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Abstract
Reproductive endosymbionts including Wolbachia are important heritable bacteria. They can manipulate the reproduction of their hosts, as well as
affect the fitness and evolution of hosts. Many insects are co-infected by more than one reproductive endosymbionts. Detection of such multiple
infections plays a significant role to comprehensively understand the association between endosymbionts and their hosts. Fig wasps live in the
enclosed syconia and exhibit high incidence of Wolbachia. However, we have no knowledge about whether fig wasps are infected by other reproductive
endosymbionts. We screened seven common reproductive endosymbionts, Cardinium, Arsenophonus, Rickettsia, Spiroplasma ixodetis, Spiroplasma
poulsonii, Flavobacterium and Wolbachia in fig wasps using standard PCR. Except Wolbachia, we found no other reproductive bacteria in 1215
individuals of 66 fig wasp species. The prevalence of Wolbachia is up to 79%. The results indicate that the enclosed syconia may cut off the
horizontal transmission of some reproductive bacteria from outside as a physical barrier. Meanwhile, it implies that Wolbachia may be the only

heritable endosymbiont in fig wasps, which makes them an ideal model to dip into the tight relationship between Wolbachia and fig wasps.

Key words: Co-infection, fig wasp, PCR, reproductive endosymbiont, syconia, Wolbachia.

Introduction

Heritable bacteria that are transmitted vertically from mother to
offspring play important roles in many arthropods biology. They
have formed adaptively tight associations with hosts during
coevolution. Hosts offer habitats for the inherited bacteria, while
the inherited bacteria work well in the development and
propagation of hosts, such as supplying nutrients ', enhancing
immunity %7, increasing fitness >, resisting tolerance ¥, manipulating
reproduction *'* and so on. In general, reproductive endosymbiont
manipulate the host reproduction in various ways that enhance
their own transmission '> ',

Wolbachia, as one of the earliest discovered endosymbiont of
arthropods, have received great attention subsequently. It is
reported that more than 20% insect species are infected by
Wolbachia ', while up to 76% using “long PCR” method .
Besides its pandemic distribution, Wolbachia could manipulate
hosts reproduction manners by cytoplasmic incompatibility '6,
parthenogenesis induction ', killing male progeny from infected
females '2, feminization of genetic males '® and even cause host
speciation '°. Wolbachia and its insect host has become a good
model to study diverse reproduction manipulation mechanisms.

Recently, several other reproductive bacteria, including
Cardinium, Arsenophonus, Richettsia, Flavobacterium and
Spiroplasma, have been gradually found besides Wolbachia,
which play similar roles in manipulating hosts reproduction as
Wolbachia does, although they are ignored before. Some of these
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reproductive bacteria have been reported from insects of
Homoptera, Diptera, Lepidoptera, Hemiptera, Coleoptera and
Hymenoptera, causing male killing, cytoplasmic incompatibility,
parthenogenesis and other distorters like Wolbachia >*°**. It must
be cautious for researchers when studying the influence of
endosymbiont on hosts 2!. Moreover, Cardinium, Arsenophonus
and Richettsia have been found in hymenopteran insects, like
Encarsia, Nasonia, Neochrysocharis, Polistes and Diplolepis'
2432 while the other two have not been reported in Hymenoptera.

More and more studies reveal that a number of insect hosts
turn out to be double or multiple infections, which mean that
insect hosts harbore more than one reproductive symbiont or one
symbiont infected by different strains. For example, Bemisia tabaci
was found to be infected by Wolbachia, Cardinium, Rickettsia
and Arsenophonus simultaneously *33. Some fig wasp species are
infected by different Wolbachia strains **%. As far as we know,
these co-infected parasites would not work together on
manipulating host reproduction; only one clade of them would
play dominant roles through some unknown competing
mechanisms **. Then it is very necessary to know the whole
reproductive flora associated with host first 33" Although the
transfer mechanisms are not well understood, double or multiple
infections probably connect with horizontal transmission through
physical contact or food resources. Before dipping into the
transmission route of the reproductive bacteria or how they act
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on their hosts, it is very necessary to know the bacteria infection
status first.

