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Genetic and phenotypic variation in diet breadth in a 
generalist herbivore 
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Department of Entomology, Pennsylvania State University. University Park, Pennsylvania 16802, USA 

Summary 

The genetic and plastic components of polyphagy were investigated in a population of Lymantria dispar, the 
gypsy moth. A simple genetic experiment assessed the expression of (1) genetic variability in life history 
traits within each of four environments, (2) genetic variability in diet breadth, expressed as a change in the 
ranks of family performance across hosts, and (3) homeostasis (equivalent performance by a family across 
hosts) versus phenotypic plasticity (variable performance by a family across hosts). Sibs from each of 14 
families, randomly selected from a single population, were reared on four diets: two natural hosts - -  
chestnut and red oak, and two synthetic hosts - -  a standard laboratory diet and a low-protein version of this 
diet. Average population performance, measured in terms of development time and pupal weight, was 
better on standard laboratory diet than on low-protein diet, and was equal on chestnut and red oak for pupal 
weight, but better on chestnut oak for development time. Average population performance provided no 
information about the genetic component of host use ability. The gypsy moth expressed genetic variation in 
development time within each host environment and in pupal weight within natural host environments. 
Phenotypic plasticity was expressed by a significant number of families in development time and pupal 
weight across synthetic hosts and, to a lesser extent, across natural hosts. It was only across natural hosts 
that genetic variation in diet breadth was expressed, and this was confined to females. Genetic variability in 
diet breadth may be maintained in this species as a consequence of the unpredictability of its food sources. 

Keywords: Genetic variation; phenotypic plasticity; plant/herbivore interaction; diet breadth; host use 
ability; generatist herbivore; Lymantria dispar. 

Introduction 

The ability of a herbivore population to successfully use a variety of host plant species is a 
function of the genetic and plastic characteristics of population members.  The herbivore popula- 
tion can be made up of individuals or lineages (a) with very similar diet breadth - -  true 
generalists, or (b) with a narrower diet breadth than that of the population as a whole - -  
composite generalists (Fox and Morrow, 1981). The underlying characteristic which distinguishes 
these two generalist strategies is genetically based variation in diet breadth among families in a 
population (Gould,  1979; Mitter et al., 1979; Via, 1984). Consequently,  the only way to study the 
nature of the generalist habit is to examine the genetic basis of diet breadth. To date,  few studies 
have examined intrapopulation genetic variation for diet breadth (Futuyma and Peterson,  1985; 
Jaenike, 1985; Hare  and Kennedy,  1986). 

Characterization of the generalist habit is possible with analysis of variance ( A N O V A )  
methods which partit ion the phenotypic variation expressed by a population using a range of 
hosts into genetic (Family), environmental  (Host) ,  and genotype by environment interaction 
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( F x H )  components. Lack of significance for the F x H  term indicates true generalism (Via, 1984). 
Departure from true generalism toward composite generalism is accompanied by an increasing 
F x H  term. Variation across host environments within families yielding a significant Host term 
indicates phenotypic plasticity. The lack of variation across host environments within families 
indicates homeostasis and represents an underlying metabolic or behavioral plasticity that 
operates on traits whose expression precedes that of the performance trait measured. For 
example, phenotypic plasticity could be expressed for enzymatic reaction rates that are related to 
molting initiation. However, its expression could be masked by compensatory responses that 
have evolved to maintain homeostasis on a complex fitness character, such as development time. 
There is no a-priori adaptive value associated with the expression of plasticity or homeostasis 
(Schlichting, 1986). 

The distinction between composite and true generalism is predicated on the presence or 
absence of genetic variation in diet breadth. To illustrate the genetic and plastic basis of different 
expressions of generalism, let us examine norm-of-reaction plots and ANOVA results for six 
hypothetical populations (Fig. 1). A population of true generalists would exhibit no genetic 
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Figure 1. Norm-of-reaction plots for the response (fecundity) of six hypothetical populations to two host 
environments. Populations a-d exhibit true generalism; population f exhibits composite generalism with a 
well-defined polymorphism for host use ability; the host use ability of population e falls intermediate to true 
and composite generalism. 
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variation in diet breadth (indicated by parallel lines for family response to a range of hosts in Fig. 
la-d, and a non-significant F× H term). A population of true generalists may exhibit phenotypic 
plasticity (Fig. lc, d) or homeostasis (Fig. la, b). Further, genetic variation in life history traits 
expressed within a host environment can be expressed (Fig. la, d) or not expressed (Fig. lb, c) in 
a population of true generalists. 

