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Abstract

Wolbachia is an intracellular symbiotic bacterium that infects various spider mite
species and is associated with alterations in host reproduction, which indicates the
potential role inmite evolution. However, studies ofWolbachia infections in the spider
mite Tetranychus pueraricola, amajor agricultural pest, are limited. Here, we usedmul-
tilocus sequence typing to determineWolbachia infection status and examined the re-
lationship between Wolbachia infection status and mitochondrial diversity in T.
pueraricola from 12 populations in China. The prevalence of Wolbachia ranged from
2.8 to 50%, and three strains (wTpue1, wTpue2, and wTpue3) were identified. We
also found double infections (wTpue1 +wTpue3) within the same individuals.
Furthermore, the wTpue1 strain caused weak cytoplasmic incompatibility (CI) (egg
hatchability*55%), whereas another widespread strain, wTpue3, did not induce CI.
There was no reduction in mitochondrial DNA (mtDNA) or nuclear DNA diversity
among infected individuals, and mtDNA haplotypes did not correspond to specific
Wolbachia strains. Phylogenetic analysis and analysis of molecular variance revealed
that the distribution of mtDNA and nuclear DNA haplotypes were significantly as-
sociated with geography. These findings indicate that Wolbachia infection in T. puer-
aricola is complex, but T. pueraricola genetic differentiation likely resulted from
substantial geographic isolation.
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Introduction

Wolbachia is one of the most widespread maternally trans-
mitted bacteria in invertebrates (Werren, 1997). In addition to
insects, Wolbachia also frequently infects mites (Breeuwer &
Jacobs, 1996; Tsagkarakou et al., 1996; Gotoh et al., 2003), spi-
ders (Rowley et al., 2004; Goodacre et al., 2006) and nematodes

(Bandi et al., 1998; Fenn et al., 2006). Especially, many nema-
todes infected with these bacteria are either the vectors or
the causative agents of serious human diseases. There are vari-
ous statuses of Wolbachia in their hosts. A single insect species
or population may be infected with more than one symbiotic
microorganism and different populations may have different
infection statuses (Perrot-Minnot et al., 1996; Werren et al.,
2008). Moreover, in many hosts, Wolbachia trigger a phenom-
enon known as reproduction regulation by cytoplasmic in-
compatibility (CI), parthenogenesis, feminization, and
male-killing (Hoffmann & Turelli, 1997). Several reports
noted that CI, the most common of the reproductive abnor-
malities, facilitated the ability of Wolbachia to invade host po-
pulations (Turelli, 1994; Sinkins, 2004). Because various
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Wolbachia strains play different roles in manipulating their
host reproduction, they may have different effects on their
host’s ecology and evolution.

In addition to reproduction regulation,Wolbachia also play
an important role in their hosts’ fitness and population genetic
variability. There is increasing evidence thatWolbachiamay in-
fluence a host’s evolutionary history, social organization, and
population structure (Werren, 1997; Jiggins, 2003; Hurst &
Jiggins, 2005). In the birdnest blowfly, Protocalliphora sialia, a
particular Wolbachia strain was found to be associated with a
particular mtDNA haplotype (Baudry et al., 2003). Moreover,
Dean et al. (2003) revealed that selective sweeps significantly
reduced mtDNA nucleotide diversity in infected vs. uninfect-
ed populations. Similarly, most other CI-associated Wolbachia
sweeps were associated with low mtDNA variation in many
hosts (Rasgon et al., 2006; Nunes et al., 2008; Raychoudhury
et al., 2010; Graham & Wilson, 2012; Xiao et al., 2012).
However, other studies suggested that symbionts may either
reduce or increase mtDNA diversity (Shoemaker et al., 2003;
Keller et al., 2004; Yu et al., 2011). Studies have shown that
the relationships between Wolbachia and host mtDNA can be
divided into four categories: (a)Wolbachia induce the decrease
of mtDNA diversity; (b) Wolbachia do not cause changes in
mtDNA diversity; (c) Wolbachia induce mtDNA mutations;
and (d) Wolbachia induce the paraphyly of a single species
based on mtDNA. Therefore, when using mtDNA as a
maker of population genetic analyses, we should take into ac-
count the influence of Wolbachia.

