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Abstract An important mechanism of speciation for specialized phytophagous insects is
host-associated differentiation, in which natural selection drives the evolution of repro-
ductive isolation. Here we use molecular population genetics data to test the hypothesis
that regional and local specialization on three alternate hosts restricts gene flow in the
Mitoura gryneus species complex of butterflies. Over half of the variation in mitochondrial
DNA sequences is explained by host plant association (/CT = 0.57, P = 0.002) consistent
with the hypothesis of host-associated divergence on the three hosts. AFLP analyses
revealed the number of clusters of individuals was K = 2, with all individuals associated
with one host grouping separately from all other host-associated individuals. Combined
with previous experimental results, these findings present evidence of varying levels of
differentiation among host associations and identify a role for both isolation in allopatry as
well as ecological factors in limiting gene exchange. The Mitoura species complex
includes multiple, differentiated lineages at varying stages of divergence, providing an
opportunity to examine the multifarious mechanisms that generate biodiversity in phy-
tophagous insects.
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Introduction

Recent studies of speciation have examined closely the influence of ecological factors on
the process of genetic divergence among populations under varying degrees of spatial
isolation and gene flow (Nosil et al. 2006; Thorpe et al. 2008; Berner et al. 2009). Eco-
logical speciation theory proposes divergent natural selection as the mechanism that ini-
tiates and drives reproductive isolation between groups, either through acting directly on
traits associated with reproduction or indirectly on genetically correlated traits (Schluter
2001; Rundle and Nosil 2005; Funk and Nosil 2008). These empirical studies and theo-
retical advances have focused attention on the relative roles of natural selection and genetic
drift in the process of divergence among populations (Felsenstein 1980; Slatkin 1987; Funk
1998; Gavrilets et al. 1998; Lenormand 2002; Coyne and Orr 2004). The challenge of
speciation studies is to characterize the balance between local adaptation and gene flow,
and link proximate ecological processes to the larger phylogeographic history of the nat-
ural system of interest (Feder et al. 2005; Butlin et al. 2008; Raesaenen and Hendry 2008).

In order to untangle the complexity of speciation, it is helpful to examine a system of
closely related taxa in various stages of speciation and for which different mechanisms are
responsible for divergence. This facilitates study of the relative contributions of different
reproductive isolating barriers under different spatial and ecological conditions (Tregenza
2002, Nosil et al. 2009; Via 2009). Plant–insect systems have frequently been examined to
address speciation questions because phytophagous insects are often closely associated
with their host plants, and host-associated divergence plays a central role in sympatric or
ecologically-based speciation models (Drès and Mallet 2002; Funk et al. 2002).

The Mitoura gryneus species complex is well-suited for studying mechanisms of
divergence because these butterflies are closely associated with their respective hosts (trees
in the family Cupressaceae) and exhibit behaviors such as female oviposition preference
and male lekking, which might influence assortative mating based on host plant use (Scott
1992; Forister 2004). The geographic distributions of Mitoura hosts occur, in varying
degrees, from complete allopatry, to parapatry and sympatry; therefore, these butterflies
provide the opportunity to study the potential interaction between geographic and eco-
logical reproductive isolating barriers.

Population genetic (Nice and Shapiro 2001) and experimental (Forister 2004, 2005)
work with Mitoura in northern California examined three nominal species (Mitoura muiri,
M. nelsoni, andM. siva) that differ in host plant association, morphology, and phenology of
flight time. Nice and Shapiro (2001) found genetic structure associated with some of these
ecological factors, while taxonomic designations were not indicative of levels of popula-
tion genetic divergence. Forister (2004, 2005) tested the hypothesis of host-associated
differentiation and specialization among these same populations by measuring both female
preference and larval performance. Preference and performance varied, with one host-
associated population exhibiting a concordance of preference and performance for the natal
host. For the other butterfly-host plant associations the relationship was more complex,
with larval performance not always highest on the plant preferred by females. Despite
differences in morphology (taxonomic designations are based primarily on morphological
variation), the low levels of genetic differentiation and variation in adaptation to natal hosts
suggest that evolutionary divergence in this group is incomplete and ongoing.

