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COMPARATIVE GEOGRAPHIC STRUCTURES OF TWO PARASITOID-HOST
INTERACTIONS
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Abstract.—Recent studies of parasitoid-host interactions have demonstrated that parasitoids and their hosts are geo-
graphically structured for traits such as virulence and encapsulation defenses, but no studies have yet compared the
geographic structure of parasitoids and hosts using neutral genetic markers. Such studies of geographic structure are
needed to evaluate the underlying geographic scale at which these interactions evolve and allow assessment of the
relative effects of selection and gene flow on the geographic structure observed in traits under selection. We used
sequence data from the mitochondrial DNA cytochrome oxidase I and II subunits to document and compare the
geographic structures of the parasitoid Agathis thompsoni and its moth host Greya subalba. We also documented the
geographic structure of G. enchrysa and compared it to the geographic structure of its parasitoid Agathis n. sp. The
results demonstrated that parasitoids and their hosts may have incongruent patterns of geographic structure as assessed
by molecular markers. As a consequence, the geographic scale at which the interaction evolves may be different for
each species involved in the interaction. Depending on the interplay of selection and gene flow, there may not be a
one-to-one correspondence of traits important in the interaction between parasitoids and their hosts at the level of
local populations. The geographic structures of A. thompsoni and G. subalba and Agathis n. sp. and G. enchrysa provide
further evidence of the potential importance of the formation of geographic mosaics in coevolving parasitoid-host
interactions and evolving interactions in general.
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Studies examining phylogeographic patterns have dem-
onstrated that populations within species are geographically
structured (Avise 1994). This geographic structure may be
viewed as sets of populations that exhibit a hierarchy of ge-
netic relatedness that is dependent upon patterns of past and
current gene flow among populations. Geographic structure
influences not only the population biology of a species, but
also the evolution of interspecific interactions (Thompson
1994; Burdon 1997; Hanksi and Gilpin 1997). In particular,
Thompson (1994) has suggested that the geographic structure
of interacting species is a major component of evolving in-
teractions and the coevolutionary process. If conspecific pop-
ulations are relatively isolated, their interspecific interactions
may evolve along different trajectories in different commu-
nities (e.g., Brodie and Brodie 1991; Carroll and Boyd 1992;
Wilkinson et al. 1996; Carroll et al. 1997; Benkman 1999).
Conversely, a high degree of connectivity among populations
homogenizes species interactions as newly evolved traits may
spread rapidly among populations (e.g., Jaenike 1989; Shoe-
maker and Jaenike 1997). Between these extremes, moderate
levels of gene flow may produce complex and continually
changing geographic mosaics in interactions and may even
result in local maladaptation in interactions within some local
communities (Thompson 1994, 1997). Thus, differing geo-
graphic structures may fuel the ongoing geographic mosaic
of coevolution between interacting species.

Numerous studies have documented the geographic struc-
ture of single species, but few studies have attempted to
document the relative geographic structure of pairs of inter-
acting species (e.g., Mulvey et al. 1991; Michalakis et al.
1993; Dybdahl and Lively 1996, Parker and Spoerke 1998).
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Such studies are necessary for understanding the geographic
scale at which interactions evolve because incongruencies in
the geographic structure of interacting species can have a
profound influence on the outcome of an interaction. For
example, Dybdahl and Lively (1996) showed that the snail
Potamopyrgus antipodarum is a collection of highly struc-
tured populations, whereas its trematode parasite Micro-
phallus sp. exhibits little population structure. They sug-
gested that this difference in geographic structure favors the
maintenance of sexual reproduction in the snail and prevents
the development of host races in the parasite. Incongruent
geographic patterns have also been detected in interactions
between the weevil Larinus cynarae and its host plant, the
thistle Onopordum illyricum (Michalakis et al. 1993), and in
the interaction between white-tailed deer Odocoileus virgi-
nianus and its liver fluke Fasciolodies magna (Mulvey et al.
1991). Taken together, these studies suggest that incongruent
patterns of geographic structure between interacting species
may be common.