Given the influence of Wolbachia on host biology and the
potential impact ofWolbachia on host population genetic struc-
ture, studies on effects of theWolbachia infections on their hosts
are necessary. Earlier studies have indicated thatmany species
of spider mites are infected with Wolbachia (Gotoh et al.,
2003; Grbić et al., 2011; Xie et al., 2011; Zhu et al., 2012).
Tetranychidae is one of themost important families of subclass
Acari in terms of economic impact, because it contains several
agricultural pest species of major relevance (Helle & Sabelis,
1985; Baker & Tuttle, 1994; Bolland et al., 1998; Zhang, 2003;
Migeon et al., 2011). Tetranychidae species are wingless and
usually rely on crawling for dispersal (Mitchell, 1973), but
many of them can also be carried long distances by wind
and by human activities (Grafton-Cardwell et al., 1991).
Several Wolbachia strains can induce CI in Tetranychus urticae,
Tetranychus piercei, and Tetranychus turkestani (Breeuwer &
Jacobs, 1996; Breeuwer, 1997; Zhu et al., 2012). To better control
Tetranychidae pests, many studies have inferred the genetic
structure (Navajas et al., 2002; Bailly et al., 2004; Sun et al.,
2012). However, the studies on Tetranychus pueraricola were
limited.

Since Wolbachia is one of the most widespread bacterium in
insects, many studies increasingly focused on the transmission
mode of Wolbachia in its host. Expect vertical transmission,
Wolbachia is susceptible to horizontal transmission, although
direct evidences are limited. A lack of evolutionary congruence
between mtDNA haplotypes and Wolbachia indicated multiple
infections and horizontal transmission have occurred between
unrelated hosts (Ahmed et al., 2013; Zhang et al., 2013a).
Furthermore, extensive horizontal transmissions of Wolbachia
can explain its temporal and spatial heterogeneity in infection
prevalence (Kraaijeveld et al., 2011). One approach to explore
if horizontal transmission is occurring is to compare the evolu-
tionary relationships of the endosymbionts and their host.

T. pueraricolawas first found infesting kudzu vine and was
described as a new species by Ehara & Gotoh (1996).

Previous studies indicated that T. pueraricola is highly
polyphagous, but especially prefers leguminous plants. For
example, they showed higher developmental rates and fe-
cundity on soybean, kidney bean, and cowpea (Gotoh et al.,
2004). In addition, this species is similar to another mite, T. ur-
ticae Koch (red form) (Suwa & Gotoh, 2006). Recently, T. puer-
aricola was determined to be widely distributed on various
plants and in many regions of China. However, the distribu-
tion of Wolbachia in T. pueraricola, and the effect on its host
have not yet been tested.

The aim of this study was to address the following ques-
tions: (i) what is the distribution of Wolbachia in natural popu-
lations of T. pueraricola (ii) do Wolbachia induce CI in T.
pueraricola (iii) whether there is a horizontal transmission of
Wolbachia in T. pueraricola, and (iv) what is the main factor
that influences the genetic differentiation of T. pueraricola?
We examined Wolbachia diversity in 12 natural populations
of T. pueraricola in China based on Wolbachia surface protein
(wsp) sequences and multiple locus sequence typing (MLST)
data. Additionally, we established laboratory cultures of
wTpue1- and wTpue3-infected and uninfected lines to
examine if these strains induce CI in T. pueraricola. To further
understand the potential factors that influence genetic differ-
entiation of T. pueraricola, we compared the effects of
Wolbachia infection patterns and geographical distribution on
host mtDNA and nuclear DNA diversity.

Materials and methods

Sample collection and DNA extraction

From 2013 to 2014, T. pueraricola adults were collected from
12 populations over a large area of China (table 1). At each lo-
cality, individuals were randomly collected in a 5 × 5 m2

square. Samples were preserved in absolute alcohol until
extraction.

Total genomic DNA was extracted from the entire spider
mite with a DNeasy Blood and Tissue kit (Qiagen, Valencia,
CA, USA) following the manufacturer’s protocol. All speci-
mens were placed in a 1.5-ml plastic tube with 180 µl lysis buf-
fer and proteinase K, incubated at 56°C for 2 h or longer, and
subjected to DNA purification with a DNeasy Tissue kit
(Qiagen, Valencia, CA, USA). Total DNA was eluted with
100 µl of elution buffer.

