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(1)

In tegenstelling tot de gegevens over hetftsZ-gen blijkt fylogenetisch uit de wsp-gen- en de
'spacer 2 region'- data dat Wolbachia geassocieerd met de pissebed Armadillidium vulgarein grote
mate afwijkt van de andere typen Wolbachia.
Ditproefschrift.

(2)

Aangezien thelytokie-inducerende Wolbachia van gefixeerde gastheer-lijnen relatief goed
aangepast zijn aan de gastheer, zijn deze typen Wolbachia waarschijnlijk hct minst geschikt om
naar een niet-verwante gastheer over te brengen.
Ditproefschrift.

(3)

Omdat Wolbachia maternaal overerft, is het het meest efficient om micro-injecties uit te voeren
in een Nasonia-]i]ndie de 'maternal sex ratio-distorter' bevat aangezien deze lijn het hoogste
percentage vrouwelijke nakomelingen heeft.
P a r k e r , E.D. and Orzack, S.H. (1985) G e n e t i c v a r i a t i o n f o r t h e sex r a t i o
i n Nasonia vitripennis.
Genetics 110: 9 3 - 1 0 5 .

(4)

De vergelijking van arrhenotoke en thelytoke lijnen van Trichogmmma minutum door Wang &
Smith (1996) heeft geen informatieve waarde aangezien de auteurs de nucleaire- en Wolbachiacomponent niet afzonderlijk hebben bekeken.
Wang, Z. and Smith,
S.M.
(1996)
Phenotypic differences
between
t h e l y t o k o u s and a r r h e n o t o k o u s Trichogramma
minutum
from
Zeiraphera
canadensis.
Entomologia Experimentalis
et Applicata
78: 315-323.

(5)

Aangezien vitamine C naast antioxidatieve ook oxidatieve kenmerken heeft, zou de supplementindustrie onderzoek moeten financieren naar de relevantie van deze bevindingen voor de
groeiende groep consumenten.
L e v i n e , M., Daruwala, R . C . , P a r k , J . B . , Rumsey, S . C . , Wang, Y.H. (1998)
Does v i t a m i n C have a p r o - o x i d a n t e f f e c t ? Nature 395: 2 3 1 .

(6)

De slogan 'the only solution for pollution is dilution' is niet alleen voor homeopaten
onacceptabel.

(7)

In het kader van de Europese integratie zou de noodkreet "HELP!", die in veel Europese
landen ergverschillend is,naar een eurotaal omgezet moeten worden.

(8)

Spellingscontrole-programrna's verslechteren de parate taalkennis.

Stellingen behorende bij het proefschrift:
Phytogenyandhost-symbkaitinteractionsofthetytokyinducingWtJbactaam Hymenoptera
Wageningen, 7 mei 1999.
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Chapter 1

Generalintroduction

History
Wolbachia are endocellular bacteria that belong to the family of Rickettsia (aproteobacteria) and infect numerous species of arthropods (Werren, 1995ab). Wolbachia
was first described in the gonads of the mosquito Culex pipiens by Hertig and Wolbach
(1924) and was officially named Wolbachiapipientisin an additional microscopical study of
the same species (Hertig, 1936). The effects of this bacterial infection on its host was not
clear till Yen and Barr (1971) established that cytoplasmic incompatibility (CI) was
associated with the presence of Wolbachia. CI isasignificantly reduced egghatch in crosses
between infected males and uninfected females whereas all other crosses are fully
compatible. Since then Cl-inducing Wolbachiahave been detected in numerous other
arthropod species, including flour beetles, weevils, planthoppers, fruit flies and Aedes
mosquitoes (Wade and Stevens, 1995;Hsiao and Hsiao, 1995;Noda, 1984;Binnington and
Hoffmann, 1989;Sinkins etal.,1995a).In related research, several maternally-inherited sex
ratio distorters were discovered (reviewed in Hurst etal, 1993) covering a wide array of
different microorganisms including spiroplasmas in fruit flies, male-killing Ricketssia in
ladybird beetles, male killing microsporidia in mosquitoes, feminizing (genetic males are
converted into functional females) bacteria in isopods and thelytoky-inducing (unfertilized
eggsdevelop into daughters) bacteriainhymenopteran parasitoids.

Phylogeny of Wolbachia
During the 1990's the establishment of modern molecular tools made it possible to
characterize the CI-Wolbachia and the different sex ratio distorters by sequencing the 16S
ribosomal DNA. According to these sequences, close relatives of CI inducing Wolbachia
are Ehrlichia, Cowdria and Anaplasma which are pathogens of mammals transmitted
through arthropod vectors (O'Neill etal.,1992).Two other phylogenetic studies based on
16SrDNA (Rousset etal, 1992b;Stouthamer etal, 1993) showed that thelytoky inducing
(T-)bacteria inparasitoids andfeminizing (F-)bacteriainisopodswere closelyrelatedto CIWolbachia and formed a monophyletic group. Sequence divergence among different
Wolbachia strainswasup to only 3%andthe group wasdivided intotwo subgroups (type I
and II;Stouthamer etal, 1993).
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An unexpected finding was that Wolbacbiastrains inducing CI, T or F did not form
distinct groups and CI- and T- Wolbacbiawere found in both subgroups. Because 16S
rDNA variation was relatively limited, other genes like 23S, the cell cycle gene ftsZ
(Holden etal, 1993),the groE-homologous operon (Masui etal, 1997) and a gene coding
for an outer membrane protein (wsp) (Braig et al, 1998) were sequenced to improve
phylogenetic resolution between different Wolbacbia strains. The 23SrDNA data did not
improvephylogenetic resolution (Rousset etal, 1992b).
An extensive phylogenetic study of different Wolbacbiastrains based on the ftsZ gene
showed a maximum sequence difference of 15% between the different strains. The two
divisions were confirmed and were named groups A and B,corresponding to type II and I
respectively (Werren etal, 1995a).Basedupon synoymous substitution rates oifisZ, group
A and B Wolbacbia divergedfrom each other 58-67million years ago (Werren etal, 1995a)
and both groups were found in a wide variety of insect species. The maximum sequence
difference of the ftsZ gene was relatively low within group A (3%) and suggested that
extensivehorizontal transmission hasoccurred recentlyinthisgroup (Werren etal, 1995a).
Finally, a phylogenetic study was done based on the wsp gene, which exhibited higher
variation between Wolbacbiastrains than the ftsZ gene (14% variation within the least
variable group A Wolbacbia)(Zhou et al, 1998). This study showed that the Wolbacbia
cladewas subdivided into supergroups A and B (synonymous to group A and B) in which
twelve distinct groups were recognised based on 2.5% sequence difference (Zhou et al,
1998). In addition, the wsp gene seemed better at associating the Wolbacbia (CI or T)
phenotypic modification of the host with their phylogenetic position (Zhou etal, 1998;
Bourtzisetal, 1998)comparedto theftsZ gene.

Distribution andhorizontal transfer of Wolbacbia
A recent survey in Panama have shown Wolbacbiato be present in at least 16.9% of
sampled insect species belonging to many major insect orders, such asColeoptera, Diptera,
Hemiptera, Hymenoptera, Lepidoptera and Orthoptera (Werren etal, 1995b).Wolbacbia
was not detected in Odonata but only two species were tested from this order. Other
studies showed that Wolbacbia alsoinfects severalisopod species (Crustacea) (Rousset et al,
1992b), mite species (Chelicerata) (Breeuwer, 1997) and even a filarial worm (Nematoda)
(Sironietal, 1995).
Phylogenetic studiesbased on 16SrDNA and/bZ showed that the phylogenies of host and
symbiont were not congruent and suggested that horizontal transfer occurred frequently
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between different insect orders. Indeed, several microinjection studies showed that
Wolbachia can adapt to different cellular environments and could even betransferred from
the mosquito species Aedes albopictus to Drosophilasimulans (Braig et al., 1994). How
horizontal transmission occurs in the field is unknown, but there are a few indirect
indications. It was found that Wolbachia of the parasitoid Nasonia spp. and its host
Protocalliphora sp.clustered together based on t h e ^ Z gene suggesting Wolbachia exchange
between these species (Werren et al., 1995a). In another study Schilthuizen et al. (1997)
found that inthe distinct Wolbachia group oftheparasitoid Trichogramma, the phylogenies
of the host and Wolbachia were not congruent either and excluded host symbiont
cospeciation asthe explanation for the pattern. It was therefore hypothesised, but not yet
shown, that horizontal transmission occurred in the host of Trichogramma namely,
Lepidopteran eggs. Trichogramma can superparasitize these eggs so that infected and
uninfected larvaecan resideinthe sameeggs.

Types of reproductive alterations inhosts dueto Wolbachia infection
1.Cytoplasmic incompatibility
There aretwo forms of CI:unidirectional and bidirectional. Unidirectional CI isexpressed
when sperm from an infected male fuses with an uninfected egg,resulting in zygotic death
in diploid species and in parahaploid mites, or in male production in hymenopteran
haplodiploid species. All other crosses are compatible (Table la). Bidirectional
incompatibility typically occurs when a male and a female harbour a different strain of
Wolbachiathat aremutually incompatible (Table lb).
The mechanism of CI is unknown, but it involves a two component system of
modification of the sperm and neutralization of this modification by the egg (= rescue).
Sperm does not contain Wolbachia and yet CI is expressed. Probably, the bacteria in the
testesmodify the proteins of thedeveloping sperm.When the eggharbours the same strain
of Wolbachia it can rescuethis specific modification, otherwise incompatibility isexpressed.
This model is confirmed by individuals which are infected with two different strains of
Wolbachiaand such superinfections create new compatibility types (Mercot et al., 1995;
Sinkinsetal., 1995a).Superinfected females can rescuesperm from single-infected males and
superinfected males, while single-infected females can only rescue sperm from males
harbouring the same Wolbachiastrain (Table lb).
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Table 1. Crossing schemes of the CI phenotype which is associated with Wolbachia infection in
arthropod hosts of diploid-diploid arthropods, parahaploid mites and haploid-diploid Hymenoptera.
ShadowedboxesrepresenttheputativeCIcrossings.

a.unidirectional incompatibility
"~~~~-—^Crossing
Offspring~~-~-~-^^

? XO*

?

w(a)x

^

Q»(4 J M 4

diploid-diploid

2<?

parahaploid

2 o"

g w(^ , w(a)

haploid-diploid

2 cf

QH") j-j**W

2^ rf w^

w(a): infectedwithCIinducing Wolbachia strain'a';-:nooffspring

b. bidirectional incompatibility
^~~~~~^Crossing
?" W x 6*
Offsprmg^~~~~~~~-^^
diploid-diploid
haplo-diploid

Q Ma) _*»'(!')

? x cTMab)

O H*)

,J* w(ab)

Ow(ab)rj>iw(ab)

gw(ab) •, w(ab)

, *<s0

- w<;$

cftf

gw(ab) •, w(ab)

w(a): infected with CIinducing Wolbachia strain 'a' ;w(b):infected with CIinducing Wolbachia strain'b';
w(ab):infeaed withboth Wolbachiastrains'a'and'b'; -:no offspring.

c.CI'rescuing' Wolbachia
"""""----^ Crossing o w ( a ) „*
off
^ ^ \^ - - ^ ^ ¥ XO
Offspring
diploid-diploid

+

O

Q*+)

_j*w(a-)

g w f r + J j w(a+)

? x a* wW
2 d"

Q *<*•)

.->» w( a + )

Q 4 ) J I W(*)

w(a+):infected withCIinducing Wolbachiastrain 'a';w(a-):infected with CI'rescuinginducing Wolbachia
strain'a';-:no offspring.

The cytogenetic mechanism of CI hasbeen described for several species (Lassy and Karr,
1996; Reed and Werren, 1995;Callaini, 1994)andwas related to early mitotic defects in
fertilized eggs of incompatible crosses leading to zygotic death. The severity of CI
expression isprobably dependent ondifferent factors, such as Wolbachia density, host-and
symbiont genotype.
Wolbachia density was positively correlated with the expression of CI (Breeuwer and
Werren, 1993; Sinkins et al., 1995b). In addition, antibiotic partially-cured individuals
showed a decreased CI compared to the untreated counterparts (Breeuwer and Werren,
1993; Clancy and Hoffmann, 1998). Finally, decreasing Wolbachia density and CI
expression correlates with the ageof the host (Clancy andHoffmann, 1998). This rule of

General Introduction
density and severity of expression is only valid within species because a study in different
Drosophilaspecies showed that there are differences in CI expression which were not
correlated with thedensity of Wolbachia (Bourtzisetai, 1996).
Secondly, host genotype can influence CI expression as shown in microinjection studies.
For example, Wolbachia expressinghigh CI (wRi)inD.simulanshasbeen transferred to the
sibling species D. melanogaster which showed relative low CI (Boyle et al, 1993). This
suggests that nuclear genes of D. melanogaster influence the CI expression of iwRi. In a
follow-up study, Wolbachiafrom D. melanogaster (wMel) was transferred to D. simulans.
WMe\ also induces slight CI in D. melanogaster but relatively high CI in transinfected D.
simulans, confirming the hypothesis that the host genome influences the CI expression of
Wolbachia (Poinsot et al, 1998). Microsocopical studies showed that this low CI in D.
melanogasterwasprobably caused by atenfold lower number of infected cysts in the testes
of malescompared to the number of infected cystsinD. simulans(Poinsot etal, 1998).For
malesit isadvantageous to lower the number of infected cystsbecausenon-modified sperm
can fertilize alleggs(infected andnon infected) inthe population.
Finally, symbiont genotype can also play a role in the expression of CI. Drosophila
mauritiana harbours a Wolbachia strain (wMa) which does not induce CI (Giordano etal.,
1995).When this strain was transferred to D. simulans,no CI was expressed either. When
wRi was transferred to D. mauritiana, CI was expressed. These results suggest that the
Wolbachiastrain genotype was responsible for the expressed host phenotype. In a follow
up of this study, eggs infected with wMa were able to rescue sperm from males carrying a
closely related CI inducing Wolbachia strain (Table lc;Bourtzisetai, 1998).
2. Feminization
To date, Wolbachia inducing feminization (F) has only been found in isopods (Crustacea).
Laboratory studies with Armadillidium vulgare (Oniscidae) showed that some mothers
produced highly female-biased offspring and that this trait was maternally inherited.
Inoculation studies showed that this trait was infectious and that it could be transferred to
other individuals that do not have this trait (Legrand andJuchault, 1970). The feminizing
bacterium acts by suppressing an androgenic gland which results in the transformation of
genetic males into neofemales. The neofemales have to mate with a male to produce
offspring (Table2).Genetic analysisofthis symbiont based on 16SrDNA and ftsZ showed
that it belonged to the monophyletic group of Wolbachia (Rousset etal, 1992b;Werren et
al., 1995a). Population studies of A. vulgare showed the prevalence of suppressor genes
against V-Wolbachia (Rigaud andJuchault, 1992).
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Table 2. Crossing schemes of the F phenotype which is associated with Wolbachia infection
in isopods.
Crossing

? x d*

? w(f)

cT ( f ) -> ?w(f)x d*

Offspring
w(f):infectedwithfeminizinginducing Wolbachiastrain'f;-: no offspring

3.Fecundityincrease
An increase of fecundity of infected hosts has been found for the egg parasitoid
Tricbogramma bourarachae (Girin and Bouletreau, 1995).Infected females produced at least
two timesmore offspring than the cured counterparts. Back-crossexperiments showed that
thistrait wasmaternally inherited. PCR on Tricbogramma strainsproducing high offspring
numbers showed they were infected with Wolbachia from group A (Vavre etal., 1999). In
this Wolbachia infected species,no other reproductive alterations havebeen found.
4. Tbelytoky
In Hymenoptera, the most common mode of reproduction isarrhenotoky, inwhich males
are produced from haploid, unfertilized eggs and females from diploid, fertilized eggs.
Thelytoky is a less common mode of reproduction, in which both fertilized and
unfertilized eggs produce diploid females (Table 3). In several wasp species thelytoky is
caused by bacteria of the genus Wolbachia(Rousset etal, 1992b; Stouthamer etal, 1993;
Van Meer etai, 1995;Zchori-fein etal, 1995).These bacteria alter the segregation patterns
of chromosomes in unfertilized eggs. Diploidy is restored by preventing chromosome
segregation in the first mitotic division (anaphase) which leads to the development of a
homozygous, thelytokous female (Stouthamer and Kazmer, 1994). The infected
thelytokous wasps can be reverted to arrhenotoky by treatment with several specific
antibiotics (e.g. rifampicin, tetracycline) or high temperatures (>30°C) (Stouthamer et al,
1990a). Wolbachia-mduced thelytoky is present in different families of Hymenoptera but
have not yet been detected in other orders (Stouthamer, 1997;Table 4).The infection can
be fully established in a population so that only thelytokous females are present (= fixed
population). But there are also cases, especially in the genus Tricbogramma, where
thelytokous females co-exist with arrhenotokous ones (= mixed population). In mixed
populations, thelytokous females are still able to mate and produce daughter offspring
sexually (Stouthamer andKazmer, 1994).
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A previously published model, which describes the dynamics ofWolbachia-miecxed
Trichogrammawasps in mixed populations (Stouthamer, 1997), indicates that when the
Wolbachia transmission efficiency is high and when Wolbachia impact on host fitness is
within a certain range, the infection will go to fixation. However, for several years, field
collections did not show large shifts in population infection percentages (Stouthamer, pers.
comm.).Therefore countermeasures againsttheinfection arelikely bepresent inthese mixed
populations.Model studiessuggestthat nuclear factors likethe heterosis effect (Schoenmaker
etal., 1998), supressor genes (Stouthamer, 1997) or a non Mendelian paternal-sex-ratio [psr)
factor (Van Tilborg and Stouthamer, 1998) could stabilize this infection polymorphism in a
population. PSR is a supernumerary 'B chromosome' and when amale, carryingpsr, mates
with an infected female, her offspring will be male biased (Table 3). Only recendy,
Trichogrammaspp individuals were collected from the field and crossing studies including
microscopal studiesshowedtheycarrysucha.psrfactor (Stouthamer, unpublished).
Table 3. Crossing schemes of the T-phenotype which are associated with Wolbachiainfection in
haploid-diploid Hymenoptera.

Crossing

? xo*

Offspring

?d"

?
o* cf

Q w (t)
n » ( ' ) j "(t)

°- w(t) x O*
Q W W Q WW

°. w ( t ) x C?pSr
rf Psrrf Vsr Q W W

w(t): infected with thelytokoy-inducing Wolbachia strain V; psr.males harbouring the paternal sex ratio
factor; -:no offspring

Implications of the useof thelytokouswaspsinbiological control
Thelytokous reproduction can result in a higher production of daughters per female than
arrhenotokous reproduction (Stouthamer and Luck, 1993). This can be advantageous in
biological control because only female wasps kill the pest species. The following potential
advantages of using thelytokous females v.s. arrhenotokous females in biological control
werepostulated by Stouthamer (1993):
(1) Fasterpopulation growth ofthethelytokous population
(2) Reduction of production costs because no resources are 'wasted' for the production of
males
(3) Easier establishment in the field because arrhenotokous forms must mate to produce
female offspring. When wasp population density is low, males and females may have
difficulties in finding each other. Thelytokous females do not have this problem and
can stillreproduce effectively atlow host densities.
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Disadvantages of thelytokous reproduction may be:
(1) Thelytokous females are homozygous and because sexual reproduction is absent,
genetic variation in populations is relatively low (Plantard et al, 1998). Therefore,
sexual forms will likely be able to adapt faster to changes in the environment. In
addition, hosts may evolve countermeasures against parasitization, which could be
circumvented only by the coevolution of the parasitoid. Evidence for the above is
limited and a preliminary study with fixed thelytokous populations of Encarsia
formosa against whitefly hosts did not support evidence for this hypothesis
(Stouthamer,pers. comm.).
(2) If sexual forms are made thelytokous artificially by the injection of Wolbachia, it is
unclear what the ecological implications are when these novel infected species are
released for biological control. There is concern that inundative release of parasitoids
may have an impact on non-target species or interfere with naturally occuring
parasitoids (for a review see Simberloff and Stiling, 1996).Because thelytokous wasps
can have faster population growth and they can still reproduce effectively at low host
densities, it should be taken into consideration that releasing thelytokous species may
pose an extra threat in the ecology of non target species compared to releasing
arrhenotokous wasps.

Overview of thesis and research objectives
1. Phylogeny
Objective: To identify genes that improve phylogenetic resolution between Wolbachia
strains and to determine whether Wolbachiastrains inducing different host phenotypic
modifications (CI ore T) are monophyletic.
Initially, Wolbachiawas taxonomically identified by the sequencing of their 16S rDNA.
A disadvantage of the 16S rDNA isthat it is relatively conserved and could not be used
to distinguish closely related Wolbachiastrains. In addition, Wolbachiainducing CI or T
did not form monophyletic groups. Sequencing of a more variable gene of Wolbachia
may adequately resolve the relationships between distinct Wolbachiastrains that display
different reproductive phenotypes. The cell cycle gene fisZ (Holden etal, 1993) showed
higher variation but it was still limited especially in group A (Werren et al., 1995a).
Therefore, the spacer 2 region and 5S rDNA was sequenced from different strains to
determine whether this region would improve the phylogenetic resolution (Chapter 2).
In addition, the membrane protein of Wolbachia (Braig et al., 1998) was sequenced of
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several T-Wolbachiastrains because an earlier study showed that this gene had the largest
sequencedifference among many Cl-Wolbachiastrains (Zhouetal, 1998) (Chapter3).
2. Host-symbiont interactions
Objective: Thelytoky inducing Wolbachia is transferred to Drosophila simulans to
determine ifT'-Wolbachia caninduce CIin anovel host.
Phylogenetic studiesshowed that the Wolbachia cladecan be subdivided into groups A and
B (Werren et al., 1995a). In addition, this study showed Wolbachiathat induce similar
effects on hosts are not monophyletic and arepresent in both groups.Very closely related
Wolbachiacan have quite different effects on their host and this finding led to several
hypotheses. One of them is that a non-specific Wolbachiastrain induces a distinct host
response,e.g. a Wolbachia strain inducing thelytoky in ahymenopteran host would induce
CI in adiploid-diploid host. To test this hypothesis, we transferred T-Wolbachia from the
fly pupal parasitoid Muscidifurax uniraptor to the fruitfly Drosophila simulans and
investigated whether thisinfection had any effect on itsnew host (Chapter4).
3. Microinjection protocol
Objective: To develop amicroinjection protocol for the hymenopteran Nasoniavitripennis
for prospective T'-Wolbachiatransfer studiesinthisspecies.
Wolbachiatransfer between species has been successfully performed by rnicroinjection of
Cl-Wolbachiainthe eggof the host species.The newly transfected speciesexhibited similar
CI as the donor species, although the intensity of the CI expression could be different
(Boyle etal., 1993;Poinsot etah, 1998).Because no microinjection protocol was available
for parasitoids,such aprotocol hadto bedeveloped.Initially,it wastried with the fly pupal
parasitoid Muscidifurax raptor but several practical problems in the injection procedure
could not be solved. We shifted to the gregarious fly pupal parasitoid host Nasonia
vitripennis because large quantities of eggs can be collected relatively easy compared to M.
raptorand many other hymenopteran species. This facililitated the testing of the different
steps of the micro-injection procedure. In addition, N. vitripennisisnaturally infected with
Wolbachiaso it is capable of harbouring this bacterium. A Drosophila injection protocol
was not suitable for this species.Therefore different injection protocols (Santamaria, 1986;
Chang andWade, 1994)were combined and optimal conditions were determined (Chapter
5).
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Table 4. Known cases of thelytokous reproduction in which evidence exists of Wolbachia
involvement.
heata antib.a wolb.a . b
cop.c References
Taxon
l.S.
Tenthredinoidea
?
?
?
?
Smith,1955
Pristiphora ericbsonii
+
Chalcidoidea
Pteromalidae
Muscidifuraxuniraptor

+

+

+

f

Spalangiafuscipes

?

?

+

7

?

+

?
?
?
?

?

?
?
?
?

Aphelinidae
Aphelinusasynchus
Aphytischilensis
A.chrysomphali
A.diaspidis
A.lignanensis
A. mytilaspidis
A. yanonensis

+

+
+
+
+

?

?

+

+

?
?
?
?
?
m
7

-

Legner,1985a,b;
StouthameretaL, 1993,1994
Werrenetal., 1995a;
VanMeeretal., 1999

Encarsiaformosa

?

+

+

f

Eretmocerusstauffen

?

?

+

?

?

Schlinger&Hall,1959
Gottliebetal., 1998
Gottliebetal., 1998
Zchori-Feiner^,1994,1995
Zchori-Feinet^, 1994,1995
Rossler&DeBach,1973
H.Nadelperscom;
Werrenet^,1995a
Zchori-Feinetal., 1992;
VanMeer<?£«£, 1995,1999
Werren<£*/., 1995a
VanMeeretal., 1999

Signiforidae
Signiphoraborinquensis

+

?

7

7

+

Quezadaeta/1,1973

Encyrtidae
Aponanagymsdiverskornis

+

+

+

f

+

Coccidoxenoidesperegrinus

+

?

+

f

+

Ooencyrtussubmetallkus

+

?

?

?

-

O.fecundus
Plagiomerusdiaspidis
Trechnitespsyllae
Habrolepisrouxi

+
+
+

?
?
+
?

?
?
?
?

?
7
?
7

?
?
?

Pijlsetal., 1996;
VanMeeretal,1999
Flanders, 1965;
VanMeeretal., 1999
Wilson&Woolcock1960a,b
Wilson,1962
Laraichi,1978
Gordh&Lacey, 1976
Unruhpers.com.
Flanders,1965

Platygasteridae
Amitusfuscipennis

?

7

+

7

?

VanMeeretal., 1999

Trichogrammatidae
Trichogrammabreuicapillum

+

10

?
?
?
?
?
?

?

+

+
+
?

Stouthameretal., 1990a,b,
Werrenet^,1995a

General Introduction
T. chilonis

+

+

+

m

+

T. cordubensis

+

+

4-

f

+

T.deion

+

+

+

m

+

T. embryophagum

+

+

?

?

+

T.evanescens(rhenana)
T.kaykai

+

+
+

?

?

?

+

m

+
+

T. minutum
T.nubilale

?
?

?
?

?

+

m
?

?
?

Xoleae
T.platneri
T.pretiosum

+
+
+

+
+
+

+

?

?

+

m
m

+
+
+

T. sibericum

+

?

+

?

