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Abstract.——The evolution of associations between herbivorous insects and their parasitoids is likely to be influenced
by the relationship between the herbivore and its host plants. If populations of specialized herbivorous insects are
structured by their host plants such that populations on different hosts are genetically differentiated, then the traits
affecting insect-parasitoid interactions may exhibit an associated structure. The pea aphid (Acyrthosiphon pisum) is a
herbivorous insect species comprised of genetically distinct groups that are specialized on different host plants (Via
1991a, 1994). Here, we examine how the genetic differentiation of pea aphid populations on different host plants
affects their interaction with a parasitoid wasp, Aphidius ervi. We performed four experiments. (1) By exposing pea
aphids from both alfalfa and clover to parasitoids from both crops, we demonstrate that pea aphid populations that
are specialized on alfalfa are successfully parasitized less often than are populations specialized on clover. This
difference in parasitism rate does not depend upon whether the wasps were collected from alfalfa or clover fields. (2)
When we controlled for potential differences in aphid and parasitoid behavior between the two host plants and ensured
that aphids were attacked, we found that pea aphids from alfalfa were still parasitized less often than pea aphids from
clover. Thus, the difference in parasitism rates is not due to behavior of either aphids or wasps, but appears to be a
physiologically based difference in resistance to parasitism. (3) Replicates of pea aphid clones reared on their own
host plant and on a common host plant, fava bean, exhibited the same pattern of resistance as above. Thus, there do
not appear to be nutritional or secondary chemical effects on the level of physiological resistance in the aphids due
to feeding on clover or alfalfa, and therefore the difference in resistance on the two crops appears to be genetically
based. (4) We assayed for genetic variation in resistance among individual pea aphid clones collected from clover
fields and found no detectable genetic variation for resistance to parasitism within two populations sampled from
clover. This is in contrast to Henter and Via’s (1995) report of abundant genetic variation in resistance to this parasitoid
within a pea aphid population on alfalfa. Low levels of genetic variation may be one factor that constrains the evolution
of resistance to parasitism in the populations of pea aphids from clover, leading them to remain more susceptible than
populations of the same species from alfalfa. ,
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Population structure arises from the genetic differentiation
of populations due to processes such as genetic drift, non-
random mating, founder effects, and differential selection.
The importance of population structure in the evolution
(Wright 1940, 1978; reviewed in Barton and Clark 1990) and
ecology (Nicholson and Bailey 1935; Huffaker 1958; re-
viewed in Hastings and Harrison 1994) of species has long
been recognized, but only recently has it been incorporated
into research on the evolution of species interactions (Thomp-
son 1994). The role of population structure in species inter-
actions can be explicitly examined by evaluating the genetic
basis and spatial distribution of the traits that are important
in shaping species interactions. Recently, this approach has
been taken in research on interactions between plants and
pathogens (Parker 1985; Jarosz and Burdon 1991), hosts and
parasites (Lively 1989; Ebert 1994), and hosts and parasitoids
(Carton and Nappi 1991; Kester and Barbosa 1991; Kraai-
jeveld and Van Alphen 1995). These studies illustrate that
populations are often genetically distinct from one another
in ways that affect species interactions. These differences
frequently are due to local adaptation in traits directly as-
sociated with the interaction such as plant resistance to path-
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ogens (Parker 1985; Jarosz and Burdon 1991) or parasite
adaptation to hosts (Lively 1989).

The plant-insect literature is replete with examples of her-
bivorous insect species comprised of populations or demes
that are locally adapted to different species of plants (e.g.,
Via 1991a, 1994; Pellmyr and Thompson 1992; Feder et al.
1998; Itami et al. 1998; reviewed in Thompson 1994; Ber-
enbaum and Zangerl 1998) and even different individual con-
specific plants (Karban 1989; Mopper et al. 1995; Stiling and
Rossi 1996; references and reviews in Mopper and Strauss
1998). The herbivorous insects described in these studies
interact not only with their.host plants, but also with com-
petitors, predators, and parasitoids. These different types of
interactions occur simultaneously, and herbivore population
structure due to host-plant relationships may affect, or be -
affected by, other interactions. Currently, there is little in-
formation on whether and how the population structure of
herbivorous insects specialized on different host plants
shapes their interactions with other species.

Here, we report on an insect-parasitoid system in which a
herbivorous insect, the pea aphid (Acyrthosiphon pisum, He-
miptera: Aphididae), is a species comprised of populations
that are extremely host-plant specific and that are locally
adapted either to red clover (Trifolium praetense) or to alfalfa
(Medicago sativa; Via 1991a,b, 1994; Sandstrom 1994a,b,
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1996). Populations of pea aphids are genetically structured
by their host-plant preference and are differentiated with re-
spect to several allozyme loci (Via 1999). Pea aphids on both
plants are attacked commonly by the parasitoid wasp Aphi-
dius ervi (Hymenoptera: Braconidae). Pea aphids specialized
on alfalfa in New York state are genetically variable in re-
sistance to A. ervi (Henter and Via 1995). The resistance is
physiological: Resistant aphids are attacked by the parasitoid,
but the parasitoid egg does not develop successfully (Henter
and Via 1995). Thus, the pea aphid is engaged simultaneously
in at least two interactions that both have the potential to
affect aphid fitness. In this study, we ask how the structure
of the aphid populations specialized on different host plants
affects the evolution of the aphid-parasitoid association.

