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Genetic basis for different host use in
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The genetic basis for different host plant use was studied in a herbivorous ladybird beetle,
Epilachna pustulosa, that exhibits interpopulational variation in host plant utilization. It usually
depends on thistle, but one of the local forms occurs on both thistle and blue cohosh, which
differ at the infraclass taxonomic level. In this local population, genetic association between
the developmental performance on the two plants was neutral, suggesting genetic independ-
ence across the host plants. The form of reaction norms indicated some changes in relative
rank position. Genetic variation among individuals on each host plant was detected. These
results suggest that different genotypes are selected on different host plants and that a
substantial proportion of the overall phenotypic plasticity is contributed by genotype-depend-

ent environmental effects.
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Introduction

The evolution of herbivore—plant interrelation has
been a particularly contentious problem in ecology
and genetics (Futuyma & Peterson, 1985; Jaenike,
1990; Via, 1990). Much attention has been paid to
how the host range of a herbivorous insect is deter-
mined, for this is supposed to be a clear example of
the adaptation process. Adaptation to host plants is
dependent on the presence and nature of genetic
variation in behaviour and physiological perform-
ance. Therefore the elucidation of the genetic basis
for difference in habitat use, and habitat-related
fitness components, is a key to understanding the
course of insect—plant interaction.

Because selection operates on the whole pheno-
type rather than on individual characters, the genetic
covariance among characters substantially influences
the overall course of evolution. In the case where
both characters are under selection pressure, selec-
tion on one character can produce a selection differ-
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ential on the second character, resulting in changes
in their joint evolution (Lande, 1979; Via & Lande,
1985). Even in the absence of direct selection,
characters can undergo evolutionary changes as a
result of selection on correlated characters (Lande
& Arnold, 1983; Faiconer, 1989).

By regarding the fitness component on one host
plant as a character and the fitness component on
another host as a different character, genetic corre-
lation between the performance across the host
plants can be estimated (Via, 1984; Falconer, 1989).
The evolution of insect—plant relationships is signifi-
cantly influenced by this genetic correlation; with a
negative genetic correlation, selection for an
increase in a fitness component character on one
host plant would result in a decrease in the
analogous component character on the other plant
species. This trade-off in the performance may
further lead to the evolution of host-specialized
genotypes, which are more fit in one particular
habitat than other genotypes. On the other hand,
with a positive genetic correlation, selection would
lead to a population constitution where genotypes
with high performance on one host would also show
a high performance on the other. Thus, a difference
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in host habitat would cause little difference in
performance among genotypes.

The form of reaction norms, patterns of pheno-
type distributions produced by a single genotype
across environments, also has important implications
for the course of insect—plant interaction. If geno-
typic responses to the environment differ consider-
ably, then norms of reaction may cross, changing the
ranking of phenotypes (Stearns, 1992). Under direc-
tional selection for higher growth performance,
some genotypes would therefore be favoured in one
plant environment and different genotypes in the
other. Thus, in this way, different genotypes may be
selected in different host plant habitats.

The present study uses the herbivorous ladybird
beetle, Epilachna pustulosa, to investigate (1)
whether different genotypes are favoured in each
host plant environment, and (2) how characters are
genetically correlated across host plants, i.e. whether
their genetic correlations are negative and whether
possible trade-off relations are implicated.

Epilachna pustulosa exhibits interpopulational
variation in host plant utilization (Katakura, 1981,
Hoshikawa, 1983). It usually depends on the thistle
(Cirsium kamitschaticum, Asteraceae), but one of the
local forms, the Sapporo form, occurs on both thistle
and blue cohosh (Caulophyllum robustum, Berber-
idaceae), which differ at the infraclass taxonomic
level. Of the previous studies concerned with insect
genetic systems on closely related plant species, few
detected negative genetic association (Rausher,
1984; Hare & Kennedy, 1986; Fox, 1993). However,
different evolutionary consequences might be
expected when host shifts involve plants from
different families (Bush, 1969). The particular inter-
est in this study therefore was to ascertain the
genetic relationship between growth performance on
totally different host environments in Sapporo popu-
lations, where variation in host plant utilization is
most apparent.

Materials and methods

Epilachna pustulosa is a univoltine species. Over-
wintered adults were collected on thistles in a suburb
of Sapporo City in May and June 1994. Rearing
conditions were 22°C and 16L-8D throughout this
experiment. Pairs each consisting of one male and
one female were confined in separate plastic cases.
Virtually all females would have copulated and
stored sperm before overwintering (Katakura, 1982)
and additional copulations could have been possible
in late spring to early summer before collection.
Hence we started the experiment after we confirmed

at least three copulations for each male and female
pair. This was to ensure last-male paternity; last-
male sperm precedence (P2) in this species was
reported as 0.651-0.827 (Nakano, 1985). Assuming
the same sperm precedence pattern for the last
three successive copulations, the expected fertiliza-
tion success of previous males is 0.349° = 0.0425 at
most and 0.173* = 0.00518 at least.

