ 35◦39′34′′ 5 48 4 0.9 0.00253

Yuzhong, Gansu GSYZ 2019.1 1653 m 103◦40′15′′ 35◦34′20′′ 5 48 4 0.9 0.00251

Guiyang, Guizhou GZGY 2019.8 1150 m 106◦39′21′′ 26◦30′9′′ 5 45 2 0.6 0.00246

Cangzhou, Hebei HBCZ 2018.7 1 m 117◦56′28′′ 38◦49′65′′ 5 9 4 0.9 0.00044

Zhuozhou, Hebei HBZZ 2018.8 45 m 115◦51′01′′ 39◦28′10′′ 5 49 3 0.7 0.00184

Shiyan, Hubei HBSY 2019.4 273 m 110◦51′03′′ 32◦55′19′′ 5 9 4 0.9 0.00044

Harbin, Heilongjiang HHEB 2018.8 87 m 124◦26′00′′ 47◦45′01′′ 5 4 3 0.8 0.0002

Changde, Hunan HNCD 2019.7 29 m 112◦6′37′′ 29◦6′17′′ 2 0 1 0 0

Zhengzhou, Henan HNZZ 2019.4 40 m 113◦44′55′′ 34◦53′38′′ 10 58 8 0.956 0.00128

Baichengshi, Jilin JBCS 2018.7 155 m 122◦50′15′′ 45◦36′05′′ 5 10 4 0.9 0.00036

Chifeng, Inner Mongolia MGCF 2018.7 1324 m 120◦23′46′′ 43◦32′52′′ 5 15 4 0.9 0.00064

Hohhot, Inner Mongolia MGHS 2018.8 1039 m 111◦46′34′′ 40◦35′15′′ 5 10 5 1 0.00044

Xilingol League, Inner Mongolia MGXL 2018.9 992 m 116◦0′97′′ 43◦95′26′′ 5 10 3 0.7 0.00038

Guyuan, Ningxia NGNZ 2018.9 1584 m 106◦10′42′′ 36◦07′06′′ 20 56 13 0.884 0.00063

Yinchuan, Ningxia NSNY 2018.8 1041 m 106◦12′49′′ 38◦28′22′′ 20 70 14 0.937 0.00226

Wuzhong, Ningxia NWNW 2019.8 1522 m 106◦25′32′′ 37◦0′29′′ 15 59 12 0.962 0.00119

Liangshan, Sichuan SCLS 2019.8 2240 m 101◦27′23 27◦29′45′′ 5 2 2 0.4 0.00007

Qingdao, Shandong SDQD 2018.8 10 m 120◦4′52′′ 36◦26′10′′ 5 45 4 0.9 0.00164

Shuozhou, Shanxi SXSZ 2018.8 1032 m 112◦36′24′′ 39◦11′34′′ 5 5 5 1 0.0002

Changji, Xinjiang XJCJ 2018.8 504 m 86◦37′41′′ 44◦14′08′′ 15 64 8 0.848 0.00172

Binchuan District, Dali, Yunnan YNBC 2019.4 1400 m 100◦34′42′′ 25◦50′6′′ 5 0 1 0 0

Zhenkang District, Lincang, Yunnan YNZK 2019.4 996 m 98◦55′33′′ 23◦45′22′′ 5 15 2 0.4 0.00055

Total 167 202 87 0.976 0.00197

N, number of samples; S, the number of segregating sites; Nh, the number of haplotypes; Hd, haplotype diversity; π, nucleotide diversity.

Genetic Diversity and Population
Differentiation
The number of polymorphic sites (S), the number of haplotypes
(Nh), nucleotide diversity (π), and haplotype diversity (Hd) were
calculated using DnaSP 6.0 (Rozas et al., 2017). To check the
differentiation levels in different populations and lineages, we
calculated pairwise genetic differentiation (FST) and obtained
p-values for FST values with 3,000 permutations using Arlequin
3.5 (Excoffier and Lischer, 2010), and calculated genetic distance
(uncorrected p-distance) using MEGA7 (Kumar et al., 2016).
Mantel tests were used to test the isolation-by-distance model for
all geographic populations except Changde, Hunan population
(HNCD) including only two samples. Correlations between FST
and linear geographic distance (in km) were plotted with 999
replicates in the ade4 v. 1.7 module of R.

