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Abstract Wolbachia are endosymbiotic bacteria that infect numerous arthropod species.
Previous studies in Panama and Australia revealed that the majority of fig wasp species
harbor Wolbachia infections, but that similar patterns of incidence have evolved inde-
pendently with different wasp species and Wolbachia strains on the two continents. We
found Wolbachia infections in 25/47 species (53%) of fig wasp associated with 25 species
of Chinese figs. Phylogenetic analyses of Wolbachia wsp sequences indicated that very
similar strains are not obviously found in either closely related or ecologically linked fig
wasps species. The extremely high prevalence of Wolbachia in fig wasps (over 50% of
species infected) is not constrained by geographical origin and is a recurrent theme of fig
wasp/Wolbachia interactions.
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Introduction

Wolbachia are cytoplasmically inherited endosymbiotic
alpha-proteobacteria found in a wide range of insects, fi-
larial nematodes, arachnids and isopods (Bouchon ef al.,
1998; O’Neill et al., 1992; Werren & Jaenike, 1995;
Werren et al., 1995b). Wolbachia have attracted consid-
erable recent interest for their widespread distribution
and a number of reproductive alterations that they cause
in their hosts, such as cytoplasmic incompatibility (CI)
(Breeuwer & Werren, 1990; Hoffmann et al., 1986; Yen
& Barr, 1971), parthenogenesis induction (Stouthamer
et al., 1990; Stouthamer ef al., 1993), male-killing (Hurst
et al., 1999), and feminization (Rigaud et al., 1991). In
theory, these alterations of host reproduction can facilitate
or even cause host speciation (Bordenstein ef al., 2001;
Rokas, 2000).
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Previous similar surveys of Wolbachia incidence in a
range of diverse insect species from four different regions
(Panama, Great Britain, North America and Thailand)
have all yielded estimates of between 16% and 23%
of species infected (Kittayapong et al., 2003; Werren
& Windsor, 2000; Werren et al., 1995a; West et al.,
1998), which suggest that approximately 20% of all in-
sect species harbor Wolbachia infections, consistent with
a widespread equilibrium frequency (Werren & Windsor,
2000). Besides these broad surveys, many taxon-specific
or ecologically focused surveys for Wolbachia have shown
that certain taxonomic groups may be more prone to in-
fection (Werren & Windsor, 2000). For example, it ap-
pears that some insect groups, especially Hymenoptera,
are more prone to harbor Wolbachia than others (Vavre
et al., 1999; Wenseleers et al., 1998; Werren & Wind-
sor, 2000). They are also generally high in studies fo-
cusing on particular hymenopteran groups, with infection
estimates of 50% (25/50) of Indo-Australian ant species
(Wenseleers ef al., 1998), 59% (26/44) of Panamanian
fig wasp species (Shoemaker et al., 2002), 67% (43/64)
of Australian fig wasps species (Haine & Cook, 2005),
62% (13/21) of rose gall-inducing wasps (Rhoditini), 57%
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(4/7) of rose gall parasites (multiple tribes), 44% (4/9) of
herb gall-inducing wasps (Aylacini) and 60% (6/10) of
gall inquiline wasps (Synergini) (Plantard et al., 1999;
Rokas et al., 2002; Schilthuizen & Gittenberger, 1998).
However, there is a curious exception provided by oak
gall-inducing wasps (Cynipini), where only 9% (5/53) of
species are infected (Rokas et al., 2002).

Studies on Wolbachia in fig wasps have concentrated
on the prevalence and incidence of Wolbachia bacte-
ria across large geographic regions. High incidence of
Wolbachia was found both in Australia and Panama, which
is the highest proportion reported for any group of insects
(Haine & Cook, 2005; Shoemaker et al., 2002). Evidence
for frequent horizontal transmission of Wolbachia bacte-
ria was also found in both continents, while the majority
of similar Wolbachia strains were found in wasps without
known ecological interactions.

Figs (Ficus, Moraceae) and their associated fig
wasps (Hymenoptera, Chalcidoidea, Agaonidae (Boucek,
1988)) have attracted much attention and have been re-
garded as a model system for research on topics such
as coevolution, sex ratio evolution, virulence evolution
and host-parasite interactions (Cook & Rasplus, 2003;
Weiblen, 2002). Figs and fig pollinators are a textbook
example of obligate pollinating mutualism and an ex-
treme case of coevolution (Ramirez, 1980; Ramirez, 1974;
Weiblen & Bush, 2002; Wiebes, 1979). Non-pollinators
can be gallers, parasitoids or inquilines which impact on
the system by competing for oviposition sites, killing pol-
linator larvae, or by using fertilized ovaries and thus oc-
cupying a portion of seeds (West & Herre, 1994; West
etal., 1996).