In this study we examine the geographic structure of the
interaction between parasitoids and their hosts. As in other
parasitic associations, parasitoids and their hosts exhibit geo-
graphic differences in traits important to their interaction.
Parasitoid species are known to be collections of populations
that differ in searching behavior and virulence (Bouletreau
1986; Kraaijeveld and van Alphen 1994; Kraaijeveld and van
der Wel 1994; Kraaijeveld et al. 1994, 1995; Potting et al.
1997), and host species may also be collections of popula-
tions that exhibit different defenses to parasitoids such as
encapsulation ability (Bouletreau 1986; Carton and Nappi
1991; Kraaijeveld and van Alphen 1995; Orr and Irving 1997,
Kraaijeveld et al. 1998). Moreover, recent studies have un-
covered local genetic variation for defenses and counterde-
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fenses within both groups, highlighting the potential for on-
going coevolution (Henter 1995; Henter and Via 1995). Un-
like for other interactions, however, there have been no
studies using neutral genetic markers to characterize the un-
derlying geographic structure of parasitoid-host interactions.

We used the interaction between two parasitoids in the
genus Agathis (Braconidae: Agathidinae) and their moth
hosts in the genus Greya (Prodoxidae) to examine patterns
of geographic structure that can arise in parasitoid-host in-
teractions. The interaction between these parasitoids and their
moth hosts is patchily distributed over the major river drain-
ages of the Pacific Northwest. Both Agathis and Greya have
been the focus of a number of studies on the potential for
coevolution in interacting species (Thompson 1986, 1987,
1997; Thompson and Pellmyr 1992; Pellmyr et al. 1996;
Thompson et al. 1997), and the geographic structure of Agath-
is n. sp. has been described elsewhere (Althoff and Thomp-
son, unpubl. ms.). Here we document the geographic structure
of the parasitoid A. thompsoni and its host G. subalba and
also, for comparison, the geographic structure of G. enchrysa,
which is the host of Agathis n. sp. We then evaluate the
similarities and differences in the patterns of geographic
structure for each parasitoid species and its respective host
species. We also determine the geographic scale at which
each parasitoid-host interaction appears to be undergoing dif-
ferentiation and relate this to the evolution of these inter-
actions.

MATERIALS AND METHODS
Species

The distribution of the moth species Greya subalba and G.
enchrysa extends from southwestern Canada across the Pa-
cific Northwest to southern Oregon (Davis et al. 1992). This
study compares their geographic structures in the north-
western portion of their geographic ranges where they over-
lap. Although there has been no formal investigation of their
ranges, both parasitoids, Agathis thompsoni and Agathis n.
sp., have been found at all sites where the moths occur.

Greya subalba Braun is a seed parasite of the immature
seeds of five Lomatium species (Apiaceae). Female G. sub-
alba lay one to two eggs per schizocarp and distribute their
eggs across umbellets within an individual plant in a way
that may minimize information on larval distributions for
females of A. thompsoni (Thompson 1986, 1987). Larvae feed
on endosperm until the end of the second instar, at which
time they burrow out of the schizocarp and drop into the soil
(Davis et al. 1992). Adults eclose the following spring.

Agathis thompsoni Sharkey (Braconidae: Agathidinae) at-
tacks larvae of G. subalba while they feed within the schizo-
carps of Lomatium. A female wasp must probe a schizocarp
with her ovipositor to determine if it contains G. subalba
larvae. Female wasps search in a pattern that is similar to
the distribution of moth larvae, and the distribution of moth
larvae and the pattern of female search may have been an
important target of selection in this interaction (Thompson
1986). Based on the life history of G. subalba, this wasp
species is univoltine. No other host species have been re-
corded for A. thompsoni.

