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General Introduction

0.1 Genetic elements that can cause sex ratio distortion

In contrast to autosomes, which are inherited equally from both parents,
cytoplasmic elements and sex chromosomes tend to be inherited asymmetrically
from parents to offspring. Fisher (1930) predicted that 1:1 sex ratio is
evolutionarily stable, but this is with regard to the interest of autosomes, and is not
true for either sex chromosomes (Hamilton, 1967) or cytoplasmic elements
(Cosmides and Tooby, 1981). Cytoplasmic elements and sex chromosomes that
bias their hosts’ sex ratio toward the sex they are transmitted have a potential to
spread in sexually reproducing organisms. In fact, such sex-ratio-distorting
elements have been found in a number of animals, and are considered to be one of

the ‘selfish genetic elements’ (ref. Werren et al., 1988).

0.2 The criteria for establishing existence of cytoplasmic sex ratio

distorters



Several procedures should be employed to demonstrate the cytoplasmic nature of
the sex ratio distorters (Hurst, 1993).  First, inheritance pattern of female-biased
sex ratio (SR) should be analysed to verify the maternal inheritance. These
should involve backcrossing which replace the nuclear DNA of affected lineage
with that of an unaffected lineage. If the SR persists, it must be cytoplasmic.
In female-heterogametic organisms, however, the effect of W chromosome cannot
be ruled out. A second procedure involves experimental manipulation of the sex
ratio distorter involved. Ideally, the Koch’s postulates should be fulfilled, i.e.
the distorter should be removed from an affected individual, it should be grown in
culture, and it should cause the SR when replaced into an unaffected individual.
Since many of cytoplasmic distorters are unable to be cultured outside of their
hosts, the Koch’s postulates are seldom fulfilled. An easier but less thorough
analysis is injection of the homogenate of the tissue from an affected individual
into an unaffected individual. A more circumstantial evidence of cytoplasmic
sex ratio distortion comes from the recovery from the sex ratio bias after
elimination of the distorters by administration of high temperature and/or
antibiotics. Lastly, detection and/or visualisation of distorters that are present in
every affected lineage but never in unaffected lineages is indirect but highly
suggestive evidence of cytoplasmic sex ratio distortion. Practically, a set of
procedures, e.g. the maternal inheritance, cure from sex ratio distortion by
elimination of distorters by antibiotics/temperature and the detection of distorters
by PCR/electron microscope, have most often been selected to establish the

existence of cytoplasmic sex ratio distorters.



0.3 Female-biased sex ratio due to cytoplasmic elements

In general, cytoplasmic elements in animals are transmitted exclusively from the
mother. Therefore, biasing the sex ratio toward female is advantageous for
cytoplasmic elements. SR induced by cytoplasmic elements, referred to as
cytoplasmic sex ratio distorters, has been repeatedly found in a wide variety of
arthropods (reviewed by Hurst, 1993; Hurst et al., 1997a) (Table 0.1). There are
three known mechanisms for the sex ratio distortion. Selective male death
(male-killing) has been known in five insect orders: Diptera, Coleoptera,
Hemiptera, Lepidoptera and Hymenoptera (reviewed by Hurst ef al., 1997a). A
variety of bacteria and a protist of the genus Amblyospora induce male-killing in
different hosts. Female production by virgin females (referred to as thelytokous
parthenogenesis) has been known in parasitic wasps, gall wasps and a thrip
(Stouthamer et al., 1990; Schilthuizen and Stouthamer, 1998; Arakaki et al.,
2001). At present, the bacterium Wolbachia is the only known cytoplasmic
element that can induce thelytokous parthenogenesis. Feminization of genetic
males has been known in crustaceans such as woodlice Armadillidium spp. and a
shrimp Gammarus duebeni (Rousset et al., 1992; Dunn et al., 1993). In
Armadillidium, Wolbachia and another unidentified cytoplasmic element induce
feminization of genetic males, while a protist of the genus Octosporea induces
feminization of Gammarus duebeni males. Feminization of haploid males due to
infection with Flavobacteria has been recently found in a mite Brevipalpus

phoenicis (Weeks et al., 2001).



Female-biased sex ratio has been known in many species of Lepidoptera (Table
0.2). Most cases where mechanisms are reported are male-killing during
embryonic stage (e.g. Hurst er al, 1999a; Jiggins et al, 2000). To date,
Wolbachia and Spiroplasma have been reported as the causal agent of male-
killing in Lepidoptera. = Besides, thelytokous parthenogenesis, including
gynogenesis, has been found from different families of Lepidoptera (Lokki ef al.,
1975; Mitter and Futuyma, 1977; Menken and Wiebosch-Steeman, 1988
Gorbunov and Kishida, 1995). Causal agents of the thelytokous parthenogenesis

in Lepidoptera have not been identified.
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Table 0.2 Incidences of female-biased sex ratio in Lepidoptera

Mechanism Family Species
References

Early male killing Acraeidae Acraea encedon ¢8)
Acraeidae Acraea encedana 2)
Danaidae Danaus chrysippus ?3)
Lymantriidae Lymantria dispar @)
Pieridae Pieris napi )
Nymphalidae Hypolimnas bolina 6)
Noctuidae Spodoptera littoralis @)
Tortricidae Epiphyas postvittana ®)
Gracillaridae Phyllonorycter sorbicola )
Arctiidae Estigmene acrea (10)
Pyralidae Cadra(=Ephestia) cautella (1
Notodontidae Pygaera(=Clostera) pigra (12)

Parthenogenesis Bombycidae Bombyx mori (13)
Geometridae Alsophila pometaria (14)
Psychidae Solenobia triquetrella (15
Nepticulidae Ectoedemia argyropeza (16)
Saturniidae Neoris huttoni schenki a7

Suspected as W drive  Geometridae Abraxus grossulariata (18)
Satyridae Maniola jurtina (19)
Lasiocampidae Philudoria potatoria (20)

(1) Hurst ef al. (1999), (2) Jiggins et al. (2000a), (3) Jiggins et al. (2000b), (4) Higashiura et
al. (1999), (5) Bowden (1987), (6) Simmonds (1930), Clarke et al. (1975), (7) Brimacombe
(1980), (8) Geier and Briese (1977), Geier et al. (1978), (9) Ujiye (1981), (10) Earle and
MacFarlane (1968), (11) Takahashi and Kuwahara (1970), (12) Federley (1936), (13)
Astaurov (1936), (14) Mitter and Futuyma (1977), (15) Lokki ef al. (1975), (16) Menken and
Wiebosch-Steeman (1988), (17) Gorbunov and Kishida (1995), (18) Doncaster (1913, 1914),
(19) Scali and Masetti (1973), (20) Majerus (1981).



0.4 Wolbachia pipientis: cytoplasmic bacterium that can cause

reproductive alterations in arthropods

Bacteria of the genus Wolbachia are cytoplasmic parasites in arthropods.
Wolbachia belongs to the alpha Proteobacteria, and is closely related to Rickettsia.
Wolbachia bacteria are common, infecting 26 of 154 Panamanian neotropical
insect species (16.9%) and 28 of 145 temperate North American insect species
(19.3%) (Werren et al., 1995a; Werren and Windsor, 2000). A recent study
suggested that the percentage might be even higher (Jeyaprakash and Hoy, 2000).
Wolbachia is attracting evolutionary biologists in that it manipulates the hosts’
reproduction in a variety of ways for their own good, and hence is a good model
of selfish genetic elements (reviewed by Werren et al., 1988; Werren, 1997;

Stouthamer ef al., 1999).

Some Wolbachia strains force their hosts to produce progenies with female-
biased sex ratio by inducing male-killing, thelytokous parthenogenesis or
feminization (Hurst et al., 1999a; Fialho and Stevens, 2000; Stouthamer, 1997;
Rigaud, 1997). Other Wolbachia strains decrease the fitness of uninfected
females by inducing cytoplasmic incompatibility: typically, an uninfected female
produces a drastically small number of progenies if mated with an infected male
(Hoffmann and Turelli, 1997). Wolbachia-induced sperm precedence that
enhances the effect of cytoplasmic incompatibility has been also known (Wade
and Chang, 1995). Recently, a novel type of Wolbachia infection that is

prerequisite for oogenesis of a parasitic wasp Asobara tabida has been reported



(Dedeine et al., 2001).  All of these reproductive manipulations have potential to

increase Wolbachia prevalence.

To characterize Wolbachia strains, 16S rRNA gene sequences were initially
used. However, slow evolutionary rate of this gene has not made it possible to
adequately resolve a fine-scale phylogeny of Wolbachia strains. Subsequently, a
faster-evolving cell-cycle gene (ffsZ) was used to improve the phylogenetic
resolution, and revealed that there are two major clades (A and B) within the
genus Wolbachia (Werren et al., 1995b). Recently, a surface protein gene of
Wolbachia (wsp) was cloned and sequenced (Braig ef al., 1998). This gene is
evolving at a much faster rate than any other previously reported Wolbachia genes,

and at present, it is assumed to be the most appropriate gene for phylogenetic

analyses of Wolbachia (Zhou et al., 1998).

Major phenotypes of reproductive alterations caused by Wolbachia
(cytoplasmic incompatibility, thelytokous parthenogenesis, feminization and
male-killing) are not concordant with the phylogeny of Wolbachia gene (Figure
0.1). This led us to assume that Wolbachia has been repeatedly transmitted

horizontally in the recent past (Werren and O’Neill, 1997).
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Figure 0.1 Cladogram of Wolbachia based on the wsp sequences. MK, P, F

and CI are abbreviations of male-killing, parthenogenesis induction,

feminization and cytoplasmic incompatibility, respectively. Name of the

host arthropod species represents Wolbachia lineage.

Branches with

bootstrap value more than 80% are shown with bold line. Topology was

extracted from Neighbour-Joining tree constructed by van Meer ez al. (1999).



0.5 Brief sketches of Ostrinia furnacalis species group

Among twenty Ostrinia spp. worldwide (Lepidoptera: Crambidae) (Mutuura and
Munroe, 1970), ten species are referred to as the furnacalis species group. In the
furnacalis species group, five species are known to occur in Japan; O. furnacalis,
O. scapulalis, O. orientalis, O. zaguliaevi and O. zealis. O. furnacalis, known as
the Asian corn borer, is a major pest of Zea mays (maize) in East and Southeast
Asia, and O. scapulalis, known as the adzuki bean borer, is a pest of Vigna spp.
(legumes) and also infests Humulus lupulus (hops), Xanthium spp. (cockleburs)
and Rumex spp. (docks) in North and East Asia. O. orientalis is known to infest
Xanthium spp., Senecio sp. and Rumex spp., O. zaguliaevi is known to infest
Petacites japonicus (butterbur), and O. zealis is known to infest Arctium lappa
(burdock), Cirsium spp. (thistles), and Dahlia spp. (dahlia) (Ishikawa et al., 1999).
O. nubilalis, which does not occur in Japan, also belongs to the furnacalis species

group, and is a serious pest of maize in Europe and North America.

Morphological and molecular analyses have suggested that these six species
are very closely related (Mutuura and Munroe, 1970; Kim et al., 1999). At
present, however, a fine-scale phylogenetic relationship of these species is not

clear.

0.6 Aims of the present study

10



The aim of the present study was to precisely describe the forces moulding the sex

ratio in Ostrinia species.

First, | examined the sex ratio of progenies produced from wild O. furnacalis
females. I investigated the field prevalence, the mode of inheritance, the

mechanism and the causal agent of the sex ratio distortion (Chapter 1).

Second, I examined whether the same and/or different type(s) of sex ratio

distortion occurs in O. scapulalis (Chapter 2).

Third, I surveyed the occurrence of sex ratio distortion in the other species of

the furnacalis species group in Japan (Chapter 3).

Finally, I examined the effect of partial elimination of the causal agent of one
type of female-biased sex ratio on sexuality of their progenies in O. scapulalis

(Chapter 4).

In general discussion, I argued the significance of sex ratio distortions found
in Ostrinia species and suggested their potential use for the research of sex

determination in insects.

11



Chapter 1

Wolbachia-induced feminization in the Asian corn borer, Ostrinia

furnacalis

1.1 Introduction

Female-biased sex ratios have been repeatedly found in arthropods. Most of
them involve parasitic microorganisms in cytoplasm. Since cytoplasmic
elements are inherited exclusively from females, female-biased sex ratio is

advantageous for these microorganisms.

Much attention has been increasingly paid to Wolbachia (see general
introduction for detail). Wolbachia is a group of bacteria that infects wide
varieties of arthropods and vertically transmitted via cytoplasm. Wolbachia can
bias their hosts’ sex ratio by inducing male-killing (e.g. Hurst et al, 1999),
thelytokous parthenogenesis (e.g. Stouthamer et al., 1993) or feminization of

genetic males (e.g. Rousset ef al., 1992). In addition, Wolbachia can reduce the

12



fitness of uninfected females by inducing cytoplasmic incompatibility in many

arthropod species (e.g. Breeuwer et al., 1992; O’Neill et al., 1992).