There is a large body of research on the tritrophic inter-
actions between plants, herbivores, and natural enemies of
herbivores that provides a background for this study (re-
viewed in Price et al. 1980; Price 1986, 1991; Godfray 1993).
This research has demonstrated that the success of a natural
enemy can be affected by the plant a herbivore is feeding on
in both direct and indirect ways. Direct influences include
natural enemies cueing into plant volatiles to find herbivores
(e.g., Read et al. 1970; reviewed in Vinson 1981; Vet and
Dicke 1992) and searching and parasitism behaviors being
more or less effective on plants with different growth forms
(e.g., Grevstad and Klepetka 1992; Eigenbrode et al. 1995;
Feder 1995; Clark and Messina 1998; reviewed in Obrycki
1986). Indirect effects are mediated through the herbivore;
insects feeding on plants with different chemical or nutri-
tional composition may be more or less available and suitable
as hosts or prey (e.g., Feeny 1976, 1992; Stubblebine and
Langenheim 1977; Thorpe and Barbosa 1986; Loader and
Damman 1991; reviewed in Duffy et al. 1986). Thus, there
are important direct and herbivore-mediated interactions be-
tween plants and natural enemies that can lead to variability
in ‘successful attack rates, and perhaps to enemy-free space
(Jeffries and Lawton 1984; Bernays and Graham 1988; Ber-
degue et al. 1996; reviewed in Fryer 1986).

With the focus of research on the ecology of tritrophic
interactions, little attention has been aimed at the potential
for there to be intrinsic differences among populations of
- herbivores in their susceptibility to attack by natural enemies.
When herbivorous insect populations are structured by their
host-plant use, genetically based traits affecting other inter-
actions (e.g., the physiological resistance to parasitism known
to exist in some populations of pea aphids) may exhibit a
parallel structure. Thus, we can think of the different insect
populations as representing different environments for the
wasp.

We describe experiments in which we assess whether pea
aphids specialized on alfalfa or on red clover differ in their
response to parasitism by A. ervi. We examine whether dif-
ferences in rates of parasitism on the two plants are due to
differences in behavior or physiology, and then we explore
whether physiological differences in susceptibility to para-
sitism are induced by feeding on different host plants or are
due to differences in the average levels of the genetically
based resistance trait. Finally, as a first step toward examining
constraints on the evolution of resistance to parasitism, we
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assay genetic variation for resistance among individual pea
aphid clones collected from clover fields.

MATERIALS AND METHODS

Study System

The pea aphid is a pest of herbaceous legumes. In North
America, red clover and alfaifa (grown by dairy farmers for
hay) are two of its main host plants. Populations of pea aphids
specialized on these two crops are morphologically indistin-
guishable and are considered to be one species, despite their
extreme host-plant specificity. Although migration is restrict-
ed between the specialized populations, there appears to be
sufficient gene flow to allow neutral and advantageous traits
to pass between them (Via 1999). Thus, these host-specific
pea aphids are akin to the host races of Rhagoletis flies (e.g.,
Feder et al. 1998).

Pea aphids are cyclically parthenogenetic: They reproduce
asexually during the summer, and sexual forms develop in
the fall to produce eggs that overwinter on the host plant
(Lamb and Pointing 1972). The asexual reproduction main-
tained by long day length makes it possible to replicate ex-
periments with genetically identical clonal individuals. Pea
aphids are native to Europe and Asia and invaded North
America in the 1870s (Angalet and Fuester 1977), probably
with immigrant European dairy farmers. Despite this recent
introduction, there is significant genetic variation in both
quantitative traits and in allozyme loci in North American
populations of pea aphids (Via 1991a, 1994, 1999; Henter
and Via 1995; Via and Shaw 1996).

Parasitoids are insects that are parasites of arthropods; they
kill their host and have a free-living adult stage (Godfray
1993). Endoparasitoids, which develop within their hosts,
tend to be relatively specialized because of the intimate phys-
ical and biochemical association with their hosts and their
vulnerability to host immune responses. Insects have a simple
yet effective immune system that responds to disease agents
or foreign bodies such as parasitoid eggs through coagulation
of hemolymph, inducible and constitutive humoral responses,
and cellular responses such as phagocytosis and encapsula-
tion (Vinson 1990). Because successful parasitoid develop-
ment kills the host and host immune responses can prevent
parasitoid development, hosts and their parasitoids can exert
strong selection on each other. This makes them good models
for studying the evolution of species interactions (Price et
al. 1980; Thompson 1994; Kraaijeveld et al. 1998).

Five steps are recognized as important for parasitoid suc-
cess: (1) location of the host’s habitat; (2) location of indi-
vidual hosts within the habitat; (3) acceptance of the host,
which is influenced by size, color and chemical stimuli; (4)
host suitability for development, which can be affected by
environmental factors such as the nutritional and chemical
attributes of the host’s food source; and (5) successful phys-
iological regulation or avoidance of host immune responses
(Doutt 1959; Vinson and Iwantsch 1980). Overcoming host
immunity has been called virulence in the literature on host-
parasitoid coevolution (e.g., Carton and Nappi 1991; Henter
1995; Holt and Hochberg 1997; Jervis 1997; Kraaijeveld et
al. 1998). Our experiments cover steps 2-5, and we discuss
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them mainly from the perspective of the aphid in terms of
avoiding attack and physiological resistance to parasitism.

