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Abstract
Inherited bacteria are now recognized as important players in arthropod evolution and
ecology. Here, we test spiders, a group recently identified as possessing inherited bacteria
commonly, for the presence of two reproductive parasites, Cardinium hertigii (Bacteroidetes
group) and Wolbachia (a-proteobacteria), estimating incidence, prevalence, any sex bias in
infection, and infection diversity, for a panel of field-collected specimens. We identify
spiders as a hotspot for Cardinium. Present in 22% of the sampled species, incidence was
significantly higher than that previously recorded in insects. Where present, Cardinium
infection occurred at medium prevalence without evidence of sex bias in prevalence that
would indicate sex-ratio distortion activity. Wolbachia was present in 37% of species, but
revealed a gradation from being rare to very common. In one case, Wolbachia was found
significantly more commonly in females than males, indicating it may act as a sex-ratio
distorter in some species. Breeding work conducted on two species confirmed that Wolbachia
and Cardinium were transmitted maternally, which represents the first proof of inheritance
of these symbionts in spiders. Overall, this study demonstrates that the majority of spider
species are infected with inherited bacteria, and their role in host biology clearly requires
determination.
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Introduction
Hereditary symbioses are extremely widespread and
constitute an important motive force in evolution, because
symbiont transmission success is tightly linked to host
fitness. While many of these associations have evolved
towards a mutualistic pathway, with both host and symbiont
either requiring the presence of the other, or at least
being mutually beneficial, some maternally inherited
microorganisms have evolved into reproductive parasites
of arthropods (Bandi et al. 2001). Such parasites spread within
host populations by manipulating the host reproductive
processes to enhance their own transmission.
The maternal inheritance of reproductive parasites
has selected for a variety of phenotypes associated with
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promoting the production and fitness of infected daughters
(i.e. the transmitting sex) via negative effects on the fitness
of individuals not involved in the transmission (Werren
1997; Stouthamer et al. 1999; Bandi et al. 2001; Stevens et al.
2001). Because males represent a dead-end for reproductive
parasites, manipulations frequently involve biasing the sex
ratio (SR) of infected females towards the production of
daughters, via the induction of either thelytokous parthenogenesis (production of all female progeny from unfertilized
eggs), feminization of genetic males, or male killing.
However, some reproductive parasites do not distort the
host SR but induce sterility with hosts carrying different
types of cytoplasmic infection, a phenotype called cytoplasmic
incompatibility (CI). CI results in abortive embryonic
development when infected males mate either with
uninfected females or with females infected by another
reproductive parasite. The death of progeny from uninfected
or differently infected females means that females infected
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by a CI-inducing parasite have a reproductive advantage,
enhancing the spread of infection (Caspari & Watson 1959;
Fine 1978; Rousset & Raymond 1991). Such manipulations
have then profound effects on host phenotypes and reproductive parasites are now regarded as very important
cryptic drivers of host ecology and evolution (Werren 1998;
Hurst & Werren 2001).
Until recently, work in the field has been biased to a
single bacterium, Wolbachia. Wolbachia has been observed
to be common in arthropods, and to demonstrate a variety
of interactions with hosts, including cytoplasmic incompatibility, parthenogenesis induction, feminization and male
killing (Werren 1997; Stouthamer et al. 1999; Stevens et al.
2001). However, other bacteria are known to induce reproductive manipulations in arthropods, such as Rickettsia (male
killing, cf. Von der Schulenburg et al. 2001; or parthenogenesis,
cf. Hagimori et al. 2006), Spiroplasma (male killing, cf.
Jiggins et al. 2000) and Arsenophonus (male killing, cf. Werren
et al. 1986). More recently, the bacterium Cardinium hertigii
was described, a bacterial reproductive parasite of the
Bacteroidetes group (Zchori-Fein et al. 2004). Its array of
host manipulations has been found to be second only to
Wolbachia with three distinct reproductive manipulations
recorded to date. These manipulations include feminization
in the Brevipalpus mite (Weeks et al. 2001), thelytokous
parthenogenesis in the Encarsia parasitic wasps (Zchori-Fein
et al. 2001; Zchori-Fein et al. 2004) and in the hemipteran
Aspidiotus nerii (Provencher et al. 2005), and CI in sexual
populations of the wasp Encarsia pergandiella (Hunter et al.
2003) and in the spider mite Eotetranychus suginamensis
(Gotoh et al. 2007). In addition to these reproductive
manipulations, Cardinium spread is favoured by an adaptive
manipulation of the oviposition behaviour of E. pergandiella
(Zchori-Fein et al. 2001; Kenyon & Hunter 2007) and by
enhancing the fecundity in the predatory mite Metaseiulus
occidentalis (Weeks & Stouthamer 2003). Host manipulation
was thus always observed in previous studies of Cardinium–
host associations. However, recent surveys have shown
Cardinium to be rarer than Wolbachia, and strictly restricted
to Hymenoptera, Hemiptera and Acari (Weeks et al. 2003;
Zchori-Fein & Perlman 2004).
Although Wolbachia demonstrate the potential importance
of inherited parasites, the current knowledge of other
reproductive parasites — like Cardinium — is much weaker.
Cardinium infection has been observed in an extensive
range of hymenopteran and hemipteran insects and mites
(Weeks et al. 2003; Zchori-Fein & Perlman 2004; Enigl &
Schausberger 2007). Spiders are well known to be a haven
for some reproductive parasites, such as Wolbachia, Rickettsia
and Spiroplasma bacteria (Rowley et al. 2004; Goodacre et al.
2006). The combination of the presence of these infections
commonly, with the occurrence of strong SR bias and
parthenogenesis in some spider families, produced the
hypothesis that manipulation by reproductive parasites

