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Vertical transmission of Wolbachia in Tetranychus
kanzawai Kishida and Panonychus mori Yokoyama
(Acari: Tetranychidae)
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The vertical transmission of Wolbachia in two species of
spider mite was investigated and compared. One species,
Tetranychus kanzawai Kishida, was infected with a modifi-
cation negative strain of Wolbachia while the other species,
Panonychus mori Yokoyama, was infected with a modifi-
cation positive strain. The infection showed perfect maternal
transmission in the laboratory population of T. kanzawai in
which Wolbachia-infected females produced infected off-
spring regardless of whether they mated with infected or
uninfected males, and uninfected females produced
Wolbachia-free progenies without regard to the infection
status of their mating partners. In artificial P. mori popu-
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Introduction
Wolbachia are maternally inherited alpha-proteobacteria
known to infect a wide range of arthropods (Werren et
al, 1995; Bouchon et al, 1998). Infections with Wolbachia
have been associated with various reproductive abnor-
malities in the host, such as parthenogenesis, feminiz-
ation and cytoplasmic incompatibility (CI) (Werren, 1997;
Stouthamer et al, 1999). CI-causing infections are expected
to spread within and among populations, because
infected females who are ‘immune’ to CI will, on average,
produce more adult progeny than uninfected females,
and this spread can occur quickly if CI is intense (Turelli
and Hoffmann, 1999). In natural Drosophila simulans
populations in California, incompatible crosses between
uninfected females and infected males produce, on aver-
age, only about half as many progeny as compatible
crosses; the infection has spread throughout central and
northern parts of the state within the last decade (Turelli
and Hoffmann, 1991, 1995). A Wolbachia infection also
appears to be spreading northeasterly among popu-
lations of the small brown planthopper, Laodelphax stria-
tellus, in Japan (Hoshizaki and Shimada, 1995).

In Acari, Wolbachia have been found to induce CI in
Tetranychus urticae Koch and Tetranychus turkestani
(Ugarov and Nikolski) (Breeuwer, 1997; van Opijnen and
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lations initiated with 50% infected and 50% uninfected
female adults, the infection frequencies among progenies
increased with each generation, reaching 100% at the sixth
generation in the Sendai population and after the sixth gen-
eration in the Toyama population. In another experiment, in
which an artificial T. kanzawai population was composed of
50% infected and 50% uninfected female adults, the infec-
tion frequency in progeny populations increased very slowly,
reaching 62.5% at the 15th generation. The difference in
infection frequency in the two spider mites may be due to
the different strains of Wolbachia.
Heredity (2002) 88, 190–196. DOI: 10.1038/sj/hdy/6800026

Breeuwer, 1999), and in Metaseiulus occidentalis (Nesbitt)
(Johanowicz and Hoy, 1998). On the other hand, Wol-
bachia have been confirmed not to be responsible for CI
in Tetranychus kanzawai Kishida (Gomi et al, 1997) and T.
urticae (Gotoh et al, 1999a) and between the T and K
strains of T. kanzawai (Gotoh et al, 1999b), or for the thely-
tokous mode of reproduction in oribatid mites (Perrot-
Minnot and Norton, 1997). Therefore, the effect of Wolba-
chia on the reproduction of spider mites is still a subject
of debate. Further studies of the mechanisms by which
Wolbachia affects spider mites are clearly needed.

The non-reciprocal nature of cytoplasmic incompati-
bility indicates that the male’s contribution is critical to
CI expression. However, Wolbachia are not present in
mature sperm; paternal transmission occurs only rarely,
if at all (Hoffmann and Turelli, 1988). Wolbachia in adult
males somehow render the sperm incapable of
successfully completing fertilization after entry into an
uninfected egg cytoplasm (O’Neill and Karr, 1990). Com-
patible crosses involving infected females produce nor-
mal progeny regardless of the infection state of the male.
Therefore, eggs derived from infected females somehow
negate or rescue the action of Wolbachia on sperm (Boyle
et al, 1993).