?

T.sp
T. telengai

+
+

?
?

?

?
?

?
?

Cynipoidea
Hexicola sp. near websteri
Leptopilina australis

+
9

?

?

+

L. clavipes
Diplolepis rosae

+
+

Diplolepis spinosissima

+

Stouthameretal., 1990a,b,
ChenetaL, 1992,
Schilthuizenetrf/.,1997
Cabello&Vargas1985,
Stouthameretal, 1990b,1993
Stouthameretal, 1990ab, 1993;
Schilthuizeneta/.,1997;
VanMeeretal., 1999
Birova,1970;
Stouthameretal, 1990b
Stouthameretal,1990b
Stouthamer&Kazmer,1994;
Schilthuizen«<j/.,1997,1998;
VanMeeretal., 1999
Wang&Smith,1996
Schilthuizenettf/., 1997;
VanMeeretal., 1999
Louisetal, 1993
Stouthameretal, 1990a
Orphanides&Gonzalez,1970;
StouthameretaL, 1990a,b
Schilthuizen&Stouthamer,1997
Schilthuizen&Stouthamer, 1997
VanMeeretal., 1999
Bowen&Stern,1966
Sorakina,1987

Eskafi&Legner, 1974
W e r r e n e t ^ , 1995a;
VanMeeretal., 1999
Werren etal, 1995a
Stifle&Davrig, 1980;
VanMeer eta/;, 1995,1999
Plantardetal., 1998

The evidence is classified as males following heat treatment (heat), males following antibiotic treatment
(antib.), molecular evidence for Wolbachia presence (wolb.). In addition, information is given about the
infection status ofthepopulation i.e.ifthethelytokous forms arefound in populations where thelytoky is
fixed inthe population orifitoccurs mixed with arrhenotoky (i.s.),and ifthe males and females are capableof
successfull copulations (cop.).
a
+ , Evidence exists; ?information notavailable.
f,Thelytoky fixed in population; m,thelytoky andarrhenotoky occur in populations; ?, information not
available.
'Copulations are successfull (+)ornot (-).
Mating andsperm transfer take place,butnosuccessful fertilization ofeggs.
1
Mating ofmalesofthe thelytokous lineissuccesfull with closely related arrhenotokous females, butnotwith
thelytokous females.

11

Chapter 1
4. Female fitness studies of different T-Wolbacbia infected Trichogramma populations
Objective: To determine whether Wolbachiastrainsfrom fixed populations havelessimpact
on their host fitness compared to Wolbachiastrains from mixed populations.
In previous research, fitness studies of T-Wolbachiawere carried out with the fly pupal
parasitoid Muscididuraxuniraptor from a fixed population (Horjus and Stouthamer, 1995)
and three different Trichogramma lines from one fixed and two mixed populations
(Stouthamer and Luck, 1993). While no negative effect of Wolbachiawas found for M.
uniraptor, all Trichogramma lines showed a negative impact of the infection on total
offspring production while infected or uninfected females of the fixed population produced
an equal number of daughter offspring. We extended theseprevious studies by determining
Wolbachiaimpact on various life history parameters of six additional Trichogramma lines
from mixed and fixed populations (Chapter6).
5. Quality assessments of Wolbachia infected versus non infected lines in greenhouse
conditions
Objective: To study whether Wolbachiainfected thelytokous wasps do equally well as
arrhenotokous waspsinbiological control.
Theoretically, in biological control, thelytokous females may be better control agents than
sexual forms (Stouthamer, 1993).However, since Wolbachia can have anegative impact on
female fecundity (Stouthamer and Luck, 1993), other fitness parameters like host search
behaviour or dispersion could also be affected. This hypothesis was indirectly tested by
comparing the parasitization efficacy of two species of infected and conspecific 'cured'
Trichogrammalinesingreenhousecompartments (Chapter7).

Acknowledgements - IwouldliketothankPaulGrostal,JoopvanLenteren,andRichard
Stouthamerfor providinghelpful commentsonthisintroduction.
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Spacer 2 region and 5S rDNA variation of Wolbachia strains
involved in cytoplasmicincompatibility or sex-ratiodistortion in
arthropods

Abstract - Bacteriainthegenus Wolbachia arewidespread inarthropods andcaninducesex-ratio
distortion or cytoplasmic incompatibility in their host. The phylogeny of Wolbachia has been
studied using 16S rDNA and the cell cycle geneJisZ, but sequence variation of those genes is
limited.Thespacer2region (SR2)wasamplified to determinewhetherthisregionwould improve
phylogenetic resolution.TheSR2of Wolbachiais66bplong,showshighervariationthanftsZand
hasverylowhomologywithcloselyrelatedbacteria.DuetothesmalllengthofSR2of Wolbachia,
littlephylogeneticinformation couldberetrieved.

Introduction
Bacteria of the genus Wolbachia (oc Proteobacteria, Rickettsiales) are widespread in
arthropods and are inherited cytoplasmically. The infection can result in different
alterations in the mode of reproduction of the host such as cytoplasmic incompatibility
(CI),thelytoky (T)or feminization (F) (reviewedinWerren and O'Neill, 1997).
The 16S rDNA sequence data from different Wolbachiastrains suggest they are closely
related ( < 3%difference) and can be subdivided into two distinct groups (type I and If)
(Stouthamer et ai, 1993). Other genes analyzed from Wolbachia are the 23S rDNA
(Rousset etai, 1992b) and the bacterial cell-cycleftsZgene (Holden etai, 1993; Werren et
al.,1995a).An extensivephylogenetic study of different Wolbachia strains basedon theftsZ
genehasbeen carried out andrevealed amaximum sequencedifference of 15%between the
strains.The Wolbachiacladewassubdivided into group A andBwhich diverged from each
other 58-67millionyearsago (Werren etal., 1995a).
AlthoughftsZ variation ismuch higherthan 16SrDNA, it isstilllimited, especially among
Wolbachia in group A (2.7% maximum) (Werren etal., 1995a).In addition, no congruence
in host effect (CI, T or F) and phylogenetic relation of the different Wolbachiastrains is
found.

Thischapterhasbeenpublishedas:vanMeerM.M.M.,vanKanF.J.P.M.vanKanandStouthamerR. (1999).
Spacer2 regionand5S rDNAvariationof Wolbachiastrainsinvolvedincytoplasmicincompatibilityorsexratiodistortioninarthropods.LettersinAppliedMicrobiology28: 17-22.

Chapter 2
Sequencing of a more variable gene of Wolbachia may adequately resolve the relationships
between distinct Wolbachia strainsdisplaying different reproductive phenotypes.
Non-coding regions are expected to have higher mutation rates than relative conserved
coding genes such asfisZ. Non-coding DNA regions, which are relatively easyto amplify,
areintergenic transcribed spacers (IGS) and arelocated between 16Sand 23SrRNA (spacer
1 region) or between 23S and 5SrRNA coding genes (spacer 2 region). Wolbachia lacks a
spacer 1region (SRI) but has aspacer 2region (Bensaadi-Merchemek etal., 1995).Previous
studiesshowedthat thespacer2region (SR2)oftheseveralRickettsiasp. washighly variable
in comparison with 16S rDNA data (Stothard etal., 1994). This high variation suggested
that it could be apowerful tool for detailedphylogenetic study of closely related Rickettsial
species. In this paper, the SR2 and 5S rDNA variation of several Wolbachiastrains is
analysed to determine its potential for fine-scale phylogenetic resolution. The SR2 and 5S
rDNA were also sequenced for Cowdria ruminantium, a bacterium closely related to
Wolbachia (Stouthameretal., 1993)andfor the malekillingbacterium ofAdalia bipunctata,
which ismore distantly related (Werrenetal., 1994).

Materials and methods
Host and origin of the a Proteobacteria - The SR2 of eight different Wolbachia strains,
Cowdria ruminantium and the male killing bacterium ofAdalia bipunctatawas sequenced
(Table1).
DNA extraction— Total insects (from isofemale lines) were thoroughly ground in lOOuL
STE buffer (O'Neill etal.,1992)with asterilepolypropylene pestle and aphenol extraction
wasperformed (Sambrooketal., 1989).
PrimerdesignandPCR - The 23Sand 5SrDNA genesofRickettsiaprowazekii,R. bellii and
R. rickettsii (Genbank Database accession numbers U11018, U11015 and U11022
respectively) were alignedto search for conserved regionsinthose genes.The primers Ri-23S
(5'GTTTGAGAGGATCTGCC3') andRi-5S(5' CTCCCATGCCTTATGAC3') amplified 237bpof
23SrDNA, the SR2and 81bp of 5SrDNA ofAdalia bipunctata malekilling bacterium, but
PCR with Wolbachiaand Cowdria ruminantium resulted in no product. By aligning the
published 23S-SR2-5S sequence of Wolbachia from Culex pipiens (U50394) (BensaadiMerchemek et al., 1995) with the previously mentioned Rickettsia species, the following
primersweredesigned:Wol-23S(5'CCAGTTGATAGGCTA3'),Wol-5Sl (5' CTTGGCAACGAC
CTAC3') andWol-5S2(5'GTTTCATCGCTCTACT3').
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The primers Wol-23S and Wol-5Sl amplify 61 bp of 23SrDNA, the SR2 and 92 bp of 5S
rDNA (Wol-5Si). The primersWol-23SandWol-5S2amplify the sameregion including the
complete5SrDNA and29bpofthe3'flanking sequenceof5SrDNA.
For PCR, the temperature profile was 94°C for 3 min (1cycle); 94°C for 1 min, 44°C 42°C(ramp-1.5°C/ min),72°Cfor 30s(10cycles) and 30cyclesof 94°Cfor 1min, 43°C for
45 sec,72°C for 30 sec.All PCR products were cloned into aT-tailedvector (TA- cloning
kit; Invitrogen, San Diego, USA).Plasmids were isolated usingthe QIA-prep Spin plasmid
kit (Qiagen GmbH, Hilden, Germany) andsequencedon anABIautomated sequencer.
Table 1.Hostandoriginofthea Proteobacteriausedinthisstudy:(T: thelytoky;F:feminization;CI:
cytoplasmicincompatibility).
Host species

a proteobacterium

Geographic origin

Reference

TrichogrammadeionTX

Wolbacbia
groupB (T)

Sanderson,Texas,
USA

Stouthamer eta/., 1993

TrichogrammadeionSW

Wolbacbia
groupB (T)

Mojave desert,
California, USA

Schilthuizen and
Stouthamer, 1997

Leptopilinaaustralis

Wolbacbia
groupB (T)

Emmeloord, the
Netherlands

Werren etal., 1995a

Encarsiaformosa

Wolbacbia
groupB (T)

[KoppertBV]
Netherlands

VanMeerela/., 1995

Annadillidium vulgare

Wolbacbia
groupB (F)

Wageningen, the
Netherlands

teBeest etal., 1998

Drosophilasimulans

Wolbacbia
group A/Adm (CI)

Riverside,
California, USA

Roussetetal.,1992a

Muscidifuraxuniraptor

Wolbacbia
group A/Adm

m

Puerto Rico

Stouthamer etal., 1993

Trichopriadrosophilae

Wolbacbia
group A/Ate

Benin, Africa

Werrenetal., 1995a

Ci)

Tissueculture

Cowdria
ruminantium

Mozambique

-

Adaliabipunctata

malekilling
bacterium

Cambridge,
England

Werrenetal., 1994

Sequence alignment andphylogenetic analysis - Sequences were manually aligned using the
sequence editor program ESEE 3.0 (Cabot, 1995).Phylogenetic trees were constructed by
the neighbor-joining method (Saitou and Nei, 1987) with the MEGA program (vl.01)
(Kumar etal., 1993) and were midpoint rooted. Deletions and insertions in fisZ and the
SR2were treated assingle gaps and asone additional state.Kimura's2-parameter distances
(K)and nucleotide frequencies weredetermined bytheMEGA program.
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The SR2sequences ofthis study havebeendeposited in GenBank under accession numbers
AF051549-051558. For SR2 analysis, the dataset was supplemented with SR2 of Culex
pipiens (U50394) (Bensaadi-Merchemek et ai, 1995) and Tribolium confusum (U97353)
(Fialho and Stevens, 1997). In addition, six 16S rDNA sequences and ten fisZ sequences
were retrieved from Genbank: accession numbers (16SrDNA) M21789,X62432,X61768,
L02884, AF045189 and L02822; (ftsZ) U28210, U28209, U28201, U28196, U28208,
U28914,U28190,U28178,U28186and U74474.

Resultsanddiscussion
PCR wasperformed with the different primer sets on theAB bacterium ofA. bipunctata,
C. ruminantium and on the Wolbachiastrains. The Ri-23S and Ri-5S primers failed to
amplify the SR2 from C. ruminantium and from several of the Wolbachiastrains. These
primers were therefore not suitable to use. Sequence analysis of the SR2 of Wolbachiaof
Culexpipiens (Bensaadi-Merchemek etal., 1995) revealed that the Ri-5Sprimer hybridizes
within a region of 5SrDNA that contains a 8 basepair deletion, accounting for the lack
of amplification. Primer combination Wol-23S and Wol-5Sl, amplified the SR2 of all
Wolbachia strains in contrast to the combination Wol-23S and Wol-5S2 which only
amplified the SR2 of the Wolbachiaof L. australis, E.formosa and T.deion SW (group B
Wolbachia;Table 1). The primer Wol-5S2 hybridizes with the flanking region of 5S
rDNA which is probably more variable among the different Wolbachiastrains than 5S
rDNA itself.
N o substantial length variation was found for the WolbachiaSR2 with the exception of
the Wolbachiastrain from A. vulgarewhich has a 10bp deletion in comparison with the
other group B WolbachiaSR2 sequences. The SR2 is 65 bp long for group A and 66 bp
for group B Wolbachia. The SR2 sequences of group A contained a gap in the same
position (Table2).
The SR2 of C ruminantium is 67 bp in length and showed low homology with other
SR2 sequences from Genbank or with the SR2 of Wolbachia. Finally, the SR2 of the AB
bacterium is 215 bp in length; it could not be aligned with those of C. ruminantium or
Wolbachia,but showed similarity with the SR2sequence ofR. rickettsii(datanot shown).
According to data on the citrate synthase gene,R. rickettsiibelongs to a separate clade to
that of the AB bacterium (Roux etal., 1997), but the lack of SR2 sequences of Rickettsia
speciesmore closelyrelated tothe ABbacterium explainsthis fact.
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Table2. AlignedSR2sequencesof Wolbachia.
Laustralis
<3KSK33waaiiQ®GCMaTQCftfiaKtri^^
Cpipiens
Eformosa
T.confusum
T.deionTX
T.deionSW
A. vulgare
T.drosophilae
D.simulansRi
M. uniraptor

.A. .C.

.G...A..T.
.G..T.

. .T.
. .T.

T.
.A. . T .

.AT.

G....TG...
TG...
TG.G.

.GC

.TG

A.

.G. .G.

. - G . ..AA.T

A.

.G

. - G . . .A. .T

A.

.G

. - G . ..A. .T

A.

-•: alignment;-:gap.

Kimura's 2-parameter distances (K) of the SR2 sequences among the different Wolbachia
strains was maximally 0.07 within group A, 0.14 within group Band 0.18 between groups
A and B.These values arehigher than for fisZ (0.02,0.04 and 0.14, respectively), 5S rDNA
(0.01, 0.07 and 0.11, respectively) or 16S rDNA (0.04 between group A and B). These
results indicate that 5SrDNA variation within the Wolbachia clade is considerably higher
than for 16SrDNA. The samephenomenon isfound when sequences of 16SrDNA and5S
rDNA of C. ruminantium, R. prowazekii and Wolbachiaare compared (Table 3). These
data are in contrast to previous studies of three human <x proteobacterian pathogens in
which 5S rDNA variation is comparable to the variation found in 16S rDNA (Minnick
and Stiegler, 1993).An explanation for this finding could be that in these species 16S and
23S rDNA units are linked with SRI (Roux and Raoult, 1995) and interaction can occur
between the different spacer regions, as shown for enterococci (Naimi et al., 1997). This
interaction mayleadto amore comparable variation between the ribosomal subunits.
A discrepancy invariation wasfound betweenfisZ,andthe SR2data becausehigh K values
for SR2can concur with low and high valuesiorftsZ. Such an example can be found when
comparing C pipienswith T.deionTX or T.drosophilae (Table 3).The maximum level of
SR2 sequence variation has probably been reached within a shorter time period than for
fisZ and is then restricted. In order to estimate maximum variation between different
Wolbachiastrains, K was calculated for the third codon position of the fisZ gene. This K
value is considerably higher (0.30 maximum) between groups A and B Wolbachia,
compared with the maximum K of 0.18 for the SR2 (all positions). Statistical analysis
revealed that the maximum K values oiftsZ (3rd position) and the SR2 (all positions) are
significant different (p=0.039, 2x2 contingency table with Yates correction) and confirms
that the mutation rateintheSR2isrestricted.
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This restriction may beinduced byinteraction ofthe SR2 with the 5' flanking sequence
and apart of23SrDNA (Bensaadi-Merchemeketai, 1995).
Table 3.Kimura 2-parameter distance* between the different Wolbachia strains, C.ruminantiurrr and
R.prowazekii.
Trichogramma Encarsia
• deionTX
formosa
Culexpipiens

mmm !

1.58

i g s i i s : 4.53
i 3.26

SR2 i 13.66

mmm
llll

Tnchogramma
deion TX
Spllll
SR2
Encarsia
formosa
Trichopria
drosophilae

mmm
lliill

liil
insn

liiil
p i
SR2
liiSil

1.81
3.38
3.38
3.10
::2.68
i 1.10
13.83
I 11.60

Trichopria Muscidifurax Cowdria
Rickettsia
drosophilae uniraptor
ruminantium prowazekii
9.41
12.02
14.13
4.55
12.07
13.90
II 5.75
11 11.39
11 15.94

3.13
10.71
12.28
10.20
3.89
5.75
12.07
13.90
3.55
6.99
12.18
11.94
;; 1.10
s 2.24
16.57

iiliit
pin
lliill
mmm
Cowdna
ilill
ruminantium
Ipll
iliin
"•Values were multiplied by 100; Gap sites and missing information data were
Muscidifurax
uniraptor

comparisons only. C.ruminantium 16SrDNA data wastaken from a different
data;-datanotavailable;n.d.not determined.

14.02
43.25

18.9
41.31

n.d.
15.2
36.94

n.d
20.63
35.45

n.d
15.11
39.03

n.d
20.41
37.49

n.d

n.d

33.02

28.03

n.d
13.76
34.94

n.d.
19.24
26.34

n.d.

n.d.
l l i i l l 19.42
34 40

111111 Hill n.d.

removed inthepairwise
strain than from the SR2

Slightly different trees were obtained fortheftsZ and the extended SR2 sequences (+ 219
bp) which also includes the 3' flanking sequencesof23SrDNA (61bp) and the major part
of 5SrDNA (92 bp). The phylogenetic tree based onthe extended SR2 region resultedin
anAand Bdivision and asubdivision ofgroup Ainto Ate and Adm Wolbachia (Fig. 1) as
similarly found forJisZ (Werren etat., 1995a). WolbachiaofArmadillidium vulgare and
Encarsiaformosa clustered differently inthe two trees,butbootstrap values for A. vulgare
werelessthan 50%in both trees,indicating itsphylogeneticposition isnot clear.
In spite of the high degree of variation, the SR2had relative restricted phylogenetic
information dueto itssmalllength andistherefore not suitablefor resolvingthe relationships
between distinct Wolbachia strainsdisplayingdifferent reproductivephenotypes(CI,TorF).
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However, recent molecular research on Wolbachia has provided two new promising
candidates.The groE homologous operon (Masuietal.,1997)hasbeen sequenced andpart of
this operon (800 bp) showed much higher degree of variation within group A Wolbachia
than iovftsZ. A secondcandidateisthewspgene (+550bp),codingfor an outer membrane of
Wolbachia(Braig et al., 1998). Sequencing results of this gene showed at least three times
highervariationwithin WolbachiagroupA andBthan^sZ (Zhouetai, 1998).

L. australis

55

C. pipiens

43

— A. vulgare
99 |

87

T. deion TX
T. deion SW

T. confusum
E. formosa
T. drosophilae

100
99

c.

1A t c

M. uniraptor "

Adm

simulans Ri

is approximately equal to the distance of 0.01

Scale:

>9 r E. formosa

3

87
55
81
39

C. pipiens
T confusum

B
T deion SW

T d eionTX
A. vulgare
T. drosophilae"] Ate

100

H~

M. uniraptor

Adm

62 I D. simulans Ri
Scale: each

is approximately equal to the distance of 0.01

Figure 1.Phylogenetic relationships among Wolbachiastrains from different insect hosts based on (a)ftsZ and
(b): SR2 plus portion (61 bp) of the flanking sequence of 23S and 92 bp of 5S. Thelytoky and feminization
associated Wolbachiaareshown in bold anditalicrespectively. The treeswere constructed usingthe neighborjoining implementation. The numbers on the nodes indicate percentages of 500bootstrap replicates.
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Phylogenyofthearthropodendosymbiont Wolbachiabasedon
thewspgene

Abstract — Bacteria of the genus Wolbachia (Rickettsiae) arewidespread in arthropods and can
induce cytoplasmic incompatibility (CI),thelytoky (T)or feminization (F) intheir host. Recent
research onthewsp geneof mainly CIinducing (CI-) Wolbachia hasshownthat thisgeneevolves
at amuch faster rate than previously sequenced genes such as 16SorftsZ.As a result this gene
appearstobeveryuseful insubdividingthe Wolbachiaandtwelvegroupshavebeendistinguished
to date. Here we extend the Wolbachia wsp data set with fifteen T-Wolbachia, one F-Wolbachia
andthree other Cl-Wolbachiastrains.Theresultsshowed: (i)theaddition of sevengroups; (ii)no
relation between host phenotype and Wolbachia phylogenetic position and (iii) possible
horizontal Wolbachiatransfer between the moth Ephestiakuehniella and its parasitoid
Trichogrammaspp.

Introduction
Many speciesof different insect orders carry obligatory symbionts such asbacteria, yeasts
and flagellates (Buchner, 1965).Without the symbionts these insects show either stunted
growth or do not survive at all (e.g.Nogge, 1976;Prosser and Douglas, 1991; Costa etal,
1993). Besides these obligatory host-symbiont relationships, insects can also carry
facultative microorganisms which interfere with their host's mode of reproduction. A
well-known example is Wolbachiawhich was first described by Hertig (1936) in Culex
pipiens. Surveys have shown Wolbachiato be present in at least 16% of sampled insect
species (Werren et ai, 1995b). Wolbachiacan cause a number of different reproductive
alterations in their hosts, which facilitate the spread of the infection through a
population: (1) Cytoplasmic incompatibility (CI) in which we can distinguish uni- and
bidirectional incompatibility. Unidirectional incompatibility occurs when sperm from
infected males cannot successfully fertilize eggs from uninfected females, while all other
crosses are fertile. Bidirectional incompatibility occurs when a male and a female harbor
a different strain of Wolbachiathat are mutually incompatible. An incompatible cross
leads to the loss of the paternal genome, resulting in only male offspring in haplodiploid
hymenoptera and embryonic death in diploid species or inparahaploid mites.
ThischapterhasbeenacceptedinInsectMolecularBiologyas:vanMeerM.M.M.,WitteveldtJ.and
StouthamerR. Phylogenyofthearthropodendosymbiont Wolbachiabasedonthewspgene.
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These phenomena have been found in several insect orders and also in isopods and mites
(Legrandetal, 1980;Noda, 1984;Wade & Stevens, 1985;Hoffmann, 1988;Mercot etal,
1995; Perrot-Minnot et al, 1996; Breeuwer, 1997); (2) Thelytoky (T), a form of
parthenogenesis, where unfertilized eggs from Wolbachia-iniectedfemales develop into
females, whereas they normally would develop into males.This effect is found in several
hymenopteran species (Rousset et al, 1992b; Van Meer et al, 1995; Stouthamer et al,
1993; Stouthamer, 1997); (3) Feminization (F), is found in isopods where genetic males
are converted into functional females (Rousset et al., 1992b; Juchault et al, 1994); (4)
Fecundity increase of the host and has been found for the egg parasitoid Trichogramma
bourarachae (Girin and Bouletreau, 1995). In this Wblbachiainfected species, no other
reproductive alteration has been found.
Despite the wide variety of effects that different Wolbachiastrains have on their hosts
and their presence in a broad range of arthropods, there is lessthan 3%difference in the
16SrDNA of several Wolbachiastrains (O'Neill etal, 1992;Stouthamer etai, 1993). To
improve phylogenetic resolution, other Wolbachiagenes have been analyzed such as23S
rDNA (Rousset et al., 1992b), the bacterial cell-cycle ftsZ gene (Holden et al., 1993;
Werren etal. 1995a) and spacer-2 region (SR2) including 5S rDNA (Fialho et al., 1997;
Van Meeretal, 1999).
Based on the ftsZ gene, the Wolbachiaclade has been subdivided into group A and B
which diverged from each other 58-67million years ago (Werren etal, 1995a).Wolbachia
from both groups are found in a wide variety of insect species. A maximum sequence
variation of 15% was reported between group A and B but was relatively low within
group A (3%).This suggeststhat extensive horizontal transmission has occurred recently
in this group (Werren etal, 1995a). The 23S rDNA data yielded similar phylogenies as
the 16S data and did not improve phylogenetic resolution (Rousset et al, 1992b). SR2
variation was larger than fisZ variation (6%variation in group A) but did not improve
resolution due to its small size (van Meer etal, 1999).All of the phylogenies published to
date showed that the various effects (CI, T, F) induced by the Wolbachia were
polyphyletic.
Recent research on Wolbachia genes resulted in two new candidates for detailed
phylogenetic studies: (1) the groE-homologous operon showed more variation than ftsZ
(Masui etal, 1997) but no large sequence data set exists of this gene; (2)the wspgene, that
codes for an outer membrane protein of Wolbachia (Braig et al, 1998), also exhibited
higher variation than the ftsZ gene (14% variation within the least variable group A
Wolbachia) and an extensive sequence database was available (Zhou etal, 1998).
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This study showed that the Wolbachiaclade was subdivided into supergroup A and B
(synonymous to group A and B) in which twelve distinct groups were recognized based
on the grouping criterion of 2.5% sequence difference (Zhou etal., 1998).In addition, the
wsp gene seemed better at associating the Wolbachia effect with their phylogenetic
position since it was shown that all Wolbachia strains inducing no CI effect inDrosophila
were ableto rescue closely related strainsthat do induce CI (Bourtzis etat, 1998).
The study of Zhou etal (1998) focused on QX-Wolbachia and from each supergroup, only
one T'-Wolbachia strain was sequenced including the fly parasitoidMuscidifuraxuniraptor
(supergroup A) and the egg parasitoid Trichogramma deion (supergroup B). Those TWolbachiastrains did not cluster with QX-Wolbachia strains (Zhou etal, 1998).
To determine whether the T-Wolbachia strains represent distinct groups, fifteen TWolbachiastrains were sequenced and combined with the wsp sequences of Zhou etal.
(1998). In addition, this data set was supplemented with one CI-Wolbachiastrain from
the parasitoid Trichopria drosophilae because in the/ftZ tree this strain formed a separate
clade (Ate) within the relatively conserved group A (Werren etal., 1995a).
Secondly, a Wolbachia strain from the Trichogramma host Ephestia kuehniella was
sequenced to look for evidence of horizontal transmission of Wolbachia between host
and parasitoid. Such a phenomenon has been suggested for the parasitoids of the genus
Nasonia and their fly host Protocalliphora sp. because their Wolbachiastrains, based on
theftsZ sequences, clustered together (Werren etal., 1995a).Horizontal transmission has
also been suggested for Wolbachiawithin the Trichogramma genus. All Trichogramma
Wolbachiawere monophyletic according to theftsZ gene and cospeciation of host and
symbiont was excluded as an explanation because the phylogenetic trees of
Trichogramma and their Wolbachiawere not congruent (Schilthuizen and Stouthamer,
1997). These results suggested that horizontal transmission sometimes occurs inside a
common host (Lepidopteran eggs) of Trichogramma parasitoids (Schilthuizen and
Stouthamer, 1997). To look for different example of parasitoids using a common host,
three Wolbachia strains from the thelytokous parasitoids of the greenhouse whitefly
Trialeurodes vaporariorum were included to determine if their T'-Wolbachia strains were
monophyletic too. Finally, one Y-Wolbachia strain of the isopod Armadillidium vulgare
wasincluded to determine whether thisstrain would form aseparate group.
A phylogenetic reconstruction was done based on all wsp sequences using the neighbor
joining and the maximum parsimony implementation. Furthermore, Kimura distance
values of wsp,ftsZ and SR2between the Wolbachia strains were calculated and compared.
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Materials and methods
Hostspecies- The different host species used for Wolbachia DNA isolation are shown in
Table 1.
Table 1.Host and origin of the Wolbachia strains used in this study.
Host