Fig-fig wasp system is a good model to study the phylogeny
and coevolution between plant and parasitic insects. Fig wasps
almost spend their whole life in figs, inside of which is almost
completely closed and black, resulting in almost no communication
with the outside. Figs not only supply fig wasps well-fed food
and wonderful habitat, but also impose them high survival and
evolution stress that result in kinds of interesting phenomena
with fig wasp, including the ultra sexual dimorphism, female biased
sex ratio and so on. It’s estimated that symbiont associated with
fig wasps potentially display important functions in increasing
the fitness of host’s survival and manipulating reproduction 3%,

To date, the research of endosymbiont in fig wasps has been
mainly focused on Wolbachia. Broad screening for fig wasps
infected with Wolbachia have been finished in Panama, Australia
and China, with infection rates of 59, 67 and 53% respectively 323
37 moreover, it appeares multiple infections with different
Wolbachia strains. So far, there is no relevant report about the
endosymbiont of fig wasps besides Wolbachia. In order to uncover
the infection status of 7 kinds of common reproductive
endosymbiont of fig wasps, we made a thorough survey of seven
common reproductive endosymbiont from 66 fig wasp species
associated with 20 different fig species.

Materials and Methods

Samples: Sixty six fig wasps species associated with 20 species
of fig, including 9 dioecism and 11 monoecism, were haphazardly
collected from Hainan, Yunnan, Guangxi and Guangdong
provinces of China, from 2003-2012 (Table 1). Fig wasps were
identified morphologically and stored in 95% ethanol separately
after emerging from mature figs, and stored at -80°C immediately.

Some insects, Trialeurodes vaporariorum, Drosophila hydei
and Blattela germanica, collected from China and America
separately, were chosen as positive controls.

DNA extraction, PCR amplification and sequencing: All
individuals of each fig wasp species were pooled together for
DNA extraction. Total DNA of each fig wasp species was extracted
using Genomic Quick Extraction Kit (Transgen, Beijing, China)
following the manufacturer’s instructions. DNA extraction was
performed on the entire body of fig wasps, to reduce the risk of
missing infection with reproductive bacteria.

The DNA quality was confirmed by amplification of a partial
fragment of CO I gene using primers LCO1490: 5’- GGTCA
ACAAATCATAAAGATATTGG-3’ and HCO2198: 5°- TAAAC
TTCAGGGTGACCAAAAAATCA-3’. Infection rates were
investigated for 7 reproductive parasites: Cardinium,
Arsenophonus, Rickettsia, Spiroplasma ixodetis, Spiroplasma
poulsonii, Flavobacterium and Wolbachia. First of all, a part of
16S rRNA gene per each endosymbiont was amplified with specific
primers in each specimen to assay the infection. Secondly, the
second genes for some endosymbionts were amplified for the
further investigation with negative specimen, to avoid the false
negatives of PCR amplification (Table 2). The infected specimen
of Trialeurodes vaporariorum, Drosophila hydei and Blattela
germanica were used as positive control. In addition, negative
controls were carried out for each PCR process.

PCR was performed with 12.5 pl reaction. PCR procedures were
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as follows: initial denaturation at 95°C for 4 min, 35 cycles of
denaturation (94°C, 30 s), annealing (45 to 59°C, depending on
primers, 45 s), extension (72°C, 1 min to Imin 30 s) and a final
extension at 72°C for 10 min. PCR products were run on 1% agarose
gel which was stained by EB, and lighted by UV. The PCR products
corresponding to the same size electrophoretic bars as positive
controls were purified and automated DNA sequencing was
performed by Biosune Biotech Center, Shanghai, China. The
sequences were aligned using BLAST to ensure they are the
targeted sequences.

Data statistics: The comparations of different infection rates of
Wolbachia from fig wasps were performed using SPSS 16.0.