Greya enchrysa Davis and Pellmyr (Lepidoptera: Prodox-
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idae) is a floral parasite of the saxifrage plants Heuchera
cylindrica Dougl., H. grossulariifolia Rydb., and their hybrids
(Davis et al. 1992). As a female moth oviposits into the ovary
of the flower, she passively transfers pollen on her abdomen
to the stigma of the flower. Females are highly effective pol-
linators of H. cylindrica, accounting for up to 51% seed set
during a single oviposition event (Pellmyr et al. 1996). Lar-
vae feed on developing seeds until the second instar. At this
time, they exit the seed capsule through the unfused styles
or burrow through the seed capsule wall, drop into the soil,
and emerge as adults the following summer. Larvae are usu-
ally located at the base of the seed capsule (Davis et al. 1992),
which may afford a refuge from attack by Agathis n. sp.
(Braconidae: Agathidinae). Female wasps insert their ovi-
positors into the top of the seed capsule rather than pierce
the capsule wall (Althoff and Thompson, unpubl. ms.). Thus,
larvae at the base of a seed capsule may avoid being detected.

Molecular Analyses

Individuals of A. thompsoni, G. subalba, and G. enchrysa
were collected during the summers of 1996 and 1997 from
their respective host plants (Table 1, Fig. 1). Data for Agathis
n. sp. are from Althoff and Thompson (unpubl. ms.). Spec-
imens were individually collected in microcentrifuge tubes,
returned to the laboratory, flash frozen in liquid nitrogen, and
held at —80°C. Total genomic DNA was extracted from each
individual using the IsoQuick DNA isolation kit (Orca Re-
search, Inc., Bothell, WA). Initial amplifications of a contig-
uous mtDNA region containing approximately half of cy-
tochrome oxidase I (COI) and half of cytochrome oxidase II
(COIl) were made using the primers mtD6 (GGAGGA-
TTTGGAAATTGATTAGTTCC) and mtD18 (CCA-
CAAATTTCTGAACATTGACCA) from the Insect mtDNA
primer kit distributed by University of British Columbia Nu-
cleic Acid-Protein Service Unit. Amplifications were made
in 50-pl reaction volumes containing 1 X PCR buffer
(Gibco), 3 mM MgCl, (Gibco), 0.2 mM dNTPs, one unit Tag
polymerase (Gibco), 5 pmoles of each primer, and 20 ng of
DNA template. The PCR profile was one cycle at 95°C for
5 min, 35 cycles of 95°C for 1 min, 48°C for 45 sec, 72°C
for 2 min, and one cycle at 72°C for 5 min. For G. enchrysa
the annealing cycle was 52°C for 30 sec. PCR products were
precipitated and cleaned with a 2.5 M NaCl/20% polyeth-
ylene glycol solution and resuspended in sterile water.

Sequencing reactions were in 5 pl volumes and contained
25 ng initial PCR product, 1.25 pmoles primer, and 2 pl of
FS dye terminator ready reaction cycle sequencing mixture
from ABI. The PCR profile was 25 cycles of 96°C for 30
sec, 45°C for 30 sec, 60°C for 4 min. Products were cleaned
with Sephadex columns and sequenced on an ABI 377 Au-
tomated DNA sequencer. A total of five primers were used
to sequence the COI and COII region: the two amplification
primers plus three species-specific internal primers derived
from sequences of each species. Two of these primers were
on the same DNA strand as mtD6 and one on the same strand
as mtD18. Primer sequences are available from the authors
upon request.

In addition to sequencing the COI and COII region, PCR-
based RFLPs of a region of the nuclear ribosomal DNA were
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TABLE 1.

D. M. ALTHOFF AND J. N. THOMPSON

List of sites and host plants from which collections were made for each species.