During the course of rearing experiments, I found an all-female family among
those produced from wild O. furnacalis females collected at Matsudo, Chiba-pref.
Later, I found that Miyahara (1984) is the first who reported the occurrence of
female-biased sex ratio in the Asian corn borer Ostrinia furnacalis. However,
the mechanism and causal agent of the sex ratio trait have not been elucidated.
Furthermore, since Miyahara (1984) examined sex ratio in each insect rearing
case i.e. that of progenies produced from multiple females, frequencies of the
causal agent in the populations were not known. It is also not known whether

there was only one sex-ratio-distorting element in O. furnacalis or not.

The aim of this chapter is to clarify the frequencies of female-biased sex ratio
in the natural populations of O. furnacalis, and to identify its mechanism and

causal agent.

13



1.2 Materials and methods

1.2.1 Insects

Female adults of Ostrinia furnacalis were collected at Matsudo (Chiba pref.,
Japan) in the summers of 1996-2000. The individual females were allowed to
oviposit in the laboratory. Most of the collected females laid fertile eggs within
a few days. Larvae were reared by broods on an artificial diet (Silk Mate 2M,
Nihon-Nosan, Yokohama, Japan). At the pupal stage, insects were sexed based
on the abdominal tip morphology. A piece of cotton soaked with 3% sucrose
was provided for adult moths. Insects were reared under the conditions of 23°C
and 15L/9D. Twenty females and twenty males were put in a mating cage, and
two days later, the females were separately allowed to oviposit.  After
oviposition, ovaries of females were dissected and stored in STE buffer (100 mM
NaCl/ 10 mM Tris-HCI, pH 8.0/ 1 mM EDTA, pH 8.0; O’NEeill et al., 1992) at —

20°C until extraction of DNA.

1.2.2 Maternal inheritance of female-biased sex ratio

When a wild female produced a family with female-biased sex ratio (SR) (P <
0.01, chi-squared test), daughters were used to found a matriline (Figure 1.1).

Matrilines were maintained by crossing females with males from normal lines.

14



A normal line was a pool of matrilines with the parental sex ratio not significantly

distorted from 1:1.

15




Q Q Q $ Q"'eromﬁeld

G1onacoqa¢o

G E ST Y

Figure 1.1 Procedure for establishing an SR matriline derived from a wild
female. Female adults collected in the field, most of which are gravid, are
individually allowed to oviposit. In each generation, single female of an SR
family was crossed with males of a 1:1 sex ratio family. The generation of
the progenies produced from wild females are referred to as parental

generation (P), and subsequent generations are referred to as G,, G, ...

16



1.2.3 Tetracycline treatment

Tetracycline hydrochloride was mixed into the larval diet at 0.06% (w/w) and fed
to larvae from the neonate stage. The tetracycline treatment was used to check
whether the SR trait was due to bacterial infection. SR trait due to bacteria

infection has been reported in many arthropod species (see general introduction).

1.2.4 PCR assay of Wolbachia infection

One of the pair of ovaries in a female adult was ground in 100 ul of STE buffer
with 2 pl of proteinase K (20 mg/ml), 1 pl of 2-mercaptoethanol and 10 pl of 10%
SDS. The homogenate was incubated at 37°C for at least 30 min and at 95°C for 5
min. The lysate was extracted with phenol-chloroform (1:1) and chloroform
once each, and DNA was precipitated with ethanol. The DNA pellet was

dissolved in 50 ul of TE buffer (10 mM Tris-HCI, pH 8.0/ 1 mM EDTA, pH 8.0).

Polymerase chain reactions (PCR) specific to Wolbachia 16S rRNA gene were
conducted in 10 pl reaction volumes including 1 ul of DNA samples following

the method described by O’Neill ez al. (1992).

1.2.5 Sequencing

PCR amplification of wsp, a surface protein gene of Wolbachia, was performed

(Zhou et al., 1998), using 2 pl of template DNA in reaction volumes of 50 pl.
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PCR amplification of fisZ, a cell-division-related gene of Wolbachia, was
performed using primers fisZfl and fisZr1 (Werren et al., 1995b), and 2 ul of

template DNA in reaction volumes of 50 pl.

The PCR products were purified from agarose gels and directly sequenced for
both strands using the BigDye™ terminator cycle sequencing kit (Applied
Biosystems). The products of sequence reaction were run on an automated DNA

sequencer (ABI377, Applied Biosystems).

1.2.6 Phylogenetic analysis

The wsp sequence of Wolbachia infecting O. furnacalis was initially aligned with
29 wsp sequences of other strains of B-group Wolbachia and two outgroup
sequences from A-group Wolbachia (Wolbachia strains in Drosophila
melanogaster and Drosophila sechellia) using the program package CLUSTAL W
verl.5 (Thompson er al., 1994), and then the alignment was manually modified
based on the estimated amino acid sequences using the sequence alignment editor
BioEdit (Hall, 1999). The third hypervariable region (positions 518-565) was

excluded from the analyses (Zhou et al., 1998).

The fisZ sequence of Wolbachia infecting O. furnacalis was initially aligned
with 20 fisZ sequences of other strains of B-group Wolbachia and two outgroup
sequences from A-group Wolbachia (Wolbachia strains in Drosophila

melanogaster and D. sechellia) using the program package CLUSTAL W verl.5
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(Thompson et al., 1994).

The molecular phylogenetic trees were estimated by the maximum likelihood
method using the program package PAUP* (Swofford, 1996). 1 employed the
general time reversible (GTR) model (e.g. Lanave e al., 1984) with discrete-
gamma approximation (four rate categories). All model parameters were
estimated from the data using a starting tree topology that had previously been
inferred from the unweighted maximum parsimony method. These parameter
estimates and the starting tree topology were then employed for a heuristic search
based on tree bisection and reconnection (TBR). Bootstrap analyses were done

with 100 replications each.
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1.3 Results

1.3.1 Wolbachia infection and female-biased sex ratio

Wolbachia infection was found in 13 of 104 field-collected females (Figure 1.2).
Through 1996 to 2000, the frequencies of infected females were low (0-43%).
Twelve of the 13 infected females produced all-female offspring (strong SR),
while no uninfected females produced offspring with the strong SR (Table 1.1;
Figure 1.2).  One infected female (MD771) produced a brood with a sex ratio not
significantly distorted (22 females and 10 males, P > 0.01, chi-squared test). Six
wild females that were not infected produced families with significantly female-
biased sex ratios (P < 0.01 by chi-squared test), but these families included males

at more than 20% (weak SR, Table 1.1, Figure 1.2) in contrast to the strong SR.

The strong SR was maternally inherited in all of the seven matrilines examined,
while the weak SR in both of the two matrilines examined disappeared in
subsequent generations (Table 1.1). I could not obtain offspring from the

MD771 female.

Thus, Wolbachia infection was shown to be strongly associated with the all-

female production in O. furnacalis females.
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Figure 1.2 Distribution of sex ratio in progenies produced by wild
females of O. furnacalis collected at Matsudo in (a) 1996, (b) 1997,
(c) 1998, (d) 1999 and (e) 2000. Boxes with white circles indicate
Wolbachia-infected broods. Black and grey boxes indicate strong
and weak SR broods, respectively. Two broods with size less than

ten in (c) and (d) each were excluded from the figure.
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1.3.2 The mechanism of strong SR

The average egg hatch rate for four families with strong SR was 0.923 (Table 1.1),
indicating that the Wolbachia-associated SR was not due to early (embryonic)
male-killing. ~ All the larvae fed with tetracycline developed to females in all of
seven matrilines of strong SR, but these female adults produced all-male
progenies (Table 1.2). These findings indicate that the Wolbachia infection
caused the strong SR through feminization of genotypic males in O. furnacalis.
Namely, Wolbachia feminizes individuals carrying ZZ sex chromosomes (male
genome), and in the absence of Wolbachia such feminized individuals solely

produce ZZ eggs that develop into male adults (Figure 1.3).
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Table 1.2 Sex ratios of broods produced from tetracycline-treated

strong SR females

Line Replication Female Male
Mil1 a 0 24
b 0 59
c 0 58
d 0 24
e 0 50
f 0 8
MD804 0 91
MD826 0 70
MD846 0 46
MD920 0 51
MD030 0 29
MD049 a 0 51
b 0 49
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Figure 1.3 Illustration showing that feminization of genetic males explains all-male

production from tetracycline (TC) treated SR females. If male-killing is the
mechanism of the SR trait (a), tetracycline treatment will result in production of both
males and females with equal ratio. On the other hand, if feminization of genetic
male (genotype ZZ) is the mechanism of the SR trait (b), tetracycline-treated,
Wolbachia-free females (genotype ZZ) will produce only ZZ eggs after crossing with
normal males. Being free from Wolbachia, these eggs will normally develop to male

adults.
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1.3.3 Molecular phylogenetic affiliation of the Wolbachia strain in O.

furnacalis

Nucleotide sequences of a portion (555 bp) of the wsp gene of Wolbachia in the
13 infected O. furnacalis females were determined. All the 13 sequences were
identical. Nucleotide sequences of a portion (1025 bp) of the fisZ gene of
Wolbachia in the seven infected O. furnacalis females were also determined. All
the seven sequences were identical. These findings suggest the infection of an

identical strain of Wolbachia.

Molecular phylogenetic analyses have revealed the occurrence of two major
clades (A and B) in Wolbachia strains infected with arthropods (Werren et al.,
1995b; van Meer et al., 1999; see also Vandekerckhove et al, 1999). The
present analyses of fisZ and wsp sequences showed that the Wolbachia strain in O.
furnacalis is a member of the B group (Figure 1.4; Figure 1.5). Although fisZ
gene sequences could not clarify the phylogenetic relationship between the
Wolbachia strain in O. furnacalis and those harbouring other insect species
(Figure 1.4), wsp gene sequences have proved to be useful for the present purpose
(Figure 1.5). Within the B group, the feminizer Wolbachia in O. furnacalis did
not have a sister relationship to the feminizing Wolbachia strains in isopods,

Armadillidium vulgare, Oniscus asellus and Porcellio scaber (Figure 1.5).
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Figure 1.4 Phylogenetic tree of B-group Wolbachia based on fisZ gene sequence
data with two outgroups of A-group Wolbachia from Drosophila sechellia and D.
melanogasier. Wolbachia strains are given as their host species names. The tree
was constructed by the maximum likelihood methods using PAUP* (Swofford,
1996). The tree has log likelihood of - 2737.74. The results of 100 bootstrap
replicates are shown above the branches. GenBank accession numbers of included

published sequences are as follows:

AJ005885, U28198, U74479, U28199, U97352, AJ005887, U28207, AJ271199, AJ271200, U28203, U28204, AJ223243,
AB039038, AB045315, AJ130717, AJ005883, U28209, AJ271202, U28205, U83099, U28179, U28189.
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Figure 1.5 Phylogenetic tree of B-group Wolbachia based on wsp gene sequence
data with two outgroups of A-group Wolbachia from Drosophila sechellia and D.
melanogaster. Wolbachia strains are given as their host species names. The tree
was constructed by the maximum likelihood methods using PAUP* (Swofford,
1996). The tree has log likelihood of - 4136.75. The results of 100 bootstrap
replicates are shown above the branches. GenBank accession numbers of included

published sequences are as follows:

ABO035514, AB038326, AB039284, AB045314, AB046720, AF020060, AF020065, AF020073, AF020076, AF020080,
AF020083, AF020084, AF020085, AF071915, AF071916, AF071917, AF071927, AF217720, AF217725, AF237884,

AF243436, AF295346, AF295347, AF295348, AJ130714, AJ130716, AJ269474, AJ269475, AJ269476, AJ271194,
AJ271197.
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1.4 Discussion

In lepidopteran insects, thelygenies due to early (embryonic) male-killing have
been known, some of which are caused by Wolbachia infection (Hurst and
Majerus, 1993; Higashiura et al., 1999; Hurst et al., 1999a; Jiggins et al., 2000a,
2000b). In O. furnacalis, however, two lines of evidence indicate that Wolbachia
infection causes feminization of genetic males in O. furnacalis. First, Wolbachia
infection was strongly correlated to the strong SR: this trait was found in 12 of 13
wild Wolbachia-infected females, but not in 93 uninfected females. Second, the
result of antibiotic elimination of Wolbachia infection indicated that feminization
of genetic males underlay the strong SR. Lepidopteran insects generally have
either ZW/ZZ or ZO/ZZ sex chromosomes (Traut and Marec, 1996), and this was
also assumed for O. furnacalis. 1If feminization of genetic males is occurring, a
female parent should be genotypically a male (ZZ), and produces exclusively ZZ
eggs. Thus, production of all-male offspring due to elimination of causal
bacteria indicates the occurrence of feminization of genetic males. If a male-
killing bacterium was causing the SR, a 1:1 sex ratio should have resulted from
the tetracycline treatment (Figure 1.3). This is the first study to report the
occurrence of Wolbachia-induced feminization in insects, which has been known

only from several isopod species (Rigaud et al., 1997).

