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ABSTR{CT To determine titc dcgree of within population diversitv of a parthenogencsis induc-

ins $bllrdchia svmbiolrt in the parasitic wrsp Tnctugralnna ka|�k4iPinto Platncr & Stouthaner' wc

.i*tl.l"a ]>zoo isofenalc lines of this (pa'tl-v) parthenogcnetic spccies from the Californian

Moiav.i Desert. Thcse werc screencd with ltroibariid-specific polvmerasc chain rcaction pnmers

l"'i"r."li.r **.f ls.,17o was found We thcn generatcd 45 DNA sequences for thcftsZ genc and

comparedthesewith lgsequencesfromothcrTr i . ,hogra,nmtspccies 'Wefoundasinglenuclcot ide
"".itiun diuq""sti" fo. rhe i &dvkai svmbiont. Phylogenctlc analyses n,dicated that this diasnostic

p o s t i o n i s a " d e r i ' c d c h d r a c t e r d | d t h r t d l l t h c w o l b d . l l i d s - v m b i o n t s i n l k d u k , i a r c v e r y c l o s e l - f
rc laLed rhrs suagorr '  Lh,r  J l  or  r l ' .m or ig i la l '  hoar J s inqlc ln"sLral  i r r f 'c l io ' r '

IGGY WORDS Tri.hngramfln, Wolbachid, DNA sequcncing bactcnal svmbiont. gcnctic variation

Tnr: Pnot<,rnvors lVolbaclia is .r common cndosymbi_

ont in arlhropods (W. rrclr et al l995ar'  l l  is trpic'r | l1

transmittcd vertically (i.c., from mothcr to offspring

via the egg cytoplasm). Likc ccrtain other vertically

transrnitted svmbionts (Hurst 1993 ), it ha-s evolved thc

ability to incrcase its own transmission bv altcring thc

host's reproductive charactcristics Threc distinct

types of such host manipulation havc so far bccn

rcported for Wolbaclria First, cytoplasmic incompat

ibilitv. in which the symbiont satrotagcs the fcrtiliza-

tion of uninfected cggs by infected males (O'Neill ct

zJ. 1992. Brlcrrwer ard Wlrrcrr I990) Second in iso'

Dods i l  causes lcrninizal iorr and cgg produtt ion in

ecnetic nrales (Juchaull  ct al.  1991r. Third. in scvcral

ilymenoptera it induces parthcnogencsis. [n thcse

haplodiploids, the symbiont restores diploidv (hcnce'

female gendcr) jn cggs that normally would havc

developed as (haploid) malcs. Thc phenomcnon has

bccn reported in various parasitoids (Stouthamerct al

1993- Zchori-Fein et al.1995,Van Meerct al.  1995), but

i t  has been b.sl studicd in th. cgg parasitoid gcnus

TricholramfiLa (Stouthamer ct al. 1990; Stouthamer et

al. 1993, Stouthamer and Kazmer I994)
Recent studies have eluci<lated the phylogeny of

thc various Wollachio strains usingsequences ofPCR

amplif fcd r ibosomal (O Neil l  ct al l992 Hou\\ct cl  dl

1992, Stouthamer et al. 1993) or protein-coding (Wer-

ren et al. 1995b) genes. These studies havc ffrmly

established that the 3 distinct effccts of Wolbochia clo

not follow any phylogenctic pattcrn. Thcy also dcm

onstrated thc existcncc of 2 monophyletic groups of

straiDs, types I and ll. However, thc genetic v:rriability

of Wolbachtu in a single host population has hardly

been investigatcd. Thc only obscrwations of this kind

conccm hosti  lhal t ' \ l r ibi t  cvtoplasmic irrcomp.rt i l ) i l i t  !

{Brecu*er ct al. 1992. Werrcn ct al. 1995b) A par-

ticularly wdl'studicd examplc of this is Drosoplrila
.rimdarL!, in $'hich 4 differcnt Wolbachin varia;rts arc

found, in some cascs producing double infections (i e ,
irrfectiorr:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::with -l \Volhar'ltiu slrrin) lVcrlol ct ul

