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Abstract: We reviewed the distribution, functions, phylogeny, diversity, and spatial and temporal varia-
tion of Wolbachia. Wolbachia are cytoplasmically inherited bacteria and widely found in reproductive tis-
sues of arthropods. Systematic surveys of Wolbachia distribution and diversity are now possible using
PCR-based methodologies. The 16S rDNA and fzsZ studies have provided a number of useful molecular
tools for such surveys. A survey of Panamanian rainforest insects and the members of two temperate host-
parasitoid food webs detected Wolbachia strains in 18. 6% of species sampled, with a corresponding figure
of 17.9% for Hymenoptera. So far, Wolbachia has been detected in 31 genera and 70 species of parasitic
Hymenoptera, as well as in three dipteran parasitoids. Estimates of prevalence in different parasitoid taxa
or assemblages yield an overall mean of 26%. However, it should be borne in mind that these surveys in-
evitably underestimate the number of species that harbor Wolbachia. The number of known infected
species has been increasing rapidly each year but the limits of distribution for this bacterial group are yet
unknown. Wolbachia have evolved various mechanisms for manipulating reproduction of their hosts to en-
hance their transmission, including induction of reproductive incompatibility, parthenogenesis, and genetic
male feminization. Wolbachia-induced cytoplasmic incompatibility (CI) is a reproductive incompatibility
between sperm and egg. They are chiefly transmitted in eggs. CI takes two forms, unidirectional and bidi-
rectional. But the biochemical mechanisms of CI still remain unknown. The presence of CI was confirmed
by mating experiments with the small brown planthoppers, Laodelphax striatellus Fallen from six loca-
tions in China and one from Japan. A number of factors including bacterial strain, host genotype and bac-
terial density can interact with each other in complex ways to influence strength and direction of CI.
Parthenogensis induction (PI)-Wolbachia cause thelytoky in arrhenotokous parasitoids by generating
diploid (rather than haploid) unfertilized wasp eggs. It occurs because in the first mitotic division the chro-
mosomes condense properly in prophase but fail to segregate in metaphase, resulting in diploidization of
the nucleus. Antibiotic curing and heat treatment (=30 C) can reverse to male production with elimina-

