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Abstract
Wolbachia pipientis (Rickettsiales: Anaplasmataceae) is an intracellular symbiont residing in arthropods and filarial
nematodes. Sixteen supergroups have been described from different host taxa. Four supergroups A, B, M, and N
were found in aphids according to prior studies.The cotton aphid, Aphis gossypii, and the green peach aphid, Myzus
persicae, are typical polyphagous species with global distributions. We conducted an extensive and systematic
survey of Wolbachia infections in these aphids from China. High incidences of Wolbachia infection were detected.
The total infection incidence was 60% in A. gossypii and 88% in M. persicae. Both aphid species were infected with
supergroups A, B and M. Different incidences of infection were observed among the seven geographical regions in
China, which suggested a positive relationship between Wolbachia infections and the geographical distribution of
aphid species. Furthermore, multiple infection patterns (M, B, A&M, B&M, and A&B&M) were observed. Infection
patterns M and B&M were detected in almost all populations. Patterns A&B&M and B showed geographical
restriction in North China. Three factors can possibly influence the Wolbachia infection incidences and patterns: the
geographical distribution, aphid species, and different supergroup types.
Key words: Wolbachia, distribution, incidence, colonization

Wolbachia pipientis (Rickettsiales: Anaplasmataceae) (hereafter
Wolbachia) is a common intracellular symbiont that is maternally
inherited in arthropods and filarial nematodes (Werren 1997, Riegler
et al. 2006, Werren et al. 2008), and it is estimated to infect up to
60% of the species in Insecta (Hilgenboecker et al. 2008, Zug et al.
2012, de Oliveira et al. 2015, Weinert et al. 2015). Wolbachia is
primarily transmitted vertically from mother to offspring, but horizontal transmission also occurs at intraspecific and interspecific
levels (Raychoudhury et al. 2009, Ahmed et al. 2015). Wolbachia
can increase its incidence within a host population by altering host
reproductive properties, such as cytoplasmic incompatibility, parthenogenesis, male killing, and feminization (Werren et al. 2008).
The widespread distribution of Wolbachia and its ability to manipulate the reproductive properties of its hosts have attracted interest
in its role in host biology, ecology, and evolution as well as the development of environmentally friendly Wolbachia-based methods
for efficient pest control (Bourtzis and Robinson 2006, Saridaki and
Bourtzis 2010).
The evolutionary lineages of Wolbachia were named ‘supergroups’ (Zhou et al. 1998), and 16 supergroups (A-Q, excluding
G) have been described from different host taxa according to their

remarkable genetic diversity (Glowska et al. 2015). Supergroups
A and B have been described and widely found in many types of
arthropods (Duron et al. 2008). Supergroups C, D, J, and L were
commonly found in filarial nematodes (Casiraghi et al. 2004,
Haegeman et al. 2009), and supergroups E, F, H, I, and K distributed
in Collembola, arthropods and nematodes, termites, Siphonaptera,
and Acarina, respectively (Gorham and Fang 2003, Bordenstein and
Rosengaus 2005, Keiser et al. 2008, Ros et al. 2009). Supergroups M
and N were found in Aphididae (Augustinos et al. 2011).
Aphids are one of the largest families of plant-feeding insects in
the order Hemiptera, and they have complex relationships with their
symbiotic bacteria. The obligate symbiosis, Buchnera aphidicola,
supplies nutritional compounds to aphids host (Oliver et al. 2010).
The facultative symbionts, such as Hamiltonella defensa, which provides protection against parasitoids (Oliver et al. 2010). Wolbachia
coexists with Buchnera as facultative symbiont in some aphid species
(Gómez-Valero et al. 2004). Augustinos et al. (2011) documented
the presence of Wolbachia in European aphids and found two
new supergroups, M and N. Wang et al. (2014) subsequently described Wolbachia infections in aphids in China and detected three
supergroups (A, B, and M) and four infection patterns (M, A&M,
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Materials and Methods
Sampling
Samples included 40 populations of A. gossypii and 38 of M. persicae collected across China. According to the geographical division
of the animals in China, seven geographical regions (Central, North,
South, Mongolia-Xinjiang, Southwest, Northeast, Qinghai-Tibetan)
were identified. Detailed information about the collections of 167
samples of A. gossypii and 154 samples of M. persicae is listed in
Supp. Tables 1 and 2 (online only). For field sampling of both aphid
species, we attempted to sample as many locations as possible to
cover the entire geographical range. Because of the special reproductive mode of aphids (parthenogenesis), a species on a specific host
within a certain geographical range might belong to the same clone.
Thus, a species on the same host plant at the same sample site within
a 10-km radius was sampled only one time, which was regarded as
one sample, unless some individuals displayed some differences in
biology.
Three to five individuals per sample were used as slide-mounted
specimens for morphological identification. Voucher specimens were
identified based on morphological diagnostic features and comparison with previously identified specimens (Zhang and Zhong
1983). All samples and voucher specimens are deposited in the
National Zoological Museum of China of the Institute of Zoology
of the Chinese Academy of Sciences, Beijing, China.