1995). In cytoplasmic incompatibi l i t ] .  such mult iplc

infcction is to be expccted; aRcr an initial cytoplasmic
incompatibility Wolbachia has sprcad to 6xahoD, thc
popol"tiott is available again for inva-sion by a 2ntl

cytopla-smic incompatibility Wolbdclri.r (Rousset and

Solignac 1995). Although multiplc irfections of par

thenogenesis-irrducing Wolbachia xe not known' thc

samc is likcly not to be truc for them; once parthe-

nogenesis is established, a ncw strain probablv will no

longer have a mcchanism by which to inva(ie

On the othcr hand, a host spccies in $'hich the
parthcnogencsis wolhrchia is not established in the

entirc population,likc most spccies of ?ri chogramma,

misht still bc invaded by additional parthenogcnesis-

causine strains. Also, in analogy with organelle evo-

lution,ihe wolbachia lineages in different populations

of the same host species might diverge and mix upon

secondary cortact, or genctic diversity might arisc

within a single population. All these proccsses would

rcsult in a nonuniform Wolbathia population. This

Dossibilitv has ncver been investigated; type I DNA

i.o.,,n.. .  from sevcral parthcnoglncl ic fr i .A.,
grummd spccics havc hcerr publ ished lRoussel ."t  al

igg2, Stouthamer ct al. 1993, Werren ct al. 1995b). but
rcre"t "ddres' Iab"ratory of Genetics, Wageninge' Agricul

iural UDilersity, llreiicrlsn 2, 6703 IIA Wageninsen The Nethcr

0013-87,16/98/0.110 041,t$0200/0 {O 1998 Entomologrcal Societv of Am'rica
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fcmale emerging from the 29th host frorn Danby

uorrlcl be rcfcrred to as DA-29-2. Thesc single fcnralcs
rvere then allowed to parasitizc eggs of tllo mtstra bnu

sicae (L.). The Fr *'.ts evaluated to dccitlc whcthcr
l ines wcre parthrlogenctic or noi,  usirtg a fcrnale/

total offspring rat io of 0.9 or higher as thc cri tcrr ion.

Aftcr this, al l  isofemalc l i les *rrre culturcd continrr

ousl,v on Eplre.stia kuehniella Zeller. Nlost lincs were

identi f fcd rnorphological lv by J. D Pinto (Universit l

of Cali fornia. Rivcrside); for the rcmaining l incs, a

PCR-bascd technique *'as used (Van Kan et al 1996;

unprrtr l ished data). Voucher specimcns have bccl
p l a r cJ  i n  t h ,  r o l l c c t i o r r  o f  t he  l ) cp r r tm l r r l  o [  EnLo
n ro log l  r - , f  t h , 'Un i vc rs i t r  o ICu l i f o rn ia  H i r c r s i d ,  Cu l

t lrrcs wcre maintained at 25"C,60-7OVo RH, and a
photopcriod of 1618 (L:D) h.

Molecular Tcchniqucs. DNA vvas extracted frorn

t 5 individuals from cach l inc, which werc ground in

100 pl of a 5% suspcnsion of Chelex I00 (Bio-Rad,

Herculcs, CA) with 3 pl protcinase K (20 mgi ml). and

incubatctl for at least 2 h at 56'C, followed b; 5 rnin at

95'C. In some cases, a phr:nol chloroform cxtraction
antl cthanol-NaAc prccipitation was dont: fbllo*'ing

Stouthamcr et al.  (1993).
All lincs, both scxual and parthcnogelretic, were

checkcd for thc presence ol Wolbathia using diag-

nostic PCR ofthcf isZ genc. as describcd in Holt len ct

at. (1993). A minority of thc l ines wcrc checkcd using

thc pri  ers and protocol from Werrcn et al.  (1995b)

Each PCR rcaction was carncd out in a 50 ,rl reaction

volumc, using, apaft fronr standard conditions, 0 5 U

trto.. t6 1111A-n"lvrnerasc. 5 pmol of cach primer.

- i  .  f inol lVsl I  . ' f  2.8 mM 4s a ct,ntrol PCR

reactions also wcre performed on I)NA from the field

host Apoclania, as well as the 2 laboratory hosts, M
hrassicae and E. kuehniella

Polymcrase chain reaction products were not se
quenccd direct ly becausc init ial  attcnpts produced
g;ls with multiple signals. Instcad, we usctl thc fol-

t*.ing cloning proccdure. PCR products werc ffrst

cxciscd frorn agarose gels, extracted by the frceze

squeczc tcchniquc (Sambrook et al.  1989), and cloned
in a pMOSBlue T-tailed vector (Amcrsham Lifc Sci

ence, Lit t le Chalford, England). Rccombinants werc

checked forthe prcscnce ofthc correct inscrtby rapid

direct colonv screening, as recommendcd by thc marr

ufacturer. Positivc colonics werc then grown over_

nightin liquid medium,:urd plasmid DNA was isolatcd

using QIAPrcp spin columns (QIACEN) The inscrt

w:rs sequenced in both directions on an ABI auto
mated scqucncer. To minimisc sequencing errors, the

clectropherograms were chccked by cyc. From Inost

I incs, asingle clone was scquenced. with thc cxception
o fLC  I28  (gc lones ) ,AW 1 l - l  ( 2  c l oncs ) ,  AW-7 -3  (2

clones), and LC-10-3 (2 cloncs).
Sequencc Analysis. Aftcr deletion ofprimcrs, all 45

typc tJ+sZ scquences were aligned against those frorr

I2 other Trichogretuna species and (to bc used as arr

outgroup) a Protocallipfiora spccies. Thesc sequcnces
h; bcc" reported bl wcrren ct al (f995b) and