Phylogenetic Analyses and Divergence
Time Estimation
Phylogenetic trees were constructed by the Bayesian inference
(BI) method using PhyloBayes MPI 1.5a (Lartillot et al., 2013)
and the maximum-likelihood (ML) method using IQ-TREE 1.6.5
(Trifinopoulos et al., 2016). PartitionFinder2 (Lanfear et al.,
2016) on the CIPRES Science Gateway (Miller et al., 2010) was
used to select the optimal partition schemes and substitution
models. Thirty-nine (13 × 3) codon partitions were predefined
for this dataset, and we used the “greedy” algorithm with branch
lengths estimated as “unlinked” and the Akaike information
criterion to select the partition schemes and models (summarized

in Supplementary Table 3). For the ML analysis, the best
evolutionary models predicted before were selected under the
corrected Bayesian information criterion (BIC) in IQ-TREE, and
the ML tree was obtained with IQ-TREE using an ultrafast
bootstrap approximation approach with 10,000 replicates. For
BI analysis, we chose the site-heterogeneous mixture model
(CAT + GTR), with four independent chains starting from a
random tree and running for 30,000 cycles. Trees being sampled
every 10 cycles and the initial 25% trees of each MCMC run were
discarded as burn-in. A consensus tree was computed from the
remaining trees combined from two runs which converged at
a MaxDiff < 0.1.

Clustering of individuals was performed with BAPS v. 6.0
(Cheng et al., 2013) under the spatial clustering of groups
of individuals. Based on the same dataset, the median-joining
network of haplotypes was constructed in PopART (Leigh and
Bryant, 2015) to further analyze the relationship among different
haplotypes. The frequency of haplotypes was obtained using
Arlequin software. We also carried out the hierarchical analysis of
molecular variance (AMOVA) among populations and between
defined lineages (the result of BAPS) with the Arlequin program
to gain a better insight of the biogeographical processes shaping
the genetic structure. The significance of differentiation between
pairs of populations/groups was evaluated by 1,000 bootstrap
replications (Excoffier et al., 1992).

We estimated divergence time using BEAST 2.4.8 (Bouckaert
et al., 2014). Given that there were no fossils available to
calibrate the nodes, we used a molecular clock for divergence
time estimation. COI gene was evaluated as a separate partition
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FIGURE 1 | Geographic distribution of samples on the map. Different colors of the circles represent phylogeographic lineages. The information of population code
refers to Table 1. The area of circle represents the population size.

with the substitution rate fixed at 1.77% per site per million
years (Mya) (Papadopoulou et al., 2010). The other 12 PCGs
were applied as another partition with the evolutionary rate
estimated accordingly. An uncorrelated lognormal relaxed clock
model was applied with the birth-death model for the tree prior.
Two independent MCMC runs per 500 million generations were
performed with tree sampling every 50,000 generations. Tracer v.
1.7 (Rambaut et al., 2018) was used to verify whether the MCMC
runs reached a stationary distribution based on the effective
sample sizes (ESS) of each estimated parameter. We required
ESS for the posterior, prior, and tree likelihood to be at least
200. The resulting trees for each replicate were combined using
LogCombiner program in BEAST, and TreeAnnotator program
in BEAST was used to calculate the consensus tree and annotate
the divergence times with “mean height” after discarding the
initial 25% trees as burn-in.

