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Abstract. In predatory ladybirds male embryos in clutches of eggs infected with male-killing bacterial endosymbionts do not hatch and
are consumed by female hatchlings. Moreover, it is predicted that infection with male-killing bacteria should be prevalent in a ladybird
population if the fitness advantage to female ladybirds due to the resulting reallocation of resources is high. We compared male-killer
bacterial prevalence in two sibling species of the ladybird genus Harmonia that use different host ranges. Harmonia yedoensis feeds
mostly on the highly elusive pine aphid and its hatchlings can greatly enhance their ability to capture prey and thus their survival by
consuming un-hatched eggs in the clutch. In contrast, Harmonia axyridis feeds on a wide range of prey and consumption of un-hatched
eggs by the hatchlings does not necessarily increase their foraging success. In the study area where these two species of ladybird occur
sympatrically 14 of the 22 females of H. yedoensis (64%) laid clutches of eggs of which approximately only a half hatched and did
not produce male offspring, whereas only one of 12 of the females of H. axyridis (8%) exhibited symptoms indicating infection with
male-killing bacteria. In the H. yedoensis that exhibited symptoms of being infected with male-killing bacteria, the total allocation of
resources to each hatchling, which was provided by laying larger eggs and eating the un-hatched eggs in the clutch, was considerable.
These results suggest that the difference in the prevalence of infection with male-killing bacteria in these two species of ladybird may

reflect differences in the quality of their prey and their foraging behaviour.

INTRODUCTION

Bacterial endosymbionts can enhance their own transmission
efficiency by manipulating the reproductive mode of their arthro-
pod hosts (O’Neill et al., 1997). An early male-killing strategy,
in which endosymbiont bacteria kill their male hosts during em-
bryogenesis, is reported in a range of insect hosts, including Co-
leoptera, Lepidoptera and Diptera (Hurst & Jiggins, 2000). This
strategy is beneficial to maternally inherited bacteria because the
death of the male hosts confers a fitness advantage on the remain-
ing female hosts due to the reallocation of resources from male
embryos to female hatchlings (Hurst, 1991; Hurst et al., 1997).
Moreover, fewer siblings reduce competition for resources within
a patch (Jaenike et al., 2003; Martins et al., 2010). Furthermore,
it is hypothesized that female offspring are less likely to suffer in-
breeding depression because they have few, if any, brothers (Wer-
ren, 1987). In addition to the benefits resulting from the death
of male embryos, bacterial infection can confer direct benefits
to the female host, including resistance to pathogens or parasites
(Unckless & Jaenike, 2011). Theory predicts that male-killing
bacteria should be prevalent in a host population if the fitness
advantage for female hosts is high (Hurst et al., 1997; Jaenike,
2009). However, even though there is considerable variation in
the prevalence of infection of different host species and popu-
lations (Hurst & Jiggins, 2000; Jaenike, 2009), the relationship
between male-killer prevalence and ecological factors affecting
the fitness of infected hosts remains unclear.

Aphidophagous ladybirds are suitable models for studying
male-killing bacteria, because many species harbour male-killing
bacteria (e.g., Wolbachia, Rickettsia, or Spiroplasma) (Majerus
& Hurst, 1997; Majerus, 2006; Majerus & Majerus, 2012). Most
species of aphidophagous ladybirds lay eggs in tight clutches and

their offspring forage on aphids. It can be difficult for the small
hatchlings to capture aphids, owing to their larger body size, de-
fensive behaviour and spatial-temporal variation in colony size.
As a result, small ladybird hatchlings are at risk of starvation
(Hurst & Majerus, 1993; Majerus & Hurst, 1997). In this con-
text, female neonates can enhance their ability to capture and re-
duce their risk of starvation by consuming un-hatched male eggs.
Therefore, infection with male-killing bacteria is likely to occur in
aphidophagous species of ladybirds. In some species, moreover,
it is reported that infected offspring develop faster and become
larger and thereby increasing the potential fecundity of adult fe-
males, even without consuming un-hatched eggs (Elnagdy et al.,
2013; but see Hurst et al., 1994). Despite these advantages, there
is considerable variation in the prevalence of male-killing bacte-
ria in different species and populations of ladybirds (Majerus et
al., 1998; Hurst & Jiggins, 2000; Weinert et al., 2007; Majerus &
Majerus, 2012). The prevalence of male-killing bacteria is theo-
retically sensitive to small differences in the selective advantage
coupled with the rate of maternal transmission (Jaenike, 2009),
however, the ecological mechanisms responsible for the variation
in male-killer prevalence in ladybirds are still unclear.