Schil thuizen and Stouthamcr (1997); GenBank acces-

sion numbers U28198-211t02, U74171'U7'{'{85. Bc

Fig. l. Study- area, with collcction sit-'s for T kavftai
iidicatcd. AW, Dillon Roadr DA, Danbvr LC, Last Chancc
Canvonr RB, Road to Barstow.

usuall-v lo attcmpt h&s bccn made to assess gcnetic

variabilit) \a,ithin a singlc host spcci cs. Scq[en ccs from
>l loc:rlitr arc known only for Tichogrammtt deion

Pinto and Oatnran (Stouthamcr ct al.  1993). among

u,hich a ccrtairr dcgrcc of diversit) was detected.
Honevcr, from cach of tbc 4 local i t ics onl-v single
cloncs were scquenced, so i t  is unclcar i f  this rcl lects

among' or within populat ion divcrsitv.
Th(- 'objcct of this studl is to dcterminc the degrcc

of genetic <liversity ir tbe Wolbachia prcsent in par

thcnogencdc individua.ls of a related spccies, Tri
clngramma kagkai Pinto, Platncr & Stoutharner' This
specics par:rsitizcs eggs oIthc lycacnid l)utterll] Apo

clemia monno (Felder & Fclder) on Eriogonum inJla

,rrm in thc Czr.lifornian Mojavc l)esert (l'into et al.
1997). As in most p:trthenogenetic fricfio gruTbtw spe
cies, thc lVolDachia infection has not gonc to fixatiolr'
but sr:xual and parthenogcnctic individuals live sideb,v
sidr: ill thc samc populatiol. In fact. gene flow occurs

bctwcen thc infected and the uninfccted parts of thc
population becausc parthenogcnetic fcmales u'ill
matc with malcs and fcrlilize somc of tbcir eggs
(Stoutharner and Kazmcr 199'1).

Matcrials and Methods

Collecting Wasps and Maintaining Cultures. Apo
d+tnia egg,s wcre collcctcd from E. infliturn :* l lo'

cal i t ics in thc Mojavc l)csert (southern Cali fomia):
Last Chancc Canyon (Kern County), Di l lon Road
(San Bcmardino County), Road to Barsto$ (SanBer

nardino County), and Danb;' (San Bcrnardino Coun
ty). Thesc k;cal i t ies arc'hereaftcr relerred to as LC,

AW, RB, and DA, respectivcly (see Fig. 1). Ep€is wcre
placed in gelatin capsules and left to cmerge Eggs
from uhich femalc para-sitoids ernergcd were assigned
thcir localitv code and a numbcr. Because usrull,v >l

fcmale emcrgcd from a host, each female was identi_
licd with an additional numbcr. For example, thc 2nd
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cause dclct ions were virtual ly abscrrt,  al ignment could
be carriccl out manuall;.

Whcn type II  sequcnccs wcre encountered (divcr
genL \Volhachio strains. unrclatcd to the t-vpc I nor
nralll found ft Trichogramna lstouthamcr ct al.
1993]), thcso wcrc al igned separatcl) agains[ somc
other typc II sequcnces. narnell' from Dros ophilu ru:la
ttogda\t tr, Nasoir-ia git aulti, N. longi(:omis, and N. uirri-
pennis (f iom Wcrrcn ct:r l .  (1995b);GcnBalk acces
sion nrrrnbers U28189, U21i182, U 28187, and U28l8l i) .

Tht: t-vpc I alignmcnt x,.rs submittcd to thc EMBL
Nuclcotidc Scqrrcncc Databasc and c:rn trc obtainecl
fronr f tp:/  /  f tp.cbi.ac.uk/ pub / databast:s /  cmbl/ zr l ign,
undcr rcfcrcnce numbcr DS25907. A singlc typc I
scquence from t fraxkai and 2 type II sequenccs frorn
Epll'-slia have becn dcposited at CenBank (acccssion
nrrrnbers U59696, U62125, and U62126, rcspectivcly).