Species Host plant

Location

Agathis thompsoni Lomatium grayi

CRM: Crum (Granite Point), WA, 46°37'N, 117°22'W

PLN: Pullman, WA, 46°44'N, 117°10'W
SP: 1.6 km E of Nez Perce National Historic Monument, Spalding Site,
ID, 46°27'N, 116°49'W

L. ambiguum

STJ2: 4.5 km Forest Road 537, St. Joe National Forest, ID, 47°17'N,

116°7'W

L. dissectum

Greya subalba L. grayi

SC: 6.8 km Forest Road 50, Lolo National Forest, MT, 46°42'N, 113°48'W
CRM: same as above

PLN: same as above
KSK: junction of US routes 12 and 13, Kooskia, ID, 46°9'N, 115°58'W
SP: same as above

L. ambiguum

Greya enchrysa Heuchera cylindrica

STJ2: same as above
ALB: Albion, WA, 46°47'N, 117°15'W

SP: same as above

STJ2: same as above

STJ1: 3.7 km W of Calder, ID, St. Joe National Forest, 47°16'N, 116°15'W

BM: Forest Road 46, Umatilla National Forest Service in the Blue Moun-
tains of southeastern WA, 46°13'N, 117°46'W

MC: Martin Creek Campground, Bitterroot National Forest, MT, 45°56'N,
113°44'W

examined. A region of rDNA containing the 3’ end of 18S,
all of ITS-1, 5.8S, and ITS-2, and the 5’ end of 28S was
amplified using PCR and cut with 10 restriction enzymes.
The primers used were 18j) (GCCTGCGGCTTAATTT-
GACTCAACACGGG) and 28z (AGACTCCTTGGTCCGT-
GTTTCAAGAC) from Hillis and Dixon (1991) and the PCR
profiles were the same as those used for the initial amplifi-
cation of COI and COII. A product of approximately 2500
bp was obtained and cut with the following 10 restriction
endonucleases: Accl, Aval, Avall, Banl, Banll, BstN1, Hhal,
Hincll, Hpall, and Ncil. For each enzyme, PCR products were
digested overnight with two units of enzyme according to
the manufacturer’s specifications. DNA fragments were sep-

MONTANA

o 100442131
g |

© Agathis thompsoni

® Agathis n. sp.

oGreya subalba ® Greya enchrysa

Fic. 1. Distributions of sites used to estimate geographic structure
for each species. Dots next to one another represent collections
from the same locality. For comparison, sites studied for Agathis
n. sp. are included (Althoff and Thompson, unpubl. ms.). Site ab-
breviations are described in Table 1.

arated on 1% agarose gels and visualized using ethidium
bromide staining.

The geographic structure among sites within each species
was analyzed using the parsimony algorithms in PAUP 3.1.1
(Swofford 1993) and analysis of molecular variance (AMO-
VA) (Excoffier et al. 1992). We used Fitch parsimony and a
heuristic search with simple taxon addition and TBR branch
swapping for the sequence data. One hundred bootstrap rep-
licates were also conducted to assess support for the resulting
nodes. The AMOVA program was used to estimate the var-
iance components in haplotype diversity within sites, be-
tween sites, and among groups of sites. We used the squared
number of substitutions among haplotypes as the distance
matrix for each species. Significance testing of the variance
component was done using a permutational approach. The
AMOVA was run twice for each species. In the first analyses
we did not specify an among-groups-of-sites component be-
cause we did not know a priori what the groupings should
be. We used pairwise dbgr values, an analog of Fgr, to infer
the potential groupings among sites. We assumed, using the
equation Nm = ([1/Fst]) — 1)/2 (Hudson et al. 1992), that
bgt values greater than 0.35 represent less than one migrant
per generation between sites. This amount of gene flow is
insufficient to prevent differentiation due to genetic drift (Al-
lendorf 1983). Those sites that had pairwise dgr values less
than 0.35 were grouped together in the second analysis to
test statistically for structuring based on groups of sites.