could be an important component of spider biology
(Goodacre et al. 2006). In this study, we test a range of spiders
for the presence of Cardinium and Wolbachia, estimating
incidence, prevalence, and geographical variations between
natural populations. By separately testing males and females,
we also estimate any sex bias in prevalence that would
indicate SR distortion activity associated with infection.
Lastly, the relatedness of Cardinium and Wolbachia strains
from spiders with strains of these bacteria found in other
host species is estimated. Our results indicate that Cardinium
is a very important associate of spiders, but there is little
evidence from our results that it is involved in sex-ratio
distortion. Wolbachia, in contrast, does show a pattern of
sex-biased prevalence in one case that is compatible with
sex-ratio distortion activity.

Materials and methods
Spider collection
Specimens from major families of spiders (Araneae) were
field collected from various sites, principally in Northern
Europe (2004–2006). A species of harvestmen (Opiliones)
was also included in the analysis. Species and sex were
identified based on morphology of specimens. The species
screened and their origins are presented in Table 1. One
population per species was generally analysed, except for
four species for which distinct populations were collected.
Within each species, there were 2 to 28 individuals separately
investigated for analysis. Spiders were fixed in 95%
ethanol and stored at 4 °C until analysed. Specimens were
separated during storage so as to avoid any potential
interindividual transmission.