Aphidius ervi is a solitary endoparasitoid of the pea aphid.
The female wasp lays a single egg inside an aphid, and if
the egg hatches, the larva feeds on the aphid’s internal tissues,
eventually killing it. The parasitoid pupates inside the dried
exoskeleton of the dead aphid, or “mummy.” Aphidius ervi
was introduced into the northeastern United States in 1959
by the USDA from collections made from alfalfa in France
to control the pea aphid (Halfhill et al. 1972; Mackauer and
Campbell 1972; Angalet and Fuester 1977). Since its release,
A. ervi has spread rapidly to become the dominant parasitoid
of pea aphids in North America (Angalet and Fuester 1977)
and is generally considered to be a successful control agent
(Gonzalez et al. 1995).

Although the pea aphid-A. ervi system is introduced, it is
an ecologically complex system. Members of five insect fam-
ilies of generalist aphid predators and numerous species of
spiders are found in clover and alfalfa fields, some of them
also introduced from Europe. There are other parasitoid spe-
cies in the genus Praon that attack pea aphids. Although these
parasitoids are found in most fields, rates of parasitism by
these species are low (R. A. Hufbauer, unpubl.). There is also
a cosmopolitan fungal pathogen of pea aphids, Pandora neo-
aphidis, which is common in both alfalfa and clover. Thus,
although the introduction history may affect the current in-
teraction between pea aphids and A. ervi, the study system
is not biologically depauperate and it provides a good model
for understanding insect-parasitoid interactions.

Pea aphids can escape attack by natural enemies by kicking
and dropping from plants (Dixon 1985; Losey and Denno
1998). Another means of defense against parasitism by A.
ervi in particular is through a genetically based physiological
resistance that inhibits development of parasitoid eggs. This
was documented by Henter and Via (1995) among pea aphids
specialized on alfalfa. The exact mechanism of this resistance
~ trait is unknown, and there are many possibilities (reviewed
in Vinson and Iwantsch 1980; Vinson 1990; Strand and Pech
1995). Parasitoid eggs in resistant aphids were not encap-
sulated by host hemocytes (Henter and Via 1995), as seen in
other systems (e.g., Carver and Woolcock 1985; Carton and
Nappi 1991; Davies and Siva-Jothy 1991). Thus, a humoral
response may be involved. :

Aphidius ervi follows host plant volatiles to find pea aphids
(Powel and Wright 1992; Du et al. 1996), and at close range,
visual cues are used in recognition and acceptance of pea
aphids as hosts (Battaglia et al. 1995). Aphidius ervi popu-
lations in upstate New York are genetically variable in vir-
ulence, the ability to successfully overpower pea aphid re-
sistance (Henter 1995). Heritable variation in resistance and
virulence makes coevolution of the pea aphid—parasitoid in-
teraction possible. The presence in both the aphid and the
‘wasp of behavioral and physiological traits that affect par-
asitism rates led us to ask how the extreme specialization of
pea aphids on different host plants might have affected the
evolution of the pea aphid-A. ervi interaction.

Insect Collections for Experiments

Aphids used in the experiments described below were clon-
ally produced offspring of parthenogenetic females collected
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from fields in Tompkins County, New York, in June 1995.
Collections were made from two clover fields (C1, C2) and
two alfalfa fields (A1, A2). The fields were paired so that C1
and Al were within a 0.5 km of each other, and were separated
from C2 and A2 by about 15 km. C2 and A2 were also within
a 0.5 km of each other. A single parthenogenetic female was
collected roughly every 40 paces within each field, for a total
of about 30 aphids per field. Sampling from widely spaced
intervals relatively early in the season (and therefore shortly
after sexual reproduction) when aphid densities are low de-
creased the chance that individuals of a single clonal geno-
type would be sampled more than once. We initiated 15 clonal
lineages from the individuals collected from each field, for
a total of 60 separately maintained aphid clones. Pea aphids
collected from clover were maintained on potted red clover
plants, and those from alfalfa were maintained on potted
alfalfa plants at approximately 21°C and 16:8 L:D. Cages for
the clonal lineages were made from tightly sealing transpar-
ent, two-gallon plastic containers, which are modified to al-
low ventilation. Rigorous protocols for maintenance of the
colonies were followed to ensure that no cross-contamination
of the clones occurred.

Aphidius ervi were collected in July 1995 both as pupae
(in mummies) and as larvae (in parasitized immature aphids).
As with the aphids, the wasps were collected roughly every
40 paces to ensure adequate representation of the genetic
variability within each field. Due to unusually hot and dry
weather in 1995 and high rates of hyperparasitism by the
cosmopolitan ectoparasitoid Dendrocerus carpenteri (Hy-
menoptera: Megaspilidae), which attack A. ervi in the pupal
stage, A. ervi were rare in the aphid source fields when we
were collecting, making obtaining parasitoids for experi-
ments extremely difficult. Despite searching exhaustively, we
were not able to acquire parasitoids from A2. In the first
experiment described, parasitoids from both clover fields (C1
and C2) and one alfalfa field (A1) were used. Because we
found that wasp collection site did not affect rate of suc-
cessful parasitism (results below), parasitoids were subse-
quently maintained in a mixed colony of at least 200 indi-
viduals that was initiated with 10-15 wasps from each of
those three fields. The wasp colony was maintained on two
aphid clones, one clover specialist and one alfalfa specialist.
These clones were not used in experiments. All experiments
using wasps from the colony took place within six months
(roughly 12 generations).

