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ABSTRACT Spider mites are frequently associated with multiple endosymbionts whose
infection patterns often exhibit spatial and temporal variation. However, the association
between endosymbiont prevalence and environmental factors remains unclear. Here, we
surveyed endosymbionts in natural populations of the spider mite, Tetranychus trunca-
tus, in China, screening 935 spider mites from 21 localities and 12 host plant species.
Three facultative endosymbiont lineages, Wolbachia, Cardinium, and Spiroplasma, were
detected at different infection frequencies (52.5%, 26.3%, and 8.6%, respectively). Multi-
ple endosymbiont infections were observed in most local populations, and the incidence
of individuals with the Wolbachia-Spiroplasma coinfection was higher than expected
from the frequency of each infection within a population. Endosymbiont infection fre-
quencies exhibited associations with environmental factors: Wolbachia infection rates in-
creased at localities with higher annual mean temperatures, while Cardinium and Spiro-
plasma infection rates increased at localities from higher altitudes. Wolbachia was more
common in mites from Lycopersicon esculentum and Glycine max compared to those
from Zea mays. This study highlights that host-endosymbiont interactions may be asso-
ciated with environmental factors, including climate and other geographically linked fac-
tors, as well as the host’s food plant.

IMPORTANCE The aim of this study was to examine the incidence of endosymbiont
distribution and the infection patterns in spider mites. The main findings are that
multiple endosymbiont infections were more common than expected and that en-
dosymbiont infection frequencies were associated with environmental factors. This
work highlights that host-endosymbiont interactions need to be studied within an
environmental and geographic context.
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ndosymbiotic bacteria are extremely common and diverse in arthropods (1) and are

increasingly recognized as major players in the ecology and evolution of their hosts
(2-6). Endosymbionts can provision essential nutrients (7-9), provide resistance to
natural enemies (10, 11), mediate the host response to various forms of environmental
stress (12, 13), influence climate adaptation (14), and broaden the range of suitable
food plants for hosts (15-17). Among arthropods, reproductive parasites such as
Wolbachia (Rickettsiales), Cardinium (Cytophagales), and Spiroplasma (Entomoplasma-
tales) (18) can manipulate host reproduction phenotypes via cytoplasmic incompati-
bility (Cl), parthenogenesis, male killing, and feminization (18-21). Most of these
endosymbionts are predominantly transmitted vertically, although horizontal transmis-
sion can occur on conspecific or heterospecific hosts, or directly through the environ-
ment (22, 23). Symbiont transmission maintains symbiotic associations through host
generations and represents a pivotal factor in their evolutionary stability and diversi-
fication (24).

Many herbivores are associated with multiple endosymbionts, whose infection

March 2018 Volume 84 Issue 6 €02546-17 Applied and Environmental Microbiology

Received 16 November 2017 Accepted 28
December 2017

Accepted manuscript posted online 12
January 2018

Citation Zhu Y-X, Song Y-L, Zhang Y-K,
Hoffmann AA, Zhou J-C, Sun J-T, Hong X-Y.
2018. Incidence of facultative bacterial
endosymbionts in spider mites associated with
local environments and host plants. Appl
Environ Microbiol 84:e02546-17. https://doi
.0rg/10.1128/AEM.02546-17.

Editor Janet L. Schottel, University of
Minnesota

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Xiao-Yue Hong,
xyhong@njau.edu.cn.

aem.asm.org 1


https://doi.org/10.1128/AEM.02546-17
https://doi.org/10.1128/AEM.02546-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:xyhong@njau.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02546-17&domain=pdf&date_stamp=2018-1-12
http://aem.asm.org

Zhu et al.

patterns exhibit spatial and temporal variation (25, 26). Previous studies showed the
coexistence of multiple endosymbionts in the same host populations and geographic
variation in infection patterns, which might be affected by historical factors, as well as
environmental factors such as temperature, climate, vegetation, the availability of food
sources, and the presence of competitors and/or natural enemies (25-31). For example,
the diversity and infection frequencies of endosymbionts in natural populations of the
chestnut weevil were correlated with climatic and ecological factors (26), and the
geographic distribution and infection frequency of endosymbionts in natural popula-
tions of the pea aphid appear to be related to the host plant species, temperature, and
precipitation (25). In Drosophila melanogaster, Wolbachia frequencies show a strong and
stable association with climate, which may be mediated by endosymbiont effects on
overwintering fitness (14). Many studies have also shown that environmental factors can
impact the expression of reproductive parasitic phenotypes. High temperatures reduce the
impacts of Wolbachia on male killing, parthenogenesis induction, and Cl (32-35), and also
reduce the impact of Spiroplasma on male killing (36-38). These findings suggest a
relationship between the environment and endosymbiont frequencies because of direct
impacts of the environment on endosymbionts and their hosts. This may be mediated
through endosymbiont density (35, 39). In addition, the environment may also affect
infection frequencies less directly by changing the selection pressures that link to endo-
symbiont effects on their hosts.