Screening and sequencing
Spider DNA was extracted using the Promega Wizard
SV 96 Genomic DNA Purification System following the
instructions of the manufacturer. DNA extraction was
performed on abdominal tissue to reduce the risk of
missing infection with reproductive parasites when they
are present (false-negatives). In addition, one leg from each
individual was harvested and pooled in groups of five
legs (i.e. five individuals) for DNA extraction to permit
assessment of the possibility of any false-positives from
reproductive parasites from spider prey present in the
digestive system.
The DNA quality was systematically tested by polymerase
chain reaction (PCR) amplification of a conserved region
of the eukaryotic 18S rDNA using the universal primers
NSF4/18 (5′-CTGGTTGATYCTGCCAGT) and NSF399/19
(5′-TCTCAGGCTCCYTCTCCGG) (Hendriks et al. 1989;
Hendriks et al. 1991). A 473-bp fragment of the large subunit
ribosomal RNA gene (16S rDNA) of spider gene was
© 2008 The Authors
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Table 1 Results of screening of spider species for the presence of Cardinium and Wolbachia. Difference in prevalence between sexes was
tested using Fisher’s exact test (*, P < 0.05; **, P < 0.01). Only Meta mengei displayed a significant difference in prevalence after a Bonferroni
correction for multiple comparisons. RP, Richmond Park; TP, Trent Park. For some species, specimens were kindly provided by †Susan
Riechert (University of Tennessee), ‡Jan Bosselaers, §Jutta Schneider (University Hamburg), ¶Martin Schmidt (University Bern), ††Klaus
Birkhofer (then University Darmstadt) and ‡‡Dries Bonte (Ghent University)

Taxon
ARANEAE
Amaurobiidae
Amaurobius fenestralis
Araneidae
Agelenopsis aperta
Araneus diadematus
Argiope bruennichi
Argiope lobota
Cyclosa conica
Larinioides cornutus
Larinioides sclopetarius
Dysderidae
Dysdera crocata
Linyphiidae
Linyphia triangularis

Neriene clathrata
Lycosidae
Alopecosa pulverulenta
Pardosa lugubris
Pardosa pullata
Pardosa purbeckensis
Pholcidae
Holocnemus pluchei
Pholcus phalangioides
Pisauridae
Pisaura mirabilis
Salticidae
Evarcha falcata
Tetragnathidae
Meta mengei
Meta segmenta
Pachygnatha degeeri
Pachygnatha listeri
Tetragnatha montana
Theridiidae
Enoplognatha ovata
Thomisidae
Xysticus cristatus
OPIOLONES
Leiobunidae
Leiobunum rotundum
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London (RP), UK, 2005
Hamburg, Germany, 2005§

Cambridge, UK, 2005

Feurs, France, 2006
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amplified in some cases using the universal primers
16SA (5′-CGCCTGTTTATCAAAAACAT) and 16SB (5′CCGGTTGAACTCAGATCA) (Hwang et al. 2001). Two
independent assays for Cardinium infection were performed
by PCR amplification of two distinct regions of the 16S
rDNA gene using the specific primers (i) CLO-f1 (5′GGAACCTTACCTGGGCTAGAATGTATT) and CLO-r1
(5′-GCCACTGTCTTCAAGCTCTACCAAC),
which
amplified 466-bp fragment (Gotoh et al. 2007); and (ii) ChF
(5′-TACTGTAAGAATAAGCACCGGC) and ChR (5′GTGGATCACTTAACGCTTTCG) which amplified 394-bp
fragment (Zchori-Fein & Perlman 2004). Wolbachia infection
was examined using the 16S rDNA specific primers
16Swolb76-99f (5′-TTGTAGCCTGCTATGGTATAACT) and
16Swolb1012-994r (5′-GAATAGGTATGATTTTCATGA),
which amplified 895–897-bp fragment (O’Neill et al. 1992).
All the PCRs were run for 35 cycles (94 °C for 30 s, 54 °C for
30 s and 72 °C for 1 min). A Cardinium-positive individual
from the first PCR screen was used as a positive control in
subsequent PCR screens. Wolbachia-infected Culex pipiens
served as template for positive controls in Wolbachia PCRs.
The PCR products were electrophoresed in a 1.5% agarose
gel. Amplicons from putative positives were sequenced
directly to confirm infection. Cardinium sequences were
obtained by sequencing the 953-bp fragment of 16S rDNA
gene amplified with the ChF and CLO-r1 primers. Wolbachia
sequences were obtained using the 16Swolb76-99f and
16Swolb1012-994r primers. PCR products of two randomly
sampled individuals per infected species were sequenced
and analysed.
Sequences were first aligned and modified visually using
mega version 3.1 (Kumar et al. 2004). Neighbour-joining
phylogenies were constructed using mega version 3.1
(Kumar et al. 2004) based upon unambiguously aligned
sites using the Tajima–Nei model of nucleotide substitution
(Tajima & Nei 1984) with support for the tree topology
assessed by bootstrap resampling (1000 replicates).
We also, in one case for each bacterium, confirmed the
maternal transmission of the bacterium through assaying
neonate progeny derived from infected females for the
presence of the infection. Eggs laid by five Wolbachia-infected
female Pholcus phalangioides and three Cardinium-infected
female Holocnemus pluchei were obtained in the laboratory,
neonates collected, washed externally, DNA prepared, and
then the template assayed for presence of Wolbachia and
Cardinium, respectively.