tion of the bacteria. And the relative fitness of infected and unifected hosts is important to the population
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dynamics of PI Wolbachia. Female sex determination in the woodlouse Armadillidium vulgare is {requent-
ly under the control of feminizing parasitic sex factors (PSF). one of these PSF is intracytoplasmic Wol-
bachia bacteria (F), while the other (f) is suspected of being an F-bacteral DNA sequence unstably inter-
grated into the host genome. In most wild populations harboring PSF, all individuals are genetic males
(ZZ7), and female phenotypes occur only due to the presence of PSF which overrides the male determinant
carried by the Z chromosome. There is a conflict between these PSF and a dominant autosomal masculiniz-
ing gene (M) on phenotypes. The M gene is able to override the feminizing effect of the f sex factor but it
can not restore male sex when competing with the F bacteria. Maximum parsimony analysis of the nearly
full-length sequence of Wolbachia pipientis from Culex pipiens tissue, aligned with representative eubacte-
ria, revealed that W. pipientis is situated in the a-subdivision of the Proteobacteria. The genus Wolbachia
as currently defined is polyphyletic. From the comparison of the sequence of W. persica and W. pipientis, it
is clear that the two bacteria are not closely related. Wolbachia persica. the only other member of the
genus Wolbachia, belongs to the 7-subdivision of the Proteobacteria. The ftsZ study for 38 different Wol-
bachia strains from 33 host species uncovered considerable variation among Wolbachia strains. There are
two major subdivisions, A and B. At the same time, the fzsZ phylogeny shows horizontal transmission of
Wolbachia, especially A-division strain. And horizontal transmission has also been detected in B-Wolbachi-
a. In Japan., Wolbachia infection rate of the southwestern population L. striatellus is higher than that of the
northeastern populations. while in population which originated from the boundary regions between the
southwestern and northeastern populations, the infected and unifected cytotype coexisted. Between 1984
and 1994 there were four additional fully infected populations (URW, KNS, TKS and UCH). Some popu-
lations (YIT, KRY ., SDI) have been changed from the unifected to the partly infected state, with infection
rates being 93% ., 33% and 8%, respectively. The only purely unifected population was FRK. Therefore
SDI and FRK might be in the early stage of Wolbachia sweep into the populations. The direction of Wol-
bachia infected planthoppers populations is broadly the same to that of the long distance migration of plan-
thoppers. This review shows that significant advances have been made in the study of these interesting mi-
croorganisms. Future research directions of these microorganisms were also discussed.
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Table 2 Parasitoid species and its evidence known to harbor Wolbachia'®
( )
Species infected Effect Microscopy Example PCR
Hymenoptera
Chalcidoidea
Agaonidae
Tetrapus costaricensis ? — — Werren et al. (1995b)
Aphelinidae
Aphytis chilensis PI — — Gottlieb et al. (1998)
Aphytis chrysomphae PI Gottlieb et al. (1998)
Aphytis diaspidis PI — Zehori-Fein et al. Gottlieb et al. (1998)
(1995)
Aphytis lingnanensis PI Zchori-Fein et al. Zchori-Fein et al.
(1998) (1995)
Aphytis yanonensis ) Zchori-Fein et al. Werren et al.
: (1995) (1995a)
Encarsia formosa PI Zehori-Fein et al. Werren et al. (1995a)
(1995)
Encyrtidae
Apoanagyrus diversicornis PI? — Pijls et al. (1996)
Eulophidae
Achrysocharoides niveipes ? West et al. (1998)
Achrysocharoides latreilli ? — — West et al. (1998)
Colipoclypeus [florus ? — — Butcher and Cook (u/d)
Eulophus bicolor ? Butcher and Cook (u/d)
Eulophus larvarum ? — — Butcher and Cook (u/d)
Melitobia sp. ? — — Werren et al. (1995a)
Pediobius alcaeus ? — — West et al. (1998)
Pediobius saulius ? — — West et al. (1998)
Tetrastichus galactopus ? Butcher and Cook (u/d)
Pteromalidae
Coruna clavata ? — — West et al. (1998)
Habrocytus bedeguaris ? — — Schilthuizen and
S - ’ : Stouthamer (1998)
Muscidifurax uniraptor PI — SOl e T o ld Stouthamer ez al. (1993)
(1994)
Nasonia giraulti CI — Eqgetiwer and Breeuwer et al. (1992)
Warren (1990)
Nasonia longicornis CI — — Breeuwer et al. (1992)
Nasonia vitripennis CI — Saul (1961) Breeuwer et al. (1992)
Psychophagus omnivorus ? Butcher and Cook (u/d)
Pteromalus puparum ? — — Butcher and Cook (u/d)
Pteromalus vibulis ? — — Butcher and Cook (u/d)
Spalangia fuscipes ? — — Werren et al. (1995a)
Torymidae
- . Schilthuizen and
Torymus bedeguaris ? — — Stouthamer (1998)
- . Schilthuizen and
Torymus rubi ? — — Stouthamer (1998)
Trichogrammatidae
Trichogramma bourarachae — %llglgsa)nd Bouletreau Vavre et al. (1999) Vavre et al. (1999)
Trichogramma brevicapillum PI %}\t/::lqu?:g;;;l 3;(:::2:?16;;;5 Werren et al. (1995a)
. o Stouthamer and Stouthamer et al.
Trichogramma chilonis PI Werren (1993) (1990a)
Trichogramma cordubensis PI Stouthamer and Stouthamer et al. Rousset ez al. (1992a)

Werren (1993)