Phytophagous mites (Acari) comprise a diverse group of herbivores, including many
pests of crop plants. Within this group, spider mites (Tetranychidae species) are
widespread arthropod pests of cultivated plants, which have a broad host plant range
and can develop into devastating outbreaks (40, 41). Spider mites harbor a wide variety
of endosymbionts, and many species have multiple endosymbionts (42-45). To date, at
least four distinct facultative endosymbiont lineages, Wolbachia, Cardinium, Rickettsia,
and Spiroplasma, have been reported from spider mite species (46). For example,
Wolbachia and Cardinium are widespread in the genera Tetranychus (42), Oligonychus
(47), Panonychus (47), Schizotetranychus (47), Bryobia (44), and Amphitetranychus (48),
and they induce Cl in several species (47, 49, 50). Unlike the widespread Wolbachia and
Cardinium, Rickettsia and Spiroplasma are less common and have only been found in
Tetranychus urticae and T. truncatus, respectively (46). Spider mites can be coinfected
with more than one endosymbiont, with both Wolbachia and Cardinium inducing Cl in
doubly infected T. piercei (49), T. truncatus (50), and Amphitetranychus viennensis (48),
which can increase the prevalence of both endosymbionts. Despite the ability of
endosymbionts to cause Cl and other effects facilitating their spread in natural popu-
lations, endosymbiont infection frequencies vary among geographic populations of
spider mites (46). However, in the absence of extensive and systematic surveys of
endosymbionts in a region, it is not clear if this variation in infection frequency is
correlated with ecological factors.

The spider mite T. truncatus Ehara is a highly polyphagous pest, feeding on more
than 60 host plant species (51). T. truncatus is found in multiple regions of China (52)
that vary in factors such as annual temperature, rainfall, and snowfall, as well as in
available host plants. We previously showed that endosymbionts were widespread in T.
truncatus populations (46), providing an opportunity to investigate the environmental
correlates of endosymbionts across spider mite populations.

Here, we report on a comprehensive survey of endosymbiotic bacteria in Chinese
populations of T. truncatus, involving nearly 1,000 individual spider mites from 21
localities and 12 host plant species. Three distinct endosymbiont lineages, Wolbachia,
Cardinium, and Spiroplasma, were evaluated. Our objectives were to (i) examine the
cooccurrence patterns of the endosymbionts and (ii) investigate whether infection
prevalence was related to the local climate and host plant type.

RESULTS
Multiple endosymbionts detected in spider mites. We performed diagnostic PCR
of the endosymbionts of 935 T. truncatus individuals from 51 collection localities by
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FIG 1 Geographic variation in infection frequencies of endosymbionts in natural populations of the spider mite Tetranychus truncatus.
Blue, red, and green bars indicate the frequencies of Wolbachia, Spiroplasma, and Cardinium, respectively. Numbers on the map
correspond to locality numbers in Table S1 in the supplemental material. The template map, obtained from the Chinese National Basic
Geographic Information Center (http://ngcc.sbsm.gov.cn), was annotated using ArcGIS 10 Crack software.
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host plant combinations. Three facultative endosymbiont lineages, Wolbachia (44/51),
Cardinium (22/51), and Spiroplasma (11/51), were detected, whereas Rickettsia was not
found in any of the specimens (see Table S1 in the supplemental material). Overall
infection frequencies were 52.5% (491/935) for Wolbachia, 26.3% (246/935) for Car-
dinium, and 8.6% (80/935) for Spiroplasma (Table S1).

Geographic distribution of endosymbionts. The infection frequencies of the
endosymbionts Wolbachia, Cardinium, and Spiroplasma were variable among different
sampling localities (Fig. 1; Table S1). Wolbachia exhibited relatively high frequencies all
over mainland China (Fig. 1), especially in the southeast of China. Spiroplasma was
sporadically distributed in China at relatively low frequencies (Fig. 1). Cardinium exhib-
ited high frequencies, particularly in the northeast of China (Fig. 1).

