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Abstract. Wolbachiaare obligatory intracellular and Introduction
maternally inherited bacteria, known to infect many spe-
?il(;eshc;f Zi}ifll(reopcécri{elt?c t2|':r§2un?ywvgﬁ,§éi?§\ﬁ§% "\iNZgCteWolbachia,a member of the&Rickettsiaceadamily, are
bhag 9 . ' . obligatory intracellular and maternally inherited bacteria
tentatively named bacteriophage WO. The phyloggnetlcknown to infect a wide range of arthropods. A recent
gt? zinbsas\;vea(\js %thggr?eruvgg V%ietﬂetsh;f bsae!:g@gaagmimo_survey suggested that about 16% of all insect species are
somal genes of the game strains. sugaesting that hainfected withWolbachiamaking it one of the most ubig-
genes . » SUgg 9 PhadGous endosymbionts described to date (Werren et al.
WO was active and horizontally transmitted among var|-1995) These bacteria cause a number of reproductive
ousWolbachiastrains. All the strains dfVolbachiaused !

o . . distortions in their hosts, including male-killing (Hurst et
in this study were infected with phage WO. Although the al. 1999), feminization of geneitc male (Rousset et al.

phage genome contained genes of diverse origins, thf992) parthenogenesis (Stouthamer et al. 1993), and
average G+C content and codon usage of these genés st ’commonly cytoplasmic incompatibility (CI).,CI '

were quite similar to those of a chromosomal gene o{:xo ression usually results in embryonic death in crosses
Wolbachia These results raised the possibility that phage P y y

WO has been associated wittolbachiafor a very long n Wh.'Ch th'e male insect parent is |n.fect'ed wnh/@l-
. . O .__bachiastrain and the female parent is either uninfected
time, conferring some benefit to its hosts. The evolution

and possible roles of phage WO in various reproductiveor infected with a differen€Wolbachiastrain (Werren

alterations of insects caused Wiplbachiaare discussed. .1997.)' It appears I|ke_|y that@olbachiastrain is able to_
imprint the sperm of insects by an unknown mechanism

and that this imprinting is undone only in eggs that are
infected with the saméNolbachia strain. Molecular
mechanisms and genes\Wblbachiathat are responsible
for these phenomena are still unknown.

There is sound evidence that virulence determinants
of pathogenic bacteria are encoded in their bacte-
riophages. The examples include diphtheria toxin pro-
duced byCorynebacterium diphtheriaéBarksdale and
Arden 1974; Laird and Groman 1976), staphylokinase
and enterotoxin A ostrapylococcus aurey€oleman et
GenBank accession numbers: ABO35518s¢, vCep), ABO36665 5 1980) Shiga-like toxin and enterohemolysin (Ehly2)
(phage WO,wTai), AB036666 (phage WOwKue), AB036649— N . .
AB036664 6rf7 genes) produced byEscherichia coI(NeWIgnd et aI.. 1985, Beu-
Correspondence toHajime Ishikawa; e-mail: iskw@biol.s.u- tin et al. 1993), and the neurotoxin Glostridium botu-
tokyo.ac.jp linum (Barksdale and Arden 1974). Neither plasmids nor
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Table 1. Insect and bacterial species u3ed

Wolbachiastrain(s)

(phenotype)
Insects
Corcyra cepharonica Wep (?)
Drosophila simulans wCof (none)
(Coffs Harbour S-20)

Drosophila simulangRiverside) wRi (Cl)
Ephestia kuehniellgTsuchiura) wCauB (?)
Ephestia cautellgTsuchiura) wCauA andwCauB (ClI)
Ephestia kuehniellgTsuchiura) wCauA (?)
Ephestia kuehnielldY okohama) wKue (CI)
Ephestia kuehniellgTsuchiura) wSca (?)
Teleogryllus taiwanemma Wi (Cl)
Teleogryllus taiwanemmget) Uninfected