The genus Ficus is found throughout the tropics and
subtropics, but each section has a more restricted geo-
graphical distribution. Only two fig sections, Pharma-
cosycea (pollinated by the genus Pegoscapus) and Amer-
icana (pollinated by the genus Tetrapus), occur in the
New World. The other sections all occur in the Old World
and diversity is highest in Southeast Asia and northern
Australia. Ficus species are diverse in China (98 species;
Zhang et al., 1998) and these represent four subgenuses
and 11 sections, with most of them distributed in southern
China.

Our study focused on Wolbachia in the wasp commu-
nities of 25 species of figs, and no Chinese fig specimens
had been involved in previous studies except three, F
benjamina, F microcarpa and F racemosa. Further, all
fig species studied here are native in China and incidence
of Wolbachia in these species would represent the basic
status of that in China. There are two main purposes of
this paper: (i) to test whether the incidence of Wolbachia
in Chinese fig wasps is as high as reported for fig wasp

communities in Panama and Australia; and (ii) to identify
the Wolbachia strains in Chinese fig wasps and whether
they are shared with any fig wasps from other regions.

Materials and methods
Species and field sampling

From 2003 to 2006, fig wasp species associated with
25 figs were sampled mainly in southern China (Table 1).
Ripe syconia were collected from species of wild fig trees.
Wasps were allowed to emerge naturally from their syco-
nia and were stored in 95% ethanol at —20°C. Similar
species on one host fig species were distinguished on the
basis of female body color and ovipositor length. Most
species are currently less well described, especially the
non-pollinators. Due to the coevolution relationship be-
tween fig pollinator wasps and their host fig, pollinators
are relatively easily identified and well studied (Jiang
et al., 2006a; Jousselin et al., 2003; Machado et al.,
2001; Marussich & Machado, 2007), while the taxon-
omy of non-pollinating fig wasps is less well advanced.
The most common genus in our samples were Sycoscapter
(Hymenoptera: Sycoryctinae) (up to 10 in our samples)
and Philotrypesis (Hymenoptera: Sycoryctinae) (up to 13)
(Table 1). Previous molecular phylogenetic studies sug-
gested Sycoscapter (Sycoryctinae) have partially cospe-
ciated with their hosts (Lopez-Vaamonde et al., 2001;
Weiblen & Bush, 2002). Philotrypesis species in our sam-
ples are all involved in the previous molecular phyloge-
netic study done before in our lab (Jiang et al., 2006b),
which helped us in species identification by DNA markers
(ITS2/Cyt B/28S rDNA).

Molecular methods

Several female wasps were selected at random from
samples preserved in 95% ethanol, with the remains
as voucher specimens. Specimens were washed in Tris-
EDTA (TE) buffer before DNA extraction in order to get
rid of the ethanol and dirt outer layer of the insects. To-
tal genomic DNA was extracted from a single individual
using a standard phenol-chloroform extraction method
(Sambrook et al., 1989). DNA quality was assessed by
amplifying a portion of COI gene (1751-2613) sequences
using conserved insect mitochondrial primers C1-J-1751
(5-GGA TCA CCT GAT ATA GCA TTC CC-3) (Si-
mon et al., 1994) and COIH2613 (5'-ATT GCA AAT
ACT GCA CCT AT-3') (Castro et al., 2002). We screened
for Wolbachia by polymerase chain reaction (PCR) with
primers wsp 81F(5'-TGG TCC AAT AAG TGA TGA
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Table 1 Summary of fig wasp samples and species used for phylogenetic study.