Although there seemed to be some regional differences in infection frequencies,
Mantel tests showed no evidence of strong spatial patterns in infection frequency for
any of the endosymbiont species (Wolbachia, r = 0.100, P = 0.534; Spiroplasma, r =
0.042, P = 0.771; Cardinium, r = 0.034, P = 0.813).

Environmental associations. The structural equation model provided evidence of
specific associations with environmental factors. The model was accepted after exclud-
ing 8 paths (x2 = 2.151, df = 8, P = 0.976, comparative fit index [CFI] = 1.000) (Fig. 2).
The annual mean temperature significantly decreased with latitude, longitude, and
altitude. Annual precipitation decreased with latitude, but increased with longitude.
The frequency of Wolbachia increased with longitude, altitude, and annual mean
temperature, while the Cardinium frequency increased with longitude and altitude, but
decreased with annual precipitation (Fig. 2). The frequency of Spiroplasma increased
with latitude, altitude, and annual precipitation, and this infection (and the other
infections) was also positively associated with other endosymbionts (Fig. 2). Overall, the
frequencies of Wolbachia, Spiroplasma, and Cardinium may be driven by factors asso-
ciated both with geography (i.e., latitude, longitude, and altitude) and with climate (i.e.,
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FIG 2 Path diagram for the structural equation model (SEM) for geographic/climatic factors and infection
frequencies of endosymbionts in natural populations of the spider mite Tetranychus truncatus. Statisti-
cally significant positive paths are indicated by solid arrows. Statistically significant negative paths are
indicated by dashed arrows. The strengths of these relationships are indicated by the width of the arrows.
The R? values in each box indicate the amount of variation in that variable explained by the input arrows.
Numbers next to arrows are unstandardized slopes. AMT, annual mean temperature; AP, annual
precipitation.

annual mean temperature and annual precipitation). Geographical factors have a
dominant effect on the frequencies of the endosymbionts in spider mites, as reflected
in the effect sizes (Table 1).

Host plant and endosymbiont infections. We focused on three common plant
hosts (soybean, corn, and tomato) from the three locations where they were all
sampled (Table S1). Host plants exhibited significant effects on the infection frequen-
cies of Wolbachia (x> = 10.579, df = 2, P < 0.01) (Fig. 3). Infection frequencies in spider
mites from corn (Zea mays) (mean, 6.3%; 95% confidence interval, 2.0% to 17.9%) were
significantly lower than those in spider mites from tomato (Lycopersicon esculentum)
(mean, 36.6%; 95% confidence interval, 24.0% to 51.3%; Z = —3.239; P < 0.01) and

TABLE 1 Direct and indirect effects in the structural equation model

Endosymbiont Effect Effect size = SE Z value P (Wald test)
Wolbachia Total 0.514 = 0.075 6.875 <0.001
Climate, indirect —0.090 + 0.022 —4.075 <0.001
Geography, direct 0.605 = 0.076 7.942 <0.001
Spiroplasma Total 0.407 = 0.077 5.305 <0.001
Climate, indirect 0.004 *+ 0.001 3.021 0.003
Geography, direct 0.404 = 0.077 5.266 <0.001
Cardinium Total 0.648 + 0.126 5.153 <0.001
Climate, indirect —0.015 = 0.005 —3.218 0.0012
Geography, direct 0.663 £ 0.130 5.097 <0.001
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FIG 3 Infection frequencies of the endosymbiont Wolbachia infesting each of the host plants, namely, tomato,
soybean, and corn, in natural populations of the spider mite Tetranychus truncatus. Infection rates of 48 spider mites
from corn, 54 spider mites from tomato, and 46 spider mites from soybean were analyzed. Error bars indicate 95%

confidence intervals. Different lowercase letters indicate significant differences (P < 0.05).

soybean (Glycine max) (mean, 25.1%; 95% confidence interval, 15.1% to 38.7%; Z =
2.397; P < 0.05) (Fig. 3). There was no significant difference (Z = —1.271, P = 0.412)
between tomato (L. esculentum) and soybean (G. max) (Fig. 3).

Incidence of multiple infections in individuals. Although at very low infection
frequencies, coinfections of unrelated endosymbionts in T. truncatus individuals were
observed (Table 2; Table S1). A binomial sign test with a one-tailed distribution showed that
the coinfection frequency of Wolbachia-Spiroplasma was significantly higher than expected
across populations (n = 7 populations, P < 0.05); the other coinfections also tended to be
more common than expected in populations where they occurred, although this was not
significant by a binomial test for Wolbachia-Cardinium (n = 9, P = 0.2539), Cardinium-
Spiroplasma (n = 6, P = 0.1094), or the triple infection (n = 6, P = 0.1094) (Table 2).

