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Abstract

Ecological speciation is a process by which reproductive isolation evolves as the result of divergent
natural selection between populations inhabiting distinct environments or exploiting alternative
resources. Ecological hybrid inviability provides direct evidence for ecological speciation. To detect
ecological hybrid inviability, we examined survival rates to the second instar of F1 hybrids and back-
cross hybrids in a pair of sympatric phytophagous ladybird beetles, Henosepilachna niponica Lewis
and Henosepilachna yasutomii Katakura (Coleoptera: Coccinellidae: Epilachninae), reared on their
respective host plants, thistle [Cirsium alpicola Nakai (Asteraceae)] and blue cohosh [Caulophyllum
robustum Maxim. (Berberidaceae)], and on a common food plant, Japanese nightshade [Solanum
japonense Nakai (Solanaceae)]. Hybrid larvae reared on leaves of the Japanese nightshade always had
high rates of survival, irrespective of the crossing type of their parents, suggesting a lack of intrinsic
hybrid inviability between the two species. In contrast, survival rates on thistle and blue cohosh varied
greatly. On blue cohosh, the survival rate of F1 hybrids was nearly as high as that of H. yasutomii, but
on thistle, survival was significantly lower than of H. niponica. Survival rates of backcross hybrids on
the two host plants were intermediate between those of the parents, showing a reversed rank order of
different types of backcross hybrids on the two food plant species. These results suggest that ecologi-
cal hybrid inviability exists between H. niponica and H. yasutomii, although the two species do not
show intrinsic hybrid inviability. Thus, our study supports the hypothesis that H. niponica and
H. yasutomii underwent ecological speciation by divergent selection.

hybrid fitness (Coyne & Orr, 2004; Kawecki, 2004).

Introduction

Ecological speciation is defined as the process by which
reproductive isolation evolves as the result of divergent
natural selection between populations inhabiting distinct
environments or exploiting alternative resources (Mayr,
1942; Endler, 1977; Rice & Hostert, 1993; Schluter, 2000;
Rundle & Nosil, 2005). This divergent natural selection
may vield ecological hybrid inviability, in which the poor
adaptation of hybrids to either of the parental habitats
rather than intrinsic genetic incompatibility reduces
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Ecological hybrid inviability is a unique expectation of,
and provides direct evidence for, ecological speciation
(Schluter, 2000; Rundle & Nosil, 2005). However, only a
few studies have demonstrated ecological hybrid inviabil-
ity, distinguishing it from genetic incompatibility that can
result not only from ecological but also from non-ecologi-
cal speciation processes (Schluter, 2000; Rundle & Nosil,
2005). In phytophagous insects, ecological hybrid inviabil-
ity has been reported or suggested for the apple and haw-
thorn races of the apple maggot fly, Rhagoletis pomonella
(Walsh) (Linn et al., 2004), two host races of the golden-
rod gall fly, Eurosta solidaginis Fitch (Craig et al., 1997,
2007), and host races of the pea aphid, Acyrthosiphon
pisum (Harris), on alfalfa and red clover (Via et al., 2000).
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In the present study, we examined ecological hybrid
inviability in a pair of Japanese phytophagous ladybird
beetles adapted to different host plants. Henosepilachna
niponica (Lewis) (Coleoptera: Coccinellidae: Epilachni-
nae), feeding on wild thistles [Cirsium spp. (Asteraceae)],
and Henosepilachna yasutomii Katakura, feeding on blue
cohosh  [Caulophyllum robustum Maxim. (Berberida-
ceae)], are sympatric from southernmost Hokkaido (the
northern main island of Japan) to the middle of Honshu
(the central main island) (Katakura, 1981, 1997). Their
reproductive isolation has been studied in detail, mainly in
populations sampled at Nanae-cho, Hokkaido, Japan.
Katakura et al. have argued that the two species are repro-
ductively isolated solely by fidelity to their respective host
plants (Katakura et al., 1981, 1989; Katakura & Hosogai,
1994, 1997; Katakura, 1997), and subsequent field cage
experiments supported this view (Hirai et al., 2006). Exist-
ing evidence thus strongly suggests that H. niponica and
H. yasutomii have undergone ecological speciation. How-
ever, no previous study has detected ecological hybrid invi-
ability between these two ladybird species (Katakura &
Hosogai, 1994, 1997).