In this study, we focused on two sympatrically distributed sib-
ling species of ladybirds that use strikingly different ranges of
prey. Harmonia yedoensis (Takizawa, 1917) (Coleoptera: Coc-
cinellidae) is a specialist predator that occurs only on pine trees
and feeds mostly on the giant pine aphid, Cinara pini (Linnaeus,
1758), which is both large and very mobile (Sasaji, 1998). Moth-
ers of H. yedoensis invest a large amount of resource in their off-
spring, as its eggs are large and sibling egg cannibalism frequent-
ly occurs even in the absence of any bacterial infection, which
enhances the ability of their offspring to hunt mobile prey (Osawa
& Ohashi, 2008; Noriyuki et al., 2011). It has been experimental-
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ly demonstrated that egg consumption immediately after hatch-
ing greatly enhances the searching ability and efficiency of H.
yedoensis hatchlings in capturing C. pini, and their probability of
moulting to the next instar (Noriyuki et al., 2011). In contrast, the
sibling species Harmonia axyridis (Pallas, 1773) is a generalist
predator that utilizes various species of prey in the field (Osawa,
2000). Even though H. axyridis produces smaller eggs than H.
yedoensis and the intensity of sibling egg cannibalism within a
clutch is low, H. axyridis hatchlings are able to capture their less
mobile aphid prey (Noriyuki et al., 2011). Although sibling egg
consumption can also enhance the survival of H. axyridis hatch-
lings, the fitness advantage is low, especially when aphid density
is high (Osawa, 1992). Therefore, the reallocation of resources
from un-hatched eggs to hatchlings is more advantageous for H.
yedoensis than H. axyridis. Consequently, we hypothesized that
the prevalence of infection with male-killer bacteria should be
higher in H. yedoensis than H. axyridis. To test this hypothesis,
we determined the percentage of eggs that hatched and the sex
ratio of the offspring of these two sympatrically occurring sibling
species of ladybirds. We also compared the investment in each
offspring, which is closely correlated with hatchling performance
in H. yedoensis, in infected and uninfected lines of this species.
The results suggest that the variation in the prevalence of male-
killing bacteria in these two species of ladybirds may reflect dif-
ferences in the quality of their prey and foraging behaviour.

MATERIAL AND METHODS
Ladybirds

Twenty-five females of H. yedoensis and 12 of H. axyridis were
collected at Iwakura, Kyoto (135°79°E, 35°09°N), central Japan,
in April and May 2011. All females were individually maintained
in plastic Petri dishes (9 cm in diameter by 1.5 cm deep) at 25°C
and under a 16L : 8D photoperiod, and provided with a surplus
of pea aphids, Acyrthosiphon pisum (Harris, 1776). Kept under
these conditions the females produced many clutches of eggs.
Each Petri dish was replaced by a new one every day in order to
remove adult faeces, which contain odours that are thought might
deter oviposition in ladybirds (Agarwala et al., 2003). Neverthe-
less, three females of H. yedoensis failed to produce offspring and
were excluded from the analyses (Appendix). Egg clutches were
kept under the same laboratory conditions as described above and
the numbers of eggs and larvae that hatched from each clutch (up
to 15 clutches per female) were counted and the percentage of
eggs that hatched calculated. Hatchlings were fed with a mixture
of powdered drone honeybee, dried yeast and sucrose, following
Niijima et al. (2000). Subsequently, sex of the newly emerged
adults was determined by examination of their abdominal mor-
phology (males of both H. yedoensis and H. axyridis have an ob-
vious notch in the posterior margin of the last abdominal sternite;
Sasaji, 1977). In addition, 17 females of H. yedoensis and 6 of
H. axyridis were chosen from those collected in the field and the
length (/) and width (w) of 10 eggs laid by each of the females
were measured under a microscope. Egg size was then estimated
as /w’n/6 (Takakura, 2004). The total maternal investment per
hatchling was estimated as the average egg size divided by the
average proportion that hatched.