Origin

References

Amitusfuscipennis

CIAT, Cali, Colombia

Viggiani,1991

Apoanagyrus diverskomis

CIAT, Cali, Colombia

Pijlsera/., 1996

Armadillidium vulgare

Wageningen,the Netherlands

TeBeestetal.,1998

Coccidoxenoidesperegrinus

South-Africa

Flanders, 1965;thisstudy

Diplolepisrosae

Wageningen, The Netherlands

VanMeeretal.,1995

Encarsiaformosa

Koppert, The Netherlands

VanMeeretal.,1995

Ephestiakuehniella

Koppert, The Netherlands

Roussetetal.,1992b

Eretmocerusstaufferi

Texas,USA

RoseandZolnerowich,1997

LeptopUinaaustralis

Emmeloord,The Netherlands

Werrenetal.,1995a

Spalangiafuscipes

Leidenuniversity,labstrain

Werrenetal.,1995a

Torymusbedeguaris

Wageningen, The Netherlands

SchilthuizenandStouthamer,1998

Trichogramma kaykai

LC110,ElPasoMountains, CA, USA

Schilthuizena*/.,1998

Trichogramma nubilale

234,Nova Scotia, Canada

Schilthuizen andStouthamer, 1997

Trichogramma kaykai

JT6-3,SanBernardino,CA, USA.

thisstudy

Trichogramma deion

SW436,Mojave desert,CA, USA

SchilthuizenandStouthamer, 1997

Trichogramma sihericum

SIB,Canada

SchilthuizenandStouthamer, 1997

Trichogramma kaykai

AW7-5,Skyvalley,RiversideCA, USA

Schilthuizenetal.,1998

Trichogrammahourarachae

Divor, Portugal

SilvaandStouthamer, 1997

Trichopriadrosophilae

Benin, Africa

Werrenetal.,1995a

DNA extraction- Two different protocols were used for isolating Wolbachia DNA. STE
extraction was performed as described by O'Neill etal. (1992): approximately 100 entire
Trichogrammaindividuals were homogenized in 49piLSTE-buffer with 1(JL proteinase K
(20mg/ml).The mixture wasincubated for one hour at 37°Cfollowed by 5min at 95°C to
inactivate the proteinase K. For the other species,the amount of STE-buffer was adjusted
according to the insect size. For phenol extraction the following protocol was used: 100
Trichogramma wasps were homogenized in 150 uL STE-buffer and 150 \iL phenol was
added followed by 15 min shaking. After centrifuging for 10 min, the upper phase was
transferred to a new vial and 150 uL chloroform/isoamyl alcohol (24:1) was added. The
mixturewasvigorously shakenfor 10min followed by 10min centrifugation.
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The upper phase of the solution was transferred to anew vial, mixed with 15 p.L Sodium
acetate (3M, pH 5,5) and 375 uL 96%ethanol was added. This mixture was incubated at80°C degrees for one hour and then centrifuged for 20 min at 4°C. The pellet was washed
with 70%ethanol anddriedand50uLofdistilledwater was added.
PCR amplification - The wsp region of the WolbachiaDNA was amplified with the
primers wsp-SIF (forward) and wsp-691R (reverse) (Braig etal., 1998). Infected strains of
Nasoniavitripennis E13, Trichogramma deionand T.kaykai were used aspositive controls.
Uninfected Drosophila simulans, Trichogrammaspp. and N. vitripenniswere used asnegative
control.For assessingprimer specificity, Cowdriamminantium, abacterium closely related
to Wolbachia, was also tested. For PCR, atemperature profile of 94°C for 3 min (1cycle);
94°Cfor 1 min, 55°Cfor 1 min and 72°Cfor 1 min (40cycles)was utilized.
Cloningand sequencing- The PCR product was isolated using the freeze-squeeze method
(Sambrook et aL, 1989) and directly cloned into a T-tailed vector (TA- cloning kit;
Invitrogen, San Diego). Plasmids were isolated using the QIA-prep Spin plasmid kit
(Qiagen) and sequenced on an ABI automated sequencer. Clones (same strand) were
sequenced twice when amino-acid translation showed frameshifts. The wsp sequences of
this study havebeen deposited in GenBank under accession numbers AF071909-071927.
Phylogeneticanalysis- The data set consisted of 19wspsequences from this study combined
with the wsp sequences of Zhou etaL (1998). From the 28 wsp sequences of Zhou et al.
(1998),five sequences from group A and two from group Bwere removed sincethey were
identical or almost identical to wsp sequences in the same group. All W5p-sequences were
aligned using the ClustalX program (Thompson et aL, 1994) followed by manual
modifications based on amino acid translation of the different genes. The third
hypervariable region of the gene (Braig et al, 1998) was excluded because no accurate
alignment could be made. The data set was analyzed by using the Neighbor-Joining
implementation (Saitou and Nei, 1987) from the PHYLIP software package version 3.5c
(Felsenstein, 1995). Deletions and insertions in wsp were treated as an additional state.
Bootstrap analysis was done with 1000 replications. The data set was also analyzed by
maximum parsimony using PAUP 3.1 (Swofford, 1993). Heuristic searches were
performed, gaps were treated as fifth base and bootstrap analysis was done with 500
replications.Allphylogenetictreesweremidpoint rooted becauseno suitable outgroup was
available.Kimura's2-parameter distances (K)weredetermined bytheMEGA program
(v 1.01,Kumar etal.1993).Sequence data of wsp,fisZ and SR2 of several Wolbachia strains
wereretrievedfrom Genbank.
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Results
Primerspecificity
PCR amplification with wsp primers (8IF, 691R) was successful for all hosts that were
known to be infected using the ftsZ primers of Werren et al. (1995a) and Holden etal.
(1993). None of the negative controls did result in PCR amplification. In addition, no
reaction occurred with Cowdria ruminantium DNA, a bacterium closely related to
Wolbachia.
Wolbachia phytogeny
We combined our data set (19 Wolbachia sequences including 18insects and 1isopod host
species) with 21 Wolbachia sequences from the data set of Zhou etal.(1998) and examined
the nucleotide sequences ofthe wspgene.The sequences showed amaximum divergence of
16%within supergroup A, 23%within supergroup Band 23% between supergroup A and
B. These values are much higher than those for the fisZ sequences (3%, 6% and 15%
respectively) (Werren etal, 1995a).
Figure 1 shows the tree based on the general data set using the neighbor-joining
implementation after bootstrapping 1000 times. The topology shows the division of
Wolbachia into two supergroups, A and Bwhich corresponds with 16SrDNA, fisZ , SR2
and the previous wsp data (O'Neill et al., 1992; Rousset et al, 1992b; Stouthamer etal.,
1993;Werren etal, 1995a;Van Meeretal, 1999;Zhou etal, 1998).
Usingthe groupingcriterion of 2.5%sequence difference asproposed by Zhou etal.(1998),
seven new groups (two in supergroup A and five in B) were added to the twelve already
found. The Cl-Wolbachiastrain from T.drosophilae which was placed in a distinct clade
(Ate, group A) in the fisZ tree (Werren etal, 1995a) was most closely related to G. austeni
but differed sufficiently (>9%) to represent anew group (Dro).Byaddingthe Kue and Dro
group to supergroup A, bootstrap values in the phylogenetic tree were greatly improved
(>80) for M. uniraptor and D. simulans (Ri) compared to Zhou etal, (1998) where these
values were less than 50 (Fig. 1). In supergroup B, A. diversicornis and E. formosa
(Hymenoptera) were not sufficiently related to the existing groups to be included and
therefore represented two additional groups (Divand For respectively).The Trichogramma
Wolbachiawere subdivided into three adjacent groups Dei, Sib and Kay. The isopod A.
vulgarerepresented anew group (Vul) and was most closely related to the Pip group. The
wsp sequence of A. vulgarediffered by at least 13%from all other strains which suggests
that it isadistant group from allothers.
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Figure 1. Phylogenetic tree of Wolbachia based on the wsp sequences. Name of the host
arthropod species is followed by the group designation. The tree has been constructed by
the Neighbor Joining algorithm (Saitou and Nei, 1987) using the Kimura distance and is
midpoint rooted. Numbers on the nodes indicate percentages of 1000 bootstrap replicates.
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The phylogenetic tree with maximum parsimony implementation was identical in
topology to the Neighbor Joining tree and showed only slight differences in subdivisions
within groups (treenot shown).
Wolbachiaphylogenyandphenotype
An overview of Wolbachia strains and the expressed phenotype per cladeis given in Table
2. These results show no correlation between phenotype and phylogenetic position, both
CI- and T-Wolbachia are found within the same group. ¥-Wolbachia from A. vulgare
represents adistinct group (Vul).
Horizontal transmission
The occurrence of similar Wolbachiaretrieved from unrelated hosts confirms the notion
that Wolbachia sometimes undergo horizontal transmission and is in agreement with
results oiftsZ data. Because the wspgene evolves at a faster rate than fisZ, these sequences
can be used more accurately to determine the potential horizontal transmission between
different hosts. However, in many cases it remains unclear how such transfers could have
taken place because the connection between the species is obscure. One example is found
in the Ori group where S.fuscipes (aDrosophila parasitoid) and D. rosae (a gall former on
wild speciesofRosa) haveasimilar wspsequencesthat differ only by0.2%.
Other host species with very similar wsp sequences are found within the three adjacent
Trkhogramma Wolbachia groups (Dei,Kay and Sib) and in the Kue group (supergroup A)
where E. kuehniella, T. bourarachae and T. kaykai (LCI10) cluster together. The wsp
sequence of E. kuehniella was identical to the wsp sequence of T. kaykai (LCI10) and
differed in 1base pair only from T. bourarachae. LCI10is also infected with aWolbachia
strain from the Kay clade (supergroup B).PCR on LC110 wasps with the fisZ primers of
Werren et. al (1995a) resulted in afaint band for supergroup A Wolbachia and aclear band
for supergroup BWolbachia.
In addition, restriction analysis was done on the wsp sequences. The wsp sequences from
the Kay group have a Bgl II restriction site while this site is absent in the Kue group
sequences. Restriction analysis showed that the concentration of the distinct bands was
much higher for the Kay Wolbachia (datanot shown) and confirms the results with thefisZ
primers. To avoid the possibility that the Kue Wolbachia D N A found in LCI10 and
T. bourarachae was the remains of E. kuehniella egg material the wasps consumed
during their larval stage, we reared both lines for an extra generation on uninfected
Mamestra brassica eggs.
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Table2. Wolbachia group nomenclature and Genbank accession numbers

(GB#)

Supergroup

Group

Wolbachiahost species

A

Mel

D. melanogaster(Aub)
D.simulans(Coffs harbour)
A.fuscipennis
D. melanogaster(Harwich)

Associated Wolbachiastrain
(reference straininbold)
wMe\
wGof
wFus
wMe\H

Alba

A. albopictus(Houston)

wMbA

Mors

Gmorsitans
N. vitripennis
G. centralis
Cperegrinus

wMors
wVitA
wCea
wPer

T

AF020079
AF020081
AF020078
AF071914

Kue

E kuehniella
T.kaykai(LCI10)
T. bourarachae

wKue
wKayA
wBou

?
T
Fee

AF071911
AF071912
AF071913

Riv

D.simulans(Riverside)

roRi

CI

AF020070

Uni

M. uniraptor

wUni

T

AF020071

Ha

D.sechellia
E cautella

u>Ha
wCauA

CI
CI

AF020073
AF020075

Pap

P.papatasi

wPap

?

AF020082
AF020077

B

Phenotype

GB#

CI
NE
T
NE

AF020063
AF020067
AF071909
AF020066

CI

AF020058

CI
•p

Aus

G.austeni

wAus

7

Dro

T.drosophilae

wDro

CI

AF071910

Con

T.confusum
L stnatellus
T. bedeguaris

wCon
ie>Stri
wBed

CI
CI
T/?

AF020083
AF020080
AF071915

Dei

T.deion(TX)

wDei

T

AF020084

Sib

T.sibericum (SIB)

wSib

T

AF071923

Kay

T.kaykai (JT6-3)
T.kaykai(LCI10)
T.deion(SW436)
T.nubilale(234)

wKxyB
wKayLC
wDeiSW
wNub

T
T
T
T

AF071924
AF071927
AF071925
AF071926

Div

A.diversicomis

wDiv

T

AF071916

For

Eformosa

wVor

T

AF071918

Ori

T. orizicolus
D. rosae
S.fuscipes
E. cautella
E itaufferi
L.australis

wOri
wRos
wFu
wCauB
wAus

CI
T/?
T/?
CI
T/?
T

AF020085
AF071922
AF071921
AF020076
AF071919
AF071920

C.pipiens(ESPRO)
D.simulans(DSW/MAU)
A. albopictus(Houston)

wPip

CI

wAlbB

CI

AF020061
AF020069
AF020059

Pip

i»Sta

wVul
F
AF071917
Vul
A. vulgare
CI=Cytoplasmaticincompatibility,F=feminization,Fee=Fecundityincrease,NE=no effect orrescue effect
of CI(Bourtzisetal.,1998),T=Thelytoky, T/? - Wolbachiaandthelytoky areboth observed,butno curing
experimentshavebeenperformed, ?=unknown.
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PCR and restriction analysisexperiments were repeated and againthe waspswere found to
beinfected with the sameKuegroupWolbachia.
Another parasitoid group which shares a common host are the whitefly parasitoids E.
staufferi, Rformosa andA.fuscipennis.However, their corresponding Wolbachia strains are
not closely related and they are present in both supergroups (in Ori, For and Mel groups
respectively).
Kimura-2 parameter distancecomparisonsamong thedifferentgenesof Wolbachiastrains
The Kimura-2 parameter distance (K)offtsZ, SR2and wspbetween the different Wolbachia
strains was calculated to test if mutation rates of different Wolbachia genes were congruent
with each other (Table 2). These results show relative low YjfisZ) values corresponding
with widelyvarying K(SR2) or K.(wsp) values.It can alsobeseenthat relatively low K(SR2)
values correspond with relatively high K(wsp) values and high K(SR2) values with relative
low K(wsp) values.

Discussion
The wspgenesequencevariation ismuch higher (Zhou etal.,1998;this study) compared to
the fisZ gene (Werren et al., 1995a) or the spacer 2 region (Van Meer et al., 1999).
Comparison of Kimura distances of SR2 and wspsuggeststhat evolution in the wspgeneis
initially fast but slows down in time due to saturation of the third codon position. This
finding is supported by the equal variation (23%) within supergroup B and between
supergroup A and B and contrasts with fisZ and SR2 data where variation between
supergroup A and Bisat least afactor two higher than within supergroup B(Werren etal.,
1995a;van Meeretal., 1999).
The grouping threshold of 2.5%variation assuggested by Zhou etal.(1998) resulted in the
addition of seven new groups to the existing twelve. Although the resolution between the
different Wolbachia strains has been improved by usingthe wspgene, CI- and T'-Wolbachia
do not constitute inonophyletic groups. This result is similar to the phylogenies based on
16SandftsZsequences (Stouthamer etal., 1993;Werren etal., 1995a).Y-Wolbachia from A
vulgarerepresents anew group but additional Y-Wolbachia strains have to be sequenced to
determine iffeminization ismonophyletic basedonthisgene.
Several mechanisms have been proposed for this lack of concordance between Wolbachia
phylogeny and the reproductive phenotype that they generate in their host (Van Meer et
al., 1995): (1) the existence of plasmids or phages associated with Wolbachia that carry the
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genes responsible for the phenotype; (2) the host determines the effect on an aspecific
Wolbachia infection; (3)genesinducing CI or T arehighly similar and can be derived from
each other by asimple mutation. The first mechanism could bepossible but sofar plasmids
inthe a Proteobacteria have only been found inthe root symbiont Rhizobium sp.(Pardoet
al, 1994) and not in bacteria more closely related to Wolbachia. Phageshave been found in
the male-killing spiroplasma of Drosophila,where each spiroplasma type seemed to be
associated with their specific phages (Cohen etal., 1987) and electron-microscope studies
revealed the existence of virus-like particles in Wolbachia (Wright et al., 1978). But in
various other studies, they have not been found in Wolbachia(Martin etal., 1973;Wright
and Wang, 1980;Louis and Nigro, 1989).The second mechanism isnot supported because
various micro-injection studies show that similar effects were found in the new hostWolbachiacombination as in the original one (Braig et al., 1994; Giordano et al., 1995;
Juchault etal.,1994) although evidence existsthat nuclear genescan mediate the severity of
CI expression (Boyle etal., 1993;Bordenstein etal., 1998). Finally, the last mechanism is
difficult to test but analysis of in vivo synthesized proteins of Wolbachia revealed that the
size of some proteins correlated with the phenotype they generate in their host. Analysis
and sequencing oftheseproteins might resolvethisissue(Sasakietal., 1998).
Table 3. Kimura 2-parameter distance between the different Wolbachia strains based on ftsZ, the
spacer-2region (SR2)andwsp.
Encarsia
formosa
Leptopilina

ipli

australis

fill

Encarsia

:pi!

formosa

tillf

Trichogramma

••iWSpft\

fpii

deion T X

11111

Armadillidium

ipii

vulgare (Wag)

Sii&pM

ifll

llSipl
Trichopria

pi!

dmsophilae
Muscidifurax.

spill

uniraptor

Itlfl

2.60
1.54
9.86

Trichogramma
deion T X

2.27
9.78
18.65
3.83
11.60
20.87

Armadillidium
vulgare(Wag)

Trichopria
dmsophilae

Muscidifurax
uniraptor

Drosophila
simulansRi

1.29
9.67
18.24
2.82
9.67
19.67
2.27
7.71
27.17

11.36
18.07
15.56
11.50
15.94
17.98
12.31
13.90
17.66
11.90
12.06
26.28

11.94
13.90
19.32
12.29
11.94
25.10
12.31
13.90
30.06
12.16
9.84
23.06
2.24
6.57
17.06

11.78
11.94
22.31
12.17
10.05
24.03
12.19
11.94
23.77
12.04
7.71
20.29
2.02
4.84
14.00
0.42
1.56
11.40

Values were multiplied by 100. Gap sites and missing information data were removed in the pairwise
comparisons only. ftsZ sequenceofthisstrain (TeBeestetal., 1998)isidenticaltothe strainusedinthe study
of Werren etal. (1995a).Genbank accessionnumbers offtsZ:U28178,U28186,U28190,U28196,U28208,
U28210;SR2:AF051549,AF051551-051554,AF051556,AF051557;wsp: seeTable2.
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Several species of Trichogramma have been tested for their Wolbachia and they all appear to
harbour closelyrelated Wolbachia (Kay,DeiandSibgroups).Thesegroupsdonot contain any
Wolbachia strains isolated from hosts other than Trichogramma. Three possible explanations
maybegivenforthispattern:(1)T-Wolbachiahavecospeciatedwiththeirwasphost; (2)thereis
an occasional horizontal transmission between Trichogramma spp. when individuals of two
species share a host; (3) the different Trichogramma species will occasionally take up the
Wolbachia of their Lepidopteran host which happen to be a Wolbachia of the Kay,Sibor Dei
groups.The first possibilityhasbeenexcludedbySchilthuizen andStouthamer (1997)sincethe
host and the Wolbachia phylogenies were not congruent. For the second explanation, it is
unclear how Wolbachia exchangecan occur.The mechanism could beexplained by predation
of an infected parasitoid by an uninfected one, or by "blood-blood" contact between infected
anduninfected individuals asfound inisopods (RigaudandJuchault, 1995).Sofar, infection by
oral ingestion has not been established for the isopod A. vulgare (fuchault etal, 1974) or for
Trichogramma brassicae (Pintureau etal.,1993).The third possibility issupported becausewsp
sequences of the Lepidopteran host R kuehniella areidentical to the wsp sequence of T kaykai
(LCI10) and differ in 1 basepair only with the wsp sequence of T. bourarachae. Both
Trichogramma specieswerereared onR kuehniellaeggsfor atleast3yearsin our laboratory. It
isnotknownwhethertheywerealreadyinfectedwithKue Wolbachiainthefieldbutwe know
that not all TrichogrammaspeciesorlinestakeupKue Wolbachiawhen rearedon infected host
eggs(unpublisheddata).Both Trichogrammaspeciesarenot sympatricasT.kaykai(LCI10)was
collected from California and T. bourarachae from Portugal (Silva and Stouthamer, 1997).
Experiments showedthat Wolbachiainfection in T.bourarachaeresultedin afitness increaseof
the host (Girin and Bouletreau, 1995).In T kaykai (LCI10)this Kue infection coexisted with
Wolbachia (Kay) of group B. This Kay Wolbachia is probably involved in the induction of
thelytoky and it is not yet known if double infection has an additional effect on the host.
Additional experiments haveto beperformed to assessthe influence of the Kue Wolbachia in
LCI10.
Although we found evidence of Wolbachia exchange between host and parasitoid, it remains
unclear if this is an exceptional or more general mode of horizontal Wolbachia transmission
within the Trichogrammagenus.The number ofidentified Wolbachia ofLepidopteraislimited
(O'Neill etal., 1992; Rousset etal, 1992b;Werren etal.,1995b) but so far no Lepidopteran
species have yet been found with a Kay, Dei or Sib Wolbachia. Therefore, we can not
discriminate between the second or third proposed explanation and in fact, they are not
mutuallyexclusive.
In our analysis, we included three thelytokous parasitoids of the whiteflyTrialeurodes
vaporariorumto determine ifsharing ofthiscommon host would alsoleadto a monophyletic
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group of Wolbachia. In contrast to Trkhogrammaspp., these parasitoids belong to different
families ofHymenoptera.Eformosa andE. staufferiboth belongtotheAphelinidaewhereas A.
fuscipennis belongto the Platygasteridae. Their T-Wolbachia belongto distandy related groups
and arepresent in both supergroups.These results suggestthat for parasitoids, both sharingof
hosts and belongingto the same genusmay be acritical factor in the interspecies exchange of
Wolbachia.
An additional caseof double infection in athelytokous speciesbesideLCI10wasfound in the
parasitoid S. fuscipes by Werren etal. (1995a). However we could not confirm these results
becausePCR wixhfisZ primersspecificfor groupA andB(Werren et al,1995a)amplified only
group B Wolbachia. Double infection has been described for several Cl-Wolbachiastrains
(Roussetetal,1992b;Sinkinsetal.,1995a;Werrenetal, 1995a)andcreateanovel compatibility
typebecausetheycanrescuesingleinfected sperm,butsinglyinfected eggsdonot rescuedouble
infected sperm (Mercotetal, 1995;RoussetandSolignac,1995;Perrot-Minnot etal, 1996).This
explains why double infections can exist in populations. For thelytoky, double infections are
rare (Werren etal, 1995a) andin arthropods carryingfeminizing Wolbachia they havenot yet
been reported.Forthelytoky orfeminization, double infection couldbestableifthisleadsto a
fitnessincreaseasfound inT.bourarachaefor example(GirinandBouletreau,1995).
We expanded the Wolbachia clade with seven new groups. When more relatedWolbachia
strains are found, some groups may be subdivided. Becausethe choice of a reference strain is
arbitrary, it may happen that when closely related strains are added,one may shift to another
reference strainin orderto subdividethegroup.For exampleinthe TrkhogrammaKaygroup,
we chose to cluster all T kaykai strains and to make a distinct group for T.sibericum even
though somestrainsofT. kaykaidiffered lessthan 2.5%from thisT.sibericum. A primer based
system for the groups (Zhou et al., 1998) will facilitate identification of infections or
superinfections in various hosts but the design of specific primers will become more difficult
with the increase in the number of closely related groups as found for the Trkhogramma
Wolbachia.
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Hu Jianguo for practical assistancewith the experiments.Wealsothank Menno Schikhuizen,the
Ph.D.discussion groupoftheLaboratory ofEntomology inWageningenandS.O'Neill for giving
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Spalangiafuscipes and Trkhopriadrosophilae, A.Bellotti forApoanagyrusdiversicornis, M.Manzano
for Amitusfuscipennis andY. Tong Qiu for Eretmocerusstaufferi. This project wasfunded by the
TechnologyFoundation (STW),grantnumber790.42.793,oftheNetherlands.
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Cross-order transfer of Wolbachia from Muscidifurax uniraptor
(Hymenoptera: Pteromalidae) to Drosophiia simulans(Diptera:
Drosophilidae)

Abstract — Bacteria of the genus Wolbachia are widespread in arthropods and are cytoplasrnically
inherited. They can induce different effects on the host such as cytoplasmic incompatibility (CI),
thelytoky (T) or feminization (F).In some Wolbachia-iniected hosts, no effect (N) has been found.
Successful transfer of Wolbachiaby microinjection from one host to an uninfected one has been
established with CI, F, N-Wolbachia but not with T-Wolbachia. Here, we describe a transfer
experiment of T'-Wolbachia from the parasitoid Muscidifuraxuniraptor to Drosophiiasimulans. The
infection could be detected in the new host for several generations by polymerase chain reaction
(PCR). However, no specific effects on the host were detected, and the bacteria were not stably
maintained.