Among the 13 Wolbachia-infected females of O. furnacalis, one female

(MD771) produced non-SR progeny (22 females and 10 males).  Three
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explanations are possible for this exceptional case. Firstly, the MD771 female
may have harboured a Wolbachia strain different from the other 12 infections,
although it was not distinguishable in terms of the wsp and the fisZ sequence.
Secondly, the MD771 female may have failed to transmit the infection to a part of
her eggs. Lastly, the density of Wolbachia in MD771 females may have been
low, leading to failure in feminizing some of the progeny. In addition, the latter
two explanations may be also relevant to other cases of non-SR broods that were

found in F, offspring from the MD910 female (Table 1.1).

Wolbachia-induced feminization has been found in isopods such as
Armadillidium vulgare (Rigaud et al., 1997 for a review). Two phenotypic
differences were found between the feminizations in 4. vulgare and O. furnacalis.
First, Wolbachia-infected lines of A. vulgare occasionally produce intersexes,
which has not been found in O. furnacalis. Second, young females of
Wolbachia-infected A. vulgare, when reared at 30°C for curing the infection,
progressively acquired the male phenotype within the treated generation. In O.
furnacalis, however, tetracycline did not change the sex of individuals in the
treated generation, and all-male offspring was produced in the subsequent

generation.

These distinct phenotypic characteristics of feminization are most likely to be
relevant to differences in sex determination and/or differentiation processes
between A. vulgare and O. furnacalis. In A. vulgare, a ‘male gene’ was
suggested to control development of the androgenic gland that produces

androgenic hormone. The androgenic hormone triggers differentiation to the
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male after the fourth moult. It was suggested that Wolbachia affects the activity

of the male gene (Rigaud et al., 1997).

As for insects, the sex determination process has been well elucidated only in
Drosophila melanogaster (for a recent review, Schiitt and Nothiger, 2000). The
sex in Drosophila is determined at the embryonic stage, and is not controlled by
diffusing substances such as sex hormones in the later developmental stages.
This mechanism is also believed to apply for insects other than Diptera (e.g. Hoy,
1994; but see also De Loof and Huybrechts, 1998). In congruence with this
widely accepted dogma, tetracycline-treated larvae of Wolbachia-infected O.
Jurnacalis developed into female adults, suggesting that the feminizing action of
Wolbachia operates at the embryonic stage. Although the molecular mechanism
of sex determination in Lepidoptera has not been elucidated, the silkworm
Bombyx mori has been shown to possess a homolog of the dsx, which is one of the
Drosophila sex determination genes (Ohbayashi ef al., 2001). The dsx homolog
in B. mori, as well as the dsx in Drosophila, is subjected to sex-specific splicing.
The target(s) of the feminizing action in O. furnacalis may be some molecule(s)

that play a role in sex determination during the embryonic stage.

On the maximum likelihood tree of Wolbachia strains based on the wsp
sequences, the feminizing Wolbachia in Ostrinia does not have a sister
relationship with that in 4. vulgare while the Wolbachia strains in isopods are
monophyletic. This suggests that the evolutionary origins of feminization are
independent in A. vulgare and O. furnacalis, if no recombination between

Wolbachia strains is assumed (but see Werren and Bartos, 2001).
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Chapter 2

Two kinds of sex ratio distortion in the adzuki bean borer,

Ostrinia scapulalis

2.1 Introduction

Female-biased sex ratio in a brood (an SR trait) has been found in various
arthropods (see General introduction). Several cytoplasmic bacteria causing SR
condition have been found (Hurst er al, 1997a). Among these bacteria,
Wolbachia is of particular interest since it is found in diverse groups of arthropods

and causes a variety of reproductive alterations (see General introduction).

Molecular phylogenetic studies of Wolbachia strains have suggested that
Wolbachia has been horizontally transmitted between different host species
repeatedly (Stouthamer ef al., 1999). Some groups of closely related species of
insects, and even some single species, harbour Wolbachia strains of different

lineage. On the other hand, the phylogenetic studies of Wolbachia have also
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revealed that Wolbachia strains inducing the same effect on their hosts are often
distantly related to each other, and that the closely related Wolbachia strains
sometimes bring about different effects on their hosts. For example, two
Wolbachia strains infecting Tribolium confusum and T  madens are
indistinguishable by gene sequences, but cause cytoplasmic incompatibility and
male-killing, respectively (Fialho and Stevens, 2000). Due to these
characteristics of Wolbachia infection, investigating Wolbachia infections in
diverse groups of closely related arthropod species has particular significance in

understanding the evolution of Wolbachia-host interactions.

In Lepidoptera, maternally inherited SR traits have been recorded in a number
of species. Some of these were suggested to be due to meiotic drive of the sex
chromosome, however, recent studies suggested that caution must be taken to
conclude that sex chromosome drive is the mechanism of the SR trait; It was
recorded in the literature that certain matrilines of two butterflies, Danaus
chrysippus and Acraea encedon produce all-female broods, and it had been
suggested that the most likely explanation was the sex chromosome meiotic drive
(Smith, 1975; Owen and Smith, 1991). However, in both of these species, it was
revealed later that the SR trait is due to bacteria-induced male-killing (Jiggins et

al., 1998, 2000b).

In the present study, I surveyed the maternally inherited SR trait in the adzuki
bean borer Ostrinia scapulalis, a species closely related to O. furnacalis. 1report
Wolbachia-associated and non-associated SR traits in O. scapulalis. The former

SR trait is Wolbachia-induced feminization, and the feminizing Wolbachia in O.
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scapulalis is identical or closely related to that in O. furnacalis. For the latter SR

trait, evidence suggests that its mechanism is sex chromosome meiotic drive.
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2.2 Materials and methods

2.2.1 Collecting and rearing insects

Female adults of O. scapulalis were collected at five locations in central Japan:
Kuroishi in 1997, Takizawa in 2000, Furukawa in 1997, Matsudo in 1997, 1998,
1999 and 2000, and Yayoi in 1997 (Figure 2.1). The wild females were
individually allowed to oviposit in the laboratory. Most of them laid fertile eggs
within a few days. Larvae of O. scapulalis were collected from the bur-marigold,
Bidens frondosa, at Sado in 1997 and from the dock, Rumex sp., at Furukawa in
1997 (Figure 2.1). The larvae were brought to the laboratory and raised to adults

that were individually allowed to oviposit after mating.

Insects were reared at 23°C and a photoperiod of 15L/9D. Larvae were fed
on an artificial diet (Silk Mate 2M, Nihon Nosan, Yokohama). Pupae were sexed
based on the morphology of abdominal tip, and maintained separately by sex.
The adults were provisioned with 3% sugar water. More than two days after
crosses, females were individually allowed to oviposit. After oviposition,
ovaries were dissected from the females and stored in STE buffer under —20°C

until DNA extraction.

The numbers of eggs were counted under a binocular microscope. The egg

hatch rates were estimated from the numbers of unhatched eggs.

For examining the survival rate of larvae, broods were separately reared in
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groups of five larvae from the neonate stage. Number of surviving larvae was

counted every two or three days until pupation.
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Figure 2.1 Collection sites of Ostrinia scapulalis in northern
Honshu, Japan. KI, Kuroishi; TZ, Takizawa; SD, Sado island; FK,
Furukawa; MD, Matsudo; and YY, Yayoi. The scale bar indicates
100 km.
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2.2.2 Antibiotic treatment

Larvae were treated with antibiotics to check whether SR traits are due to
bacterial infection. Either tetracycline hydrochloride or rifampicin was mixed
into the larval diet: 0.06% (w/w) for tetracycline, and 0.1% (w/w) for rifampicin.
The diets containing the antibiotics were fed to the larvae from the neonate stage

until pupation.

2.2.3 Cross experiment using a visible marker

A mutant strain of O. scapulalis that expresses a melanic form of pupae and adults
was used to check whether an SR trait is due to gynogenesis. This melanism is
caused by a recessive allele on an autosomal gene (Ataka ef al., 2002). A female
from an SR matriline was crossed with a melanic male. Their daughters were
backcrossed with melanic males. If male sperm was used for fertilization,

melanic individuals will appear in the backcross offspring.

2.2.4 DNA extraction

DNA was extracted from ovaries from female adults as described in Chapter 1.
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2.2.5 PCR assays for infection with Wolbachia and other bacteria

Infection with Wolbachia was examined by a polymerase chain reaction (PCR)
specific to Wolbachia 16S ribosomal RNA gene (16S rRNA) as described in

Chapter 1.

Infection with bacteria other than Wolbachia was examined by PCR with
primers fD1 and rP1 that amplify eubacterial 16S rRNA gene (Weisburg et al.,
1991). The PCR was conducted in 20 pl reaction volumes including 1 ul of

template DNA.

2.2.6 Sequencing the Wolbachia wsp and ftsZ genes

PCR amplifications and sequencing of wsp gene encoding a surface protein and
JisZ gene, a cell-division-related gene, of Wolbachia were performed as described

in Chapter 1.
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2.3 Results

2.3.1 SR females in natural populations

The sex ratio in offspring was examined for a total of 372 wild females sampled
from six locations. At least ten progenies were examined per family. Thirty-
one wild females from four locations produced significantly female-biased
progenies (summarized in Table 2.1; sex ratio data are shown in Tables 2.2 and
2.3). The PCR diagnosis of Wolbachia infection revealed that 17 of the 31 SR
females were infected and that the other 14 were uninfected (Table 2.1). All of
302 non-SR females examined were negative for Wolbachia infection. Hereafter,
the SR traits associated with and free from Wolbachia infection are referred to as
SR-w" and SR-w traits, respectively. There was no significant difference in
prevalence of both types of SR female among localities (for SR-w*, X2 = 14.03, d.
f.=5,P>0.01; for SR-w, X*=477,d.f. =5, P> 0.01). At two localities
(Furukawa and Matsudo) where wild females were sampled in multiple years
(Table 2.1), no significant changes in the frequency of SR female were found
among years (for SR-w" trait in Furukawa, X>=1.52,d.f. =2, P> 0.05; for SR-
W’ trait in Matsudo, X* = 1.29, d. f. = 3, P> 0.05; for SR-w’ trait in Furukawa, X
=0.34,d. f. =2, P> 0.05; and for SR-w trait in Matsudo, X’=0.23,d.f. =3, P>
0.05). Six wild females produced significantly male-biased progenies although
the biases were weak (male proportion of 0.68, n=65; 0.62, n=140; 0.64, n=111;

0.65, n=93; 0.71, n=85; and 0.72, n=39).
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Table 2.2 Maternal inheritance of SR trait and the effect of tetracycline on sex

ratio in SR-w" matrilines

Matriline Parental sex No. SR families’ No. all-male families produced
ratio (n)* G, G, G, from cured females®

KI721 0.06 (16) 2/2 2/2 1728 3/3

KI1722 0.00 (43) 2/2 4/4 4/4 2/2

KI730 0.00 (11) 5/5 3/3 1/1 3/3

FK708 0.00 (49) 4/4 2/2 -1 2/2
MD739 0.01 (156)  26/26 17/18°  5/5 13/13
MD785 0.00 (20) 3/3 373 --- 3/3

MDS816 0.00 (39) 3/3 2/2 --- 2/2
MDS836 0.00 (40) 171 1/1 --- 171

MD855 0.00 (48) 2/2 1/1 --- 1/1

MD863 0.00 (46) 2/2 --- --- ---
MD8102 0.00 (43) 2/2 22 --- 1/1

MD923 0.00 (64) 1/1 2/2 --- 2/2

MD927 0.00 (63) 1/1 1/1 --- 171

MD976 0.00 (59) 2/2 1/1 --- 1/1

MDO014 0.00 (80) 2/2 22 6/6 373

MDO055 0.00 (24) 2/2 2/2 --- 2/2

MDO031 0.00 (71) 2/2 171 1/1 ---

*Proportion of males produced from wild females, with the number of pupae in
parenthesis.

"Numbers of SR families per family examined (each family consisted of at least
15 progenies).

‘Numbers of all-male families per family produced from tetracycline-treated
females (each family consisted of at least 20 progenies).

'Two families, one is in G; of KI721 and the other is in G, of MD739, were not
significantly deviated from 1:1 (12 females and 4 males; 22 females and 26
males).