One way to partition total hybrid inviability into eco-
logical hybrid inviability and genetic incompatibility is
to compare the fitness of hybrids in the wild to that
under benign conditions, where ecological factors have
been removed (Rundle & Nosil, 2005). Another way is
to compare the fitness of the two types of backcrosses in
the respective parental environments. With this latter
approach, if there were ecological hybrid inviability, the
fitness of backcross progeny relative to each parental
species in its native habitat would be greater than that of
backcross progeny relative to each parental species out-
side its native habitat (Rundle, 2002). In the present
study, we estimated ecological hybrid inviability between
H. niponica and H. yasutomii by combining these two
approaches. We first compared survival rates between
progeny of backcrosses with the thistle-adapted species
(H. niponica) and progeny of backcrosses with the blue
cohosh-adapted species (H. yasutomii), to test whether
the reduction in hybrid fitness depends on differences
between the food plants. We then compared the results
with those obtained by rearing the beetles on an alterna-
tive food plant, Japanese nightshade [Solanum japonense
Nakai (Solanaceae)]. Japanese nightshade is used for the
laboratory rearing of larvae of both H. niponica and
H. yasutomii (Fujiyama & Katakura, 2002b). It is eaten
by adults of both species of ladybird beetle, even when
presented along with native food plants in a field cage
(Hirai et al., 2006), although no population of either
ladybird species has been reported feeding on Japanese
nightshade in the wild. We consider that the Japanese
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nightshade provides a ‘benign’ condition suitable for
detecting ecological hybrid inviability and for estimating
genetic incompatibility between H. niponica and H. yasu-
tomii.

Katakura & Hosogai (1994) previously reported no
reduction in survival of F1 hybrids between H. niponica
and H. yasutomii, compared with their parents, when
the hybrids were reared on the parental host plants. That
study, however, used ladybird beetles from around Lake
Ohnuma in Nanae-cho, Hokkaido, Japan, and Cirsium
kamtschaticum Ledeb (the commonest, most widespread
thistle species on Hokkaido) from Sapporo, where the
experiment was conducted, because the major host plant
of H. miponica in the Nanae area (Cirsium alpicola
Nakai) was not available in the Sapporo area. More
recent studies, however, have shown that the response of
thistle-eating ladybird beetles can vary with the species
of thistle or even among different individuals of the
same thistle species (Koizumi et al., 1999; Fujiyama &
Katakura, 2002a; Fujiyama et al., 2003; Koji et al., 2004).
Some studies on other phytophagous insects have like-
wise reported that the fitness of hybrids between host
races varies according to the species or genotype of the
host plant (Craig et al., 2007; Ferrari et al., 2008). There-
fore, in this study, we reexamined hybrid survival on the
thistle species actually utilized by H. niponica popu-
lations in the wild.

Materials and methods

In practice, it was very difficult to prepare enough high-
quality food plants to rear thousands of ladybird larvae to
adulthood. Therefore, we used the survival rate to the sec-
ond instar as a measure of fitness. Although this treatment
may limit our interpretation of the results obtained, we
consider the limitation to be minor, because essentially the
same results were obtained previously between survival to
second instar and survival to adulthood when the perfor-
mance of larvae was compared among H. niponica,
H. yasutomii, and their F1 hybrids (Katakura & Hosogai,
1994). Furthermore, in a pilot study conducted in 2003
with another set of sympatric populations of H. niponica
and H. yasutomii, we found a very strong positive relation-
ship between survival to the second instar and survival to
adulthood (N Kobayashi, N Fujiyama & H Katakura,
unpubl.) (Figure 1).