Demographic History
To test whether expansion occurred, we performed mismatch
distribution analyses in Arlequin with 1,000 bootstrap replicates
to detect expansion through the linear fitting of observed and
simulated curves with the significance of two parameters, the
sum of squares deviations (SSD) and Harpending’s raggedness

index (r) (Excoffier and Lischer, 2010). Bayesian skyline plots
(BSPs) were obtained for different lineages in BEAST under
Coalescent Bayesian Skyline model for the tree prior. The same
partitions and substitution rates were applied consistent with
these in the estimation of divergence time. BEAST analysis
was conducted for 300 million generations with sampling trees
every 30,000 generations. We determined the effective population
size through time using Tracer, discarding the initial 10% of
generations as burn-in.

RESULTS

Genetic Diversity, Population
Differentiation, and Geographical
Structure
We obtained the whole mitogenome sequences for 167
individuals from 23 SAA populations across China (Table 1),
with the size of mitogenome ranging from 16,068 to 16,083 bp.
We detected 87 haplotypes in total (Table 1 and Supplementary
Table 4), with 202 polymorphic sites (S) in average. Overall,
populations showed a high haplotype diversity (Hd = 0.976) and
a low nucleotide diversity (π = 0.00197). Among all the different
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TABLE 2 | Genetic differentiation (FST) (lower left) and p-distance analysis (upper right) of T. trifolii among populations.

Code XJCJ HNZZ HBSY GZGY GSYZ NSNY GSQY NWNW NGNZ SDQD CQBB HBCZ HBZZ HHEB HNCD JBCS MGCF MGHS MGXL SCLS SXSZ YNBC YNZK

XJCJ 0.0031 0.0033 0.0032 0.0033 0.0033 0.0032 0.0033 0.0034 0.0032 0.0034 0.0032 0.0032 0.0030 0.0034 0.0032 0.0033 0.0033 0.0032 0.0032 0.0032 0.0032 0.0035

HNZZ 0.5081* 0.0015 0.0020 0.0026 0.0027 0.0020 0.0033 0.0035 0.0031 0.0036 0.0036 0.0036 0.0035 0.0037 0.0036 0.0037 0.0037 0.0036 0.0035 0.0036 0.0035 0.0038

HBSY 0.4671* 0.0134 0.0020 0.0026 0.0028 0.0020 0.0032 0.0033 0.0031 0.0035 0.0035 0.0035 0.0033 0.0034 0.0035 0.0035 0.0034 0.0034 0.0033 0.0034 0.0033 0.0036

GZGY 0.3897* 0.1062 −0.0612 0.0023 0.0025 0.0020 0.0025 0.0026 0.0025 0.0025 0.0026 0.0026 0.0025 0.0026 0.0027 0.0027 0.0027 0.0026 0.0024 0.0026 0.0024 0.0029

GSYZ 0.3852* 0.3038* 0.1596 −0.0748 0.0022 0.0023 0.0019 0.0018 0.0021 0.0018 0.0020 0.0020 0.0018 0.0017 0.0020 0.0020 0.0019 0.0019 0.0017 0.0018 0.0016 0.0021

NSNY 0.3979* 0.3294* 0.2459* 0.0571 −0.0908 0.0025 0.0019 0.0018 0.0021 0.0019 0.0021 0.0021 0.0019 0.0017 0.0021 0.0021 0.0020 0.0019 0.0017 0.0019 0.0017 0.0021

GSQY 0.3814* 0.0871 −0.1152 −0.2189 −0.0975 0.0390 0.0025 0.0026 0.0025 0.0026 0.0027 0.0027 0.0025 0.0026 0.0027 0.0027 0.0026 0.0026 0.0025 0.0026 0.0024 0.0028

NWNW 0.5612* 0.6274* 0.5623* 0.3477* 0.0678 0.0936 0.3303* 0.0009 0.0015 0.0008 0.0011 0.0011 0.0009 0.0007 0.0011 0.0011 0.0010 0.0010 0.0007 0.0009 0.0007 0.0012