Bacteria

After making the measurements described above, some of the
females were fed an antibiotic and its effect on the male-killing
trait was assessed. Two of the original 25 females of H. yedoensis
that previously produced only female progeny and two that pro-
duced offspring with a normal sex ratio were fed a 10% mixture
of the antibiotic tetracycline hydrochloride in honey diluted with
water plus A. pisum every day. There was no control treatment of
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Fig. 1. Relationship between offspring sex ratio and the propor-
tion of the eggs that hatched of those laid by females of Harmonia
vedoensis (closed circles) and Harmonia axyridis (open circles).
The dotted line shows the parity sex ratio.

females fed just honey diluted in water plus 4. pisum because the
sex ratio of ladybirds fed honey and aphids is not affected (e.g.,
Hurst et al., 1992; Majerus et al., 1998).

We performed a diagnostic polymerase chain reaction (PCR)
analysis to confirm the presence of Spiroplasma bacteria, because
detailed molecular studies have reported the presence of Spiro-
plasma spp. in male-killing lines of both H. yedoensis (Osawa et
al., unpubl. data) and H. axyridis (Majerus et al., 1998). All speci-
mens of ladybirds were preserved in 99% ethanol after making
the measurements described above, and the whole abdomen of
each specimen was homogenized and then digested with protein-
ase K. These samples were then analyzed for Spiroplasma by per-
forming PCR using the primer pair MGSO (van Kuppeveld et al.,
1992) and Halnl (Hurst et al., 1999) and the following reaction
conditions: 2 min initial denaturation at 95°C; followed by 35
cycles of 20 s denaturation at 95°C, 1 min annealing at 57°C and
30 s of extension at 72 C; then 10 min of final extension at 72°C.
A second PCR analysis was performed under the same conditions
if the result of the first was negative. All PCR amplifications were
performed with TaKaRa Ex7aqg DNA polymerase (Takara, Otsu,
Japan) with an appropriate positive control (a sample of Spiro-
plasma sp.) and negative control (distilled water).

Statistics

The proportion of eggs that hatched was analyzed using a
generalized linear mixed model with a binomial error structure
(GLMM; Schall, 1991) and the Imer function of the Ime4 library
of the R software package (version 2.10.1, R Foundation for Sta-
tistical Computing, Vienna, Austria). The identities of the moth-
ers were represented as random terms and repeated sampling was
conducted of the same focal mothers (Schall, 1991). Egg size was
also analyzed using a GLMM with a Imer function including a
Gaussian error structure.

RESULTS

The H. yedoensis and H. axyridis used consisted of male-kill-
ing (MK) lines that produced only daughters and normal sex ratio
(NSR) lines that produced offspring of both sexes. Here, each
female and her offspring constituted a line. Fourteen of the 22
females of H. yedoensis (63.64%) produced MK lines and the
remaining eight females NSR lines, which produced nearly equal
numbers of male and female offspring (Fig. 1, Appendix). With
one exception (53.91%) the percentage of eggs laid by the MK
lines of H. yedoensis that hatched was less than 50% (mean + SE
=41.70 + 0.02%), and significantly lower than that of the NSR
lines (mean + SE = 74.42 £ 0.04%; GLMM: line, x* = 34.61, P



TaBLE 1. Proportion of eggs that hatched and sex ratios of the offspring of two females of Harmonia yedoensis from male killing
(MK) lines and two from normal sex ratio (NSR) lines before and after treatment with the antibiotic tetracycline hydrochloride. Brood

number indicates the maternal line used in each experiment.