Further research on the vertical transmission of Wol-
bachia by their hosts is needed to understand the cellular
and molecular mechanisms of CI. This is because Wol-
bachia are vertically transmitted from mother to offspring
via the egg cytoplasm; males do not transmit Wolbachia.
To our knowledge, there have been no studies on the
vertical transmission of Wolbachia in Acari hosts. The
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how two different strains of Wolbachia vertically transmit
to the offspring generation. Second, it provides an insight
into the mechanisms of vertical transmission of Wolbachia.
For our study, we used T. kanzawai, an important spider
mite pest in Japan and China (Ehara and Shinkaji, 1996;
Zhang et al, 1996), and Panonychus mori Yokoyama, a pest
on deciduous fruit trees in Japan (Ehara and Gotoh,
1992).

Materials and methods

Mite species
The kanzawa spider mite, T. kanzawai was collected from
tea fields in the Haibara area (34°46�N–138°13�E), Shi-
zuoka Prefecture, Japan. The mites were reared on
detached leaves of kidney bean (Phaseolus vulgaris L.) in
the laboratory under a controlled environment (25°C, 60–
70% R.H., 16L-8D). For the detailed methods, see Gotoh
et al (1999b).

Panonychus mori was collected from mulberry fields in
Toyama city (36°40�N–137°08�E), Toyama Prefecture, and
Sendai city (38°13�N–140°49�E), Miyagi Prefecture, Japan,
and maintained on leaf discs of the mulberry (Morus bom-
bycis Koidz.) placed on a water-saturated polyurethane
mat in a petri dish (9 cm diameter). All experiments were
also carried out at 25°C, 60–70% R.H. and 16L-8D photo-
period.

Both species were confirmed to be infected with Wol-
bachia. The T. kanzawai Haibara population harbours a
modification negative strain of Wolbachia at an infection
rate of 63% (an initial field investigation of 80 individ-
uals, unpublished data), and the P. mori Toyama and Sen-
dai populations harbour a modification positive strain of
Wolbachia at an infection rate of 100% (unpublished data).
These two species were selected in order to compare the
vertical transmission of these two types of Wolbachia. The
Toyama and Sendai P. mori populations differ from each
other in that the Wolbachia in the Toyama population
always cause CI while the Wolbachia in the Sendai popu-
lation cause CI only when its males mate with the
females from Toyama population and not when the
males mate with the females from other populations
(Gotoh, unpublished data). The reason for this is cur-
rently under another investigation.

Preparation of infected and uninfected lines
In order to cross infected and uninfected individuals,
100% infected and 100% uninfected lines are needed. One
female from the teleiochrysalis stage was introduced onto
a leaf disc, and was allowed to lay eggs without being
crossed with males. The eggs were reared until adult-
hood (males). The male adults were used to backcross
with the mother female. After the cross, the female adults
were transferred to new leaf discs and were allowed to
lay eggs for 3–5 days. The female was checked for Wolba-
chia infection. The eggs were separately reared on new
leaf discs depending on the infection status of the mother
female. The above process was continued for three gener-
ations until a 100% infected population and an 100%
uninfected population were obtained.

Antibiotic treatment of P. mori
Tetracycline has previously been shown to be effective
against Wolbachia in spider mites (Breeuwer, 1997; Gomi
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et al, 1997). The aim of tetracycline treatment of P. mori
was to obtain uninfected lines for use in the crossing
experiments. Small leaf discs (ca. 1 cm2) from the mul-
berry were placed on a cotton bed soaked in tetracycline
solution (0.1%, w/v) in petri dishes (9 cm in diameter),
and kept for 24 h before they were used for rearing the
newly hatched larvae. Distilled water was added daily to
keep the cotton beds wet. The cotton and the leaf discs
were replaced every 4 days (see also Gotoh et al, 1995).
After the treatment, mites were checked for infection of
Wolbachia during the following three to five generations.
Adults that were found to be uninfected were allowed
to mate.

DNA extraction and PCR amplification
PCR was conducted to detect a gene that is specific to
Wolbachia, the wsp gene (Braig et al, 1998). DNA was
extracted by homogenizing a single female adult in the
25 �l mixture of STE buffer (100 mM NaCl, 10 mM Tris-
HCl, 1 mM EDTA, pH 8.0) and proteinase K (10 mg/ml,
2 microliters) in a 0.5-ml Eppendorf tube. The mixture
was incubated at 37°C for 30 min and then at 95°C for 5
min. The sample was centrifuged briefly, and used
immediately for the PCR reaction or stored at −20°C for
later use.