Introduction
Intracellular bacteria of the genus Wolbachia(Rickettsiales) are found in many different
arthropod species.Although infection with these bacteria was known from mosquitoes at
the beginning ofthis century (Hertig, 1936),itwasonly with the availability of polymerase
chain reaction (PCR) technology atthe end of the 1980sthat the widespread occurrence of
these bacteria was revealed. Screening of insect species from different orders from Panama
revealed an infection rate of 16%(Werrenetal, 1995b).
Wolbachia arecytoplasrnically inherited and can have anumber of different effects on their
hosts: (1) cytoplasmic incompatibility (CI), which is a crossing incompatibility in which
sperm from Wolbachia-inieaed males cannot successfully fertilize eggs from uninfected
females, whereas all other crosses are fertile (Yen and Barr, 1971;Trpis etal, 1981;Noda,
1984; Wade and Stevens, 1985; Hoffmann et al, 1986; Breeuwer and Werren, 1990); (2)
thelytoky (T),which isfound in Hymenoptera -unfertilized eggsfromWolbachia-iniected
females develop into females, whereas they normally would develop into males
(Stouthamer et al., 1990a, 1993; Zchori-Fein etal., 1995); (3) feminization (F), which has
only been found in isopods (Crustacea) inwhichtheinfection causesgenetic males to
This chapter has been published as:van Meer M.M.M. andStouthamer R. (1998).Cross-ordertransfer of
Wolbachia from Muscidifurax uniraptor(Hymenoptera: Pteromalidae) to Drosophiia simulans (Diptera:
Drosophilidae).Heredity82:163-169.
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reproduce asfemales ([uchault etaL, 1994); (4) no apparent effect (N) on the reproduction
of infected individuals at all, and this has been found in several Drosophila species
(Giordano etal, 1995; Hoffmann etal, 1996).
The phylogeny of Wolbachiahas been studied extensively based on several Wolbachia
genes: 16SrDNA (O'Neill etaL, 1992;Rousset etaL, 1992b; Stouthamer etaL, 1993) and
the cell cycle gene/&Z (Holden etaL, 1993;Werren etaL, 1995a).These studies show that
two main groups of sequences can be distinguished which have been named group A and
group B(Werren etal., 1995a).However, it appears that Wolbachia inducing similar effects
on hosts are not monophyletic and are present in both groups. Very closely related
Wolbachiacan have quite different effects on their host. This absence of an association
between monophyly and the different effects on the host has led to several hypotheses.
One hypothesis isthat anon-specific Wolbachia strain induces adistinct host response, e.g.
a Wolbachiastrain inducing (CI) in one host would induce thelytoky in a hymenopteran
host, but so far this hasnot been found. Alternative hypotheses for the lack of congruence
between effect on host and phylogeny are: (1) Wolbachia genes coding for a certain effect
(T, CI or F) arelocated on aplasmidwhich can jump relatively easily from oneWolbachia
strain to another; (2) Wolbachia genesinducing T, CI or F can cross over between different
strains in double-infected hosts; (3) Wolbachia genes causing T, CI or F are highly
congruent and canevolve readilyfrom each other.
One method to determine whether (1)aspecific Wolbachia strain causes adistinct effect on
the host or (2)different hosts experience different effects with the same Wolbachia strain, is
to create new combinations of host and symbiont. Such transfer experiments have been
carried out successfully with Cl-Wolbachia among several Drosophila spp. both
intraspecifically (Rousset and De Stordeur, 1994) and interspecifically (Boyle etaL, 1993;
Clancy and Hoffmann, 1997) and interspecifically in the coleopteran Tribolium confusum
(Chang and Wade, 1994). In addition, interfamily transfer of Cl-Wolbachia has been
realized. Wolbachia from the mosquito Aedesalbopktuswere transferred to the fruitfly D.
simulans and this revealed that the transinfected Drosophila strain became bidirectionally
incompatible with all other naturally infected strains (Braig et aL, 1994).Y-Wolbachia
causingfeminization have alsobeen transferred inter- and intraspecifically in several species
of isopods Quchault et aL, 1994) and induced similar effects in their hosts. Finally, NWolbachia causing no obvious effect on host were transferred from D. mauritiana and to
D. simulans in which they also failed to cause any obvious effect (Giordano etaL, 1995).
From these studies it became clear that similar effects were found in the new hostWolbachiacombination asinthe originalone.
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N o such transfer experiments have been performed with T-Wolbachia. Here, we report on
experiments we have conducted to determine whether T'-Wolbachia found in the
hymenopteran Muscidifurax uniraptor would cause a specific effect in the dipteran host
Drosophila simulans. It was determined whether injection of 1'-Wolbachia induced
mortality in D. simulans eggs, and if the infection would become established in the new
host. Secondly, when the infection succeeded, effects on the host were studied by: (1)
measuring eggmortality of infected eggs;and (2)performing crossesto investigate whether
H-Wolbachia were able to induce CI in its new host. Cl-Wolbachiawere also injected in
uninfected D. simulanstoverify the microinjection protocol.

Materialsand Methods
Insectstrains - Theinsect and Wolbachiastrainsusedintheinjection experiment are
shown in Table 1.
Table 1. Insert species and Wolbachia strains used in the microinjection experiment. Ooplasm was
isolatedfromthedonorspecies(D) andinjectedintotheacceptor(A).
Wolbachiastrain
abbreviation

Species
DrosophilasimulansRiverside
Muscidifuraxuniraptor
DrosophilasimulansWatsonville
DrosophilasimulansWatsonville

D
D
A
A

wRi
w\Jm
injected withwRi
injectedwithwUni

Effect in
host
CI
T
CI
•?

Abbreviationfor new
trans-infectedspecies
DSW(CI)
DSW(T)

Flies were maintained in bottles containing Drosophila medium [20 gagar, 135gsugar, 38g
yeast, 0.12g nipagine (lOg/Lnipagine in 70%ethanol) made up in 1 Lwater]and incubated
at 20°C.The fly pupa parasitoidM. uniraptororiginated from Puerto Rico (Legner, 1985a)
andwasreared onMuscadomesticapupaeand incubated at25°C.
Microinjection- Microinjection was performed according to the method of Santamaria
(1986) and Boyle et al. (1993) with some modifications. Embryos were collected over a30
min period, transferred to double-sided sticky tape on a slide, dechorionated manually
and transferred to a new slide. The embryos were partially desiccated by exposure to
the airfor up to 4min (depending onthe relative humidity) and subsequently covered with
heavy mineral oil (Sigma, no. 400-5).Using amicrocapillaiy needle (Boehringer femtotips)
ooplasm containing Wolbachia(wUni or wRi) was drawn from infected eggs and then
injected intotheposteriorpolesofuninfected D.simulansWatsonville embryos before pole
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cell formation. Injected embryos were incubated overnight at 25°C (18h). The following
day, hatching larvae were isolated at two-hour intervals and transferred to vials with
Drosophila medium. After pupation and eclosion, isofemale lineswere started. Adult virgin
females were crossed with uninfected males, because some males from the injected eggs
failed to mate or were sterile. A sample of the injected eggs was used to measure the
mortality of eggs,larvaeandpupae.
Rearing ofisofemalelines- In the first generation after injection, allfemales were tested for
Wolhachia infection. From the offspring of each of theseisofemale lines,five new isofemale
lines were started. After 1 week these five females were tested for Wolhachia infection.
Offspring from infected mothers were used to start new isofemale lines. In the 3rd-7th
generations, new DSW(T) lines were established from females that had the highest
proportion of infected offspring. Adult transinfected females were tested for Wolhachia
infection byPCR amplification ofthe fisZ gene (Holdenetal, 1993).
Eggmortality,fecundity and incompatibilitytesting- To investigate whether wUni infection
in DSW(T) caused eggmortality, the number of hatched eggs of infected DSWfT) females
was counted. Females were taken from an infected DSW(T) line and the uninfected DSW
line (control). They were placed on agar dishes covered with fresh yeast. After 48h, these
females were placed on a new agar dish with yeast. When the agar dishes had been
incubated at 20°C for 48h,the numbers of eggsand larvaewere counted. At the end of the
experiment, females were prepared for PCR to check for Wolhachia infection. Data from
uninfected females from the DSW(T) line, according to PCR, were removed before
analysis of the results. Experiments were performed in duplicate. The numbers of eggs
from infected and non-infected mothers were also compared.
Egg mortality was used to indicate reproductive incompatibility. To test whether wlJni
induced CI in DSWfT), matings between transinfected males and uninfected females
were set up. For each cross, twenty 1- to 2-day-old DSW virgin females were each
allowed to mate with one 5-day-oldDSW(T) male in the second generation or 1-day-old
male in the fourth generation. As control, ten virgin DSW females (from the same batch
as above) were crossed with uninfected DSW males. To confirm the unmated status of
these females, a control vial of 10 virgin females was taken. All DSW females were
checked for Wolhachia infection to confirm their uninfected status. After 24h, males
were removed and tested for Wolhachiainfection. Females were allowed to lay eggs for
two days on agar covered with fresh yeast. After removing the females, the dishes were
incubated for 48h, and the numbers of eggs and larvae were counted. Experiments were
performed in duplicate andthe mortality rateswere compared with aKruskal-Wallis test.
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DNA extractionand PCR - Drosophila flies were homogenized with a sterile pestle in 100
uL STE (lOOmM NaCl, lOmM Tris, ImM EDTA, pH 8.0) (O'Neill et at, 1992) and
incubated with 2 uL Proteinase K (20mgmU) for 1h at 37°C, followed by 5min at 95°C.
Samples were spun for 2 min in a centrifuge and 1 (J.L of the supernatant was used as
template in subsequent PCR reactions. The Wolbachia ftsZ gene was amplified using
specificftsZ primers (Holden et aL, 1993): 5'- GGACCGGATCCGTATGCCGATTGCAGAGC
TTG-3' and 5'-GGACCGAATTCGCCATGAGTATTCACTTGGCT-3'. For PCR, a temperature
profile of 94°C for 2 min (1cycle); 94°C for 1min; 55°C for 1min; 72°C for 1min (40
cycles)was utilized.
Confirmation oftheidentityof theWolbachiastrainintheinfectedDrosophilahost FtsZsequences of Wolbachia from D. simulansRiverside wRi andM. uniraptorw\Jm were
retrieved from Genbank (accession numbers U28178 and U28186) and analysed for
differences (Werren etaL, 1995a).TheftsZ primers (Holden etaL, 1993) amplify the region
494bp-1221bp of xhefisZ gene, which includes apart of the 3'flanking sequence. The 792
bp sequences (including the primers) differ in four nucleotides, and Pvu II cuts at position
1120of the wRifisZ sequence.Pvu IIrestriction digestion results in two fragments of 659
and 133bp inthe caseofxhefisZ of wRi Wolbachia.

Results
Mortality ratesofinjectedeggs
Mortality rate differences were found between eggs injected with Drosophila cytoplasm
containing u>Rior Muscidifurax cytoplasm containing wUni (Table 2). Eggs injected with
wUni showed higher hatching rates than eggsinjected with wRi. However, this difference
is not seen when mortality rates of larvae or pupae are compared. Of the resulting adult
females, approximately 50%produced offspring.
Wolbachia infectionrates
One positive DSW(CI) line was found from 11lines injected with wRi. From this infected
mother, all offspring were infected (five individuals tested per generation) in the third and
consecutive generations. The infection remained stable for at least 10 generations. Of 41
isofemale lines injected with wUni, ten lines had infected offspring rates ranging from 2080%. The percentageinfected offspring ofinfected mothersdecreasedto 60%at maximum in
successive generations, and no infected offspring were found in the seventh and consecutive
generations (Table 3).PCR with thefisZprimerswasperformed on D.simulansWatsonville
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(DSW) and Riverside,M. uniraptorand the transinfected lines DSW(CI) and DSW(T). N o
product was amplified from DSW while all others samples resulted in a PCR product of
the expected size (792 bp). Restriction analysis on these fisZ products confirmed the
identity ofthe wUai strain inD.simulans(datanot shown).
Table2.Mortalityratesofdifferent lifestagesofDrosophilasimulansWatsonvilleinjectedwith different
cytoplasmtypesandWolbachiastrains.
EggtoLarva

Larvatopupa

Injected

Alive

Dead

Total

Alive

Dead

Total

wRl

98

142

240

58

40

98

wUni

140

75

215

66

74

140

Larvatoadult
Injected

Alive

Dead

wRi

48

wUni

52

Pupatoadult
Total

Alive

Dead

Total

50

98

48

10

58

88

140

52

14

66

Adults

Injected
wRi

Total
females
22

Total
femaleswith
offspring
11

Total
males
26

wUni

25

11

27

Effects on host resultingfrom wUni infection in D. simulans
In the second generation after injection, effects on the host caused by the w\Jm
infection in DSW(T) were studied by determining female fecundity and egg
mortality rates from infected mothers. N o differences were found between infected
and DSW mothers (Table 4).
Secondly, expression of CI by infected wUni males was studied. If wUni induces CI
in its host, reduced egg hatching rates should be found in the crossing of DSW ? x
DSW(T) o\ But no reduced egg hatching rates were found in the putative
incompatible crossing in comparison with the control crossing (Table 4).
In the fourth generation, similar egg mortality results were obtained from the
putative CI and control crossing (Table 4). Egg mortality from DSW(T) mothers was
determined in the fourth generation as well but, because of the low transmission rate
(26%; Table 3) insufficient positive samples were obtained.
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Table 3. Number of isofemale lines of D. simulanstested, number of
individuals tested per line and
offspring infection ratesfrom 2nd to 10thgenerationsofDSW(T) injecte d females.
No. ofindividuals
Generation
No.ofisofemalelines
%infected
per sofemaleline
after injection
tested
offspring
2

31
3
3
1*

3

4

1*

5

5
10
5
40
5
5

0
20
40
48
60
80

5
5
5

0
20
60

38
10

26
40

5
5
5

0
20
60

6

2
1

10
10

0
50

7

2

20

0

2
5
8, 9,10
*IndividualsfromtheseisofemalelineswereusedineggmortalityandCIexperiments.

0

Discussion
It wasnot known whether the injection of foreign cytoplasm intoD. simulanseggs would
result in higher mortality. Because of the different microinjection conditions between the
actual experiments, our experimental set-up is not suitable for addressing this issue.
However, comparing the mortality in both experiments it becomes clear thatDrosophila
eggs can survive the introduction of foreign cytoplasm (Table 2). In addition, w\Jm
injection does not result in excessive mortality in the different developmental stages of
Drosophila.
Wolbachiacould be detected by PCR in the DSW(CI) and DSW(T) lines in the second
generation after injection. The transmission was 100% in the second generation for
DSW(CI) and was stable for at least 10 generations. For DSW(T), however, the highest
transmission rate was found in the second generation (80%) and decreased to 0% in the
seventh generation.
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Effects on the host were studied for DSW(T) inthe second and fourth generations. Because
D. simulans is not adapted to thelytoky, egg mortality was expected to occur. But no
significantly higher mortality was found in eggs from infected mothers in the second
generation, which corresponded with the decreasing transmission rates. In addition, no
fecundity differences could be found between infected and non-infected females. Because
Wolbachia caninduce CI inDrosophila (Hoffman etal, 1986),thisphenomenon was tested
for with the wUni transinfected Drosophila strains.No CI could be detected in the second
and fourth generations after injection in the incompatible crosses. In other cytoplasm
injection experiments, Wolbachiaeffects in the host could be detected as early as two
generations after injection (Boyle etal, 1993). In the injection experiment of Braig etal.
(1994), Wolbachia could only be detected after six generations by PCR. But the set-up of
this experiment was different because purified Wolbachia were injected which could have
an effect on Wolbachiafitness or result inadifference ininjected Wolbachiadose.
Table 4.Number of eggswith standard error (SE)andmean eggmortality with standard deviation (SD)
from different mating combinations between uninfected Drosophilasimulans (DSW)and wUni infected
DSW(T),two andfour generationsafter injection (crossesbandfrepresenttheputativeCIcrossing).
Eggs/ female
Generationtested
±SE(numberof
Meanegg
Eggmortality
comparison
(after infection)
Cross(femalexmale)
mortality±SD
femalestested)
2

4

a: DSW

xDSW

7 9 + 6 (10)

xDSW(T)

86± 8 (12)

12.7+ 7
10.3+ 10

avs.bP=QA2

b:DSW

c:DSW xDSW
drDSWCilxDSWOO

64+ 7 (9)
78 ± 9 (9)

4.8± 5
3.6+ 5

cvs.d P=QM

e:DSW

xDSW

59± 5 (10)

8.4±5

evs.f P=0.09

f:DSW

xDSW(T)

56+ 8 (7)

5.3+5

Although the ftsZ sequences of wRi and wUni are closely related (0.4% difference), no
permanent establishment of Wolbachia from M. uniraptor infection occurred in D.
simulans.Because w\Jm infection could be detected for several generations, Wolbachia had
to be present in the eggs. However, no effects on the host could be detected and
transmission rates decreased after each generation. Because no correlation was found
between the decreased transmission rates and egg mortality, it remains unclear why the
infection is not stable in its new host. One explanation might be that, when no CI
mechanism is present, this being the driving force for spread of Wolbachiathrough the
population (Turelli, 1994), Wolbachiacoulddisappear from the population.
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However, transfer experiments with N-Wolbachia revealed that the new hosts had 100%
infected offspring as well, indicating that no CI mechanism was necessary for their
persistence (Giordano etal.,1995).A second explanation for the infection not being stable
is that wUni is not physiologically adapted to its new host. Consequently the Wolbachia
density would not rise sufficiently, explaining the fact that no effects on the host were
observed (Boyle etal, 1993;Breeuwer and Werren, 1993).As found in D. serrata, a novel
host for Wolbachia,Wolbachia from D. simulansRiverside were successfully transferred to
this species but maternal transmission was relatively low (Clancy and Hoffmann, 1997)
indicatingthat host symbiont interactions areimportant inthe successinthe establishment
of the infection. An example of Wolbachiatransmission failure was found in isopods.
Injection experiments revealed that Wolbachia could be transferred between closely related
species of isopods (Armadillidium nasatum to A. vulgare). However, transmission of
Wolbachia from Chaetophiloscia elongatato A. vulgare, which are more distant related
species,failed (Juchault etal.,1994).This might be asimilar casewhere Wolbachiawere not
adaptedto their new host. On the other hand,phylogeneticwork on Wolbachia (Werrenet
al, 1995a)providesevidencethat in somecasesthisbacterium hassuccessfully bridged large
phylogenetic distances initsinterspecific movement and it remainsunknown what permits
particular inter-order transfers to occur successfully. When practical microinjection
problems are overcome, future experiments could reveal whether wUni can be transferred
to other hymenopteran species and if similar phenotypes are induced as in the original
host.
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Development of a microinjection protocol for the parasitoid
Nasoniavitripennis

Introduction
Microinjection of eggsis increasingly used in genetic research on arthropods and can have
several practical applications (for a review see Ashburner etal., 1998). This procedure has
been used to study transposon-host interaction in several dipteran species such as
Drosophilamelanogaster and Ceratitiscapitata(Spradlin and Rubin, 1982; Loukeris et al.,
1995). DNA injections have been carried out for genetic modification of some mosquito
vectors such asAedesaegypti,Aedestriseriatus (McGrane etal, 1988; Morris etal.,1989) and
Anophelesgambiae (Miller et al., 1987). Genetic transformation of vector species may be
used to prevent the transmission of pathogens from mammal host to arthropod host
(Marshall, 1998). In Lepidoptera, DNA has been injected in the silkworm Bombyx mori
(Nikolaev et al., 1989) and the pink bollworm Pectinophora gossypiella (Peloquin et al,
1997).
Microinjection can also be used to study host-symbiont interactions. A major focus in this
field has been on the rickettsial endosymbiont Wolbachia. Infection of an arthropod host
with Wolbachia can result in cytoplasmic incompatibility (CI) that leads to a significantly
reduced egg hatch in crosses between infected males and uninfected females whereas all
other crosses arefully compatible. Wolbachiainfection can alsoinducethelytoky, in which
unfertilised eggsdevelop into females, or feminization (males are converted into functional
females) in their host (for a review see Werren and O'Neill, 1997). Wolbachiahas been
transferred by microinjection into severalDrosophilaspecies (Boyleetal.,1993; Rousset and
De Stordeur, 1994; Giordano et al., 1995; Clancy and Hoffmann, 1997) and in the
Coleopteran Tribolium confusum (Chang and Wade, 1994). Wolbachia transfer may have
several useful applications. For example, CI inducing Wolbachia could be transferred to a
new host in order to spread agenetic modified type into anatural population (Beardetal.,
1998; Sinkins et al., 1997). Infection of sexual reproducing parasitoids with thelytoky
inducing Wolbachia can be potentially advantageous in biological control situations,
becausethelytokous parasitoidsproduce more daughterscompared to normal reproducing
parasitoids (Stouthamer, 1993).
This chapter has been submitted as short communication as: van Meer M.M.M., Witteveldt, J. and
StouthamerR.Development ofamicroinjection protocolfortheparasitoidNasoniavitripennis.
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Finally, for prospective studies on fertilisation and gamete maturation, a microinjection
protocol, to introduce sperm into eggs, has been developed for the sawfly Athaliarosae
(Hymenoptera;Tentredinidae) (SawaandOishi, 1989).
Microinjection experiments are mainly performed in dipterans where one specific
developed injection protocol could be used for severalDrosophila or mosquito species. For
other insect species, microinjection protocols are limited, because they require their own
specific protocols. These protocols consist of distinct steps requiring different conditions
that have to be adjusted to reduce mortality. Furthermore, after injection the surviving
larvaeofsomespeciesneedto bereared on artificial media,that arenot alwaysavailable.
We developed a microinjection protocol for the gregarious fly pupa parasitoid Nasonia
vitripennis (Hymenoptera, Pteromalidae). This species was chosen because, similarly to
Drosophila, extensive genetic research has been done on this species. This includes studies
on gene linkage maps (Saul etal., 1965), extrachromosomal factors such as a paternal sex
ratio distorter (Nuretal., 1988),amaternal sexratio distorter (Skinner, 1982),the son killer
trait (Skinner, 1985) and studies on the endosymbiont Wolbachia (Breeuwer and Werren,
1990, 1993).In addition, large quantities of eggscan be collected relatively easily from this
species and facilitates the testing of the different stages of the protocol. Initially, a
Drosophilainjection protocol wasused but none of theinjected N. vitripenniseggssurvived.
Therefore, different microinjection protocols (Santamaria, 1986; Chang and Wade, 1994)
were combined and optimal conditions for each step were determined. In addition, an in
vitro incubation stepfor thelarvaewasdeveloped.Inthispaperwedescribe aprotocol that
makes microinjection an availabletool for thisspecies.

Protocol
Cultures
For the experiments, the N. vitripennislines Ti277c and AMf6 were used. The line AMf6
wasdeveloped in our laboratory, for other experimental purposes, by introgression of the
MI genotype (Parker and Orzack, 1985) in the Asym cytotype (Breeuwer and Werren,
1990) for six generations. Line Ti277c was derived from Line Ti277 (Saul etal., 1965) that
wasinfected with agroup A Wolbachia (Perrot-Minot etal., 1996).Ti277waspswere cured
from infection by feeding them honey containing the antibiotic tetracycline (0,25 mg/ml)
for three consecutive generations. Line AMf6 has red eyes while line Ti277c has 'tinged'
eyes. This characteristic can be used to distinguish non-treated wasps from wasps derived
from the injection procedure. Nasoniavitripennis wasps were given honey andCalliphora
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sp.pupa (LazeboBV,theNetherlands) asfood source.The waspswere reared at 25°C with
alight-dark regime of L16:D8.Under these conditions, the lifecycle from eggto adult took
two weeks.
Eggcollection
To collect large quantities of eggs of similar age, three-day-old N. vitripennis wasps
(AMf6) were deprived of fly pupae 24 h before the experiment. Two N. vitripennis
females were placed together with one Calliphora pupa per vial for one hour (20
replicates). After ovipositon, the pupa was opened with ascalpel and the pupal shell was
removed. Using a binocular microscope, the eggs were collected with a fine needle and
placed in aPetri dish containing an agarlayer (2%agarw/v in water).
Fixation oftheeggs
Before microinjection, N. vitripennis eggs need to be attached to slides. Rubber cement
and double sided tape 3M have been successfully used for Drosophila and Tribolium
respectively (Chang and Wade, 1994; Giordano etal., 1995).For N. vitripennis, 3M tape
resulted in the lowest mortality and rubber cement proved to be highly toxic (Table 1).
Table 1.HatchingratesofN. vitripenniseggs fixed on different
brandsofdoublesidedtapeorrubbercement.
ntotaleggs
nsurvival(%)
Brand
Sellotape
3MCo.
TESA
Rubbercement*

120
42
80
50

97
40
65
0

(80.8%)
(95.2%)
(81.3%)
(0.0%)

*Ta Fong Che Ind.Co. LTD.