Not examined.
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Table 2.3 Maternal inheritance of SR trait in SR-w™ matrilines

Matriline Parental sex No. SR families'

ratio (n)* G, G, G,
TZ039 0.00 (15) 373 0/3 -
TZ055 0.03 (63) 6/7 2/2 -
FK721 0.00 (58) 10/11 172 1/5
FK815 0.31 (105) 4/6 2/2 5/5
FK929 0.00 (58) 0/2 0/7 ---
MD707 0.00 (7) 3/3 4/5 4/9
MD873 0.00 (35) 2/2 171 11
MDg100 0.00 (47) 2/2 171 1/1
MD063 0.02 (44) 2/2 4/4 ---

*Proportion of males produced from wild females is given with numbers of pupae
in parenthesis.
"Numbers of SR females per families examined.

*Not examined.
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2.3.2 SR-w' matrilines

Vertical transmission of SR-w" trait was examined. The SR condition was
maternally inherited for initial two or three generations in all of seventeen SR-w"
matrilines examined (Table 2.2, at least ten individuals examined per family).
Exceptionally, two families were not significantly female-biased: 12 females and
4 males in one G, family in KI721 matriline, and 22 females and 26 males in one

G, family in MD739 matriline (P > 0.01 by chi-squared test).

For three SR-w" matrilines (KI1730, MD739 and MDO014), observation of sex
ratio was continued for further generations. SR condition was consistently
transmitted to offspring in the three matrilines for more than ten generations (data

not shown).

To examine the effect of eliminating Wolbachia infection on SR condition, a
total of 40 females from fifieen SR-w" matrilines were treated with tetracycline
during the larval period. All of the treated females produced only male
progenies (Table 2.2), suggesting that the Wolbachia infection feminizes genetic

males of O. scapulalis as in the case of O. furnacalis (Chapter 1).

2.3.3 Wolbachia sequences

Partial sequences of the fisZ gene (1025 bp) and wsp gene (555 bp) were
determined for ten and thirteen wild SR-w" females of O. scapulalis, respectively.

Single sequences were shared for both genes among the infections in females
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examined. The fisZ and wsp sequences of Wolbachia in O. scapulalis were
identical to respective sequences of the Wolbachia strain previously found in O.

furnacalis (Chapter 1).

2.3.4 SR-w matrilines

In nine SR-w™ matrilines, vertical transmission of SR condition was examined for
initial two or three generations (Table 2.3). SR condition was mostly transmitted
to subsequent generations in the matrilines except for FK929 and TZ039, in which
SR condition disappeared at G, and G,, respectively. SR condition did not
appear in a part of families in four matrilines (TZ055, FK721, FK815 and

MD707).

I continued to examine the maternal inheritance of SR condition for further
generations in four SR-w matrilines (MD707, MD873, MD8100 and FK721).
The pedigree tree of sex ratios in matriline MD707 are shown in Figure 2.2a. In
summary, vertical transmission of the SR condition was incomplete: SR condition
occasionally changed to nearly 1:1 conditions, and the nearly 1:1 conditions
occasionally reverted to SR condition. For example, in matriline MD707, a
female from an all-female (39:0) G, family produced all-female (73:0) offspring,
but another female from the same family produced nearly 1:1 (52:47) offspring;
two females from the 52:47 G, family produced nearly 1:1 (64:59 and 17:17)
offspring families while another female from the same G, family produced an SR

offspring family (30:6). Similarly, the other three matrilines examined (MD873,
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MD8100 and FK721) sometimes failed to inherit SR condition, and sometimes
nearly 1:1 conditions reverted to SR conditions (Figure 2.2b-d). In these four
SR-w" matrilines, the sex ratio in non-SR conditions was distributed around 0.5
(Figure 2.3). Thus, the sex ratio in SR-w matrilines appeared to alternate
between two discrete conditions (nearly all-female and nearly 1:1), rather than to

change continuously between the two extreme conditions.

The egg-hatch rate was examined in the four SR-w™ matrilines (MD707,
MDg873, MD8100 and FK721). No significant diffrences were found between
SR and non-SR families (Table 2.4). The egg-hatch rates in SR families were
higher than 0.5 on average. Therefore, male-killing at the embryonic stage is not

likely to be the cause of the SR-w trait.

The larval survival rate was examined for three SR-w™ matrilines (MD707,
MD873 and MD8100). The larval survivorship was similar among families
irrespective of the sex ratio and matriline (Figure 2.4). Therefore, male-killing at

the larval stage is also not likely to be the cause of the SR-w trait.
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(a) a wild
female

Gz 52: 47

G, 64: 59||17: 17

Gi1 [90: 89l/77: 83l[67: 78

Figure 2.2 Incomplete vertical transmission of female-biased sex ratio in
four SR-w" matrilines. Families less than ten individuals were excluded
from the figures unless they were used in obtaining subsequent generations.
(a) The sex ratio of families (number of females and males) in matriline
MD707 from parental to 11th generations. Significantly female-biased

ratios (P < 0.01) are shown in grey.
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Figure 2.2 (Continued.) (b), (c) and (d) The sex ratio of families in
matrilines MD873, MD8100 and FK721, respectively. Solid and open
circles indicate significantly female-biased and unbiased families,

respectively.
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Table 2.4 Egg-hatch rate in five SR-w™ matrilines

Matriline Sex ratio Avg} SD? NY
MD707 SR* 0.73 0.23 36
1:1" 0.86 0.17 38
MD873 SR 0.79 0.13 23
I:1 0.84 0.22 22
MDg100 SR 0.84 0.16 45
1:1 0.94 0.08 8
FK721 SR 0.86 0.11 24
1:1 0.89 0.10 8

*Families with female-biased sex ratio (P < 0.01).

"Families with sex ratio not significantly deviated from 1:1 (P = 0.01).

*Average egg hatch rates of families.
SStandard deviation.

Numbers of families examined.
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2.3.5 Use of male gene for fertilization in SR-w

To examine whether gynogenesis is the mechanism of SR-w’ trait in O. scapulalis,
crossing experiments using a melanic strain were conducted. One female from
matriline MD707 and one male from the melanic strain were crossed. Their
daughters were backcrossed with the melanic strain with four replicates. In all
the four backcross families, melanic and normal forms appeared with nearly equal
numbers irrespective of the sex ratio (Table 2.5). This indicates that male genes
were used for fertilization, and accordingly the SR-w trait is not due to

gynogenesis.
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Table 2.5 Phenotypes of the backcross offspring of an SR-w™ matriline (MD707)

with a melanic strain

Family Sex Phenotype
Wwild Melanic

1 Female 32 32
Male 0 0

2 Female 18 13
Male 18 5

3 Female 29 34
Male 0 0

4 Female 9 6
Male 0 0
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23.6 Examining bacterial infection for SR-w" matrilines

No obvious effect of tetracycline on the sex ratio was found in eight SR-w
matrilines examined (TZ039, TZ055, FK721, FK815, MD707, MD873, MD8100
and MD063, Table 2.6). In the former four matrilines, every treated female
produced SR families. For the latter four matrilines, where larger numbers of
females were treated, the treated females produced both SR families and non-SR

families.

Similarly, no evident effect of the rifampicin treatment on the sex ratio was
found in two matrilines examined (MD873 and MD8100). In MD873 matriline,
the treatment resulted in one SR family and three non-SR families. In MD8100
matriline, all three families examined expressed SR condition. These results of
antibiotic treatment do not support a hypothesis that the SR-w’ trait is caused by

bacterial infection.

This hypothesis was also tested by PCR assays using general primers for
eubacterial 16S rDNA. Five females were randomly sampled from each of five
SR-w" matrilines (MD707, MD873, MD8100, FK721 and FK815) and subjected
to the 16S »DNA PCR assay for bacterial infection (Figure 2.5a). Bacterial 16S
rDNA was not consistently amplified from the five matrilines; In FK721 and
MD873 matrilines, all the five samples examined were PCR-negative. The other
three matrilines included both positive and negative samples. To confirm the
power of the present PCR assay, three females were randomly chosen from each
of five SR-w" matrilines and subjected to the PCR assay (Figure 2.5b). These

Wolbachia-infected samples consistently gave positive signals. Thus, the PCR
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assays confirmed that the SR-w’ trait is independent from bacterial infection.
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Table 2.6 Effects of tetracycline on sex ratio in SR-w" matrilines

Matriline No. families*

SR 1:1
TZ039 2 0
TZ055 1 0
FK721 1 0
FK815 2 0
MD707 8 9
MD873 5 2
MDg100 6 2
MD063 3 1

*Families are categorized by sex ratio (SR: P < 0.01, 1:1: P = 0.01 by Chi-

squared test).
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Figure 2.5 PCR assays using primers specific to eubacterial 168 ribosomal
RNA gene. (a) Five females were chosen from each of five SR-w
matrilines as templates for the assay. Lane 1, ox174-Haelll digest; lanes 2-
6, MD707 matriline; lanes 7-11, FK721 matriline; lanes 12-16, MD873
matriline; lanes 17-21, MD8100 matriline; lanes 22-26, FK815 matriline;
lane 27, a negative control (a female from a normal strain); lane 28, STE
buffer; lane 29, DW; lane 30, a positive control (Wolbachia-infected
female). (b) Five females from a SR-w* matriline were subjected to the
assay with three replications. Lane 1, ox174-Haelll digest; lanes 2-4, 5-7,
8-10, 11-13 and 14-16 represent different females, respectively; lane 17,
DW.
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2.4 Discussion

The study in this chapter revealed two types of maternally inherited SR trait in O.
scapulalis: one associated with Wolbachia (SR-w") and the other not associated

with Wolbachia (SR-w).

241 Two Ostrinia species appear to share the same feminizing

Wolbachia

SR-w" trait in O. scapulalis was maternally inherited, and antibiotic treatment
resulted in production of all-male progenies (Table 2.2). These results indicate
that SR-w" is the feminization of genetic males due to cytoplasmic bacterial
infection.  Since the characteristics of feminization were not found in O.
scapulalis matrilines not infected with Wolbachia, SR-w" trait is the feminization

caused by Wolbachia infection.

In two SR-w" matrilines (KI721 and MD739), single families did not express
SR condition (Table 2.2). In these two families, a number of males may have
been produced through failure of feminization. The failure of feminization may
be caused by unsuccessful Wolbachia transmission from mother to offspring or
decrease in the cellular density of Wolbachia. The intensity of cytoplasmic
incompatibility in Drosophila simulans is known to be influenced by the density

of bacteria in cells (Hoffmann and Turelli, 1997).
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The Wolbachia-induced feminization has been demonstrated in O. furnacalis
(Chapter 1) and O. scapulalis (the present study). These two species are
members of the furnacalis species group (Mutuura and Munroe, 1970; Ishikawa et
al., 1999). Six Ostrinia species inhabiting Japan in the furnacalis group.
Molecular phylogenetic analysis has revealed that these six species are very
closely related to each other (Kim ef al., 1999). The present finding suggests
that the Wolbachia-induced feminization may be found in other species of the

furnacalis species group.

Wolbachia strains in O. scapulalis and O. furnacalis were indistinguishable in
terms of the wsp and fisZ gene sequences. This suggests that the Wolbachia
strains are identical or belong to a pair of sister lineage derived from a common
ancestor, unless the sequence identity was resulted from molecular recombination

between Wolbachia strains (cf. Werren and Bartos, 2001; Jiggins et al., 2001a).

2.4.2 Female meiotic drive most likely underlies the SR-w’

In the SR-w™ matrilines, the sex ratio alternated between all-female and nearly 1:1
conditions (Table 2.2, Figure 2.3), indicating that their default sex ratio is 1:1.
This suggests that feminization of genetic males is not the mechanism of SR-w’
trait since the default condition in feminized matrilines is all-male (Chapter 1; the

present study).

Three other mechanisms can cause SR condition in female-heterogametic

insects such as Lepidoptera: male-killing, parthenogenesis, and non-random
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segregation of sex chromosomes (Hurst, 1993). Male-killing is probably the
most popular mechanism of SR condition in Lepidoptera (Hurst, 1993; Hurst and
Majerus, 1993). Most cases of male-killing in Lepidoptera are expressed at the
embryonic or early larval stage (early male-killing, e.g. Jiggins et al., 1998, 2000a,
2000b). Male-killing expressed at a late larval period (late male-killing) was
recently found in Homona magnanima (Tortricidae) (Morimoto et al., 2001).
The mechanism of SR-w" trait in O. scapulalis is not male-killing, because both
the egg hatch rate and the larval survivorship in SR families were not different

from those in non-SR families (Table 2.4 and Figure 2.4).

Parthenogenesis (including gynogenesis) has been reported in Lepidoptera
(Lokki et al. 1975; Mitter and Futuyma, 1977; Menken and Wiebosch-Steeman,
1988; Gorbunov and Kishida, 1995). In SR-w matrilines of O. scapulalis,
unfertilized eggs did not hatch, and the crossing experiments indicated the use of
paternal genome in fertilization (Table 2.5). Thus, parthenogenesis hypothesis is

not likely to explain the present case.