Bacteria
Orientia tsutsugamushiAl,
LF1, Gilliam

@ Drosophila simulan€offs Harbour S-20 and three strains@fientia
(Rickettsia) tsutsugamushiere provided by S.L. O'Neill and H.
Urakami, respectively. The motl®strinia scapulalis,infected with
wSca, expresses feminization (Hoshizaki, personal communication).
Transinfected strains dt. kuehniella,carrying wCauA, wCauB, and
wSca, were established by microinjecting the correspondintbachia
strains into the eggs of tetracycline-treated strain€Eofkuehniella
(Sasaki, unpublished].. taiwanemmdtet) is an uninfected strain gen-
erated by tetracycline treatment (Masui et al. 1997)

bacteriophages had been detected inRiekettsiaceae

family to whichWolbachiabelongs. In the present study,

Southern Blotting

Total DNA was digested to completion wilcoRl, electrophoresed on

1% agarose gels, and transferred to a nylon membrane (Hybond-N+;
Amersham Pharmacia Biotech). Prehybridization and hybridization
were performed according to the manufacturer's recommendations.
The final wash was done using 2x SSC at 55°C.

Probes

For the ISW probe, the insert DNA of plasmid pISM{Masui et al.
1999) was employed. The region encompassing nucleotide positions
7353-7761 of phage WO inTai (corresponding to the positions of the
sequence deposited in GenBank under accession number AB035515)
were PCR amplified with the primers phgWOF' {6CCACATG-
AGCCAATGACGTCTG-3) and phgWOR (5CGTTCGCTCTG-
CAAGTAACTCCATTAAAAC-3"), and the PCR product was used as
anorf7 probe. These probes were labeled with*fP]dCTP using the
BcaBEST labeling kit (Takara) and put in a hybridization solution.

RT-PCR

Total RNA fromT. taiwanemmandE. kuehniellawhich harbomwTai
andwKue, respectively, were reverse transcribed by SuperScript Il RT
(Gibco BRL) using the primer phgWOorf7RT (FATTGCACT-
CAGTATCTCTG-3), PCR was performed using the primers phgWOR
and phgWOR.

Phylogenetic Analysis

we identified a bacteriophage-like genetic element ofThe orf7 and wsp genes were PCR amplified with sets of primers
Wolbachiafor the first time, which was tentatively

named bacteriophage WO. The phage was detected in

phgWOF-phgWOR and wsp81F-wsp691R (Zhou et al. 1998), respec-
tively. The PCR conditions for the set of primers phgWOF-phgWOR
re 35 cycles of 30 s at 94°C, 30 s at 57°C and 1 min at 65°C. All the

the Wolbachiastrains tested, and its genome displayed apcR products were cloned into pCRII-TOPO using the TOPOTA clon-
history of extensive horizontal gene transfer.

Materials and Methods

Materials

ing kit (Invitrogen) and sequenced with T7 and SP6 primers. Clustal W
was used to align sequences with manual refinement and to construct a
neighbor-joining (NJ) tree. PAUP version 3.1.1 was used for maxi-
mum-parsimony (MP) analysis.

DNA Sequence Analysis

DNA sequences were analyzed using DNASIS-MAC (Version 3.7
Hitachi). The predicted coding regions were defined as ORFs that

Insects and bacterial strains used in this study are listed in Table 1consist of more than 100 codons and start with ATG. GTG. and TTG
DNA and RNA were extracted from these materials by a standardHOmology searches were performed using the BLAST programs at the

method (Sambrook et al. 1989).

Library Construction, Screening, and Sequencing

Total DNA of Ephestia kuehniellinfected withWolbachia viKue was
partially digested withSaiBAI (TAKARA), and a DNA library was
constructed using the Lambda DASHB&nHI Vector kit (Stratagene)
andE. coli XLI-Blue MRA (P2) as a host strain. The DNA library of
Teleogryllus taiwanemmapntaining clones of DNA fronWolbachia
strainwTai, was used to isolate a clone containing lISWe insertion
sequence ofVolbachia(Masui et al. 1999). Insert DNAs of clones

were PCR amplified and their nucleotide sequences were determine

National Center for Biotechnology Information (NCBI) server
(Bethesda, MD).