Dehydration oftheeggs
Before injection, eggsneeded to bedehydrated because the turgor of freshly laid eggswas
too high to perform injections without rupturing them. Drosophilaeggs are dehydrated
by dechorionation of the egg followed by exposure to air. But, in contrast toDrosophila
eggs, the chorion layer of TV.vitripennis eggs is relatively flexible and penetrable so that
dechorionation was not necessary for microinjection. The intact eggs were dehydrated
by exposing them in different concentrations of ethanol or they were dried by
incubating them in a desiccator containing CaCl2. The optimum drying time was
determined (Table 2). The ethanol treatment dehydrated the eggs, but the turgor varied
considerably.
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A more consistent result was obtained when the eggs were dried in the desiccator.
Subsequent experiments showed that the optimal dryingtimewasaround 55-65min.
Table2.HatchingratesofNasoniaeggs after different dehydrationmethods
followed bymicroinjection^andincubationinRingersolution.
Treatment
Ethanol

40%
45%
50%
60%
70%
70%
85%

Desiccator

time

n totaleggs

10'
10'
10'
5'
5'
7'
5'

30
59
60
53
55
31
30

0
3
0
10
5
1
0

(0.0%)
(5.1%)
(0.0%)
(18.9%)
(9.1%)
(3.2%)
(0.0%)

20'
60'
90'

30
26
20

0
6
7

(0.0%)
(23.1%)
(35.0%)

n survival (%)

Microinjection consistedofonlypuncturingtheeggs.
Ethanol 99%(w/v)

1

Injection oftheeggs
After initial dehydration, the eggswere covered with oil until hatching to prevent further
dehydration andto restrict cytoplasm lossafter injection. Three different oilsweretested to
identify the least toxic one (Table 3). All three oils gave good larval survival rates and
experiments were continued with paraffin.
Table3.HatchingratesofTV. vitripenniseggs after beingcoveredwith
paraffin or different kinds of oil followed by incubation in Ringer
solution.
ntotaleggs
nsurvival(%)
Paraffin
Mineraloil(Sigma)
Halocarbon oil

20
100
20

20 (100%)
77 (77%)
20 (100%)

Injection of the eggswasdone in asimilar way asDrosophila eggs (Santamaria, 1986;Boyle
et al., 1993) and did not pose difficulties. In summary, cytoplasm was drawn from an
untreated N. vitripennis egg and injected into the posterior pole of a dehydrated N.
vitripenniseggusing amicrocapillary needle (Eppendorf Femtotips). Hatching rates of eggs
injected with conspecific cytoplasm varied between 0-30%.

48

Microinjection protocol ofNasoniavitripennis
In vivo incubation ofthelarvae
After injection andincubation, larvae (AMf6) were recovered from the oilandplaced on an
opened fly pupa that was parasitized by females from line Ti277c on the same day. The
larvae were incubated on parasitized fly pupae because N. vitripennisfemales inject venom
in the pupae which kills them and modifies the host's haemolymph throughout the
parasitoids larval development (Rivers andDenlinger, 1993).FiveN. vitripennislarvae were
placed on aflypupa by making asmallwindow atthe anterior end ofthehost puparium.
This window was sealed with a small piece of parafilm that prevented desiccation of both
fly pupa and N. vitripennis larvae. As control, 5 non treated N. vitripennis larvae were
transferred from one fly pupa to another. However, mortality was 100% for larvae from
injected eggswhile 31% ofthecontrol larvae survived.
In vitro incubation ofthelarvae
Injection experiments with Triboliumconfusumshowedthat oil,usedto coverthe eggs,was
toxic to the larvae (Chang and Wade, 1994).Therefore, the oil was removed from the N.
vitripennis eggsjust before hatching (embryonic stage).They were placed on afilter paper,
washed with the detergent Tween-20 and rinsed with Ringer solution. Subsequently, the
embryos were placed on fly pupae and allowed to hatch and develop but they still did not
survive. To allow the embryos to hatch before placement on the fly pupa, they were
incubated in artificial media. Initially two different artificial media were tested: 1) Hinks
medium (Hinks et al., 1970) which was previously used to establish a cell line from N.
vitripennis (Wahrman and Zhu, 1993) and Minimum essential (ME) medium (GibcoBRL
31095-029).To prevent fungal growth we added the fungicide Nipagin which is commonly
used in Drosophila media. But Nipagin was found to be toxic to the N. vitripennis larvae
even in low concentrations (0.12 ug/ml). N o other fungicides were tested or used in
subsequent experiments. To prevent bacterial contamination, the antibiotics Penicillin and
Streptomycin were alsotested (Table4).
Hatching rates of N. vitripennis eggs in artificial media were relatively high and not
influenced by the different antibiotic concentrations tested. However, after hatching, the
majority of larvae died within a few hours in ME medium or within one day in Hinks
medium (Table 4). Previous studies have shown that host haemolymph can be necessary
for the development of parasitoid larvae into adults (Trieetal.,1987).BecauseN. vitripennis
larvae survived longer in Hinks medium, this medium was supplemented with fly pupa
haemolymph (not parasitized) in a 1:1 ratio. There wasatendency towards lower hatching
rates in Hinks medium supplemented with haemolymph and a higher survival time of N.
vitripennislarvaecompared to incubation inHinks or ME media only (Table4).
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Table 4.HatchingratesofN. vitripennis eggsincubated inHinks medium, Haemolymph(Hh)-Hinks
mixture (1:1)or Minimal essential medium (ME)containingvarious concentrations of Ampicillin(A)
and Streptomycin (S) (nE= number of eggs tested; nH= number of hatched eggs; % hatching
percentage,Sl,2,4,6survivalpercentageafter 1,2,4and6days).
\ A
SK

0.0

%

nE nH

Sl,2,4,6

+Hh

0.0
0.1
0.2
0.4
0.0

5
6
5
6
5

4
5
5
4
4

80
0.
83
40,0.
100
0.
67
25,0.
80 100,100,
0.

ME

0.0 8

5

63

Hinks

l

0.25

0.125

0.

nE nH % Sl,2,4,6
5 5 100
0.
3 3 100 67,0.
5 3 60
67,0.
6 6 100 33,0.
5 2 40 100,100,
100,100.
5

3

60

0.

0.50

%

Sl,2,4,6

nE nH

% Sl,2,4,6

5
5
5
5
5

3
4
4
4
2

60
80
80
80
40

0.
25,0.
50,0.
0.
100,100,
100,100.

4
7
5
5
4

4
4
5
5
4

100 50,0.
57
0.
100 20,0.
100 33,0.
100 50,50,
50,50.

5

5

100

0.

7

6

86

nE nH

0.

concentration in Hg/ml

Hatching rates were also determined in Hinks medium media supplemented with
haemolymph of parasitized and non-parasitized fly pupae from Calliphorasp. and an
alternative host Musca domestica(Table 5). Hatching rates in Hinks media supplemented
with haemolymph were lower than the previous experiment in media without
haemolymph. Only slight differences in hatching rates were detected between medium
supplemented with haemolymph from M. domesticaor Calliphora sp..There was also a
trend towards higher hatching rates in Hinks medium supplemented with haemolymph
from parasitized host pupae than for media supplemented with haemolymph from
unparasitized pupae.
Table 5.HatchingratesofN. vitripenniseggs incubatedinaHaemolymph-Hinksmixture (1:1)with
0.4Jig/mlAmpicillin.Haemolymphtypesused: nonparasitizedorparasitized Calliphorasp. (C.non.,
C. par.) and non parasitized or parasitizedM. domestica (M.non., M. par.). (nE= number ofeggs
tested;nH= numberofhatchedeggs;%hatchingpercentage).

C. non
C. par.
M. non.
M. par.

nE
239

-

trial 1
nH
105

-

%
44

-

nE
216

-

trial 2
nH
104

%
48

-

nE

trial 3
nH

100
100

48
71

%
48
71

-

-

-

nE
48
120
24
24

trial 4
nH
27
81
7
15

On the different experiments, no statistical tests on hatching or survival rates were
performed becausethe haemolymph originated from fly pupa with differing quality within
experiments (differences in age, size and batch). Larvae were incubated in the Hinkshaemolymph mixture for various lengths of time, to determine the optimal incubation
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time before their placement on a parasitized host (Table 6). The percentage of larvae
developing into adults, after incubation in the medium supplemented with haemolymph,
was highest for the one day incubation period and no larvae reached adulthood after an
incubation period ofthreedays.
No obvious differences in number of larvae reaching adulthood were seen between larvae
incubated in medium supplemented with parasitized or non-parasitized fly pupae
haemolymph. The controls (Table 6) showed coverage of N. vitripenniseggswith oilto be
very harmful evenwhen they were washed.
Table 6. Frequency of survival to adulthood of treated larvae placed on a parasitized fly pupae. The
larvaltreatment consistedof anincubation periodof 1,2,3,5 or 7daysin a(1:1)mixture of haemolymph
andHinks medium with 0.4|ig/ml Ampicillin.Haemolymph typesused:non parasitizedor parasitized
Calliphorasp. (C.non., C.par.) andnon parasitizedorparasitizedM. domestka(M.non., M.par.). (nL=
number of larvaetested;nE= number ofemergedadults;%adultsurvivalpercentage).
C.par.
Time
C.non.
M.non.
M.par.
nL nE
nL nE
%
nL
nE
nL nE
%
%
%
11
40
7
18
4
1 day
54
20
2
50
8
3
38
0
0
4
2days
39
1
3
35
0
0
4
0
0
0
3 days
16
0
0
6
0
5days
16
0
0
7days
7
0
0
Time

Control1
Control2
%
nL
nE
nL nE
%
102
0
0
Odays
42
13
31
42
24
1
4
1 day
45
14
12
0
0
2days
17
2
24
100
3 days
3
3
a:Nasoniaeggs/larvaewereisolatedfrom pupaeanddirectlytransferredto anewhost.
b:Nasonia eggswerecoveredwithparaffin, incubated in Ringer solution, washed andthen placed on anew
host.

Conclusionsand Discussion
Microinjection protocols of Drosophila and Tribolium were unsuitable for N. vitripennis.
Therefore we developed a new injection protocol in which we determined the optimum
conditions for all steps. Our protocol clearly shows that microinjection is possible for N.
vitripennis.
The optimum dehydration time of the N. vitripennis eggs was approximately one hour.
For successful germlinetransmission or Wolbachia infection, injection has to be performed
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before pole cell formation, which occurs after three hours for N. vitripennis (Bull, 1982).
Our protocol meets this requirement, because the time period necessary for egg isolation,
dehydration and injection iswithin thistime limit.Experiments using artificial media were
done because TV. vitripennis larvae were unable to develop when they were directly
returned to Callipbora sp. pupae. Incubation of eggs in Hinks medium or ME medium
resulted in ahigh hatching rate and showed thefungicide Nipagin to belethalto the larvae.
No obvious differences in egghatching rateswere observed among varying concentrations
of the antibiotics ampicillin and streptomycin treatments. These antibiotics were selected
because they are not lethal to the endosymbiont Wolbachia(Stouthamer et al., 1990a).
Hatching rates were similar with both Hinks and ME media, but larvae survived for a
maximum of 24h.
The incubation conditions wereimproved by supplementing Hinks medium with fly pupa
haemolymph in a 1:1 ratio. Hatching rates were lower in medium with haemolymph
compared to thetwo mediawithout haemolymph. Normally, eggsarelaidinsidethe pupal
shell on the exterior of the fly pupa. Some compounds directly from the haemolymph or
originating by degradation of the haemolymph may affect the egg hatching rate. To
determine whether hatching rates were dependent on parasitization of the host, Hinks
medium was supplemented with parasitized or unparasitized haemolymph. These
experiments showed a trend of higher hatching rates in medium supplemented with
parasitized haemolymph. Despite the lower hatching rates in the Hinks medium with
haemolymph, the larvae were able to develop into adults in contrast to the medium
without haemolymph. The transfer of N. vitripennis larvae to parasitized Callipborasp.
pupae was most successful when the larvae were allowed to develop for 24h in Hinks
medium supplemented with fly pupa haemolymph (1:1). This optimal incubation period
of only 24hours isdifficult to explain because after this period, larvaewere stillfeeding on
the medium. Normally, after parasitization of the fly pupa, the haemolymph changes
specifically during the parasitoids larval development (Rivers and Denlinger, 1993).
However, this change may not occur in vitro and may explain why no larvae reached
adulthood after 24h. In addition, due to the incubation conditions, oxidation or other
chemical reactions could lead to a deterioration of the haemolymph quality. Experiments
where the medium is refreshed daily could resolve this problem. The haemolymph
medium wasinfluenced by the quality of thepupae usedto extract the haemolymph from.
These fluctuations in haemolymph quality makes the comparison of the different
experiments and treatments difficult. The benefit of washing the eggswas not tested, but it
seemsplausiblethat lesscontact with atoxicsubstance shouldincrease larval survival.
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Our results show that our protocol allows successful microinjection of N. vitripennis eggs
and can beusedto do advanced geneticstudiesinthisspecies.
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Female fitness in Wolbachia-fixedand Wolbachia-mixed
Trichogrammapopulations

Abstract — In haplodiploid species, the normal mode of reproduction is arrhenotoky: males arise
from unfertilized eggs and females from fertilized eggs. A less common mode of reproduction is
thelytoky in which allunfertilized eggsgive riseto female offspring. In Hymenoptera, thelytoky can
be induced by Wolbachia, aa proteobacterium. The infection can befully established in apopulation
so that only thelytokous females are present (= fixed population). But there are also cases where
thelytokous females coexist with arrhenotokous ones (= mixed population). In mixed populations,
thelytokous females are still able to mate and produce offspring sexually. In fixed populations, the
degree of co-evolution between insect host and symbiont Wolbachia will increase and it is theorized
that thiswill result in areduction of negativeimpact ofthe symbiont on itshost. This hypothesis was
tested with waspsof the genus Trichogrammabecause both mixed andfixed populations occur within
this genus.Thelytokous females oftwo isofemale linesfrom fixed populations andfour isofemale lines
from mixed populations were 'cured' from Wolbachiainfection using antibiotics. Several fitness
parameters were measured for these Wolbachia infected lines and their cured counterparts. Daughter
production was significantly higher for the thelytokous fixed lines compared to the arrhenotokous
ones. This contrasts with three mixed lineswherethe daughter production was lower for the infected
lines compared to the cured lines. Only a slight fecundity effect of Wolbachia in the fixed lines was
found for total offspring numberswhileaseverenegativeimpact of Wolbachiawasfound inthe mixed
lines. The Wolbachia transmission efficiency (% females) was generally higher for the fixed
thelytokous lineswith the exception of one mixed line of T. deion.Finally, negative Wolbachia effects
were detected for longevity, pupa and embryo mortality for several Trichogrammalines. Our results
are discussed in the context of a previously published model which describes the dynamics of
Wolbachia-iniecXed Trichogrammawaspsinmixedpopulations.

Introduction
The role of cytoplasmic genes as an important component of hereditary material has long
been neglected (Cosmides and Tooby, 1981). While nuclear genes are passed from both
parents to the offspring, cytoplasmic or extranuclear genes are inherited mainly from the
mother. This implies that males constitute a dead end for cytoplasmic genes. Therefore it is
advantageous for cytoplasmic factors to biasthe offspring sex ratio of their host towards the

Thischapterhasbeensubmittedforpublicationas: vanMeerM.M.M,Silva,I.M.M.S.,RoskamM. M,
Gort,G.andandStouthamerR.Femalefitnessin Wolbachia-iixedand Wolbachia-mixed Trichogramma
populations.
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production of daughters.For the nuclear genes,however, reproductive fitness isalso gained
through males. These differences in evolutionary interests can create a conflict between
nuclear andcytoplasmic genes (Cosmidesand Tooby, 1981).
Several cytoplasmic sex ratio distorters, which interfere with the host mode of
reproduction, have been described (for a review see Hurst, 1993) and one of the most
conspicuous examples is the intracellular symbiont Wolbachia. This bacterium is
widespread in arthropods, cytoplasmically inherited and can modify the reproductive
phenotype of its host in various ways such as through cytoplasmic incompatibility (CI),
induction of thelytoky (T) or by feminization of the male host (for a review see Werren
and O'Neill, 1997).In CI, the bacterium manipulates its host's sperm in such away that it
can only fertilize eggcells from mothers infected with a similar strain of Wolbachia. If the
sperm enters anuninfected egg,the zygote diesin diploid speciesor developsinto amale in
haplodiploid species (Yen and Barr, 1973; Breeuwer and Werren, 1990). Wolbacbia-induced
thelytoky (T) is a form of parthenogenesis that has presently only been found in various
speciesof the order Hymenoptera (Rousset etal.,1992b;Stouthamer etal.,1993; Van Meer
etal., 1995;Zchori-Fein etal, 1995).In this order, unfertilized eggsnormally develop into
males (arrhenotoky), but Wolbachiainfection leads to a disruption of the chromosome
segregation in the first mitotic division (anaphase) of the haploid egg. As a result, haploid
eggs become diploid and develop into homozygous thelytokous females (Stouthamer and
Kazmer, 1994).Thelytokous strains can be maintained without the involvement of males.
When thelytokous females get older, male offspring can beproduced probably because the
Wolbachia titer declines with the mother's age. Finally, feminization is found in isopods
where Wolbachia can transform genetic males into functional 'neofemales' (Rousset etal.,
1992b; Juchault et al, 1994). These three effects result in the spread of the Wolbachia
infection through the population.
A nuclear-cytoplasmic conflict can exist between thelytoky-inducing Wolbachia (TWolbachia) and their host. The severity of this conflict is afunction of the infection status
of the population. Two different situations can be recognized: the population consists of a
mixture ofinfected anduninfected conspecifics ('mixed'), or thepopulation consistsof only
infected females ('fixed') (Stouthamer, 1997).
In mixed populations mating can take place between infected thelytokous females and
uninfected males. The mated thelytokous females produce daughter offspring sexually from
fertilized eggs and homozygous females from unfertilized eggs (Stouthamer and Kazmer,
1994). When the frequency of infection rises in a population, the population sex ratio
becomesincreasingly female biased.Inthissituation, few malescanmatewith many females.
Therefore, increased reproductive fitness can be gained by the nuclear genes that favour
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production of males. This nuclear-cytoplasmic conflict could lead to the evolution of
nuclear genes that suppress the effect of Wolbachia and thus restore the female's ability to
produce male offspring. Suppressor geneshave been found against feminizing Wolbachia in
the isopodArmadillidium vulgare(RigaudandJuchault, 1992)but havenot yet been found
for T'-Wolbachia,although there aresuspected cases (Stouthamer, 1997).To compensate for
the effects of the suppressor genes, T-Wolbacbiacould respond e.g. by overexpression of
proteins responsible for thelytoky-induction or by increasing their density in the host.
These compensatory effects could leadto a negative fitness effect of T-Wolbachiaon their
hosts. Fecundity experiments have shown that in mixed populations of the egg parasitoids
Trichogrammadeion (Irvine) and Trichogrammapretiosum (Nuevo Leon) there is indeed a
negative effect of T-Wolbachia on daughter and total offspring production (Stouthamer and
Luck, 1993;Horjus andStouthamer, 1995).
Once the T'-Wolbachia infection has reached fixation in a population, a reduction of
negative impact of the symbiont ('benevolence') on its host can be expected over time
when host and symbiont co-evolve andhorizontal transmission israre (Ewald, 1987;Bullet
al., 1991;Lipsitch etal., 1995).Female-symbiont combinations that aremost fit will spread
through the population. An additional implication of fixation of the infection isthat since
sexual recombination isabsent, slightly deleterious mutations will accumulate in expressed
genes of the host's genome (Muller's ratchet) but accumulate at amuch higher rate in those
genes which are not expressed any longer. For example, in arrhenotokous populations
there is a continuous selection on genes coding for sexual reproduction, i.e. specific male
traits (mating behavior or sperm production) or female traits (mating behavior, sperm
storage, fertilization, pheromone production). But this selection either disappears, or some
costly sexual traits may be selected against in fixed populations (Pijls etal., 1996). Indirect
evidence for this kind of phenomena has been found in fixed thelytokous populations of
the parasitoid Apoanagyrus diversicornis (Pijls et al, 1996) and Trichogramma cordubensis
(Silva and Stouthamer, 1997),where females were less attractive or reluctant to mate with
conspecific males. Secondly, cured females from a fixed population of the parasitoid
Encarsia formosa did occasionally mate and cured females from a fixed population of
Muscidifurax uniraptor did not mate. In both cases no female offspring was produced
(Zchori Fein etal, 1992;VandenAssemand Povel, 1973).From thesefixed populations of
M. uniraptor, effects of the symbiont on host fecundity were studied and no negative
impact of T-Wolbachia was found (Horjus and Stouthamer, 1995).This result supports the
hypothesis of a reduced impact of the symbiont on its host after a relatively long time of
co-evolution.
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Besides this study of Wolbachia impact on host fitness in fixed lines, one other example
exists in which a thelytokous population of Trichogramma pretiosum (Hawaii), which is
probably fixed, was tested simultaneously with a cured arrhenotokous counterpart. A
negativeimpact of Wolbachia on total offspring wasfound but daughterproduction did not
differ significantly between the arrhenotokous and thelytokous lines (Stouthamer and
Luck, 1993).
From the examples above, it becomes clear that the number of studies on *Y-Wolbachia
impact on host fitness islimited and that several questions remain unanswered. First of all,
isthe negative impact of Wolbachia on their host consistently linked to the infection status
(fixed or mixed) of the population? And secondly, can benevolence of T-Wolbachia be
found in fixed populations that have relatively recently become fixed for infection? To
addressthese issues,we studied fitness effects of T.'-Wolbachia on severalhost species.Wasps
of the genus Trichogramma provide an excellent opportunity to address these questions
because several mixed and fixed populations exist within this genus, although the number
of fixed Trichogrammapopulations known islimited. The fixation for Wolbachia infection
in Trichogramma is probably relatively recent in comparison with E.formosa and M.
uniraptorbecause arrhenotokous Trichogrammalines can still be established in contrast to
the latterspecies.

Materialsandmethods
Cultures- Thelytokous lines were started with single females. Wasps were reared in glass
vials (150mm length, 15mm diameter), on UV irradiated eggsofEphestiakuehniellaZeller
(Lepidoptera, Pyralidae) and were incubated at 23 ± 1°C, L:D = 16:8 and 70± 10% RH.
Ephestia kuehniella eggs were provided by Koppert Biological Systems (Berkel en
Rodenrijs). The generation time of Trichogramma lines under these conditions was
approximately 12-13 days. The Trichogramma species, their infection status, geographic
origin and abbreviations arelistedintable 1.
CuringoftheTrichogrammalines- The thelytokous strains OL, AW, LC,JT and SW were
cured by feeding the females honey with 0.5% w/v tetracycline for at least 3 generations.
After being cured, the wasps were reared for at least 4 generations without antibiotics
before they were used in the experiment sothat no residual effect of tetracycline treatment
would influence the fitness results. The line CO was cured in 1994 with the antibiotic
rifampicin (1% w/v).
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To verify that lineswere cured of their infection, the following tests were performed (i)20
virgin females were isolated and allowed to produce offspring (all male broods indicate
complete curingofthe infection); (ii)PCR with specific Wolbackia wspprimers (Braig etai,
1998)on the cured andinfected strains.
Table 1. Trichogramma

species and lines used in this study w i t h their geographic origin and

their infection status.
Species

Isofemale line
code
(abbreviation)

Wolbachia
Infection
Status

Geographic origin

Reference

T.cordubensis

28B143b (CO)

Fixed

Divor, Portugal, 1993

Silvaand Stouthamer, 1997

T.oleae

1A (OL)

Fixed

Yugoslavia

Voegele and Pointel, 1979

A W 7-5 (AW)

Mixed

Sky valley, Riverside
CA, USA

Schilthuizeneta/., 1998

T.kaykai
T.kaykai

JT6-3 QT)

Mixed

Joshua Tree, San
Bernardino, CA, USA.

