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Abstract. While most theoretical models for the evolution of ageing assume that duration of pre-adult development does not affect
the longevity, experimental data are still controversial and inconsistent. Here we examined the short-term and long-term pattern of
pre-adult development time and longevity in populations of the gypsy moth (Lymantria dispar) originating from either oak forest
(Quercus petrea), a suitable, or locust-tree forest (Robinia psedoacacia), a poor habitat. Using a full-sib design, we examined the
genetic correlations between traits found in larvae reared on oak or locust-tree leaves. We detected only negative and insignificant
genetic correlations, except for males from the Robinia population reared on oak leaves where the correlation was negative and sig-
nificant. Our results also showed that a population living 40 generations in the locust-tree forest exhibited a significantly higher lon-
gevity than the Quercus population, whereas a significant difference between these two populations in pre-adult development time
does not exist. The results are discussed in relation to the potential effect of stress selection in moulding the longevity of the gypsy

moth.

INTRODUCTION

Most contemporary theoretical models for the evolution
of ageing assume that duration of pre-adult development
does not affect the longevity (reviewed in Finch, 1990;
Rose, 1991; Charlesworth, 1994). However, there are still
advocates (e.g. Lints, 1988) of the developmental theory
of ageing which postulates that, in holometabolous
insects, pre-adult development time and lifespan are caus-
ally related. According to this hypothesis species-specific
ageing and longevity themselves require no evolutionary
explanation because they are the components of normal
development. Experimental support for this hypothesis
was thought to come from studies devoted to the analyses
of environmentally induced changes of pre-adult develop-
ment and adult longevity. However, these studies were
highly controversial and inconsistent. Some of them
indeed showed that pre-adult development time and adult
lifespan are causally related, but there were those indi-
cating autonomy of pre-adult development and senes-
cence (see review in Mayer & Barker, 1985; Tuci¢ et al.,
1998). For example, the first indication of the independ-
ence of the length of larval and adult periods stems from
the study provided by Northrop (1917) on Drosophila
melanogaster: though the larval phases were prolonged
twofold by diet restriction, the adult phase was
unchanged. Similar conclusions were drawn for early
experiments on the gypsy moth. Starvation of caterpillars
slowed larval development (about 50%) without altering
the duration of the adult period (Kopec, 1924).

In our previous study with the gypsy moth (Lazarevi¢
et al.,, 1998) we have found two contrasting results with
respect to the relationship between pre-adult development
and longevity. Females reared on a good host plant (oak
leaves) had a significant negative genetic correlation

between these two traits, whereas on a marginally suitable
host (locust-tree leaves) such correlation was absent
(males did not show a significant genetic correlation on
either host plant). Since Lymantria dispar is aphagous in
the adult stage, the absence of any link between pre-adult
and adult stages of development is counterintuitive.
Namely, in this holometabolous insect all metabolic
reserves are acquired prior to adult eclosion, so that the
hypothesis that pre-adult and adult phases might
somehow be connected seems a very plausible.

If we accept the view that mechanisms underlying
genetic correlations and response to selection are gener-
ally the same as those controlling the response to pheno-
typic manipulations (Partridge, 1992), then it could be
predicted that selection for pre-adult development time on
the locust-tree leaves will not affect the longevity of the
gypsy moth. However, the question arises if environ-
mental manipulations have the same phenotypic effects as
genetic variations, which ultimately constrain the evolu-
tion of pre-adult development and longevity and other life
history traits (Reznick, 1992; Chippindale et al., 1994,
Leroi et al., 1994; Tuci¢ et al., 1997).

The best solution for understanding short-term and
long-term relationships between pre-adult and adult dura-
tion appears to be laboratory evolution experiments (see
Rose et al., 1996 for general arguments). In the absence
of such experiments, the best strategy is to compare the
observed responses of pre-adult development time and
longevity to specific changes in the well-known natural
habitat and measure the effect on the phenotype by
manipulation of this specific agent under the laboratory
conditions. Few studies have examined naturally evolved
environment-specific differences in longevity and other
life history traits (see e.g., Tatar et al., 1997; Gottard et
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al., 2000; Dudycha, 2003). This approach has been
adopted in the present study.