Polymerase chain reaction (PCR) and sequencing

For each population, 28–78 adult mites were screened for
the presence ofWolbachia strains.Wolbachiadetection and iden-
tification were performed with the primers 81F (5′-TGGT
CCAATAAGTGATGAAGAAAC-3′) and 691R (5′-AAAA
ATTAAACGCTACTCCA-3′) for wsp (Braig et al., 1998).
PCRs were performed on a Veriti machine (ABI Biosystems,
Foster City, CA, USA) in a 25 µl reaction volume containing
0.2 µl Maxima Hot Start Taq polymerase (5 U µl−1,
Fermentas), 2.5 µl 10 ×Hot Start Taq Buffer (Fermentas), 2.5
µl MgCl2 (2 mM, Fermentas), 2.0 µl dNTPs (2.5 mM each,
Takara), 1 µl of DNA (concentration not estimated), and 0.5
µl primer (20 µM each). Cycling conditions were 95°C for 3
min followed by 35 cycles of 95°C for 30 s, 54°C for 45 s, and
72°C for 1 min, with a final extension at 72°C for 10 min.
Positive and negative controls were included in PCRs. After
verification via gel electrophoresis, DNA from all Wolbachia-
positive individuals were subjected to cloning and
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sequencing. For cloning, an AxyPrep DNA Gel Extraction kit
(AxyGEN,USA)was used to purify amplified fragments and a
Peasy-T3 Cloning kit (TransGen Biotech, Beijing, China) was
used to ligate PCR products into the cloning vector. Three
positive clones per individual were finally confirmed by direct
sequencing.

Single-infection status was confirmed by analyzing the
wsp sequences. Then, Wolbachia MLST analysis was under-
taken using standard primers and PCR protocols for amplifi-
cation of the five reported Wolbachia MLST genes (ftsZ,
coxA, fbpA, hcpA, and gatB) (Baldo et al., 2006). All MLST se-
quences were compared with entries in the PubMLST
Wolbachia MLST database. Sequence type (ST) of Wolbachia
strains was characterized by the allele number at five
MLST loci. Strains with five identical alleles were considered
the same ST.

The mitochondrial COI gene, which encodes cytochrome
oxidase subunit I was amplified using the primers PCOI1F
(5′-TTTTTATAGTGATACCAGCAA-3′) and PCOI1R (5′-CT
CTAAAGATAGCAAATACGG-3′), PCOI2F (5′-GTTGATTT
ATGTTTTCCACGA-3′), and PCOI2R (5′-CTCTTAAAGAT
AGCAAATACGG-3′) by nested PCR. Due to the low
amplification efficiency of one-step PCR, we choose an-
other better amplification method—nested PCR, which can
improve the experimental accuracy and sensitiveness. All
PCRs were performed under the following cycling condi-
tions: one cycle of 95°C for 3 min; 35 cycles of 95°C for
30 s, 47°C for 45 s, and 72°C for 1 min, and a final extension
72°C for 10 min.

The nuclear gene, which encodes 6-phosphofructokinase
(PFK-6), was amplified using the primers Ngene1F (5′-ACA
AGACACGAGAATCACCGTA-3′) and Ngene1R (5′-GAAC
GGCAGCATTCATACCAC-3′). The PCR cycles were as fol-
lows: one cycle of 95°C for 3 min; 35 cycles of 95°C for 30 s,
52°C for 30 s, and 72°C for 1 min, and a final extension at
72°C for 10 min. PCR products were electrophoresed on
1.5% agarose gels stained with ethidium bromide and visua-
lized under UV transillumination. Amplified fragments were
purified using a Gel Extraction Mini kit (Watson, Shanghai,
China). Then, the distinct single-band amplicons were cloned
into the pEasy-T3 vector (TransGen Biotech, Beijing, China),
and the positive clones were screened and finally confirmed
by direct sequencing.