Results

Cloning and Identification of a Bacteriophage-Like
Sequence iltVolbachia

We previously reported the identification of the insertion
sequence ISWand the sequence analysis of its flanking

by a primer walking method using an ABI PRISM 310 Genetic Ana- '€gions inWolbachiastrainwTai (Masui et al. 1999). In

lyzer.

the course of the study, a clone that contained a gene
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Fig. 1. A A bacteriophage-like element Bolbachia virai. Numbers mouse ankyrin, a membrane protein included in the cytoskelton.
in circles and parenthesedenote the percentage identity of predicted B Alignments of the predicted aa sequences and thé&iomologues.
amino acid (aa) sequences between the indicated ORFs. Orf3 waSPA (the accession number of the Entrez protein search at the NCBI is
similar toE. coli hypothetical protein 0375, and a transposon Tn5-like AAA96534), GPB (AAA96536), and GPC (AAA96537) represent the
sequence was observed in an opposite orientation betadérand products of genes A, B, and C, respectivéigterisksndicate identical
orf6. The partial sequence of Orfl had 22% aa sequence identity tamino acidsNumbersshow the amino acid positions of each proteins.

similar to the terminase large subunit gene of bacteriosimilarity to genes B and C of phagein the vicinity of
phage\ in the vicinity of ISW was obtained from the the terminase-like gene (Figs. 1A and B). Although other
DNA library of T. taiwanemmanfected byWolbachia ORFs in this region had no similarity to any phage genes,
strainwTai. In addition, sequence analysis of this clonewe assumed that all these ORFs constituted a prophage-
revealed that there were ORFs with a high sequencéke element, which we tentatively named phage WO.



strains in insects were clearly divided into two major
groups, designated A and B (Werren et al. 1995). Re-
cently, the outer membrane protein gemspwas used

for finer-scale phylogeny (Zhou et al. 1998). In an effort
to determine whether phage WO was transmitted hori-
zontally between the strains @olbachia,phylogenetic
analysis oforf7 was performed using/spto construct a
control phylogenetic tree to compare with thd7 tree.
The orf7 sequences in varioud/olbachiastrains were
PCR amplified, and the products were cloned and se-
quenced. It turned out that there were several different
orf7 sequences in sing/olbachiastrains. NJ analysis

of wsp and orf7 sequences showed that there was no
concordance between the topologies of the two trees
(Fig. 3). MP analysis also resulted in the same tree dis-
cordance (data not shown). The three clades oftffie
tree appeared to include both the A and the B group-
derived sequences, as shown in the squares in Fig. 3.
WolbachiastrainswCauA andwCauB are usually har-
bored by the same motk, cautella(Werren et al. 1995;
Sasaki and Ishikawa 1999). Therf7 sequences

B wCauA-1 andwCauB-1 were identical, and/CauA-2
wTai wKue was closely related twCauB-3, indicating thatVolba-
RT + — + — P N chia strains harbored by the same species tend to share

closely related phage WO types. These results suggest
_ that phage WO was transmitted horizontally among dif-
ferent strains ofWolbachia.

Fig. 2. A Southern hybridization ofVolbachiaand RickettsiaDNA
with the orf7 sequence froriVolbachia wirai. tet, T. taiwanemmydtet);
Rt, O. tsutsugamusHiF1. For other abbreviations, see Table 1. No Sequence Analysis of Phage WO
signal was detected i®. tsutsugamushiLAl or Gilliam (data not

shown).B RT-PCR oforf7. RT + and — indicate the presence and |, o attempt to understand the structure of the phage
absence of reverse transciptase in the reaction, respectively. P is the . .
positive control for the PCR reaction using the total DNAToftaiw- WO genome, a DNA library was constructed using DNA
anemmanfected bywTai as a template. N is the negative control using from E. kuehnielleharboring thevKue strain and probed
no template DNA. by theorf7 sequence oWTai. As a result, four overlap-
ping clones that encompassed 33 kb were obtained, and
o _ the complete nucleotide sequence of this region was de-
Distribution and Expression of Phage WO Genes termined. ORF search of this region detected 33 ORFs
(Fig. 4), which were designatepl-gp33encoding pre-

Southern blotting was performed usirgf7 .Of phage dicted proteins Gp1-Gp33. The results of an homology
WO as a probe (Fig. 2A). As a result, this gene W83search of these predicted proteins are shown in Table 2
observed in all eightVolbachiastrains tested, though not P P i

in Orientia tsutsugamushg close relative ofWolbachia, It was suggested that these genes had diverse ongins.

which is a presumed sex ratio distorter in mites (Taka—Whlle some capsid proteins were similar to those of

hashi et al. 1997). The hybridization signals detectedphage)" an Integrase f_ound in Gp31 belonged to_the
. : o T resolvase/invertase family, whose members were differ-
were highly variable in size and strength, indicating that

. : . . ent from that integrase of phagewith respect to amino
various phage WO types were present in a single strain 0acid (aa) sequence and mechanisms of catalysis. Base
Wolbachia.The expression 0brf7 in wTai andwKue q ySIS.