DNA Extraction, Polymerase Chain Reaction
Screening, and Sequencing
In order to ensure all aphid individuals in one sample belonging to the
same clone with the same genetic background, three aphid individuals
per sample were selected for DNA extraction using the DNeasy Blood
& Tissue Kit (QIAGEN, Germany). The fragments of mitochondrial
gene cytochrome oxidase subunit I (COI; 658 bp) were amplified
and sequenced with the universal primers of Arthropoda, LCO1490
(5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′) and HCO2198
(5′-TAA ACT TCA GGG TGA CCA AAA AAT CA-3′) (Folmer et al.
1994), and was examined by comparison with sequences in the NCBI
data sets using the Basic Local Alignment Search Tool (BLAST, http://
blast.ncbi.nlm.nih.gov/Blast.cgi) to determine the species. The DNA

sample was discarded when the sequence was identified as from a
parasitoid wasp by BLAST. One individual aphid DNA was selected
for Wolbachia detection. Wolbachia presence was determined by
amplification of 16S rRNA gene fragment (438 bp) using the specific
primers W-Specf (5′-CAT ACC TAT TCG AAG GGA TAG-3′) and
W-specr (5′-AGC TTC GAG TGA AAC CAA TTC-3′) (Werren and
Windsor 2000, Simões et al. 2011, Wang et al. 2014). The polymerase
chain reaction (PCR) amplification was performed in a 30-µl reaction
mixture containing 2.4 µl of dNTPs, 3 µl of 10× buffer (+Mg2+), 0.4
U of Taq DNA polymerase, 0.6 µl of each 10-μM forward and reverse primer, 1 µl of DNA extract, and 22 µl of ddH2O. Every PCR
included a negative control (double-distilled water instead of DNA)
to detect potential reagent contamination. Cycling conditions were
95°C for 5 min followed by 40 cycles of 95°C for 30 s, 55°C for
30 s, and 72°C for 45 s (COI) or 1 min (16S rDNA), and finally,
72°C for 10 min. The products were sequenced with an ABI 3730
automated sequencer (Applied Biosystems, Foster City, CA). When
numerous double peaks were displayed, it was necessary to clone
PCR sequences. The PCR products were purified and ligated into
pMD19-T vectors (TaKaRa, Dalian, China) and transformed into
Trans5α competent cells (TransGen Biotech), and positive clones
were sequenced on an ABI 3730 automated sequencer. At least ten
clones were sequenced from each PCR product. Sequences were assembled using SeqManII (DNASTAR, Madison, WI) and aligned
using MEGA v.6.0 (Tamura et al. 2013).

Genetic Diversity Analysis
The genetic diversity of the 16s rRNA sequences of Wolbachia haplotype from A. gossypii and M. persicae among populations was calculated using DNAsp 5.10.01 (Librado and Rozas 2009), including
the number of polymorphic sites, the number of haplotypes, haplotype diversity, and nucleotide diversity. Analysis of molecular variance
(AMOVA) using the K2P genetic distance among haplotypes was performed in Arlequin 3.5.1.2 (Excoffier et al. 2007) to test the geographical structure using the pairwise difference (Fst). AMOVA tests were
conducted for different Wolbachia supergroups in both aphid species.