RESULTS

As is common for insects, sequences from the three species
had a high A + T content (A. thompsoni = 78.7%, G. subalba
= 72.2%, and G. enchrysa = 72.4%). For all three species,
nucleotide site variation was low (Table 2), but a large num-
ber of unique haplotypes were detected. The percentage of
individuals with unique haplotypes was 65.2% for A. thomp-
soni, 95.8% for G. subalba, and 58.6% for G. enchrysa. On
average, fewer than one percent of nucleotide sites were par-
simony-informative. The RFLP data did not yield any par-
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TABLE 2. Summary of sequence data of mtDNA COI and COII region for all species.
No. No. No. bp No. sites No. sites
Species localities individuals sequenced variable informative
Agathis thompsoni 5 23 1904 27 (1.4%) 8
Greya subalba 5 24 1877 64 (3.4%) 28
Greya enchrysa 6 29 1920 22 (1.1%) 12

simony-informative sites. Almost all individuals within each
species were monomorphic for all 10 enzymes surveyed.

The resulting phylogenies for A. thompsoni and G. subalba
exhibited several polytomies and some branch structuring
(Figs. 2, 3). For A. thompsoni a majority of individuals col-
lected from the Crum, Washington, and Pullman, Washington,
sites had the same haplotype suggesting a high degree of
connectedness between these two sites (Fig. 2). For G. sub-
alba, a majority of haplotypes from the St. Joe River (STJ2)
and Pullman (PLN) sites were grouped as clades, which sug-
gests some structuring by site (Fig. 3). Also, a majority of
individuals from the Kooskia (KSK), Spalding (SP), and
Crum (CRM) sites formed a clade. For both species, however,
there were no cases in which all haplotypes from one site
were monophyletic. Haplotypes from geographically distant
sites were sometimes more closely related to one another
than haplotypes from the same sites.

CRM

CRM, CRM, SP, PLN,
PLN, PLN, STJ2, SC, SC

CRM

CRM

SP

64 [ pIN

SP

SP

SP

STJ2
STJ2
STJ2

61

95 ——SC
57

SC

sC

FiG. 2. One of two most parsimonious trees for Agathis thompsoni.
Site identification as in Figure 1 and Table 1. Multiple site names
per branch indicates individuals that had identical sequences. The
tree has 28 steps. Bootstrap values above 50% are given below the
branches. The second tree was the same except for the exclusion
of the SP haplotype as the sister taxon to the PLN and SP clade
with the 64% bootstrap value.

The AMOVA for both species also detected some geo-
graphic structuring. The component of haplotype diversity
due to the variance among groups of sites was significant
(Table 3). Population groupings based on the AMOVAs pro-
duced incongruent patterns of geographic structure for both
species (Fig. 4). The Spalding, Crum, and Pullman sites were
grouped together for A. thompsoni, but were not for G. sub-
alba. The St. Joe River site was also grouped differently for
each species.

The parsimony analysis for G. enchrysa detected one pop-
ulation grouping (Fig. 5). All individuals from the St. Joe
River 1 (STJ1) site were contained in a clade; however, in-
dividuals from other sites had the same haplotype as four of
the STJ1 individuals. As with A. thompsoni and G. subalba,
haplotypes from geographically distant sites were sometimes
more closely related to one another than haplotypes from the
same sites. The AMOVA detected a significant component
of haplotype diversity due to variance among groups (Table

CRM

CRM
CRM
CRM
SP

SP, SP

s K
KSK
KSK
KSK
KSK
ST2

CRM
100

70 SP
100 PLN

& o B
100 74 STJ2

70 52 o
oo I
94 PLN
PLN
PLN

SpP

FiG. 3. Unrooted 50% majority-rule consensus tree of 4025 equal-
ly parsimonious trees for Greya subalba. Site identification as in
Figure 1 and Table 1. The tree has 82 steps. Multiple site names
per branch indicates individuals that had identical sequences. Per-
centage of trees containing clade are given above the branches and
bootstrap values above 50% are given below branches.