Before antibiotic treatment

After antibiotic teratment

Brood Sex ratio

No. of Proportion ~ No. of adult No. of Proportion ~ No. of adult
no. rou . .
group clutches  that hatched progeny Male:female clutches  that hatched progeny Male:female
8 MK 15 0.376 +0.038 10 0.000 7 0.674 +0.086 6 0.500
11 MK 15 0.422 +0.046 9 0.000 9 0.770 +0.071 2 0.500
15 NSR 15 0.632 +0.036 19 0.316 11 0.651+0.037 23 0.435
18 NSR 14 0.773 = 0.040 35 0.543 6 0.759 +0.055 10 0.400

< 0.001). In contrast, only one of the 12 females of H. axyridis
(8.33%) laid egg clutches of which few hatched and produced
only female offspring. The percentages of the eggs that hatched of
the remaining 11 mothers were high and their offspring sex ratios
were normal (Fig. 1, Appendix). Consequently, in the Iwakura
ladybird population, the proportion of MK lines was significantly
higher in H. yedoensis than H. axyridis (Fisher’s exact test, y* =
9.63, P<0.01).

After the tetracycline hydrochloride treatment, the percentage
of eggs that hatched of MK line females of H. yedoensis signifi-
cantly increased (GLMM: treatment, * = 74.12, P < 0.001) and
they produced both male and female offspring (Table 1). In con-
trast, the antibiotic treatment did not affect the percentage of eggs
that hatched of NSR line females (3, = 0.01, P = 0.92) or the sex
ratio of their offspring (*, = 0.12, P = 0.72; Table 1). The results
of the diagnostic PCR analysis were positive for all MK lines and
negative for all NSR lines of both H. yedoensis and H. axyridis.

Average egg size of H. yedoensis was significantly greater
(mean £ SE = 0.300 + 0.002 mm?) than that of H. axyridis (0.230
+ 0.002 mm?; linear mixed model: species, Fl’ by = 22.799, P <
0.001). Moreover, the proportion of eggs that hatched was signifi-
cantly lower in NSR lines of H. yedoensis than NSR lines of H.
axyridis (GLMM: species, >, = 7.19, P < 0.01). The total invest-
ment per offspring differed significantly between the MK lines of
H. yedoensis, the NSR line of H. yedoensis and NSR lines of H.
axyridis (one-way ANOVA with the Tukey-Kramer HSD test, F,
50 = 72.014, P <0.001; Fig. 2).

DISCUSSION

In the study area, the prevalence of male-killer, based on low
percentage of eggs that hatched and female-biased sex ratios,
was significantly higher in H. yedoensis than H. axyridis. Moreo-
ver, antibiotic treatment and diagnostic PCR results indicate that
bacterial endosymbionts belonging to Spiroplasma spp. were re-
sponsible for killing the male embryos. In fact, more than half
of the females of H. yedoensis examined exhibited appropriate
symptoms and were infected with Spiroplasma, whereas only one
female of H. axyridis did. In nature, H. yedoensis mostly feeds
on the giant pine aphid, which is a highly elusive prey for the
hatchlings, perhaps because negative mating interactions with H.
axyridis restrict the food choice of H. yedoensis (Noriyuki et al.,
2012). In this situation, sibling egg consumption greatly enhances
the efficiency of the hatchlings of H. yedoensis in capturing the
giant pine aphid and so reduces its risk of starvation (Noriyuki et
al., 2011). Thus, our results support the hypothesis that infection
with male-killing bacteria is likely to be more prevalent in species
that gain a fitness advantage through altered resource reallocation
within a clutch.