Food plants

Thistles (Cirsium spp.) are very diverse in Japan, with
many locally distributed species (Kadota, 1995). Popu-
lations of H. niponica usually utilize particular local spe-
cies of thistles. For this reason, we used the local thistle
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Figure 1 Relationship between survival to the second instar and
survival to adulthood on local thistle (Cirsium nipponicum) and
on blue cohosh for Henosepilachna niponica, H. yasutomii, F1 and
F2 hybrids, and backcross progeny. The experimental popu-
lations were from Sakunami, Tohoku District, northern Honshu
Island. Each symbol represents a particular cross. Offspring
(5-25) from 1 to 4 mothers were reared on either thistle or blue
cohosh for each cross.

species actually utilized by the population of H. niponica
studied in the wild (C. alpicola). We transplanted thistles
from around Lake Ohnuma in Nanae-cho (41°59'N,
140°37’E) onto the campus of Hokkaido University in
Sapporo (43°04'N, 141°20’E). In contrast, blue cohosh
(C. robustum) comprises a single species, subspecies, and
variety throughout Japan; hence, we used plants trans-
planted from the suburbs of Sapporo onto the university
campus. Plants of the Japanese nightshade (S. japonense),
a ‘common’ food plant of the two ladybird species
(Fujiyama & Katakura, 2002b), were derived from an
individual that originally grew on the campus of Hokka-
ido University and has been maintained through cuttings
for more than 10 years in a greenhouse at Hokkaido
University.

Beetles

Both H. niponica and H. yasutomii are univoltine in the
field. New adults emerge from mid summer to early fall
and hibernate from late fall to the next spring. Usually only
overwintered females oviposit, but both males and females
mate repeatedly during their lives, even before entering
hibernation (Katakura, 1981; Katakura et al., 1989). Two
or more generations per year can be raised under labora-
tory conditions.

In the present study, we used the laboratory-reared oft-
spring of overwintered beetles collected on their respective
host plants (H. niponica on thistle and H. yasutomii on
blue cohosh). Collected beetles and their offspring were
maintained in the laboratory by using Japanese nightshade
as the food plant. The experiments to examine survival on
each food plant were all conducted in the laboratory at
23 °C under a regulated light regime of L16:D8 photope-
riod indication.

All individuals were derived from 17 females and 22
males of H. niponica and 22 females and 18 males of
H. yasutomii. These stocks were collected in 2003 from
around Lake Ohnuma in Nanae-cho (41°59'N, 140°37'E
for H. niponica; 41°57'N, 140°39’E for H. yasutomii). The
collecting sites for the two species were approximately
5 km apart. We kept the beetles in transparent styrene
cases (15.5 x 8.0 X 2.0 cm), the bottoms of which were
covered with moist filter paper to maintain humidity.

Beetles of the two species were confined separately in
mass in the transparent styrene cases and were allowed to
copulate freely. From summer to autumn 2003, we col-
lected eggs from each species, reared the newly hatched lar-
vae, and obtained virgin adults. The virgin adults were
kept outdoors so that they would hibernate. In 2004,
unmated adults (five females and five males) for each of
four crosses (H. niponica X H. niponica, H. niponic X H.
yasutomii, H. yasutomii X H. niponica, H. yasutomii X H.
yasutomii) were confined in mass in styrene cases and were
allowed to copulate freely. From summer to autumn 2004,
we obtained virgin adults for crossing (H. niponica,
H. yasutomii, and F1 hybrids). We kept them outdoors so
that they would hibernate and used them for experiments
the following year.

Crossing

All crossing experiments were conducted in the laboratory
from late spring to early summer, using H. niponica,
H. yasutomii, and the two types of F1 hybrids (NY, hybrids
between H. niponica female and H. yasutomii male; YN,
hybrids between H. yasutomii female and H. niponica
male), all of which had emerged the previous year in the
laboratory and had hibernated outdoors. We prepared the
following 12 combinations of parental types (Table 1):
two conspecific combinations, two heterospecific combi-
nations, and eight types of backcross (i.e., H. niponica
female X NY male, H. niponica female X YN male, NY
female X H. niponica male, H. yasutomii female X NY
male, H. yasutomii female X YN male, NY female X
H. yasutomii male, YN female X H. yasutomii male, and
YN female X H. niponica male). Beetles were reared in
pairs in transparent styrene cases and fed fresh Japanese
nightshade leaves. Eggs were collected daily.
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Table 1 Number of individuals (and number of pairs of parents) used in the rearing experiment with Henosepilachna niponica (N) and H.