Experimental Design and Analysis

We subjected pea aphids to parasitism in four experiments
to answer the following questions: (1) Do pea aphids from
clover and alfalfa differ in response to parasitism? (2) Are
differences in parasitism rate due to differences in aphid or
wasp behavior on the two host plants or to differences in the
physiology of aphids from different crops? (3) Are differ-
ences in physiological resistance due to host-plant-induced
effects on aphid physiology or to differences in average levels
of the genetically based resistance trait? (4) Might low levels
of genetic variation for resistance in pea aphids from clover
fields contribute to the susceptibility of clover populations?

In all four experiments, we assayed parasitism rates by
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forming experimental populations of the aphids from clover
and alfalfa and then subjecting them to parasitism in labo-
ratory trials. The composition of the experimental popula-
tions was somewhat different for each experiment and is
described below. Aphids used in the experiments were late
second— to early third—instar nymphs. When mummies
formed, approximately 10 days after parasitism, the aphids
were scored as either living, dead, or successfully parasitized.
Experimental cages were identical to those used for clone
maintenance. Assays were performed under a combination
of wide-spectrum grow lights and daylight fluorescent lamps,
to approximate natural light.

Wasps used in the experiments were two to four days old
and were maintained with a supply of honey and water. Each
naive wasp was exposed to aphids in a petri dish prior to the
experiments to gain experience with parasitization. Only after
a wasp had attacked at least one aphid was it included in a
trial.

For all experiments, the proportion of aphids successfully
parasitized was calculated as (number of mummies)/(number
of mummies + living aphids). Adult wasps emerged from
almost all mummies, and no differences in emergence rates
from aphids collected from the two host-plant species were
observed. A natural-log transformation of the proportion par-
asitized was employed to improve the normality of the re-
siduals.

We analyzed the data using the mixed linear model (PROC
MIXED, SAS Institute 1997), which is designed for analysis
of both fixed and random effects with unbalanced data. In
the mixed linear model, random effects, like the random error,
are assumed to be normally distributed. The significance of
a random effect is tested using a likelihood-ratio test com-
paring full and reduced models (a x? test with one degree of
freedom). The x2 probabilities are divided by two to obtain
P-values because variances cannot be negative, thus the tests
are one-sided (Littell et al. 1996). The significance of fixed
effects is tested with approximate F-tests using the Satter-
waite method. Thus, a consequence of using PROC MIXED
is that no complex mean-square denominators are employed
or reported and degrees of freedom for F-tests may not be
integers. Means of random effects are estimated with best
linear unbiased predictors (BLUPs). Means of fixed effects
are estimated with estimated generalized least squares (Littell
et al. 1996; SAS Institute 1997).

Experiment 1: Do Aphids from Alfalfa and Clover Differ in
: Response to Parasitism?

- We assayed the response to parasitism by making exper-
- imental populations with the aphids from each source field
.and subjecting them to parasitism with wasps from both
crops. The experimental aphid populations were comprised
of two nymphs from each of the 15 clones from a given source
field placed together in a cage on a potted plant, for a total
of 30 aphids in each test cage. Because of the host-plant
specificity of the aphids, the plant type used was always the
same as the crop from which that set of aphid genotypes were
collected. After the nymphs had settled on the test plant for
24 h, a single parasitoid was introduced into each cage, al-
lowed to search and parasitize for 24 h, and then removed.
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Wasps from fields C1, C2, and Al were used in this exper-
iment. When the aphids matured, parasitism was scored as
described above. This assay tests for effects of aphid or wasp
physiology and aphid or wasp behavior on parasitism rate.
Differences in physiology or behavior could be associated
with either the host-plant environment or the aphid or wasp
populations.

This experiment was performed in two temporal blocks in
which four to six replicates of each aphid source field were
subjected to wasps from A1, and another four to six replicates
were subjected to wasps from either C1 or C2. In the analysis,
the crop from which the aphids were collected (aphid crop),
and the crop from which the wasps were collected (wasp
crop) were considered fixed effects, whereas block, aphid
source field and wasp source field were considered to be
random effects. Aphid source field was nested within aphid
crop, and wasp source field was nested within wasp crop.

Experiment 2: Are Differences in Rates of Parasitism Due
to Differences in Aphid and Wasp Behavior on the Two
Host Plants?

Wasp searching behaviors and aphid behaviors such as
kicking at parasitoids and dropping from the plant when at-
tacked may differ on clover and alfalfa. We controlled for
potential behavioral differences by removing the aphids from
their host plants and observing the wasps attack each aphid
in a petri dish. To set up the bioassay, we again formed
replicated experimental populations of aphids in the labo-
ratory to represent each source field. Each experimental pop-
ulation was comprised of a single nymph from each of the
15 clones of a source field, for a total of 15 aphids in each
test group. Five aphids at a time were placed in a petri dish
with a parasitoid until each was individually observed to have .
been attacked one or two times by the wasp. No differences

in the behavior of the wasps towards the aphids or in the

aphids from the two crops were observed. Previous experi-
ments in which pea aphids were dissected after being attacked
indicate that when A. ervi are observed to oviposit in pea
aphids, they reliably insert eggs (Henter and Via 1995). A
single parasitoid was used for each replicate experimental
population of 15 aphids. Because the source of the wasps did
not affect rates of parasitism in the first experiment (see re-
sults below), wasps for this and subsequent experiments were
progeny of individuals chosen haphazardly from the mixed
colony of wasps from alfalfa and clover. After aphids were
parasitized, they were placed on their appropriate host plant
in a cage with the rest of their test group to mature and then
scored for parasitism.