All PCR reactions were run in 26.25 �l of buffer using
a TAKARA Taq kit (No. R001B; Takara Co Ltd, Japan):
16 �l H2O, 2.5 �l, 10 × buffer, 1.5 �l dNTP (143 �m each),
0.25 �l Taq (1.25 U), 2 �l sample, and 2 �l of primers (20
pmol each). The primers for the wsp gene were 5�-TGG
TCC AAT AAG TGA TGA AGA AAC-3� and 5�-AAA
AAT TAA ACG CTA CTC CA-3� (Braig et al, 1998). Reac-
tions were cycled 40 times at 95°C for 30 s, 52°C for 30
s and 72°C for 2 min. Reagent negative and positive con-
trols were included in the reactions. The PCR products
were electrophoresed in a 1.0% agarose gel in TBE/EtBr
for 40 min at 60 mA, and then photographed on a UV
transilluminator. The techniques used here are modifi-
cations of the methods reported by Johanowicz and Hoy
(1996), and Gomi et al (1997).

Cross experiments and infection rate among the F1
generation in T. kanzawai
Four cross combinations were carried out: uninfected
females were crossed with uninfected males, uninfected
females were crossed with infected males, infected
females were crossed with uninfected males, and infected
females were crossed with infected males. A cross was
initiated by placing a teleiochrysalis female and a male
adult on the same leaf disc. The egg laying was investi-
gated every day. The adult female was allowed to lay
eggs for 3 days and then was transferred to a new leaf
disc. This was repeated for at least 15 days. The eggs
deposited during each 3-day period were reared until
adulthood. Upon emergence, all the female adults were
checked for infection of Wolbachia. In this way we
obtained the infection rate of the progeny in each 3-day
period.

Infection rate evolution
Fifteen Wolbachia-infected and 15 Wolbachia-uninfected
female individuals were sampled from the independent
infected and uninfected systems and placed on the same
leaf disc and allowed to lay eggs for 3 days. The infection
rate at this stage was 50%. Five days after the emergence
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of the next generation of female adults, 40 females were
randomly sampled to check the infection rate and
another 30 female adults were randomly selected and
transferred to new leaf discs. The second-generation
females on the new leaf discs were reared and allowed
to lay eggs for 3 days, which developed into the third
generation. Forty females in the third generation were
used for assaying the infection rate, and 30 females were
transferred to other new leaf discs. Three independent
lines (three replicates) were set up for each generation,
40 female adults being sample from each replicate mak-
ing, in total, 120 samples per generation. P. mori was
checked for 10 generations and T. kanzawai was checked
for 15 generations. All experiments were conducted
under 25°C/16L-8D.

Cross experiments between infected and uninfected
individuals
To investigate how Wolbachia affects fecundity and how it
is vertically transmitted, we conducted cross experiments
with infected and uninfected individuals. For T. kanzawai,
an infected male was mated with an infected female, and
an uninfected male was mated with an uninfected female.
For P. mori, four kinds of crosses were made: Sendai
males were crossed with Sendai females, tetracycline-
treated Sendai males were crossed with tetracycline-
treated Sendai females, Toyama males were crossed with
Toyama females, and tetracycline-treated Toyama males
were crossed with tetracycline-treated Toyama females.
The numbers of the eggs laid in the first 5 egg-laying
days, the hatchability of the eggs, the survival rate of
immatures and the sex ratio were recorded. All experi-
ments were conducted under 25°C/16L-8D.

Results

Infection rate among the F1 generation in T. kanzawai
After eggs deposited in each of several 3-day periods
developed into adults, the females were checked for Wol-
bachia infection with PCR. All the F1 offspring from
crosses between infected males and infected females, and
from crosses between uninfected males and infected
females, were infected with Wolbachia, regardless of the
time the eggs were deposited. The lower confidence inter-
vals ranged between 99.52% and 87.79% (Table 1). On the
other hand, none of the F1 offspring from crosses
between infected males and uninfected females or from
crosses between uninfected males and uninfected females
were infected with Wolbachia, regardless of the time the