yasutomii (Y)

No. individuals reared on

Total (no. pairs

Beetle species (or type of hybrid) Japanese nightshade Thistle Blue cohosh of parents)
Henosepilachna niponica (NN) 124 125 125 374 (5)
Backcrosses to H. niponica
NN-NY hybrids 87 89 89 265 (5)
NN-YN hybrids 180 181 181 542 (5)
NY-NN hybrids 253 248 248 749 (5)
YN-NN hybrids 200 197 197 594 (5)
F1 hybrids
NY hybrids 189 189 189 567 (4)
YN hybrids 83 82 82 247 (4)
Backcrosses to H. yasutomii
YY-NY hybrids 66 63 63 192 (4)
YY-YN hybrids 93 97 97 287 (5)
NY-YY hybrids 194 189 189 572 (4)
YN-YY hybrids 136 150 150 436 (5)
H. yasutomii (YY) 206 206 206 618 (5)
Total (no. pairs of parents) 1 811 (56) 1 816 (56) 1 816 (56) 5 443 (56)

Larvae from the same parents were divided into three groups, each of which was reared on one of the three food plants.

Rearing

We divided newly hatched first instars from each egg
clutch (3-30 larvae per clutch) into three groups, and
reared one group on thistle leaves, one on blue cohosh
leaves, and one on Japanese nightshade leaves. Survival
rates to the second instar on the respective plants were
recorded for offspring from every pair of parents. Two to
10 egg clutches (3—66 larvae for each food plant) were
examined for each pair of parents. Two to 10 larvae were
reared in each case. In all, 5 443 larvae from 56 pairs of
parents were examined (Table 1).

Statistical analysis

For statistical analyzes, we used the software package r
2.9.0 (R Development Core Team, 2009) and treated the
12 combinations of parental types as five crossing types: H.
niponica, H. yasutomii, F1 hybrids, backcross hybrids with
H. niponica, and backcross hybrids with H. yasutomii. To
test the effect of each food plant on the crossing types, we
analyzed survival to the second instar with a mixed logistic
regression using the ‘Imer’ function (family = binomial,
logit link) in the Ime4 package (Bates et al., 2008), with the
five crossing types as fixed effects and parental pair as a
random effect nested within crossing type. We then com-
pared the alternative model to the null model without a
fixed effect by analyzing deviance with the ANOVA func-
tion (test = ‘Chisq’) to compute P- and y>-values. We per-
formed a subsequent post-hoc test using the sequential
Bonferroni method (Rice, 1989).

Results

When larvae were reared on leaves of the Japanese night-
shade, survival rates to the second instar were consistently
high (80% or higher) in H. niponica, H. yasutomii, and all
of the hybrids tested. No significant difference was
detected in the rate of larval survival on Japanese night-
shade among five types of cross (%* = 2.96, d.f. = 4,
P = 0.56) (Figure 2A). By contrast, survival rates on thistle
and on blue cohosh were variable among combinations of
parental types. Survival rates were significantly different
among the five types of cross depending on whether the
beetles were reared on thistle (y* = 67.58, d.f. =4,
P<0.001) (Figure 2B) or blue cohosh (x* = 78.14,
d.f. = 4, P<0.001) (Figure 2C). On thistle, H. niponica
showed a relatively high rate of survival (mean among
pairs = 66.3%), whereas H. yasutomii and backcrosses to
H. yasutomii showed extremely low rates (0-1.2%). The
survival rate of F1 hybrids on thistle was significantly lower
than for H. niponica, but was significantly higher than for
H. yasutomii and backcross hybrids with H. yasutomii
(8.2%). In backcross hybrids with H. niponica, the survival
rate on thistle was intermediate between that of H. nipo-
nica and F1 hybrids (49.1%), but was not significantly dif-
ferent from that of H. niponica. The survival rate of
backcross hybrids with H. niponica was significantly higher
than that of F1 hybrids. When larvae were reared on blue
cohosh, F1 hybrids and backcross hybrids with H. yasu-
tomii showed quite high survival (84.1 and 90.9%, respec-
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Figure 2 Mean (£ SEM) survival of Henosepilachna niponica, H.
yasutomii, and their hybrids on (A) Japanese nightshade, (B) this-
tle, and (C) blue cohosh. N, H. niponica; BN, backcross to H. nip-
onica; BY, backcross to H. yasutomii; Y, H. yasutomii. In (A), no
significant difference was detected (ns, non-significant). In B and
C, no significant difference was detected between crosses with the
same letter (post-hoc comparison using a mixed logistic regres-
sion, corrected with the sequential Bonferroni method;