Here we investigated the role of pre-adult development
in moulding longevity of the gypsy moth in two popula-
tions exposed to different environmental conditions. The
first population used in this study originated from a
mixed, predominantly oak (Quercus petrea), forest. The
second population has experienced locust-tree leaves
(Robinia pseudoacacia) as the exclusive food resource
for about 40 years. Locust-tree leaves are a poor food
resource. Therefore the overall aims of the present study
were to investigate the evolutionary responses of pre-
adult development time and longevity after extended
exposure of the gypsy moth caterpillars to the environ-
mental stress and undertake a comparison of the same
traits in a population with favourable food conditions.
Such an approach offers an insight into how selection
operates in natural systems.

MATERIAL AND METHODS

Populations and experimental conditions

The gypsy moth, Lymantria dispar L., is a serious defoliator
of forest, shade, and fruit trees in temperate areas of north-west
Africa, Europe, Asia and North America (Barbosa, 1978). The
moth feeds on over 500 species of trees and shrubs although
oaks are ranked as the the preferred food (Lance, 1983).

The gypsy moth is physiologically suited for adult aphagy
and females emerge with adequate energy reserves to develop
and lay most of their potential eggs. The females lay a single
egg mass and fertilization of these eggs is the product of a single
mating (Doane, 1968; Rossiter, 1987). Hence, all larvae hatched
from a single egg mass represent full-sibs.

Two populations are used in this study, referred to as “Quer-
cus” and “Robinia”. The first population (Quercus) was col-
lected in a mixed, predominantly oak (Quercus petrea L.), forest
at Despotovacke Sume (100 km southeast from Belgrade,
Serbia). Thirty egg masses were sampled randomly from oak
trees during December 1995. In order to remove pathogens and
parasites adhering to their surface, eggs were surface-sterilized
in 0.1% sodium hypochlorite solution for five minutes, rinsed in
distilled water for 10 min and then air dried. These eggs were
kept at a temperature of 4°C until the end of April the following
year when they were ready to hatch.

Eggs were hatched and larvae reared in 200-ml plastic cups at
23°C with a 16L : 8D regime. Five larvae in the first instar but
only one or two in the later larval instars were cultured per cup.
Fresh leaves (oak or locust-tree) were provided to the larvae
daily. Humidity in the cups and the freshness of the leaves were
maintained by botanical sponges of 3—4 cm® soaked with water.

The second population (Robinia) was collected at Backa Pal-
anka (about 150 km north-west from Belgrade, Serbia) in the
man-made forest consisting only of locust trees (Robinia pseu-
doacacia L.). The gypsy moth has inhabited this forest (Sidor &
Jodal, 1983) for about 40 years (since the gypsy moth is
univoltine species this is also the number of generations). In
December 1995, 35 egg masses were sampled randomly from
this population and cultured as for the Quercus population.

Measurement of pre-adult development and longevity

Quercus and Robinia caterpillars from each of collected egg
masses (i.e. full-sibs) were divided into two groups: one group
was reared on oak leaves and the other on locust-tree leaves.
Thus, a split-family two environment experimental design was
applied for the analyses of pre-adult development time and adult
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longevity. The pre-adult development time was defined as the
duration (in days) from caterpillars hatching to adult eclosion.
The longevity assay was performed using mated pairs in sepa-
rate cups. The number of dead adults was counted every day.
Experiments with each population were performed simultane-
ously, with all rearing cups randomly distributed in the experi-
mental room.

Data analyses

By using a mixed-model multiway analysis of variance we
tested the significance of the effects of four factors and their
interactions on the variation of pre-adult development and lon-
gevity. Factors were: population origin (Pop, fixed factor), sex
(Sex, fixed), rearing host plant (Host, fixed) and family (Fam,
random). Family was nested within population (Fam(Pop)).
These sources of fitness-related traits variation pointed to the
significance of genetic variation between (Pop) and within the
populations (Fam(Pop)), phenotypic plasticity in response to a
poor host plant (Host) and sexual dimorphism (Sex). Two-way
interaction terms showed the significance of genetic variation in
sexual dimorphism within (SexxFam(Pop)) and between the
populations (PopxSex) and genetic variation in phenotypic plas-
ticity within (HostxFam(Pop)) and between the populations
(PopxHost). According to Jaenike (1981) significant PopxHost
interaction is statistical evidence for the presence of population-
level host plant specialization. The biological meaning of
SexxHostxFam(Pop) interaction is that variation in phenotypic
plasticity differs between the sexes while PopxSexxHost inter-
action tests if host plant specialization evolved differently in
males and females.

All data analyses were performed using SAS, Release 6.06.01
(SAS Institute, 1985). The appropriate ANOVA models (fol-
lowing examination of normality and homogeneity of variance
assumption) were applied to log transformed data. For unbal-
anced ANOVAs, we used PROC GLM of SAS and Type III
sums of squares.

