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How Many Wolbachia Supergroups Exist?
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*Dipartimento di Patologia Animale, Igiene e Sanità Pubblica Veterinaria, Sezione di Patologia Generale e Parassitologia,
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Obligate intracellular bacteria of the genus Wol-
bachia (Class Alphaproteobacteria, Order Rickettsiales)
are currently divided into four taxonomic supergroups
on the basis of clustering patterns in ftsZ-based phylo-
genetic trees (Werren, Zhang, and Guo 1995; Bandi et
al. 1998). Supergroups A and B are found only in ar-
thropods, whereas C and D are found only in filarial
nematodes. The term supergroup has recently been em-
ployed to avoid confusion with designation of more
closely related groups based on wsp sequences (Zhou,
Rousset, and O’Neill 1998). Wolbachia have generated
substantial interest in recent years (Zimmer 2001), pri-
marily because of the effects they have on their arthro-
pod hosts, which include induction of cytoplasmic in-
compatibility (CI), parthenogenesis, feminization, and
male-killing (reviewed in Stouthammer, Breeuwer, and
Hurst 1999). Estimation of the phylogenetic relation-
ships within each supergroup has provided useful infor-
mation about the evolution and biology of these bacte-
ria. The phylogenies of both A and B members have
been found to be incongruent with that of their hosts,
strongly suggesting horizontal transfer (Werren, Zhang,
and Guo 1995). Recently, direct evidence for this phe-
nomenon was found for parasitic wasps sharing a com-
mon food source (Huigens et al. 2000). Unlike the case
of arthropods, the phylogeny of each nematode Wolba-
chia supergroup (C and D) appears to match that of their
hosts (Casiraghi et al. 2001a), although further gene se-
quencing studies are required to confirm this. Such phy-
logenetic congruence would suggest a strictly dependent
relationship, and this idea is supported by evidence that
removal of Wolbachia using antibiotics has negative ef-
fects on the filariae they reside in (Bandi et al. 1999;
Langworthy et al. 2000).

Progress toward answering several remaining ques-
tions about Wolbachia evolution—such as which of
their host effects are primitive and which are derived,
the type of animals they first invaded, and how they
were transferred between arthropods and nematodes—is
currently hindered by a poor understanding of the rela-
tionships between the supergroups. An improved esti-
mate of Wolbachia phylogeny at this level will require:
(1) the inclusion of sequence information from diverse,
possibly as-yet-unknown taxa, (2) an appropriate choice
of genes and outgroups, and (3) the use of sound data
analysis techniques which enable statistical assessment
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of results. In this report, we demonstrate the presence
of two divergent Wolbachia lineages, which increases
the number of recognized supergroups from four to six.
Phylogenetic analyses have been performed using like-
lihood-based techniques, which are becoming increas-
ingly accepted as the most reliable and efficient for phy-
logenetic inference (Whelan, Liò, and Goldman 2001).
Whereas some recent Wolbachia studies have explicitly
used likelihood methods to examine within-supergroup
relationships (Von der Schulenberg et al. 2000; Jiggins
et al. 2001), to our knowledge this study represents the
first likelihood-based analysis of relationships between
supergroups.

A report by Vandekerchove et al. (1999) on endo-
symbionts from the springtail Folsomia candida (Col-
lembola) proposed that these bacteria represent a fifth
divergent lineage of Wolbachia (supergroup E). How-
ever, rather than using ftsZ—the gene originally used to
describe supergroups A-D—the authors based their pro-
posal on the relatively slow-evolving 16S rDNA. The
evidence supporting the establishment of this new Wol-
bachia supergroup could be considered inconclusive for
the following reasons: (1) the bootstrap value for the
separation of the clade containing A 1 B members from
the branch representing the Wolbachia from F. candida
was marginal (55%), and (2) the divergence between the
16S rDNAs of Wolbachia from F. candida and those of
A members was very low (;1%) (Vandekerchove et al.
1999).