Departure from true generalism is indicated by the presence of genetic variation in diet 
breadth. This variation represents the differential ability among families to perform on a range of 
hosts. Such variation is illustrated in Fig. le by crossed norm-of-response lines and by a 
significant F × H  term in the ANOVA model. Genetic variation in diet breadth supplies the raw 
material upon which selection can act to enhance or constrain the degree of polyphagy expressed 
by a herbivore population (Schmalhausen, 1949; Via and Lande, 1985). A population approaches 
composite generalism by the development of a well-defined polymorphism for diet breadth (Fig. 
lf), indicating extreme differences in diet breadth among families. As a family (i.e. lineage) 
moves toward dietary specialization, the slope of the norm-of-reaction line increases, indicating 
increasing differences in relative fitness on alternate hosts. 

The gypsy moth, Lymantria dispar, is a highly successful generalist throughout its northern 
hemisphere range (Forbush and Fernald, 1896; Mosher, 1915). Is this dietary flexibility due to 
homeostatic mechanisms for dealing with host variability, or genetic variation among population 
members in host use ability, or some combination of the two? I addressed this question with a 
simple genetic study of the responses of 14 families from a single population to four hosts. 

Methods 

Individuals used in this experiment were the sixth generation of a populatior~ collected in Devil's 
Hopyard, Connecticut. During the first four generations of captivity, the population was reared 
on a synthetic diet in the laboratory (C. ODell, personal communication); generation 5 was 
reared captively in the field on oak foliage in central Pennsylvania. The progeny of 14 females 
(from generation 5) were the subjects in this experiment. Since the sample population included 
only 14 families from a population that had been outbred (random mating among non-sibs) in the 
laboratory for five generations, the estimate of genetic variation in this laboratory experiment 
may represent only a fraction of the genetic variability in a field population. Hence, the results 
may be conservative. 

The gypsy moth is a univoltine insect that overwinters in the egg stage. The entire reproductive 
output of a female is represented in a single egg mass, and fertilization of these eggs is the product 
of a single mating (Doane, 1968). In April 1986, overwintering eggs were disinfected for 
pathogens (Magnoler, 1974), then warmed to 23°C for hatch. All larvae used in this experiment 
came from eggs that were laid in the central area of the egg mass and hatched during the peak 
period. This method ensures a nearly equal sampling of males and females (Doane and 
McManus, 1981). 

To do a full-sib analysis on the performance of 14 families reared on four hosts, 40 sibs of each 
mother were divided among four host treatments within 24 h of hatch. One set of diet treatments 
included two natural hosts: red oak (Quercus rubra L.) and chestnut oak (Q. prinus L.). Both 
species are preferred hosts and co-occur in the northeastern United States in stands of varying 
relative proportions. The source of foliage was a mixed species stand on Mount Nittany, Centre 
County, Pennsylvania. The other set of diet treatments were synthetic hosts: a wheat-germ based 
diet, the standard laboratory diet of the gypsy moth (ODeU and Rollinson, 1966) and a low- 
protein diet, the standard diet minus the casein (pure protein) component which normally makes 
up 15% of the diet by dry weight. The source of protein in this diet was the wheat germ. Since the 
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response of the gypsy moth to the protein level in the host environment is of evolutionary 
interest, investigation of genetic variation for response to artificially controlled protein levels was 
considered valuable. 

Within each host treatment, 10 sibs were reared together in 45 x 30 cm clear plastic enclosures 
(imelda boxes). For the standard and low-protein diet treatments, 70 ml of fresh synthetic diet 
was provided every week to larvae held in 800 ml containers. For the natural diet treatments, 
fresh foliage (two sprays) was provided every other day. The protocol for foliage feeding was as 
follows. On a given feeding day, all enclosures in a diet treatment received foliage collected from 
the same tree to minimize between-container variation in host quality. Over the season, 15 trees 
of each species served as foliage sources. Procedures for foliage changing are given in Rossiter 
(1987). Common-environment effects were minimized by housing the experiment in a single 
environment chamber, rotating the position of the enclosures in the chamber every two days, 
providing abundant food, and making the within-treatment food quality as homogeneous as 
possible for testing a natural host. 

Data were gathered on total development time (hatch to adult eclosion) and pupal weight 
(taken 48 h after pupation). These two life history traits are not significantly correlated (Rossiter, 
unpublished data). Pupal weight is positively related to adult vigor and is highly correlated with 
fecundity (r = +0.81, Rossiter et al., 1987). Throughout development, all larvae were kept in an 
environment chamber maintained at 23°C with a 16 h light:8 h dark photoperiod. Of the 560 
larvae, 400 survived to adult eclosion. Mortality attributable to natural causes occurred randomly 
among families and was more frequent on the natural host diets. The majority of the mortality 
was due to loss during foliage changing or because of handling injury. 