For each female, 30 eggs were collected from
several egg clutches. In the following statistical
calculations they were regarded as full-sib progenies,
assuming complete last-male paternity. Of these 30
eggs, 15 were reared on thistle and 15 on blue
cohosh. Larvae were reared individually. Fresh host
plant leaves were supplied every other day. Larval
development period was checked daily. On the day
of pupation, fresh weight was measured to 0.0001 g
with a microbalance. After eclosion adult body
length was measured under a microscope to the
nearest 0.01 mm.

A mixed-model aNova was performed to detect
the contribution of factors to the total variation in
larval performance, setting family and interaction as
random, and sex and host as fixed effects. A mixed
ANOVA decomposes observed variances into variance
components as shown in Table 2. This analysis was
performed on three variables, larval period, pupal
weight and adult body length. The analysis also
provides statistical tests of genetic correlations for
the traits across the hosts. With the present statis-
tical procedure, the between-family variance directly
detects the covariance association term of the trait
across the host environments. Mean squares with
F-values above 97.5 per cent indicate significant
positive genetic covariation, whereas F-values below
2.5 per cent indicate significant negative genetic
covariation, at the 5 per cent level (Fry, 1992).

Two further aNovas were performed to evaluate
the between-family variance of performance on each
host plant separately.

Between full-sib family variances contain nonaddi-
tive sources of genetic variation, including domi-
nance and maternal effects. Furthermore, these
estimates may possibly be inflated by the variances
of the common microenvironment in the rearing
conditions. These values should therefore be
regarded as approximations of genetic properties but
they provide an upper limit of genetic variation.

Because genetic properties are not necessarily the
same for males and females, and some phenotypic
differences were actually observed for the relation-
ship between developmental period and adult body
size, genetic correlations were estimated separately
for each sex. Genetic correlation of the same trait
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across the hosts was estimated as ryy = Cov(X,Y)/
[Var(X)Var(Y)]"?, where Cov(X,Y) is the covariance
of family mean of the trait reared on one host plant
and family mean of the same trait reared on the
other host, and Var(X) is the variance of the family
mean in one host environment (Via, 1984). Jack-
knife procedure was used to calculate the correla-
tions with their standard errors (Sokal & Rohlf,
1981). Here the correlation was jackknifed with each
family omitted once so that the total number of
iterations was equal to the number of families. The
correlation coefficients were z-transformed for jack-
knifing procedures and transformed back to the
coefficient scale after obtaining 95 per cent confi-
dence limits for z-values.

Results

A significant difference in overall survivorship of
ladybirds was observed between host plants (G-test
of association between survivorship and host plant,
G, =182, P<0.001). Individuals reared on thistles
showed higher mortality rates than those on blue
cohosh (Table 1). Another G-test detected different
survivorship rates among families (G;=353.1,
P<0.001). Developmental characters were also
significantly influenced by plant resources (Table 1).
Those reared on cohosh showed a shorter devel-
opmental duration than those on thistle. However,
they achieved a larger aduit body size; beetles were
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significantly larger in body length and heavier in
pupal weight when reared on cohosh than were their
siblings raised on thistles. This between-plant differ-
ence in overall tendency was observed in both males
and females. Females were significantly larger and
heavier than male siblings, whereas larval periods
were not significantly different between the sexes.
Thus females achieved a larger body size than males
although the developmental periods were similar. In
contrast, duration of the pupal period was not influ-
enced by either host plant or sex. Consequently,
differences in total developmental time were almost
all attributable to differences in the larval period.

For all the characters estimated, larval period,
pupal weight and adult body length, mixed-model
aNovas detected significant family x host interac-
tions. By contrast, statistical tests for genetic correla-
tion using calculated mean squares from mixed-
model anovas detected no significant positive or
negative associations (Table 2). The actual F-values
were larger than 1, but not significantly so with a
two-tailed F-test at the S per cent level. F-statistic
values for 97.5 per cent and 2.5 per cent with (12,
12) degrees of freedom are Fyg5=0.305 and
Fops = 3.277, respectively.