In order to examine whether Wolbachia from F.
candida do actually represent a divergent supergroup, we
amplified and sequenced ftsZ from representatives of this
strain. Additionally, ftsZ sequences from Wolbachia
strains present in the two termite (Isoptera) species Kal-
otermes flavicollis and Microcerotermes sp. (Bandi et al.
1997) were obtained. Wolbachia from K. flavicollis had
previously been shown to be divergent from other Wol-
bachia based on 16S rDNA sequences (Bandi et al.
1999). DNA was extracted from five pooled F. candida
individuals and abdomen tissues from individual termites
(Bandi et al. 1994). Initial PCR attempts with the com-
monly used primers ftsZf1 and ftsZr1 (Werren, Zhang,
and Guo 1995) were met with failure, and thus two ad-
ditional primers (ftsZunif 59–39 GG(CT)AA(AG)
GGTGC(AG)GCAGAAGA; ftsZunir 59–39 ATC(AG)
AT(AG)CCAGTTGCAAG) were designed based on an
alignment of all arthropod and filarial Wolbachia ftsZ se-
quences. These primers enabled amplification of a 775-
bp fragment (737 bp excluding primers) from F. candida
and each termite specimen. Both strands of each fragment
were sequenced directly using ABI technology.

Phylogenetic analyses were performed using
Bayesian inference, maximum likelihood (ML), and
maximum parsimony (MP) methods. The ftsZ sequences
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obtained in this study were aligned manually with those
from 20 other Wolbachia from supergroups A-D. Of the
737 characters, 237 were variable and 178 parsimony
informative. An appropriate model of sequence evolu-
tion (GTR 1 I 1 G) was selected via likelihood ratio
tests (5% significance level) using the program Model-
test 3.06 (Posada and Crandall 1998). From calculations
in TreePuzzle 5.0 (Strimmer and Von Haeseler 1996),
no significant base composition heterogeneity was found
among the 23 sequences. For Bayesian inference of phy-
logeny, the program MrBayes 2.01 (Huelsenbeck and
Ronquist 2001) was used. Estimating parameters from
the data, a total of 4,000 trees were obtained; the first
2,000 of these were considered the burn in and discard-
ed. A 50% majority-rule consensus tree of the remaining
2,000 trees was produced. ML branch lengths for this
consensus tree were calculated in PAUP*4.0b8 (Swof-
ford 2000), estimating parameters from the data. Topol-
ogies were also estimated under ML criteria using the
successive approximations method of Swofford et al.
(1996) and by MP bootstrap analysis (1,000 replicates
with 10 random addition replicates per bootstrap repli-
cate) in PAUP*4.0b8.

Figure 1 shows the unrooted ftsZ-based topology
of Wolbachia from arthropods and filarial nematodes,
estimated using MrBayes 2.01. Trees estimated from
ML and MP bootstrap analyses were identical to that in
figure 1, with the exception that the levels of resolution
within supergroup B were slightly different among the
three topologies. Each of the previously described su-
pergroups A, B, C, and D were found as divergent and
coherent clusters, supported by high probability values
from Bayesian inference (97%–100%), as well as high
bootstrap values from MP (99%–100%). On the basis
of the branching pattern of figure 1 and the ML branch
lengths separating the four recognized supergroups, we
propose the establishment of an additional two super-
groups: one containing Wolbachia from F. candida (su-
pergroup E, as originally suggested by Vandekerchove
et al. [1999] based on 16S rDNA) and another contain-
ing Wolbachia from termites (supergroup F). To our
knowledge, supergroups A and B have not been reported
from either springtails or termites.