Therefore, non-random segregation of sex chromosomes during female
meiosis is most likely to underlie SR-w’ trait in O. scapulalis. In lepidopteran
insects, which have ZW-ZZ or ZO-ZZ sex chromosomes (Traut and Marec, 1996),
SR condition can be achieved when Z chromosome is selectively disposed to
polar bodies during the female meiosis. To date, non-random segregation of sex
chromosomes during female meiosis, which will result in SR condition, has not
been known. On the other hand, non-random segregation of autosomes during

female meiosis has been reported from diverse taxonomic groups over mammals
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and insects (reviewed by Pardo-Manuel de Villena and Sapienza, 2001). Non-
random segregation during female meioses has been sometimes called as

chromosomal meiotic drive (e.g. Lyttle, 1991).

In SR-w" matrilines of O. scapulalis, the vertical transmission of SR condition
was occasionally unsuccessful, and it occasionally reverted to SR condition (Table
2.3; Figure 2.2).  This can be explained by a nuclear factor(s) that suppresses the
meiotic drive. If this is the case, the frequency of the SR-w™ element in natural
populations of O. scapulalis would be higher than 14/380, the observed frequency

in wild SR-w” females.

The SR-w trait in O. scapulalis was maternally inherited, albeit incomplete
(Table 2.3; Figure 2.2). This finding indicates that the causal element of SR-w"
trait resides in either cytoplasm or W chromosome. In an insect possessing ZW-
77 system of sex chromosomes, a cytoplasmic element and W chromosome
behave as a single linkage group, and thus they cannot be genetically separated

(Hurst, 1993).

Most of cytoplasmic sex ratio distorters known to date in insects are bacteria.
However, the PCR assay and the antibiotic treatment did not support the
hypothesis that SR-w" is caused by a bacterium (Figure 2.5; Table 2.6). This
finding is congruent with the fact that no cytoplasmic infectious elements have
been found to cause non-random segregation of chromosomes. Rather, the
factors known to cause non-random segregations are related to chromosomal
features, such as chromosome fusion and fission (summarized by Pardo-Manuel

de Villena and Sapienza, 2001). Some peculiar structural feature(s) of W
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chromosome, if present in O. scapulalis, may be the causal factor of SR-w trait in
O. scapulalis. Yet, it has not been studied whether O. scapulalis has ZW-Z.Z or

Z0-Z7 system.

In 4. vulgare, two types of feminization have been found (Rigaud, 1997;
Rigaud et al., 1997). One type is induced by Wolbachia infection, and the other
is caused by an unidentified genetic factor (f factor) other than Wolbachia. The f
factor is speculated to be a part of Wolbachia genome transferred into host nuclear
genome. In this connection, however, the evolutionary origin of SR-w’ trait in O.
scapulalis is not likely to be related to the feminizer Wolbachia in O. scapulalis,

since SR-w” and SR-w traits most likely have different mechanisms.
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Chapter 3

Occurrence of Wolbachia infection and female-biased sex ratio

distortion in other Ostrinia species

3.1 Introduction

Wolbachia, which is known to induce various reproductive alterations to its hosts
(see general introduction), has been found from a wide variety of arthropods.
Although evidence for the horizontal transmission of Wolbachia between host
lineages is accumulating (Vavre et al., 1999; Heath et al., 1999; Huigens et al.,
2000; Noda et al., 2001), little is known how Wolbachia strains have moved

between lineages of their hosts.

[ have demonstrated Wolbachia-induced feminization in two species of
Ostrinia furnacalis species group: O. furnacalis and O. scapulalis (Chapter 1 and

Chapter 2; see Rigaud, 1997 for feminizing Wolbachia in terrestrial isopods).
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Analysis of the wsp and fisZ gene sequences, has shown that Wolbachia strains
found in O. furnacalis and O. scapulalis are likely to be the same or very closely

related.

In this chapter, from the same interest as that discussed in Chapter 2, 1
examined the association between sex ratio traits and Wolbachia infection in other
Ostrinia species in Japan, i.e., O. orientalis, O. zaguliaevi and O. zealis, and a

species in Europe and North America, O. nubilalis.
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3.2 Materials and methods

3.2.1 Insect collection

Insects were collected as adults or larvae. Collected larvae were reared to adults,
and the females obtained were crossed with males of the same species to produce
G, generation. Species were identified by host plant species and/or sex
pheromone analysis. Most of the collected female adults were gravid and laid

fertile eggs (G, generation).

As to O. orientalis, three and nineteen larvae were collected at Sado and

Sugadaira, respectively, and two female adults were collected at Matsudo (Figure

3.1).

As to O. zaguliaevi, five, nine, one and one larvae were collected at Hoshioki,
Misumai, Takinosawa and Akaigawa, respectively, and three female adults were

collected at Appi (Figure 3.1).

As to O. zealis, four and six female adults were collected at Appi and Kawaji,

respectively (Figure 3.1).

As to O. nubilalis, 62 females were obtained from the larvae collected at
Kuban Station, southwest of Russia. Four, four, eight and four female adults

were collected at Dobrovnik, Nova Gorica, Ozeljan and Crni log in Slovenia.
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Figure 3.1 Collection sites of Ostrinia orientalis, O. zaguliaevi
and O. zealis in north Japan. AG, Akaigawa; HO, Hoshioki; MS,
Misumai; TS, Takinosawa; AP, Appi; SAD, Sado; KJ, Kawaji,
MD, Matsudo; SGD, Sugadaira. The scale bar indicates 100 km.
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3.2.2 Rearing and crosses

Insect rearing and crosses were conducted as described in Chapter 1.

3.2.3 DNA extraction

DNAs were extracted from female ovaries as described in section 1.2.4 of

Chapter 1.

3.2.4 Wolbachia PCR

To examine the Wolbachia infection, PCRs specific to Wolbachia 16S rRNA gene

were conducted as described in section 1.2.4 of Chapter 1.

3.2.5 Sequencing

Two Wolbachia genes, fisZ and wsp, were amplified by PCR and directly

sequenced as described in section 1.2.5 of Chapter 1.

3.2.6 Bacterial PCR

To examine bacterial infection, PCRs using general primers for eubacterial 16S

rRNA gene were conducted as described in section 2.2.5 of Chapter 2.
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3.3 Results

In O. orientalis, three (MD607, SAD801, SGD105) of 24 wild females were
infected with Wolbachia (Table 3.1). Progenies (G,) were obtained from the two
infected females (MD607, SAD801), and both families consisted of females only
(family size of SAD801 was 26 and data for MD607 were lost) (Table 3.2). All
the 21 females free from Wolbachia infection produced progenies with sex ratio
not significantly deviated from 1:1 (P > 0.01 by chi-squared test). In a
Wolbachia-infected matriline (SAD801), maternal inheritance of the sex ratio trait
was confirmed (Table 3.2). In the other Wolbachia-infected matriline (MD607),
one G, family obtained consisted of females only (n=34). Of two G, families
obtained, one consisted of females only (n=16) and the other consisted of males
only (n=10). One G, family was obtained from the all-female G, family, and it

consisted of females only (n=108).

In O. zaguliaevi, one (AG901) of nineteen females was infected with
Wolbachia (Table 3.3). The AG901 female produced all-female progeny (n=10).
The 18 wild females free from Wolbachia infection produced progenies with sex
ratio not significantly deviated from 1:1 (P > 0.01 by chi-squared test). I could

not obtain G, generation from the AG901 female.

In O. zealis, none of the ten wild females collected were infected with
Wolbachia (Table 3.4). One wild female (AP902) produced all-female progenies.

The other nine females produced progenies with nearly 1:1 sex ratio (P>0.01 by
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chi-squared test). Sex ratio was examined for G, families produced by two
females in the all-female G, family (derived from AP902) (Figure 3.2). The G,
families showed nearly 1:1 sex ratio. Each G, family was separated into two
groups, and reared on a diet with and without tetracycline. Only one G, family
was produced from one of G, females not treated with tetracycline, and showed
nearly 1:1 sex ratio (17 females and 11 males). Each of the two G, females
treated with tetracycline produced single family: one showed sex ratio not
significantly biased from 1:1 (13 females and 6 males), and the other consisted of
females only (n=47). The wild AP902 female was checked by PCR for infection
with bacteria other than Wolbachia. The sequence of 16S rRNA gene was not

amplified by PCR.

None of the 82 individuals of O. nubilalis were infected with Wolbachia.
Sex ratios were examined for fifty-five G, families derived from Kuban Station
population (Table 3.5). None of them were significantly deviated from 1:1 (P >

0.01 by chi-squared test).

Wolbachia in the four infected wild females, i.e. three Q. orientalis and one O.
zaguliaevi, had the identical wsp and fisZ gene sequences, being also identical to
those of Wolbachia in O. furnacalis and O. scapulalis (Chapter 1, Chapter 2).

The phylogenetic trees of wsp and fisZ gene sequences are shown in Chapter 1.
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Table 3.1 Sex ratio of the broods produced from wild females of Ostrinia
orientalis and its association with Wolbachia infection

Location Female Wolbachia Proportion of
collected infection males (n)
Sado SAD801* + 0.00 (26)
SAD802* - 0.54 (13)
SADS803* - 0.86 (7)
Sugadaira SGD801 - 0.55 (107)
SGD802 - 049 (53)
SGD803 - 041 (58)
SGD101 - 0.57 (106)
SGD102 — 0.48 (130)
SGD103 - 0.50 (8)
SGD104 - 0.50 (109)
SGD105 + n.e T
SGD106 - 0.52 (87)
SGD107 - 0.57 (70)
SGD108 - 0.53 (19
SGD109 - 0.56 (97)
SGD110 - 0.51 (65)
SGD111 - 040 (35
SGD112 - n.e.
SGD113 - 048 (69)
SGD114 - n.e.
SGD115 - 0.68 (40)
SGD116 - 041 (51
Matsudo MD607 + 0.00 (n.e)
MDg8101 — 045 (51

*Sex ratio data are from Ohno (2000a).
T Not examined.
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Table 3.3  Sex ratios of the broods produced from wild females of Ostrinia zaguliaevi
and its association with Wolbachia infection

Location Female Wolbachia Proportion of
collected infection males (n)
Hoshioki HO901 - 035 (23)
HO902 - 0.52 (23)
HO903 - 0.59 (37
HO904 — 0.78 (9)
HO905 — 0.44 (16)
Misumai MS901 — 0.57 (42)
MS902 - 0.53 (38)
MS904 - 042 (19)
MS905 - 044 (9)
MS906 - 0.13 (8)
MS907 - 048 (31)
MS908 — 0.58 (19)
MS910 - 0.46 (13)
MS913 - 0.57 (21
Takinosawa TS901 - 0.50 (14)
Akaigawa AG901 + 0.00 (10)
Appi AP901 - 0.50 (6)
AP905 - 0.18 (11)

AP906 _ 043 (1)
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Table 3.4 Sex ratios of the broods produced from wild females of Ostrinia zealis and its
association with Wolbachia infection

Location Female Wolbachia Proportion of
collected infection males (n)

Appi AP902 - 0.00 (99
AP903 - 049  (76)
AP904 - 033  (46)
AP907 - 045 (85

Kawaji KJ901 - 0.54  (68)
KJ902 - 049  (142)
KJ903 — 049  (110)
KJ904 — 040 (42)
KJ905 - 042 (57)
KJ906 — 0.41 (54)
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Figure 3.2 Inheritance of sex ratio trait in O. zealis. The pedigree
shows the matriline derived from one wild O. zealis female

(AP902). Black circle (@) depicts one female producing offspring.

Dotted line depicts tetracycline treatment.
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Table 3.5 Sex ratios of the broods produced
from wild females of Ostrinia nubilalis and its

association with Wolbachia infection continued from left.