100

61

57

100
68
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Analysis of molecular variance results for Agathis thompsoni, Greya subalba, and Greya enchrysa. Overall ¢ values are provided.

TABLE 3.

Greya enchrysa

Greya subalba

Agathis thompsoni

¢ statistics

P
0.001

% total

Variance

¢ statistics

P
0.001

% total

17.10

Variance

& statistics

P
0.001

% total

Variance

Source

= 0.485

¢'CT

48.52

3.82

= 0.171

(bCT

0.284 12.81

dr)CT

28.43

4.37

Among groups

Among populations

-0.175
0.395

¢'SC
¢'ST

0.891
0.009

-9.02
60.50

-0.71
4.76

dsc = 0.189
der = 0.328

0.041
0.002

15.66
67.25

11.73
50.38

0.133
0.380

(bSC
(bST

0.101
0.001

9.55
62.02

1.46
9.53

within groups
Within populations

D. M. ALTHOFF AND J. N. THOMPSON

MONTANA

WASHINGTON

¥ 00442173

OREGON

OG. subalba —--

@A. thompsoni

Fic. 4. Population groupings for Agathis thompsoni and Greya
subalba based on analysis of molecular variance.

3). Based on this analyis there are three population groupings:
individuals from Spalding, Albion, and the two St. Joe River
sites formed one group; the Blue Mountain site formed an-
other group; and the Martin Creek site formed the third (Fig.
6).

BM

BM, ALB, STJ2,
STJ2, STJ1, ST1,
STJ1, STJ1, MC
STJ2
100
71 STN
SP
SP, SP
ALB

100 [ BM
|
66 BM

BM

MC
100

MC, MC, MC

100 ————SI)2
ALB

ALB, ALB
SP

Fi1G. 5. Unrooted 50% majority-rule consensus tree of six equally
parsimonious trees for Greya enchrysa. Site identification as in Fig-
ure 1 and Table 1. The tree has 23 steps. Multiple site names per
branch indicates individuals that had identical sequences. Percent-
age of trees containing clade are given above the branches and
bootstrap values above 50% are given below the branches.
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WASHINGTON

OREGON

® Agathis n. sp. ——

@ Greya enchrysa —-

FiG. 6. Population groupings for Greya enchrysa based on analysis
of molecular variance. For comparison, groupings determined for
Agathis n. sp. are included (from Althoff and Thompson, unpubl.
ms).

DiscussioN
Overall Patterns of Geographic Structure

The patterns of geographic structure for A. thompsoni, G.
subalba, and G. enchrysa are consistent with the structures
of three other species that have been examined over the same
geographic region surveyed in this study: Agathis n. sp. that
attacks G. enchrysa (Althoff and Thompson, unpubl. ms.),
G. politella, the sister species to G. enchrysa (Brown et al.
1997), and the saxifrage Heuchera grossulariifolia, which is
a host plant for some populations of both G. enchrysa and
G. politella (Segraves et al. 1999). For Agathis n. sp., only
one of seven sites sampled was monophyletic even though
there was significant geographic structuring in haplotype di-
versity and morphological and behavioral traits associated
with female searching behavior (Althoff and Thompson, un-
publ. ms.). Similarly, parsimony analyses of mtDNA COI
and COII for populations of G. politella detected only geo-
graphic differences between populations in the Pacific North-
west and those from California (Brown et al. 1997). Estimates
of haplotype diversity using Ngt, however, did show some
structuring among populations in the Pacific Northwest
(Brown et al. 1997). Finally, parsimony analysis of chloro-
plast DNA from diploid and tetraploid populations of H. gros-
sulariifolia across Idaho and western Montana also detected
a low degree of geographic structure. In many cases, hap-
lotypes from geographically distant sites were more closely
related to each other than to haplotypes from the same site
(Segraves et al. 1999). Thus, the results obtained for A.
thompsoni, G. subalba, and G. enchrysa are similar to the
patterns obtained from other species in this geographic re-
gion.