NGNZ 0.6667* 0.7556* 0.7251* 0.5540* 0.2739 0.2080* 0.5390*−0.0062 0.0014 0.0006 0.0008 0.0008 0.0007 0.0004 0.0008 0.0009 0.0007 0.0007 0.0004 0.0006 0.0004 0.0009

SDQD 0.4769* 0.5458* 0.4369* 0.1728 −0.0018 0.0635 0.1774* 0.0993 0.2761* 0.0011 0.0011 0.0011 0.0011 0.0013 0.0012 0.0013 0.0012 0.0012 0.0011 0.0011 0.0011 0.0014

CQBB 0.6410* 0.7684* 0.7356* 0.5000 0.3100* 0.2320* 0.5140* 0.1495* 0.2748* 0.2623* 0.0006 0.0006 0.0005 0.0004 0.0007 0.0008 0.0006 0.0006 0.0001 0.0005 0.0002 0.0008

HBCZ 0.5906* 0.7266* 0.6745* 0.4540* 0.2569* 0.2271* 0.4493* 0.1890 0.3284* 0.0240 0.6129* 0.0004 0.0003 0.0007 0.0005 0.0007 0.0006 0.0006 0.0005 0.0005 0.0005 0.0008

HBZZ 0.5904* 0.7266* 0.6745* 0.4540* 0.2569* 0.2271* 0.4493* 0.1890 0.3284* 0.0240 0.6129*−0.1765 0.0003 0.0007 0.0005 0.0007 0.0006 0.0006 0.0005 0.0005 0.0005 0.0008

HHEB 0.5883* 0.7371* 0.6923 0.4710* 0.2475 0.2062* 0.4565* 0.1401* 0.2720* 0.1293* 0.7963* 0.0885 0.0885 0.0005 0.0003 0.0005 0.0004 0.0004 0.0003 0.0003 0.0003 0.0006

HNCD 0.5682* 0.7044* 0.5983* 0.3216 −0.0170 0.0155 0.2948 −0.1856 −0.2310 0.0977 1.0000 0.5186* 0.5186 0.6893 0.0007 0.0007 0.0005 0.0005 0.0002 0.0004 0.0002 0.0007

JBCS 0.5933* 0.7351* 0.6875* 0.4806* 0.2831* 0.2430* 0.4686* 0.2157* 0.3623* 0.1959* 0.7297* 0.1270 0.1270 0.0549 0.5939* 0.0006 0.0006 0.0006 0.0006 0.0005 0.0005 0.0008

MGCF 0.5784* 0.7127* 0.6469* 0.4356* 0.2136 0.2021 0.4177 0.1445* 0.2630* 0.1344* 0.5833* 0.1940* 0.1940 0.1353 0.3035 0.1667 0.0006 0.0005 0.0006 0.0005 0.0006 0.0008

MGHS 0.5995* 0.7300* 0.6704* 0.4570* 0.2166 0.1938* 0.4372* 0.0932* 0.1801* 0.1618* 0.6364* 0.2857* 0.2941* 0.2708* 0.3113 0.3605* 0.1374 0.0004 0.0005 0.0003 0.0004 0.0006

MGXL 0.5900* 0.7280* 0.6706* 0.4568* 0.2221 0.1937* 0.4366* 0.1276 0.2380* 0.1488* 0.7000* 0.2969* 0.2969* 0.2727* 0.4309 0.3513 0.0210 0.0302 0.0005 0.0003 0.0005 0.0006

SCLS 0.6204* 0.7535* 0.7131* 0.4790 0.2283 0.1736* 0.4704 −0.0148 0.0367 0.2088* 0.7500 0.4964* 0.4964* 0.6053* 0.7436* 0.6078* 0.4265* 0.4400* 0.5370* 0.0004 0.0000 0.0007