Phylogenetic Analysis
The 16s rRNA sequences of Wolbachia obtained from A. gossypii
and M. persicae were divided into groups and simplified according
to the genetic distance (0.02) in Mothur v1.30 (Schloss et al. 2009).
The dataset used in phylogenetic analysis included 47 Wolbachia
sequences from A. gossypii and 68 from M. persicae.
The phylogenetic analyses were conducted with maximum likelihood (ML) and Bayesian inference (BI) methods using RAxML
7.2.8 and MrBayes 3.2.4 (Stamatakis et al. 2008, Ronquist et al.
2012). These analyses were independently conducted for aphid and
Wolbachia data sets, and the most appropriate GTR nucleotide substitution model was used for both species based on the Bayesian
information criterion (BIC) in jModelTest 0.1.1 (Posada 2008).
RAxML was run with the optimal substitution model obtained from
jModelTest and all the estimated model parameters. Branch support
was assessed with 1,000 replicates with the rapid-hill climbing algorithm, and Bayesian analyses were initiated from random starting
trees. Two separate runs, each composed of four chains (one cold
and three heated), were run for 3,000,000 generations. Trees were
sampled every 100 generations, and the first 25% of the samples
was discarded as burn-in. Posterior probabilities were computed
for the remaining trees. The infection patterns of Wolbachia were
determined according to the results phylogeny referenced to Wang
et al. (2014).
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B&M, and A&B&M). However, most studies have focused on the
aphid-Wolbachia system at the species level, so few have involved
population-level investigations.
The cotton aphid, Aphis gossypii Glover 1877, and the green
peach aphid, Myzus persicae (Sulzer) 1776, are typical widespread
polyphagous species. Aphis gossypii is an important pest of cotton
and in glasshouses as well as in open fields in cold and temperate regions (Blackman and Eastop 2000), and M. persicae has more than
875 secondary host plant species that are distributed from southern
to northern temperate zones (Ro et al. 1998). These aphids damage
plants by both sucking the fluids of host plants and transmitting
several plant viruses (Brault et al. 2010). To uncover the interactions
between Wolbachia and aphids, a thorough knowledge of the distributions is required at the population level (Augustinos et al. 2011).
Here, we conducted an extensive and systematic survey of Wolbachia
infections in two aphid species, A. gossypii and M. persicae, in
China. The objectives were 1) to investigate Wolbachia infection in
the two species; 2) to identify the effects of various factors including
geographical distribution, the host aphid, and different supergroup
types on Wolbachia infection; and 3) to provide novel perspectives
on the colonization ability of Wolbachia in aphids.
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Results
Wolbachia Infections in A. gossypii and M. persicae
The incidences of Wolbachia infection in A. gossypii and M. persicae were 59.88% (100/167) and 87.66% (135/154). The incidence of Wolbachia in these geographical populations ranged
from 33.3 to 64.5% in A. gossypii and from 81.1 to 100% in
M. persicae in seven geographical divisions of the animals in
China (Table 1).

Supergroups A, B, and M were detected in the two aphid species
based on the phylogenetic analyses of 16S rRNA gene sequences
(Supp. Figs. 1 and 2 [online only]). Supergroup M was predominant in A. gossypii and M. persicae, supergroups A and B were
found in only some samples. The infection incidences of supergroups M, A, and B in A. gossypii and M. persicae are shown in
Table 2. We found no difference in trend of the infection incidences
between these two species (ANOVA, F = 0.4859, P = 0.3270).
Multiple patterns of Wolbachia infection were observed: only infected with supergroup M (M), only infected with supergroup B
(B), co-infected with supergroups A and M (A&M), co-infected
with supergroups B and M (B&M), and co-infected with supergroups A, B, and M (A&B&M). The frequencies of these infection
patterns were listed in Table 3.
Infection patterns M and B&M were detected in almost all
the geographical populations, and all the infection patterns were
abundant in both species in the North region of China (Fig. 1).
The trends of the infection patterns in different geographical
populations of both species were display in Supp. Fig. 3 [online
only]. Infection patterns seemed positively correlated with geographical distribution in both species (ρ = 0.473). Only patterns
A&B&M and B showed evidence of geographical restriction in
North China.