Wolbachia in Chinese fig wasps

Number Voucher
Fig wasp Wasp infected specimen )
Ficus spp. (code) species biology (number nos. (GenBank Locality
screened) accession nos.)
E altissima (F1) Sycoscapter sp. 2° Non-pollinator 1(1) 10ZA0023 XTBG, Yunnan, China
F auriculata (F2) Philotrypesis Non-pollinator 2(2) 10ZA0041 XTBG, Yunnan, China
longicaudata
Ceratosolen Pollinator 1(1) 10ZA0042 XTBG, Yunnan, China
emarginatus (EU239227)
FE benjamina (F3) Eupristina Pollinator 1(1) 10ZA0030 XTBG, Yunnan, China
koningsbergeri
Sycoscapter sp.* Non-pollinator 0(1) 10ZA0037 XTBG, Yunnan, China
Phioltrypesis Non-pollinator 1(1) I0ZA0032 XTBG, Yunnan, China
tridentate
E concinna (F4) Plastycapca sp. Pollinator 1(1) 10ZA0108 XTBG, Yunnan, China
Philotrypesis sp. 1° Non-pollinator 0(1) 10ZA0106 XTBG, Yunnan, China
E curtipes (F5) Philotrypesis sp. Non-pollinator 0(1) 10ZA0005 XTBG, Yunnan, China
Lipothymus sp.° Non-pollinator 0(1) 10ZA0028 XTBG, Yunnan, China
E cyrtophylla (F6) Blastophaga sp.¢ Pollinator 1(1) 10ZA0068 XTBG, Yunnan, China
FE drupacea (F7) Ceratosolen. sp.° Pollinator 0(1) 10ZA0044 XTBG, Yunnan, China
Philotrypesis sp.® Non-pollinator 0(1) I0ZA0115 XTBG, Yunnan, China
E fistulosa (F8) Platyneura sp. Non-pollinator 1(1) 10ZA0089 XTBG, Yunnan, China
(EU239231)
F hederacea Roxb Sycoscapter sp.? Non-pollinator 0(1) I0ZA0113 XTBG, Yunnan, China
(F9)
E hirta (F10) Sycoscapter sp.? Non-pollinator 1(1) 10ZA0046 XTBG, Yunnan, China
Philotrypesis sp.° Non-pollinator 1(1) 10ZA0047 XTBG, Yunnan, China
(EU239228)
E hirta var. Philotrypesis sp.’ Non-pollinator 1(1) 10ZA0049 Guangzhou, Guangdong,
roxburghii (F11) (EU239229) China
FE hispida (F12) Ceratosolen solmsi Pollinator 1(1) 10ZA0018 Danzhou, Hainan, China
(EU239232)
Philotrypesis pilosa Non-pollinator 1(1) 10ZA0016 Danzhou, Hainan, China
(EU239233)
(EU239234)
Philotrypesis sp.® Non-pollinator 0(5) 10ZA0017 Danzhou, Hainan, China
Apocrypta bakeri Non-pollinator 0(5) 10ZA0019 Danzhou, Hainan, China
FE ischmopoda Sycoscapter sp.? Non-pollinator 0(1) 10ZA0109 XTBG, Yunnan, China
(F13)
E langkokensis Sycoscapter sp. Non-pollinator 1(1) 10ZA0057 XTBG, Yunnan, China
(F14)
Blastophaga sp.¢ Pollinator 1(1) 10ZA0058 XTBG, Yunnan, China
FE microcarpa (F15) Eupristina Pollinator 1(1) 10ZA0050 XTBG, Yunnan, China
verticillata (EU239230)
Philotrypesis sp. 1° Non-pollinator 0(1) I0ZA0051 XTBG, Yunnan, China
Philotrypesis sp. 2° Non-pollinator 0(2) 10ZA0052 XTBG, Yunnan, China
Sycoscapter sp. 1? Non-pollinator 0(1) 10ZA0053 XTBG, Yunnan, China
Sycoscapter sp. 2° Non-pollinator 0(1) 10ZA0054 XTBG, Yunnan, China
Sycobia sp. 1 Non-pollinator 0(1) 10ZA0055 XTBG, Yunnan, China
Continued.
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Table 1 Continued.

Ficus spp. (code)

Fig wasp
species

Wasp
biology

F nervosa Heyne
(F16)
E racemosa (F17)

F semicordata
(F18)

FE squamous (F19)
FE subalata (F20)

FE superba (F21)

E tinctoria (F22)

F variolosa Lindl
(F23)

FE virens Ait. (F24)

F virens Ait. var.
virens (25)

Total 25

Philotrypesis sp.