Results
Distribution of infection
We assayed for the presence of Cardinium and Wolbachia in
523 individual spiders from 27 species (encompassing 22
genera and 13 families, including the harvestman Leiobunum

rotundum) (Table 1). Host DNA was successfully amplified
from all specimens using the 18S rDNA universal primers,
indicating satisfactory DNA template quality. Of the 27
species examined, PCR assay indicated the presence of
Cardinium in six species (22%) and Wolbachia in 10 (37%).
Infections were detected in 12 spider families (54%) and there
was no evidence of restriction to particular clades. Within
the infected species, there were three cases of co-infection
at the species level, but in only one case did this reflect
co-infection at the individual level (Table 1). Results from
assays of individuals via template derived from abdomen
were reflected precisely by template derived from legs,
indicating infections that were detected were internalized
within the host, and not derived from gut contents. That
these infections could be maternally transmitted was
confirmed for the cases of Wolbachia in Pholcus phalangioides
and Cardinium in Holocnemus pluchei by examining presence
of infection in neonates derived from infected mothers.
For P. phalangioides, five infected mothers collected from
the field produced 106 eggs (mean clutch size: 21.2 ± 2.7
eggs) and 101 neonates (mean hatching rate: 0.96 ± 0.03).
Ten neonates per clutch (i.e. a total of 50 neonates) were
randomly sampled for PCR analysis. For H. pluchei, three
infected mothers collected from the field produced 56 eggs
(mean clutch size: 18.7 ± 2.3 eggs) and 56 neonates (mean
hatching rate: 1.00 ± 0.00). Ten neonates per clutch (i.e. a
total of 30 neonates) were randomly sampled for PCR
analysis. In each case, all neonates from infected parents
were themselves infected showing a very good maternal
transmission in these associations.
We compared our results to previous surveys of Cardinium
(incidence of 7.2% in Weeks et al. 2003 and 6% in ZchoriFein & Perlman 2004) and found the incidence of Cardinium
to be significantly higher in spiders than in all arthropods
(P = 0.001, Fisher’s exact test) but did not differ from the
incidence in mites (P = 0.99, Fisher’s exact test). In our
sample of spiders, Cardinium incidence did not differ
statistically from that of Wolbachia (P = 0.37, Fisher’s exact
test), although we lack the statistical power to conclude
that they are equally common. The high incidence of
Wolbachia observed in this study lies in the range of values
previously reported in spider (incidence of 37% in the
synthesis established by Goodacre et al. 2006; P > 0.99,
Fisher’s exact test).
Where Cardinium infection was observed in a host species,
a medium prevalence of infection was observed in all cases,
and infection was never observed to be at fixation (infection
prevalence ranged from 22% to 75% of all individuals;
Table 1). Wolbachia prevalence similarly ranged from rare
(5%) to very common (95%) at the population level.
We then examined the data for sex bias in infection
prevalence, as an indication of potential sex-ratio distorting
activity. Cardinium infection showed no evidence of sex
bias in prevalence in any case (Fisher’s exact test, all
© 2008 The Authors
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Fig. 1 Mitochondrial phylogeny of Linyphia
triangularis based on 16S rDNA sequences,
constructed via neighbour joining as implemented on mega version 3.1. Three mitotypes
were identified in this study (triI, triII,
triIII). The outgroup sequences belong to
Linyphiidae (Microlinyphia dana, Orsonwelles
polistes and Neriene radiata) and to Araneidae
(Cyclosa perkinsi). Numbers on branches
indicate percentage bootstrap support for
major branches (1000 replicates; only
bootstrap values ≥ 60% are shown).