Statistical analysis 

Average performance on each of four host treatments was calculated for development time and 
pupal weight. Separate calculations were made for males and females because of sexual dimor- 
phism. To test for the expression of genetic variation within host environments, a one-way 
ANOVA was used to evaluate the contribution of Family to the total phenotypic variance 
measured on a particular host. The family effects include additive and non-additive genetic 
variation plus maternal effects. To test for genetic variation in diet breadth and for the presence 
of phenotypic plasticity versus homeostasis, a two-way ANOVA was used. Because the data were 
unbalanced (unequal cell size), approximate F tests were based on the Type III sums-of-squares 
calculated from a general linear models program (SAS Institute, 1982). The data were analyzed 
in two groups - -  natural hosts and synthetic hosts - -  because the combination of these two types 
of host is evolutionarily irrelevant to understanding the genetics of diet breadth. 

Results 

The average population response of males and females to each host is given in Table 1. Both 
synthetic diets resulted in significantly heavier males and females compared with natural hosts. 
Clearly, these natural hosts limit the insect's potential for growth. Of the two synthetic hosts, 
pupae from the low-protein diet treatment were significantly smaller (10% for males, 27% for 
females), and the low-protein diet resulted in longer development time (three days longer for 
both sexes). These results indicate that the protein component of a gypsy moth diet influences its 
potential for growth. On natural diets, there were no differences in pupal weight for males or 
females reared on chestnut and red oak. A red oak diet resulted in longer development time for 
females but not for males. Therefore, from a population viewpoint, chestnut oak was a slightly 
better host than red oak. 
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Table 1. Comparison of average response of males and females to four diets using analysis of variance. 

Males Females 

Development Development time 
Host n Pupal weight (g) time (days) n Pupal weight (g) (days) 

Regular lab 55 0.59 +0.01 a 61.9 +0.5 a 61 2.06 +0.06 a 66.0 +0.4 a 
diet 
Low-protein 57 0.53 +0.01 b 64.3 +0.5 b 59 1.51 +0.04 b 69.0 +0.4 b 
lab diet 
Chestnut oak 35 0.32 +0.01 c 61.1 +0.6 a 44 0.74 +0.03 c 66.6 +0.6 a 
Red oak 40 0.330 +0.005 c 61.8 +0.6 a 46 0.67 +0.02 c 69.0 +0.6 b 

Mean and standard error of the mean reported for pupal weight and development time. 
Numbers in a column that are followed by a different letter are significantly different (p < 0.05, Tukey's 
test). 

Expression of genetic variation in development  t ime and pupal weight was a function of the 
host environment .  When considering the hosts singly (Table 2), males expressed genetic variation 
for pupal  weight only on red oak  where mean family per formance  ranged f rom 0.26 to 0.38 g. 
Genet ic  variation in male deve lopment  t ime was expressed on all hosts except chestnut oak. 
Mean family per formance  of males ranged f rom 58 to 67 days on red oak,  60 to 68 days on low- 
protein diet, and 59 to 64 days on standard laboratory diet. Females expressed genetic variation 
in pupal  weight on red oak and chestnut oak,  where family means ranged f rom 0.52 to 0.84 g and 
0.54 to 0.91 g, respectively. Genet ic  variation in female development  t ime was expressed on all 
hosts except the low-protein diet. Mean family performance  of females was 59 to 68 days 
(standard diet), 62 to 72 days (chestnut oak)  and 65 to 75 days (red oak).  

Genet ic  variation in diet breadth  was not expressed across the synthetic hosts as indicated by 
the non-significance of the F x H  interaction term for each performance  trait in ei ther sex 

Table 2. Expression of genetic variation in pupal weight and development time in each of four host 
environments for males from 11 families and females from 14 families. 

Pupal weight Development time 
Host (p value) R 2 (t9 value) R 2 

MALES 
Regular 0.13 0.27 0.09 * 0.29 
Low protein 0.25 0.22 0.05 * 0.31 
Chestnut oak 0.44 0.30 0.17 0.40 
Red oak 0.003 ** 0.55 0.0002 *** 0.65 

FEMALES 
Regular 0.52 0.21 0.0005 *** 0.50 
Low protein 0.54 0.21 0.19 0.30 
Chestnut oak 0.07 * 0.41 0.006 ** 0.57 
Red oak 0.008 ** 0.53 0.005 ** 0.55 

p values given for the main effect (Family) for each one-way analysis of variance; g 2 for each model given. 
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Table 3. Two-way analysis of variance to test for significance of phenotypic plasticity and genetic 
variability in diet breadth expressed on two synthetic hosts by males and females. 