Platyneura mayri

Platyneura
agraensis

Platyneura dunia

Sycoscapter
trifemmensis
Ceratosolen sp.©
Philotrypesis sp.
Philotrypesis sp.
Platyscapa corneri
Philotrypesis sp.°
Blastophaga
silvestriana
Sycoscapter sp.*
Lipothymus sp.°

Sycoscapter sp.?
Ormyrus sp.
Philotrypesis sp.
47

Non-pollinator

Non-pollinator
Non-pollinator

Non-pollinator
Non-pollinator

Pollinator
Non-pollinator
Non-pollinator
Pollinator
Non-pollinator
Pollinator

Non-pollinator
Non-pollinator

Non-pollinator
Non-pollinator
Non-pollinator

Number Voucher
infected specimen Localit
(number nos. (GenBank ocaltty
screened) accession nos.)
1(1) 10ZA0098 XTBG, Yunnan, China
1(1) I0ZA0003 XTBG, Yunnan, China
0(1) 10ZA0006 XTBG, Yunnan, China
1(1) 10ZA0008 XTBG, Yunnan, China
0(7) 10ZA0012 XTBG, Yunnan, China
1(1) 10ZA0036 XTBG, Yunnan, China
0(2) 10ZA0064 XTBG, Yunnan, China
1(1) 10ZA0066 XTBG, Yunnan, China
1(1) 10ZA0014 XTBG, Yunnan, China
1(2) 10ZA0063 XTBG, Yunnan, China
0(1) 10ZA0095 XTBG, Yunnan, China
0(1) 10ZA0076 XTBG, Yunnan, China
0(1) 10ZA0083 Guangzhou, Guangdong, China
1(1) 10ZA0085 Guangzhou, Guangdong, China
1(1) 10ZA0086 Guangzhou, Guangdong, China
0(2) 10ZA0091 Guangzhou, Guangdong, China

25/47 = 53%

Wolbachia strains from species in bold were used for phylogenetic study.
#Undescribed species in Sycoscapter genus, add up to 10;
bUndescribed species in Philotrypesis genus, add up to 13;
¢Undescribed species in Lipothymus genus, add up to 2;

dUndescribed species in Blastophaga genus, add up to 2;

¢Undescribed species in Ceratosolen genus, add up to 2.

AGA AAC-3') and wsp 691R (5'-AAA AAT TAA ACG
CTA CTC CA-3') (Dobson et al., 1999) which amplify
part of the Wolbachia surface protein gene (wsp). We al-
ways prepared a positive control from the genomic DNA
of a wasp individual known to be Wolbachia-infected in
pre-research work and a negative control with equal vol-
ume sterile water instead of wasp DNA. To avoid fake
negative results, we retested those DNA specimens with
negative wsp amplifications in a previous step using uni-
versal primers of two more conservative gene fragments:
ftsZ (ftsZ F [5'-TAC TGA CTG TTG GAG TTG TAA
CTA ACG CGT-3'] and f#sZ R [5'-TGC CAG TTG CAA
GAA CAG AAA CTC TAA CTC-3'], Jeyaprakash & Hoy,

2000) for fts Z gene and 16s rRNA (16SwolF [5'-TTG
TAG CCT GCT ATG GTA TAA CT-3'] and 16SwolR [5'-
GAA TAG GTA TGA TTT TCA TGT-3], O’Neill et al.,
1992; van Meer et al., 1999) for 16S rRNA gene.

A reaction mix was made for each PCR run; 25 uL of
the mixture containing 2.5 uL 10 x Hifi Taq Buffer (with
Mg*™*) (TransGen Biotech, Beijing, China), 0.75 uL
10 mmol/L deoxynucleotide triphosphate (ANTP), 1 uL
Hifi Taq polymerase, 1 nL 10 mmol/L each primers and
1-3 L genomic DNA template. Amplifications were car-
ried out in a Eppendorf thermocycler programmed as fol-
lows: 2 min at 94°C for one cycle; 30 s at 94°C, 45 s at
55°C (55°C for wsp, ftsZ and 16S, 46°C for COI), and

© 2009 The Authors
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I min at 72°C for 30 cycles; 10 min at 72°C for one
terminal cycle. Sequencing reactions were carried out
with ABI PRISM BigDye terminator cycle sequencing
ready reaction kit (Perkin-Elmer, Applied Biosystems,
Foster City, CA, USA).