; i . ) late assemble proteins of phage WO were similar to
was examined by RT-PCR using the primers pthOthose of phage P2, whereas Gp12 was similar to adenine-

and_pth\_/OR, and positive signals were obtained in bOtr1c,pecific methyltransferase of phage PhiChl. Gp5 was
strains (Fig. 2B). . . . L
similar to RepA, the protein involved in replication regu-
lation of plasmid RSF1010. Several proteins containing
Phylogenetic Analysis of Phage WO ankyrin-like repeats were observed, which had about
40% aa sequence identity to each other. While ankyrin-
Phylogenetic analysis usinfisZ encoding a bacterial like repeats are widely distributed, from bacteria to mam-

cell-cycle protein had demonstrated thatolbachia  mals, with a variety of functions, the ankyrin-like repeats



495

, wrTai-3 751
.“" WTai-zﬂ
. .
et wCanhdo3 973

wCauh=2)] | 641

wCauh-5

wCep-1

',
Ry .
'0 ., " ‘
. e L msummee=tT
_::;-Ta& N’:'::f:.- ............ e LT EET T
984 wCep == 8%t tnnennnnnnns s
p s + LR L TP, wCep-2

. '.
CauB n...:: -------- Pagrnnnnnanal
w I AZALED wCauB-2
wCauh-1m

S see | wCauB-14]1000

M wiRi I
. 1000

wCoff

wSp orf7

(chromosomal origin) (phage origin)

Fig. 3. Phylogenetic trees based on genes of two origins. These NWolbachiastrain are numbered arbitrarilgquaresndicate the pair of
trees were calculated using Clustal W, excluding positions of inser-phage WO types from both A- and B-group strainsWblbachia.
tions—deletions and with correction for multiple substitutiddembers  Accession numbers afspgenes in GenBankwvRi, AF020070;wCof,
next to nodes indicate bootstrapping probabilities of 1@0ken lines  AF020067; wCauA, AB024571;wCauB, AB024572;wTali,
show linkages between strains Wfolbachiaand phage WO strains AB035514;wKue, AB024569. The sequence lengthsoof7 andwsp
conveyed by themOutlined typerepresents A-group strains @fol- used for this analysis were about 350 and 440 bp, respectively.
bachia.n the orf7 tree, differentorf7 sequences detected in a single

wTai
orfl orf2 orf3  orf5 orf7
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Fig. 4. The ORF map of the region containing phage WO genegkafe andwTai. Arrowsindicate ORFs and their orientations, with associated
ORF numbers corresponding to those in Table 2. Patterns in arrows indicate predicted origins of thodeogeoatal stripesa plasmidyertical
stripes,bacteriophagedylack, eukaryotes. EEcdRI sites.

found in the 33-kb region were more similar to those ofthe present study, we identified the phage-related genes
mammals and plants than those of bacteria (Table 2)n Wolbachiafor the first time. This also represents the
Although diverse origins were suggested for these genesirst report on such genes in thHeickettsiaceadamily,
their G+C contents were in a narrow range (32.3—whose members are all obligate intracellular parasites or
38.8%), which is much the same as that of Wepgene  symbionts. The phage gene was expressed (Fig. 2B), and
(37.0%). There was no significant difference in codonphylogenetic analysis revealed frequent transmission of
usage between these genes, i.e., they all had strong A/The gene (Fig. 3), suggesting that phage WO is active and
biased codon usage (data not shown). transferred horizontally between different strain§\édl-
bachia that are harbored in the cytoplasm of different
] ) insect hosts. Although the boundary of the phage WO
Discussion genome on tha&Volbachiachromosome was not deter-
mined in this study, it appears likely that the region from
Although the presence of virus-like particles\iviolba-  gpl2to gp3Llis, at least, a part of the phage WO genome,
chiahad been predicted by electron microscopy (Wrightsince many phage-related genes reside in this region
et al. 1978), no phages were detected in the bacteria. I(Fig. 4 and Table 2). Southern blotting using the phage
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Table 2. Similarities of proteins encoded in the sequenced region containing bacteriophage WO genes