P > 0.08; Table 1). By contrast, Wolbachia did show evidence
for sex-biased prevalence. Two species, Meta mengei and
Tetragnatha montana carried infection more commonly in
females than males (P = 0.001 and 0.03, respectively, Fisher’s
exact test) but only M. mengei displayed a significant
difference after sequential Bonferroni correction for multiple
comparisons. While there was no evidence to reject the null
hypothesis of equal prevalence in male and females in
other cases, we would note that in all species aside from
P. phalangioides, infection was generally rarer in males than
females, suggesting more intensive sampling would be useful.
We examined specimens from different locations in four
species. Three of the species showed no variation between
samples. In the case of Linyphia triangularis, the infection
pattern varied between the three populations sampled.
While 10 of the 17 individuals from UK populations were
infected by Wolbachia, this infection was not detected in any
of the nine individuals collected in Germany (Fisher’s exact
test, P = 0.004; Table 1). Cardinium infection was observed
to be common in both UK and German populations of this
species (7 of 17 and 4 of 9 individuals, respectively), and the
frequency of infection did not differ significantly between
populations (Fisher’s exact test, P = 0.27).
Surprisingly, no superinfected individual was observed
in L. triangularis. We investigated this interesting pattern
further to ascertain that the individuals sampled did truly
belong to a single monophyletic group, and that the pattern
was not due to errors in taxonomy. To this end, the 16S rDNA
mitochondrial gene was sequenced for two L. triangularis
© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

individuals per population and of each infection type
(i.e. uninfected, Cardinium infected and Wolbachia infected).
Sequence analysis revealed the occurrence of three different
mitotypes in L. triangularis (i.e. mitochondrial haplotype,
called triI, triII and triIII; GenBank Accession nos EU333942–
EU333944). triI was found in Cardinium infected and
uninfected individuals from the German population but
was absent in UK populations. triII was found in Cardinium
infected individuals from the UK populations and triIII in
Wolbachia infected individuals from the UK. Mitotypes
displayed 0.4% to 1.3% divergence, and no insertion/deletion
events, with triI and triII more close in sequence (99.6%
identity) than either is with triIII (98.7% identity) (Fig. 1).
An L. triangularis sequence available in GenBank clearly
falls within the group of our samples (Fig. 1). While mtDNA
sequence cannot be used to delimit species, this divergence
level is of the order of that typically found within species,
and indicates no reason to suspect erroneous taxonomic
identification by the collectors as the cause of the variation
in infection state observed between the two populations.

Phylogenetic analysis
Bacterial sequences were taken from two individuals from
each species that was positive for infection by Cardinium or
by Wolbachia (GenBank Accession nos EU333926–EU333941).
The sequence of all the putative Cardinium or Wolbachia PCR
products were those of Cardinium or Wolbachia, respectively,
indicating the PCR assays were robust and not suffering
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Fig. 2 Cardinium 16S rDNA phylogeny
constructed via neighbour joining as
implemented on mega version 3.1. Previously
published Cardinium sequences are shown
in plain type and sequences from this study
are underlined. Cardinium hosts are coded
with shape symbols, with Hymenopteran
hosts designated by a triangle, Hemiptera
by a circle, Acari by a square and Araneae
by a diamond. Numbers on branches
indicate percentage bootstrap support for
major branches (1000 replicates; only
bootstrap values ≥ 60% are shown).