Sequences of wsp PCR products from several individ-
uals clearly revealed the presence of more than one strain
of Wolbachia (i.e., multiple peaks for frameshifts in elec-
tropherogram profiles). In these cases, Wolbachia DNA
was PCR amplified as described above, except that the
final extension at 72°C was increased to 45 min. PCR
amplicons then were cloned directly into a T-tailed vector
(pPEASY-T1 clone vector, TransGen Biotech, China) and
transformed into Escherichia coli Top 10 cells. Positive
colonies were screened for the presence of the desired wsp
PCR insert using the above wsp primers. We chose PCR-
amplified products from 3—7 colonies (which presum-
ably had the wsp insert) representing each individual for
sequencing.

Sequence alignment and phylogenetic analyses

Sequences obtained in our work and those previously
published Wolbachia sequences from fig wasps found in
GenBank (Haine & Cook, 2005; Shoemaker et al., 2002)
were initially aligned by using Clustal W (Thompson
et al., 1994). Unambiguous alignments were easily ac-
quired for wsp sequences. The sequence data were used
to construct phylogenetic trees of Wolbachia strains us-
ing neighbor-joining (NJ) and maximum parsimony (MP)
methods, as implemented in PAUP 4.10 (Swofford, 2003).
All characters were unordered and equally weighted. Gaps
were treated as missing data. For NJ analysis, the most ap-
propriate evolutionary model was determined for a given
data set using PAUP 4.10 (Swofford, 2003) and Modeltest
3.7 (Posada & Crandall, 1998). Bootstrap support values
were generated using 1 000 replicates and the tree was
midpoint rooted. For MP analysis, we used a heuristic
search algorithm (500 bootstrap replicates with a single
random addition search per replicate). Wsp sequences rep-
resenting each Wolbachia strain have been deposited in
GenBank (EU239227-239234).
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Results
Wolbachia prevalence in Chinese fig-associated wasps

We screened 47 wasp species associated with 25 Chi-
nese Ficus spp. and detected infections in 53% (25/47) of
species (Table 1). There was no significant difference be-
tween pollinators (82%: 9/11) and non-pollinators (64%:
23/36) in the proportion of infected species (x> = 1.246,
df=1,P > 0.1).

Intraspecific variation in Wolbachia prevalence

In all species where we screened more than one individ-
ual, they were either all infected or all uninfected. Accord-
ing to the eight wsp sequences we got, only one fig wasp
species, Philotrypesis pilosa on FE hispida, has multiple
Wolbachia infections in the same individual, in which two
wsp sequences of Wolbachia with 17% nucleotide diver-
sity were obtained (Accession numbers: EU239233 and
EU239234).

Incidence of Wolbachia: China versus Panama
and Australia

Infections in different continents are compared in
Table 2. No significant difference was found in the in-
cidence of Wolbachia in all species (x> = 0.86, df = 2,
P > 0.1), pollinators (x2 = 3.89, df = 2, P > 0.1) and
non-pollinators (x? = 0.21, df = 2, P > 0.1) among the
three continents.

Phylogeny analyses of Wolbachia strains

Unfortunately we only obtained eight Chinese Wol-
bachia sequences, in which only six unique strains
were identified. We wused these eight sequences
from our study plus 74 sequences from strains in
other fig wasps available from GenBank (Accession
numbers: AF521149-AF521152, AF521154-AF521172,

Table 2 Comparison of incidence of Wolbachia infections in fig wasps between Panama, Australia and China. Incidence is expressed

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

Comparison Panama Australia China x? Significance
Incidence of Wolbachia in all species 0.59 (44) 0.66 (61) 0.53 (47) 0.86 n.s.
Incidence of Wolbachia in pollinators 0.50 (18) 0.73 (26) 0.82 (11) 3.89 n.s.
Incidence of Wolbachia in non-pollinators 0.65 (26) 0.60 (35) 0.64 (36) 0.21 n.s.
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Table 3 Identical wsp sequences shared in species of different geographic origin.

Wolbachia strain (in share

clade on Tree) Host wasp species

Geographic origin Accession number

1 share clade I Pleistodontes blandus
Sycoscapter sp.
Pleistodontes addicotti
Pleistodontes rigisamos
Pleistodontes imperialis

Platyneura sp.

Pleistodontes nigriventris

Pleistodontes nitens
Pleistodontes plebejus

Liporrhophalum tentacularis

Philotrypesis pilosa
2 share clade 11 Pleistodontes riecki
Sycoscapter sp.
Ceratosolen solmsi
Ceratosolen emarginatus

Philotrypesis sp.

