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Abstract 

This work explores the possibility that constraints on genetic variation guide host 
shifts and are responsible for the evolutionary conservatism of host affiliation in 
phytophagous insects. To this end, we used full- and half-sib breeding designs to 
screen two species of the North American beetle genus Ophraella for genetic 
variation in larval and adult feeding responses to several host plants of other species 
of Ophraella. All the plants are in the family Asteraceae. In 0. conferta, we 
observed effectively no feeding response, and hence no genetic variation in response, 
to three of five test plant species; only those plants related to the species’ natural 
hosts evoked genetically variable responses. In 0. artemisiae, adults displayed 
genetic variation in response to a congener of the natural host, but not to two 
distantly related plants. However, significant variation among full-sib broods in 
larval feeding suggests the existence of nonadditive genetic variance in feeding 
response to all five species of test plants-although survival was very low on most 
of them. The results suggest that patterns of presence versus apparent absence of 
detectable genetic variation may be related to the chemical similarity of plants to 
the insects’ natural hosts, but not evidently to the phylogenetic history of host 
affiliation within the genus. Almost all genetic correlations in responses to host 
plants were not significantly different from zero; the few significant correlations 
were positive, and negative correlations that might explain host specificity were not 
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found. Our data do not explain why exclusive shifts to new hosts should occur, but 
the apparent lack of genetic variation in responses to some plants suggests that the 
direction of host shifts is genetically constrained. 

Introduction 

The host associations of specialized phytophagous insects provide plentiful 
examples of apparent “phylogenetic constraint”. Ehrlich and Raven (1964) listed 
tribes and subfamilies of butterflies in which larval feeding is confined, or almost so, 
to individual plant families, and many other phytophagous taxa display similar 
patterns. For example, among aphids, the Cinarini, Drepanosiphini, and Fordini, 
whose primary hosts are conifers, Aceraceae, and Anacardiaceae respectively, are 
but a few of many examples of phylogenetically conservative host associations 
(Eastop, 1977). Among gall midges (Cecidomyiidae), the holarctically distributed 
genera Celticecis and Polystepha are confined to Ceftis and Quercus respectively; the 
126 described species of Rhopalomyia, distributed over the Holarctic region and 
southern South America, are almost entirely restricted to Asteraceae, with a 
subgenus of more than 60 Holarctic species being restricted to the asteraceous tribe 
Anthemideae (Gag+ 1989). Such biogeographic patterns, as well as phylogenetic 
analyses and some palaeontological data, imply that many insect lineages have 
retained the same host association since at least the Oligocene, and probably in 
some instances since the Cretaceous (Mitter and Farrell, 1991). In many lineages, 
most changes in host association consist of shifts to plant species closely related to 
the ancestral host, commonly within the same plant family (Mitter and Farrell, 
1991). Ehrlich and Raven (1964) suggested that chemical and other similarities 
among closely related plants make such shifts more likely than adaptation to 
unrelated, chemically dissimilar plants - an instance of the gradualistic dictum that 
natura non facit saltum. 

For population biologists, accustomed to supposing that virtually all characters 
are genetically variable and should respond to sufficiently intense selection, such 
phylogenetic conservatism raises the question of whether there exist constraints, and 
how they might be characterized. The simplest constraint may arise from selection: 
the mean fitness of genotypes that colonize a very different plant is likely to be 
lower than that of genotypes that colonize plants similar to the normal (ancestral) 
host. But if, as must frequently have been the case since the Oligocene, the normal 
hosts of insect populations are extinguished, or if dispersing individuals fail to find 
plants similar to the normal hosts, selection should favor genotypes that are 
behaviorally and physiologically “preadapted” to quite different plants. A second 
constraint might be the “cost” of adaptation to a new plant, expressed as a negative 
genetic correlation between fitness on the normal host and the new host (Futuyma, 
1983; Jaenike, 1990; Via, 1990). But there is little evidence for such negative genetic 
correlations (Jaenike, 1990; Via, 1990; Futuyma and Keese, 1992) and again, they 
would not constitute a constraint if a population lacked access to its normal host. 
A third possible constraint, the simple absence of genetic variation in the capacity 
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to accept or survive on a new plant, is perhaps the least likely for many population 
biologists to entertain: “the simplest possible evolutionary constraint, viz. lack of 
genetic variation, would appear not to be important“ (Barker and Thomas, 1987:6). 
Nonetheless, instances are known in which lack of genetic variation appears 
responsible for the failure of populations to respond to selection (Bradshaw, 
1991). 

This paper is one of several reports (Futuyma et al., 1993 and in preparation) of 
a program of screening leaf beetles of the North American genus Ophraella Wilcox 
(Chrysomelidae: Galerucinae: Galerucini) for genetic variation in responses to 
plants on which they never naturally feed. As reasonable candidates from among 
the hundreds of thousands of such plant species, we choose those on which the 
congeners of a test species of Ophraella feed. The first, simplest, question addressed 
is whether each Ophraella species provides evidence of the genetic variation 
necessary to adapt to any of its congeners’ hosts. The second question is whether, 
based on a provisional phylogeny and inferred history of host shifts within the 
genus (Futuyma and McCafferty, 1990), patterns of presence versus apparent 
absence of genetic variation correspond to the postulated history of host shifts. For 
example, does a species with a host association that is locally plesiomorphic 
(ancestral) within the Ophraella phylogeny display genetic variation with respect to 
the apomorphic (derived) host plant of a close relative, but not with respect to the 
host of more distantly related species? 