from false-positives. The sequences were easily readable
without messy peaks, indicating that there is no co-infection
of different strains of the same bacterium in any of the
individuals. In no case was any sequence variation of the
symbiont observed within a host species, even between
different strains from different populations of L. triangularis
and P. phalangiodes, suggesting that only one strain of
Cardinium and/or Wolbachia was present in a host species.
Five Cardinium strains were identified from the six infected
spider species, that is, each spider species was infected by
a distinct Cardinium strain excepted for Alopecosa pulverulenta
and Cyclosa conica which shared the same strain. Four
Wolbachia strains were identified from the 10 infected
species, that is, spider species shared frequently very closely
related Wolbachia strains.
The Cardinium sequences of spiders have at least 96%
identity to known Cardinium 16S rDNA sequences. A

phylogeny of the group was constructed using the spider
Cardinium 16S rDNA sequences obtained in this study, as
well as Cardinium sequences (from Hymenoptera, the
Hemiptera and the Acari) available in GenBank, using the
closest known relative of Cardinium, the Acanthamoeba
symbiont Amoebophilus asiaticus, as an outgroup (Fig. 2).
The spider Cardinium strains clearly fall within the Cardinium
hertigii species group and especially with Cardinium strains
from Acari species. However, the power of the phylogeny
to resolve relationships between the strains collected to
date is poor, owing to a dearth of informative characters in
the slow evolving 16S rDNA sequence.
Spiders from this study carried four Wolbachia strains
belonging to three supergroups (A, B and G) of the eight
currently recognized (A to H; cf. Lo et al. 2007) but the
L. triangularis Wolbachia could not be attached to any
supergroup currently described (Fig. 3). Wolbachia from
© 2008 The Authors
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Fig. 3 Wolbachia 16S rDNA phylogeny constructed via neighbour joining as implemented on mega version 3.1. Previously published
Wolbachia sequences are shown in plain type and sequences from this study are underlined. Major supergroup lineages are reported (A–H).
Numbers on branches indicate percentage bootstrap support for major branches (1000 replicates; only bootstrap values ≥ 60% are shown).

Meta segmenta, M. mengei, P. phalangoides, Enoplognatha ovata
and Pachygnatha listeri, were most closely related to previously described spider Wolbachia and belonged to the
G supergroup of Wolbachia which principally comprises
spider-hosted Wolbachia (Rowley et al. 2004). The other
spider-hosted Wolbachia sequences were most closely related
to Wolbachia from various other insects and belonged
either to the A (i.e. Wolbachia from Tetragnatha montana) or
to the B (i.e. Wolbachia from A. pulverulenta, Pardosa pullata and Pachygnatha degeeri) supergroups.
© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