o = 0.05).

tively), with no significant difference from H. yasutomii
(91.2%), whereas H. niponica showed the lowest survival
(3.2%). The survival rate on blue cohosh of backcross
hybrids with H. niponica was significantly lower than that
for H. yasutomii, but was significantly higher than that for
H. niponica (45.9%). Survival rate of F1 hybrids on thistle
was significantly lower than on blue cohosh (* = 393.98,
d.f. = 1,P<0.001).

Discussion

Previous studies have shown that H. niponica and H. yasu-
tomii achieve reproductive isolation solely through fidelity
to their respective host plants (Katakura et al., 1981, 1989;
Katakura & Hosogai, 1994, 1997; Katakura, 1997; Hirai
et al,, 2006), suggesting that these species underwent eco-
logical speciation. However, hybrid ecological inviability, a

unique possible outcome of ecological speciation, had not
been detected in this species pair. According to Katakura &
Hosogai (1994), F1 hybrids of H. niponica and H. yasutom-
ii performed as well as their parental species on both thistle
and blue cohosh.

The present study showed lower survival of F1 hybrids
only on thistle; F1 hybrids survived well on blue cohosh
but were nearly unable to grow on thistle. On thistle, the
survival rate of backcross hybrids with H. niponica was
higher than that of backcross hybrids with H. yasutomii.
The opposite result was seen on blue cohosh, where the
survival rate of backcross hybrids with H. yasutomii was
lower than that of backcross hybrids with H. niponica. The
reversed rank order of different types of backcross hybrids
on the two food plant species suggests that hybrid inviabil-
ity depends on differences between these food plants. In
addition, the consistently high performance on Japanese
nightshade of all types of beetles tested indicates that the
hybrids’ lower survival rates on thistle and on blue cohosh
are not because of intrinsic physiologic weaknesses deriv-
ing from the incompatibility between the different genetic
systems, but instead are because of a kind of ecological
hybrid inviability, specifically, a mismatch between hybrid
larvae and particular types of food plants. These results
thus provide solid evidence for ecological hybrid inviabil-
ity between H. niponica and H. yasutomii. This host-
dependent hybrid inviability supports the hypothesis that
H. niponica and H. yasutomii underwent ecological specia-
tion by divergent selection.

Our results for F1 hybrids between H. niponica and
H. yasutomii were different from previous results
(Katakura & Hosogai, 1994) in which F1 hybrids survived
as well as their parental species on both parental host
plants. Katakura & Hosogai (1994) used ladybird beetles
from Nanae-cho, Hokkaido, but used C. kamtschaticum, a
thistle species widespread on Hokkaido, instead of
C. alpicola, the local host plant of H. niponica at Nanae. In
contrast, we used transplanted C. alpicola plants. As the
responses of thistle-eating ladybird beetles can vary
according to the species of thistle or even among different
individuals of the same thistle species (Koizumi et al.,
1999; Fujiyama & Katakura, 2002a; Fujiyama et al., 2003),
this difference in results might be attributable to the
respective use of different thistle species in experiments,
although this needs further confirmation. The same
pattern of survival on blue cohosh (H. yasutomii = F1
hybrids > H. niponica) between this and the previous
study, and the consistently high survival on Japanese
nightshade in this study, refute the alternative possibility
that differences in the design and the execution of the rear-
ing experiment led to the result showing a reduction in
hybrid survival.