The topology of figure 1 suggested that neither the
nematodes nor the arthropods Wolbachia are monophy-
letic. To check whether this result was significant, we
calculated the ML score of the topology where super-
groups C 1 D (and thus supergroups A 1 B 1 E 1 F)
were constrained to be monophyletic and compared it to
the ML score of figure 1 using the SH test (Shimodaira
and Hasegawa 1999). The former (ln L 5 23330.46)
was found to be only slightly lower than the latter (ln
L 5 23329.22), and the two were not found to be sig-
nificantly different (P 5 0.24). The relatively short
branches separating supergroups C, D, E, and F (indi-
cated by the labels root 2 and root 5 in fig. 1) are sug-
gestive of a rapid evolutionary radiation in the ancestors
of these clades. An alternative explanation is that mul-
tiple hits in this gene have accumulated to the extent
that the synapomorphies between certain supergroups
have been erased.

In an attempt to examine which of the supergroups
A-F are basal and which are derived, we calculated the
ML values of topologies when the ftsZ of the outgroup
Anaplasma marginale was constrained on branches
leading to each supergroup, as well as on those sepa-
rating two or more supergroups (see fig. 1, roots 1–9).
Using the SH test to compare the nine different ML
scores (which ranged from 2ln L 5 3901.46 to
3902.65), no outgroup position was found to give a sig-
nificantly higher likelihood score than any other (5%
significance level). Thus, despite ftsZ from A. marginale
being the closest known putative homologue of Wol-
bachia ftsZ, it does not enable resolution of the root of
the Wolbachia tree. This is probably partly because of
the large nucleotide distance in this gene between these
two genera (;0.3 uncorrected substitutions per site;
;1.7 substitutions per site inferred from ML).

To check whether the relationships inferred from
ftsZ were consistent with those from another gene, an
analysis of 16S rDNA was performed. This gene was
chosen firstly to re-examine the results of Vandeker-
chove et al. (1999) using likelihood-based methods and
secondly because of the availability of sequences from
diverse taxa, including Wolbachia from the weevil
Rhinocyllus conicus (Campbell, Bragg, and Turner
1992) and the filarial nematode Mansonella ozzardi
(Casiraghi et al. 2001b). To facilitate this analysis,
near-full length sequences (1,312 bp) from Wolbachia
present in the termites K. flavicollis and Microceroter-
mes sp. were amplified and sequenced as described in
Bandi et al. (1994). Taking into account the secondary
structure (Neefs et al. 1993), these were aligned with
20 previously obtained sequences. Of the 1,321 aligned
characters, 281 were variable and 101 parsimony in-
formative. The most appropriate model of sequence
evolution for Wolbachia 16S rDNA chosen by Model-
test 3.06 was HKY1G. No evidence for significant
base composition heterogeneity was found among the
sequences. Figure 2 shows the topology for these se-
quences estimated using Bayesian inference. The to-
pology from MP bootstrap analysis was identical to
that in figure 2, and the ML topology differed only
slightly with regard to the resolution within super-
groups A and B. Overall, relationships were similar to
those based on ftsZ (fig. 1), although branch lengths
were considerably shorter, and supergroup A did not
form a monophyletic group. This result shows that
whereas 16S rDNA is useful for preliminary informa-
tion about Wolbachia relationships, its rate of evolution
appears unsuitable for providing clear resolution of the
supergroups. Interestingly, the symbiont of R. conicus
formed a clade with Wolbachia from termites. Al-
though it appears to be closely related to supergroup F,
ftsZ sequence information will be required to confirm
this. The Wolbachia from M. ozzardi was found as a
relatively long branch in the same clade as the strains
from termites and R. conicus. This result is intriguing
in the light of the question of whether filarial nema-
todes Wolbachia are a monophyletic assemblage. ftsZ
sequence would obviously be useful to determine if the
Wolbachia of M. ozzardi is a member of supergroup F
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FIG. 1.—Unrooted phylogenetic tree of Wolbachia endosymbionts of arthropods and filarial nematodes based on ftsZ, estimated using
Bayesian inference of phylogeny. Posterior probabilities supporting nodes of interest are shown above bootstrap values from a MP analysis.
Names represent host species. Roots 1–9 indicate positions where the ftsZ gene of the outgroup Anaplasma marginale was constrained during
likelihood estimations to examine the most appropriate root placement. Accession numbers are shown adjacent to each taxon. Each supergroup
is labeled with one of the letters A-F. The existence of E and F was confirmed during this study.
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FIG. 2.—Unrooted phylogenetic tree of Wolbachia endosymbionts based on 16S rDNA sequences. Inference method, support values, and
supergroup designations are as outlined in figure 1. Species names are those of the hosts. Names in bold indicate Wolbachia from taxa which
have not yet been classified into supergroups on the basis of ftsZ sequences.