It is important to note that the calculation of appropriate F
values for random factors in a mixed-model ANOVA by SAS
tests random factors over their interactions. According to Fry
(1992) the result is that, when families (the random factor) are
reared on two hosts (the fixed factor) the family effect tested by
SAS model reflects the genetic correlation between hosts.

Genetic correlations between pre-adult development and lon-
gevity for each population, host plant and sex were calculated
from analyses of covariance as genetic covariance between two
traits (assigned as X and Y) standardized by their genetic vari-

ances
COV(xy)

IG=——ou—
JVao*Vay)

Broad-sense heritabilities for these traits were calculated from
one-way ANOVA (unbalanced full-sib design) according to
standard formula

2 _ 2%V
h - VG +Verror

RESULTS

Although pre-adult development time remains longer
and the lifespan of females and males shorter on the
locust-tree then on the oak leaves, it appears that the
gypsy moth population living 40 generations in the
locust-tree forest has experienced selection for fast pre-
adult development and longer adult life (Figs 1 and 2).
Compared with the Robinia population, females and
males from the Quercus population take longer to



|
(&)
]

Females Males

11

Quercus Robinia Quercus Robinia

(&)
o
IIII

LN
o
|

Pre-adult development time (days)
I
o
1

w
()]

Fig. 1. Pre-adult development time (means and standard
errors) of the gypsy moths from Quercus and Robinia popula-
tions reared on oak (open bars) and locust-tree leaves (black
bars).

develop on both oak and locust-tree leaves. However, sig-
nificant differences between the Quercus and Robinia
populations with respect to pre-adult development time
do not exist (Table 1). Since the significant population X
host interactions for fitness related traits are thought to be
statistical evidence for the presence of population-level
host plant specialization, it appears that trophic adaptation
in the Robinia population, through shortening of develop-
ment time of the gypsy moth on a poor host, is not yet
fully evolved. In contrast to pre-adult development time,
a three-way ANOVA revealed significantly longer life-
span in the Robinia than in the Quercus population (sig-
nificant Pop effect, Fy 1531 = 11.65, P < 0.001; Table 1). In
addition, the longevity data showed a population X host
interaction tending towards significance (Fi 531 = 3.68, P
=0.060; Table 1).

A significant family effect was detected only for the
pre-adult development time (P = 0.016 level). Since the
SAS version of the mixed-model ANOVA tests for the
among-environment covariance in family means (F =
MSFam(pop)/ MSHostXFam(Pop))g it follows that this term could

. Females Males

Longevity (days)

Quercus Robinia Quercus Robinia

Fig. 2. Longevity (means and standard errors) of the gypsy
moth from Quercus and Robinia populations reared on oak
(open bars) and locust-tree leaves (black bars).

not be used for testing hypothesis concerning cross-
environment heritability, but for the correlation between
the same traits expressed in larvae reared on different
food types. However, if an F-test for family effects was
computed using the mean square error as the denominator
i.e. F = MSrampop) / MSkror (“the Scheffe model”, Fry,
1992), genotype sources of variation were found to be
highly significant (at the 0.0001 level) for both traits (the
F values were 10.13 and 2.34 for pre-adult development
time and longevity, respectively).

Significant host x family interactions were found,
again, only for the pre-adult development time (Table 1),
suggesting the presence of genetic variation in phenotypic
plasticity i.e. sensitivity to poor host leaves. It is inter-
esting to note that both traits exhibited significant Sex X
Host x Fam interactions, which indicate that genetic sen-
sitivity to host species are specific for each sex.

The significant three-way interactions Pop x Sex X
Host observed only for longevity may be interpreted as
follows. Population differentiation with respect to lon-
gevity differs between sexes. The significant Pop x Host
interaction was found for females but not for males.

TaBLE 1. Mean squares (x10%) from three way ANOVA for pre-adult development time and longevity. Population (Pop), Sex and
Host are fixed factors. Family (Fam) is a random factor and is nested within population which is assigned as Fam(Pop). Significant

sources of variation are given in bold. df = degrees of freedom.