Eight replicates of each of the four aphid source fields were
tested in a single run of the experiment. Aphid crop was
considered a fixed effect; aphid source field was considered
random and was nested within aphid crop. Because wasps
were taken from the mixed colony, wasp source field and
wasp crop were not included in the model.

Experiment 3: Are Differences in Physiological Resistance v
Host-Plant Induced or Due to Differences in Average Levels
of the Genetically Based Resistance Trait?

Simply feeding on a particular host plant may affect aphid
physiology due to some nutritional or chemical factor in the
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TABLE 1.
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Mixed-model ANOVA for proportion of pea aphids from alfalfa and from clover successfully parasitized in a laboratory

assay for resistance to the wasp Aphidius ervi. Aphids were collected from two fields of alfalfa and two fields of clover to initiate clonal
lineages for this experiment. Replicate experimental populations were constructed from these clones as described in the text. Wasps were
collected from one alfalfa field and two clover fields. Random effects are tested with likelihood-ratio tests distributed as x2 with one
degree of freedom, and fixed effects are evaluated with approximate F-tests (Littell et al. 1996).

Source Test statistic P

Fixed effects Type III F df,, df,

Aphid crop 20.80 1,2.22 0.036

Wasp crop 1.29 1,36 0.264

Aphid crop*wasp crop 0.02 1,36 0.884
Random effects Likelihood Ratio df

Block 0 1 > 0.50

Aphid field(aphid crop) 8.21 1 0.002

Wasp field(wasp crop) 0 1 > 0.50

Wasp field(crop)*aphid field(crop) 0 1 > 0.50

plants that could either increase or decrease physiological
resistance. We controlled for host-plant-induced effects on
aphid physiology by rearing aphids on a common host prior
to exposure to parasitoids.

Because the pea aphids are so host-plant specialized, we
could not raise aphids collected from clover on alfalfa and
vice versa (Via 1991b). However, the aphids collected from
both crops fed and grew successfully on fava bean (Vicia
fabae). For this experiment, a subset of five pea aphid clones
was chosen randomly from the 15 clones of each of the four
source fields, for a total of 20 clonal lines. These clonal lines
were reared individually on fava beans for five generations
to remove effects of feeding on clover or alfalfa from their
system. Replicates of these 20 clones were maintained si-
multaneously on the crop from which they had been collected.
Experimental populations were comprised of 15 aphids: three
second-instar nymphs from each of the five subsampled
clones from a given source field. The aphids were exposed
to parasitism in a petri dish, as described above, thus also
controlling for potential behavioral differences associated
with the three plant species. One parasitoid from the mixed
wasp colony was used for each replicate experimental pop-
ulation of 15 aphids. After the aphids had been attacked, they
were returned to their rearing plant (clover, alfalfa, or fava)
to mature.

Four replicates of aphids from each field were tested on
both their home plant and on fava beans in a single block.
The crop from which the aphids originated (aphid crop), and
whether the aphids were feeding on their natural host or on
fava bean (home-away) were considered to be fixed effects;
aphid source field was treated as random and was nested
within aphid crop. The interaction between aphid crop and
home-away was tested to determine if aphids exhibited dif-
ferential susceptibility to parasitoids when feeding on fava
versus their natural host.

Experiment 4: Could Low Levels of Genetic Variation for
Resistance in Pea Aphids from Clover Contribute to Their
Susceptibility to Parasitism?

Two results motivated this experiment: (1) in experiments
1-3 we found that aphids from clover were very susceptible
to parasitism relative to aphids from alfalfa (see Results be-
low); and (2) previous experiments had revealed significant

genetic variation for physiological resistance to parasitism
within pea aphids from alfalfa (Henter and Via 1995). Thus,
low levels of genetic variation for resistance among clones
from clover could help explain the susceptibility of the clover
populations. We assayed each of the 30 pea aphid clones
established from the two clover fields for resistance in order
to quantify clonal variation in resistance. Unlike the previous
experiments, in this assay each experimental group of aphids
represented an individual clone, rather than a genetically var-
iable population. The experimental groups were comprised
of 30 second instars from a single clonal lineage. Nymphs
were placed on a clover plant and allowed to settle for 24 h,
a parasitoid from the mixed wasp colony was introduced and
allowed to search for 24 h, and then the aphids were reared
to maturity.

Four replicates of each aphid clone were tested in four
temporal blocks. All effects (block, aphid source field, and
aphid clone nested within aphid source field) were treated as
random.

REsULTS

In Experiment 1, the assay of the response to parasitism ‘
of aphids from alfalfa and clover, the crop from which we
collected the aphids dramatically affected parasitism rates.

* Mean parasitism levels of aphids from alfalfa were less than

half that of aphids from clover (mean for alfalfa = 0.36,
mean for clover = 0.90; Table 1, Fig. 1). There was also a
significant difference in parasitism levels between the aphid
from the two alfalfa fields (F; 534 = 14.16, P = 0.0006, Fig.
1a). However the source of the wasps from different fields
and crops did not significantly affect parasitism rates (Table
1, Fig. 1b), suggesting that these populations do not differ
on average with respect to the virulence documented by Hen-
ter (1995). There were no significant interactions between
wasp crop and aphid crop or between wasp field and aphid
field, indicating that rates of parasitism are not affected by
the particular combination of aphids and wasps used (Table
1). Thus, in this experiment, there is not evidence of local
adaptation of the wasps to the aphids from their field of
origin.