DNA sequence and phylogenetic analysis

Sequences were aligned using Clustal W implemented in
Mega 6 software (Tamura et al., 2013), and the alignment
was manually edited with Bioedit software (Hall, 1999). The
COI sequences were collapsed into haplotypes using
Collapse 1.2 (Posada, 2004). Haplotype number, haplotype di-
versity (Hd), and nucleotide diversity (Pi) were calculated in
DnaSP5.10 (Librado & Rozas, 2009). An intraspecific phyl-
ogeny of COI and nuclear gene haplotypes was inferred
using the network algorithm median-joining in Network
(Bandelt et al., 1999). All sequences have been deposited in
the GenBank database. Phylogenetic analyses were estimation
for a concatenated data set of MLST genes. Maximum
Likelihood tree was constructed using MEGA6.0, with
gamma-distributed rates with 1000 bootstrap replications,
and themethod of Jukes andCantor as genetic distancemodel.

Analysis of genetic differentiation

Analysis of molecular variance (AMOVA) was used to for-
mally assess and test the association amongWolbachia and the
mtDNA sequences. Dataset 1 included all sequences from T.
pueraricola and was subdivided into north populations (HH,
HY, and JC) and south populations (YL, YH, YY, YC, YW,
SB, SC, GY, andHZ). Dataset 2 was subdivided into sequences
isolated from infected and uninfected T. pueraricola, infected
sets included any kind of Wolbachia infection (wTpue1,
wTpue2, wTpue3, and wTpue1 +wTpue3). The two structured
datasets were then used to test whether mtDNA from T. puer-
aricola showed significant genetic differentiation relative to
bacterial infection or geographic origin. Dataset 3 included
all single-copy nuclear DNA sequences from T. pueraricola
and was subdivided into north populations (HH, HY, and
JC) and south populations (YL, YH, YY, YC, YW, SB, SC,
GY, and HZ). Genetic differentiation was investigated by
AMOVA and the related fixation index (Fst) as implemented
in Arlequin3.1 (Excoffier & Lischer, 2010).

Preparation of spider mite lines

T. pueraricola infected with wTpue1 were collected from
Anhui Province in 2014, and T. pueraricola infected with

Table 1. Tetranychus pueraricola sample and Wolbachia infection status details.

No. Location
Geographic
coordinates

Population
code Host plant

Collection
date

Infection rate
(%)

Sequence
type

1 Yanshou, Heilongjiang 45.45°N, 128.34°E HY Vigna unguiculata Linn August 2014 42.9 (281/122) 287, 220
2 Harbin, Heilongjiang 45.74°N, 126.63°E HH Lycopersicon

esculentum Mill
August 2014 14.3 (42/6) 220

3 Nujiang, Yunan 25.82°N, 98.86°E YL Solanum melongena L August 2013 20.4 (49/10) 287, 220
4 Haba, Yunan 27.38°N, 99.96°E YH Cucumis sativus Linn July 2013 8.1 (74/6) 287, 220
5 Yuxi, Yunnan 24.35°N,102.55°E YY V.unguiculata July 2014 50.0 (28/14) 287, 220, D3

6 Hutiaoxia, Yunan 27.18°N,100.11°E YC V.unguiculata July 2013 29.0 (31/9) 287
7 Weixi, Yunan 27.49°N, 99.57°E YW V.unguiculata July 2013 8.1 (37/3) 220
8 Batang, Sichuan 30.01°N, 99.12°E SB V.unguiculata August 2014 25.6 (78/20) 220
9 Chengdu, Sichuan 30.66°N, 104.07°E SC V.unguiculata June 2014 26.0 (50/13) 287,220,290
10 Yongfu, Guangxi 25.01°N, 110.00°E GY C.sativus July 2013 2.8 (36/1) 287
11 Zhangjiajie, Hunan 29.12°N, 110.48°E HZ V.unguiculata July 2013 23.7 (38/9) 287
12 Changchun, Jilin 43.82°N, 125.33°E JC V.unguiculata July 2014 12.5 (48/6) 220, D

1Total number of individuals.
2Number of infected individuals.
3Double-infected (287, 220).
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wTpue3 were collected from Jilin Province in 2014. Mites were
reared on leaves of the common bean (Phaseolus vulgaris L.)
placed on a water-saturated sponge mat in Petri dishes (dia.
9) at 25 ± 1°C, 70% relative humidity, and under L16–D8 con-
ditions. Subsequently, we obtained 100% infected and 100%
uninfected lines (Zhao et al., 2013).