. Pre-adult development time Longevity

Source of variation

MS F Pr>F MS F Pr>F
Pop, df =1 1.88 2.58 0.113 28.05 11.65 0.001
Sex, df =1 27.15 165.27 0.000 2928.11 1142.57 0.000
Host, df =1 297.88 748.09 0.000 676.12 332.35 0.000
Fam(Pop.), df = 63 0.74 1.83 0.016 2.45 0.93 0.604
Host x Fam(Pop), df = 63 0.41 2.44 0.000 2.07 1.01 0.488
Sex x Fam(Pop), df = 63 0.17 1.00 0.495 2.61 1.28 0.169
Pop x Host, df =1 0.32 0.81 0.371 7.48 3.68 0.060
Pop x Sex, df =1 0.16 0.98 0.327 227 0.88 0.351
Sex x Host x Fam, df = 62 0.17 2.26 0.000 2.04 1.95 0.000
Pop x Sex x Host, df =2 0.02 0.12 0.885 7.30 3.62 0.032

Error (df) 0.07 (df = 1607)

1.05 (df = 1531)
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TaBLE 2. Heritabilities (+ S.E.) and genetic correlations between pre-adult development time and longevity. rg = genetic correla-
tions calculated on the family variance and covariance components. Significant heritabilities (within each trait) and correlations

(within each type of correlation) after making the sequential Bonferroni adjustment (at the 0.05 level) are given in bold.

Quercus population

Robinia population

Oak leaves Locust-tree leaves Oak leaves Locust-tree leaves

Development time

Females 0.537 +£0.158 0.862 = 0.166 0.794 £ 0.159 0.487 £ 0.139

Males 0.665 + 0.154 0.529 +0.154 0.941 +0.161 0.957 +0.160
Longevity

Females 0.227+0.137 0.810 +0.171 0.564 +0.150 0.231+0.109

Males 0.262 +£0.120 0.132+0.108 0.179 +£0.109 0.005 +£0.071
Correlation between traits (rg)

Females -0.254 +0.283 -0.385+0.123 -0.019 £0.164 —0.003 £ 0.264

Males —0.369 £ 0.201 —0.064 + 0.162 —0.912 +0.041 -3.21 £10.781

The broad sense heritability estimates for pre-adult
development time and longevity are presented in Table 2.
Several patterns were apparent. All heritabilities for pre-
adult development time were significantly different from
zero, whereas for the longevity data, significant herita-
bility was detected only for the two female groups:
Quercus females reared on the locust-tree leaves and
Robinia females reared on the oak leaves. It is important
to note that all heritability estimates, except those for the
male pre-adult development time and longevity in the
Quercus population, showed higher values on the novel
host. Hence, the genetic variances for pre-adult develop-
ment time and, to the lesser extent longevity, were lower
under conditions that were commonly encountered.

As for the heritabilities, one might expect the correla-
tion structure between pre-adult development and lon-
gevity to be host and population dependent. The genetic
correlations within each population and host were esti-
mated from one-way random ANCOVA and ANOVA
(Table 2). Since we have an indication of sexual differ-
ences with respect to the analyzed traits, genetic correla-
tions were determined for females and males separately.
In order to reduce the type I error rate among correlation
coefficients, we have used a sequential Bonferroni test
(Rice, 1989).

The general impression from Table 2 was that signs of
the genetic correlation coefficients were negative, indi-
cating that shorter pre-adult development time was
accompanied by longer lifespan and vice versa. However,
only one of these correlations, for Robinia males reared
on oak leaves, was significant. Hence, since we were able
to find a significant correlation between pre-adult devel-
opment time and adult longevity in only one out of eight
possible combinations of environment and genotypic fre-
quencies (two populations, two hosts and two sexes), it
could be concluded that links between these two periods
of the gypsy moth development are absent.

DISCUSSION AND CONCLUSIONS

The results of the present study suggest that the
Quercus and Robinia populations of the gypsy moth have
differentiated from each other with respect to adult lon-
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gevity. A population living for approximately 40 years in
the locust-tree forest exhibited significantly higher lon-
gevity than the Quercus population (Fig. 2). However,
though the observed pre-adult development in the Rob-
inia population was shorter than in the Quercus popula-
tion (Fig. 1), the statistical confirmation of this trend was
absent (Table 1). Similarly, data obtained from the short-
term experiments on the gypsy moth (Northrop, 1917;
Kopec, 1924; Lazarevic et al., 1998) also indicate the lack
of a causal relationship between adult longevities and pre-
adult development length. The short-term experiments
and the long-term data derived from natural populations
clearly show that the basic tenet of the developmental
theory (that pre-adult and adult stages in the holometabo-
lous insects are positively correlated) is not correct for the
gypsy moth. Notably, among the genetic correlations
from both good and poor environments (Table 2) we find,
although insignificant except in one case, only negatively
signed coefficients.