Female Wolbachia Proportion of Female Wolbachia Proportion of
collected infection males (n) collected infection males (n)
KS101 — 0.60 (115) KS145 — 0.56 (107)
KS102 — 0.50 (52) KS146 — 0.58 (31)
KS103 — 0.52 (91) KS147 — 0.68 (34)
KS104 — 0.53 (68) KS148 — 0.59 (70)
KS105 — 0.51 (80) KS150 — 0.49 (53)
KS106 — 0.60 (100) KS151 — 0.42 (111)
KS107 — 0.55 (113) KS152 — 0.49 (55)
KS108 — 0.47 (75) KS153 — 0.49 (39)
KS109 — 0.53 (73) KS154 — 0.47 (57)
KS110 — 0.44 (70) KS155 — 0.49 (97)
KS111 — 0.43 (120) KS156 — 0.53 (88)
KS112 — 0.76 (17) KS157 — 0.38 (16)
KS113 — 0.58 (81)

KS114 — 0.49 (68)

KS115 — 0.30 (27)

KS116 — 0.49 (83)

KS117 — 0.37 (78)

KS118 — 0.51 (85)

KS119 — 0.49 (109)

KS120 — 0.42 (53)

KS121 — 0.57 (30)

KS122 — 0.46 (63)

KS123 — 0.48 (21)

KS124 — 0.65 (26)

KS125 — 0.40 (5)

KS126 — 0.68 (25)

KS128 — 0.59 (39)

KS129 — 0.33 (58)

KS130 — 0.51 (55)

KS131 — 0.59 (66)

KS132 — 0.51 (106)

KS133 — 0.49 (61)

KS134 — 0.55 (99)

KS135 — 0.51 (75)

KS136 — 0.62 (60)

KS137 — 0.49 (109)

KS138 — 0.50 (84)

KS139 — 0.56 (97)

KS140 — 0.60 (30)

KS141 — 0.50 (26)

KS142 — 0.37 (30)

KS143 — 0.67 (57)

KS144 — 0.46 (91)
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3.4 Discussion

The study in this chapter, together with the findings in Chapter 1 and Chapter
2, revealed that Wolbachia infection are found in at least four species of
Ostrinia: O. furnacalis, O. scapulalis, O. orientalis and O. zaguliaevi.
Wolbachia infection was not found from O. zealis female (n=10) and O.
nubilalis (n=82). In O. zealis, since sample size is very small, it is possible
that Wolbachia infection will be found in further examination. As to Kuban
station population of O. nubilalis in which 62 females were checked for

Wolbachia, frequency of Wolbachia infection, if existed, must be very low.

The wsp gene sequence, as well as the fisZ gene sequence of Wolbachia in
the four Ostrinia species were identical. The evolutionary rates of the wsp
and fisZ gene are the fastest and the second fastest among the Wolbachia genes
being known to date. The identity of the wsp and the fisZ gene sequences
indicates that Wolbachia strain(s) in these host species are identical or at least
very closely related. Therefore, the all-female trait found in O. orientalis and
O. zaguliaevi is probably due to feminization of genetic males induced by
Wolbachia infection, as in the case of O. furnacalis and O. scapulalis (Chapter
1 and Chapter 2). The all-male family observed in the O. orientalis matriline
derived from the all-female family can be explained by spontaneous cure from

Wolbachia infection.
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The evolutionary origin of the Wolbachia infection shared among the four
Ostrinia species can be explained in three ways (cf. Jiggins et al., 2000a).
First, Wolbachia may have resided in its ancestral hosts before the species
differentiation of the hosts. Differentiation of these species would have
occurred rather recently on an evolutionary time scale since the these species
have a small divergence in mtDNA (Kim et al., 1999). Second, Wolbachia
may have moved horizontally by way of cannibalism or via a third species
such as a parasitoid. The habitats of these host species are often overlapping
in Japan, and so these species may have common some parasitoids. Third,
the Wolbachia strain may have transferred to different host species through
hybridisation. Even if these species can hybridise, it would not occur
frequently, because components, blend ratios or the amount of their sex
pheromone are different from each other (Ishikawa et al., 1999). Occurrence
of natural hybridisation between O. scapulalis and O. orientalis has been
evidenced (Ohno, 2000). Examining the mitochondrial DNA (mtDNA) gene
sequences of infected and uninfected individuals of the four species will be
helpful in inferring which of these three explanations are most likely. This is
because mitochondria, often used as genetic marker in examining genetic
polymorphism in animals, are generally inherited maternally as well as
Wolbachia. The occurrence of the same or closely related Wolbachia strains
in closely related host species have been known in genera such as
Trichogramma, Gryllus, Acraea and Tribolium (National centre for

biochemistry information home page).
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In the SR matriline of O. zealis, one G, family inherited the all-female trait
(Figure 3.2). This may suggest the maternal inheritance of the sex ratio trait.
This all-female family in G, generation was produced from a tetracycline-
treated female. The bacterial PCR was negative. Therefore, it was
indicated that the SR trait found in O. zealis was not associated with bacterial

infection.

In O. scapulalis, an unidentified maternally inherited element (SR-w)
causes all-female production, probably due to sex chromosome meiotic drive
(Chapter 2).  Production of 1:1 sex ratio families from SR-w" matrilines in O.
scapulalis is probably due to the presence of suppressor (Chapter 2). Sex
ratio trait found in O. zealis is very similar to that found in O. scapulalis, and

hence might be the same phenomenon.
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Chapter 4

Effect of tetracycline concentration on feminization in Wolbachia-

infected Ostrinia scapulalis

4.1 Introduction

Wolbachia-infected females of O. scapulalis and O. furnacalis are feminized genetic
males (Chapter 1; Chapter 2). Wolbachia-infected larvae developed as females even if
they were fed with diet containing tetracycline from the hatchling stage. These
tetracycline-treated female adults were Wolbachia-negative by the PCR assay, and
produced only male progenies. These findings suggest that, in O. Sfurnacalis and O.
scapulalis, sexual development will not be affected by the presence/absence of
Wolbachia, once sex is determined during the egg and embryonic stages. This
suggestion is consistent with the fact that a series of sex determining process starts at
the embryonic stage in Drosophila melanogaster (Hoy, 1994). It is highly probable
that Wolbachia affects sex determination processes during the embryonic stage of

Ostrinia.
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Then, how will the sexual development of Wolbachia-infected Ostrinia be affected
by tetracycline treatment at the embryonic stage? Among the developmental stages
capable of oral administration of tetracycline, the post-mating female adult is the closest
to the embryonic stage. Mated female adults of O. scapulalis were treated with
tetracycline, and sexuality of their progenies was examined. In addition, Wolbachia-
infected O. scapulalis were treated with tetracycline at different concentrations during

the larval stage, and sexuality of their progenies was examined.
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4.2 Materials and methods

4.21 Insect collection and establishment of Wolbachia-infected

matrilines

Two Wolbachia-infected matrilines (MDO014 and K1730) were established from single

wild females of O. scapulalis (Chapter 2).

4.2.2 Tetracycline treatment of Wolbachia-infected adults

Nine females of the matriline MD014 were crossed with normal males. Two days later,
after removing the males, 3% sugar solution containing 0.24% tetracycline
hydrochloride was given to the females. After the treatment with tetracycline for one
day, eggs were collected daily from individual females until the sixth day. Eggs laid in
the seventh, eighth and ninth day were pooled. Larvae were reared on a normal
artificial diet (Nippon Nosan, Yokohama). Sexuality of the adults obtained was

examined.

4.2.3 Tetracycline treatment of Wolbachia-infected larvae

Artificial diet containing tetracycline hydrochloride at nine concentrations was fed to
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larvae of the matriline KI730. Developed females were crossed with normal males.
Progenies were reared on a normal artificial diet. Sexuality of the adults obtained was

examined.

4.2.4 Genitalia observation

Genitalia were macerated in 5% KOH overnight, and stained with Acid Fuchsin for two
or three days. Stained genitalia were observed under a binocular microscope

(Olympus SZX12).
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4.3 Results

4.3.1 Tetracycline treatment of Wolbachia-infected female adults

During the first four days after the treatment with tetracycline, all the nine treated
females laid eggs that developed to female adults (Figure 4.2). In contrast, eggs laid
from the fifth to ninth days developed to females, sexual mosaics or males. The sexual
mosaic individual had both male and female morphological characters on the body and
wings, which are clearly distinguishable in O. scapulalis (Figure 4.1). Regarding the
mosaic individuals, eggs laid later tended to develop to adults with larger male portion

in an insect body.

Morphology of progenies of a tetracycline-treated female was examined in detail
(Table 4.1). More than half (24 of 42) of mosaic individuals had morphological
abnormalities, such as curled wings and abnormal external genitalia. Some of them
had both male and female structures in genitalia, which could be easily distinguished in
uncus (un)/ papillae anales (pap.a). A mosaic individual having two sets of aedeagus
(ae) has been found. Examples of abnormalities in external genitalia are shown in
Figure 4.3. Within the complete females and males in the same family, few
individuals had curled wings (three out of 159 females and one out of 43 males) and no

individuals had abnormal external genitalia (Table 4.1).
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Figure 4.1 Mosaic individuals produced from O. scapulalis females
treated with tetracycline at the adult stage. a.-d. mosaics, e. normal
male, f. normal female. An illustration of a. is shown on the top.

Black and white regions on wings represent male and female tissues,
respectively.
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Figure 4.3 Genitalia (8th-10th abdominal segments) of a normal male (a,
b), a normal female (¢, d) and four sexual mosaic individuals (e-1) of
Ostrinia scapulalis. b, d, f, h, j and | are magnified images of a, ¢, e, g, i
and k, respectively. wuncus (un), aedeagus (ae), papillae anales (pap.a),
corpus bursae (crp.bu) are indicated. Many mosaic individuals had both
male (shown with black triangles) and female (shown with white triangles)
structures (f, h, 1). A mosaic individual having two sets of aedeagus (ae)
has been found (j).
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Figure 4.3 (Continued.)
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4.3.2 Tetracycline treatment of Wolbachia-infected larvae

Treatment with tetracycline at higher six concentrations to Wolbachia-infected females
resulted in production of all-male progenies, except for one family consisting of seven
females and four males (Table 4.2). This family containing both males and females
was produced from the female treated with tetracycline at an intermediate concentration,
1,200 x 10® (w/w). The tetracycline treatment at the three lowest concentrations
resulted in production of all-female progenies. Sexual mosaics were not produced

from the females treated with tetracycline during the larval stage.
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4.4 Discussion

A number of sexual mosaics were produced from O. scapulalis females of Wolbachia-
infected matriline when they were treated with tetracycline at the adult stage. This
finding suggests autonomous sex differentiation of the cells, and the lack of sex
hormone in O. scapulalis, which are widely accepted postulates for sex differentiation
in insects. It is suggested that Wolbachia-induced feminization in O. scapulalis has an

association with sex determination in host cells.

441 Difference from Wolbachia-induced feminization in A. vulgare

Wolbachia-induced feminization of genetic males had been reported only in terrestrial
isopod crustaceans such as Armadillidium vulgare (Rigaud, 1997). In general,
diffusive sex hormone induces sex differentiation in crustaceans (Legrand et al., 1987).
In a male 4. vulgare, sex hormone, produced in the androgenic gland, induces male
differentiation after the fourth moult (Martin et al., 1999; Okuno ef al., 1999). In a
normal female and a Wolbachia-infected genetic male of 4. vulgare, androgenic gland
does not differentiate. When the Wolbachia was eliminated from infected young
individuals by high temperature, they will gradually acquire male phenotype. On the
other hand, in O. scapulalis, phenotype of infected individuals was not affected by
elimination of Wolbachia although their progenies are affected. Moreover, in contrast

to O. scapulalis, Wolbachia-infected lines of A. vulgare do not produce sexual mosaics
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but occasionally produce intersex which has characters intermediate between male and

female.

4.4.2 Possible mechanism of the sexual mosaic formation

Sexual mosaics produced in the present experiments could be recognized at the adult
stage. Since no sexual dimorphism can be detected in the external morphology of
Ostrinia at the egg and larval stages, it is virtually impossible to recognize sexual
mosaics at these stages. The sexual mosaics of O. scapulalis should also have mosaic
sexual characters in the egg and larval stages as well. In a genetic strain (mo) of the
silk worm, Bombyx mori which produce sexual mosaics with high frequency, mosaic

characters were found in eggs, larvae and adults (Ebinuma and Kobayashi, 1986).

It is possible that decrease of Wolbachia density within the egg due to tetracycline
treatment of O. scapulalis adults leads to non-uniform distribution of Wolbachia in an
egg and among embryonic cells; some parts/cells with high and others with low
Wolbachia densities. The cells with high density and those with low density may

develop as female and male cells, respectively.

With regard to sexual mosaics, eggs laid at later times after the tetracycline
treatment tended to develop to mosaics having more male cells. This finding suggests
that it takes a few days for the effect of tetracycline to appear. It is possible that a
germ cell with Wolbachia density substantially decreased by tetracycline treatment at

the embryonic stage is destined to develop as a male, while a germ cell with high
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Wolbachia density is destined to develop as a female. A germ cell with an
intermediate Wolbachia density may become a sexual mosaic. An illustration of this

hypothetical scenario is shown in Figure 4.4.
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4.4.3 Potential use of Wolbachia-mediated sexual mosaic formation for
studies on sex determination in Lepidoptera

As mentioned above, in Bombyx mori, there are genetic strains that produce sexual
mosaics with high frequencies. Genetical and cytological research has revealed that
sexual mosaic formation is due to double fertilization (e.g. Goldschmidt and Katsuki,
1927). Itis considered that the double fertilization represents the mechanism of sexual
mosaic formation in Lepidoptera (Laugé, 1985). However, sexual mosaic formation
from Wolbachia-infected females of O. scapulalis is not due to double fertilization, but
due to partial feminization caused by Wolbachia. In Wolbachia-infected O. scapulalis,

the genotype of all cells are ZZ, irrespective of their sexual phenotype.