TABLE 2 Expected frequency of coinfection based on observed frequencies of the
infections compared in each sample

No. higher than No. lower than Sample

Comparison group expected expected size P (sign test)
Wolbachia-Cardinium 6 3 9 0.2539
Wolbachia-Spiroplasma 7 0 7 0.0078
Cardinium-Spiroplasma 5 1 6 0.1094
Wolbachia-Cardinium-Spiroplasma 5 1 6 0.1094
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DISCUSSION

Previous studies have reported that some endosymbionts, such as Wolbachia, Car-
dinium, Spiroplasma, and Rickettsia, are widespread in different lines of spider mites, and
multiple endosymbiont infections are very common in T. truncatus (46, 50, 53). However,
these samples of T. truncatus were only collected from a few regions, and the survey data
did not detect a clear correlation between endosymbiont distribution and ecological factors
(46). In arthropods, bacterial infection frequencies can be influenced by abiotic factors such
as climate conditions (26, 54) or by biotic factors such as host genetic variation and
competition with other endosymbionts on the same host (55, 56). Therefore, it is important
to consider whether the infection prevalence of endosymbionts can be associated with
different factors that might mediate spider mite-endosymbiont interactions.

Here, we conducted an extensive and systematic survey of bacterial endosymbionts
in natural populations of T. truncatus and identified three endosymbionts lineages,
Wolbachia, Cardinium, and Spiroplasma. The facultative endosymbiont Rickettsia, which
is commonly found in various insects and numerous other arthropods (22, 26, 46, 57),
was not detected in any of our samples and has also not been reported previously from
T. truncatus. However, Wolbachia exhibited a high infection frequency (52.5%). Car-
dinium and Spiroplasma showed relatively low infection frequencies (26.3% and 8.6%,
respectively) and are also generally less abundant in invertebrate populations.

Because the geographic variation in the infection frequency of endosymbionts in
hosts might be affected by environmental factors (14, 26, 58-60), we used a pathway-
orientated framework for examining interactions between environmental factors and
bacterial endosymbionts. Structural equation modeling revealed relatively weak effects
of climate, consistent with some previous results on other hosts (25, 26). However,
endosymbiont frequencies in T. truncatus appear related to other geographic factors
(latitude, longitude, and altitude), which are relatively more important. Studies on other
hosts have also found Wolbachia infection frequencies to be associated with geo-
graphic factors (14, 26). Geographic effects on the distribution patterns of the endo-
symbionts may partly reflect historical population processes as well as ecological effects
(26). We previously investigated the phylogenetic relationships of spider mite hosts and
endosymbionts and showed that related species have similar endosymbionts (46). This
pattern might reflect both the long-term vertical transmission of Wolbachia and an
increased incidence of horizontal transmission across hosts with a shared ecology and
distribution. Genomic data are needed to separate these alternatives by comparing the
rates of evolutionary divergence among hosts and endosymbionts, but both may
influence the geographic distribution of endosymbionts.

T. truncatus is one of the most polyphagous agricultural pests and feeds on more
than 60 host plant species, including cotton, bean, eggplant, tomato, corn, and other
crops (51, 52). Insect symbionts that are hidden players in insect-plant interactions can
help insects exploit their host plant (3, 61), which could partially explain why some
spider mites can feed on a range of host plants. Conversely, host plants play an
important role in shaping the bacterial community of herbivores (62, 63) that includes
facultative bacterial endosymbionts. In aphids, chestnut weevils, and other insects, it
has been shown that the infection frequencies of Serratia, Wolbachia, Spiroplasma, and
other endosymbionts are correlated with host plant species (25, 26, 64). Here, we
focused on three host plants (corn, tomato, and soybean) that were relatively common.
The infection rates of Wolbachia in T. truncatus from corn were lower than those from
tomato and soybean at the locations where all three hosts could be compared,
consistent with previous observations (46). However, frequencies on corn were high at
some other locations (see Table S1 in the supplemental material). There are at least two
hypotheses that might explain how the host plant could affect endosymbionts in
herbivorous insects. The first is that plant phytotoxins or secondary metabolites sup-
press or promote the population growth of endosymbionts (65). The second hypothesis
is that the host may manipulate its endosymbiont titer to compensate for specific
deficiencies in the nutrient profile of its host plant (66). It is not clear which of these
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hypotheses might apply to the low incidence of Wolbachia we have found here on corn
(Z. mays) compared with those on tomato and soybean (Fig. 3). However, in the
laboratory, when spider mites were switched from bean to other host plants, including
corn, and maintained for 6 generations, we found that the relative abundances of
Wolbachia and Spiroplasma in T. truncatus were influenced by the host plant species.
Using a high-throughput 16S rRNA amplicon sequencing approach, we found low
abundances of both endosymbionts when spider mites were fed on corn compared to
those on bean and tomato; on corn, spider mites had the lowest relative abundance of
Wolbachia (mean = standard error, 1.25 = 1.25) and Spiroplasma (0) compared to those
on tomato (Wolbachia, 18,605 *+ 1,722; Spiroplasma, 390.8 + 155.7) and bean (Wolba-
chia, 18,605 = 1,722; Spiroplasma, 19 £ 4.95) (our unpublished data). Changes in the
endosymbiont titers may influence the transmission fidelity and hence endosymbiont
infection frequencies.