Table 1 Infection rates among the F1 progeny in Tetranychus kanzawai

Cross type Na Days 1–3 Days 4–6 Days 7–9 Day 10–12 Days 13–15

1I0 × I b 28 99.52% (619)c 99.44% (534) 98.91% (274) 97.36% (112) 92.02% (36)
UI × I 27 99.42% (519) 99.48% (577) 97.59% (123) 87.79% (23) –
I × UI 23 0.76% (391) 0.63% (472) 0.94% (318) 2.51% (118) 22.09% (12)
UI × UI 24 0.44% (680) 0.47% (641) 0.67% (446) 2.37% (125) 9.81% (29)

aNumber of pairs crossed.
bI stands for infected, UI for uninfected.
cNumbers outside parenthesis are the lower confidence interval (I × I and UI × I ) or the upper confidence interval (I × UI and
UI × UI ); numbers inside parenthesis are PCR-investigated individuals. The lower confidence interval is calculated as N-th root of 0.05
(0.05)�(1/n) for the crosses of I × I and UI × I , which have 100% transmission rate; and the upper confidence interval is calculated
as P = 1 − (0.05)�(1/n) for the crosses of I × UI and UI × UI , which have 0% transmission rate.

eggs were deposited. The upper confidence intervals
were from 0.44% to 22.09% (Table 1). Our results also
clearly show that the offspring of the infected females
were infected with Wolbachia and those of uninfected
females were not infected with Wolbachia regardless of
the Wolbachia-infection status of the male partner, and the
infection rate remained the same for all of the F1 gener-
ation. This further illustrates that the infection mech-
anism of Wolbachia transmission in T. kanzawai or spider
mites is cytoplasmic infection. Therefore, maternal trans-
mission is perfect.

Infection dynamics of Wolbachia in successive
generations of offspring of P. mori
Previous studies demonstrated that P. mori harbour a
modification positive Wolbachia strain (Gotoh et al, 1998).
The evolution of infection with this Wolbachia strain in
successive generations of offspring of P. mori was investi-
gated by sampling 40 females from each replicate line in
each generation (ie 120 females/generation). We con-
tinued to monitor the infection status of each generation
of offspring after it reached a 100% infection rate. Two
local populations were used for this experiment.

For the Sendai population, the F1 generation was
infected at 59.2%, which was slightly higher than the
infection rate of the parent generation (50%; Figure 1).
The infection rate of the F2 generation reached 75.8%. The
remaining generations were infected at rates above 90%.
The infection rate reached 100% at the F6 generation, and
remained at 100% until the F10 generation (Figure 1).
Comparing the Sendai observed data with the expected
data (theoretical changes), only one significant difference
was found between the observed and the expected infec-
tion rates at the F2 generation and no difference was
found at other generations (Figure 1). Regarding the
Toyama population, the infection rates of the F1–F4 gen-
erations were 49.2%, 57.5%, 88.3% and 94.2% respect-
ively, all of which showed significant differences from
the expected infection rates at the F1–F4 generations
(Figure 1). The infection rate remained high at 98.3%
from the F5 generation and reached 100% at the F8 gener-
ation. No difference was found between the observed
and the expected infection rates at F5–F10 generations
(Figure 1).

The infection rate of the Sendai population rose quickly
in the first three generations, exceeding 90% by the F3
generation, and then rose more slowly, reaching 100% by
the F6 generation. Similarly, the infection rate of the Toy-
ama population rose to more than 90% by the F4 gener-
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Figure 1 The infection rate of Wolbachia in the Sendai and Toyama
populations of P. mori. For each generation, three replicates were
set up and 40 female adults were sampled from each replicate to
check Wolbachia infection. Bars indicate standard errors. P-value is
the difference between two neighbouring generations, based on �2-
test or Fisher’s exact probability test. The expected infection rate
change line was drawn up using the model of Hoffmann et al (1990).
The tests between the observed and the expected infection rate at
every generation were also done using �2-test or Fisher’s exact
probability test. ns: P � 0.05, *P � 0.05, **P � 0.01, ***P � 0.001.
The symbols were marked at the expected infection rate value.

ation, and then rose more slowly, reaching 100% by the
F8 generation. No difference in infection rate was found
between the Sendai and Toyama populations for any of
the generation except F2, in which the infection rates
were 75.8% and 57.5%, respectively (�2 = 9.075, P = 0.003;
Figure 1).