Since the mosaic formation due to infection with feminizing microorganisms has
not been known in lepidopteran species, the present finding will be a helpful tool for the
elucidation of the mechanism of sex determination in Lepidoptera. A very recent
finding of Wolbachia-induced feminization in the sulfur butterfly, Eurema hecabe
(Hiroki et al., personal communication), a species distantly related to Ostrinia, implies
that feminization will be found in more lepidopteran species. Furthermore, it is
possible in such cases that feminizing Wolbachia as found in Ostrinia and Eurema
transfect to other lepidopteran species to cause feminization. Therefore, induction of
sexual mosaic formation by administrating tetracycline to feminized adults may be

applicable to lepidopteran species other than Ostrinia.

Although sexual mosaics are very rare in nature, they have been reported in many

species of Lepidoptera (e.g. Nishiyama, 2001). Taking into account that a lot of insect
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species are infected with Wolbachia (approximately 20%, see general introduction), it is
possible that some of the natural sexual mosaics of lepidopteran species are due to

partial elimination of feminizing Wolbachia by natural antibiotics or high temperature.

4.4.4 Effect of tetracycline treatment to Wolbachia-infected larvae on

sexuality of their progenies

Wolbachia-infected O. scapulalis larvae were treated with tetracycline at nine
concentrations. Progenies produced from females treated with higher concentrations
of tetracycline were all males, and progenies from females treated with lower
concentrations of tetracycline were all females. One family that contained both males
and females was produced from a female treated with an intermediate concentration of
tetracycline. Sexual mosaics were not found in these families. Here, I assume that
these results accurately reflect the dose-dependent response of Wolbachia-infected
larvae of O. scapulalis to tetracycline treatment, and discuss the significance of the
results. However, since only one family was found to contain both males and females,
more replications of tetracycline treatment at intermediate concentrations are necessary

to verify this assumption.

The administration of tetracycline to larvae of O. scapulalis will decrease the
Wolbachia density in germ cells. If tetracycline concentration is sufficiently high,
Wolbachia will be eliminated from all the oogonia, which develop to Wolbachia-free
oocytes, and then differentiate as males. If tetracycline concentration is not

sufficiently high, Wolbachia may not be completely eliminated from some of the germ
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cells. In such germ cells that still harbour Wolbachia, density of Wolbachia can
increase during the tetracycline-free period of prepupal, pupal and adult stages, and her
progenies can be feminized at the embryonic stage. Other germ cells that have lost
Wolbachia will develop as Wolbachia-free oocytes, and then differentiate as males.
Thus, when tetracycline is administrated to a Wolbachia-infected individual at the larval
stage, each egg produced from the treated individual has two alternatives: having
Wolbachia with the density sufficiently high to feminize all the embryonic cells, or
having no Wolbachia infection at all. It follows that sexual mosaics are rarely
produced when tetracycline treatment is conducted at larval stage, which is concordant

with the present observation

In Wolbachia-infected matrilines of O. furnacalis and O. scapulalis, families with
nearly 1:1 sex ratio were rarely found (Chapter 1; Chapter 2). Appearance of small
proportion of males in a brood may be due to naturally occurred decrease of Wolbachia

densities in oocytes.

In this chapter, although I discussed the results in relation to the Wolbachia
densities, the Wolbachia densities have remained to be examined. It is necessary to
examine the association between Wolbachia densities at the stages of embryo/larvae and

the sexuality at the adult stage.

As is shown in Figure 4.2, the condition for sexual mosaic formation appears to be
severe. Many sexual mosaics of O. scapulalis had morphology that would be
disadvantageous in survival and reproduction (Table 4.1). It is therefore possible that
the Wolbachia strain in O. scapulalis has evolved to exist at a high density in embryonic

cells of the embryo in order to increase the efficiency of feminizing host cells and to
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reduce production of the sexual mosaics.
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General Discussion

5.1 Feminization of genetic males due to Wolbachia infection

Occurrence of Wolbachia-induced feminization was demonstrated in O. furnacalis and
O. scapulalis (Chapter 1, Chapter 2). Wolbachia-infected females were found also in
O. orientalis and O. zaguliaevi, and they produced all-female progenies. Wolbachia
strains in O. furnacalis, O. scapulalis, O. orientalis and O. zaguliaevi were
indistinguishable in terms of DNA sequences of ffsZ and wsp genes. Therefore, it is
very likely that Wolbachia-induced feminization of genetic males is also occurring in O.

orientalis and O. zaguliaevi.

In insects, feminization of genetic males had not been found when the present study
was initiated. Even in a well-studied model organism, Drosophila melanogaster,
feminization by a single mutation that converts an XY male into a functional female is
not known. On the other hand, feminization induced by microorganisms has been
known in some crustaceans (reviewed by Rigaud, 1997). Futhermore, crustacean
males can readily be changed to females by simple experimental manipulations

(Legrand et al., 1987). Rigaud (1997) argued that the absence of feminization in
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insects is relevant to the nature of insect sex determination, i.e. lack of circulating sex
hormone and cell autonomous sex differentiation. In addition, it has been argued that
strong constraint of sex chromosome dosage compensation makes the feminization

difficult to occur in insects (Rigaud, 1997).

Partial elimination of Wolbachia from female adults resulted in production of sexual
mosaic individuals in O. scapulalis (Chapter 4). This is concordant with the two
widely accepted postulates: the lack of circulating sex hormone and the cell autonomous
sex differentiation. The initial key stage of sex determination in O. scapulalis is
probably the embryo, because an individual treated with tetracycline during the entire
larval stage develops as a female (Chapter 2). Under the lack of sex hormone and the
cell autonomous sex differentiation, feminization of genetic male can be explained only
by assuming that Wolbachia affects sex differentiation of the cells at the embryonic

stage.

In contrast to Drosophila, it is suggested that in lepidopteran insects, sex
chromosome dosage compensation does not occur (Suzuki ef al., 1998). Therefore,
the sex chromosome dosage compensation, one of the factors that are supposed to
constrain the feminization in insects (Rigaud, 1997), may not work as a constraint
against feminization in Lepidoptera. If the lack of dosage compensation is the general
feature in Lepidoptera, Wolbachia-induced feminization would be found in other
lepidopteran species. Actually, Wolbachia-induced feminization has recently been

found in the sulfur butterfly, Eurema hecabe (Hiroki et al., personal communication).
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5.2 Why is the Wolbachia prevalence low in Ostrinia species?

In O. furnacalis, O. scapulalis, O. orientalis and O. zaguliaevi, Wolbachia infection
appears to be held at low frequencies in the field (Chapter 1; Chapter 2; Chapter 3).
Sex ratio distorters in arthropods are mostly maintained at low frequency in the natural
populations of their hosts (see Hatcher, 2000 for review, but see Jiggins et al., 2000c¢ for

notable exception).

It is not clarified what forces restrict Wolbachia prevalence in Ostrinia species.
However, one can raise several factors that may underlie the low prevalence of

feminizing Wolbachia in Ostrinia.

(1) Fitness effect on host.

It has been shown that, in the Drosophila parasitoid wasp, Leptopilina heterotoma,
Wolbachia infection has a negative impact on several host fitness traits of both sexes
(Fleury et al., 2000). It is possible that fitness of infected individuals of Ostrinia
species might be lower than uninfected individuals in the field condition. However, in
the laboratory condition at least, fitness of infected individuals of O. furnacalis and O.
scapulalis does not appear to be very lower than uninfected individuals of respective

species.

(2) Vertical transmission rate.

It is possible that some factors such as high temperature, natural antibiotics and
diapause decrease the vertical transmission rate of Wolbachia in the field (vertical
transmission rate of Wolbachia is > 98% under non-diapause conditions in the

laboratory). The decrease in the vertical transmission rate diminishes the proportion of
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feminized progenies (i.e. production of male progenies), and thus hinders the increase of

Wolbachia prevalence.

(3) Suppressors or insensitive genes.

It is possible to consider the presence of nuclear genes in Ostrinia that resist to the
vertical transmission or feminizing activity of Wolbachia, as supposed in the case of
Wolbachia-mediated feminization in isopods (Rigaud and Juchault, 1992; Juchault ef al.,
1994). In the laboratory, however, Wolbachia-infected females of O. furnacalis and O.
scapulalis rarely produced nearly 1:1 sex ratio progenies (Table 1.1; Figure 1.1; Table
2.2).  Such resistance factor, if present, appears to be not functioning under the

laboratory condition.

(4) Sexual selection against feminized males.
It is also possible that sexual selection against the feminized genetic males is preventing
the spread of Wolbachia infection in O. furnacalis population, as argued in the case of 4.

vulgare, in which males have been shown to prefer real females (Moreau et al., 2001).

5.3 Non-random segregation of sex chromosome during female meiosis

Female-biased sex ratio not associated with bacterial infection (SR-w’) was found in O.
scapulalis (Chapter 2). Non-random segregation during female meiosis probably
underlies its mechanism. The causal agent should be present either in W chromosome
or in a cytoplasmic element, because the sex ratio trait was maternally inherited. The

sex ratio trait found in O. zealis may also be caused by the same mechanism (Chapter
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3).

The SR-w trait in O. scapulalis is very similar to the SR trait in a moth Abraxus
grossulariata (Geometridae). In A. grossulariata, maternal inheritance of SR
condition was imperfect; all-female production occasionally changed to and from nearly
1:1 sex ratio (Doncaster, 1913; 1914). Genetic analysis and observation of egg
hatchability indicated that the SR condition in A. grossulariata was probably neither
due to parthenogenesis nor due to male-killing (Doncaster, 1914). Hurst (1993)
suggested the mechanism of the SR trait in 4. grossulariata to be the sex-chromosome
meiotic drive system involving suppressors. Considering that O. scapulalis and A.
grossulariata are distantly related, it is also possible that SR traits due to non-random

segregation in female meioses are occurring in other taxonomic groups of Lepidoptera.

Meiosis is one type of cell division that results in the formation of haploid gametes
from diploid cells through two steps of divisions (MI and MII). Although basically the
same process occurs in both males and females, there are important differences in
meiosis between the sexes. Generally, MI and MII are symmetric in males, and the
meiosis generates four equivalent gametes (Figure 5.1). In contrast, each of the two
divisions in females is asymmetric and meiosis generates an oocyte and polar bodies,

and only one gamete is generated per oocyte (Figure 5.1).

This asymmetry in female meiosis makes it possible for non-random segregation
during meiosis to occur. Therefore, non-random segregation of sex chromosome
during meiosis must be restricted to female-heterogametic organisms. This restriction
does not apply to meiotic drive for autosomes, and non-random segregation of an

autosome during female meiosis has been well studied cytologically and genetically in
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mouse (e.g. Pardo-Manuel de Villena et al, 2000). At present, in contrast, no
cytological evidence has been obtained for the sex chromosome meiotic drive in
lepidopteran insects, although it has been invoked in explaining female-biased sex ratio

in several lepidopteran species (reviewed by Jiggins et al., 1999).

Meiotic drive that produces SR condition has been frequently found in Diptera
(Jaenike, 1996; Jiggins et al., 1999). Dipteran species possessing the sex ratio meiotic
drive are male heterogametic, and thus in those species, X-chromosomal factors drive
against Y chromosomes through dysfunction of Y-bearing sperm. Therefore, ‘meiotic

drive’ in Diptera and that in Lepidoptera cannot be compared directly.
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Figure 5.1 A schematic presentation of meiosis in females (a) and
males (b). Meiotic divisions are asymmetric in females but
symmetric in males. The process of DNA replication, recombination
and chromosome/chromatid segregation is shown on the left

(modified from Pardo-Manuel de Villena and Sapienza, 2001).



5.4 Ostrinia species may have genetic constraint against male-killing

Based on two lines of evidence described below, it is believed that male-killing,
compared to other types of SR mechanisms, is easy to be evolved in insects (Hurst et al.,
1999a). First, male-killing bacteria have been found in five insect orders (Diptera,
Hemiptera, Coleoptera, Hymenoptera and Lepidoptera) that include diverse sex
determining systems such as male heterogametic, female heterogametic and haplo-
diploid etc. Therefore, it is suggested that male-killing is not restricted to particular
host genetic systems (Hurst ef al., 1997a). Second, male-killing bacteria belong to
diverse groups in the eubacteria (see Table 0.1). In Lepidoptera, male-killing has been
found in more than ten species from various taxonomic groups (Table 0.2; reviewed in
Hurst, 1993; Hurst and Majerus, 1993). Among these, causal agents have been
identified in three species. Two Acraea species have been shown to harbour male-
killing Wolbachia, and in Danaus chrissipus, Spiroplasma bacterium induces male-

killing (Hurst et al., 1999a; Jiggins et al., 2000a; 2000b).