The usc of 2 sets of prinrcrs gavc type I sequences
of different lcngths; 716 bp (primers from Holden et
al. l99l)) and 955 bp (prirrcrs from Werrcn et al.
1995b), with an ovcrlap of 62,1 bp. The rcsult ing
strctchcs of missing data on both ends ofthc al ignmcnt
wcrr: left  untr immcd. The data werc thcn cntcred in
PAUP 3.1. l  (Suoffbrd 1993) and analyzed vvit l t  aheu-
ristic scarch fbr the optimal trcc, trcating gaps as sth
base. Wc used 10.000 random addition sequence rep-
licatcs, *,ithout branch swapping, to prevent bias to
u,ard a particular topolo€$' in thc rcsulting most par'
simoniorrs trccs. Trccs wcre rooted with the
Protoculliphora scquerrce, on the basis of the tree in
Werren ct al.  (1995b ) .  Consistency indiccs (Kluge and
Farris 1969) also were calculatcd. Topological stabilit-v
ofthe type I tr.rcs was nrvcstigated with T-PTl'tcsting
(Faith 1991). This was donc $, i th test version d53 of
I'AUP*.1.0, usingthe same search settings as dcscribetl
a.bovc. although thc nrrrnber of random addition rep
licates was limitcd to 100, to avoid prohibitivcl-v
lengthy crrrnputing- The rcsults arc hcre included with
pcrmission from thc author of PAUP*4.0, D.L. Swof
ford. Thc smallsizc of thct,vpc  

 

data matrix pcrmittcd
an exhaustivc search. The resulting trccs wcrc rooted
with thc Trichogramma corduhensis scquence, and a
strict conscnsus *,as calculated.

Results

PCR Assay, The PCR a.ssay showed thc prescrce of
Wolhtrchia ir onll l of thc 3 lcpidopteran hosts, thc
laboratory lrcsL E kuhniella. Spccilic PCR and sc-
quence analysis of2 cloncs dernonstrated that this was
a tlpe II strain. lt is probably identical to thc tlpc II
strain that was rcportcd frorn a culture of this spccics
in Antibcs (Roussct et al.  1992).

Arnong2ll T. kagkai lincs culturcd and PCR-tested,
35 (77%) were parthenogcnctic and PCR-positive.
This percentagc is an overestimate of the infcction
ratc, bccausc multiple lines from I host (c.g., DA 29 1,
DA-29-2) were not maintained in culturc whcn sexual.
Corrcct ion fbrthis yields l9infcctcd mothers ofatotal
of 154 ( i .c.,  an estimatcd dcgrec of irr fect io n ot 1,2-1%) .
ll{y'c did not ffnd any PCR-ncgative, parthenogenetic
lines. In 2 cascs, however, PCR products wcrc dcrived

Fig. 2. Strjct consflrsus trec ovcr all most parsimonnnrs
trees for thc typc ll sequences (obtaincd from scxual lincs
and possibll' rcsult fronr contann,atioD).

from scxual lines. Sequcncc anal-vsis showed thesc to
l)elong to typc ll-stru:r Wolbachia.

Phylogenetic Analysis. Two hundred and thiftccn
most parsimonious trees ( length t24) wcre gcnerated
in an exhaushve search on thc typc Il data. ln the
consensus trcc (Fig. 2), al l  .1 type II  scqucrrces cn
cotrntcrcd during this studv (2 from E. kuhnielLa,2
fronr sexual T. kaqkai linas) are compared with each
othcr ald with othcr type II sequences.

The analysis of thc type I data indicatcd thc prcs
encc ofa single diagnostic nuclcotide lbr LheT. kagkai
symbionts: at position 850 all cloncs fronr this species
carricd a G, and all other scqucnccs (Trichogrumma
and the outgroup) had a T. In fact, the majority rulc
conscnsus over 2,500 most parsimoDious trccs
(length - 169; consistency index - 0.93 lFiS. 3l),
showed that all 45 T. kaukai cloncs tend to lbrm a
monophylct ic group because of this synapomorphl,
although occasional)y a scqucncc f iom l of the othcr
Tichogrumtna, which lack this character statc, also fell
in this clatle. The T-PTP value of 0.01 also gavc sig-
niffcant support for a morrophvletic origin for all T'
kayrtoi sequenccs.

within T ftdyk.ri itsell llttle variabilitv was ol;
sewed. All type I sequenccs showed a high degree of
similaritv (-99%). Diffcrences were found at 82 of
1,047 positions, but bccause these were all singlc sub'
stitutions or sharcd lry onl,v 2 or 3 scqucnces, they
were intcrprctcd .rs PCR artifacts, sullgcsting a pol)'
merase infrdclity of -0.26% (90 changes in 34.941
bascs scquenced). This corrcsponds to inffdelities
found in other studies (c.g., Stewart et al.  1995).