Cross experiments

To reveal ifwTpue1 andwTpue3 induce CI in T. pueraricola,
four crosses were conducted (♀U×♂U, ♀U×♂I, ♀I × ♂U, and
♀I × ♂I). Each female at the last developmental stage before
adult emergence was placed with two males. We used 1-day-
old virgin males produced as a cohort by groups of females
isolated as teliochrysalids. This procedure was designed to
avoid the potential decrease of the Wolbachia effects due to
male aging or other reasons. Males were removed 2 days
after female eclosion, and mated females were allowed to ovi-
posit for 5 days. Data were analyzed with one-way analysis of
variance (ANOVA), and the means were compared using the
Tukey-HSD test (SPSS 17.0).To normalize the data, log trans-
formation was used for the number of eggs laid per female,
and arcsine square root transformation was used for egg
hatchability.

Results

Wolbachia infection rate and diversity

Examination of the 539 T. pueraricola female adults that
were collected from 12 natural populations revealed that all
populations were infected with Wolbachia. The infection rates
of the populations varied from 2.8 to 50% (table 1).

wsp sequence analysis revealed three strains: wTpue1,
wTpue2 and wTpue3. Double infections were found only in
YY and JC populations (table 1, fig. 1). Three sequence types
(STs, corresponding to wsp sequence types) were revealed by
MLST analyses (table 2) and were unambiguously assigned to
supergroup B (Supplementary fig. S1).

Additionally, more remarkably, in the SC population (n =
50), individuals were single-infected with strain wTpue1,
wTpue2, or wTpue3, but no individuals were double- infected
(fig. 1).

mtDNA and nuclear DNA

The COI sequences of 396 individuals were sequenced and
revealed 16 haplotypes (GenBank: KU516055–KU516070). The
SC population had the most number of haplotypes (H1, H11,
H12, and H13), and the remaining populations had 1–3 haplo-
types. Haplotype H1 was the most common and most wide-
spread, and was found in four out of 12 populations studied.
However, H4 was the only haplotype shared between south-
ern and northern China (fig. 2A). Alternatively, single-copy
nuclear DNA sequences (6-phosphofructokinase) revealed 14
haplotypes (GenBank: KU516071–KU516084). Haplotypes I
and V were the most widespread haplotypes, and the HH
population had the most haplotypes (I, II, III, IV, V, VI, VII,
and VIII); haplotypes IV, VI, VII and VIII were only found in
the HH population (fig. 2B).

For these samples, haplotype and nucleotide diversity esti-
mates calculated from the mtDNA and single-copy nuclear
DNA sequence data for different populations, and infected
and uninfected groups of T. pueraricola are presented in

table 3. The average COI nucleotide and haplotype diversity
values were estimated to be 0.00638 and 0.863, respectively.
The molecular diversity of infected individuals was higher
than themolecular diversity of the uninfected groups (infected
Hd: 0.872, Pi: 0.00696; uninfected Hd: 0.857, Pi: 0.00625).
Similarly, in nuclear DNA sequence analysis, haplotype and
nucleotide diversity were higher in the infected group com-
pared with the uninfected group (infected Hd: 0.591, Pi:
0.00307; uninfected Hd: 0.541, Pi: 0.00234).

In the T. pueraricola populations sampled, mtDNA haplo-
type relationships were estimated as a network based on
Wolbachia status (fig. 3A). There was a high level of COI vari-
ation among sequences. Moreover, there were 13 haplotypes
in infected individuals and 14 haplotypes in uninfected indivi-
duals, and no clear relationship between Wolbachia status and
mitochondrial haplotypes. Usually, the sameWolbachia strains
existed in T. pueraricola individuals with divergent COI haplo-
types. Moreover, based on the nuclear DNA haplotype results,
there were eight haplotypes in infected individuals and 13
haplotypes in uninfected individuals (fig. 3B).

Population genetic differentiation

Analysis of mtDNA haplotype variation using AMOVA
was performed (i) among all individuals, divided into geo-
graphic regions(south; north) and (ii) among all individuals,
divided based on infection status (infected; uninfected).
From dataset1, an AMOVA clearly showed significant differ-
entiation among haplotypes from different geographical re-
gions (south and north) (P < 0.0001) for all individuals (table
4), which indicates that there is a strong natural barrier to
gene flow among these populations. However, when haplo-
type variation was partitioned between infected and uninfect-
ed individuals in dataset 2, the AMOVA results clearly
showed absence of significant differentiation.