Genetic Diversity of Wolbachia in A. gossypii and
M. persicae
The genetic structure of Wolbachia was determined for supergroups
M, A, and B. The results indicated very high haplotype diversity and
nucleotide diversity in the three supergroups, and shared haplotypes
were observed (40 in M and 6 in B) (Supp. Table 3 [online only]).
Moreover, significant values of Fst of both supergroups M and B indicated significant genetic variation in Wolbachia infection in these
two species.

Table 1. Incidences (%) of Wolbachia infection in different geographical populations of Aphis gossypii and Myzus persicae
Location
North
South
Southwest
Mogolia-Xinjing
Qinghai-Tibet
Northwest
Central
Total

Aphis gossypii

Myzus persicae

62.00 (62/101)
57.14 (4/7)
–
55.56 (10/18)
50.00 (2/4)
64.52 (20/31)
33.33 (2/6)
59.88 (100/167)

81.13 (43/53)
100 (6/6)
87.50 (7/8)
90.74 (49/54)
87.50 (21/24)
100 (3/3)
83.33 (5/6)
87.66 (135/154)

–, no samples were detected in this study.

Supergroup

Aphis gossypii

Myzus persicae

A
B
M

0.59 (1/167)
19.16 (32/167)
59.28 (99/167)

2.60 (4/154)
40.02 (62/154)
87.66 (135/154)

Table 3. Incidences (%) of Wolbachia infection patterns in the infected population of Aphis gossypii and Myzus persicae
Infection pattern
M
B
A&M
B&M
A&B&M
Total

Aphis gossypii

Myzus persicae

68
1
–
30
1
100

52
–
2
45
1
100

–, this infection pattern was not found

Discussion
High Incidence of Wolbachia Infection in A. gossypii
and M. persicae
Our results showed high incidence of Wolbachia in A. gossypii and
M. persicae in China, which were obviously higher than those in aphid
species in Europe (Augustinos et al. 2011). Supergroups A, B, and M
were detected in the two aphid species, which supported the conclusion by Wang et al. (2014) that Chinese aphids are widely infected by
the three supergroups (A, B, and M). Supergroup N which found in
species from brown Citrus aphid (Toxoptera aurantii) from Europe
was not detected (Augustinos et al. 2011). Multiple infections have
been widely found in aphids, including in Sitobion miscanthi (Wang
et al. 2009), Cinara pinea, and Cinara cedri (Augustinos et al. 2011).
The trend of the infection incidences of different supergroups in two
species was similar. This phenomenon suggests that the infection rate
of different supergroups in aphids may have a certain regularity.

The Relationship Between Geographical
Distribution and Wolbachia Infection
The fluctuation in Wolbachia incidence was similar among the seven
geographical populations, and the evidence suggested a positive relationship between Wolbachia infection and geographical distribution in aphid species. Furthermore, the A&B&M infection pattern
showed geographical restriction to the North China. These results
indicated diversity and variation of Wolbachia supergroup abundance among different geographical regions. Other studies have also
highlighted the association between infection and the geographical
distribution of the insect host. Populations of Polytremis nascens
in central-western China had low or no incidence of Wolbachia infection, whereas Wolbachia was more prevalent in more southern,
moist, and temperate regions (Jiang et al. 2014). The same phenomena were also observed in the beetle Chelymorpha alternans
and in ants of the genus Solenopsis (Keller et al. 2004, Martins et al.
2012). Furthermore, a distinct geographical distribution pattern of
Wolbachia strains was observed in an endoparasitoid, Pteromalus
puparum (Qi et al. 2016). In this study, almost all populations in
southern China were infected with only one strain of Wolbachia, and
populations from northern China were infected with three strains
(Qi et al. 2016).
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Wolbachia Infection Patterns in A. gossypii and
M. persicae