Species studied 

We report here studies on Ophraella conferta (LeConte) and 0. artemisiae 
Futuyma (Futuyma, 1990), which, like other Ophraella species, feed exclusively on 
Asteraceae (Compositae). In northeastern North America, 0. conferta is univoltine; 
females overwinter with sperm stored from one or more matings, and lay eggs in 
spring on any of several goldenrods in the Solidago altissima complex, the sole 
known hosts of both the larvae and the adults. This species is one of a 
monophyletic group of three species associated with Solidago (tribe Astereae); the 
distribution of host associations across the phylogeny of Ophraella implies that 
association with Astereae, and perhaps with Solidago in particular, is ancestral for 
the genus (Fig. 1). The sister group of this monophyletic cluster is a single species 
that feeds on Eupatorium (tribe Eupatorieae), a derived host association. 

Ophraella artemisiae, known from Minnesota and Texas, has been recorded only 
from Artemisia Carruthii and A. ludouiciana (tribe Anthemideae). Its close relatives 
feed severally on Solidago, Chrysopsis (both Astereae), Ambrosia, and Zva (both 
Heliantheae, subtribe Ambrosiinae). Phylogenetic analyses by Futuyma and Mc- 
Cafferty (1990) and Funk et al. (in preparation) imply that 0. artemisiae is derived 
from an Ambrosiinae-feeding ancestor (Fig. 1). Ophraella artemisiae is multivoltine, 
so we have been able to obtain virgin females. In the univoltine 0. conferta, in 
contrast, we had to obtain progeny from wild inseminated females. 
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Fig. I. Estimated phylogeny of 12 of the 14 named species of Ophraella, based on Futuyma and 
McCafferty (1990) and on 900 bp of the mitochondrial cytochrome oxidase I and 16s rRNA genes (D. 
J. Funk et al., in preparation, will present methods and analysis). A basal clade including 0. pilosa, a 
“conferta clade” of 4 species, and an “artemisiae clade” of 7 species were obtained in both studies. Only 

the structure of the “artemisiae clade”, more fully and reliably resolved by the DNA sequence data, 
differed between the two studies. Shading of branches indicates the most parsimonious mapping of the 
host association character, with four states: Astereae, Eupatorieae, Ambrosiinae, Anthemideae. The 
principal hosts of the species, from the left, are arctica: Solidago multiradiata; hilineafa: Chrysopsis 
cillosa; communa: Ambrosia artemisizfolia, Iva axillaris; nuda: Iva axillaris; artemisiae: Artemisia 

ludoticiana; notulata: Iva ,fiutescens; slohodkini: Ambrosia artemisiifolia; conferta, sexvittata, cribrata: 
Solidago altissima complex; notata: Euparorium perfoliarum; pilosa: Aster spp.. Solidago bicolor. 

Materials and Methods 

For the experiments described below, Ophraella conferta was collected in May 
1990 in Oswego, New York, from Solidago altissima, and in May 1991 in Monroe 
County, Pennsylvania and Tompkins County, New York from the same host. 
Adults, pupae, and larvae of 0. artemisiae were taken on Artemisia ludoviciana on 
June 15, 1991 at the Cedar Creek Natural History Area, Bethel, Minnesota, the site 
of an ecological study of this species (Strauss, 1987). All the plant species used in 
the experiments are native natural hosts of Ophraella species, as detailed in the 
Discussion, except for Artemisia vulgaris, which is naturalized in eastern North 
America from Europe; 0. artemisiae can be reared on this plant. 

Beetles were reared and tested under fluorescent lights in a growth chamber at 
16/8 L/D photoperiod, 25”, ca. 50% RH, either individually in 55-mm clear plastic 
petri dishes or in 6.2-cm diameter clear plastic tubes enclosing plant cuttings 
inserted into vials of water through a hole in the bottom. Plant material, replen- 
ished every two days in dishes or as needed in tubes, was obtained from the field 
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(Stony Brook, New York) or (Chrysopsis, Eupatorium, some experiments with 
Ambrosia and Zua) grown from seed in a greenhouse. All feeding and survival tests 
utilized insects placed individually (except as noted below) in petri dishes lined with 
moist filter paper, and offered two or more 6-mm diameter discs, taken from at least 
two individual plants and thoroughly mixed before distribution to test subjects. We 
measure the leaf area consumed by counting ocular grid units with a dissecting 
microscope at 12 x ( 100 units = 12.96 mm*). Subjects were offered only one plant 
species at a time, except for some 0. conferta, to which several plants that elicited 
virtually no feeding were simultaneously provided (see below). The data on larval 
survival of 0. artemisiae were obtained by rearing larvae individually in petri 
dishes, kept in clear, closed plastic boxes with moist paper towelling to prevent 
dessication of leaf fragments, which were provided every two days. 

Analyses of variance were performed with the PROC GLM procedure of SAS. 
Type III sums of squares are used throughout. Consumption data (count + 1) were 
log,,-transformed before analysis to better approximate normality. Plants species is 
treated as a fixed factor, and sire and dam (or family) are treated as random 
factors. The mean squares obtained by SAS were tested for significance following 
Sokal and Rohlf (198 1, Chapter 10); pooling of mean squares followed guidelines 
in the same source (p. 285). 