The present study also showed that ecological hybrid
inviability between H. niponica and H. yasutomii is asym-
metric. Survival rates of F1 hybrids were lower on thistle
than on blue cohosh. Furthermore, backcross hybrids with
H. niponica showed survival rates on thistle equal to or
lower than that of H. niponica, and survival rates on blue
cohosh lower than that of H. yasutomii. On the other hand,
survival rates for F1 hybrids and backcross hybrids
with H. yasutomii on blue cohosh were as high as for
H. yasutomii. Some plant chemicals are likely involved in
this asymmetry, but no data exist on the relationships
between host selection by the Henosepilachna beetles stud-
ied here and chemicals in their host plants. Chemical ecol-
ogy is a yet unexplored but promising field of study for the
system involving Henosepilachna beetles and their host
plants.

It is also not clear how much this asymmetric ecological
hybrid inviability contributes to reproductive isolation
between H. niponica and H. yasutomii in the wild. As
females of H. niponica and H. yasutomii lay eggs strictly on
their natal host plants (Hirai et al., 2006), there would be a
difference in mortality between the two types of F1
hybrids, if they occur, with higher survivorship for hybrids
derived from crossing H. yasutomii females with H. nipo-
nica males than for hybrids from the reciprocal cross. This
would result in much more gene flow from H. niponica on
thistle to H. yasutomii on blue cohosh than vice versa.
However, premating isolation between H. niponica and
H. yasutomii because of host fidelity has proven to be very
strong (Hirai et al., 2006), and natural hybridization is
extremely limited. Moreover, no evidence in support of
biased gene flow was obtained by analyzes of the mito-
chondrial COI gene (Kobayashi, 2000, 2004). Those ana-
lyses detected no current gene flow in four of five
sympatric or neighboring population pairs of H. niponica
and H. yasutomii, including the pair from Nanae studied
here, but suggested gene flow from H. yasutomii to H.
niponica in one pair.

Ecological hybrid inviability has been reported or sug-
gested for several closely related phytophagous insect pairs
(Matsubayashi et al., 2010). The apple maggot fly
(R. pomonella) has host races associated with apple and
hawthorn (Feder et al., 1994). Hybrids between these two
host races exhibit lower ability to respond to the odors of
the parental host fruits than their parents (Linn et al.,
2004). The goldenrod gall fly (E. solidaginis) has host races
adapted to two Solidago species, and multiple factors such
as hybrid inviability, temporal isolation, and habitat isola-
tion contribute to reproductive isolation between these
races (Craig et al., 1993, 1997). Craig et al. (1997, 2007)
have shown that hybrid inviability between Eurosta host
races is ecological, and is variable depending on the partic-
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ular species and genotypes of the host plants. The pea
aphid (A. pisum) feeds on alfalfa and red clover in North
America. F1 hybrids between two host-associated popu-
lations exhibit lower fitness than their specialized parents
on either of the parental host plants (Via et al., 2000). The
present study provides another example of ecological
hybrid inviability, host-dependent hybrid inviability in
Henosepilachna beetles.

Potential limitations of our study are that we investi-
gated survival only until the second instar and used a
low number of experimental replicates. In particular,
tracking survival only to the second instar ignores possi-
ble mortality in later instars. However, we consider that
this possibility was small, although not excluded (see
Material and methods and Figure 1). In the present
study, Japanese nightshade provided a ‘benign’ condition
suitable for detecting ecological hybrid inviability. We
note, however, that the ecological hybrid inviability we
detected in this study might not represent the overall fit-
ness of hybrids in natural populations, because not only
the quality of host plants but also many other ecological
factors may affect the fitness of phytophagous insects.
We need further studies on the ecology and life history
of sympatric populations of H. niponica and H. yasutom-
i to resolve these issues.
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