Furthermore, similar to the mtDNA for the nuclear
DNA, AMOVA clearly showed significant differentiation
among haplotypes from different geographical regions
(Fst = 0.12186; P < 0.001) (table 4).

CI crossing experiments

We found that wTpue1 induce a certain degree of CI, and
the predicted incompatible cross (♀U×♂I) showed a reduction
in egg hatchability (fig. 4A). However, individuals infected
with wTpue3 yielded different results. No significant
differences were found between the predicted incompatible
cross (♀U× ♂I) and the other compatible crosses (fig. 4B).
Therefore, wTpue3 existed as a non-CI strain in this spider
mite. Our results indicate that the two widespread Wolbachia
strains have different effects on host reproduction.

Discussion

In the current study, we investigated the infection rates of
Wolbachia in 12 natural populations of T. pueraricola, and our
results indicated that the rates of Wolbachia infection were
lower than those in T. truncates (2.8–50% vs. 55.6–90%, respect-
ively) (Zhang et al., 2013a). However, in different geographic
populations of T. pueraricola, Wolbachia infection rates also dif-
fered. We inferred that this may be associated with different
invasion events,Wolbachia strains, region topography, climate,
host genetic background, and Wolbachia transmission effi-
ciency. For example, the infection prevalence in 2013 was
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lower than in 2014 (table 1). Similarly, Wolbachia prevalence
was also found to differ among populations of the beetle
Chelymorpha alternans (Keller et al., 2004) and the fire ant
Solenopsis invicta (Ahrens & Shoemaker, 2005).

We then used MLST analysis to discover the diversity of
Wolbachia strains in our samples. Our results revealed that
three Wolbachia strains (wTpue1, wTpue2, and wTpue3) in-
fected T. pueraricola, of these strains, wTpue1 and wTpue3
were widespread in China. However, wTpue2 was only pre-
sent in the SC population. Four infection statuses were
found in the examined mites, in addition to single infections
for each strain, we also found double infection of strains of
wTpue1 and wTpue3, which indicates thatWolbachia infection
in T. pueraricola is complex. Moreover, we found several popu-
lations of T. pueraricola that containedmore than oneWolbachia
strain, which indicates that Wolbachia was introduced to T.
pueraricola on multiple occasions. Similar phenomena have
also observed in other arthropods (Kikuchi & Fukatsu, 2003;
Ros et al., 2012; Symula et al., 2013; Zhang et al., 2013b).
However, another potential cause of these results could be re-
lated to different effects of Wolbachia strains on their hosts.

Among insects, CI is a frequent reproductive effect of
Wolbachia. Many studies showed that the CI levels induced
by Wolbachia had great variability. Some of Wolbachia strains

have neutral effects (they cannot induce CI); but several
Wolbachia strains can induce extreme CI (Breeuwer, 1997;
Perrot-Minnot et al., 2002; Vala et al., 2002; Gotoh et al.,
2003). In our analysis, we found that wTpue1 induced weak
CI. However, wTpue3 did not induce CI. The three Wolbachia
strains found in T. pueraricola all belong to supergroup B, but
wTpue1 and wTpue3 were not closely related (Supplementary
fig. S1), therefore we considered the CI level induced by
Wolbachia to be strain-specific. In addition, host background
can also influence CI level. For example,Wolbachia popcorn can-
not induce CI in Drosophila melanogaster. However, after the
same strain was transinfected into a novel host, Drosophila si-
mulans, the strain induced strong CI expression (McGraw et al.,
2001).