A strong genotype x host interaction was detected
by the rank correlation plot. The correlation plot for
male body weight is shown in Fig. 1. Substantial
changes in relative rank position were observed in
some cases, and no significant rank correlations

Table 1 Percentage survival and means (standard errors) for developmental
traits in the herbivorous ladybird beetle Epilachna pustulosa reared on thistle

and blue cohosh

Host
Thistle Blue cohosh

Larval duration (days)

Male 25.0+0.3% (42) 19.8+0.2°(57)

Female 25.5+0.5% (37) 20.140.2° (63)
Pupal duration (days)

Male 6.11+0.1 (42) 6.24+0.1 (57)

Female 59+0.2(37) 6.21+0.1 (63)
Pupal weight (mg)

Male 35.6+0.8° (42) 44.240.6" (57)

Female 39.9+1.1° 37) 47.2+0.7° (63)
Body length (mm)

Male 6.116 +0.044° (41) 6.532+0.032° (57)

Female 6.351 £ 0.067° (36) 6.777+0.029° (62)
Survival to adult ( per cent) 39.5 61.0

Letters indicate significant differences (P <0.01) between host plant species
determined by an analysis of variance. Sample sizes are given in parentheses.
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Table 2 Analysis of variance of developmental traits in the herbivorous ladybird beetle Epilachna pustulosa reared on
thistle and blue cohosh

Larval duration Pupal weight Body length
Source EMS d.f. SS F d.f. SS F d.f. SS F
Sex ol +kQ, 1 8.368  3.129 1 379.602  18.075** 1 2037 35591**
Family o +kootm+ksot 12 218.066 1571 12 1452317 2435 12 359  2.074
Host 0% +keofan+ksOy 1 897.654 77.601** 1 2009.135 40.418** 1 5.392  37.315%*
Family x host ¢ +ksaf.n 12 138.812  4.325** 12 596.511 2.367** 12 1.734  2.534**
Error ol 172 460.067 172 3612232 168  9.617

Expected mean squares (EMS) were calculated as a mixed model, setting host (h) and sex (s) as fixed effects and family
(f) and family x host interaction (f x h) as random effects. Constants (k) vary from trait to trait depending on the total
number of progeny.

**P <0.01.

0.06 0.06 Table 3 Genetic correlation estimates in the herbivorous
ladybird beetle Epilachna pustulosa between the same
characters across different host plants with their 95 per
cent confident limits in parentheses (see text for details)

0.05 _1 L 0.05 Male Female
Larval duration —0.001 —0.324

(—0.392, 0.391) (—0.911, 0.721)
Pupal weight 0.071 0.190
0.04 - - 0.04 (—0.276, 0.402) (—0.552,0.762)
Body length 0.129 0.346
(—0.524, 0.686) (—0.216, 0.746)
All estimates are significantly different from complete
0.03 0.03 correlation (—1 or 1), but not significantly different
’ from 0.
Male pupal weight Male pupal weight
on blue cohosh (g) on thistle (g) (Table 3). All estimates were not significantly

Fig. 1 Variation among full-sib families for male pupal
weight. Mean pupal weight for each full-sib family on blue
cohosh is shown on the left axis with the corresponding
mean of sibs reared on thistle on the right axis. Lines
connect the means for each family. Nonparallelism is the
expression of genotype x host plant interaction.

were detected (male larval period: r, = 0.200,
P>0.05; pupal weight: r,=0.119, P>0.05; adult
body length: r,=0.077, P>0.05; female larval
period: r;=0.182, P>0.05; pupal weight: r, = 0.105,
P>0.05; adult body length: r, = 0.434, P>0.05).

The calculated genetic correlation was in agree-
ment with the above results. Estimated values of
correlation coefficients based on family means with
their 95 per cent confident limits are presented

different from zero, but were significantly different
from complete correlations (i.e. 1 or —1).

From the analysis of variance on characters of
ladybirds reared on thistles and blue cohosh separa-
tely, significant genotypic variation was detected in
each case (Table 4).

Discussion

The purpose of this study was to see how fitness
components on one host are genetically correlated
with analogous components on a different host, and
whether different genotypes are favoured in each
different host plant environment. With the expected
mean squares in the present statistical model, the
family main effect variance provides a statistical test
for the covariance term of the fitness components
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Table 4 Analysis of variance of developmental traits in the herbivorous ladybird beetle Epilachna pustulosa reared on
thistle (A) or blue cohosh (B) and tested on each host plant separately

Larval duration Pupal weight Body length

Source df. SS F df. SS F df. SS F

A. Thistle
Sex 1 14.708 3.379 1 1076.196 3.493* 1 0.502 6.505*
Family 12 230.318 4.410** 12 174.806 6.808** 12 3.936 4.252%*
Error 64 278.571 64 25.675 62 4.783