Table 2. Incidences (%) of Wolbachia supergroups in Aphis gossypii and Myzus persicae
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The Effect of Aphid Species on Wolbachia Infection
Wolbachia is the most widespread symbiont in arthropods
(Hilgenboecker et al. 2008, Zug and Hammerstein 2012, Weinert
et al. 2015), but infection rates vary widely across different orders.
The phenomenon is similar in terrestrial insects; the infection incidence is very high in Lepidoptera (approximately 80%) (Ahmed
et al. 2015), 50% in Malaysian ants (Wenseleers et al. 1998), and
23% in Cimicidae (Sakamoto et al. 2006). In terms of the Wolbachia
infection frequency within different species, Hilgenboecker et al.
(2008) proposed a ‘most-or-few’ pattern, in which the frequency of
Wolbachia infection within one species is typically either very high
(>90%) or very low (<10). In the adzuki bean beetle, Callosobruchus
chinensis, the incidence of infection reached to 100% in Japan
(Kondo et al. 2002). More than 80% of fig wasp species were infected
with Wolbachia according to the study of Ahmed et al. (2013). As
another example, screening of Odonata from Thailand demonstrated
that the infection incidence was about 12% at species level and 8.7%
within Agriocnemis femina one species (Thipaksorn et al. 2003). In
our study, the two aphid species showed different infection incidences
with 58.93% in A. gossypii and 87.01% in M. persicae. Thus, the
collective results indicate that Wolbachia show varying colonization
abilities in insect species. Other studies have also demonstrated that
different insect species show variation in the level of Wolbachia infection from 100% to extremely low incidence. For example, incidence
of infection is 31% in Polytremis nascens (Jiang et al. 2014) and
Cydia splendana but 77% in Cydia fagiglandana (Avtzis et al. 2014).
This difference in Wolbachia colonization ability among insect hosts
may be attributed to host–symbiont associations that 1) occur under
different environmental conditions and at different stages of infection history and 2) are affected by variable genetic factors in either
the symbiont or the host aphid (Avtzis et al. 2014, Zhu et al. 2018).

Novel Hypothesis About the Colonization Ability of
Wolbachia in Aphids
Sixteen Wolbachia supergroups have been described from different
host taxa. Among them, some are universal with taxonomically widespread host ranges, whereas others are restricted to a single taxon
(Ros et al. 2009). Supergroups A, B, and F are universal types with
host ranges that include almost all orders of Hexapoda (Wang and

Qiao 2011), and the other supergroups are obligate types. In aphid
species, supergroup M is the preponderant supergroup at the species
and population levels. At the species level, the infection incidence of
supergroups M, A, and B was 100, 19.1, and 35.6%, respectively,
in Chinese aphids (Wang et al. 2014), whereas it is 13.8, 1.3, and
2.0% in European aphids (Augustinos et al. 2011). Therefore, supergroup M was apparently more widely present in aphids as compared
with supergroups A and B. Based on these results, a hypothesis is
proposed that the colonization of the obligate supergroup in aphids
may promote the infection of the universal supergroups. Therefore,
obligate supergroups ‘pave the way’ for other supergroups, which reflect the complex evolutionary history between symbionts and their
insect hosts. Multiple Wolbachia infections in one species suggest at
least two independent infection incidents according to phylogenetic
analysis. The theoretical probability (hereafter abbreviated as P) of
incidence of multiple infection should be the product of the single
infection incidence, so P (B&M) was 11.17% (58.28 × 19.16%); P
(A&B&M) was 0.066% (58.28 × 19.16 × 0.59%); and P (B) was
7.92% (19.16 – 11.17–0.066%) in A. gossypii. However, P (B) in
A. gossypii was <1%—far less than the theoretical probability.
Similarly, in M. persicae, P (B&M) was 35.08% (87.66 × 40.02%);
P (A&B&M) was 0.91% (87.66 × 40.02 × 2.60%); and P (B) was
4.0.% (40.02–35.08–0.91%), although no M. persicae sample was
infected with only supergroup B. For these two aphid species, P
(A&B&M) showed high incidences of infection that were higher than
the theoretical values. A reasonable speculation is that supergroups
A and B colonized aphids more easily after supergroup M colonized
successfully in aphids. The complex evolutionary history between
symbionts of aphids should be investigated through further research.

Supplementary Data
Supplementary data are available at Environmental Entomology online.
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