Details of individual experiments are reported with the results for each species. 

Orphaella conferta: Main Experiment 

In the principal experiment, egg masses were obtained from females collected on 
23324 May 1991. Females store sperm over winter, and may mate multiply in 
spring, so each clutch is an unknown mixture of full- and half-sibs. Upon hatching, 
three larvae from each of 84 egg masses~were placed individually in dishes with leaf 
discs of one of five plant species: Chrysopsis villosa, Ambrosia artemisi$olia, 
Eupatorium peyfoliatum, Solidago bicolor, and the natural host Solidago altissima. 
Except for the Solidago species, the plants were greenhouse-grown. Most of the 15 
larvae required from each female hatched on the same day, between 1 and 5 June. 
Consumption was scored after 24 and again after 48 hours. These larvae were then 
discarded. From each brood, 12 other hatchlings were divided equally between two 
plastic tubes containing Solidago altissima, and reared to adulthood. During this 
period, there was no apparent depletion of food. Each individual, upon eclosion, 
was moved to a dish, and was sequentially presented with leaf discs of Chrysopsis, 
S. bicolor, Eupatorium and Ambrosia (together), and again Chrysopsis; each feeding 
trial lasted two days and was preceded by one day on S. altissima in order to allow 
feeding on the natural host, thereby reducing mortality and perhaps equalizing the 
level of motivation to feed on the several test plants. Consumption of S. altissima 
was not scored, but scoring of each of the other plants took place after 48 hours. 
The results of this experiment follow. 

Except for a few individuals that inflicted trace damage (perhaps exploratory 
bites), none of 234 larvae or 613 adults ate Ambrosia; no larvae ate Eupatorium, 
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and the mean consumption of the 14 (of 613) adults that left feeding damage on 
Eupatorium was only 2.1 units (range: l-8). (For comparison, in another experi- 
ment, the mean adult consumption of the natural host, S. aftissima, in only 24 
hours was 346 units.) Mean consumption of the other plants was higher (Tab. 1). 
Larval consumption differed among plant species, and showed significant variation 
among broods on both the natural host and on S. bicolor and Chrysopsis (Tab. 2). 
Adult consumption of S. bicolor, but not of Chrysopsis or Eupatorium, varied 
among broods (Tab. 3). A plot of raw data on larval consumption (not shown) 
revealed for Chrysopsis a modal value of zero, and for S. bicolor modes at O-10, 
31-40, and 81-90 units. 

Via (1984) has discussed alternatives for estimating genetic correlations among 
characters when each individual in a family is measured for only one or another 
character, as in our data on larval consumption of the several plant species. These 
alternatives yielded qualitatively similar results in Via’s (1984) data, but only the 
correlation of family means can be tested for significance. We calculated Pearson 
product-moment and Spearman rank correlations between test plants of family 
means of log-transformed consumption values. For larval consumption, no correla- 
tions among S. altissima, S. bicolor, and Chryopsis were significant except for a 
positive correlation between S. bicolor and Chrysopsis (rP = 0.229, p = 0.046; 
r, = 0.259, p = 0.022; n = 78). Ambrosia and Eupatorium were not included in this 
analysis, because consumption was zero. Correlations between adult consumption 
of S. bicolor, Chrysopsis, and Eupatorium were not significant, with the possible 
exception of the correlation between S. bicolor and the second Chrysopsis score, for 
which a significant Pearson correlation (rP = 0.236, p = 0.038, n = 78) was calcu- 

Table 1. Mean consumption by hatchling larvae and by adults of Ophraellu conferta, after 48 hours, of 
five plant species. Variate is the family mean of log,,-transformed consumption score (+ 1) of three 
larvae or a variable number ( <4) of adults per family. n = number of families. 

Larvae Adults 

Test plant 7 s.d. n ? s.d. n 

Solidago altissimal 4.032 0.6028 77 - - - 

Solidago bicolor 3.140 1.3894 78 0.622 0.3840 78 

Chvsopsis villosa 0.710 0.9847 78 0.3412 0.0817 78 

Ambrosia artemisiifolia 0.000 0.0000 78 0.000 0.0000 78 

Eupatorium pe$oliatum 0.000 0.0000 78 0.020 0.0410 78 

1 No adult test 

2 Fmt of two scores 
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Table 2. Analyses of variance of consumption of test plants by hatchling Ophruella conferta. A. 
Two-way analysis of effects of plant species and dam on 24-hour consumption. The mean square for 

plant species is tested over the interaction mean square. B, .C, D. Analyses of 48-hour consumption of 
S. altissima, S. bicolor, and Chrysopsis respectively. 