(1990a)
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2
( )
Species infected Effect Microscopy Example PCR
ha .
Trichogramma deion PI — Stouthamer et al Stouthamer et al. (1993)
(1990a)
Stouthamer and
Trichogramma nr. deion PI Stouthamer (1993) Kt:;nejrr(l;;;?) —
Trichogramma embryoph- PI Stouthamer and Stouthamer et al. o
agum Werren (1993) (1990a)
Trichos - ] PI Stouthamer and Stouthamer et al. o
richogramma evanescens Werren (1993) (1990a)
Schilthuiz L.
Trichogramma kaykai PI (§9198>u1/en o
Schilthuizen and
Trichog ilale PI — —
richogramma nubilale Stouthamer (1997)
Stouthamer ez al.
Trichogramma oleae PI1 Louis et al. (1993) outhamer ¢t Rousset et al. (1992a)
(1990a)
Trichoar atmeri PI Stouthamer and Stouthamer et al. o
richogramma platneri Werren (1993) (19902)
Trich y PI Stouthamer and Stouthamer ez al. Stouthamer ez al.
richogramma pretiosum
(chogramma pretiosun Werren (1993) (1990a) (1993)
Schilthuizen and
Trichogramma nr. pretiosum PI — — S:()llltth:rlr:f: :;997>
o o Schilthuizen and
Trichogramma sibericum PI Stouthamer (1997)
Schilthui ot al
Trichogramma nr. sibericum PI — — (;9;;;u1zen “a
Cynipoidea
Cynipidae
Diplolepis bicolor ? — — Van Meer et al. (1995)
. Plantard ez al.
Diplolepis californica ? (s:JT)r:;tt(:d )d
Plantard et al.
Di is eglanteriae ? — — :
iplolepis eglanteriae 7 (submitted)
Plantard et al.
Diplolepis fruc. ? — —
iplolepis [ructuum ? (submitted)
Plantard et al.
. . . o o a8
Diplolepis mayri ? (submitted)
Plantard ez al.
Diplolepis nodulosa ? — - (:thl):;n:d )d
Plantard et al.
Diplolepis j ? .
iplolepis polita ? (submitted)
Plantard et al.
Di pis radic ? — —
iplolepis radicum ? (submitted)
Diplolepis rosae PI — — Van Meer et al. (1995)
Plantard ez al.
Diplolepis spinosa ? — — (si?)r:tteed )u
Plantard L.
Diplolepis spinosissimae PI? (]';r;g)r ca
Plantard et al.
Liposthenes glech ? — — .
iposthenes glechoma ? (submitted)
Timaspis | ) ) - - Plantard et al.
tmaspis Llampsanae J (submitted)
Plantard et al.
Phanacis hypochaeridis ? — — (Si?)rjllirtte(d )u
Plantard L.
Phanacis centaurea ? (s:ll)n’ztte((i )a
Eucoilidae
w d O’Neill W ot al.
Leptopilina australis PI — erren an “ erren ef «

(1997)

(1995a)
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2
( )
Species infected Effect Microscopy Example PCR
w d O’Neill
Leptopilina clavipes PI — crren an “ Werren et al. (1995a)
(1997)
Leptopilina heterotoma CI — Butcher ez al. (u/d)  Butcher et al. (u/d)
Ichneumonoidea
Braconidae
N4 t al.
Asobara tabida CI errfen “aa Butcher and Cook (u/d)
(1995a)
Colastes braconius ? — — West et al. (1998)
Cotesia glomerata ? — — Butcher and Cook (u/d)
Ichneumonidae
Schilthui d
Orthopelma mediator ? S:o;tll;lr:::l (a]nggg)
Diadegma chrysostictos CI — Butcher (1998) Butcher (1998)
Venturia canescens CI — Butcher ez al. (u/d)  Butcher et al. (u/d)
Butcher and Cook
Trieces tricarinatus ? — uteher and Loo Butcher and Cook (u/d)
(u/d)
Proctotrupoidea
Proctotrupoidae
Data in W and
Trichopria drosophilae CI ():i;eillrll a ;‘{r)r;)n an Werren et al. (1995a)
Diptera
Tachinidae
Exorista larvarum ? — — Butcher and Cook (u/d)
Phryxe nemen 9 Butcher and Cook (u/d)
Platymya timbriata ? — — Butcher and Cook (u/d)
“P1” ;“CI” 3 “u/d” . SR IR Wolbachia
R
“
3 Laodelphax ’
striatellus (modification)” “ (rescue)”,
Table 3 The result of crosses between Laodelphax ’ “ 7
striatellus in different region ( Do “
Fl Fl ” “ ” s
Female Male .Fl Female Male .Fl “ ” .
Off-spring Off-spring
D+ + 35 D+ + 15 3 (
+ 59 + 21
_ “ ” “ ”»
+ 71 5+ + 61 )
+ 8 — + 0 “ )
— 37 + 0 ( B )
2 + 47 — 4 . : (D)
} 78 ©®©— } 0
+ 47 T 0 Wolbachia
— 29 + 0 “ 9 7
o4 n o H 0 ( )3 (2) Wolbachia
-+ 29 — 23 “Sink” R
— 39 90— + ? [20] I
51 15 . LU o
“q4r Wolbachia ,* —" Wolbachia. , “Sink” N
(D Yunnan, @ Shanghai, &) Liaoning, () Beijing, &) Sichun, ( HI. histone,like,protein)

© Ningxia, (@ Zhubo
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Wolbachia pipientis Laodelphax Striatellus ., Wol-
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CI . , Cl-Wolbachia fo-2i.23)
,CI . s
2.2

(parthenogenesis) ,

o

(arrhenotoky, AY)

o

(meiotic drive)

ers),

s

[6.16.19.22]
°

TWolbachia
PI-Wolbachia

’

[20.27]
°

2.3
lidium vulgare

PSF) o

(zz),

M)

(fixation) ,
Trichogramma deion B

o s

Wolbachia
[28] .
PSF  Wolbachia (
F-Wolbachia  DNA,
PSF (override) Z
zz+F  zz+1D),
f ;
M s
F (inhibit)

PI

F);

(thelytoky, TY),

(cytoplasmic sex ratio distor-
\ Wolbachia ,
Muscidifurax uniraptor

s o

PI ,

R Armadil-
(feminizing parasitic sex factors,
( )]
PSF,

(masculinizing gene,

F-Wolbachia .