Infection dynamics of Wolbachia in successive
generations of offspring of T. kanzawai
Applying the same method used for P. mori populations,
we monitored the infection dynamics of Wolbachia in T.
kanzawai for 15 generations. The infection rates in the F1
to F4 generations were below 50%. Starting at the F5
generation, the infection rate fluctuated around 55% until
it reached 60% at the F9 generation. Afterwards, the
infection rate was between 60% and 67.5%. These results
indicate that the infection rate changed little with gener-
ations. No difference was found between the observed
and the expected infection rates for each generation
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except those for the F10, F11 and F12 (Figure 2). The
infection rates in the F10 to F12 generations were 63.3%,
64.2% and 67.5%, which were significantly higher than
their respective expected infection rates.

The infection rate was 50% for the parent generation
which consisted of 15 infected female adults and 15 unin-
fected female adults, but the infection rates of the gener-
ations F1 to F4 were below 50%. The reason for the low
infection rates in the first four generations with T. kanza-
wai is probably a consequence of the infection frequencies
drifting, given the fairly small population size.

Fecundity comparison of infected and uninfected lines
of P. mori and T. kanzawai
To further explore the factors governing the infection
rate, an experiment was designed to examine the fec-
undity of infected and uninfected lines of P. mori and T.
kanzawai. In P. mori, the fecundity did not appear to be
adversely affected by the infection. The mean number of
eggs laid in the first 5 days was not significantly different
between the infected line and the tetracycline-treated
line. The hatchability, survival rate and sex ratio were
also not significantly different between the two lines
(Table 2). Similarly, no significant difference was found
between the infected and uninfected lines of T. kanzawai
with respect to the eggs laid in the first 5 days or the sex
ratio. However, significant differences were found
between these two lines with respect to hatchability and
the survival rate in immatures (Table 2).

Discussion

Infection dynamics of Wolbachia in P. mori
The Sendai and Toyama populations of P. mori harbour
a modification positive strain of Wolbachia, which causes
reproductive incompatibility when infected males mate
with uninfected females. The non-reciprocal incompati-
bility can translate into a selective advantage to infected
females when both infected and uninfected individuals
are present in a population (Caspari and Watson, 1959;
Turelli and Hoffmann, 1991). This is because infected
females can reproduce normally with any male they
encounter, while uninfected females mated with infected
males produce few or no progeny (Barr, 1980). Our data
from laboratory lines of both populations of P. mori are
in accord with this and suggest that the infection rate can
reach 100% rather than be stuck to a certain level, as sug-
gested by some models in which one stable point is zero,
and the other point is less than that of fixation of the
bacterium, and therefore both infected and uninfected
individuals can coexist in a population, if maternal trans-
mission is imperfect (Fine, 1978; Hoffmann et al, 1990).

Two earlier laboratory studies have shown the spread
of Wolbachia in cages containing populations of D. simul-
ans (Hoffmann et al, 1990; Sinkins et al, 1995). The infec-
tion rate of Wolbachia in an artificial population consisting
of infected and uninfected D. simulans increased rapidly
within five to 10 generations to approximately 80–95%
(Hoffmann et al, 1990). The spread of Wolbachia was also
noted by Sinkins et al (1995) who microinjected Wolbachia-
infected D. simulans with a new strain of Wolbachia and
found that the frequency of double-infected individuals
increased from an initial prevalence of 10% to over 90%
within 12 generations. However, a similar study by
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Figure 2 The infection rate of Wolbachia in T. kanzawai. For each generation, three replicates were set up and 40 female adults were sampled
from each replicate to check Wolbachia infection. Bars indicate standard errors. P-value is the difference between two neighbouring gener-
ations, based on �2-test or Fisher’s exact probability test. The expected infection rate change line was drawn up using the model of Hoffmann
et al (1996). The tests between the observed and the expected infection rate at every generation were also done using �2-test or Fisher’s
exact probability test. ns: P � 0.05, *P � 0.05, **P � 0.01. The symbols were marked at the expected infection rate value.