Source df MS F P 

A. Two-way analysis. 

Dam 

Plant species 

Dam X plant 

Error 

B. Solidago altissima 

Dam 

Error 

C. Solidago bicolor 

Dam 

Error 

83 3.0904 3.51 ~0.0001 

2 386.1013 193.29 ~0.0001 

155 1.9976 2.27 <O.OOOl 

471 0.8808 

76 0.2056 1.47 0.0231 

153 0.1399 

80 1.1155 

158 0.2965 

D. Chlysopsis wllosa 

Dam 

Error 

83 0.5312 

163 0.2868 

3.76 <O.OOOl 

1.85 0.0004 

lated; the Spearman rank correlation, however, was not significant (rP = 0.121, 
p = 0.292). The two Chrysopsis scores were not significantly correlated (rP = 0.182, 
p = 0.110). This is consistent with the lack of evidence for variance among families. 
(It is debatable whether or not genetic correlations should be calculated when 
genetic variances are not significantly greater than zero. Correlations are often 
calculated when this is the case [e.g., Via, 19841, because the best estimate of the 
variance is not zero, even if its confidence limits embrace this value [F. J. Rohlf, 
personal communication].) 
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Table 3. Analyses of variance of 24-hour consumption of test plants by adult Ophraellu conferru. Scores 
Chrysopsis( I) and Chrysopsis(2) were taken on days 3 and 12 after eclosion. Progeny of each dam were 
reared in two contanners.The dam mean square is tested over the pooled MS, following Sokal and Rohlf 

(1981, p. 285). 

source cif 

A. Solidago bicolor 

Driln 77 

COlItaillCr 66 

Error 547 

MS F P 

6.4420 1.71 <O.Ol 

3.4304 1.01 0.456 

3.3907 

B . Chlysopsi.s( 1) 

DZ3ltl 

container 

Error 

77 0.2063 0.95 >osoo 

67 0.1922 0.87 0.758 

556 0.2210 

C. Chysopsis(2) 

Danl 

container 

Error 

77 0.1116 0.77 >0.750 

66 0.1412 0.97 0.540 

446 0.1451 

D. Eupatorium 

Da!tl 77 

Container 66 

Error 494 

0.0516 

0.0373 

0.0472 

1.12 >0.250 

0.79 0.881 

Ophraella conferta: Ancillary Experiments 

Several other experiments, performed mostly to assess the likelihood of feeding 
responses, are relevant to our theme, although they lack explicit genetic content. 

1. In 1991, 774 hatchling larvae from 53 families were placed in a flat of 32 
Ambrosia plants, surrounded by a sticky barrier. Eight days later, no surviving 
larvae were found, nor was there evidence of feeding damage. Numerous corpses 
adhered to the barrier. 
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2. In 1990, groups of five hatchlings from each of 200 egg masses were placed in 
dishes with two discs of Eupatorium, Ambrosia, and Iva frutescens (together), and 
feeding was scored after 48 hours. The proportion of groups that did not feed on 
these three plants, respectively, was 0.86,0.84,0.87; within those groups that fed, the 
average consumption per larva was 1.6 units of Eupatorium, 1.2 of Ambrosia, and 
1.8 of Zva, which may be considered merely exploratory feeding, compared to 63.1, 
the mean consumption of Solidago altissima by 21 larvae tested at the same time. 

3. Also in 1990, we presented each of 265 wild-caught adults with, together, two 
discs of Eupatorium, Ambrosia, and Iva. The proportions that did not feed after 48 
hours were respectively 0.97, 0.97, and 0.99. Those that did feed consumed an 
average of 3.5, 4.4, and 54.0 (n = 2) units respectively, compared to an average 
consumption of 346 units of S. altissima after only 24 hours. We did a similar test 
with 191 laboratory-reared adults and found only trace feeding by two individuals 
on each of the three test plants. 

Experiments with Ophraella artemisiae 

Eggs were obtained from wild-caught adult females, representing an unknown 
mixture of full- and half-sibs, and from females collected as pupae and crossed in 
a half-sib design (Falconer, 1981), with two females (dams) mated to each male 
(sire). The natural host, Artemisia ludoviciana, does not occur near Stony Brook, 
but many females (series VL) from the controlled matings were kept on potted A. 
ludoviciana plants brought from the Minnesota collecting site until the females 
began to lay eggs. (Most of the A. ludoviciana foliage had been consumed by then.) 
They were then placed on terminals of the Eurasian A. vulgaris, on which they 
oviposited. A second series (VA) of females was placed directly on A. vulgaris. Both 
Artemisia species are thickly invested with pubescence, within which the female 
inserts eggs so that they are hardly visible. Eggs are laid in small numbers each day, 
rather than in a large clutch as in 0. conferta. The daily search for hatchlings for 
the feeding trials therefore included larvae that ranged in age from one to two days, 
and each female’s progeny were collected and tested over the course of as much as 
a fortnight. 

We report hatchling feeding trials for three groups of progeny. For progeny of 
each of 46 wild-caught females, we attempted to distribute five (individually) onto 
Ambrosia discs, four each onto Artemisia vulgaris, Eupatorium perfoliatum, and 
Solidago bicolor, and three onto Chrysopsis villosa; in some cases we exceeded and 
in other cases did not meet these goals. For the VL and VA controlled matings, our 
goal was to test four progeny of each female on each of five plants: A. vulgaris, 
Ambrosia artemisitfolia, Chrysopsis, Eupatorium, and Solidago altissima. Consump- 
tion was measured after 24 hours; thereafter, the larvae were kept individually in 
the dishes and a leaf fragment of the test plant was provided every two days. We 
present data on the number surviving to eight days of age. 

We obtained additional progeny of some VL and VA females, and distributed 
each brood between two A. vulgaris terminals. Rather few developed to adulthood, 
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in part because of an uncontrollable infestation of aphids on these field-collected 
plants. Upon eclosion, each adult was presented with leaf discs of A. vulgaris, 
Ambrosia, A. vulgaris again, and Chrysopsis, each for 48 hours, and consumption 
was scored. 