In diverse arthropods, Wolbachia, Cardinium, Spiroplasma, Rickettsia, and other
endosymbionts affect their hosts’ reproduction via various phenotypic effects, such as
cytoplasmic incompatibility (Cl), male killing (MK), and parthenogenesis induction (PI)
(19, 20, 67). These manipulations as well as other effects on host fitness contribute to
the endosymbiont infection frequencies in populations (68). There is evidence that
Wolbachia and Cardinium induce Cl in several spider mites, including T. urticae (69), T.
phaseolus (47), and T. truncatus (50), which will potentially increase the frequency of
these infections in populations. In an earlier study on T. truncates, we found that the
Wolbachia and Cardinium coinfection can lead to Cl (50). In addition to these repro-
ductive effects, infection frequencies may also be affected by horizontal transmission.
While facultative endosymbionts such as Wolbachia, Cardinium, and Rickettsia are
mainly vertically transmitted through the maternal lineage of the host (61), horizontal
transmission across host lineages can also occur via the host plant or through parasi-
toids (22, 70-72).

This study showed that coinfections with more than one endosymbiont are common in
natural populations of T. truncatus and are associated at the population and individual
levels. Three endosymbiont pairs (Wolbachia-Cardinium, Wolbachia-Spiroplasma, and
Cardinium-Spiroplasma) were correlated with each other at the population level (Fig. 2).
Furthermore, Wolbachia-Spiroplasma coinfected the same individual hosts significantly
more frequently than expected within populations. Several possible mechanisms can
facilitate endosymbiont coinfections. The coinfecting endosymbionts may additively or
synergistically confer fitness advantages to their host (73). Specific endosymbiont pairs may
enable the host to adapt to particular environmental conditions. Another possibility is that
when one of the coinfected endosymbionts causes reproductive manipulation, the manip-
ulation may facilitate its own prevalence and the spread of another coinfecting endosym-
biont via a hitchhiking effect (74, 75). In laboratory studies, we found that the coinfection
of Wolbachia and Spiroplasma in T. truncatus enhances host fecundity and development
(76). This fitness advantage may increase the prevalence of mites with both endosymbionts
and perhaps also multiple infections with Wolbachia, Cardinium, and Spiroplasma. While
multiple infections with Wolbachia, Cardinium, and Spiroplasma were detected, these were
rare even though they were more common than expected. A limitation of host resources
has been repeatedly found where multiply infected hosts suffer higher fitness costs than
uninfected and singly infected hosts (77, 78). This high infection cost is often associated
with an increase in the total bacterial density in multiply infected hosts and can lead to
selection against multiple infections (79). Coexisting endosymbionts must compete for
limited resources and space in the same host body, which would result in the exclusion of
the less competitive symbiont (80). Under variable environments, the fittest symbiont
community may vary in space or time, because of interactions between multiple genotypes
and the environment, leading to either the fixation of different communities in populations
or a polymorphism of symbiont communities within populations (79).