When I initiated the present study (Chapter 1; Chapter 2), I expected that male-
killing would be found at least in either O. furnacalis or O. scapulalis. In fact,
however, male-killing was not found in O. furnacalis and O. scapulalis through
intensive surveys.  Moreover, to my surprise, the Wolbachia strain causing
feminization in O. scapulalis induced male-killing in the Mediterranean flour moth,
Ephestia kuehniella, after experimental transfection (Fujii et al., 2001). These findings
imply that Ostrinia species have some genetic constraint against evolution of male-

killing,
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To test the above idea, more transfection experiments between species harbouring
naturally occurring feminizing bacteria and species harbouring male-killing bacteria are
necessary. Besides, when a new insect species that harbour feminizing bacteria is

found, survey of male-killing in that species should have particular significance.

5.5 Potential utilization of Ostrinia species in investigation of sex

determination system in Lepidoptera

Wolbachia-infected Ostrinia species may be used as a unique and useful material/model
for studies on expression of sex determining genes during the embryonic stage in

Lepidoptera.

First, Wolbachia-infected Ostrinia species produce only females. Conversely,
when they are treated with tetracycline at the larval stage, they produce only male
progenies (Chapter 1; Chapter 2). Therefore, one can obtain female eggs only or male
eggs only from each female. Second, sexual mosaic individuals are easily produced
from Wolbachia-infected females by treatment with tetracycline at the adult stage
(Chapter 4). I believe sexual mosaics will provide new facets to the studies on sex

differentiation, as well as tissue differentiation, in insects.

Most of the sex ratio distortions known in other lepidopteran insects are caused by
male-killing.  Ostrinia species, in which both feminization and sex-chromosome drive
occur, may have sex-determination system somewhat different from other lepidopteran

insects. In this sense, investigating sex determination system in Ostrinia species must
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be of great interest.
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Summary (in Japanese)

7D ) AT NE (Ostrinia) \(ZIX 20 EHMEINTWD. TDIHT U )AL HERECET 10/ 1T
BWIZH R RBOSBELL TR, 55 F RO EF AR THAEN > TWD, FAL, 7
U IAFO. furnacalisz ZBNEE THHNE, BIMREL-HEARK RO FRROMEHENRE L AR
(CRDEVIBREMARFE R LT, AEFRITET, ZOMLRFEOHEHEE, BEER, Ah=X
&, RRRAF 2R T 572017, fFHEEREE P OICEE 2T E L ER AT, £7-, AR
BHOMRBIZB W THFEEOMELL RE BB NGFIET DML E L, 7Y )AL HBROSHE (7R
X )AAHO. scapulalis, ZFEI/ALHO. orientalis, 7% ) A HO. zaguliaevi, TR ) ALH O,
zealis, 3—1y/XTT )AL I O. nubilalis) IZ OV THFHBELEREZITo7-. TNHORERICESX,
TO A TR BIT DML RE OFREEREAAD =X b2 EE T

T/ AHIZE1+BWolbachiah'B|ZR-F AR 1L

TOIATIZRBNT, AR ST B AE LD AN = X L FERREAFEASMCTEILER
BT TREARF THRELIIED AR K ADI L1 2B MRIEARD BEFEAT . AR F-T=
PRI RERBIR L2800, FRITMME R 70 WS G A ThILRBINT-. S5hic, MER
BDOBEGEFNDD, LR EREDOHRIZTISH A7V 2B E LR, RS0
TRIZRLARDRIZ g o, ZDEINCT MY A2V B BT LA AD B E TN LI
BRUCLDBIEHIAADAKMUIZEVHATES. $ebb, —iRICEAE B oMY 6 AR
XZW(R) /ZZ (M) ETEZO(R) /22 () THHDT, Mt B NBURHI A AR AR LS
TWDZEREATELTWVREE, BBRITEEMNICIIAR(ZZ) THYIEEERA A (Z22) LRRT
NTBBHIA R (ZZ) IZT BEENDITT ThD. ZZTTF IS A2V LV ESn B,
BAGHIZ AD ARSI, ETOTF- DA R ST L EZ BN TES,

R, o 70T AT TYT BUIE T HIE Wolbachiahs B R B O AEFEAAE % 72 5 1 CHET
DIETHASN TS, 2T, TV A ML RE 25 &FE 2 M Wolbachia T 5 Al B
EZR D728, PCRT A2 L) WolbachiaB e F =7 Ut-. M RH &R U1 1 280108
GNFBOLNTZ. ZN LS DTIREDH HETHEICEIL T, 1884 ML 66THITRYLL TV d o 7=
WolbachiaE&GE I A A AR ST ML LY 7 L TWNB 2D, WolbachiaDIEGe 3 AR B K]
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RFTHDLZEMREINT.

Wolbachial& G\ Z LD AT, TN E TR (EM B) DA THMLN TV, 22T, AsZBIE
FlwspBIRF DR BN ISV TWolbachia®D ZHBIRE AT, P bODBETIZHNT
BT D A IZIEGEL TOVD WolbachiaD FEIZHM B IZBYL T BN STtk BRI 380
SRl oTo. e, BBOMHEREICHRLVENIEEL TN ESRTOB DS LR ESE DM
REIIRNEDBEELTODRE, HIRES AT MIBEE TRELRR>TNDD, LM
WCBITOAMEBRB LTV ) A CBITBEIUIEL BABEEZ T~

FAX/AABIE RGP ERICL52BEDOE LR

TD I AT DUCREIET X% ) A T THEEOM L R BB B B4 L TOBDONETH 571 Iz,
fﬁﬁﬁ‘[‘oiiﬂi5:75‘67(6%}.}?\'@72“#/7"{7\7\0))‘1}&$372§E AEELEIISET-. 3188
ARADHBEFEATE. DB 1THIZWolbachial TS L THY (SR-w*), 14FHITRRLLL TV edho
7= (SR-w").

SR-wIRHITRRBEL, HUAEMELHIZLORBRIZA RO e oT-. ZOEIL, 7T
A A DY E LRICIHIZSR-WE 23 Wolbachia&g\Z JHBIBHIA ZAD AR Th BT L AR LT
WD, FTe, TAX A HIEYL T WolbachiaDwspi& 1% T LfisZ8 5 T DR HEF T, 7T
A TZIEGEL TN Wolbachiak [Rl— Tdh 7= 2 Ehb, ZHbIXFE U REED Wolbachia Térb ™
LRI

—77, SRWIEEIZBW TARIG T B A U D AN =R MEIA AR, FEMEMEBE A A5l 2
AMEDWFNTHRNWZEDIRENT. BB ATHEMEL LT, SIO RIS SRR 1T A o th oD
FEGYE (AT TAIRTAT) 3B ZbND. WHGEEERNBZW () /ZZ () $-13Z0
(8)/22(") THHMBE B R TIE, ARIZBITDHES BOBICZ Y AR IR I AL
BESEONAILIZIVELL DRI ERSND. 5ETIZ, BIOARCHT BB ZORIC
Qe KBTS B LI IO DR B Z B BIT SN TR 7. SR-wTBE IR
SERIEPORHERIE L7280, [RIRIIHIE R 7H E- EWH G K ThH AL RS-, Mk
DIRYVOEELREITLE BRI, HRZERIMIC, AR R ICERT 2205
272 ZOBRBUIRAFT T4V I RTAT %M+ D OE FICL> TR TES. A TICRRT
HMENTOLHIE R ICE A DRI DIFL AL IFME SRR TAEL TV, LL, 7X% )
TR I HSR-WIEEDFEE 713, PCREFUAEMELTOK E0 LB TIT2 VT EATR
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iz,

TP/ AL EBBEOEDMDIEIZE 1+ S5 WolbachiaB & AR ZfE-T-1% 1

WH 745175‘63”3?@%llﬁlﬁfﬁéﬁbf:ﬂ"?‘%i/%/fﬁ, TXIAAT, ARG IALH, BL a7
PP CERE LTI — o 370 ) A4 (W F b ARMBK) O Wolbachia R Y 35 X UK A P
HAFRT LIZ T~

AT A A 24589 STD Wolbachial\ TIBHR L THY, ZHDIIARDBEFEAT . D552
SHIZH R T DR T, ARITRT- M O BB A e BT X )AL 19BAF 18808
WolbachialZJEGL T, ZOMBKIIARDBREBELT. TV IALH, TAX I AT, A FEI) A
AT, Tx )AL H DOATRITIEYL T Vo WolbachiaDwspBALT L fisZi fmF D EEHI N [E—C
BolZZlinh, ZNHATRIZRIC RO Wolbachia YL TVB AIEEME RN, RT3 F
SIAH, TH )AL H TORRIARA TN D A =R NEBR TERD T8, BELARLIC
L2bDOLHERIEND.

TR /A HN0FRB LT — 09TV ) A HSSTEITIL, WolbachialRE 338D SN 250 7-.
L, FRY AT DW TP ARD BEFEAT . 3—09 37T )AL FIZAHNTIE, 56
(C2TBRD AR & AV TPCREAT 51228, R0130 WolbachiaDIBYLII M H SN ot S
SAAH DA g >T- VeI, BRBELEZE, ThIZH ATV DHREB RN -T-28, B
LOHIE R REIPCROFE R D RN T AT Tho1=2dhd, TRF ) A HI 81 BSR-w LFHRED
AN ZAMZESBDTHHZENFEST-.

Wolbachial& &7 XX/ A HIZHT BT FSH A9 o B EIZ &> TR AMEF I IB R

TRF ) AT D Wolbachia Y AR R BT T 7Y A VY % B LI-E 25, RIRICARES 2
DIEDELOWEF A7 ERBBEL. 2O L5 Wolbachiais T X% ) A4 1 OAE % OFRD
PREITH G L TWBILDIDD LD, TRV A2V A SR FENETO A ERE VN LDIZE S
ADHBT DEIGNEL, TV AV BB A AREE LV EF TV, TP Ao REL -
BRL, ThIH A7V BAZ IV IR RHBE N D WolbachiaD BeASEY, P H 24— R DB 4
RTHDIEHC, WolbachiaDRIKINE FEITIEH DXL, ARITMET ISR ES T4
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R EA AL T B EINCIRE SN MBS TR - L s SN 7

DEIL, TAX ALK DWolbachial§ihe 5y iz 4 1B EEDF NS A2V B4 5L, Wit
DYHADOEBETE LT, BBEER S LB, ARIENOSECT A, [ERE S5 715
FIEAREN DR AL, PRIOEE iz‘ﬂ@ﬁ%%ﬂ[ﬁ]ﬂiﬁiﬁnf:ﬁ? PEEF AT BN 27

BTN A2V R B LA, BEBRTIIV A7V EbEINARWHIRINE
W, ZORI :Wolbachiarb‘i%étcxx{tf‘%éﬁ&fc:if‘+§}&:i§ﬁﬁf“%fcﬁﬁ<‘:, FEAL
Wolbachial’FEFETEIRNINEDS, T NTHA 2V 8 BEIRAFBINC “HBL L CUNB 2 LS RIE S

AIRFET RO T 2D AR DML R HE B LT T B HERE T 5L 0 Th s,
HEARROEDZ L, BB TR T CTHRICER T3 22 515 AR /- T
PEHAS, RENC MR T 2R F (B E R 7) 10 k> T3 - Sha Bl < o fi R 8
TRAODDTNG. AH=ALELT, (1) FADHZMBEL TS, Vb d 2L, (2) kAR
BAREPEC TREMEVERE 25 4516 ), (3) BBEORA ABARLA B, O STEIH AL TUN-. ek
BREMTYH, AR I3 <@E s h Ty O, A= AL Do TNBr—ADIF L
AERFARLTHY, FKHE T L L TidWolbachiak AL 075 X< 884 S CVVB,. ARFZEIC
R0, TU /A HREBEDATEIZ B T2 BL A —RFED WolbachialRe\z L 5 BHUEHI A 2D R A
EBEETVDZEDRENT-. F2, ARFZETIE, WolbachialB& Qe 2D T X% ) A H 12BN T
i3, WolbachiaD R FERBREICLY, BV AV BB ESNDZ LA TR L. SBIZT X% )AL
ATV, Wolbachial Gz L5 AR LLIAMZ, RREFIIRATHIN, R EO~ (3T 100
RIATICIDMLL R E DAL TOB LR RE SN, DL, AR /LN RIL, BxE
MEHEE MR B B O MR EEEOMIC AT 5280 0 rEZDHDEEZ LIS,
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