The lower rates of parasitism on aphids from alfalfa could
have several causes in this experiment. It may be due to the
wasps searching less effectively on alfalfa or to the aphids
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a. BLUPs +/- 95% Cl

Proportion Successfully Parasitized

At A2 C1
Aphid Source Field

Cc2
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b. Raw means of wasps

A1C1C2 A1C1C2 A1C1C2 A1C1C2
Wasp Source Field
A1 A2 C1 Cc2
Aphid Source Field

Fic. 1. Rate of successful parasitism in experimental populations of aphids from two alfalfa and two clover fields. This assay tests for
resistance that could be due to behavior or physiology and that could be host-plant induced or genetically based. (a) Bars are best linear
unbiased predictors (BLUPs) and 95% confidence intervals for each aphid source pooling all wasps. (b) Bars represent means from raw
data for each separate wasp source. No differences among wasp sources within an aphid source are significant (Table 1).

from alfalfa being better able to escape parasitism or being
more physiologically resistant to parasitism than aphids from
clover. ‘

In experiment 2, when aphids were prevented from escap-
ing and parasitoid attack was ensured, aphids collected from
alfalfa were still parasitized significantly less often than
aphids from clover (Table 2, Fig. 2). The patterns in Figures
1 and 2 are remarkably similar, both in the relative differences

in parasitism rates between alfalfa and clover and in the ab-

solute levels of parasitism. This experiment indicates that the
difference in parasitism rate observed in pea aphids from
alfalfa and clover cannot be explained by differences in be-
havior of either aphids or wasps on the two host plants. Thus,
the difference in parasitism rate between aphids from the two
crops appears to be based on a difference in the physiology
of the aphids specialized on clover and alfalfa. This difference
in physiology may be due simply to feeding on the different
host plants or it may be a difference in levels of the genet-
ically based resistance trait documented by Henter and Via
(1995).

Experiment 3 tested for effects of the nutritional or chem-
ical composition of alfalfa and clover plants on the physio-
logical ability of aphids to resist parasitism. The difference
in parasitism rates between alfalfa and clover populations of

" TaBLE2. Mixed-model ANOVA for proportion of pea aphids from
.alfalfa and from clover successfully parasitized by Aphidius ervi in
a laboratory assay that prevented aphid escape behaviors and en-
sured wasp attack. Wasps were taken from a laboratory colony
initiated from individuals collected in both alfalfa and clover fields.

Type I1I
F (dfy, dfy) or
likelihood ratio

Source Effect type (df) P
Aphid crop fixed 108.32 (1,2.04) 0.008
Aphid field(aphid crop) random 1.85(1) 0.087

pea aphids seen in the first two experiments was unaffected
by whether the aphids were reared on the plant they were
collected from or on fava bean (Table 3, Fig. 3). Aphids
collected from alfalfa remained significantly more resistant
to parasitism than did aphids from clover whether they were
raised on alfalfa or on fava beans, and aphids collected from
clover remained significantly less resistant to parasitism
whether they were raised on clover or on fava bean (Fig. 3).
Thus, the greater physiological resistance of aphids from al-
falfa appears to be due to genetic differences between the

aphid populations in levels of resistance, rather than to en-

vironmentally induced nutritional or chemical effects of the
host plant.

Controlling for Behavior

Proportion Successfully Parasitized

Al A2 C1 c2

Aphid Source Field

Fic. 2. Rate of successful parasitism among experimental aphid
populations in an assay controlling pea aphid and parasitoid be-
havior and ensuring parasitoid attack. Bars represent best linear
unbiased predictors (BLUPs) and 95% confidence intervals.
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TABLE 3. Mixed-model ANOVA for proportion of pea aphids from
alfalfa and from clover that were successfully parasitized by Aphi-
dius ervi in a laboratory assay that controlled for host-plant-induced
effects on aphid resistance by rearing aphids on a common plant
(fava bean). “Home-away” indicates whether the aphids were
reared on their natural host (home) or on fava bean (away) for the
experiment.

Source Test statistic P

Fixed effects Type III F df;, df,

Home-away 0.36 1,2 0.554

Aphid crop 67.89 1,26 0.014

Aphid crop+home-away 0.14 1,26 0.712
Random effects Likelihood ratio df

Aphid field(aphid crop) 0.31 1 0.290

Aphid field(aphid

crop)*home-away 0 1 > 0.50

In experiment 4, we evaluated levels of genetic variation
for resistance among the pea aphid clones from clover. The
assay of aphid clones from clover for resistance to parasitism
revealed mean parasitism rates ranging from 0.60 to 0.95
with no statistically significant variance among clones (Table
4, Fig. 4a). This narrow range of parasitism rates is in sharp
contrast with that found by Henter and Via (1995) for alfalfa
clones, in which parasitism ranges from near zero to 0.9
among clones (Fig. 4b). Thus, at least in this experiment,
there was no measurable genetic variation for resistance
among aphid clones from clover populations.