Pupal weight Development time 

Source of 
variation df Sum-of-squares F p Sum-of-squares F p 

MALES 
Family 10 0.145 2.00 0.04 396.5 3.46 0.0007 
Host 1 0.075 8.65 0.015 172.8 36.50 0.0001 
F x H 10 0.086 1.20 0.30 47.4 0.41 0.93 
Error 90 0.650 - - 1030.0 - - 

FEMALES 
Family 13 1.94 1.0 0.49 324.1 2.97 0.0012 
Host 1 6.71 48.4 0.0001 310.7 27.11 0.0002 
F x H 13 1.80 0.9 0.56 148.9 1.37 0.19 
Error 92 14.26 - - 771.2 - - 

p values are based on Type IV sum-of-squares. 
The R 2 for each model: pupal weight = 0.32 (male), 0.47 (female); and development time = 0.39 (male), 
0.50 (female). 
Family and F x H  are random effects; Host is a fixed effect. 

3). In corroborat ion,  the norm-of-reaction lines for development  time and pupal weight for 
females show a fairly uniform direction and magnitude (greater pupal weight and faster develop- 
ment time on standard diet) for all 14 families comprising the sample population (Fig. 2). 

In contrast,  genetic variation in diet breadth was expressed by females across natural hosts as 
indicated by a significant interaction term (Table 4). The norm-of-reaction plots for female 
development  time and pupal weight show that families did not maintain their performance rank 
across hosts (Fig. 3). In these plots it can be seen that some families ranked high on red oak but 
very low on chestnut oak,  as well as the reverse and, for a subset of the families, response to red 
and chestnut oak was nearly equal. 

Phenotypic plasticity was expressed for pupal weight and development  time across the syn- 
thetic host environments by males and females. This is indicated by a significant Host term in the 
two-way A N O V A  results presented in Table 3. The variable responses of family members  to 
standard and low-protein diets are shown in norm-of-reaction plots for female development  time 
and pupal weight (Fig. 2). Across natural hosts, males expressed homeostasis while females 
expressed plasticity for development  time and pupal weight (Table 4). For  female pupal weight, 
plasticity was indicated in the significance of the F x  H term. Here ,  the lack of significance of the 
Host  term is a consequence of the nearly equal mean and variance of the dependent  variable at 
the two levels of  the t reatment ,  in this case, similarity of population mean pupal weight on red 
and chestnut oak. 

Discussion 

From the similarity of average population pupal weight on red and chestnut oak, one might 
conclude that the gypsy moth was homogeneous  in its response to these preferred,  natural hosts. 
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Figure 2. Norm-of-reaction plots showing average sib response in 14 families to two synthetic host 
environments (a standard laboratory diet and a low-protein laboratory diet) in terms of female pupal weight 
and development time. 

Closer examination using simple genetic techniques showed that this was not the case. Rather, 
the sample population was made up of lineages which varied significantly in performance within 
hosts and varied significantly in diet breadth. While it is obvious that genetic information is 
needed to predict the trajectory of diet evolution, these results show that such information is also 
necessary for understanding the ecological nature and immediate implications of a herbivore's 
diet breadth. 

The results of this work highlight the importance of choice of host treatments in the measure- 
ment of genetic variation, and, more importantly, the role of the environment in the expression 
of both phenotypic and genetic variation. Had the experiment been conducted with only the 
synthetic host treatments, the condition of much research on this and other economically 
important insects, our conclusions about the presence of genetic variation expressed within and 
across hosts would be quite different. 

True or composite generalism? 

On the basis of the responses to two natural hosts, it appears that the gypsy moth is not a true 
generalist because females in the sample population expressed genetic variation in diet breadth. 
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Table 4. Two-way analysis of variance to test for significance of phenotypic plasticity and genetic 
variability in diet breadth expressed on two natural hosts by males and females. 

Pupal weight Development time 

Source of 
variation df Sum-of-squares F p Sum-of-squares F p 

MALES 
Family 10 0.038 2.45 0.017 293.8 3.35 0.002 
Host 1 0.002 2.30 0.16 13.1 1.89 0.20 
F x H 10 0.009 0.59 0.81 69.5 0.79 0.64 
Error 53 0.082 - - 464.5 - - 

FEMALES 
Family 13 0.477 1.93 0.04 458.6 3.68 0.0002 
Host 1 0.073 1.96 0.18 110.5 4.50 0.054 
F × H 13 0.485 1.97 0.04 319.3 2.56 0.007 
Error 62 1.180 - - 594.4 - - 

p values are based on Type IV sum-of-squares. 
The r 2 for each model: pupal weight = 0.42 (male), 0.48 (female); and development time = 0.54 (male), 0.60 
(female). 
Family and F×H are random effects; Host is a fixed effect. 