The parsimony and AMOVA analyses revealed different
aspects of the geographic structure for each species. For the
three species, parsimony analyses suggested that there was
some geographic structure, but this structure was not highly
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supported, and haplotypes from geographically distant sites
were sometimes more closely related than haplotypes from
the same site. The AMOVASs detected significant geographic
structuring for each species. In some cases, these analyses
also supported relationships obtained using parsimony. For
example, the Crum (CRM), Spalding (SP), and Kooskia
(KSK) sites for G. subalba formed a clade and were also
grouped based on the AMOVA (Figs. 3, 4). However, the
AMOVAs provided additional population groupings that
were not detected using parsimony.

The differing views of geographic structure produced by
the parsimony and AMOVA analyses may be the result of
biases in each of the analyses. For the parsimony analyses,
synapomorphies for each of the populations must be present
to detect geographic structuring. Haplotype diversity within
each population may be high, but all haplotypes must be
united by one or more synapomorphies if the populations are
geographically structured. The lack of synapomorphies unit-
ing populations within each of the three species may be due
to two factors. The first potential factor is a high level of
homoplasy. Homoplasy would obscure estimation of haplo-
type relatedness by grouping haplotypes that had arisen in
parallel. To our knowledge there have been no investigations
of the levels of homoplasy in COI and COII at the phylo-
geographic level. A second potential factor is the amount of
time populations have been isolated. Based on estimated rates
of sequence divergence for mtDNA COI and COI, the evo-
lution of synapomorphies may require a substantial amount
of time (Brower 1994; Pellmyr et al. 1998). If populations
have been isolated for less time than that necessary for the
formation of synapomorphies, the parsimony analyses would
indicate that there have been high levels of gene flow among
populations within each species (e.g., Lavery et al. 1996).

Like the parsimony analyses, AMOVA would also be af-
fected by high levels of homoplasy. Estimations of sequence
divergence among haplotypes may be reduced if multiple
substitutions occurred at nucleotide positions. However, the
AMOVA is less sensitive to the amount of time populations
have been isolated because it compares haplotype diversity
within and between populations rather than using characters
to unite haplotypes. Nonrandom distributions of haplotypes
among populations may occur quickly if population sizes are
small.

McMillan and Bermingham (1996) reported a similar dis-
cordance between parsimony and AMOVA results for pop-
ulations of Dall’s porpoise. They suggested that historical
rates of gene flow among porpoise populations have been
high, as indicated by parsimony analyses, but current distri-
butions of haplotype diversity, as indicated by AMOVA, sug-
gest a relatively recent decrease in gene flow among popu-
lations. This difference in historical versus recent gene flow
may have also caused the discrepancy between the parsimony
analyses and AMOVAs for A. thompsoni, G. subalba, and G.
enchrysa.

Alternatively, a second explanation for the discrepancy be-
tween the parsimony and AMOVA approaches may be that
small sample sizes were used in the latter. By chance alone,
some of the haplotypes that were more common to all pop-
ulations may not have been sampled. If these haplotypes were
indeed missed, the estimates of variance among populations
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may be inflated. Based on the current data, we cannot de-
termine whether small sample sizes have influenced the
AMOVA:s.

Regardless of the discrepancy between the parsimony an-
alyses and AMOVAs, there does appear to be some degree
of geographic structuring for each of the three species. Geo-
graphic structuring detected with the sequence data is sup-
ported by the fact that the species examined are unlikely to
move over the long distances between current patches of their
host plants. Agathis n. sp. and G. enchrysa are dependent
upon nectar from flowers of their host plants (Davis et al.
1992; Pellmyr et al. 1996), and G. subalba has reduced
mouthparts and probably feeds very little if at all (Davis et
al. 1992). None of these species have been observed to nectar
on other plant species. Thus, the populations surveyed in this
study would have to be connected to one another through a
series of host plant patches for gene flow to occur. Second,
the high degree of elevational change coupled with the dif-
ferences in phenology among populations makes this con-
nection highly unlikely. Third, the availability of flowers and
hosts is approximately two weeks in duration and adults of
all three species are unlikely to live much longer than this
time period (Davis et al. 1992; D. M. Althoff, pers. obs.)
This narrow window of time may reduce the chances of suc-
cessful migration among populations. Reliance on host plants
for food, coupled with a short adult life span and the patchy
distribution of host plants, suggests that current gene flow
among populations may be low, thus resulting in geographic
structuring among populations within each species.