or whether it is a separate, divergent lineage. However,
because of the difficulties in acquiring samples of this
nematode, we have not yet been able to obtain this
information. In a similar case to that of ftsZ, SH-tests
using 16S rDNA from A. marginale and Cowdria rum-
inatium (another one of Wolbachia’s closest known rel-

atives) showed that the position of the root in this tree
is ambiguous when using this gene (data not shown).

In summary, we have confirmed the existence of
two divergent lineages of Wolbachia by likelihood-
based phylogenetic analysis of ftsZ, a gene that appears
to be appropriate for the assessment of broader-level re-
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lationships in this genus. Although less well resolved,
the topology of a tree based on 16S rDNA from a similar
group of taxa showed overall agreement with the tree
inferred from ftsZ. Knowledge about the diversity of
Wolbachia strains is desirable for a number of reasons.
Firstly, future decisions on nomenclature within the ge-
nus will be aided by an understanding of the number of
divergent strains and their differences at the DNA level.
Secondly, detection of particular types of Wolbachia in
arthropods (or other invertebrates) can be biased by the
type of PCR primers used. Indeed, during this study, we
were unable to obtain ftsZ amplification in F. candida
and termites using the standard primers for arthropod A
and B Wolbachia (ftsZf1 and ftsZr1; Werren, Zhang and
Guo 1995). Incorporating sequence information from di-
vergent Wolbachia during primer design might aid in
the detection of Wolbachia in other arthropods as well
as more diverse invertebrate hosts. Thirdly, an under-
standing of the phenotypic effects that the various di-
vergent lineages have on their hosts, as well as their
phylogenetic relationships, will provide clues on the na-
ture of the ancestor to all Wolbachia, which is generally
assumed to have been a CI-causing agent (Stouthammer,
Breeuwer, and Hurst 1999, Pp. 75). The effects that E
and F supergroup members have on their hosts is not
yet clear, and further work on them should be encour-
aged. A fourth potential benefit of knowledge about
Wolbachia diversity is related to the several genome se-
quencing projects that have been initiated in the genus
(Bandi, Slatko, and O’Neill 1999). It has been revealed
that the genome sizes of those from supergroups A and
B (arthropods) are ;1.4–1.6 Mbp and are significantly
larger than those of representatives from supergroups C
and D (nematodes), which are 1.0–1.1 Mbp (Sun et al.
2001). Thus, determination of the genome size of Wol-
bachia from other lineages (such as those in termites
and F. candida) followed by sequencing studies could
provide answers to the question of whether there has
been an overall reduction or increase in the genome size
of Wolbachia since it first began invading invertebrate
tissues.
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WHELAN, S., P. LIÒ, and N. GOLDMAN. 2001. Molecular phy-
logenetics: state-of-the-art methods for looking into the
past. Trends Genet. 17:262–272.

ZHOU, W., F. ROUSSET, and S. L. O’NEILL. 1998. Phylogeny
and PCR-based classification of Wolbachia strains using
wsp gene sequences. Proc. R. Soc. Lond. B. 265:505–515.

ZIMMER, J. 2001. Meet the Herod bug. Nature 412:12–14.

HOWARD OCHMAN, reviewing editor

Accepted October 8, 2001

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/19/3/341/981063 by guest on 20 August 2022