The existence of CI was believed to be a driver that induces
a decrease of mtDNA genetic diversity. However, the mtDNA
Hd and Pi of the infected groups were higher than those of the
uninfected groups in our study (infected: Hd: 0.872, Pi:
0.00696; uninfected: Hd: 0.857, Pi: 0.00625). Similar results
were obtained based on single-copy nuclear DNA. These re-
sults are contrast with the previous findings in T. urticae and
T. truncatus, in whichWolbachia reduced the mtDNA variation
of infected mites (Yu et al., 2011; Zhang et al., 2013a). We
formed some possibilities to explain this difference, different
genetic background of mite host. On the other hand, the differ-
ent abilities of variousWolbachia strains to manipulate host re-
production in different mites have an impact on the DNA
diversity of the mitochondria. However, the lack of reduced
diversity in T. pueraricola still needs to be elucidated. There
are three potential reasons we hypothesized may lead to
these results: (i) Firstly, the invasion time of Wolbachia, (a)
Wolbachia have invaded in T. pueraricola for a long time. In
our study, wTpue1 induced CI in T. pueraricola, CI would de-
crease gene flow between adjacent areas if these areas were

Fig. 1. Distribution and prevalence of Wolbachia variants in the examined populations of T. pueraricola. Each pie diagram shows the
proportions of Wolbachia-infected and uninfected individuals in each geographic population.

Table 2. MLST allelic profiles of Wolbachia detected from
T. pueraricola.

Strains Sequence type (ST) gatB coxA hcpA ftsZ fbpA

wTpue1 287 126 122 13 106 237
wTpue2 290 183 167 192 7 238
wTpue3 220 9 121 143 23 4
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infected with incompatible strains of bacteria. Thus, one scen-
ario is the infections could be long-standing rather than recent.
Another possibility is that although Wolbachia may have in-
duced reduction of mtDNA diversity when it initially infected
T. pueraricola, as time goes on, new mutations accumulated
(Avise, 2000; Marshall, 2004). This would mean that these
Wolbachia infections have been maintained stably in the
mites for a long period of time. (b) The lack of decreased diver-
sity reflects the fact that these infections are recent, and there
has thus not been sufficient time for selection against uninfect-
ed individuals to reduced mtDNA diversity. (ii) Secondly, the
distribution ofWolbachia strains was found to be very complex
in our study. We found three different Wolbachia strains and

four infection statuses. In many populations, there were two
or three Wolbachia infection statuses. Although a selective
sweep associated with one strain may reduce the diversity of
mtDNA, high levels of diversitymay bemaintainedwithin the
population as a whole across the different infection statuses
and strains the population harbors (Hurst & Jiggins, 2005).
(iii) Finally, in our study, because wTpue1 induced CI but
wTpue3 did not, the low levels of reproduction regulation
caused by the twowidespreadWolbachia strains have different
effects on the selection of their hosts’ mtDNA haplotypes.
However, given the low levels of CI, the association between
Wolbachia and mtDNA may be a consequence of apparent co-
evolution and not of a selective sweep or there was a weak se-
lective sweep. Meanwhile, the presence of non-CI wTpue3
indicated that this strainmay have other effects or the infection
could be recent. The exact reasons should be evaluated in fu-
ture studies.

Our study found that mtDNA haplotype data were highly
polymorphic, in total, 16 different haplotypes were detected.
However, the haplotype data were not concordant with
Wolbachia infection status. Hurst & Jiggins (2005) revealed
that the association between Wolbachia and its host would be
lost if horizontal transmission ofWolbachia occurs. We discov-
ered the phenomenon of double infection within the same in-
dividual, and many mtDNA haplotypes shared between the
infected and uninfected populations, suggesting horizontal
transmission of Wolbachia or Wolbachia undergone an incom-
plete vertical transmission in T. pueraricola. In addition, both
infected group and uninfected groups shared the same haplo-
types; therefore, we inferred that correlation between haplo-
type and infection type may have degraded with the
accumulation of mtDNA mutations and strain loss (Solignac
et al., 1994; Turelli, 1994; James et al., 2002). However, another
scenario is that there was incomplete transmission of
Wolbachia.

AMOVAs of mtDNA and the single-copy nuclear gene
showed significant genetic differentiation between southern
and northern populations. Moreover, pairwise estimates of

Fig. 2. Haplotype networks for populations based on (A) mitochondrial and (B) a single-copy nuclear gene of T. pueraricola. Different colors
represented different geographic populations. Circles represent different haplotypes, and the size of each circle reflects the number of
individuals with each haplotype. Bars on the branches refer to the number of mutations.

Table 3. Genetic variation in T. pueraricola populations fromChina.