Table 2 Results of crosses between infected and uninfected individuals in P. mori and T. kanzawai

Species Male × Female Na Eggs in Hatchability Survival rate Sex ratio (%)
first 5 daysb (%)b in immaturesb ( /( + ))b

P. mori Sendai × Sendai 15 31.7 ± 3.13 97.0 ± 0.78 96.0 ± 1.14 71.1 ± 1.26
Sendai Tc × Sendai T 10 28.9 ± 2.29 95.9 ± 1.02 93.9 ± 1.22 70.0 ± 2.27

Z −0.278NS −0.959NS −1.374NS −0.139NS

Toyama × Toyama 9 31.3 ± 4.43 98.1 ± 1.08 95.8 ± 1.35 70.6 ± 2.97
Toyama T × Toyama T 20 31.9 ± 1.97 97.9 ± 0.55 96.5 ± 0.73 74.4 ± 1.30

Z −0.118NS −0.646NS −0.095NS −0.731NS

T. kanzawai I × Id 20 45.0 ± 2.10 93.3 ± 0.72 91.6 ± 0.92 79.3 ± 2.36
UI × UId 20 46.4 ± 2.58 98.6 ± 0.39 96.7 ± 0.85 81.9 ± 1.96

Z −1.070NS −4.908*** −3.626*** −0.866NS

aNumber of pairs crossed.
bData are shown as mean ± s.e. Means are significantly different: ***P � 0.001; NSnot significantly different (Mann–Whitney U-test).
cT stands for tetracycline-treated.
dI stands for infected, UI for uninfected.

Johanowicz and Hoy (1999) failed to find the same result.
They used three populations initiated with 10% infected
and 90% uninfected cured eggs of a predator miteM. occi-
dentalis and monitored them for 12 generations. Wolbachia
infection did not spread rapidly through the populations.
Imperfect transmission rates and fitness costs were
detected that could have prevented the rapid spread of
Wolbachia. To explain why Wolbachia did not increase in
frequency, Johanowicz and Hoy (1999) suggested that the
initial infection frequency of 10% was below an unstable
equilibrium frequency (= threshold frequency). Our own
results are consistent with this interpretation. Turelli and
Hoffmann (1991) showed that if an infection is initiated
below this unstable frequency, Wolbachia may be pre-
vented from spreading, and may actually decline to zero.

Several models have been proposed to predict the
infection dynamics of CI-induced Wolbachia in insect
populations (Caspari and Watson, 1959; Fine, 1978;
Hoffmann and Turelli, 1988; Hoffmann et al, 1990; Turelli
and Hoffmann, 1995). The model developed by
Hoffmann et al (1990) states that pt+1, the proportion of
infected individuals in generation t+1, is given by:

pt+1 =
pt(1 − �) (1 − sf)

1 − sfpt − shpt(1 − pt) − �sh
pt2(1 − sf)

where sf = 1 − F; sh = 1 − H; and pt is the proportion
of infected individuals. H is the relative hatch rate from
incompatible fertilizations, F is the relative fecundity of
infected females, � is the uninfected fraction of offspring
from infected mothers, and pt is the frequency of infected
adults in generation. Based on our results and assuming
strong CI and perfect transmission in the case of P. mori
in the present study, � = 0 (perfect maternal
transmission), H = 0 (the relative hatch rate from incom-
patible fertilizations), sh = 1 − H = 1, F = 1 (typically meas-
ured by comparing the average number of eggs laid per
day by infected vs uninfected females, it is 1 if there is no
significant difference in fecundity between infected and
uninfected lines. Prof. Michael Turelli’s personal com-
munication, data from Table 2), sf = 1 − F = 0, the model
of Hoffmann et al (1990) predicts that the infection rates
at different generations are 66.67% (F1), 86.02% (F2),
97.78% (F3), 99.96% (F4) and 100% (F5-F10). Our
observed results for the Sendai population has shown a
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expected results, except for the F2 generation. However,
in the Toyama population, the observed infection rates
were significantly slower than the expected infection
rates in the F1–F4 generations (Figure 1). It may be that
differences in the Wolbachia strains in the two populations
may be causing the differences between the observed and
expected infection rate changes in the Sendai and Toy-
ama populations.