Australia AY 567546
Australia AY 567549
Australia AY 567550
Australia AY567551
Australia AY 567559
Australia AY567562
Australia AY 567570
Australia AY567571
Australia AY567572
Australia AY 567583

China EU239234
Australia AY 567545
Australia AY 567556

China EU239232

China EU239227

China EU239229

AY567542—-AY567593) adding up to 82 wsp sequences in
the phylogeny study. Closely related wsp sequences (de-
fined as < 5 bp differences) were sometimes shared by
congeneric species, or those from the same region, but in
other cases involved distantly related species from differ-
ent geographic areas (China and Australia). There were
two clades in which Chinese and Australian species have
shared Wolbachia strains (Fig. 1). Repeated sampling and
re-sequencing showed that these results were not due to
laboratory contamination.

The NJ tree using the HKY85 as the appropriate dis-
tance model is shown in Figure 1. For MP, 217 out of
520 total characters were informative. A total of 101
most parsimonious trees were found. The topologies of
the NJ tree and the strict consensus MP tree were very
similar and revealed distinct Australian and Panamanian
clades but mass Australian and Chinese clades. Three
main features are evident from examination of the NJ
tree in Figure 1. First, the Wolbachia strains from differ-
ent fig wasps species do not form a single monophyletic
group. Many Wolbachia strains from given wasp species
are more closely related to strains from insects in different
orders than to strains from other wasp species associated

with figs. Second, no Wolbachia strains were identical be-
tween Panama and Australia, and also Panama and China
fig-associated wasps. However, identical wsp sequences
were found between some Chinese and Australian wasps
(Table 3). Third, distantly related fig wasp species of-
ten had very similar Wolbachia strains. These features of
similar Wolbachia strains across different wasp species
indicate frequent interspecific horizontal transmission of
Wolbachia.

Discussion
High incidence of Wolbachia in fig wasps

We found that 53% of Chinese fig wasps harbor Wol-
bachia, which is significantly higher than most broad
surveys of insects (John & Donald, 2000; Werren et al.,
1995b; West et al., 1998), although it is not the high-
est incidence record in fig wasps. There is no signifi-
cant difference between our result and those obtained in
Panama (59%, x* = 0.795,df = 1, P > 0.1) and Australia
(67%, x* = 0.075, df = 1, P > 0.5) (Table 2). Analyses

Fig. 1 Consensus NJ topology of 82 Wolbachia wsp sequences (ca. 521 bp of DNA) from Australia (A1-52) (marked with solid lines),
Panama (P1-18) (marked with open lines), China (marked with pentagram) and outgroup (no lines), bootstrap support values (1 000
replicates) (neighbor-joining/maximum parsimony) are shown above branches for each node in the phylogram. Bootstrap support values

< 50 are not indicated.
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on Wolbachia prevalence from three different indepen-
dent places allow us to affirm that the high infec-
tion level is a feature of fig wasps in general, regard-
less of geographical origin. Why do fig wasps have so
high a level of Wolbachia infections? Hymenopteran in-
sects are highly prone to Wolbachia infection (John &
Donald, 2000; Rokas et al., 2002; Werren et al., 1995b;
West et al., 1998) and two common explanations for their
high infection frequencies focus on the social and para-
sitoid lifestyles (Foster & Ratnieks, 2000; Vavre et al.,
1999). However, this cannot explain the high infection
frequencies observed in fig wasps because none of the
wasps are social and currently there are no known para-
sitoids that could serve as a conduit for transmission of
Wolbachia between fig wasp species (Shoemaker ef al.,
2002). No convincing explanation for the prevalent high
Wolbachia incidence in fig wasps has been proposed, al-
though the high density of fig wasps in the compact fig
syconium and complex host—parasite interactions may fa-
vor high rates of horizontal transmission both within and
between species (Cordaux ef al., 2001; Dyson et al., 2002;
Sintupachee et al., 2006; Vavre et al., 1999).

There are three shared fig species between Australia
and China (F benjamina, F microcarpa, F racemosa);
however, we could not confirm whether the fig wasps
species on those fig trees screened in different places were
the same because of the difficulty in identifying fig wasp
species. This, in this study we were not able to compare
whether the shared ones had the same infection status in
different continents.