The level of allocation of resources by females to their daugh-
ters could be an important determinant of the prevalence of
male-killer in ladybirds. Osawa & Ohashi (2008) report that the
eggs of H. yedoensis are larger than those of H. axyridis and we

found that the percentage of eggs that hatched was significantly
lower in NSR lines of H. yedoensis than of H. axyridis (Fig. 1).
Therefore, H. yedoensis laid a larger number of eggs that do not
hatch than H. axyridis independent of whether they are infected
with male-killer or not, but the physiological basis for this is un-
known. Nevertheless, male-killing bacteria can further increase
the resource allocation to each hatchling. In fact, more resources
were allocated to each offspring in MK lines of H. yedoensis than
in NSR lines of either H. yedoensis or H. axyridis (Fig. 2). There-
fore, male-killing bacteria may confer fitness advantages to H.
vedoensis via resource reallocation and consequently favours the
high transmission of the bacteria. This may account for the higher
prevalence of male-killing bacteria in the sample of H. yedoensis
collected than is reported for most other species of ladybird (Hurst
& Jiggins, 2000; Majerus, 2006; Majerus & Majerus, 2012).

At present, it is unclear whether the incidence of male-killer
infection in the population studied has reached equilibrium or is
a transient epidemic. In this study, we examined the two species
of ladybird occurring at just one site, thus it is difficult to fully
evaluate the ecological and evolutionary factors that affect the
prevalence of infection with male-killing bacteria. To resolve
this problem further studies of the variations in the prevalence
of male-killing bacteria in more populations of these two spe-
cies and over longer periods of time are needed. The reported
prevalence of male-killing bacteria is low in most areas where H.
axyridis populations occur in Japan (Matsuka et al., 1975; Naka-
mura et al., 2005), although there are a few exceptions (Majerus
et al., 1998). This indicates that widespread infection with male-
killing bacteria is hampered in some way in these populations.
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Fig. 2. The maternal investment per hatchling in terms of vol-
ume in the male killing (MK) lines of Harmonia yedoensis and
normal sex ratio (NSR) lines of both H. yedoensis and Harmonia
axyridis (mean + SE). The volumes for each mother are based on
their average egg sizes and proportion of the eggs that hatched.
Different letters indicate a significant difference among catego-
ries (ANOVA with the Tukey-Kramer HSD test, P < 0.05). The
single NSR line of H. axyridis was not included in the analysis
(see text for details).
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In addition to biogeographical surveys, phylogenetic patterns in
the polymorphism of both the host and parasite genomes can be
used to estimate the evolutionary history of the infection (e.g.,
Jiggins, 2003; Dyer & Jaenike, 2004; Graham & Wilson, 2012).
Thus phylogenetic techniques could be used to determine the per-
sistence of the interaction between male-killing Spiroplasma and
Harmonia ladybirds on an evolutionary time scale.

Alternatively, factors other than the benefits that accrue from
the reallocation of resources to hatchlings might also contribute
to the prevalence of male-killing bacteria in Harmonia ladybirds.
We speculate that avoidance of inbreeding depression (cf. Wer-
ren, 1987) may not be a very important factor in the prevalence
of infection with male-killing bacteria in H. yedoensis, because
it takes the adults at least a few weeks to reach sexual maturity
after emergence (Okada et al., 1978) and in that time period they
are likely to disperse from the areas where they developed (Sasaji
1998). However, it is possible that reduction in the competition
for resources among sibling larvae enhances the likelihood of in-
fection with male-killing bacteria. Moreover, male-killing bac-
teria may confer direct benefits on the host by enhancing host
development and resistance to disease, as various pathogens and
parasites infect ladybirds, especially H. axyridis (reviewed in
Kenis et al., 2008; Roy et al., 2011; Ceryngier & Twardowska,
2013). Therefore, the relative importance of these factors, which
are not mutually exclusive, must be evaluated. Nevertheless, our
study supports the inference that the differences in the foraging
behaviour of ladybird hatchlings, which reflect the marked differ-
ences in the prey of these sympatrically distributed sibling spe-
cies, can at least in part account for the inter-specific variation in
the prevalence of male-killing bacteria.
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ApPPENDIX. Proportion of eggs that hatched and sex ratios of the offspring of 25 Harmonia yedoensis females and 12 Harmonia axy-
ridis females collected at Iwakura, Kyoto, central Japan. MK — male killing line; NSR — normal sex ratio line; N/A — not available.