Our ability to detect clonal variation in resistance depends
on the magnitude of the true clonal variation relative to the
error variance. It is therefore possible that we did not detect
the levels of variation observed in pea aphid clones from
alfalfa by Henter and Via (1995) among our clones from
clover, despite having performed the same number of repli-
cates, simply because the error variance hid true differences
among clones. To assess our power to detect differences

among clones, we calculated the ratio of clonal variance to ' - paras: -
* aphids from alfalfa. Controlling for potential differences in

error variance necessary to detect differences in resistance
at least 80% of the time they actually exist (Neter et al. 1990).
We found that the true clonal variation would need to be only
33% of the of the error variance in our design to detect
significant differences between clones. If there had actually
been clover clones with mean parasitism rates ranging from
near zero to 0.9, as observed in Henter and Via (1995), the
variance due to clone would have been much greater than
33% of the error variance, and we should have been able to
detect the differences. Thus, levels of genetic variation for
resistance in clover may be substantially lower than levels
of genetic variation for resistance in alfalfa.

DIScuUsSION

We have shown that pea aphids collected from alfalfa and
from clover have significantly different responses to para-
sitism by A. ervi: rates of parasitism on aphids from alfalfa
are about half that of aphids from clover. Parasitism rate was
not affected by whether the wasps were collected from clover
or alfalfa fields, suggesting that wasps from the three fields
do not differ in their ability to successfully parasitize pea
aphids from alfalfa and clover. Controlling for aphid defen-
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Controlling for Host Plant and Behavior
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FiG. 3. Rate of successful parasitism among experimental aphid
populations in an assay examining effects of feeding on different
host plants. The aphid source crop represents the plant from which
the aphids were collected, either alfalfa or clover. Replicate ex-
perimental populations were reared on either their source crop or
on fava and then subjected to parasitism, as described in the text.
Bars are least-squared means and 95% confidence intervals.

sive behaviors such as kicking and dropping from the plant
when attacked and for differences in parasitoid behavior on
plants of differing architecture did not alter the dramatic dif-
ference in parasitism rate documented here. Aphids from al-
falfa are successfully parasitized less often than are aphids
from clover regardless of their ability to exhibit defensive
behaviors. This result does not imply that aphid escape be-
haviors are not important, but simply that such behaviors do
not explain the difference in parasitism rate observed in our
trials. Thus, physiological differences in resistance between
aphids specialized on alfalfa and clover appear to be re-
sponsible for the lower rate of successful parasitism of pea

host-plant chemistry and nutrition by rearing aphids on a
common host plant (fava bean) also did not alter the differ-
ence in physiological resistance between aphids collected
from alfalfa and clover. Thus, the difference in physiological
resistance between aphids from alfalfa and clover is not in-
duced by the host plant, but instead appears to be a difference
in the average level of the genetically based resistance trait
previously documented by Henter and Via (1995). However,
it is possible that pea aphids specialized on alfalfa have
evolved the ability to utilize secondary plant metabolites
from alfalfa to defend themselves from wasps, and that this

TaBLE 4. Mixed-model ANOVA for the proportion of individuals
from 30 different pea aphid clones from clover that were success-
fully parasitized in a laboratory assay. Fifteen clones from each of
two clover fields were tested in four temporal blocks.

Likelihood
Source Effect type ratio (df) P
Block random 0.48 (1) 0.244
Aphid field random 0(0) >0.5
Clone(aphid field) random o) > 0.5
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b. 1989 Alfalfa Clones
(Henter and Via 1995)

* %%

0.8 1

0.6 7

0.47
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0-

Pea Aphid Clones, Rank Order

(Means of 4 reps.)

Fic. 4. Rate of successful parasitism among aphid clones. (a) Thirty clones from clover graphed in rank order. Means are from raw
data (the mixed procedure cannot calculate best linear unbiased predictors (BLUPs) for random effects that are not statistically significant).
See Table 4 for statistical analysis. (b) For comparison, 30 clones from alfalfa graphed in rank order. Data are least-squared means from
Henter and Via (1995, reproduced with permission). NS, not significant; ***P < 0.001.

ability can be used when feeding on fava bean, whereas pea
aphids specialized on clover lack that ability. In this way,
host-plant chemistry could interact with genetics and thereby
still play a role in determining resistance levels. Similarly,
the ability of pea aphid clones to feed on clover may be
somehow physiologically or genetically correlated with sus-
ceptibility to parasitism.

Most research in tritrophic systems has focused on eco-
logical effects of the host plant on the third trophic level.
However, in our system, differences in rates of parasitism are
due not to insect behavior or interactions between the plants
and the parasitoids, but to genetic differences in resistance
to parasitism among the herbivore populations. Thus, when
differences in rates of parasitism are observed on different
host plants, they cannot necessarily be attributed to plant-
parasitoid interactions, either direct or mediated through the
herbivore. More research on the genetic basis and mecha-
nisms of resistance traits and their distribution among pop-
ulations will indicate how often genetic differences among
herbivore populations play a role in shaping the ecology and
evolution of herbivore-parasitoid interactions.

The Evolution of the Aphid-Parasitoid Association:
; The Aphids

We have shown here that, on average, pea aphids from
clover are much less resistant to parasitoids than are pea
aphids from alfalfa. Although many factors might play a role
in the evolution of resistance, one fundamental prerequisite
to any evolutionary response to selection is the presence of
genetic variation. Bradshaw (1991) argues persuasively that
evolution is commonly limited by a lack of appropriate ge-
netic variation. Thus, very low levels of genetic variation for
resistance could slow the evolutionary response of the clover
populations to selection for increased resistance.