Discussion
Establishing the inventory of reproductive parasites and
their hosts is a crucial first step in understanding the
evolution of hereditary symbiosis and their contribution to
the variation in reproductive biology observed across
arthropods. In this study, we sampled a medium number
of male and female individuals of 27 species of spider for
Cardinium, a bacterium whose incidence was unknown in
spiders, and Wolbachia, a bacterium known to be common
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in spiders, but whose prevalence and phenotype in infected
species is unknown.
The estimated incidence of infection for spiders was 22%
and 37% for Cardinium and Wolbachia, respectively. Both
bacteria are present in a wide range of spider species and
seem to infect the major taxa of spiders without discernable
pattern. In comparison with previous surveys (Weeks et al.
2003; Zchori-Fein & Perlman 2004), Cardinium incidence
was significantly higher in spiders than in all arthropods,
but similar to that found in mites. Thus, Arachnida and
especially spiders represent a Cardinium hotspot. However,
the differences between surveys could in some part be
also associated with differences in screening intensity and
methods. While we standardly screened 20 individuals
per species, Weeks et al. (2003) used between 3 and 10
individuals from natural populations, and Zchori-Fein &
Perlman (2004) do not indicate sample size but used
individuals from laboratory colonies. This stated, the 3–10
individuals of Weeks et al. (2003) should make for a roughly
comparable survey, given prevalence within infected
species in our survey was around 50%. This means that
Cardinium is certainly common in spiders, although a
definitive comparison with other arthropod taxa is currently
not possible.
In our survey, as in previous ones, Wolbachia was also
common in spiders (Oh et al. 2000; Cordaux et al. 2001;
Rowley et al. 2004; Goodacre et al. 2006). Furthermore,
infection of other reproductive parasites, that is, of the
Spiroplasma ixodetis group and the Rickettsia genus, has
been reported (Goodacre et al. 2006). This argues that the
incidence of microorganisms commonly associated with
reproductive parasitism is exceptionally high in spiders.
This could be explained by ecological factors facilitating
acquisition via horizontal transmission. Indeed, spiders
are exceptional because all species of this group depend
completely on predation, while some other arthropods
exploit various strategies of feeding (Coddington & Levi
1991). Predation could be a potential mechanistic hypothesis
for bacterial transfer between nonrelated hosts, but this
hypothesis remains currently speculative.
The factors maintaining Cardinium within host species
are not clear. There was no evidence of a significant sex bias
in Cardinium infection that would imply SR distorting
activity by the bacterium. Thus, this bacterium is unlikely
to induce parthenogenesis, feminization or male killing in
the spider species we sampled. It is more difficult to establish
the presence/absence of cytoplasmic incompatibility. It is
clear that the prevalence levels observed are different from
those classically associated with strong CI: strong CI has
been observed to produce near fixed infections in many
species (Kitrayapong et al. 2002; Kondo et al. 2002; Duron
et al. 2005). However, weak CI inducers can exist at medium
prevalence (as in Drosophila melanogaster: Hoffmann et al. 1998),
and the spider infections may all fall in this category.