We can think of four potential factors contributory to
why the Wolbachia infection rate increased quickly in P.
mori. First, the reproductive advantage of infected
females theoretically acts rapidly to increase the preva-
lence of Wolbachia-infected hosts in a population (Caspari
and Watson, 1959; Fine, 1978; Turelli and Hoffmann,
1991; Hoffmann et al, 1990). Our studies assumed that
there was no relative fitness cost due to infection because
the numbers of eggs deposited by the infected and unin-
fected individuals were not significantly different (Table
2). The model of Caspari and Waston (1959) predicts that
without fitness costs, Wolbachia will readily spread
through a population, even at low initial frequencies.
Furthermore, our initial infection frequency was 50%,
which could add more chances for mating with infected
individuals. Second, imperfect transmission rates
(segregation) were not found during our PCR tests. This
could be explained by the mating selection behaviour in
spider mites. Dielman and Overmeer (1972) showed that
when incompatible male spider mites (T. urticae) were
released into glasshouses, females preferred mating with
compatible males rather than with incompatible males.
Third, there were still chances for infected males to mate
with uninfected females even though the infected males
may have a preference for mating with infected females.
The crosses between infected males and uninfected
females resulted in CI (egg mortality) in P. mori. This
resulted in a relatively lower number of offspring pro-
duced by uninfected females, and therefore it gradually
reduced the number of uninfected individuals in the fol-
lowing generations. Fourth, P. mori has a low fecundity.
The result from Sinkins et al (1995) showed that incom-
patibility levels were higher when a double-infected line
of D. simulans was raised at a low density compared to
a high density. The mites in the genus Panonychus lay
fewer eggs than those in the genus Tetranychus.

Infection dynamics of Wolbachia in T. kanzawai
Contrary to the many models and much research on CI
induced by Wolbachia in insects, only few studies have
been carried out on the infection dynamics of Wolbachia
that do not cause CI. The type A infections of D. simulans
(Hoffmann et al, 1996) and Wolbachia infection in D. maur-
itiana (Giordano et al, 1995) among others, do not seem
to lower hatching rates when infected males are mated
to uninfected females. In the absence of incompatibility,
Hoffmann et al (1996) proposed that the frequency of a
Wolbachia infection (p) in an isolated population at gener-
ation pt+1 is given by the equation:

pt+1 =
pt(1 − �)(1 − sf)

1 − shpt

where the parameters are as defined above. If � is greater
than 0 and/or sf falls between 0 and 1, then the infection
will eventually be lost because pt+1 will be less than pt.

Our data clearly indicate that � is 0 and maternal trans-
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mission is perfect in T. kanzawai. Furthermore, we did not
see any effect of Wolbachia on fecundity. Using the para-
meter estimates of � = 0 (perfect maternal transmission),
H = 1 (no CI), sh = 1 − H = 0, F = 1 (data from Table 2),
sf =1 − F = 0, the above model predicts that pt+1 = pt, mean-
ing that the infection will remains at a 50% rate. We have
shown that the change in frequency of Wolbachia infection
in T. kanzawai is quite stable and generally accords with
the expected changes (Figure 2). How does the Wolbachia
infection become stable in a laboratory population? It is
easy to understand how CI-inducing Wolbachia infection
has spread because it causes incompatibility when
infected males mate with uninfected females. However,
evolutionary changes in the genome of Wolbachia and in
the genome of their hosts do not necessarily favour
increasing levels of incompatibility. Instead, theoretical
models (Turelli, 1994) show that infections associated
with lower levels of incompatibility can be favoured
when the deleterious effect they have on their host organ-
ism is reduced. Like the data obtained for D. simulans by
Hoffmann et al (1996), our data may represent the out-
come of such an evolutionary process. Giordano et al
(1995) suggested three ways in which Wolbachia could
invade and be maintained in a D. mauritiana population:
(1) the neutral bacteria could ‘hitchhike’ into the popu-
lation, (2) the bacteria could be beneficial to the host that
carries them, and (3) the bacteria could have a close
relationship with the spindle apparatus of nuclei during
division. However, our results showed no significant dif-
ference in the number of eggs produced, suggesting that
the bacteria have no detectable effect on fecundity in this
species. Another possible reason is that selection press-
ures on the symbiont have favoured an attenuated form
of the bacteria (Prout, 1994).

In future work, we will monitor the Wolbachia infection
frequency under field conditions. It may well be the case
that in the field the maternal transmission is different
from that in the laboratory, and fitness effects may be
evident in the field that were not apparent in the labora-
tory. Based on the present results, we expect to find
associations between the infection frequency of Wolbachia
and the density of mites, and between the transmission
rate and the fecundity of mites. Some of the questions
that we hope to answer are how the preference for
infected individuals is determined in a combined popu-
lation, and what is the threshold initial infection fre-
quency for an artificial population that will allow it to
continue to be infected by Wolbachia.
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