Males responded as true generalists. This sexual dimorphism in diet breadth may be the outcome 
of several processes. The first is related to body size. Females eat much more than males, growing 
2-3 times larger. Consequent ly,  the effect of  the host plant on growth is likely to be greater  in 
females. Second, conversion of host plant into body resources differs in that females convert  
some food into eggs while males convert  some food into muscle mass for flight. Host  quality may 
affect these metabol ic  pathways in very different ways. 

In termedia te  generalism may be typical of herbivore species known to use a variety of  hosts 
within a populat ion (i.e. Jaenike and Selander,  1979, 1980; Rausher ,  1984; Via, 1984). The  
expression of genetic variation in diet breadth across natural hosts in combinat ion with the 
homeostat ic  response of some of the highest ranked families (in terms of performance)  suggests 
that the gypsy moth,  while not a true generalist,  exhibits something closer to true than composi te  
generalism. This conclusion was based on an investigation of  the F × H  interaction with norm-of-  
reaction plots. The plots for female development  t ime and pupal weight on natural hosts provide 
no evidence for any tendency toward composi te  generalism. Rather ,  the sample populat ion 
includes a number  of  families that  per form similarly on both hosts (homeostasis).  Even for a 
family which per forms very differently on red and chestnut oak,  the performance  value on the 
worst host is not out of the range of values commonly  seen in the field (Rossiter,  1987; and 
personal observat ion) .  Consequent ly,  it is difficult to know whether  the magnitude of differences 
in diet breadth  exhibited in the sample populat ion would be sufficient to allow evolution in diet 
breadth.  Est imat ion of a selection coefficient is needed to predict the potential  for evolution of 
diet breadth.  

The position of a herbivore along the cont inuum between true and composite  generalism will 
depend on the product ion and maintenance of genetic variation in diet breadth.  The  maintenance 
of  genetic variability for diet breadth will depend on populat ion structure, environmental  
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heterogeneity, behavior, selection pressure and phylogenetic constraint. For L. dispar, the 
maintenance of genetic variability for host use within populations world-wide is most likely the 
product of several processes. The first is the experience of resource unpredictability (Hedrick et 
al., 1976; Mitter and Futuyma, 1983). For the gypsy moth this is the outcome of (a) passive 
airborne dispersal by first-instar larvae (Doane and McManus, 1981), (b) the frequency with 
which adult females oviposit on non-hosts, even in non-outbreak populations (Skaller, 1985; 
Rossiter, 1987), and (c) the depletion of preferred food resources during the outbreak phase of 
the population cycle (Leonard, 1974). These features of behavior and population dynamics may 
act to promote and maintain genetic variability. 

Second, maintenance of genetic variability may be due to interpopulation cohesion which can 
occur in the absence of processes which encourage differentiation. These processes include deme 
formation, the reduction of interdemic migration (Wright, 1940; Wade, personal communica- 
tion), and the reduction of genetic correlation in character expression across environments (Via 
and Lande, 1985). In L. dispar, the characteristic behavior and population dynamics reduce the 
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chances of genetic substructuring within a population and promote gene flow between popula- 
tions. These characteristics include: (1) frequent passive dispersal by first-instar larvae 
(McManus, 1973), (2) long-distance dispersal of adult males due to asynchrony in eclosion; 
within a population, males begin to emerge up to a week before females, Doane and McManus 
(1981), and (3) local extinction or founder effect that results from irruptive population dynamics 
(Lewontin, 1965; Eastei, 1985). Empirical support for the maintenance of genetic cohesion in this 
species is provided by Goldschmidt (1934); he showed that matings between geographically 
distant populations yielded healthy offspring. I suggest that these behavioral characteristics which 
discourage genetic substructuring and promote gene flow, form the foundation of the evolution- 
ary strategy used by members of this species - -  opportunistic colonization promoted by tremen- 
dous diet breadth. 

More research is needed on the nature of polyphagy in the gypsy moth. Clearly, there is a 
homeostatic component of this diet breadth, as indicated by the number of families that perform 
similarly on both natural hosts, and by the ability of individuals to switch hosts during develop- 
ment with little change in fitness (Barbosa et al., 1986; Rossiter, 1987). Data on the response of 
the gypsy moth to a greater range of natural host species would provide valuable information on 
the relative importance of genetic variation in diet breadth and the plastic versus homeostatic 
norm of response exhibited by lineages. 
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