LC110 (LC)

Mixed

El Paso Mountains,
CA, USA

Schilthuizeneta/., 1998

T.kaykai
T.deion

SW 436-1 (SW) Mixed

Mojave desert, CA,
USA

Schilthuizen and
Stouthamer, 1997

PCR - Twenty-five Trichogrammawasps were homogenized with a sterile pestle in 50 fiL
STE (lOOmMNaCl/lOmM Tris/lmM EDTA, pH 8.0) (O'Neill etai, 1992) and incubated
with 1fiL proteinase K (20mg/ml) for one hour at 37°C , followed by 5 min at 95° C.
Samples were spun for 2 min in a centrifuge and \fxL of the supernatant was used as
template in subsequent PCR reactions.The Wolbachia outer membrane protein gene (wsp)
was amplified using specific primers (Braigetal., 1998).For PCR, atemperature profile of
94°Cfor 3min (1 cycle);94°Cfor 1 min, 55°Cfor 1 min and72°Cfor 1 min (40cycles) was
utilized.
Fitness experiment- Trichogrammafemales emerging from Ephestia eggs are small. Because
fitness differences between lines might be more pronounced using larger wasps, we reared
Trichogrammaon the largerMamestra brassicae (Lepidoptera, Noctuidae) host eggsfor one
generation. M. brassicae was reared on cabbage plants (Brassica oleracea cv. Icarus) and
incubation conditions were 22°C ± 1°C and a photoregime of L16:8D. The fitness
experiment, its preparation and incubation of progeny, was carried out in at 23 + 1°C,
L:D = 16:8and 70+ 10%RH.
Thirty female wasps, less than 24h old and emerging from Ephestia kuehniella eggs, were
individually placed in glassvialswith approximately twentyMamestra brassicaeeggsfor one
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day. After 5 days, when the parasitized eggs had turned black, they were isolated and
incubated in separate vials. To limit size differences between the females, only adults that
emerged from host eggsproducing two individuals were selected for the experiment. Per
line,forty-two females wereused.Due to ashortage otMamestra brassicaeeggs,only thirtytwo thelytokous females of SW could be set up. Virgin females from the cured lines were
allowed to mate with amale.After four hours,the maleswere removed. In the glassvial,a
small droplet of honey was added and the wasps were offered an egg card with
approximately 120Epbestiakuehniella eggs.The first five daysthe eggmasseswere changed
daily, after that they were changed every other day. The removed eggcards were placed in
a new vial and incubated. Four days after the first offspring started to emerge, the vials
werefrozen (-80°C) and offspring wassubsequently counted. Per female we determined the
total number of host eggs parasitized (i.e. that had turned black) during her lifespan,
longevity, the number of daughters and embryo orpre-adult mortality, and the sexratio of
the offspring. Individuals from thelytokous lines,which were partially haploid and diploid
(gynandromorphs), were counted as males. The sex ratio is expressed as the percentage
daughters of the total offspring. Because greenhouse studies showed that the lines C O and
SWcanparasitizehosts for not longerthan five days (I.M.M.Silva,unpublished results) we
calculated daughter and total offspring for 5 days and their lifespan respectively. Embryo
and pupal mortality was determined by opening the parasitized unhatched eggs. For
simplicity, all individuals with no body pigmentation were categorized as embryos. Only
for line LC,embryo andpupa mortality wasnot distinguished. Becausethe sizeof a female
has been shown to correlate with her fecundity (Waage and Ng, 1984), her hind tibia was
measured usingan opticalmicrometer mounted in aneyepiece of acompound microscope.
All experiments were performed within a 3 month period and the infected and
corresponding cured lines were always tested simultaneously. The lines OL and SW were
tested intwo different timeperiods.
Statisticalanalysis - Data were analyzed with SAS (version 6.12) statistical software using a
generalized linear model with the following distributions: binomial distribution for
embryo and pupal mortality, normal distribution for longevity, Poisson distribution for
number of daughters and total offspring production. Tibia length, time period (block
factor) and infection status (thelytoky or arrhenotoky) were explanatory variables. N o
time period effects were detected for OL and SW for any of the parameters studied and
therefore the results of the separate time periods are not included in the results shown.
Most testswere two-sided. Because the experiments for the different lines were not carried
out simultaneously, no comparative statistical tests were performed between the lines with
exception ofthetibia length.
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Results
Curing ofthelines
All lines were cured after treatment with tetracycline or rifampicin for three generations.
PCR with the Wolbachiaspecific wsp primers on infected and cured lines resulted in
amplification of the proper product only in the infected lines. In addition, cured virgin
females from alllinesproduced maleoffspring only (datanot shown).
Offspringproduction and sexratio
The fitness parameters daughter production and total offspring were calculated for five
days and for the whole lifespan (Table 2).Daughter production was significantly different
between the thelytokous and arrhenotokous lineswherethelytokous wasps from the fixed
lines C O and OL produced more daughters in the first 5 days than their cured
arrhenotokous counterparts. The opposite was found for the mixed lines AW,JT, LC and
SW where thelytokous females produced less daughters than arrhenotokous females.
Similar results were obtained for lifespan daughter production with the exception of line
SWwherethe difference between arrhenotokous andthelytokous linewasnot significant.
For total offspring production in the five first days, anegative Wolbachia effect was found
for the mixed lines AW, JT, LC and SW. For the fixed lines no significant difference was
detected for C O (Figure 1;Table 2).For OL an interaction occurred between Wolbachia
and tibia length (Figure 1)and apositive Wolbachia effect on total offspring production was
detected for waspswith atibia length smallerthan 0.1815 mm (day 1-5) or 0.1827 mm (day
l-end). Approximately 75% of the tested OL wasps meet this criterion. For lifespan total
offspring production, resultswere similar to the first 5dayswith exception of C O where a
negative Wolbachiaeffect was found.
Mean sex ratios of the thelytokous lines, which are a measure for Wolbachia
transmission, were highest for the fixed lines CO and OL for the first five days and for
the whole lifespan. Of the mixed lines, only line SW showed the same pattern as the
fixed lines (Table3).
A significant Trichogramma-species effect was found for the tibia length and Wolbachia
infected lineshadsmallertibialengthsthan the uninfected ones.Thiscould beexplained by
a negative effect of Wolbachiaon their host. However, an alternative explanation is that
mothers from arrhenotokous lines were derived from Mamestra eggsfrom which in many
cases,one female and one male emerged.The situation isdifferent for the thelytokous lines
where onlytwo females emerged from theegg.
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Femalefitnessin Wolbachia-iniected Tricbogrammapopulations
Because males are generally smaller than females (Kazmer and Luck, 1995), more host
resources would beleft for females co-residingwith amale in ahost egg, resulting in larger
females.
Table 3. Mean sex ratio (M.s.r.) with standard deviation (SD) of the different thelytokous (T) and
arrhenotokous(A)lines(n=numberoffemalestested).
Modeof
reproduction
T
A

Day 1-5
M.s.r. ±SD
1.00 ±0.00
0.90± 0.06

OL

T
A

AW

Line

n
40
36

Day 1-end
M.s.r. ±SD
0.97± 0.04
0.71 ±0.18

41
39

1.00 ±0.00
0.72 ±0.22

40
38

0.74 ± 0.08
0.34 ±0.16

37
34

T
A

0.92 ± 0.07
0.80 ±0.15

41
38

0.68 ±0.12
0.77 ±0.16

34
34

JT

T
A

0.86 ± 0.06
0.75+ 0.14

40
39

0.51 ±0.14
0.56 ±0.16

31
33

LC

T
A

0.86± 0.06
0.80+ 0.14

37
39

0.60 ±0.11
0.56 ±0.19

33
32

SW

T
A

0.99 ± 0.01
0.78 +0.06

28
40

0.95 ± 0.04
0.61 +0.09

28
35

CO

n

Longevity andpupal/embryo mortality
A negative Wolbachiaeffect on longevity was detected for the fixed lines CO and OL
(Table 4).This effect wasmore pronounced for CO where non-infected females lived eight
dayslonger. A negative Wolbachia effect wasdetected for pupa and embryo mortality in all
lines except for AW (pupal mortality) and for C O (embryo mortality) (Table 5).For LC,
embryo and pupa mortality was not distinguished but total mortality was significantly
higher for the thelytokous line as well. The differences in mortality rates between
arrhenotokous and thelytokous lines however, are marginal. Only the thelytokous line
OL showed considerably higher embryo mortality ( > 5 times) in comparison with the
arrhenotokous line. In general, mortality rates are initially low, increase after
approximately 5daysand fluctuate inthefollowing days (datanot shown).

Discussion
In this study we determined whether the infection status of a Trichogramma population is
correlated with the influence Wolbachiahas on various host life-history characters. We
hypothesize that in populations where the infected individuals coexist with uninfected
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conspecifics and where sexual reproduction of infected females still takes place, a nuclearcytoplasmic conflict exists over the offspring sex ratio. This conflict may result in an "arms
race" between the nuclear genes of the wasp and Wolbachia. Effects of this conflict can be
inefficient transmission of Wolbachia or areduced offspring production of the infected wasp.
Once a population has gone to fixation for the infection and thus no more sexual
reproduction takes place, we expect that "benevolence" will evolve, i.e. those nuclearcytoplasmic (wasp-Wblbachid) combinations that produce the most infected offspring will
spread through the population. We determined whether this predicted pattern holds by
comparing various female fitness characters of thelytokous lines and cured arrhenotokous
lines of two populations where the infection has gone to fixation and of four populations
whereboth infected anduninfected individualscoexist.
The dynamics of the fraction of infected Trichogramma individuals in a mixed population
have been modeled by Stouthamer (1997). The equilibrium infection frequency among
femalesinapopulation canbecalculatedas:
F = (wa-x)/(wa +(1-a)wx-xj
w =totaloffspringproductionofaninfectedfemaledividedbythetotaloffspring ofanuninfected female
a = thefrequency ofinfecteddaughtersintheoffspring ofinfectedmothers
x = fertilization rateoftheeggs

This equilibrium is valid when wa>x and assuming that both infected and uninfected
females mate. The nuclear-cytoplasmic conflict will disappear when males are no longer
present in the populations. Thus a needs to be 1while simultaneously w is larger than the
fertilization proportion of eggs(x).Subsequently, we expect selection for increased w in fixed
populations.
In the populations we studied, we can distinguish three different groups of Wolbachia-hos.
interactions usingtheparameters a and w. Group one consists of the fixed thelytokous lines
C O and OL which produce higher numbers of daughters (wa>x), and relatively similar
offspring numbers compared to its arrhenotokous counterpart (wcloseto one).The second
group consists of the thelytokous line of the mixed population SW which produced equal
numbers offemales (wa «x)but showed reduced offspring numbers compared totheir cured
counterparts (w < 1). Finally,the third group consists ofthe T. kaykailinesAW, LC and JT
from mixed populations where low valueswere found for both a and w. The species from
mixedpopulations ofT.pretiosum (NuevoLeon) and T.deion(Irvine) (Stouthamer and Luck,
1993)belongalsotothethird groupwhileT.pretiosum (Hawaii) belongstothe second.
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Table 4. Longevity in days (age) with standard deviation (SD) of the different
thelytokous (T) and arrhenotokous (A) lines (n = number of females tested).
Line
Mode of
n
Age+SD
P
reproduction
T
36
18.1±6.8
~CO
A
39
25.6± 6.9
OL

T
A

37
36

26.5±4.0
28.6±5.1

AW

T
A

34
36

28.7±3.8
26.7±6.2

JT

T
A

31
36

24.5±6.6
25.4±.5.0

LC

T
A

37
33

24.7±3.6
25.6±3.8

SW

26.8+5.2
T
28
A
35
26.1+4.5
n.s::notsignificant; *p<0.05, **p<0.005, ***p<0.0005.

Table 5. Mean Pupal and Embryo mortality with standard deviation (SD) of the different
thelytokous (T) and arrhenotokous (A) lines (n = number of females tested).
Line
n
Mean Pupal
P
Mean Embryo
P
mortality +SD
mortality+ SD
CO
TT
3939
2.17
±2.15
*
2.44+2.10
n~s.
2.17
±2.15
1.62 ±2.14
2.31 ±1.88
A
36
OL

TT
A

3636
36

2.36
± 1.99
2.36
± 1.99
1.19 ±0.95

**

10.22±4.02
2.03±2.03

***

AW

TT
A

3535
34

1.85
±1.42
1.85
± 1.42
1.74 ±2.07

n.s.

1.35 ± 1.70
0.71 ± 1.10

»**

JT

TT
A

3636
31

3.16
±1.99
3.16
±1.99
1.63 ±1.33

***

7.39±4.09
3.11 ±3.73

LC!

T
A

33
37

16.3 ±9.07
8.15 ±4.94

SW

TT
A

2828
35

2.46
± 3.22
2.46
±3.22
1.74 ±1.92

***

4.14±2.53

***

3.09 ± 3.22

n.s:notsignificant; *p< 0.05, **p< 0.005, ***p<0.0005; apupae and embryos were not discriminated
with this line and numbers indicate the total mean of unhatched eggs.
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Figure 1.Relationships between sizeofthe mother (measured ashind tibia length) and lifetime
total offspring production.
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Femalefitness in Wolbachia-infected Trichogrammapopulations
From the last speciesonlythelytokous individualswerecollected but it isunknown whether
thislineisfixed (Stouthamer andLuck, 1993).
Besides differences in a and w, differences were also detected in the longevity between the
tested lines. It was expected that Wolbachia would have less negative effect on their host in
fixed lines than in mixed lines.But the opposite was found: thelytokous C O and OL lived
significantly shorter than their arrhenotokous counterparts with only slight differences for
OL and adifference of on average eight days for CO. Because the reduced longevity of the
thelytokous lines CO and OL is not linked to a severe negative impact on offspring
production comparedtothecured lines,it remainsunclearwhat causesthisdifference. It may
be that Wolbachia change the host's physiology in such a way that it reallocates the host
resources resulting in higher offspring numbers but shorter longevity (G.J. Driessen, pers.
comm.).
N o obvious differences were detected in pupa and embryo mortality rates between
thelytokous fixed lines or mixed lines. Instead, mortality rates were generally higher for the
thelytokous lines compared to the cured arrhenotokous lines. Mortality rates were initially
low but started to increase when females were a few days old. In this period, daughter
production began to decline and male production increased including the production of
gynandromorphs. The cytological processes responsible for the production of
gynandromorphs (Stouthamer, 1997)may causethe increased mortality. In addition, because
mortality varied amongthethelytokous lines,host or symbiont genotype may play aroleas
well.
The differences found in offspring numbers between thelytokous linesof mixed populations
and their conspecific arrhenotokous lines do not necessarily reflect the field situation. A
previous study of Stouthamer and Luck (1993) showed that despite the negative effect of
Wolbachiaon T.pretiosum and T. deion (Irvine), the thelytokous females produced more
daughters when the number of host eggsavailable waslimited. But so far, it isunclear how
many potential hosts Trichogramma females encounter in the field. It istherefore difficult to
extrapolate our results to the field situation. Because there can be a negative effect of
Wolbachia on offspring production, Wolbachia may alsohaveanegativeimpact on additional
life history parameters such as host searching behavior. But a greenhouse experiment with
the sameSWlineused asin our experiment showed no differences in the number of patches
parasitized on tomato plants between the thelytokous and arrhenotokous line. The
arrhenotokous lineparasitized more eggsper patch than thethelytokous line (Hoogenboom
etal.,1998)which correspondswith ouroffspring resultsoflineSW.
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Our results and the results of Stouthamer and Luck (1993) show that fixedTricbogramma
lineshaveboth ahightransmissionfidelity(oc«l)andhardlyshow anynegativeimpact of the
Wolbachia infection on the offspring production (w*l), while the opposite is true for the
mixed lines with the exception of the mixed line SW and the line T.pretiosum Hawaii
(Stouthamer and Luck, 1993), which have a low w but high a. These last two lines may
represent examples where the infection is going to fixation or alternatively, a situation in
which Wolbachiahas temporarily overcome the host's countermeasures. The results are
consistent with the idea that benevolence should evolve when the infection has gone to
fixation, whereas the nuclear-cytoplasmic conflict in mixed populations results in a reduced
Wolbachia transmission and/or a negative impact of the infection on offspring production.
However, a less likely explanation may also be given. Infection will go to fixation in those
populations that became initially infected with a Wolbachia that hashardly any influence on
thehost offspring production andhasahightransmission rate,whereasthose Wolbacbia-host
interactions where the transmission efficiency is low and the fitness cost of carrying a
Wolbachiais high results in, at best, a mixed population. Because physiology can differ
substantially between different arthropod hosts, it is questionable whether primary
benevolent symbiont-host combinations exist. The study of Grenier et al. (1998) already
showed that even within the genus Trichogramma not all symbiont-host combinations are
initially successful: Trichogrammadendrolimi, infected with Wolbachiaof Trichogramma
pretiosum only showed extreme low levels of thelytoky. A series of micro-injection
experiments of Wolbachia strains (from fixed and mixedlines) into Trichogramma lines could
show whether benevolent Wolbachia- novel host combinations exist. A second set of
experiments could test the assumption that 'benevolence' will evolve once the infection has
gone to fixation. This can be done in the laboratory by artificial selection of Wolbachia
infected lines for increased transmission (a= 1).Then, over time, these lines should be tested
to determine whether w is increasing. In conclusion, we can state that our results are
consistent with the ideathat Wolbachia has lessnegative impact infixedpopulations than in
mixedpopulations.The mechanismsresponsiblefor thesedifferences needto bestudied next.
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Biological control potential of Wolbachia-\n£ected versus
uninfected wasps: laboratory and greenhouse evaluation of
TrichogrammacordubensisandT.deionstrains

Abstract — The effects of thelytoky-inducing Wolbachia (oc-proteobacteria) on Trichogramma
cordubensis and T. deion (Hymenoptera, Trichogrammatidae) were studied in laboratory and
greenhouse conditions. One infected (thelytokous, all female) line of each wasp species was
compared with its conspecific uninfected (arrhenotokous, sexual) counterpart for several fecundity
and dispersal traits. Arrhenotokous lines had a higher fecundity than their thelytokous
counterparts, which suggests that Wolbachia negatively affect the fecundity of Trichogramma
females. The arrhenotokous females dispersed more in the laboratory than their thelytokous
counterparts. In the greenhouse, the opposite effect or no difference between lines was found,
indicating that the laboratory set-up used to measure dispersal is not useful to predict relative
dispersal of the females in the greenhouse. Calculations show that by releasing hundred adult wasps
of both lines, thus including arrhenotokous males in the sexual line, more eggs are parasitized by
the thelytokous wasps. Therefore, in spite of their lower individual female fecundity, thelytokous
lineshave abetter potential for biological controlthan their arrhenotokous counterparts.

Introduction
Hymenoptera are haplo-diploid insects which are generally arrhenotokous, i.e. unfertilized
eggs develop into haploid males while fertilized eggs yield diploid females. Thelytokous
forms, in which unfertilized eggs give rise to diploid females are also k n o w n in several
families of Hymenoptera. Thelytoky is often associated with the presence of
endosymbiotic bacteria of the genus Wolbachia (a-proteobacteria) (Stouthamer, 1997).
Infection with thelytoky-inducing Wolbachia (I'-Wolbachia) leads to a disruption of the
chromosome segregation in the first mitotic division (anaphase) of the haploid egg. As a
result, the egg becomes diploid and develops into a homozygous thelytokous female
(Stouthamer and Kazmer, 1994). T-Wolbachia can also affect their host's fecundity,
longevity and pre-adult mortality, which has been reported for Trichogramma spp. (Hym.,
Trichogrammatidae) by Stouthamer and Luck (1993) and van Meer etal. (submitted).

This chapter has been submitted for publication as: Silva, I.M.M.S., van Meer M.M.M, Roskam M.M.,
Hoogenboom, A., Gort, G. and Stouthamer R. Biological control potential of Wolbachia-mietXed versus
uninfected wasps:laboratoryandgreenhouseevaluationof TrichogrammacordubensisandT.deionstrains.
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Trichogramma are minute wasps which are widely used in biological control programs
against lepidopteran pests. A few species (mainly arrhenotokous forms) have been
frequently used as biological control agents (Li, 1994; Smith, 1996). From the ca. 180
species described (Pinto, 1998), at least 14have thelytokous forms (Pinto and Stouthamer,
1994;Stouthamer, 1997).When Trichogramma infected with T-Wolbaehia are 'cured' from
the bacterial infection by antibiotic treatment or exposure to high temperatures, they are
renderedpermanently sexual (Stouthameretal., 1990a).
Arrhenotokous and thelytokous forms of the same Trichogramma species are often
sympatric ('mixed' populations) but in at least two species (7?cordubensis and T.oleae) only
thelytokous forms areknown ('fixed' populations) (Stouthamer, 1997).The hypothesis that
adverse effects of Wolbachia arelesssevere for fixed populations of Trichogrammathan for
mixed ones has been supported by laboratory studies, in which a surplus of hosts was
available (van Meer et al, submitted). Whether arrhenotokous or thelytokous wasps do
better in reducing their host population may also depend on host availability, assuming
that both forms are equally effective in finding hosts (Stouthamer, 1993;Stouthamer and
Luck, 1993).
The best choice for the mode of reproduction of parasitoids in biological control has been
discussed and advantages of either mode of reproduction in this context have been listed
(Aeschlimann, 1990; Stouthamer, 1993). Thelytokous forms may be preferred because in
the asexual lines a low density of mates is not a limiting factor for reproduction, so they
may establish better at low host densities. Furthermore, they are cheaper to produce in
mass rearings because no resources are "wasted" for the production of males. On the other
hand, arrhenotokous forms may be able to better adapt to new environments, due to
genetic recombination, and may have a higher rate of population increase at high host
densities.
Infection with T'-Wolbachia has in some cases aseverenegative effect on the host fecundity
(Stouthamer and Luck, 1993;van Meer etal., submitted). Therefore, additional effects on
other important biological control traits such as host searching ability may also be
expected. Traits considered to be important for the success of parasitoids as biological
control agents have been discussed in general (e.g.van Lenteren, 1986 a,b) and for
Trichogramma in particular. For Trichogramma, these traits are: fecundity, longevity,
dispersal, adult size (Kot, 1979;Greenberg 1991;Kazmer and Luck, 1995), emergence rate
of the parasitized eggs, percentage of non-deformed females, fecundity on the factitious
host and on the natural host (Greenberg, 1991; Cerutti and Bigler, 1995). In addition,
walking speed and turning rate have been shown to positively correlate with parasitism in
thefield (Bigleretal, 1988).
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Assessment of the overall quality of thewaspsduring pre-release studiesislaborious. A less
time-consuming approach is to split 'quality' into parameters which are then quantified
(Cerutti and Bigler, 1995). However, a single trait will hardly ever predict the overall
performance accurately and therefore, the best combination of aset of laboratory methods
must bedeveloped.Thesemeasurements shouldbequick,simpleandreliableinorderto be
applied in aproduction unit (Bigler, 1994).
One such approach is to measure the parasitoids fecundity and dispersal. Fecundity is
important for mass production of the wasps and may be relevant in field situations, too.
Dispersal is crucial in field (or greenhouse) situations, since the wasps must be able to find
eggs situated at some distance from the release sites. To study dispersal, indirect methods,
based on the distance of parasitized host eggsto the wasps release site, are frequently used.
When thesemethods areused, not only dispersal isinvolved but alsohost-habitat location,
host location and host acceptance and suitability (Suverkropp, 1997). Differences in
dispersal between two Trichogramma cordubensis lines in a laboratory chamber
corresponded to the relative dispersal of those lines (assessed by parasitism) in the
greenhouse (Honda et al., submitted). If such a relation is shown to be a general rule,
dispersalinthis chamber could beaveryuseful trait inpre-releasestudies.
To determine if the presence of Wolbachia influences the biological control potential of
their hosts, the fecundity and dispersal of thelytokous lines of Trichogrammadeion (mixed
population) and of T. cordubensis (fixed population) were compared with those of their
arrhenotokous counterparts by testing: (a)fecundity in glassvials,when females aregivena
surplus of host eggs; (b) combined fecundity and dispersal in a laboratory chamber; (c)
combined fecundity anddispersalin agreenhouse.