Population
COI PFK-6

Hd1 Pi2 Hd Pi

HY 0.248 0.00155 0.431 0.00262
HH 0.280 0.00162 0.532 0.00390
YL 0 0 0 0
YH 0.511 0.00064 0.283 0.00088
YY 0 0 0.595 0.00210
YC 0 0 0 0
YW 0.514 0.00451 0 0
SB 0.142 0.00131 0.017 0.00015
SC 0.445 0.00253 0.558 0.00251
GY 0 0 0 0
HZ 0.255 0.00088 0.532 0.00306
JC 0 0 0.353 0.00476
Infected 0.872 0.00696 0.591 0.00307
Uninfected 0.857 0.00625 0.541 0.00234
ALL 0.863 0.00638 0.556 0.00256

COI (mtDNA), PFK-6 (nuclear gene). For full site names and other
details, see table 1.
1Haplotype diversity.
2Nucleotide diversity.
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Fig. 3. Haplotype networks for Wolbachia infection based on (A) mitochondrial and (B) a single-copy nuclear gene of T. pueraricola. Each
haplotype is colored based on the proportion of individuals with each Wolbachia infection status. Circles represent different haplotypes,
and the size of each circle reflects the number of individuals with each haplotype. Bars on the branches refer to number of mutations.

Table 4. Datasets and AMOVA results for T. pueraricola.

Dataset Subsets Source of variation df
Sum of
squares

Variance
components

Percentage
of variation

Fixation
indices P-value

1 Mitochondrial
DNA
Southall
Northall

Dataset 1 (all, based on geographic
regions)

Among subsets 1 131.138 0.98190 Va 30.67
Within subsets 395 876.810 2.21977 Vb 69.33
Total 396 1007.947 3.20167 0.30668 P < 0.0001

2 Infectedall
Uninfectedall

Dataset 2 (all, divided based on
infection status)

Among subsets 3 9.342 0.02231 Va 0.88
Within subsets 360 904.029 2.51119 Vb 99.12
Total 363 913.371 2.53350 0.00881 0.21505

3 Nuclear DNA
Southall
Northall

Dataset 3 (all, divided based on
geographic regions)

Among subsets 1 14.565 0.05469 Va 12.19
Within subsets 754 297.176 0.39413 Vb 87.81
Total 755 311.741 0.44882 0.12186 P < 0.0001

Fig. 4. CI resulting from crosses of twoWolbachia strains. Results are depicted as mean percent egg hatchability ± SE. Number of replicates
for each of the nine cross types are shown in parentheses; a and b represent statistically different groups (Tukey-HSD test, P < 0.05); NS, not
significant at the 5% level. A: wTpue1 strain; B: wTpue3 strain.

Wolbachia and population genetic structure in Tetranychus pueraricola 691

https://doi.org/10.1017/S0007485316000444 Published online by Cambridge University Press

https://doi.org/10.1017/S0007485316000444


Fst calculated between pairs of populations showed that
most tests for population differentiation were significant
(Supplementary table S1). Geographic barriers may play an
important role in genetic differentiation. We observed high
Fst values among T. pueraricola population pairs, even
among populations within very close distances, which indi-
cated strong genetic structure that corresponds to small-scale
geographic breaks. For example, samples were collected from
different regions with variable mountain landscapes and cli-
matic conditions, which influence population expansion and
contraction, which have resulted in the relative lack of sharing
of mitochondrial haplotypes among regions. We also found
single haplotypes in populations, especially for mtDNA; this
may have occurred because the mitochondrial genome has a
smaller effective population size than that of an average nu-
clear locus, and the rate of genetic drift was therefore increased
in mtDNA (Fay & Wu, 1999; Sakamoto et al., 2015).

In conclusion, we provided a comprehensive overview of
the infection status and reproductive effect of Wolbachia rela-
tive to the genetic diversity of T. pueraricola in China. Our
study revealed that Wolbachia infection statuses varied in T.
pueraricola. Additionally, the effects of Wolbachia are strain-
dependent. The wTpue1 strain can induce CI; however,
wTpue3 cannot. Moreover, Wolbachia did not dramatically re-
duce the mtDNA haplotype and nucleotide diversity. The T.
pueraricola population differentiation based on mitochondrial
and nuclear markers can be best explained by differing demo-
graphic histories rather than a Wolbachia-associated selective
sweep.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at
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