Gene Amino E value (BLAST2)

product acids Similar protein and % identity Characteristic
Gpl 722

Gp2 115

Gp3 448 Hypothetical protein Rv2424klycobacterium 8e-22 (25%in 325aa) Probable transposase
tuberculosis

Gp4 146

Gp5 570 RepA, plasmid RSF1010 3e-10 (29% in 232 aa) Regulatory protein for replication
Gp6 182

Gp7 117

Gp8 339 RhuM Salmonella typhimurium 2e-47 (49% in 202 aa)

Gp9 368

Gp10 410

Gpll 151

Gpl2 400 Adenine methyltransferase, bacteriophage PhiChl 1e-19 (23%in 349 aa) Probable Dam-like methyltransferase
Gp13 178

Gpl4 493 Ankyrin (erythrocyte formjlomo sapiens le-24 (28%in 390 aa) Containing an ankyrin-like repeat
Gp15 609 Terminase large subunit, bacteriophage 2e-57 (29% in 600 aa) DNA packaging protein

Gpl6 260 Hypothetical protein O37Escherichia coli 8e-28 (28% in 281 aa)

Gp17 472 Portal protein GPB, bacteriophage 2e-17 (22% in 479 aa) Capsid protein

Gpl8 350 Minor capsid protein GPC, bacteriphage 63-28 (30% in 221 aa) Capsid protein

Gp19 123

Gp20 332 Unknown protein, bacteriophage Felix 01 4e-34 (31% in 353 aa)

Gp21 115

Gp22 157

Gp23 158 Hypothetical proteifiseudomonas aeruginosa 3e-15 (31% in 145 aa)

Gp24 154 GPV, bacteriophage P2 6e-18 (34%in 128 aa) Baseplate assembly protein
Gp25 111 GPW, bacteriophage P2 4e-13 (38% in 104 aa) Baseplate assembly protein
Gp26 266 GPJ, bacteriophage P2 8e-32 (35%in 271 aa) Baseplate assembly protein
Gp27 384

Gp28 199 Putative ankyrirArabidopsis thaliana 2e-10 (35%in 111 aa) Containing an ankyrin-like repeat
Gp29 161 Putative ankyrirArabidopsis thaliana 6e-16 (38%in 138 aa) Containing an ankyrin-like repeat
Gp30 143

Gp31 514 Integrase, bacteriophage phi-FC1 2e-43 (28% in473 aa) Site-specific integrase of the resolvase family
Gp32 646 GankyrinMus musculus 3e-07 (34%in 106 aa) Containing an ankyrin-like repeat
Gp33 241

@Similar proteins were shown for the best matches by the BLAST2 search at the NCBI