Materials and methods
Cultures- Trichogramma thelytokous lines were started with single females from fieldcollected parasitized lepidopteran eggs. Arrhenotokous lines were obtained by feeding
thelytokous lines antibiotics, asdescribed by Stouthamer etal.(1990a).The procedure used
to check whether lines were completely cured is described in van Meer etal. (submitted).
These lines had been cured for at least 4 generations prior to our experiments.
Trichogramma cordubensisVargas and Cabello (1985) were collected from parasitized
Helicoverpa armigera Hiibner (Lepidoptera, Noctuidae) eggs, on tomato plants
{LycopersiconesculentumMiller),inDivor (Alentejo,Portugal) in 1993.Trichogrammadeion
Pinto and Oatman (SW) were collected as parasitized Apodemia mormo Felder & Felder
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(Lepidoptera, Lycaenidae) eggs, on the desert trumpet Eriogonum inflatum, near Barstow
(Sidewinder mountains, California, USA) in 1996. Voucher specimens are kept in the
collection ofJ.D.Pinto (Univ.California, Riverside,USA).
Wasps were reared in glassvials (150mm length, 15mm diameter), on Ephestia kuehniella
(Lepidoptera, Pyralidae) UV-killed eggs,at 23±1°C,RH 50+20%, 16h light/8h dark. One
day old honey fed wasps were given fresh egg cards. The egg cards were parasitized for at
least one day. After ca. 13days the newly emerged wasps were used for the rearing or for
experiments. Thelytokous and arrhenotokous T. cordubensisand T. deion lines are
designated asCOT, C OA,SWT and SWA, respectively.
Fecundityin glass vials: surplus of hosts and no searching required- Individual one-day old
females were placed in glassvials (75 mm length x 10mm diameter), with an egg mass (6
mm diameter, ca. 130eggs) and adrop of honey. The vials were closed with cotton wool.
The females of the thelytokous line were unmated. The arrhenotokous females had
emerged together with males and had thus been allowed to mate. The egg masses were
changed daily, for five days. The experiment was carried out at 23±1°C, 70+10% RH,
L:D=16:8, 8000 lux. After parasitization, the egg masses were placed in a clean vial and
incubated at 23+l°C. We determined the total number of host eggs parasitized (which
turned black) per female per day. Sample sizes for COT, COA, SWT and SWA were 28,
29, 54 and 57, respectively. Conspecific thelytokous and arrhenotokous lines were tested
simultaneously. For T.cordubensis, the size of the mothers was determined by measuring
their hind tibialength.The sizeofthemothers wasnot measured for T. deion.
Dispersal and parasitism in a laboratorychamber - We used the chamber described by
Honda etal. (submitted), with the modifications mentioned below (Figure 1).It consisted
of a solid aluminum block (63.9 x 23.2 cm) containing a continuous winding channel
measuring 8m in length which was routed out of the metal. The channel consisted of 2x
20connected sub-channels,each20cminlength.To splitthe chamber intwo, asmallpiece
of rubber at the end of channel 20closed off the connection between adjacent channels. A
glassplate,placed over the aluminum block and secured with clamps, closed the chamber.
At the both ends of the chamber an entrance hole (15mm diameter) allowed the release of
Trichogrammaindividuals into the chamber. The wasps emerged from two parasitized E.
kuehniella egg masses in a glass vial (75 mm length x 10 mm diameter). Just before the
release,these eggmasseswere removed from thevial.The vial openingwasthen inserted in
the entrance hole of the chamber, allowing the 1-3 days old wasps to disperse into the
chamber. The experiment wascarried out at 23+1°C, 75+10% RH, L:D=16:8,24000 lux.
Two releases (oneateachside)wereperformed simultaneously.
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Trichogrammalines were alternated between sidesto avoid biases. Three different types of
releaseswere performed: (a)release of athelytokous lineatone side of the chamber and of
its arrhenotokous counterpart atthe other side;(b) release of the same lineatboth sidesof
the chamber totest the chamber forsymmetry; (c) release ofthelytokous females at one
side of the chamber and of thelytokous females together with arrhenotokous males atthe
other side. This last kind of release was only performed with T. cordubensis. For
arrhenotokous lines, females were always released together with conspecific males which
had emerged together with the females. Toarrest and eventually attract the wasps to the
end of the chamber (see Noldus, 1989; Kaiser etal, 1989, Renou etai, 1989) and to
determine the number ofeggs parasitized per female, we placed Ephestia kuehniella eggs
(eight egg masses, ca. 130 eggs each) inchannel 17 ofeach side. Twenty hours afterthe
release, individuals were anaesthetized with C 0 2 and the number offemales and malesin
each channel was recorded. After each release the chamber was cleaned with ethanol and
dried. The number of parasitized eggswasrecorded for 8replicates, for both T. cordubensis
andT. deion.
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Figure 1.Section ofaluminiumblock (topview)showingthechannelcutintometalblock.Only oneofthe
two release sitesisshown. Waspswere allowedto walk in the chamber for 20hand to parasitize Ephestia
kuehniella eggs present insubchannel 17, ca. 3.4 m from the entrance. Total length 2x4m(subchannel
dimensions 1cmx 1 cmx20cm).
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Parasitism and dispersal in greenhouse - Releases were performed in 2 adjacent
compartments of 10.8 m2 each. In each compartment 13 tomato plants(Lycopersicon
esculentum)of the cultivar Money Maker, were placed in an U-shape (Figure 4 and 5).
Plants were 40-50 cm high, had ca. 15leaves each and the total leaf area per plant was ca.
1500 cm2 (Garg and Mandahar, 1972). For uniformity, flowers were removed from the
plants. Each plant touched the two adjacent plants. Twelve Epbestia kuehniellaegg masses
were placed on each plant, except on theplant at the mid-point of the U, where the wasps
were released. An eggmass consisted of eggsfixed on doublesided adhesive tape in a circle
(6 mm diameter, ca. 130 eggs each), surrounded by white paper. Two egg masses per leaf
weretape-glued on 6leaves of eachplant, one eggmass atthe uppersurface and the other at
theundersurface ofthesame leaflet.
Three experiments were performed in which conspecific arrhenotokous and thelytokous
Trichogramma were released simultaneously. Trichogramma cordubensis releases
(experiment 1)were performed from February to May 1997. Trichogramma deion releases
wereperformed from Juneto August 1997(experiment 2)and in September-October 1997
(experiment 3). In experiments 1 and 2 the thelytokous and arrhenotokous lines were
released in separate, adjacent, compartments. In experiment 3 the arrhenotokous and the
thelytokous lineswere releasedtogether in both compartments. Fifteen wellparasitized egg
masses (ca. 80parasitized eggs each) were selected, from which ten were randomly chosen
for the release; the remaining egg masses were placed in the freezer (-80°C) at the time of
release, for later determination of the sex ratio. Wasps were released from a glass vial (150
mm length, 15 mm diameter), after removing the egg masses from which they had
emerged. The releasewasperformed atthe sidemost distant from the door atthe midpoint
of the U shape on the plant without egg masses. The vial containing the wasps to be
released wasplacedinthesoilofthe flowerpot, itsopeningleaningagainstthe stem.
The number of females released wasestimatedaposteriori, by counting the number of host
eggs from which parasitoids emerged and by assessing the sex ratio of the non-released
subsamples.Mean numbers of females released for experiments 1and 2aregiven in figure 4
and 5 respectively. In experiment 3 an average of 394 + 60.1thelytokous and 310 + 93.0
arrhenotokous females were released. The trials were repeated 10times, for T. cordubensis
(experiment 1),6times for T.deion (experiment 2) and 4 times (x2 compartments) for T.
deion(experiment 3).
Climatic conditions were measured during the experiments and varied between: 16-35°C,
55-85% R.H. (experiment 1); 16-50°C, 30-100%R.H. (experiment 2) and 18-52°C,49-98%
R.H. (experiment 3).In allexperiments,daytemperature usually remained above20°C and
periods above 35°C did not exceed 4 hours a day. Additional metereological data were
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obtained from the Department of Meteorology of the Wageningen Agricultural
University.
The egg masses were collected five days after the release and were incubated at 23+1°C,
60±10%R.H., 16h light/8h dark. If the eggs were to be counted more than 5days later,
the egg masses were subsequently incubated at 15±1°C, 60+10% R.H., 16h light/8h
dark. The parasitized (black) eggs were counted for each egg mass, except for replicate
one of experiment 3,asmentioned below in this section.Dispersal in the greenhouse was
measured indirectly, based on the parasitized eggs. Between replicates, fourty fresh E.
kuehniella egg masses were placed at the same location where the tomato plants were
during the experiment. These egg masses were never found parasitized, indicating that
after 5days no more ovipositing wasps were present. In addition, live wasps were never
found during collection of the eggmasses.In experiment 3,inwhich thethelytokous and
the arrhenotokous lines of T. deion were released together in both compartments, we
determined whether an egg mass had been parasitized by the thelytokous line, the
arrhenotokous line, or both. For that purpose, individual females emerging from egg
masses parasitized in the greenhouse were given an unparasitized E. kuehniella egg mass
and the sex ratio of their progeny was determined. When individual greenhouse
parasitized eggs had been isolated (done only for a fraction of the eggs in replicate one)
we categorized all-female broods asbeingproduced by athelytokous mother and all-male
broods as having an arrhenotokous mother. However, most wasps emerged from eggs
which were not isolated. In these cases, mixed (male and female) progeny was often
obtained, from arrhenotokous mated mothers. When an egg mass had been parasitized
by both wasp lines, the number of parasitized eggs per line was not determined. In all
other cases, except in replicate one of experiment 3, the number of parasitized eggs per
egg mass was recorded. For 23 out of the 273 parasitized egg masses it was impossible to
determine to which wasp line parasitism should be attributed, because only a few eggs
were parasitized or the eggshad been eaten byE.kuehniellalarvae.These eggmasses were
not included in the statistical analyses.
Statisticalanalyses - T h e statistical software SAS (version 6.12) wasused in all analyses. In
the casethat ageneralized linear model (e.g.Crawley, 1993) was appropriate, we used the
procedure Genmod.A correction for possible overdispersion with respect to the Poisson
distribution was made. Linear models (including the two sample situation) were fitted
with Proc. GLM, while paired sample t-tests were calculated with the procedure Means.
Wilcoxon two-sample tests were performed through the Nparlway procedure. Below,
detailed information is given for each experiment. For all analyses an a=0.05 was
chosen.
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(a) Fecundityin glass vials: surplus ofhosts and no searching required. The number of eggs
parasitized per female (first day, total of first three days, total of five days) was
compared between thelytokous and arrhenotokous lines as follows: for T. deion, a
Wilcoxon two-sample test was used; for T.cordubensis, a generalized linear model was
fitted, with Poisson distribution, log link function, and using tibia length as a
covariable.A t-testwasusedtocomparehind tibialengthsofmothers betweenlines.
(b) Dispersal and parasitism in a laboratory chamber. By means of a linear model
incorporating the explanatory variables Trichogrammaline, gender, repetitions in time
and releaseside,westudiedthefollowing responsevariables:
- Average distance of females to the release site, using channel number as distance
unit. The square root of the total number of individuals released was used in the
model asweight.
- Average distance of females and malesto the release, calculated as above.By means
of a generalized linear model with Poisson distribution and log link function and
the explanatory variables Trichogramma line,repetitions intime and releaseside,we
studiedthefollowing responsevariable:
(i) Number of parasitized eggs, assuming the expected number of parasitized
eggs to be proportional to the number of females arriving at channel 17
(where the egg masses were present) or further. Factors release side and
repetitions, which showed no significant effect, were subsequently excluded
from the model.
(ii) Number ofparasitized eggsperfemale released.A Wilcoxon two-sampletest
wasused.
c. Parasitism and dispersal in greenhouse - For all three experiments, temperature and
relative humidity were initially used as explanatory variables. For experiment 1, air
pressure, light intensity and percentage of hours of sunshine per day were tested as well.
No significant effects were found for these variables, so they were excluded from the
analyses.For experiments 1and 2,we studiedthe following responsevariables by meansof
a linear model incorporating the explanatory variables Trichogrammaline, repetitions in
time,greenhouse compartment:
- Number of parasitized eggs per female, using the square root of the total number of
females released asweight.
- Number ofparasitized eggmassesperfemale, calculated asabove.
- Average distance of parasitized eggsto the release plant. Distance was calculated as the
average plant number (see Figure 4 and 5) where parasitized eggs were found. The
square root of thetotal number ofparasitized eggswasusedinthe model asweight.
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- Averagedistance ofparasitized eggmassestothe releaseplant, calculated asabove.
- Average height on the plant of parasitized eggs. Height was calculated as the average
plant height where the parasitized eggs were found. Lowest leaves with eggs were
assignednumber one,highest leaveswith eggswere assigned number 6.The square root
ofthetotalnumber ofparasitizedeggswasusedinthemodel asweight.
- Averageheight ontheplant ofparasitized eggmasses,calculated asabove.
- Averagenumber of parasitized eggsperparasitized eggmass.
- Proportion of parasitized eggs at the uppersurface of the leaves of the total number of
parasitized eggs:comparison of the wasp lines with each other and of each of the lines
with0.5.
For experiment 3,the same parameters were determined, but the differences between the
averages of each line were analysed (instead of the averages itself), by means of a paired
sample t-test.

Results
Fecundity inglassvials:surplusofhostsand nosearchingrequired.
In both Trichogramma species, the arrhenotokous females parasitized significantly more
eggsthan their thelytokous counterparts, in allcases (i.e,first day,total first three days and
total five days) (Figure 2). Hind tibia lengths differed significantly between T. cordubensis
lines (p= 0.015), with the mean values (± sd) of 0.167 mm (+ 0.0083) for the
arrhenotokous line and 0.162 mm (± 0.0075) for the thelytokous line. Note that a
significant difference in number of parasitized eggswasfound between T.cordubensis lines
after correction for tibia length.
Dispersalandparasitism inalaboratorychamber
Percentage distributions show the dispersal pattern of females of arrhenotokous and
thelytokous forms of T.cordubensis and of T.deion in the chamber (Figure 3). For both
species,arrhenotokous females showed significantly more dispersal (asexpressed by average
distance to release site) than their thelytokous counterparts and than their conspecific
males. Thelytokous T.cordubensis females which were released with arrhenotokous males
did not differ significantly in dispersal from thelytokous conspecific females which were
released alone.For T.cordubensis, arrhenotokous females, which dispersed more than their
thelytokous counterparts, parasitized more eggs per female as well. For T. deion the
difference inparasitism between lineswasnot significant (Table1).
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COA

COT

SWT

SWA

Iday1 Hdays2+3 Ddays 4+5

Figure2.ParasitismofEphestiakuehniellaeggs bythelytokousandarrhenotokousT. cordubensis (COT
andCOA)andT. deion(SWTandSWA)inglassvials:surplusofhostsandnosearchneeded.Columns
represent meannumberofparasitizedeggsper Trichogrammafemale (day1, days2+3anddays4+5).
Standarddeviationbarsrefertocumulatednumberofparasitizedeggs (days1 to5). Forsamplesizessee
Materials and Methods. *: values for the arrhenotokous line are significantly higher than for their
conspecificthelytokousline(p< 0.05).

Parasitismand dispersalingreenhouse
In all three experiments, the number of eggs parasitized per female was higher for the
arrhenotokous lines,but thisdifference wasfound to besignificant only in T. deionreleased
in separate compartments (experiment 2, Table 2). No significant differences between
thelytokous and arrhenotokous lines in the number of egg masses parasitized per female
were found.
In all three experiments, the average distance of parasitized eggs and egg masses to the
releasepoint washigher for the thelytokous line,with significant differences found for
T. cordubensis (experiment 1)and T. deionlinesreleased together inthe same compartments
(experiment 3). Regarding the vertical distribution of parasitized eggs, thelytokous T.
cordubensis parasitized egg masses significantly higher on the plant than their
arrhenotokous counterparts, while no such adifference wasfound for T.deion.In allcases,
average number of parasitized eggs per egg mass was significantly higher for the
arrhenotokous lines. Significantly more eggs were parasitized by T. cordubensisat the
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uppersurface of leaves than at the undersurface. For T.deion no such difference could be
found. No significant differences in this last parameter were found between arrhenotokous
andthelytokous lines.
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Figure 3. Percentage of thelytokous (white bars) and arrhenotokous (black bars) females of (i)
Trichogrammacordubensis(COTandCOA)and(ii)T. deion (SWTandSWA)found perchannelinthe
laboratory chamber after being allowed to walk for 20h; wasps were released in channel 1. Ephestia
kuehniellaeggswerepresentinchannel17.
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Discussion
To determine the effect that an infection with Wolbaehiamay have on the biological
control efficiency of Trichogramma, we compared fecundity and dispersal of thelytokous
(i.e, infected) and arrhenotokous (i.e., uninfected) T. cordubensis and T deion wasps in a
seriesof experiments, both inthe laboratory and inthe greenhouse.
We first determined the fecundity of thelytokous and arrhenotokous females, when they
were offered daily a surplus of host eggs in glass vials. Arrhenotokous females of T.deion
had a higher fecundity than their thelytokous counterparts. These results agree with
previous findings of Stouthamer and Luck (1993) and van Meer etal. (submitted) for T.
deion, T.pretiosum and T. kaykai and are compatible with the hypothesis of a negative
effect of Wolbaehiaon female fecundity for mixed populations. On the other hand, we
expected that anegative effect of Wolbaehia would belessor non-existent in Trichogramma
from fixed populations. However, in our laboratory fecundity experiment, arrhenotokous
T. cordubensis females parasitized significantly more eggs than their thelytokous
conspecifics. Previous work on the same T.cordubensis lineshad shown anegative effect of
Wolbaehiaon lifetime fecundity, but not in five daysfecundity (van Meeretal, submitted).
The main difference between the two fecundity experiments is that the wasps we tested
were smaller than the ones tested by van Meer et al. (submitted). These authors used
Mamestrabrassicae L. (Lepidoptera, Noctuidae) as rearing host, instead of E. kuehniella.In
our experiment, arrhenotokous wasps were, on average, larger than thelytokous wasps.
Larger Trichogrammawasps have often higher fecundity than small ones (e.g. Waage and
Ng, 1984). But the size of mothers explains only in part the difference in fecundity
obtained between arrhenotokous and thelytokous T. cordubensis. A possible explanation
for the difference between our results and the ones of van Meer etal.(submitted) in relative
parasitism of thelytokous and arrhenotokous T cordubensis is that the Wolbaehiaexert a
more pronounced negative effect on smaller wasps.More fecundity experiments should be
performed using, simultaneously, hosts of different species and sizes, including hosts of
different species but with the same size, to clarify the effects of host-species, host-size and
infection statusonthe wasps' sizeand fecundity.
In the second set of experiments, in a laboratory chamber, arrhenotokous T. cordubensis
and T. deion females dispersed more than their thelytokous counterparts. Also, previous
work done on T. deion (isofemale lines Seven Pines California and Texas) has shown a
higher dispersal of arrhenotokous femalesinthelaboratory chamber, when compared with
the thelytokous ones (Vereijssen et al, 1997). These authors have observed that
immediately after the release,thelytokous females remained nearthe releasesite,while
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Biologicalcontrolpotential of Wolbachia-iniectedversusuninfected wasps
arrhenotokous females dispersed much quicker. We also observed this phenomenon for T.
cordubensis during our laboratory chamber experiments. Our releases of thelytokous T.
cordubensis females with conspecific males in the laboratory chamber indicate that the
presence of males is not the cause of the differences in dispersal found between females of
the two T.cordubensis lines. Therefore, the infection with Wolbachia could be responsible
for alower dispersal ofthe females inthelaboratory chamber. The difference in number of
parasitized eggs per released female was particularly pronounced between the lines of T.
cordubensis. While in glassvialsthe T.cordubensis arrhenotokous females parasitized ca. 1.5
times more eggs than their thelytokous counterparts during day one, in the chamber the
arrhenotokous females parasitized almost 50 times more eggs than their thelytokous
counterparts. This difference between lines is partly due to a difference in dispersal
(affecting the number of females reaching the eggs) and partly due to a difference in
fecundity between the two lines (Table 1).For both wasp species, males dispersed less than
females, which agrees with findings for other Trichogrammaspecies in field conditions
(Sternetal, 1965;Suverkropp, 1997).
Table 3.Parasitism by thelytokous and arrhenotokous Trichogramma cordubensis and
T. deion wasps per hundred individuals released. Mean sex ratio (% females), mean
number of parasitized eggs per female and number of eggs parasitized per 100 wasps
released,calculatedassexratioxmeannumber ofparasitizedeggsperfemale x100.
Meannumberof
Number ofeggs
Meansexratio
Species
parasitizedeggsper
parasitizedper100
wasps
female
COT

1.00

1.90

190

COA

0.55

2.40

132

SWT

1.00

0.84

84

SWA

0.61

1.12

68

In the third type of experiments, i.e.,the greenhouse releases, arrhenotokous females of
both species parasitized more eggs than their thelytokous counterparts. The number of
eggsparasitized per female was not in allcases significantly different between the lines but
the number of eggs parasitized per egg mass was always significantly higher for the
arrhenotokous lines. This indicates that arrhenotokous lines were more effective in
parasitizing aggregated host eggs. No differences were found between thelytokous and
arrhenotokous lines in the number of egg masses parasitized per female, suggesting that
linesdo not quantitatively differ intheir abilityto find host eggmasses.
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Figure 4. Position of tomato plants and parasitism patterns of Trichogramma cordubensis populations
(COT and COA) on 12tomato plants inpaired greenhouse releases (experiment 1).Numbers represent
mean numbers ofsentineleggmassesparasitized (+ SEM)ateachtomato plant.

When we calculate the number of eggs which would be parasitized when we release one
hundred individuals of each line,taking into account the average fecundity per wasp (from
our greenhouse results) and the sex ratio (of the wasps we released in the greenhouse), we
seethat ahigher parasitism isachieved bythethelytokous wasps (seeTable3).
The number of females that we released in the greenhouse was high when compared with
the general recommendation for heavy host infestations, which is 20 individuals/m2
(Lenteren et al, 1997). We released, on average, from 46/m 2 (arrhenotokous females,
experiment 3), to 133/m2 (thelytokous females, experiment 1). Yet parasitism was low,
particularly attheplantsfar from the release point.
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12tomato plants in paired greenhouse releases (experiment 2). Numbers represent mean numbers of
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Extreme climatic conditions at times in the greenhouse and absence of nutrition for the
releasedparasitoids could beresponsible for the results obtained. Alsothe plant species and
structure, the lepidopteran host species, the distribution of the eggs on the plants, the
presence or absence of moth scales on the leaves and the release method may play an
important role on the number of hosts parasitized (Bigler etai, 1997).On the other hand,
the fact that there were egg masses close to the release site could lead to arrestment
behaviour ofthewaspsanddemotivatefurther dispersal.
For Trichogramrna cordubensis, we found that the thelytokous line significantly dispersed
morethan the arrhenotokous line.Thedifference found intheverticaldistribution of
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parasitized eggs between T. cordubensislines may be explained by a larger vertical
dispersal of the thelytokous line. Plants touched each other usually at the level of leaf 2
or 3 (counting from the bottom). A mean height of the parasitized eggs at leaf 4 may
indicate that, after walking from a plant to the other through the leaves, females of the
thelytokous line disperse more, by moving up in the plant. For T.deion, no significant
differences were found in vertical distribution and with exception of egg masses distance
in experiment 3, in which dispersal of the thelytokous line was significantly higher, no
differences were found in dispersal.
In the chamber, arrhenotokous females of both T. cordubensisand T. deion dispersed
more than their thelytokous counterparts, but the opposite effect or no differences were
found in the greenhouse. So, contrary to the findings of Honda et al. (submitted), the
dispersal in the chamber did not give an indication of relative dispersal of arrhenotokous
and thelytokous females in the greenhouse. The presence of plants and the climatic
conditions in the greenhouse could have provided the necessary stimuli for a relatively
high dispersal of the thelytokous T.cordubensis wasps.We suggest that flight may play a
role in the differences found between lines in the greenhouse experiment. Trichogramma
individuals could not fly in the chamber but they could fly in the greenhouse.
Suverkropp (1997), studying dispersal of T. brassicae on maize, found that flight was
important in the movement from one plant to another, while walking was the most
important way of locomotion within a plant. In a preliminary set of T.cordubensis
releases in a cage (ca. 200 individuals per release, 5 replicates per line) thelytokous and
arrhenotokous females wasps were compared in their ability to fly. While for the
thelytokous line 41-50% of the released females were caught on the sticky trap, which
could be reached by flying only, for the arrhenotokous line only 0-3% of the released
wasps were trapped (M. Roskam, unpublished). The different mating status of the
thelytokous and arrhenotokous females may have played a role in the differences just
mentioned. However, in contrast to these results, it has been reported that unmated
Trichogramma minutum (arrhenotokous) females had less propensity to fly than mated
ones (Forsse et al., 1992). More experiments are needed to clarify the reasons for
differences in dispersal between thelytokous and arrhenotokous lines and the role that
mating status,flight and laboratory rearing play in it.
In inoculative biological control, thelytokous females can be advantageous simply
because they always produce daughters and do not need males for mating, while for
arrhenotokous lines daughter production can decrease drastically in situations of low
host density. For inoculative biological control at high host densities,the choice between
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thelytokous and arrhenotokous wasps should depend on the rate of population increase,
adaptation to the environment and production costs.
In inundative biological control, adaptation to environment and rate of population
increaseplay amuch lessimportant role.When instead of eggmasses,single and scattered
eggs of the pest are present, the fecundity disadvantage of the thelytokous females
becomes insignificant. We assume that each female is ableto locate only afew hosts over
her lifetime and that thelytokous and arrhenotokous wasps do not differ in the ability of
finding eggs. Under such circumstances, thelytokous females will be able to parasitize
equal numbers of hosts asarrhenotokous females. Thelytokous females are advantageous
because of their lower production costs (no host eggs "wasted" in males). But also in the
case pests produce egg masses, despite the lower individual female fecundity of the
thelytokous lines, more eggs are parasitized per 100 wasps released. Hence, thelytokous
wasps are advantageous because they are relatively more economic biological control
agents. The range of dispersal of the wasps is crucial when alarge area isto be controlled
and relatively few release points are used. Also in this point the thelytokous line of T.
cordubensisis advantageous.
In conclusion, arrhenotokous T. cordubensisand T. deion parasitized more eggs per
female than their thelytokous counterparts in glass vials, in the chamber and in the
greenhouse. These differences between conspecific lines were significant except for T.
cordubensis and once for T.deionin the greenhouse (experiments 1and 3)and for T.deion
in the chamber. These results suggest that anegative effect of Wolbachia on the fecundity
of their female hosts exists. The effect of Wolbachiaon Trichogramma dispersal appears
to be positive or neutral under greenhouse conditions, although it was negative in the
laboratory. Thelytokous females seem to be more appropriate to release against scattered
isolated eggs because they may disperse more and they produce females only. Even
though arrhenotokous females are more efficient in parasitizing large egg masses,
calculations show that the use of thelytokous females is more advantageous, because
production costs are lower.
The artificial transformation of arrhenotokous strains to thelytokous ones by
microinjecting arrhenotokous females with Wolbachia(van Meer etal, 1996; Grenier et
ai, 1998) may prove to be useful not only to answer evolutionary questions about the
relation between Wolbachia and their hosts, but it could also have an application in
biological control projects. To assess its practical usefulness, more studies are needed on
the direct and indirect impact of these thelytokous-made wasps on target and non-target
species (Howarth, 1991;Simberloff and Stiling, 1996) and on the final costs of producing
these wasps.
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Summaryandconclusions

Bacteriaof the genus Wolbachia (oc-Proteobacteria,Rickettsia) arewidespread in arthropods
and can induce cytoplasmic incompatibility (CI), thelytoky (T), feminization (F) or
fecundity increase in their host. The subjects of this thesis are focused on Wolbachia,
inducing thelytoky {Y-Wolbachia).T-Wolbachiainfect several hymenopteran parasitoids
which enables infected females to produce daughters from unfertilised eggs. Thelytokous
strains can be maintained without the involvement of males.T-Wolbachia may represent a
tool to improve biological control becauseonlyfemale parasitoids attacktarget pest species.
Advantages of thelytokous reproduction of parasitic wasps in biological control programs
may include:
(1) lower costsof massrearing;
(2) faster population growth after release and
(3) easierestablishment ofthelytokous waspsinpest populations.
Therefore, it was suggested to render sexual reproducing parasitoids thelytokous by
infecting them with T-Wolbachia. To determine whether this approach wasfeasible, several
experiments were done to improve our understanding of this specific host-symbiont
relationship.