In addition to these experiments, we compared consumption of Artemisia vulgaris 
and the natural host, A. Zudoviciana, by wild-caught adults and their hatchling 
progeny. Each individual was offered two leaf discs of one or the other plant, and 
consumption was scored after 48 hours. In a preliminary trial, we also performed 
similar tests of small samples of wild-caught adults’ consumption of Solidago 
bicolor and Iva axillaris. 

Results for Ophraella artemis~ae 

None of 20 adults placed on Solidago bicolor or 40 placed on Zva axillaris 
consumed any leaf tissue. The mean larval consumption of Artemisia ludoviciana 
(194.6, s.e. = 22.69, n = 15; data not transformed) and of A. vulgaris (102.7, 
s.e. = 27.97, n = 14) differed significantly (t = 2.567, p < 0.01, one-tailed test). The 
mean adult consumption of A. ludoviciana (415.7, s.e. = 18.08, n = 25) and of A. 
vulgaris (391.4, s.e. = 20.80, n = 23) also differed significantly (t = 1.772, p < 0.05). 

Consumption of five test plants (A. vulgaris, Ambrosia, Eupatorium, Chrysopsis, 
S. altissima) by hatchling progeny of 46 wild-caught females showed significant 
effects of dam, plant species, and dam x plant interaction; as in the experiment 
reported next, significant variation among dams was found for A. vulgaris, Am- 
brosia, and Eupatorium. 

Data from the controlled (half-sib) matings show that of the test plants, 
Artemisia vulgaris evokes the greatest, and Solidago altissima the least, amount of 
feeding (Tab. 4). Analyses of larval consumption (Tab. 5) show significant effects of 

Table 4. Mean consumption of test plants by larval and adult Ophraella artemisiae (raw scores). Entries 
are mean, standard error, and sample size. Series VL and VA are from parents kept on Arremisia 
ludoviciana and A. vulgaris respectively (see text). 

plant 

Artemisia 

Ambrosia 

Eupatorium 

Chvsopsis 

Solidago 

Larvae Adults 

VL series VA sties VL+VA 

f s.e n 5 s.e. n 9 s.e. n 

17.01 0.8081 173 17.84 1.6170 62 196.54 11.1960 177 

8.53 0.6960 174 8.79 1.5141 63 64.81 8.6656 169 

0.76 0.1606 156 0.60 0.2122 57 -w __ -- 

0.99 0.2224 149 0.60 0.2060 52 12.66 3.0959 130 

0.12 0.0598 127 0.00 0.0000 50 __ -- -- 
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Table 5. Analyses of variance of log-transformed hatchling feeding scores in Ophraellu artemisiue. A. 

Full hierarchical analysis for series VL, VA, and combined VL + VA. B, C, D, E, F: Nested analyses of 
variance for each of 5 test plants (hosts). Column “D” lists mean squares used in F tests. S, D(S), H. 

E = sire, dam(sire), host, error. 

VL series VA series VL f VA series 

Source df MS D F df MS D F df MS D F 

A Hierarchical analysis 

s 26 0.2334 D 0.8’ 10 0.2092 E 1.8’ 31 0.2216 D 0.93 

D(S) ‘7 0.2870 E 2.67**** 5 0.0674 E 0.58 22 0237’ E 2.16*** 

H 4 31.5516 E 293.53**** 4 10.8564 E 94.1 I”*** 4 41.95’9DXH 206.03**** 

SXH 95 0.1232 DXH 0.50 34 0.1888 DXH 2.51* 133 0.1366DXH 0.67 

DX H 58 0.2479 E 2.31**** 20 0.0751 E 0.65 78 0.2036 E 1.86**** 

E 578 0.1075 210 0.1154 788 0 1096 

B. Artemitia vulgaris 

S 26 0.1502 D 0.64 

D(S) 17 0.2355 E 1.78* 

E 129 0.1325 

C. Ambrosia artemuiifolia 

S 26 0.3600 D 0.55 

D(S) ‘7 0.65’3 E 2.92**** 

E 130 0.2232 

10 0.3007 D+E 1.97l 37 0.1869 D+E 1.27 

5 0.0172 E 0.10 22 0.1859 E 1.3’ 

46 0.1677 175 0.1418 

10 0.4480 D+E ‘72 37 0.3740 D 0.66 

5 0.2618 E 1.01 22 0.5628 E 2.42**** 

47 0.2599 ‘77 0.2330 

D. Eupatotium pefloliatum 

S 26 0.8828 D 0.79 

D(S) 16 0.1119 E 1.92* 

E 165 0.0582’ 

10 0.0947 D+E 2.00’ 35 0.0881 D 1.01 

5 0.0102 E 0.20 21 0.0877 E 1.55 

41 0.0520 156 0.0566 
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Table 5 (continued) 

E. Chtysopsis villosa 

S 24 0.0730 D 0.44 7 0.0373 D 0.47 32 0.0637 D 0.44 

D(S) 14 0.1667 E 2.11* 5 0.0788 E 1.42 19 0.1436 E 1.97* 

E 110 0.0789 39 0.0555 149 0.0727 

F Solidago altissima 

S 21 0.0252 D 0.47 -- 2 

D(S) 11 0.0532 E 7.73**** _- 

E 94 0.0069 _- 

29 0.0188 D 0.51 

16 0.0366 E 7.40**** 

131 0.0049 

1 Slightly >o.os 

2 No feeding 

* p < 0.05, *** p c 0.005, **** p < 0.001 

dam, host, and the dam x host interaction; significant dam effects were detected, in 
series VL, VA, or both, for consumption of all five test plants. Sire effects (Fig. 2) 
were not significant. 