Alternative mechanism for the invasion of Cardinium
relies on direct advantage or horizontal transmission. The
patchy distribution of Cardinium infections within spider
families suggests that spiders are not dependent upon
these bacteria for survival or reproduction, a result also
supported by the lack of fixed infections within species. It
is possible that Cardinium is a secondary (facultative)
symbiont (S-endosymbiont) in this group: the infection
may have no negative effects on their host, but may confer
slight facultative benefit under particular environmental
conditions. For example, S-endosymbionts are known to
confer resistance to parasitoids in the pea aphid Acyrthosiphon
pisum (Oliver et al. 2005). Finally, and intriguingly, the
maintenance of Cardinium in spiders could be associated
with horizontal transmission rates that are higher than
usually found, allowing invasion without any manipulation/
direct effect on the host. Only cage test experiments controlling for endosymbiont infection — including breeding
experiments and antibiotic treatments — will definitely
allow the identification of the infectious phenotypes of
Cardinium in spiders.
The phenotype demonstrated by Wolbachia can also be
conjectured. By contrast to Cardinium, there was evidence
for sex bias in prevalence in one case, indicating potential
sex ratio distorting activity. In Meta mengei, 9 of 10 females
sampled were infected compared to 1 of 10 males. The
occurrence of infected males would indicate that any sex-ratio
distorting activity occurring had incomplete penetrance, a
phenomenon reported previously in insects (e.g. Hurst et al.
2000). Because of a general pattern of sex-biased infection,
sex-ratio distortion will be worth investigating further in
other species, with a need to obtain larger sample sizes to
allow greater statistical power to delineate any sex-biased
patterns. Again, in contrast to Cardinium, strong CI is possible
in one case, with infection near fixation in Pholcus phalangioides. Aside from these contrasts, the alternate explanations
for infection invasion postulated for Cardinium (weak CI,
secondary symbiont activity, horizontal transmission) all
bear investigation.
That some spider species possess more than one type of
reproductive parasite has been reported previously, with
respect to Rickettsia, Spiroplasma and Wolbachia infection
(Goodacre et al. 2006). In the present study, intraspecific
co-infection with both Cardinium and Wolbachia was observed
in three spider species (Table 1). Individuals were co-infected
in one species, Alopecosa pulverulenta where individuals
were either infected by Wolbachia and Cardinium, Cardinium
alone, or were uninfected. In the other two co-infected species,
Linyphia triangularis and Pachygnatha degeeri, there was no
co-infection at the individual level. Multiple infections
with reproductive parasites are not unexpected and have
been documented in other arthropods (for example see
Rousset & Solignac 1995; Majerus et al. 2000; Dale et al.
2006). However, theory predicts that multiple infections on
© 2008 The Authors
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the species level should only persist if either multiple
infections on the individual level occur (Rousset et al. 1991;
Frank 1998; Engelstädter et al. 2004), or if the host population
is spatially structured (Keeling et al. 2003; Telschow et al. 2005;
Engelstädter et al. in press). Thus, the cases of L. triangularis
and P. degeeri, where both Cardinium and Wolbachia co-occur
within host populations as single infections represent a
conundrum. At present, we cannot say whether doubly
infected individuals are present but have not been detected,
whether co-existence represents an unstable state (e.g. with
one of the symbionts about to spread in the population and
driving the other one extinct), or if as yet unknown
mechanisms maintain a stable polymorphism.
Population structure may limit the spread of both Cardinium
and Wolbachia infection and result in co-existing infected
and uninfected populations within a same species (Telschow
et al. 2005; Telschow et al. 2007; Engelstädter et al. in press).
Geographical variation in infection frequency was thus
investigated in four species for which individuals from
distant populations have been collected. No variation was
found for three species, individuals from different populations being all uninfected for Araneus diadematus and
Argiope lobota, or almost all infected for P. phalangioides.
However, the infection pattern in L. triangularis varied
significantly between the three populations sampled. No
individuals from Germany were infected by Wolbachia, while
infection is commonly found in the two UK populations.
By contrast, Cardinium infection was observed at the same
prevalence in all populations. The existence of mtDNA
sequence–infection association provides another case where
mtDNA alone cannot be used to reliably infer population
history of symbiont infected species, as there is a very high
probability of an incorrect conclusion due to indirect
selection arising from the presence of an inherited symbiont
(Hurst & Jiggins 2005).
We could not resolve the phylogeny of Cardinium infection
sufficiently to permit inference on patterns of horizontal
transfer and specialization. For Wolbachia, a more robust
picture is available. On the basis of 16S rDNA sequence, strains
for spiders come from a variety of supergroups, especially
A, B and G, and have probably arisen through horizontal
transmission. Interestingly, the G supergroup represents
mostly Wolbachia from spiders, suggesting specialization.
The Wolbachia infection in L. triangularis appears to be phylogenetically distinct from the A–H clades. The consistency
of the cluster is strengthened by the inclusion of Wolbachia
strain infecting an unidentified Drosophila species of the
takahashii group (Fig. 3). However, only the Wolbachia strains
from these two species belong to this putative new clade.
The independence of this clade should be re-examined by
using the Wolbachia multilocus strain typing system (MLST)
which uses sequence data from five loci (Baldo et al. 2006).
Although understudied, the order Araneae ranks seventh
in global diversity after the five largest insect orders
© 2008 The Authors
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(Coleoptera, Hymenoptera, Lepidoptera, Diptera, Hemiptera)
and Acari among the arachnids in terms of species described
or anticipated (Coddington & Levi 1991). In this study,
we have demonstrated that Cardinium is an important
symbiont of spiders as well as mites, potentially as common
as Wolbachia in pure incidence terms. What is unclear is
what phenotype or role they play. While our study provided
no evidence for sex-ratio distortion for Cardinium, the inference of cytoplasmic incompatibility is not strong either. For
Wolbachia, there was evidence of sex biased in prevalence in
some host species, making sex-ratio distortion a potential
manipulation phenotype. Future work will need to focus
on the manipulations and the role these bacteria play in the
biology of spiders.
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