gene gave numerous bands (Fig. 2), due to both the higteins and integrase genes. Moreover, the phage WO ge-
variability of the phage WO genes and the presence ohome contained a gene derived from a plasmid and genes
several types of phage WO in a singléolbachiastrain.  encoding several ankyrin-like proteins similar to those of
Numerous bands were also observed only when Southemammals and plants (Fig. 4). This raises the possibility
blotting was performed using a DNA fragment from the that a number of genes of considerably diverse origins
region betweemgp5 andgp31,though Southern blotting are included in the common genetic pool of dsDNA
usingwsp gene or other chromosomal genesWgblba-  phages, out of which these genes are distributed to many
chia usually gave single bands (data not shown). Takerbacteria species.
together, it is conceivable that the phage WO genome Bacteriophages code for a variety of toxin genes ex-
corresponds to the 25 kb region extending frgpbto  pressed by pathogenic bacteria. The persistence of these
gp31. genes in the phage genomes may indicate that there is an
Comparison among the complete genomic sequencesvolutionary advantage for phages to carry such genes,
of several phages has revealed that although they haygerhaps due to enhanced replication of bacteria carrying
similar genomic organization, the genomes are mosaic ithese virulence determinants (Cheetham and Katz 1995).
nature, with regions of obvious sequence similarity in-Wolbachiaare detected all over the world and spreading
terspersed with segments that are apparently unrelate@pidly, by causing various reproductive alterations to
(Campbell et al. 1994; Hendrix et al. 1999). This sug-their hosts, through which they can efficiently spread in
gests that all dsDNA phage genomes are mosaics thdlhe host populations (Werren 1997). Our present study
exchange genes horizontally with a large common geimplies that most o¥Wolbachiacarry phage WO (Fig. 2).
netic pool (Hendrix et al. 1999). Phage WO genome alsdn addition, the G+C content and codon usage of the
had mosaic origins in capsid, baseplate assembly prgphage WO genes were quite similar to those of a chro-
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mosomal gene ofNolbachia,and there were extreme Hendrix RW, Smith MC, Burns RN, Ford ME, Hatfull GF (1999)
sequence diversities in the phage WO genes (FigS. 2 and Evolutionary relationships among diverse bacteriophages and

3). All these findings suggest the ancient origin of phage g;-c;;pzile;glegs; All the world's a phage. Proc Natl Acad Sci USA 96:

WO. It 'S_ probable that phgge WO h_as aSSOC'a_ted Wlthﬂurst GD, Graf von der Schulenburg JH, Majerus TM, Bertrand D,
Wolbachiafor a very long time, enablingVolbachiato Zakharov IA, Baungaard J, Volkl W, Stouthamer R, Majerus ME
remain in insect hosts by producing some virulence fac- (1999) Invasion of one insect speci¢glalia bipunctataby two
tors. Since ankyrin-like repeats are considered to be a different male-killing bacteria. Insect Mol Biol 8:133-139

motif for protein—protein interaction (Sedgwick and Laird W, Groman N (1976) Orientation of the tox gene in the prophage

L . . L. of corynebacteriophage beta. J Virol 19:228-231
Smerdon 1999), it is possible that the protein containing,, . . S, Sasaki T, Ishikawa H (199@yoE-homologous operon of

eukaryotic ankyrin'”!(e repeats founq in the phage WO  wolbachia,an intracellular symbiont of arthropods: A new ap-
genome play a role in the reproductive alteration events proach for their phylogeny. Zool Sci 14:701-706

of insect hosts through their ability to interact with other Masui S, Kamoda S, Sasaki T, Ishikawa H (1999) The first detection of
proteins. the insertion seqeunce ISWh the intracellular reproductive para-

- . site Wolbachia.Plasmid 42:13-19
It has been SqueStEd that the ab|I|tyW56Ibach|ato Newland JW, Strockbine NA, Miller SF, O'Brien AD, Holmes RK

spread In Insect pOpUIat'ons effeCt'Vely could be used as (1985) Cloning of Shiga-like toxin structural genes from a toxin
a vehicle to drive desirable genotypes into wild insect converting phage oEscherichia coli.Science 230:179-181
populations, e.g., genes that prevent insect vectors frorRousset F, Bouchon D, Pintureau B, Juchault P, Solignac M (1992)
transmitting pathogens to humans, livestock, and plants Wolbachiaendosymbionts responsible for various alterations of

(Sinkins et al. 1997). However, due to the lack of a_ Sexuality in arthropods. Proc R Soc Lond B 250:91-98
' Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning—A

genetic system to manipulate thls.bacterlum, very Il_ttle 1S laboratory manual. Cold Spring Harbor Laboratory Press, Cold
known about molecular mechanisms that underlie the gpring Harbor, NY
interaction of this agent with its host. Phage WO cansasaki T, Ishikawa H (1999\olbachiainfections and cytoplasmic
hopefully be used as a vector to transform these fastidi- incompatibility in the almond moth and the Mediterranean flour
ous bacteria without any culture step. moth. Zool Sci 16:739-744

Sedgwick SG, Smerdon SJ (1999) The ankyrin repeat: A diversity of

. . . interactions on a common structural framework. Trends Biochem
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