Consumption of three test plants by adults from the controlled matings (Tab. 6) 
showed significant effects of sire, host, and sire x host interaction, and, in analyses 
of the plants separately, a significant sire effect on consumption of Artemisia but 
not the two other plants. No dam effects were detected. 

The proportions of larvae that survived to eight days were 0.67 on Artemisia 
(n = 309), 0.57 on Ambrosia (n = 294), 0.04 on Eupatorium (n = 250), 0.09 on 
Chrysopsis (n = 240), and 0.00 on Sofidago (n = 217). The analysis of variance by 
family (Tab. 7) confronts the problem that each family presents a single value 
without replication. On the assumption of no significant family x host interaction, 
the mean square calculated for this term may be used as an error mean square to 
test main effects (Sokal and Rohlf, 1981: 344-348). This test provides evidence of 
significant effects of both dam and test plant. 

Of our estimates of genetic correlations for three adult and ten larval combina- 
tions of test plants (Tab. 8), one is significant for the adult data and two are 
significant for the larval data. Of these two, one is a significant correlation across 
dams and the other across sires. In both cases, the product-moment correlation is 
significant but the rank correlation is not (although p - 0.05 in one case). All the 
significant correlations are positive. 
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Table 6. Analyses of variance of log-transformed consumption of test plants by adult Ophraella 

artemisiae, half-sib breeding design. Column “D” lists mean squares used in F tests. A. Full analysis. B, 
C, D. Analyses of consumption of individual plant species. Notation as in Table 5. *p < 0.05, ***p < 0.01, 
****p < 0.0001. 

Source df MS 

A. Hierarchical analysis 

S 23 1.3554 

D(S) 10 1.0629 

H 2 47.9858 

SxH 45 1.1645 

DxH(S) 17 0.6657 

E 378 0.7655 

B. Artemisia vulgaris 

S 23 1.7402 

D(S) 10 0.6687 

E 143 0.8075 

C. Ambrosia artemisiifolia 

s 23 1.2130 

D(S) 9 1.3754 

E 136 0.9761 

D. Chrysopsis villosa 

S 22 0.7490 

D(S) 8 0.4565 

E 99 0.4155 

D F 

D+E 1.75* 

E 1.39 

SXH 41.21**** 

@xH)+E 1.53* 

E 0.87 

D+E 2.18*** 

E 0.83 

D 0.88 

E 1.41 

D 1.64 

E 1.10 
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Fig. 2. Sire means of consumption of four plant species by hatchling larvae of Ophraella artemisiae. The 

progeny of each sire (each mated to two dams) were divided among five test plants; none ate Solidago 
alfissima, which is not shown. These data did not yield a significant sire term in the analysis of variance 
(Table 5, “VL + VA series”). AV, AMB, CHR, EUP = Artemisia vulgaris, Ambrosia artemisiifolia, 
Chrysopsis villosa, Eupatorium perfoliatum. 

Survival to adult eclosion occurred only on Artemisia and Ambrosia. The mean 
dry weight of a sample of adults reared on Artemisia vulgaris (71.68 g x 10P2; 
s.e. = 1.979, n = 69) was significantly greater (t = 7.79, p < 0.001) than that of a 
sample reared on Ambrosia (47.65; s.e. = 2.032, n = 37). Too few families yielded 
survivors on both plants to allow estimation of genetic correlation. 

Table 7. Analysis of variance of proportion (arcsin transformed) of larvae of Ophraella arfemisiae 
surviving to eight days on five plant species (hosts). Main effects are tested over the interaction mean 
square, interaction assumed absent (see text). 

Source df MS F P 

DiWtl 85 0.1928 1.48 c 0.01 

Host 4 16.4882 126.93 < 0.001 

Dam x Host 270 0.1299 
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Table 8. Correlations of family means of log-transformed consumption of test plants. Cells above and 
below the diagonal include larval and adult consumption respectively. Each line presents the Pearson 
product-moment correlation, the Spearman rank correlation, and the sample size (number of family 

means). The upper line in each larval cell is calculated from dam means in the VL series and the lower 
line from sire means in the combined VL and VA series. Adult correlations are based on dam means. 
Amb, Art, Chr, Eup, Sol are respectively Ambrosia, Artemisia vulgaris, Eupatorium, Chrysopsis, Solidago 
altissima. 

Amb 

Amb Art ClU EUP Sol 

- 0.14, 0.08 (44) -0.19, -027(39) 0.40*,0.25 (41) 0.15, OM(33) 

0.18, 0.22 (38) -0.01, -0.03 (33) 0.11, 0.17(36) 0.18, 0.05 (31) 

Art -0.10, 0.01 (33) -- 0.25, 0.27(39) 0.06, O.Ol(41) 0.06, 0.18(33) 

0.23, 0.24(33) -0.02, -0.04(36) 0.09, 0.21 (31) 

Cbr 0.65**, 0.44*(31) 0.23, 0.23(31) - -0.00, 0.05 (39) -0.01, -0.09(33) 

-0.12, -0.14(33) 0.40+, 0.361 (31) 

EUP no test no test no test -- -0.18, -0.26(33) 