Our assay of parasitism rates in 30 clones collected from
clover failed to reveal significant genetic variation for resis-
tance. However, Henter and Via (1995) did find significant

genetic variation for resistance among 30 pea aphid clones
collected from alfalfa fields. Power tests indicate that we
would have been able to detect differences of the magnitude
observed in alfalfa had they existed in clover. Thus, our data
suggest that there is less genetic variation for resistance in
aphids specialized on clover than aphids specialized on al-
falfa. However, despite using similar protocols and levels of
replication, there were differences between the two experi-
ments that could not be avoided, such as the individuals
performing the trials. Another difference that might account
for the difference in our results is the fact that we collected
our parasitoids six years after Henter and Via. Thus, the par-
asitoids in our experimental colony may have been more
virulent than those in Henter and Via’s colony, leading to our
higher rates of parasitism overall. The fact that our parasitoids
were not particularly virulent on the pea aphids from alfalfa
in the other experimental trials argues against this; nonethe-
less, any comparison of our results with Henter and Via’s
(1995) results must be made with caution. Pea aphid clones
from both clover and alfalfa need to be assayed simulta-
neously to test conclusively the hypothesis that there is less
variation for resistance among clones from clover. However,
our data strongly suggest that lower levels of genetic vari-
ation for resistance among pea aphids from clover could be
one factor that constrains the evolution of increased resis-
tance to parasitism, causing pea aphids from clover to remain
more susceptible than are populations of pea aphids from
alfalfa.

With respect to other quantitative genetic traits (e.g., body
size and host-plant preference; Via 1991a; Via and Shaw
1996) and variation in allozyme loci (Via 1999), populations
of pea aphids from clover are as variable as populations from
alfalfa. Thus, low levels of variation for resistance is not
associated with low levels of genetic variation among clover
clones in general. Furthermore, although migration of aphids
between crops is quite restricted, enough gene flow appears
to occur among the aphid populations for genes that are ad-



EVOLUTION OF AN APHID-PARASITOID INTERACTION

vantageous in both environments to be exchanged (Via 1999).
Thus, it seems possible that the resistance found in alfalfa
might introgress into clover populations and provide the nec-
essary genetic variation upon which selection could act. Giv-
en this, it is somewhat baffling that resistance does not appear
to have moved more freely from populations in alfalfa to
populations in clover. However, the likelihood of resistance
introgressing to clover will depend on whether the loci af-
fecting resistance to parasitism segregate independently from
the loci affecting both host-plant preference and performance
on the two host plants. Preference and performance are cor-
related in this system and are under strong divergent selection
between alfalfa and clover (Via 1991a); thus, a negative ge-
netic correlation between the ability to feed on clover and
resistance would help explain the observed pattern.

The Evolution of the Aphid-Parasitoid Association:
The Wasps

The large difference in resistance to parasitism by A. ervi
between aphids from alfalfa and clover means that the success
rate of wasps attacking aphids from alfalfa is low relative to
wasps attacking aphids from clover in our assays. In the field,
parasitism rates are also lower in alfalfa than in clover (R.
A. Hufbauer, unpubl.). Thus, there is the potential for strong
selection against wasps attacking the more resistant aphids
from alfalfa. Such selection might be expected to lead to the
evolution of increased ability to overcome aphid resistance
(i.e., virulence) among wasps on aphids from alfalfa or of
increased preference for aphids from clover. Henter (1995)
documented significant genetic variation in virulence on pea
aphids among A. ervi from a single alfalfa field. This genetic
variation makes the evolution of increased virulence toward
aphids from alfalfa theoretically possible. However, our data
on the wasps from the first experiment that included wasps
from both alfalfa and clover indicate that the populations do
not differ in their average ability to successfully parasitize
pea aphids. These results are in accordance with subsequent
experiments in which wasps from more populations were
sampled (R. A. Hufbauer, unpubl.). Thus, if virulence has
increased, it has not occurred in populations on alfalfa ex-
clusive to any increases in clover. The wasps are very mobile,
as indjcated by their rapid spread across northeastern North
America following their introduction (Angalet and Fuester
1977). Thus, the response to selection for increased virulence
may be slowed by gene flow from clover fields, where se-
lection appears to be less intense (e.g., Storfer and Sih 1998).
The evolution of virulence also may be constrained by phys-
iological costs or trade-offs with other selectively important
traits not examined here, such as parasitoid resistance to hy-
perparasitoids.

- Parasitoid wasps are known to use chemical cues from
plants to find their host’s habitat and their hosts (reviewed
in Vinson 1981; Vet and Dicke 1992). Selection may favor
individual wasps that choose clover habitats and therefore
attack the more susceptible pea aphids found there. However,
in our study area, pea aphid populations tend to be smaller
in clover fields, and perhaps because of their susceptibility,
a greater proportion of the population is parasitized (R. A.
Hufbauer, unpubl.). Thus, the benefits of attacking more sus-
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ceptible aphids may be countered by the greater difficulty of
finding unparasitized hosts in clover.

Conclusions

We have documented significant genetic variation among
populations of pea aphids specialized on different host plants
in resistance to parasitism. In this tritrophic system, the ge-
netic constitution of the herbivore has a greater effect on the
probability of successful parasitism than does the host plant.
Thus, a direct interaction between plant and parasitoid may
not always be the cause of differences in parasitism rates on
different host plants in tritrophic systems. Populations of
other herbivorous insect species should be examined for ge-
netically based differences in resistance to natural enemies
to assess whether differences of the magnitude seen here are
common in tritrophic systems.
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