Comparison of Parasitoid and Host Geographic Structures

The patterns of geographic structure between A. thompsoni
and G. subalba and between Agathis n. sp. and G. enchrysa
demonstrate that parasitoids and their hosts may have very
different geographic structures. Over the sites examined, A.
thompsoni had a different geographic structure (as inferred
from the AMOVASs) than G. subalba. Based on these results,
the interaction between these two species may have two dif-
ferent foci: one in the Spalding, Crum, and Pullman area and
one along the St. Joe River. Similarly, the patterns of geo-
graphic structure for Agathis n. sp. and G. enchrysa are highly
incongruent. Agathis n. sp. has a higher degree of structuring
than G. enchrysa. Haplotype diversity in this parasitoid was
substructured in regions where G. enchrysa was one large
group (Fig. 6). Agathis n. sp. has the potential to form highly
divergent populations over the same area in which G. en-
chrysa is apparently one large panmictic population. For each
interaction, intense selection may outweigh the effects of
gene flow among sites (e.g., Chevillion et al. 1995), but our
results provide a means to begin to evaluate patterns observed
in traits important to the interactions and to assess the in-
terplay of selection and population structure.

Price (1980) suggested that population subdivision is a
major consequence of the parasitic lifestyle and should be
typical for both parasitoids and phytophagous insects. Pop-
ulation subdivision has been demonstrated for many species
of phytophagous insects, but fewer studies have been con-
ducted for natural enemies such as parasitoids (Coll et al.
1994). Specialist parasitoids may be more likely to exhibit
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population subdivision given that they usually have lower
population sizes than their hosts (Godfray 1994). Indeed, both
A. thompsoni and Agathis n. sp. had higher ¢g7 values than
their respective host species (bgt = 0.59 for Agathis n. sp.,
Althoff and Thompson, unpubl. ms.), and Agathis n. sp. ex-
hibited a higher degree of population structuring than its host
(Fig. 6). Studies of other parasitoid-host interactions have
demonstrated geographic structure in traits under selection
(e.g., Kraaijeveld and van Alphen 1994, 1995), but to the
best of our knowledge only one other study has used neutral
genetic markers to examine geographic structure among pop-
ulations of a parasitoid species (i.e., Vaughn and Antolin
1998). The use of these markers also demonstrates that par-
asitoids may exhibit population structure that is conducive
to creating geographic mosaics in the interaction with their
host species.

Conclusions

Studies of parasitoid-host interactions in the past five years
have demonstrated that parasitoids and their hosts are geo-
graphically structured for selected traits such as virulence
and encapsulation defenses. We have provided further evi-
dence using neutral genetic markers that geographic structure
may form in parasitoid-host interactions. Parasitoids and their
hosts may exhibit incongruent patterns of geographic struc-
ture as in A. thompsoni and G. subalba and in Agathis n. sp.
and G. enchrysa. These incongruences in population structure
can lead to the formation of a geographic mosaic for traits
under selection (such as host encapsulation ability, parasitoid
virulence, and searching behavior) and highlight the need to
better understand how the interplay of gene flow and selection
determine the distribution of traits observed across popula-
tions of interacting species. Overall, our results suggest that
the formation of geographic mosaics is an important com-
ponent of the evolution of parasitoid-host interactions and
perhaps interspecific interactions in general.
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