0.01, 0.02 (31) 

lp = 0.05, *p < 0.05, **p <O.OOl 

Discussion 

Conservative characters, whether revealed by the fossil record or, as in the case 
of insect host associations, by phylogenetic analysis, have been explained by 
stabilizing selection or by genetic/developmental constraints. Stabilizing selection 
appears inadequate to explain many ecological and geographical range limits of 
species, which bespeak failure of adaptation despite long-continued selection among 
countless propagules (Bradshaw, 1991). Such instances might be explained by 
absence or paucity of relevant genetic variation (Bradshaw, 1991), or by “trade- 
offs” arising from conflict between adaptations to different resources or habitats. 
The genetic manifestation of trade-offs should be negative genetic correlations in 
fitness on different resources. Negative genetic correlations can be viewed as 
antagonistic “internal selection”, or as a lack of independent genetic variation in 
two or more characters. Genetic correlations less than 111 do not prevent a 
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population from ultimately attaining a joint optimum, but they may greatly retard 
evolution, alter its trajectory, affect the final outcome if there exist multiple stable 
equilibria (Via and Lande, 1985). 

Specialization in many phytophagous insects is immediately maintained by 
stabilizing selection owing to inferior performance on most plants other than the 
species’ natural hosts, as is evident in our trials with both species of Ophraellu. But 
directional selection for adaptation to other plants should frequently occur among 
dispersing insects or when food plants become rare. The usual course of evolution 
in Ophraella, as in many other groups of specialized insects, is not expansion of 
diet, but a shift of host: almost every Ophraellu species is a specialized feeder on a 
different plant. It has been common to explain such shifts by invoking different 
(and by implication mutually exclusive) responses to plant stimuli (Dethier, 1970) 
or trade-offs in insects’ physiological capacities to process different plant-specific 
secondary compounds (e.g., Dethier, 1954; Ehrlich and Raven, 1964). 

However, with few exceptions (e.g., Via, 1991), genetic correlations in perfor- 
mance on different host plants appear to be nonsignificant or positive, rather than 
negative (Futuyma and Philippi, 1987; Jaenike, 1990; Futuyma and Keese, 1992). 
This has been true even in the few instances in which insects have been tested on 
plants or compounds other than their natural hosts (James et al., 1988; Karowe, 
1990, 1992), experiments which Rausher (1988) suggested might be more likely to 
yield evidence of trade-offs than experiments utilizing only natural hosts. The data 
reported in this paper, although addressing only the possibility of trade-offs in 
behavioral responses, conform to this pattern: we find little evidence for negative 
correlations. We cannot yet say whether, in Ophraellu and other insects, (1) 
trade-offs in behavior or physiology really are rare, and host switches are driven by 
other sources of selection such as predation (Bernays and Graham, 1988); (2) 
negative genetic correlations exist but are obscured by genetic variation in “vigor” 
(Futuyma and Phillippi, 1987; Jaenike, 1990; Fry, 1993); or (3) negative genetic 
correlations exist, but not among the genotypes normally present in a population. 
Trade-offs in characters required for high fitness on two different plants may 
become evident only over a broader range of character values, as after the mean is 
substantially shifted by selection. 

Might an absence or paucity of genetic variation constrain the evolution of host 
associations? In Drosophila and other organisms, almost all characters seem to 
display heritable variation (Lewontin, 1974; Mousseau and Roff, 1987; Roff and 
Mousseau, 1987), although we do not know if nonsignificant heritabilities may have 
been underreported, and a few characters of Drosophila seem not to be genetically 
variable (Maynard Smith and Sondhi, 1960; Gromko, 1987). Of course, we cannot 
say, on the basis of finite samples, that a character absolutely does not or could not 
vary. Nevertheless, a sample of even a few individuals captures, on average, most 
of a population’s genetic variance (Lewontin, 1965). The sparse data on the genetics 
of host preferences in phytophagous insects suggest that they are based on at least 
a few loci (Jaenike, 1987; Thompson, 1988; Futuyma and Peterson, 1985). Our 
samples of Ophraellu should certainly be sufficient to detect moderately high levels 
of polygenic variance; indeed, both species displayed evidence for genetic variation 
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in responses to at least some plants. On the other hand, our samples are not large 
enough to capture rare mutations; even if captured, they may not be detected in 
quantitative genetic breeding designs of this kind. For example, we could not 
document genetic variation in the response of 0. conferta to Eupatorium or 
Ambrosia, but a few individuals did eat small quantities of these plants. It is 
possible that selection experiments might reveal these to be genetic variants. 

For Ophraella to include a new host in its repertoire, the probable sequence of 
necessary responses, by a preadapted population or a genetic minority, is adult 
feeding, oviposition, larval feeding, larval growth and survival. Oviposition and 
growth may well depend on both behavioral responses and on physiological 
processing of plant compounds; indeed, our data show that even moderate feeding 
does not assure larval survival (cf. 0. artemisiae on Chrysopsis, Eupatorium, and 
Solidago). Moreover, even if insects feed on leaf discs in a small container, they are 
likely not to feed, but instead to disperse, in nature, as did all the 0. conferta larvae 
placed in a small “garden” of Ambrosia. For these reasons, the likelihood of 
adaptation to a novel plant may well be far less than might be assumed from evidence 
of genetic variation in feeding response, which is necessary but far from sufficient. 