Phytogeny
The phylogeny of Wolbachia has been studied using 16SrDNA andthe cell cycle genefisZ
but sequencevariation ofthose genesislimited. The spacer2region (SR2)wasamplified to
determine if this region would improve phylogenetic resolution (Chapter 2). The SR2 of
Wolbachia is66basepairs (bp) long and shows slightly higher sequencedifferences between
strains than fisZ. Due to the short length of SR2 of Wolbachia, little phylogenetic
information could be retrieved. A conspicuous finding wasthat SR2of the F'-Wolbachia of
Armadillidium vulgarecontained a 10 bp deletion compared to the other WolbachiaSR2
sequences and suggest that V-Wolbachia differs considerably from the CI and 1'-Wolbachia
strains. Additional phylogenetic research was done using the sequence of an outer
membrane protein (wsp) of Wolbachia (Chapter 3). Previous research in Yale (USA)
showed that this gene evolved at a much faster rate than 16S rDNA or fisZ and the
Wolbachiaclade was subdivided into twelve distinct groups based on the proposed 2.5%
wspsequence divergence grouping criterion. We extended this former Wolbachia wspdata
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setwith fifteen T-Wolbachia, one F-Wolbachia and three Cl-Wolbachia.Our results showed
that:
(1) Seven groups could be added to the existing twelve. Although the phylogenetic
resolution between strains was improved, the grouping criterion of sequence 2.5%
divergence can result in a excessive proliferation of groups when more Wolbachia wsp
strains will be added. In addition, the design of group specific primers will become
more difficult with the increase inthenumber of closelyrelated groups asfound for the
Trichogramma Wolbachia;
(2) N o relation between host phenotype and Wolbachia phylogenetic position was found
meaning that both CI and T- Wolbachiaclustered in one group as was found in the
phylogenies based on ftsZ or 16S.Three different mechanisms have been postulated for
this phenomenon: (a) the existence of plasmids or phages associated with Wolbachia
that carry the genesresponsible for the phenotype; (b)the host determines the effect of
an aspecific Wolbachiainfection; (c) genes inducing CI or T are similar and can be
derived from each other by asimple mutation;
(3) Based on identical wsp sequences of the moth Ephestiakuehniella and its parasitoid
Trichogramma, possible horizontal Wolbachiatransfer between them was postulated.
The exact mechanism of horizontal transfer remainsto be clarified;
(4) The wspsequence ofY-Wolbachia ofthe isopodA. vulgarediffered more than 13% from
the other sequences, suggesting that they diverged long time ago from the insect
Wolbachia. Thisisconsistent with ourprevious result found for SR2ofthe same species
inwhich a 10bp deletionwasfound compared to allother CI-andT-Wolbachia SR2.
Micro-injection
The Wolbachiaphylogeny shows that T-Wolbachia are not monophyletic and several
hypotheses were postulated for thisphenomenon (seeChapter 3).One of the hypothesis is
that T-Wolbachiain one host species would induce CI in another species. To test this, a
horizontal transfer experiment of Wolbachia by micro-injection was carried out (Chapter
4).T-Wolbachia from the fly pupa parasitoidMuscidifurax uniraptor(wUni) was transferred
to an uninfected fruitfly Drosophilasimulans. The latter species can harbour different
strains of Wolbachia(e.g. wRi) and has been used for many Wolbachiatransfer studies.
Drosophila simulans has successfully been infected with Wolbachia from Drosophila
mauritiana, Drosophila melanogasterandeventhemosquitoAedesalbopictus.
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TheJisZsequences (728bp) of wRi and wUm only differ in 2basepairs suggestingthey are
closely related. The infection could be detected in the new host for several generations by
PCR, however no specific effects on the host were detected and the bacteria were not
stably maintained. This lack of successful transfer can be explained by (a) the fact that
Wolbachia of D. simulansandM uniraptorwere not at all closely related according to new
wsp data because they belonged to two different groups and/or (b) Wolbachiamay have
adaptedtoo much toM. uniraptorhost for successful transfer to anew species.Evidence for
this hypothesis may be the fact that M. uniraptor wasps can not reproduce sexually
anymore (seealsoChapter6).
Our next goalwasto do asimilar1'-Wolbachiatransfer experiment between hymenopteran
species to test whether arrhenotokous wasps could be rendered thelytokous. N o suitable
micro-injection protocol for parasitoidswasavailable and initial injection-experiments with
theflypupaparasitoidMuscidifuraxraptorfailed. Therefore, weshifted to the gregarious fly
pupa parasitoid Nasoniavitripennisbecausewith thisspecies,large number of eggscould be
collected relatively easy. This facilitated the testing of the different steps of the microinjection procedure. Different micro-injection protocols of Drosophila spp. and Tribolium
confusum were combined and optimal conditions for each of the different steps were
determined (Chapter 5). In addition, an in vitro incubation step for the larvae had to be
included. The final protocol enablesusto do Wolbachiatransfer studiesinthisspecies.
//o5r-Wolbachia interactions
Different fitness parameters of 'X-Wolbachiainfected and non-infected Trichogramma
specieswere studied (Chapter 6).We distinguishedtwo different groups:'fixed' populations
in which the infection isfully established sothat only thelytokous females arepresent and
'mixed' populations in which thelytokous females coexist with arrhenotokous ones. In
mixed populations thelytokous females are still able to mate and to produce daughters
sexually. In mixed populations, a potential cytoplasmic-nuclear conflict exists but in fixed
populations, this conflict is absent. It istheorised that fixation of the infection results in a
reduction of negative impact of the symbiont on its host. This hypothesis was tested with
the egg parasitoid Trichogrammabecause both mixed and fixed populations exist within
thisgenus.
Two isofemale lines from fixed populations and 4isofemale lines from mixed populations
were 'cured' of Wolbachia infection using antibiotics and different lifespan fitness
parameters were measured. Daughter production was significantly higher for the
thelytokous fixed lines (16-131% more daughters) compared to the conspecific
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arrhenotokous onesin contrast to three mixed lineswhere the opposite was found (6-61%
less daughters). Only slight fecundity effects of Wolbachia were found in the fixed lines
(varying among 19% less offspring and 6% more offspring) while these effects are clearly
negative in the mixed lines (34-49% less offspring). Comparing all thelytokous lines,
Wolbachiatransmission wasgenerally higher for the fixed thelytokous lineswith exception
of one mixed line of T.deion.Unexpectedly, longevity was significantly shorter in infected
fixed lines compared to the cured lines and no longevity differences were found for the
mixed lines. Finally, for both mixed and fixed lines, negative Wolbachia effects were
detected for pupal and embryo mortality. Our results are discussed in the context of a
previous published model which describes the dynamics of Wolbachia-miecxed
Trichogrammawaspsinmixed populations.
Finally, we determined whether thelytokous wasps do equally well as biological control
agents as their arrhenotokous counterparts (Chapter 7). Theoretically, thelytokous wasps
may be better biological control agents than the arrhenotokous ones. However, previous
studies, including the one described in chapter 6, show that Wolbachia can have a negative
fecundity impact on their host. Therefore, other fitness parameters such ashost searching
efficacy, dispersal etc.could also be affected. We assessed whether Wolbachia infection had
an impact on the 'parasitization efficiency' of the Trichogrammaspecies T. deion and T.
cordubensisin greenhouse compartments. Laboratory studies, to assess the effect of
Wolbachia on host fecundity and dispersalwere alsodoneto correlatethese resultswith the
greenhouse experiment results.Laboratory results showed:
(1) The fecundity of the thelytokous wasps species was reduced compared to the
arrhenotokous counterparts. This corresponds with our results of chapter 6 with the
only difference that for afive-day parasitization period, we found ahigher fecundity for
thelytokous T. cordubensis compared to the arrhenotokous line in chapter 6, while in
this experiment it is the other way around. The use of different lepidopteran host
species on which we reared the Trichogrammaspecies (Mamestra brassicae in chapter 6
andEphestiakuehniella inthis experiment) may explainthis difference;
(2) Experiments of Trichogrammain a laboratory chamber showed that for both species,
the arrhenotokous lines dispersed more than their thelytokous counterparts, suggesting
anegativeeffect of Wolbachia on dispersal.
Greenhouse experiments showed for both species that thelytokous wasps parasitize
approximately equal number of patches but parasitize fewer eggs per patch than the
arrhenotokous females. These results correspond with the laboratory fecundity
experiments.However, in contrast to laboratory chamber experiments, thelytokous
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T. deion females dispersed equally well as their arrhenotokous counterparts while
thelytokous T. cordubensis females showed significant more dispersal than the
arrhenotokous ones. No explanation was found for these dispersal differences in
greenhouse or laboratory chamber experimental set-ups.Accordingto calculations,it isstill
advantageous to use thelytokous parasitoids for biological control when the negative
impact of Wolbachia on host fitness istaken into account.
In the next years, the possibilities and restrictions of using T-Wolbachia for biological
control purposes will become clear. Our developed injection protocol enables us to do TWolbachia transfer studies in the parasitoid Nasoniavitripennis.Initial T-Wolbachiatransfer
studies between two Trichogramma speciesin Lyon (France) were successful. However, the
novel infected species only showed low induction of thelytoky. Infection experiments with
different strains of T-Wolbachia in Trichogramma could show which factors are
responsible (host and/or Wolbachia) for successful establishment of the infection and a
high expression of thelytoky. Final field tests will reveal whether 'novel' thelytokous
parasitoids are indeed better biological control agents than their arrhenotokous
counterparts.
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Bacterien van het geslacht Wolbachia infecteren een belangrijk deel van de geleedpotigen
(arthropoden).Een Wolbachia infectie kan op verschillende manieren devoortplanting van
besmette arthropoden bei'nvloeden.We onderscheiden:
(1) cytoplasmische incompatibiliteit (Q). CI komt tot uitdrukking als een ge'infecteerd
mannetje met een ongeinfecteerd vrouwtje paart en resulteert in productie van een
verminderd aantalnakomelingent.o.v. alleanderekruisingscombinaties
(2) feminizatie (F), waarbij geinfecteerde mannetjes worden omgevormd tot functionele
vrouwtjes. Dit ismet name bestudeert inpissebedden;
(3) verhoging van vruchtbaarheid waarbij geinfecteerde moeders tot twee maal zoveel
nakomelingen produceren dan deniet-ge'infecteerde moeders;
(4) thelytokie (T) waarbij geinfecteerde moeders dochters kunnen produceren uit
onbevruchte eieren. Dit type infectie is gevonden in verscheidene wespsoorten van de
orde vliesvleugeligen (Hymenoptera). In de dezelfde orde produceren ongei'nfecteerde
vrouwtjes zonen uit onbevruchte eieren en dochters uit bevruchte eieren en dit
verschijnsel wordt arrhenotokie genoemd.
Theiytoky-Wolbachia komt voor bij verscheidene sluipwespsoorten. Sluipwespen zijn
insecten die hun eieren in andere insecten leggen en hun "gastheer" op deze manier doden.
Een infectie met T'-Wolbachia in sluipwespen kan een aantal belangrijke voordelen voor de
biologische bestrijding opleveren omdat alleen vrouwelijke sluipwespen effectief zijn in het
doden van de schadelijke insecten. Bijvoorbeeld, als een arrhenotoke wesp 5 zonen en 5
dochters produceert, kan een thelytook vrouwtje 10 dochters produceren. Thelytoke
wespen zouden t.o.v. arrhenotoke wespen devolgendevoordelen hebben voor biologische
bestrijding:
(1) geringerekweekkosten pervrouwtje omdat ergeenmannetjes worden geproduceerd
(2) hogerepopulatiegroeisnelheidvande sluipwespen
(3) beterevestigingskansen van delosgelaten natuurlijke vijanden. Als erweinig schadelijke
insecten zijn, zal de sluipwespdichtheid laag worden. In deze situatie kunnen
arrhenotoke vrouwtjes moeitehebben om mannetjes tevinden om te paren. Thelytoke
vrouwtjes hebben ditnadeelniet.
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Vanwege deze voordelen zijn verscheidene experimenten uitgevoerd met T-Wolbachiadie
hierna worden samengevat. Deze experimenten zijn verricht om de ecologische en
evolutionaire kennis van deze specifieke gastheer-Wolbachia relatie te verbreden, en om na
te gaan of arrhenotoke sluipwespen met T-Wolbachia geinfecteerdkonden worden.
Fylogenie
Deverwantschaptussenverschillende Wolbachia stammen (fylogenie) wasreeds bestudeerd
aan de hand van het 16S ribosomale gen en het fisZ gen. Deze genen verschilden echter
weinig tussen de verscheidene Wolbachiastammen. Om het onderscheidend vermogen
tussen verschillende Wolbachia stammen te verhogen is,m.b.v. moleculaire technieken, de
'spacer' 2 (SR2) van Wolbachia vermeerderd en geanalyseerd (Hoofdstuk 2). SR2 liet een
groter verschil zien tussen de stammen dan het eerder onderzochte/ttZ gen. Maar omdat
SR2 relatief kort is, leverde het niet meer informatie dan het fisZ gen Een opmerkelijk
resultaat was dat van de F'-Wolbachia SR2 (van de pissebed Armadillidium vulgare)een
stukje ontbrak t.o.v. de andere Wolbachia SR2.Dit suggereert dat F-Wolbachiaaanzienlijk
verschilt van de CI- en T- Wolbachia stammen . Het fylogenetisch onderzoek werd
vervolgd met analysesvan een membraaneiwit "wsp"van Wolbachia (Hoofdstuk 3).Recent
onderzoek in Yale (VS) had aangetoond dat dit gen veel sneller evolueerde dan het 16S
rDNA of het fisZ gen. In dit onderzoek werd tevens het genus Wolbachia onderverdeeld in
twaalf groepen op basis van maximum 2.5 % wsp-gen verschillen binnen een groep. Wij
hebben de Wolbachia wspdataset uitgebreid met vijftien T-Wolbachia en drieCl-Wolbachia
en eenF-Wolbachia. Onze resultaten toonden aandat:
(1) zeven groepen toegevoegd konden worden aan de bestaande twaalf groepen. Het
onderscheidend vermogen tussen de Wolbachia stammen was aanzienlijk verbeterd
maarde2.5%regelkan leidentot eenexcessievegroeivan het aantal groepen.
(2) CI- and T- Wolbachiavormden geen aparte groepen. Dit komt overeen met eerder
beschreven Wolbachia fylogenieen gebaseerd op het fisZ gen of 16SrDNA. Er zijn drie
verklaringen mogelijk waarom CI- en 7-Wolbackiageen aparte groepen vormden: (a)
het bestaan van plasmiden of virussen van Wolbachia die de genen bevatten die
verantwoordelijk zijn voor het specifieke effect van Wolbachia op haar gastheer. Deze
elementen kunnen van een Wolbachia stam naar een andere overspringen; (b) de
gastheer bepaalt het CI of T effect t.g.v. een niet-specifieke Wolbachia infectie.
Bijvoorbeeld, een T-Wolbachiastam uit een specifieke gastheer induceert CI in een
andere gastheer; (c) genen dieverantwoordelijk zijn voor het veroorzaken van CI of T
zijn nauw verwant enkunnen uit elkaarontstaan door een eenvoudigemutatie.
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(3) De wspgenen van Wblbachia uit twee sluipwespsoorten van net geslachtTrichogramma
zijn nagenoeg hetzelfde als die van Wolbachia uit de mot Ephestia kuehniella
(Lepidoptera). Trichogrammawespen kunnen eieren van E.kuehniellaparasiteren. Het
vermoeden bestaat dat horizontale overdrachtvan Wolbachia tussen wesp en mot heeft
plaatsgevonden. De wijze waarop deze overdracht bewerkstelligd wordt is nog
onduidelijk.
(4) Het V-Wolbachia wsp gen van de pissebed A. vulgareverschilde meer dan 13% t.o.v.
andere wsp genen en suggereert dat deze Wolbachiastam al lang geleden van andere
insect Wolbachiastammen (CI en T) is afgesplitst. Dit is in overeenstemming met de
resultaten van hoofdstuk 2 die aantoonden dat SR2van A. vulgarerelatief veel afweek
van deandere SR2sequenties.
Micro-injectie
*X-Wolbachia en Cl-Wolbachiazijn niet specifiek genetisch te onderscheiden en verscheidene
hypothesen zijn opgesteld om dit verschijnsel teverklaren (zieook Hoofdstuk 3).Het zou
kunnen dat T-Wolbachiavan een specifieke gastheer, CI induceert in een andere gastheer.
Om dit te toetsen is de T'-Wolbachia stam van de vliegenpopparasitoide Muscidifurax
uniraptor (wUni) overgebracht naar een ongei'nfecteerde fruitvlieg Drosophila simulans met
behulp van micro-injectie (Hoofdstuk 4).De microinjectie-techniek houdt indatWolbachia
in eierenvan ongei'nfecteerde gastheren wordt gei'njecteerd.We hebben ervoor gekozen om
T'-Wolbachia naar D. simulans over te zetten omdat deze soort gei'nfecteerd kan zijn met
verschillende CI-Wolbachiastammen (o.a. wRi). Ook zijn in D. simulans verscheidene
succesvolle infectie experimenten uitgevoerd met Wolbachia stammen uit andere fruitvlieg
soorten en zelfs uit de mug Aedesalbopictus. Tenslotte verschillen deJisZ sequenties van
wRi of wUni heelweinig.Dit suggereert dat zenauwverwant zijn.
De nieuwe infectie van wUni in D. simulans kon m.b.v. moleculaire technieken
aangetoond worden, maar er werden geen effecten op de gastheer gevonden. De nieuwe
infectie kon echter na zeven generaties niet meer aangetoond worden. Hiervoor zijn
tenminste twee verklaringen mogelijk. Ten eerste toonde nieuwe fylogenie gegevens van
wRi en wXJm aan, gebaseerd op het wspgen, dat deze stammen niet nauw verwant zijn,
maar dat ze in twee verschillende groepen thuishoren. Ten tweede kan de associatie tussen
van wUni en de gastheer M. uniraptor kan relatief langdurig zijn geweest aangezien M.
uniraptorwespen zich niet meer sexueelkunnen voortplanten (ziehoofdstuk 6).Door deze
langdurige associatie kan Wolbachiaop een zodanige manier aan haar gastheer aangepast
zijn dat zeanderegastheersoorten niet meerkunnen infecteren.
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Ons volgende doel was om een soortgelijke infectieproef met T-Wolbachia tussen
verschillende sluipwespen uit te voeren om te bepalen of arrhenotoke wespen op deze
manier thelytook gemaakt konden worden. Eerst werd een protocol ontwikkeld voor de
arrhenotoke vliegenpopparasitoi'de Muscidifuraxraptor maar door technische problemen
zijn we overgestapt naar de gregaire vliegenpopparasitoi'de Nasonia vitripennis. N.
vitripennis heeft alsvoordeel dat relatief eenvoudig veel eieren verzameld kunnen worden
wat het testen van het protocol vergemakkelijkt. Verschillende micro-injectie protocollen
van de fruitvlieg Drosophilaspp. en de kever Tribolium confusum zijn gecombineerd en
voor elke stap zijn de optimale condities uitgezocht (Hoofdstuk 5). Het resulterende
protocol kan men gebruiken om er Wolbachiainfectie proeven mee uit te voeren in N.
vitripennis.
Gastbeer-Wolbachia interacties
In het 6e hoofdstuk is de invloed van verscheidene T-Wolbachiastammen op de 'fitness'
van een aantal Trichogrammalijnen gemeten om te bepalen of deze invloed tussen lijnen
verschilt. Trichogramma zijn kleine sluipwespen (± 0.3 mm) die eieren van verscheidene
schadelijke insecten kunnen parasiteren. De getoetste Trichogramma lijnen waren
afkomstig uit populaties met een verschillende 'Wolbachia infectiegraad' waarin twee
groepen onderscheiden konden worden. De eerste groep waren 'gefixeerde' populaties
waarin alleindividuen ge'infecteerd zijn zodat alleen thelytoke vrouwtjes aanwezig zijn. De
tweede groep zijn niet-gefixeerde populaties waarin gei'nfecteerde en ongeinfecteerde
individuen naast elkaar voorkomen. In deze niet-gefixeerde populaties kunnen thelytoke
vrouwtjes paren en sexueel dochtersproduceren. Afhankelijk of Wolbachia afkomstig isuit
een gefixeerde of niet-gefixeerde populatie verwachtten we een verschil van Wolbachia
invloed op haar gastheer.
We verwachtten dat Wolbachia uit gefixeerde populaties een minder negatieve invloed op
haar gastheer zou hebben ten opzichte van Wolbachia uit niet-gefixeerde populaties. Dit
verschil zou worden veroorzaakt doordat in niet-gefixeerde populaties een zogenaamd
nucleair-cytoplasmatisch conflict bestaat. Dit conflict ontstaat doordat genen uit de kem
(nucleaire genen) door beide ouders doorgegeven worden maar Wolbachia (en
cytoplasmatische genen) wordt alleen geerfd via de moeder. Voor Wolbachiais het dus
voordelig om de fractie vrouwtjes te verhogen aangezien mannetjes "een doodlopende
weg" vormen voor deze symbiont. Als Wolbachia zich in een populatie verspreidt,
resulteert dat in een verlaging van de fractie mannetjes. Nu wordt het 'voordelig' voor
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nucleaire genen om op een of anderemanierdewerking van Wolbachia. ongedaan te maken.
Immers een klein aantal mannetjes kunnen dan hun nucleaire genen aan veel vrouwtjes
doorgeven. Dit mechanisme dat de werking van Wolbachia neutraliseert, kan op zijn beurt
weer leiden tot een reactie van Wolbachia om deze effecten teniet te doen. Dit conflict zou
ervoor kunnen zorgen dat Wolbachia een negatief effect heeft op defitness van de gastheer.
Factoren dievan belang zijn voor verspreidingvan Wolbachia in een populatie zijn o.a. (a)
transmissie efficientie (het percentage gei'nfecteerde dochters) en (b) de invloed van
Wolbachia infectie op de gastheer fitness. Deze twee factoren, en wellicht ook andere,
zouden door nucleairegenennegatief beinvloedkunnen worden.
In gefixeerde populaties is de situatie geheel verschillend omdat er geen nucleaircytoplasmatisch conflict meer aanwezig is aangezien er geen mannetjes meer zijn. In deze
omstandigheden zalde Wolbachia-gastheercombinatie diehet meest succesvol is,d.w.z. die
het meeste nakomelingen geeft, zich door de populatie verspreiden. Selectie is dus gericht
op Wolbachiastammen die het minst negatieve invloed op hun gastheer hebben. Deze
hypothese werd getoetst m.b.v. wespenlijnen van het genus Trichogrammaomdat in dit
geslacht niet-gefixeerde en gefixeerde populaties bestaan. Twee "inteeltlijnen" (lijnen die
begonnen zijn met een een vrouwtje) van gefixeerde populaties en vier inteeltlijnen van
niet-gefixeerde populaties zijn m.b.v. antibiotica genezen van Wolbachia infectie.
Vervolgens zijn van deze lijnen verscheidene fitness kenmerken gemeten gedurende de
gehelelevensperiode (zieTabel1).
Tabel 1. Verscheidene fitness kenmerken van met Wolbachia gei'nfecteerde thelytoke (T) lijnen en
corresponderende arrhenotoke lijnen (A)afkomstig uitgefixeerde ofniet-gefixeerde populaties.
Fitnesskenmerk
Niet-gefixeerd (T.vs.A)
Gefixeerd (T.vs.A.)
Dochterproductie

6-61%minderdochters

16-131%meer dochters

Totale nakomelingen productie

34—49% minder nakomelingen

19%minder tot 6%meer
nakomelingen

Levensduur vandewespen

Geenverschil

Korter

De productie van dochters was significant hoger voor de thelytoke gefixeerde lijnen
vergeleken met de corresponderende genezen arrhenotoke lijnen (zie Tabel 1). Het
tegenovergestelde resultaatwerdgevonden met devierniet-gefixeerde lijnen (minder dochters
voordethelytokelijnenvergelekenmetdegenezenlijnen).Indegefixeerde lijnenistevensde
negatieveinvloedvan Wolbachia opdetotaleproductievan nakomelingen relatief klein t.o.v.
degenezenlijnen terwijl diteffect indeniet-gefixeerde lijnenveelgroteris.
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De levensduur van geinfecteerde gefixeerde lijnen was onverwacht korter vergeleken met
de genezen lijnen terwijl bij de niet-gefixeerde lijnen de geinfecteerde en niet-geinfecteerde
lijnen even lang leefden. Overdracht van Wolbachia overdracht is over het algemeen lager
in de niet-gefixeerde lijnen met uitzondering van de lijn T deion SW. De sterfte in het
embryo- en popstadium van de gastheer was zowel bij gefixeerde als bij of niet-gefixeerde
lijnen hoger in geinfecteerde lijnen. Onze resultaten komen overeen met de hypothese dat
Wolbachia een meer negatieve invloed op haar gastheer heeft in niet-gefixeerde populaties
dan in gefixeerde populaties met uitzondering van de levensduur van de wesp. Dit is
waarschijnlijk het gevolg van een nucleair-cytoplasmatisch conflict in niet-gefixeerde
populaties. Een minder aannemelijke alternatieve hypothese is dat een primaire
'succesvolle' U^o/fecte-gastheercombinatie naar fixatie gaat terwijl minder succesvolle
Wolbachia-gastheercombma.ties zich niet of maar gedeeltelijk in de populatie kunnen
vestigen.
In hoofdstuk 7 worden experimenten beschreven waarin getoetst wordt of thelytoke
wespen even effectief zijn voor biologische bestrijding alsarrhenotoke wespen. Theoretisch
gezien kunnen thelytoke wespen voordelen hebben t.o.v. arrhenotoke wespen in
biologische bestrijding. Laboratoriumproeven (inclusief hoofdstuk 6) lieten echter zien dat
sommige Wolbachia stammen de fitness van de gastheer negatief kunnen beinvloeden.
Verder is het onbekend of andere gastheerfactoren, die van belang zijn in het veld (o.a.
verspreidingscapaciteit of gastheer-zoekcapaciteit) niet mede beinvloed zijn. Met behulp
van laboratoriumproeven zijn de vruchtbaarheid en verspreidingscapaciteit gemeten van
arrhenotoke en thelytoke Trichogrammadeion en T. cordubensis wespen. Tegelijkertijd is
bepaald of Wolbachiainfectie de parasiterings-efficientie van deze Trichogrammalijnen in
kassen bei'nvloedt. De parasiterings-efficientie werd onderverdeeld in drie verschillende
categorieen namelijk (a)verspreiding van de wespen in een kas; (b) hoeveelheid eipaketten
die per vrouwtje gevonden werden en (c) hoeveelheid eieren die per losgelaten vrouwtje
geparasiteerd werden. De laboratoriumproeven toonden aandat:
(1) thelytoke wespen een lagere vruchtbaarheid hadden dan de corresponderende
arrhenotoke wespen. Dit resultaat komt overeen met de resultaten van hoofdstuk 6,
maar met het verschil dat voor een parasiteringsperiode van vijf dagen thelytoke T.
cordubensis een hogere vruchtbaarheid hadden dan de arrhenotoke lijn (Hoofdstuk 6),
terwijl het in deze experimentele opzet net andersom was. De proefopzetten
verschilden in het gebruik van desoort vlindereieren waarop de Trichogrammawespen
zijn gekweekt endit zou deverschillen kunnen verklaren;
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(2) de arrhenotoke lijnen voor beide Trichogramma soorten een hogere verspreidingscapaciteit hadden dan de thelytoke lijnen. Dit suggereert een negatief effect van
Wolbachia op deverspreidingscapaciteit vande gastheer.
De kasexperimenten toonden aan dat voor beide Trichogramma soorten de thelytoke
wespen evenveel eipaketten parasiteren als de arrhenotoke wespen maar dat de thelytoke
wespen minder eieren per eipakket parasiteren dan dearrhenotoke. Deze resultaten komen
overeen met de laboratoriumexperimenten. Verder werd er in de kasexperimenten, in
tegenstellingtot de laboratoriumproeven, geenverschil gevonden in deverspreiding tussen
thelytoke en arrhenotoke T. deion vrouwtjes. Thelytoke T cordubensis vrouwtjes
verspreidden zelfs beter dan de arrhenotoke vrouwtjes. Aangezien de verspreiding van
thelytoke lijnen in de kas hetzelfde of zelfs beter is dan die van de arrhenotoke lijnen, is
volgens berekeningen, het nog steeds voordeliger om thelytoke dan arrhenotoke
sluipwespen te gebruiken in biologische bestrijding, ondanks de negatieve invloed van
Wolbachia op de gastheervruchtbaarheid.
De komende jaren zal het duidelijk worden wat de mogelijkheden van T-Wolbachiazijn
voor de biologische bestrijding. Met het door ons ontwikkelde injectieprotocol kan
onderzocht worden of arrhenotoke Nasoniavitripenniswespen, door ze te infecteren met
een T'-Wolbachia stam, thelytook gemaakt kunnen worden. Wolbachia infectie proeven in
Trichogrammain Lyon (Frankrijk) hebben al laten zien dat Wolbachiaovergedragen kan
worden tussen verschillende Trichogramma soorten. Helaas was de inductie met thelytoky
gering in de nieuwe geinfecteerde wespen. Infectie- proeven van verschillende combinaties
T-Wolbachia stammen en Trichogramma soorten zou opheldering kunnen geven welke
factoren (gastheer en Wolbachia) van belang zijn voor een succesvolle infectie en thelytokie
inductie. Uiteindelijk zullen praktijktoetsen moeten uitwijzen of de "nieuw gemaakte"
thelytoke wespen daadwerkelijk 'beter' zijn in de biologische bestrijding dan de
arrhenotoke wespen.
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