Discussion

The type-Il tree (Fig. 2) su!€icsts thc presence in
LC-Ill of a scquence similar to thc one irr E. ftlslt
nietb. This is a common phenomcnon in Trich
ogramnu cultures rearcd on this host, and ongoing
rcsearch is to dctermine whether this is thc rcsult of
contamination or horizontal transmission (M.M.\{.
VaD Meer and J. Witteveldt, pcrsonal cornmunica
tion ). The sequence from LC-36 3 is very similar to thc
N. oilripannir sequencc, which also might su€lE{cst con-
tamination, becausc this species is used in our labo-
ratory. This secms a likely explanation, bccause isofe
male lines foundcd by sisters of LC-36-3 all proved
PCR-negativc.



Scrrn,ntuur\ t,-t.  L.: PARTIll\ocll\Esls hDUcI\c Volbachia 413
Jul1 1998

A,rl.8 2

ic.95
8 8 - r '
tc-62
LC ,13 3

t 4 4 3 2
L C  1 C . 5

LC. r28 A
L C - 1 2 3 ' B
LC-128 C
LC-128 0
1 c . 1 2 8  a
L c - 1 2 8  F
!c.128 G
1C.128 H
LC- 128
L C . 1 O  3  A
AW-7 3 B
AW,8 3
A W 8  ]
AW.7 5
R 8 . 1 9  1
1C,140
AVt 11 2

DA-29 2

t c . 1 9 0
1C.105
1C.55
L C  r 9 . 1
LC r 9-.1
LC 43 l
1 C 1 0 2
i 9 ' 2  3
B3 r? .1
A\,!' 7 2
F 8 . 1 9  2
R 8 . 1 9  3
LC.r0-3 B
A W - 1 1 .  r  B

roer c! rn231
s berc! . . is  B

ourgro!p Frctoca ranora

!-ig.3. Majority mle conscnsus rrcc for the typc I sequences, bnscd on 2,500 cqually parsinonious trees, with a consrstenc)r

i.+i.]o.glt. il,ttipt..loncs Fom thc same isofemalc linc wcre identified with an additional letter' olcae. r. oleae (Tunisia):

nmretiosunr- T. cl rtrertofl (Ntt Sh.rsta. CA)l prctiosumHAw T Preriosam (Kauai llawaii)i prctiosumNl' T t)r{]'io$'m

; i i i ; , .  , ; ; ; ;  v^ i . ,  a. , . ,v . , .  r - r l " ior  r  vc i r i fe"  vJ l"y.  CA .  dnionvc.  r  dpiun ,  vounrair ,  ccnLer cA ' :  deionPM ,  
l

a"r,', ip;r,"' Mt.. cA), dcionsw, T deton lvojave Deseit cA)i deionln' I dei@ (Irvnrc' cA): dcionTx L.dei"n

(s.ndcrso,,. rx); ,Ne* Brunswick", undescrib cd Trichogramnn spccies (New Bnmswick, criada)i platneriNc. t pra.ruri 
\

iN;;;.. cal', pr".*iru. r pk r,,ri (Rivcrsidc. cA); cordubcnsis. r..codrbensis (spanr); sibcncum23l, ! .si..bTyn
iiil"f'-."a. c."'a'f, .ibcricL,rndIB, T sil,.ri.vm (cdrada)r chjlonis T chjl'rls (Kauri' Hawaii)i nubijale' r' n bjl"l€ (Nova

Scotia)i brevicspillum.T hrexicapillum (Mojave River Forest CA)'

Thc type-I trces indicatc that thc Wblbac[id strains
iT  ka ryku i  a r c  r cn  r im i l . u  i nd ,  r ' d  l o rn r i nc  a  monr '
phvlctic gror4r, which is indicative of a single, ances

tral infection. We sec no evidcnce for infection with
>l strain, although thc compctitive nature of PCR

mryhavc preventcd rare co-occurring variants to have
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bccn pickcd up. Sornc pairs of clont:s tcnd to be
groupr- 'd togethcr. but this is causcd b-v thc PCR art i
facts rncntioned prcviouslv and should not be re
garckxl .rs cvidencc for intrapopulation stnrcturing.

ln summary, our dat:r sugqest that all thc parthc-
nogcncsis-inducing lVolDar:lric strains in T. kaykui nc
dcsco:d:rnts of a singlc anccstral infcct ion. An-v sub
scqucnt inlect ions with othcr 1l 'olbachio strains havc
eithcr not occurrcd or lrar e noi becomc cstabl ishcd.
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