Results and Discussion

Fig wasps (Hymenoptera: Chalcidoidea) are worldwide spread,
with more than 640 described species. The universal spread of
Wolbachia within fig wasps has exceeded the rate of horizontal
transmission among species and indicates a complicated
interaction between Wolbachia and fig wasps 3237441 In recent
years, several other reproductive endosymbionts also have been
found gradually and even coexisted with Wolbachia in some
insects, which disturbes the independent biological interaction
and phylogenetic relationship between Wolbachia and their
hosts % 3% 42,

In this study, we screened 1215 fig wasp individuals from 66
species (20 genera) associated with 20 fig species (4 subgenera)
in China for the presence of 7 reproductive endosymbionts
(Cardinium, Arsenophonus, Rickettsia, Spiroplasma ixodetis,
Spiroplasma poulsonii, Flavobacterium and Wolbachia), using
standard PCR. We detected about 18 individuals for each fig wasp
species (1215/66) which was much more than the past three
detection (Panama 8 (350/44), Australia 4.6 (283/61) and China 1.4
(66/47)). Our much larger sampling size for those broad fig wasp
species in this study would reveal the much accurate incidence
rate of the 7 reproductive endosymbionts in fig wasps in China.

To avoid probable false negative results, we have finished the
two following procedures in our work: firstly, the DNA fragment
of CO 1 gene with each DNA sample was amplified, which
confirmed the DNA quality of each sample was well enough for
our extensive research; secondly, each specific primer pairs for
these reproductive endosymbionts, except Spiroplasma ixodetis,
were confirmed by amplifying the corresponding positive controls
(Fig. 1). All the other six reproductive endosymbionts worked well
in positive controls, which indicated that there was no problem
for these selected primers in this study.

Overall, our survey result improved on the high infection rate
of Wolbachia in fig wasps (79%), allied with the past three surveys.
In surprise, we got zero infection rates of the other six reproductive
endosymbionts. However, several false positive sequences have
occurred in our results, which were identified as genus Pantoea
through Blastn program on NCBI.

Given both these false positive results in our PCR assay and
higher sampling sizes for both intraspecies (ca. 18 individuals for
each species) and interspecies (66 fig wasp species), we would
get the true estimate for the several reproductive endosymbionts.

In this study, the infection rate of Wolbachia was 79% (52/66)
with fig wasp species in this study. There was no significant
difference between pollinators (93%, 13/14) and non-pollinators
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M  R.sp. A-na C.he Fsp. S.po W.pi M
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Figure 1. Electrophoretic bars of partial DNA fragment
corresponding to positive reproductive endosymbiont. M is the
marker; R. sp., A. na, C. he, S. po and F. sp. represent their
partial 16S rRNA fragment of Rickettsia sp., Arsenophonus
nasoniae, Cardinium hertigii, Spiroplasma poulsonii and
Flavobacterium sp. separately; W. pi represents the wsp gene
fragment of Wolbachia pipientis.

(75%, 39/52) in the infection rate ()*=1.929, df =1, P> 0.05) (Table
3). Compared to another survey (53%, 25/47) for Wolbachia in
China, the Wolbachia infection rate presented significant
difference between the two surveys (y*>=5.121,df =1, P <0.05).
The infection rate of Wolbachia with pollinator and non-pollinator
species displayed non significant (y*=1.691,df=1, P> 0.05) and
significant (> = 8.076, df = 1, P <0.05) difference between the two
surveys separately in China (Table 4). The infection difference
relative to the other two continents (Panama 59% (26/44), Australia
66% (40/61)) was also compared. In contrast to the difference
between the two surveys in China, there are no significant
difference in all species (y* = 3.029, df =2, P > 0.05) and non-
pollinators ()*=1.750, df=2, P>0.05), while pollinators got ()*>=
12.861, df = 2, P < 0.05) significant difference among the three
continents (Table 5).

For Wolbachia, we got much higher infection rate (79%) in fig
wasp species than the past three surveys (ca. 59%), which
displayed significant difference either in pollinators (}>=12.861,df
=2, P <0.05) or non-pollinators (}*=8.076, df =1, P <0.05)). The
increasing result should mainly be associated with our large
sampling size (18 (1215/66)). There were many single individual

Table 3. Comparison of incidence of Wolbachia infections in
fig wasps between pollinators and pon-pollinators

of China 22
Comparison _ Pollinators  Non-pollinators %2 Significance
Incidence of
Wolbachia 0.93 (14) 0.75 (52) 1.929 n.s.
in China 2

Table 4. Comparison of incidence of Wolbachia infections in fig
wasps between Chinal®?and China 2.