How then can the differences between the populations
with respect to adult longevity and the absence of appre-
ciable evolutionary response for pre-adult development
time in the Robinia population be explained? It could be
that in the Robinia population adult longevity was under
much stronger selection pressure than pre-adult develop-
ment time. Nonetheless, it appears that selection on adult
longevity could occur in the locust-tree forest. The ques-
tion is, of course, how aphagous adults experience any
direct selection for increased longevity?

The population differences in longevity could have
evolved as an indirect effect of adaptation of the gypsy
moth to a poor host. A lower nutrient content and a higher
tannin, flavinoid and alkaloid content of locust-tree leaves
compared to oak leaves (Barbosa & Kirschnik, 1987)
means that the gypsy moth should allocate resources
towards energy metabolism and defense rather than
towards growth and reproduction. If the unfavourable
effect of locust-tree leaves resulted in viability selection,
i.e. if only the fittest individuals survive to adults, this
increase in mean fitness could be evident in increased
adult longevity. Moreover, our ecarlier observation that
gypsy moth larvae reared on locust-tree leaves show



increased synthesis of glutathione (Peri¢-Mataruga et al.,
1997) suggests that selection in the locust-tree forest is
working to maintain defences against the pro-oxidative
toxicity of allelochemicals. The increased level of glu-
tathion and other components of the antioxidative defense
system raises the possibility that extended longevity of
the Robinia gypsy moth resulted through selection for
stress resistance. Harman (1956) was the first to formu-
late the free radical theory of ageing which is based upon
the premise that a single common process (free radicals
which generate oxidative stress) is responsible for ageing
and death. Subsequent authors have had a tendency to
define “stress selection” as one of the important determi-
nants of the evolution of life-history traits including lon-
gevity (see recent review in Parsons, 2003). For instance,
Dudas & Arking (1995) in Drosophila melanogaster and
Seslija et al. (1999) in Acanthoscelides obtectus, found
that extended longevity phenotypes formed by age spe-
cific selection showed increased expression of their anti-
oxidant defense system. More generally, resistance to a
variety of stressors (eg., starvation, thermal stress, UV
stress, anoxia, etc.) is correlated with longevity in many
species (Hoffmann & Parsons, 1991; Parsons, 2003).
Thus, if the evolutionary scenario outlined here is correct,
stress selection may explain the difference in longevity
seen in the Quercus and Robinia populations.

In our previous paper (Lazarevi¢ et al., 2002), with the
same Quercus and Robinia populations, we found
significant population x host interactions in traits such as
pre-adult viability, duration of pupal stage, relative
growth rate and gross growth efficiency. These indicate
that adaptation of the gypsy moth to a poor host is
ongoing, but, if the trophic adaptation means, among
other traits, shorter development time on a new host, why
did we not observe a significant response to selection for
short development in the locust-tree forest?

One possible answer is that forty generations of selec-
tion in the locust-tree forest could not produce a signifi-
cant response because the additive genetic variance for
this trait is small. Namely, it is well known from quantita-
tive genetics that if the additive genetic variance of the
trait under selection is small, a response is usually
obtained when the selection is sustained for very many
generations. Rate of development is notorious for its
small additive genetic variance (see recent review by
§e§1ija & Tucié, 2003). For this reason, artificial selection
experiments on holometabolous insects for fast develop-
ment are often unsuccessful or significantly less suc-
cessful than for slow development. Data presented in
Table 2, which indicate moderate-to-high heritability esti-
mates for pre-adult development and, especially increased
values on the locust-tree leaves for the Quercus popula-
tion, cannot be used as argument against the aforemen-
tioned statement. Even though that increased levels of
genetic variation are often found during stressful condi-
tions (reviewed in Hoffmann & Parsons, 1991), the basic
reason lies in the fact that these estimates are broad sense
heritabilities, i.e. they contain contributions from nonad-
ditive genetic variance, maternal and common-

environment effects, with an unknown contribution of
additive genetic variance. The additive genetic variances
in these estimates are small because, as pointed out by
Mather (1973), continued directional selection on a trait
would be expected, not only to decrease the additive
genetic variance, but to select for increased epistatic
genetic variance. Hence, when the genetic basis of a trait
is investigated under conditions that are commonly
encountered and those that are rarely encountered, epis-
tasis becomes increasingly important in the genetic vari-
ance of a trait when measured under novel conditions.
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