416 22
Fischer 1930 s M o -
(female-biased) s f M
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3
100 base substitutions 1988  .Stackebrand Culex
Wolhuchia fisienis pipiens Wolbachia pipientis
Anaflasr s gl , W. pipientis a- (
Ehrlichia risticii iDL
Rickettsia rickettsii . W. pipientis
- Rickettsin prowesselii a Anaplasma marginale.Ehrlichia ris-
R&ﬁ"‘#ﬂmm relrm ticii . Anaplasma marginale
iﬁf::‘:nf:j::::mmn Wolbachia pipientis o
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T L gcette atorns s Wolbachia persica, RAN
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~& Neisseriu gmarrivece ! Wolbachia pipientis o
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Fig. 1  Phylogenetic tree derived from W. pipientis - )
(taken from Culex pipiens mosquitoes) and other rep- (vertical transmission)™**., us
resentative proteobacteria from the a,3,and 7 subdivi- sZ ’ N N N
sions. The topology shown in this figure was con- A-Wolbachia ’
firmed by the Exhaustive algorithm of PAUP Version 0~1.6 ’
3. 0. And the Gram-positive bacterium Bacillus sub- 200 o B-
tilis was used as the outgroup. Wolbachia ,
[20]
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s Odawara City, Kanagawa Prefecture, Furukawa City, Miyagi Prefecture
( 4~ 5,
4, 5 s ., FRK( s 3, Wolbachia (
5); N 5 UCH.TKS.KNS,URW  ODW, Wolbachia;
SDI.KRY  YIT, Wolbachia » 8%.33% 93%C 5),
,9 Wolbachia C 4~ 5,
4 Laodelphax striatellus ODW ., URW.KNS,TKS UCH
Table 4 Collection sites of the Laodelphax ( 87%) Wolbachi-
striatellus populations a, R
_— N) s Wolbachia s
O? ) Locality Latitude  Collection date s s
tion
FRK  Furukawa City?  38.33 10 Oct 1994 ° ’
SDI Sendai City® 38.18 10 Oct 1994 6% Wolbachia Drosophila simulans
KRY Koriyanma City®  37.12 21 Sep 1994 218l
YIT Yaita City™ 36.48 18 Sep 1994 1984 Noda R
UCH Uchihara Town® 36.12 16 Sep 1994 ODW Wolbachia 1994
TKS Takasaki City® 36.17 9 Sep 1994 . . .
. ) T ) S. Hoshizaki ODW
KNS Konosu City™ 36.02 9 Sep 1994
URW  Urawa City®  35.53 1 Sep 1994 Wolbachia 4 » URW.KNS,
ODW  Odawara City® 35.17 2 Sep 1994 TKS UCH, YIT.KRY.SDI
O] ® 3 @ 6 93%.33% 8%, FRK Wolbachia,
® @ ® ® o
12a  ,KNS,URW ,TKS,UCH
5 L. striatellus 9 sYIT.KRY.SDI
Wolbachi
obachia . Wolbachia
Table 5 The prevalence of infection with Wolbachia . . .
. ,S. Hoshzaki SDI.FRK
in nine natural populations of L. striatellus
Wolbachia o
Wolbachia
Popula- Male Female Total
tion N N+ N N+ N P o s
FRK 9 0 13 0 22 0 Wolbachia R
SDI 7 0 6 1 13 8 Drosophila simulans
KRY 3 1 15 5 18 33 Wolbachia (12,137 3
YIT 7 6 23 22 30 93 .
. Wolbachia s
UCH 5 5 5 5 10 100
TKS 10 10 15 15 25 100 100km .
KNS 8 8 20 20 28 100 5
URW - - 3 3 3 100 Wolbachia CI.PI
ODW 4 4 17 17 21 100 ,
“N”.“N+" “p” Wolbachia B ,
N s CI s s
s ( ) ; s P1 ) Wolbachia
R Wolbachia s °
., Wolbachia  CI.PI s s
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