Wolbachia infection within a species

In all species where we screened more than one indi-
vidual, they were either all positive or all negative for
infection (Table 1), which is consistent with the surveys
from both Panama and Australia (Haine & Cook, 2005;
Shoemaker ef al., 2002). Perhaps because samples of one
wasp species were usually collected from the same fig
tree, and sometimes the same fig fruit, this may prompt
such a result, so samples of fig wasp species of one fig
coming from different populations would be welcomed.
We found two different Wolbachia strains within one fig
wasp species, Philotrypesis pilosa, with 17% disparity be-
tween wsp gene sequences. However, another Philotrype-
sis species, P, sp., in company with P, pilosa on F hispida,
was not infected by Wolbachia at all. Is this implying
that Wolbachia might play a role in the speciation events
of Philotrypesis species (e.g. Molbo et al., 2003)? More
population genetics work on this genus should be done in
the future.

Geography and horizontal transmission of infections

We found only A-clade Wolbachia in Chinese fig wasps,
which is consistent with their overwhelming predomi-
nance in Panamanian and Australian fig wasps (Haine
& Cook, 2005; Shoemaker et al., 2002). Although the
strains infecting fig wasps in Panama and Australia are
different and appear in several regional clades on the phy-
logeny tree (Haine & Cook, 2005), strains infecting wasps
from China are distributed in several clades, not forming
a monophyly and appearing mostly in clades with Aus-
tralian ones, which was supposed to support a geographi-
cally divided status.

Our analyses indicated shared strains not only among
wasps of the same genus but also among different species
of distant relationships (Table 3). While in some cases
Wolbachia bacteria showed as genera-specific, for ex-
ample, related species of the same genera (Ceratosolen
solmsi and Ceratosolen emarginatus) (Pleistodontes addi-
cotti, P rigasamos and P imperialis) shared closely related
Wolbachia strains. Although it seems that horizontal trans-
mission has occurred in the past between these fig wasps,
nevertheless there is no apparent ecological link between
these fig wasps. We speculated that Wolbachia bacteria
has infected fig wasps before continental drift and have
reached their current infection situations by independent
local Wolbachia evolutionary trajectories. Unfortunately,
in order to compare this with the results in previous work,
we chose wsp gene sequences of Wolbachia for phylo-
genetic analyses which were not supposed to be suitable
markers since they experienced extensive recombination
and were subjected to strong diversifying selection (Baldo
etal.,2005;Baldo et al.,2002; Jiggins et al., 2002; Werren
& Bartos, 2001). Supplements of other genes sequences,
ftsZ, groE and dnaA etc. or multi-locus sequence typing
(MLST) of Wolbachia would be welcomed, which should
reflect reality more convincingly (Baldo et al., 2006).

A good model for studying the mechanism of Wolbachia
horizontal transmission in nature

Fig communities have a reasonably rich biological
diversity, both inside and outside of syconia, with
complicated ecological intra- and inter-group relation-
ships, of which certainly the most important one is
fig-associated wasps, including pollinators and non-
pollinators (Weiblen, 2002). There are other kinds of life-
forms coexisting in the colony, including species-specific
nematode parasites of fig wasps, species of ants as preda-
tors or opportunistic foragers and some dipterous insects
whose larvae develop in fig fruits and adults prey on fig
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wasps, and so on (Compton & Disney, 1991; Giblin-Davis
et al., 1995; Herre, 1996; Herre, 1995; Poinar & Herre,
1991; Schatz & Hossaert-Mckey, 2003). Thus, whether
and how Wolbachia transfer among so many species would
be very interesting themes in future studies. Since small,
delectable fig fruits have attracted various species of or-
ganisms, some for food and some for “housing”, what
kind of part does Wolbachia, as part of this colony, play
among them? Since there is a complicated species diver-
sity with complicated ecological relationships and reason-
ably high prevalence in fig-associated wasps, we suggest
the fig community would be a good model for studying
mechanisms of Wolbachia horizontal transmission.

Conclusion

Fig wasps appear to be prone to Wolbachia infection re-
gardless of geographical origin, with no clear reasons as
yet. Special biological and ecological features of these
insects may offer models for horizontal transmission of
Wolbachia within or among species. Future studies should
seek the phylogenetic characteristic of horizontal trans-
mission within species or among species with close eco-
logical relationships, for example, all fig wasp species
hosted in one fig, so as to further understand the mech-
anism of horizontal transmission. However, because of
the difficulty of breeding experiments in these coevolved
mutualists, we should consider all the factors related to
the complex ecological and biotic environment around fig
wasps during these studies.
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