It is therefore significant that in Ophraella conferta, we find no evidence (with the 
caveat noted above), even in large samples, of genetic variation in response to three 
of five test plants, viz. the three which elicited virtually no feeding at all. Genetic 
variation was discerned only in response to Solidago bicolor and Chrysopsis villosa, 
both in the same tribe (Astereae) as the natural hosts (the Solidago altissima 
complex). Ophraella conferta has not been found on S. bicolor, which differs from 
the S. altissima complex in habitus and habitat. 

In 0. artemisiae, we likewise found no evidence of genetic variation in adults’ 
response to either of the unnatural test plants. However, on all test plants we found 
a significant effect of dam, although not of sire, on larval consumption. Variance 
among sires is ordinarily taken as evidence for additive genetic variance, whereas 
the variance among dams includes both additive and nonadditive genetic variance 
(due to dominance and epistasis), as well as possible maternal effects and common 
environment effects (Falconer, 1981). In an explicit test, in another species of 
Ophraella, for effects of maternal host plant on offspring feeding and performance, 
we found no evidence for such an effect, although that experiment did not test for 
“internal” maternal effects such as cytoplasmic inheritance (Futuyma et al., in 
press). We therefore are inclined to conclude that the significant dam effects in 0. 
artemisiae represent genetic variance, probably nonadditive, in larval feeding re- 
sponses. Nonadditive genetic variance provides little response to mass selection, but 
can provide a basis for interdemic selection and can be converted, especially in 
founder events, to additive genetic variance (Goodnight, 1987). However, the 
genetic variation in larval responses of 0. artemisiae to the test plants may have 
little relevance to the likelihood of host shifts to these plants, because adults did not 
display genetic variation in response. Larvae will seldom encounter plants unless 
adults are attracted to and oviposit on them. 

Finally, we ask if the patterns of genetic variation bear relation to the history of 
host shifts postulated from our estimate of Ophraella phylogeny. Cladistic analysis 
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of morphological and electrophoretic data (Futuyma and McCafferty, 1990) and 
of the sequence of two mitochondrial genes (D. Funk, G. Orti and D. Futuyma, in 
preparation) place Ophraella conferta and 0. artemisiae in two of three major 
clades (Fig. 1). In what we may call the “conferta clade,” the Eupatorium-associ- 
ated species (0. notata) is the sister group of a cluster of three species, including 0. 
conferta, associated with the Solidago altissima complex. The “artemisiae clade,” 
including 0. artemisiae, appears to be associated ancestrally with Ambrosiinae 
(Ambrosia, Zva) from which transitions to tribes Anthemideae (Artemisia) and 
Astereae (Chrysopsis, Solidago) have occurred. 

In Ophraella artemisiae, we can say nothing about the possible role of genetic 
variation in guiding the evolution of host shifts, because we have evidence of 
(nonadditive) genetic variance in larval response to hosts of both close and distant 
relatives. It is interesting, however, that of the Astereae tested, Solidago altissima, 
the host of members of the conferta clade, elicited a much lower mean response that 
either Chrysopsis, the host of 0. bilineata, or Solidago bicolor, on which samples of 
the Solidago-feeding species 0. arctica fed quite readily (Futuyma, 1991). Both 
these species are members of the artemisiae clade. Other than Artemisia, the only 
plant that supported larval survival to pupation was Ambrosia, which we believe to 
be the ancestral host association from which 0. artemisiae was derived. 

In 0. conferta, there is little evidence of a relation between patterns of genetic 
variation and the phylogeny. We found no evidence of genetic variation (or 
capacity to feed) either on two hosts (Ambrosia, Zua) of species in the artemisiae 
clade or to the host (Eupatorium) of a more closely related species. We did find 
genetic variation in response to one host (Chrysopsis) of a distant relative in the 
artemisiae clade and to Solidago bicolor, a host of 0. pilosa in the most basal of the 
three major clades of Ophraella. Perhaps more suggestive of a pattern is that 0. 
conferta displayed genetically variable responses to both of the test plants that are 
in the same tribe (Astereae) as its natural hosts. The secondary chemistry of the 
Astereae differs markedly from the other test plants (Futuyma and McCafferty, 
1990 and references therein), in that they possess (inter alia) 5-ring lactone acetyl- 
enes and bi- and tricyclic diterpenes, and lack alkaloids (present in most others) and 
sesquiterpene lactones (a conspicuous feature of almost all Asteraceae other than 
Astereae). We have reported elsewhere that in another species of Ophraella, patterns 
of genetic variation may be related both to plant chemistry and to the history of the 
beetles’ host affiliation (Futuyma et al., 1993). In 0. conferta, in contrast, the only 
plants that evoke feeding response, and genetic variation in feeding response, are 
related and probably chemically similar to the insect’s natural hosts. 

In these two species of Ophraella, mean values of feeding response and of survival 
show some instances of possible correspondence with plant classification. More- 
over, the lack of detectable genetic variation in feeding response to and survival on 
some plant taxa that are hosts to congeneric species implies that limitations on 
genetic variation may constrain opportunities for the evolution of new host 
associations. The data on these two species alone do not, however, point to a strong 
correspondence between patterns of genetic variation and the phylogenetic history 
of host affiliation. In a later publication (in preparation), data on genetic variation 
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in these and two other species of Ophraella will be analyzed in relation to the 
phylogenetic history of the genus and the phylogeny and chemistry of the host 
plants. 
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