SXSZ 0.6096* 0.7456* 0.6966* 0.4866* 0.2460* 0.2007* 0.4651* 0.1183 0.2136* 0.1984* 0.8167* 0.3966* 0.3966* 0.4211* 0.5872* 0.4655* 0.1786*−0.0058 −0.0390 0.6591* 0.0004 0.0005

YNBC 0.6227* 0.7580* 0.7210 0.4925 0.2333 0.1731 0.4774 −0.0208 0.0273 0.2373* 1.0000* 0.5556* 0.5556* 0.6765* 1.0000 0.6552* 0.4531* 0.4783* 0.5800* 0.0000 0.7250* 0.0007

YNZK 0.6332* 0.7483* 0.6925* 0.5175* 0.3438* 0.3047* 0.5000* 0.3327* 0.4679* 0.3407* 0.7500* 0.5263* 0.5263* 0.5638* 0.5522 0.5614* 0.4196* 0.4490* 0.4575* 0.6731* 0.5119* 0.7000*

*P < 0.05.
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FIGURE 2 | Phylogenetic relationships of major nodes and divergence time inferred from the protein-coding gene (PCG) dataset. Bars in gray show 95% highest
posterior density intervals. The node supports shown are posterior probabilities of Bayesian inference and bootstrap percentages in a maximum-likelihood analysis.
The information of population code refers to Table 1 and Figure 1. Numbers represent different individuals sharing the same haplotype.

geographic populations, GSQY showed the highest nucleotide
diversity (π = 0.00253) and three populations showed lowest
(π = 0.00000), including CQBB, HNCD, and YNBC.

We estimated pairwise FST and uncorrected p-distance
between 23 different geographical populations (Table 2). The

FST value between CQBB, HNCD, and YNBC was the highest
(1.0000), and the lowest was between HNCD and NGNZ
(−0.2310). For the p-distance, the value between HNZZ and
YNZK was the highest (0.0038), and the lowest was between
SCLS and YNBC (0.0000). Populations from northern China

Frontiers in Ecology and Evolution | www.frontiersin.org 6 October 2021 | Volume 9 | Article 759496

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-759496 September 27, 2021 Time: 15:50 # 7

Liu et al. Population Genetic Structure of SAA

showed low p-distance values from each other. HBSY, HNZZ, and
XJCJ populations showed higher FST and p-distance values than
those from other populations. We also calculated the p-distance
between 87 haplotypes, and the results ranged from 0.0001 to
0.0045 (Supplementary Table 5). The Mantel test indicated
that the correlation between geographic distance and genetic
differentiation was not significant (r = −0.0374, p = 0.7120,
Supplementary Figure 1).

Phylogenetic Analyses and Divergence
Times
Phylogenetic relationships of major nodes in the ML, BI, and
BEAST trees showed similar topologies, even though the nodal
supports of some pivotal nodes were not high (Figure 2). The
monophyly of the three lineages was well supported: the first
lineage included all samples from XJCJ and one individual from
another lineage, the second lineage included samples mainly
from middle China, and the last lineage included samples from
various populations, ranging from northeast to southwest of
China. Therefore, we assigned the name of lineages according
to their main geographic region, i.e., Xinjiang (XJ), middle
China (MC), and other populations within China (OC) lineages,
respectively (Figure 2). In MC lineage, most individuals from
Ningxia area diverged first followed by samples from nearby
cities. Individuals of OC lineage that diverged first were all from
north and northeast of China, and individuals that diverged later
were mostly from northwest and southwest of China. BAPS result
also showed that all samples were divided into three clusters
(Figure 1); XJ cluster (blue color in Figure 1) was only distributed
in Xinjiang province, the MC cluster (red color in Figure 1)
was mainly distributed in the north and middle of China, and
the OC cluster (green color in Figure 1) was distributed as a
majority (the haplotype from this cluster can be found in every
geographical population).