Comparison Chinal China 2 2 Significance
Incidence of Wolbachia. o 53 47y 079 (66) 5.121 5.

in all species

Incidence of Wolbachia g g5 11y 093 (14) 1.691 n.s.

in pollinators

Incidence of Wolbachia 044(36) 075(52) 8.076 .

in non-pollinators
a. China T indicates previous detection in China.
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Table 5. Comparison of incidence of Wolbachia infections in fig
wasps between Panama, Australia, and China 2.

Comparison Panama Australia China2 2 Significance
Incidence of

. 0.59 0.66 0.79
Wolbachia 3.029 n.s.
in all species (@4) 61) (66)
Incidence of
Wolbachia ?fg()) ?;5 ?ﬁg 12.861 s.
in pollinators
Incidence of
Wolbachia 0.65 0.60 0.75 175 s
in non- (26) (35) (52) ’ o
pollinators

Incidence is expressed as a proportion of species in that category and x*—values are given for df =1 or
2. Non-significance (n.s.) = P > 0.05.

per species sampling in the past three surveys, which would
greatly underestimate the real incidence of Wolbachia in fig wasp
species. For another words, the four surveys collected samples in
different time and locations separately, which would also pay some
impact on their infection difference.

For the absence of the other six reproductive endosymbionts in
fig wasps in this study, we thought there are two main reasons:
Firstly, intimate contact with other species, such as parasitism,
predation and physical damage, is an important pathway to obtain
new infection of endosymbiont. For example, Encarsia parasitoid
wasps (Hymenoptera: Aphelinidae) which have been infected three
endosymbiont, Cardinium, Richettsia and Wolbachia, parasites
whitefly which harbors all the three endosymbiont **273. Nasonia
parasitoid wasps (Hymenoptera: Pteromalidae) also harbor three
endosymbiont, Cardinium, Arsenophonus and Wolbachia > %
31, Fig wasps almost spend their whole life in closed fig syconia,
with little time to seek other syconia to lay eggs outside syconia *.
The closed fig syconia form a naturally physical barrier to limit fig
wasps to contact with other insects living outside of fig syconia,
which implies that the syconia prevents the horizontal transfer of
endosymbiont from outside environment to fig wasps living inside
syconia. Secondly, according to previous reports, the average
infection rate for the other 6 reproductive endosymbionts in insect
is below 7% 2!, much lower than that of Wolbachia (20%) '*. Their
prevalence in Hymenopteran insects is especially rare besides
several parasitoid wasps 2-**4. Compared with the huge transfer
resource of Wolbachia, the resources of the other 6 endosymbionts
are much less, which could also limit the obtained of these
endosymbiont for fig wasps.

However, there are still several inherent factors leading to the
underestimation of incidence for the 7 reproductive
endosymbionts. Firstly, for the limitation of PCR assay with titre
of endosymbionts, it is really difficult to detect some low titre
endosymbiont in samples, which would produce false negatives
in the PCR assay. Secondly, with some low infection rate within
host species, it ispossible for us to miss some infected individuals
and obtained false negative results for limited sample size. Thirdly,
since some host species would display dynamic difference on the
infection rate of reproductive endosymbionts, according to
different sampling data or locations, our insufficient sampling data
and locations would miss some positively infected wasp species
and resulted in some false negatives for our sampling method.

Totally, our study systematically screened the prevalence of 7
reproductive endosymbionts (Cardinium, Arsenophonus,
Rickettsia, Spiroplasma ixodetis, Spiroplasma poulsonii,
Flavobacterium and Wolbachia) in 1215 fig wasps individuals
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associated with 66 fig wasp species in China for the first time. Our
study reveals a higher infection rate (78%) of Wolbachia with fig
wasp species in China, which extensively emphasized the
potentially intimate relationship between Wolbachia and fig wasp
host. Our result presented that the 6 non-Wolbachia
endosymbionts were zero infection in fig wasps which implied
Wolbachia walk alone in fig wasps. Further studies on the intimate
relationship between Wolbachia and fig wasps and the diversity
of symbionts in fig wasps living in closed syconia have been
planed.
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