In conclusion, this study provides a comprehensive overview of the diversity and
infection prevalence of endosymbionts in natural populations of the spider mite T. trun-
catus in China and showed a correlation between endosymbiont variation and environ-
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TABLE 3 Specific primers for diagnostic symbiont species in the spider mite Tetranychus truncatus

Annealing

Organism Target Primer name Primer sequence (5'—3’) temp (°C) Reference

Spider mite Cytochrome ¢ oxidase, subunit | COI F TGATTTTTTGGTCACCCAGAAG 52 81
COI'R TACAGCTCCTATAGATAAAAC

Wolbachia wsp wsp F GTCCAATARSTGATGARGAAAC 55 82
wsp R CYGCACCAAYAGYRCTRTAAA

Cardinium 16S rRNA ChF TACTGTAAGAATAAGCACCGGC 57 83
ChR GTGGATCACTTAACGCTTTCG

Spiroplasma 16S rRNA SpitsJ04 F GCCAGAAGTCAGTGTCCTAACCG 56 84
SpitsN55 R ATTCCAAGGCATCCACCATACG

Rickettsia gltA RICS741 F CATCCGGAGCTAATGGTTTTGC 56 85
RCIT1197 R CATTTCTTTCCATTGTGCCATC

mental/geographic variables. These results provide pointers towards mechanisms affecting
host-endosymbiont interactions and perhaps their potential association with local adapta-
tion across geographic areas.

MATERIALS AND METHODS

Sampling and DNA extraction. Adult T. truncatus spider mites were collected between 2011 and
2016 from 12 different host plant species in 21 geographic localities across China (Fig. 1; see also Table
S1in the supplemental material). All samples were preserved in 100% ethanol and stored at —20°C until
DNA extraction.

Total genomic DNA was extracted from each individual spider mite using a DNeasy blood and tissue
kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The DNA quality was system-
atically tested by amplifying a fragment of the cytochrome oxidase subunit | gene (COI) of each spider
mite (81).

Diagnostic PCR. We screened each specimen for facultative symbionts in the genera Wolbachia,
Cardinium, Rickettsia, and Spiroplasma, which have previously been detected in spider mites (46). These
four facultative endosymbiont lineages were surveyed by PCR amplification using the specific primers,
gene features, and annealing temperatures listed in Table 3. PCRs were carried out on a Veriti thermo-
cycler (ABI Biosystems, USA) in a 25-ul volume containing 12.5 ul 2X Taq master mix (Vazyme Biotech,
China), 0.5 pl primers (20 uM each), and 1 ul of DNA extract. Positive and negative controls were
included in PCRs. PCR cycling parameters were 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, the
annealing temperature (Table 3) for 45 s, and 72°C for 1 min, and then 72°C for 5 min at the end. PCR
products (5 wl) were visualized on a 1.5% agarose gel stained with ethidium bromide (86).

Statistical analyses. All statistical analyses and data manipulations, except where explicitly stated
otherwise, were carried out in R version 3.3.1 (87). Climatic data for each location were obtained from the
online WORLDCLIM database (88).

To test for spatial autocorrelation in endosymbiont frequencies, we ran Mantel tests (89). In the analyses,
1,000 bootstraps were used to test for significance.

The structural equation model (SEM) with Satorra-Bentler correction (90) was used to estimate the direct
or indirect effects of geographic/climatic factors and infection frequencies on endosymbionts. A Studentized
Breusch-Pagan test, which was conducted in the R package “Imtest,” was adopted to test the heteroskedas-
ticity in the structural equation models as well as the regression models (91) considered below. A standardized
coefficient was introduced to estimate the linear relationship of every model path. We selected the simplest
model, which had the lowest Akaike’s information criterion (AIC) value.

To test the effect of host plant species on the infection frequency of endosymbiont Wolbachia, general-
ized linear mixed-effect models (GLMMs) with binomial distribution were used. We focused on three host
plants (Z. mays, L. esculentum, and G. max) that were relatively common (Table S1). The variance induced by
different sample locations was set as the random error in the GLMMs, with host plant as a fixed factor.
Tukey-Kramer tests were used for multiple comparisons between each pair of host plant species.

To test if different infections tended to cooccur together in populations where the two (or three)
infections were polymorphic (i.e, infected and uninfected individuals were present), we looked at each
sample of mites and computed the expected frequency of coinfection based on the observed frequencies in
each sample. We then used a binomial sign test to determine if the number of times the observed coinfection
frequency exceeded the expected coinfection frequency was greater than expected by chance. Note that this
analysis could only be carried out for a total of 7 samples for the Wolbachia-Spiroplasma combination, 9
samples for the Wolbachia-Cardinium combination, 6 samples for the Spiroplasma-Cardinium combination,
and 6 samples for the triple infection combination.
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