Among the lineages revealed by the phylogenetic analyses, OC
lineage with the largest sample size showed the lowest diversity,
followed by MC lineage (Table 3), and XJ lineage exhibited the
highest values even though it comprised the fewest individuals
(Table 3). The p-distance among three lineages varied from
0.0031 to 0.0041 (Table 4). AMOVA analysis showed that the
greatest proportion of variation was among lineages (81.79%)
and the genetic differentiation among all of the populations was
FST = 0.877, p < 0.0001 (Table 5).

The median-joining network of haplotypes revealed three
haplotype groups (Figure 3), consistent with the results of
BAPS and phylogenetic trees. For the OC lineage, there were
several star-like topologies observed, indicating the recent

TABLE 3 | Parameters of genetic diversity of three lineages.

Lineages N S Nh Hd π

OC 120 97 62 0.961 0.00048

MC 33 53 18 0.936 0.00079

XJ 14 41 7 0.824 0.00146

Total 167 202 87 0.976 0.00197

TABLE 4 | The p-distance analysis of T. trifolii among lineages.

Lineages OC MC XJ

OC 0 0.0041 0.0035

MC 0 0.0031

XJ 0

expansion in this lineage. Haplotype H6 was the most
frequently shared haplotype, which included 18 individuals
from 10 different populations, followed by haplotype H9, which
included 10 individuals from three populations. There were
many mutation steps observed between the three lineages in
median-joining network.

Our divergence time estimation suggested that the most recent
common ancestor (MRCA) of SAA was 83.2 Ka (kilo-annum)
and diverged into the MRCA of XJ and MC, and OC lineages with
the ages of 75.3 and 27.7 Ka (Figure 1). The MRCA ages of XJ and
MC were 63.5 and 25.1 Ka, respectively. Thus, all three lineages
diverged during the late Pleistocene Quaternary.

Demographic History
In the mismatch distribution analyses (Figure 4), the observed
and simulated curves did not significantly differ from each other
in OC lineage with the parameters of SSD and r being small and
insignificant (P> 0.05). Hence, the population expansion process
was supported in this lineage. In contrast, XJ and MC lineages
exhibited relatively large and significant parameters of SSD and r.
Thus, the population expansion event was not supported in these
two lineages. BSP analysis (Figure 4) revealed that OC lineage
and total samples experienced a significant increase in effective
population size about 1500–2000 years ago, which was a very
recent expansion event. However, the population size of MC and
XJ groups showed a slight decrease after a long steady period.

DISCUSSION

This study investigated the population genetic structure of SAA
in China using complete genome sequences. Population genetic

TABLE 5 | Analysis of molecular variance (AMOVA) among populations and between lineages of T. trifolii.

Source of variation d.f. Sum of squares Percentage of variation F (p-value)

Among lineages 2 1234.395 81.79 FCT = 0.818 (p < 0.0001)

Among populations within lineages 30 240.824 5.95 FST = 0.877 (p < 0.0001)

Within populations 134 331.237 12.25 FSC = 0.327 (p < 0.0001)

Total 166 1806.456
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FIGURE 3 | Median-joining network of haplotypes based on the mitogenome. Colored circles represent haplotypes, and black circles represent missing haplotypes
that were not observed. The area of the circle is proportional to the number of haplotypes.

structure of species can be inferred from mitochondrial genes and
nuclear markers (Zhang et al., 2017; Cao et al., 2021). However,
the complete mitogenome may accumulate more variations and
provide valuable information for population genetic structure
inference (Du et al., 2019, 2021). Although the detected variations
are from the same locus, our analyses provided a first insight into
genetic diversity and population structure of this economically
significant invasive pest.

Overall, the SAA populations in China display relatively
low nucleotide diversity but high haplotype diversity. The low
nucleotide diversity can be explained by the recent introduction
event of SAA, which is associated with the resent expansion
and bottleneck effects. Besides, the unique reproduction method
of aphid involving parthenogenesis might also lead to the
low genetic diversity (Hales et al., 1997). The high haplotype
diversity, on the other hand, may be caused by the multiple
massive introductions, offsetting the bottleneck effect. There
are also some populations, such as GSQY, GSYZ, GZGY, and
NSNY, showing a relatively high genetic diversity. This is
probably attributed to the mixing OC and MC lineages in
those populations.