Brood Spec No. of Proportioin that No. of adult Male Sex ratio Egg size Total investment per

no. pecies clutches hatched (mean+ SE)  progeny ratio line  (mm?’ mean+ SE) offspring (mm?)
1 H. yedoensis 15 0.430 +0.026 16 0.000 MK 0.282 +0.003 0.656
2 H. yedoensis 15 0.458 £0.111 10 0.000 MK 0.314 +0.003 0.686
3 H. yedoensis 15 0.539 + 0.049 8 0.000 MK 0.310 +0.006 0.575
4 H. yedoensis 15 0.373 £0.027 15 0.000 MK 0.280 + 0.009 0.751
5 H. yedoensis 15 0.335+0.040 6 0.000 MK 0.246 +0.005 0.734
6 H. yedoensis 14 0.338 £ 0.030 9 0.000 MK 0.275 +0.004 0.814
7 H. yedoensis 15 0.373 £0.028 11 0.000 MK 0.294 +0.004 0.790
8 H. yedoensis 15 0.376 = 0.038 10 0.000 MK 0.353 +£0.007 0.938
9 H. yedoensis 15 0.498 + 0.046 11 0.000 MK N/A

10 H. yedoensis 15 0.425 +0.052 18 0.000 MK N/A

11 H. yedoensis 15 0.422 +0.046 9 0.000 MK 0.326 +0.004 0.772
12 H. yedoensis 14 0.413+0.027 11 0.000 MK 0.270 + 0.003 0.654
13 H. yedoensis 7 0.429 +0.079 7 0.000 MK 0.287 +0.005 0.670
14 H. yedoensis 14 0.429 +0.034 30 0.000 MK 0.315 +0.005 0.733
15 H. yedoensis 15 0.632+0.036 19 0316  NSR 0.329 +0.004 0.520
16 H. yedoensis 15 0.727 + 0.036 9 0.333 NSR 0.325+0.004 0.447
17 H. yedoensis 14 0.867 +0.026 21 0476  NSR N/A

18 H. yedoensis 14 0.773 £0.040 35 0.543 NSR N/A

19 H. yedoensis 14 0.898 +0.027 17 0.471 NSR 0.306 = 0.003 0.341
20 H. yedoensis 15 0.805 +0.056 23 0.565 NSR 0.311 £0.004 0.387
21 H. yedoensis 15 0.732 +£0.035 9 0.556  NSR N/A

22 H. yedoensis 15 0.539+0.068 14 0.500  NSR 0.278 +0.005 0.517
23 H. yedoensis 13 0.150 = 0.042 3 N/A N/A

24 H. yedoensis 9 0.247 +£0.082 3 N/A N/A

25 H. yedoensis 2 0.106 = 0.075 0 N/A N/A

26 H. axyridis 9 0.382 +0.041 17 0.000 MK N/A

27 H. axyridis 7 0.744 + 0.057 26 0.577  NSR 0.246 + 0.005 0.331
28 H. axyridis 7 0.918 £ 0.029 32 0.406  NSR 0.229 + 0.002 0.249
29 H. axyridis 6 0.786 £ 0.051 30 0.367  NSR N/A

30 H. axyridis 7 0.872 +0.058 28 0.393 NSR N/A

31 H. axyridis 8 0.841 +0.058 33 0.606  NSR 0.249 +0.003 0.296
32 H. axyridis 7 0.841+0.058 18 0.611 NSR N/A

33 H. axyridis 3 0.896 + 0.032 8 0.375 NSR N/A

34 H. axyridis 7 0.950+0.013 35 0.457  NSR 0.232 +0.003 0.244
35 H. axyridis 8 0.885 +0.047 25 0.400  NSR 0.219 +0.004 0.248
36 H. axyridis 5 0.926 +0.020 45 0.511 NSR N/A

37 H. axyridis 6 0.810+0.023 31 0.484  NSR 0.204 +0.003 0.252

*Broods 23, 24, and 25 were not included in the analyses because of the small number of adult progeny.
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