B. Blue cohosh
Sex 1 0.295 0.181 1 0.021 11.071** 1 1.586 34.807**
Family 12 94.624 4.827** 12 0.106 4.747** 12 1.492 2.728**
Error 106 173.157 106 0.197 106 4.784

*P<0.05, **P<0.01.

across habitat environments (Fry, 1992). No signi-
ficant effect was found in this study. The actual esti-
mates of genetic correlations were close to zero and
differed significantly from —1 and +1. Thus, both
analyses indicate no genetic correlation between the
fitness components on the two different host
environments. With these genetic properties, selec-
tion on the present physiological mechanisms would
neither facilitate nor reduce the ability to exploit the
other host plant.

The form of the reaction norms suggests some
changes in relative rank position when genotypes
were reared on the two hosts. Rank correlations
based on family mean variance were not significant
for any variable. On the other hand, among-family
variation was detected for all variables when statis-
tical analyses were made for each host resource.
Therefore, the present results would support the
idea that under directional selection for higher
values of the characters, different genotypes are
selected on different host plants, and substantial
genetic variation for growth performance is main-
tained among the individuals on each host plant.
These lines of reasoning indicate that substantial
portions of phenotypic plasticity result from geno-
type-dependent environmental effects.

One aim of this study was to see whether negative
genetic correlations are observed between growth
performance on totally different food plants in an
insect species that varies in host plant utilization.
The results indicate that the physiological systems
responsible for the growth performance on different
plants are genetically rather independent. Despite
the difference in host plant environments, trade-off
relationships were not found.

© The Genetical Society of Great Britain, Heredity, 78, 277-283.

Because the ability to exploit hosts is unlikely to
be constrained by the present physiological charac-
ters in this population, host plant utilization and
host range determination will primarily be influ-
enced by behavioural and ecological factors such as
oviposition preference (if one exists), migration
among host resources and abundance of host resour-
ces. This view is consistent with studies that stress
the role of behaviour in host determination
(Jaenike, 1978, 1990; Courtney, 1983; Iwasa et al.,
1984; Singer et al., 1988, 1989; Conner, 1991; Leder-
house et al., 1992). The genetic basis for these
behavioural factors and their associations with
physiological performance need to be investigated.

Genetic correlation between performance on
different hosts has been estimated in many species
(Rausher, 1984; Via, 1984; Hare & Kennedy, 1986;
Futuyma & Philippi, 1987; James et al., 1988;
Jaenike, 1989; Fox, 1993), but only a few revealed
the expected negative correlations (Via, 1991). One
explanation for the lack of negative correlation is
that the antagonistic relation is generally absent
between the performance on different hosts (Butlin,
1987; Futuyma & Philippi, 1987; Bernays &
Graham, 1988), no matter how different the chemi-
cal characteristics and physiological systems.

A negative genetic correlation is not necessarily
expected if the population has only recently shifted
to a host plant and the plant environment is still
novel to the population. At the beginning of the
insect—plant relationship, alleles affecting the growth
performance of insects on the novel host are
expected to be randomly associated with alleles
affecting the performance on the established hosts,
and negative genetic correlation is expected only



282 H. UENO £T AL.

when a population has reached genetic equilibrium
on two hosts (Joshi & Thompson, 1995). Although
at least 40 years ( = generations) have passed since
the Sapporo population was first observed to utilize
both of the plant species (Kurosawa, 1953; Kata-
kura, 1974), it is not certain whether the present
population has experienced sufficient selection in
both plant environments and reached a genetic
equilibrium.

Another explanation for the apparent lack of
negative genetic correlations might lie in the experi-
mental conditions used. Our conditions may have
unintentionally imposed selection on the experi-
mental population for overall viability in the novel
conditions (Service & Rose, 1985). This would yield
overestimates of genetic correlations, and any
discussion based on these estimated genetic proper-
ties may lead to erroneous conclusions. For this
reason, the results obtained should be interpreted
cautiously.

Variation in habitat use among local populations
is known in E. pustulosa. The population collected
from a suburb of Sapporo City indicates a close
association with blue cohosh, as shown in the
present study. Populations from other localities
appear to be dependent mainly on thistle, even
though blue cohosh is present in the locality (Kata-
kura, 1981; Hoshikawa, 1983). Thus, the insect—
plant relationship seems to be specific to each local
population. If the genetic structure of ladybird popu-
lations reflects host plant variation, comparative
study of genetic properties among different popula-
tions may provide us with evidence of local adapta-
tions and have implications for the potential of
herbivorous insects to coevolve with their host plants
(Michalakis et al., 1993).
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