Based on our analysis, we clarify that the SAA populations
in China are composed of three genetically distinct lineages.
We inferred that the three lineages are most likely formed by
human-mediated introduction instead of natural dispersal, and
each lineage possibly has a different invasion source. First of
all, the time of the introduction of SAA’s host, M. sativa, in
mainland was around 2,000 years ago (Gao, 2012). The divergent
time estimation suggests that three groups have been diverged
long before the beginning of alfalfa plantation in China. In
addition, the Mantel test also supported that the geographical

distances were not the main reason of diversification among
populations. Moreover, according to the historical records,
China’s alfalfa fodder used in animal husbandry, especially
the dairy industry, depended heavily on the importation from
foreign countries since the early 21st century, including the
United States, Canada, Australia, and some European countries
such as France, Germany, and Spain.2 Besides, some Chinese
fodder companies also introduced high-quality species of lucerne
from other continents and long-distance dispersal of the pest
might be carried out as a result.3 Subsequently, the domestic
alfalfa trade in China may further facilitate the expansion of
different lineages across the country. The restricted distribution
of XJ lineage may be a result of the remote nature of Xinjiang
province and limited inter-province transportations between
Xinjiang and other provinces.

Biological invasions showed a natural rapid evolutionary
process in contemporary time scale and the invasive species
may present a major threat to biodiversity and ecosystem
integrity (McKinney and Lockwood, 1999; Olden et al., 2004).
The multiple invasion event suspected for SAA is common
for invasive alien species (Roman and Darling, 2007; Dlugosch
and Parker, 2010). Moreover, most invasions of non-indigenous
species were the result of commercial trades among different
continents and countries in the last decade. For example, the
spotted lanternfly (Lycorma delicatula) is native to China and
invaded some Asian countries and north America possibly
through timber transportation (Du et al., 2021); the box tree
moth (Cydalima perspectalis), native to Asia, spread rapidly

2http://www.dairyfarmer.com.cn/
3http://www.zgmcwz.com
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FIGURE 4 | Mismatch distribution analysis and the demographic history of three lineages and whole samples of T. trifolii based on the mitogenome sequences.
(A) OC lineage. (B) MC lineage. (C) XJ lineage. (D) All samples. SSD, sum of square deviations; r, Harpending’s raggedness index; *P < 0.05; **P < 0.01;
***P < 0.001. For Bayesian skyline plots, the median estimated effective population sizes (middle lines) are enclosed within the 95% highest posterior density
intervals (HPDI, shaded areas).

because of the trade of ornamental box trees (Bras et al.,
2019); the Asian long-horned beetle (Anoplophora glabripennis),
native to East Asia, was introduced to other countries via
solid wood packing material (Javal et al., 2017); and Drosophila

suzukii, indigenous in eastern Asia, had widely expanded its
range and became a serious pest in some areas with its
introductions related to the trade of host fruits (Vega et al.,
2020). At present, the large-scale alfalfa transportation is still
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ongoing between China and other countries. The suspected
multiple invasions in this study highlight the importance of
developing effective quarantine measures to prevent continuous
introductions from source regions.

Our study provides an insight into the genetic structure of
SAA populations in China. The results indicated the presumed
multiple introductions. This research included populations from
China only, and we intend to collect more samples from
other continents to obtain a clearer genetic structure and more
accurate invasion history on the dynamics of the introductions.
Combining the samples collected from overseas, we may trace its
origins and invasion pathways and obtain a better understanding
of the global distributions of the invasive populations at different
scales. Besides, higher resolution molecular markers, such as
single nucleotide polymorphisms obtained from whole-genome
resequencing method, are expected in the future studies.
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