In contrast to the butterflies in the northwest, Mitoura in the south-central portion of
North America are morphologically homogeneous and are considered one nominal taxon
(M. gryneus). In addition, Mitoura within this region are associated with different species
of trees within a single genus, Juniperus, that occur both allopatrically and sympatrically.
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In order to better isolate the role of ecological specialization in driving divergence, these
butterflies that do not differ in morphology or phenology, but do differ in host plant use,
were examined. Experimental work with M. gryneus (Downey and Nice 2011) found
variation in female oviposition preference and larval performance among different host-
associated populations, indicating host race formation is occurring but is incomplete in
some cases. The current study complements this previous work on Mitoura and tests the
hypothesis that populations of M. gryneus associated with different hosts experience
restricted gene flow, and exhibit significant population genetic divergence. Furthermore we
ask, are the patterns of genetic differentiation coincident with ecological divergence (i.e.,
patterns of specialization in terms of preference and performance; Downey and Nice 2011)
as would be predicted under the hypothesis of host-associated differentiation?

Materials and methods

Biology of Mitoura gryneus and host plants

The juniper hairstreak, M. gryneus (Family Lycaenidae), is part of a species complex that
includes M. muiri, M. nelsoni, M. siva, M. sweadneri, M. thornei and others, all of which
are considered by some taxonomists to be either separate species or subspecies of
M. gryneus (Johnson 1981; Scott 1992). Host plant association is important in many of
these taxonomic designations and all of the taxa in this complex use members of the
Cupressaceae as hosts. Throughout much of the eastern United States, M. gryneus uses
Juniperus virginiana as the sole host plant (with exceptions such as M. sweadneri asso-
ciated with J. silicicola in Florida). In the western and northwestern regions of North
America, Mitoura butterflies are more taxonomically diverse and are associated with a
greater number of cupressaceous hosts in several genera including Juniperus, Cupressus,
and Calocedrus (Johnson 1981; Nice and Shapiro 2001; Forister 2004, 2005).

Three host associations of M. gryneus on Juniperus species in Texas were examined in
this study. Two host species are nearly entirely confined to Texas. Ashe juniper (J. ashei)
occurs primarily in central Texas, and red-berried juniper (J. pinchotii) occurs primarily in
western-northwestern Texas. Eastern red cedar (J. virginiana) occurs throughout eastern-
northeastern regions of North America and into the eastern half of Texas (Adams 2008).
Mitoura were sampled from areas where the hosts J. ashei, J. pinchotii and J. virginiana
are allopatric, as well as where J. pinchotii and J. ashei are sympatric at various points
across their range (Downey and Nice 2011, Fig. 1; see also Supporting information,
Fig. S1). Hereafter, we will refer to these sampling populations ofM. gryneus by host plant
association (J. ashei, J. pinchotii, sympatric J. ashei–J. pinchotii, or J. virginiana).

Previous studies (Downey and Nice 2011) with butterflies from these populations
examined female oviposition preference and larval performance to test the hypothesis that
specialization on alternate hosts has led to host race formation and facilitated evolutionary
divergence. Different host-associated populations exhibited different degrees of special-
ization. Females of J. virginiana-associated populations exhibited no preference for, but
larvae were observed to have increased developmental efficiency on, their natal host.
J. ashei-associated populations exhibited a concordance between preference and perfor-
mance for their natal host, while J. pinchotii-associated populations preferred and exhib-
ited equally high performance on J. ashei and J. pinchotii. Butterflies from localities where
the hosts J. ashei and J. pinchotii were sympatric varied in the patterns of preference and
performance.
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Molecular protocol for data collection

Adult specimens of M. gryneus were collected from ten sampling locations (hereafter
‘‘populations’’) during 2008–2009. Populations were the same as those used in earlier
experimental work by Downey and Nice (2011), with the addition of one J. ashei-asso-
ciated population (Bandera; Fig. 1; Table 1). Thoracic tissue from adult butterflies was
used for genomic DNA extraction (head, abdomen, and wings stored as voucher specimens
at -80 "C). Regions of mitochondrial DNA (cytochrome oxidase subunits I and II) were
amplified and sequenced for a subset of 8–14 individuals per sampling population using the
COI primer pairs RON (C1-J-1751) and NANCY (C1-N-2191) and the COII primer pairs
PATRICK (C2-J-3038) and EVA (C2-N-3782) (Simon et al. 1994; Caterino and Sperling
1999). PCR products (see Supporting Information for protocol details) were purified using
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Fig. 1 Results of mtDNA analyses. a Haplotype network of combined COI-COII sequences. Connections
are 1 nucleotide substitution difference. Filled circles are unsampled intermediate haplotypes. b Map of
sampling locations indicating relative position of populations. Number of individuals with each haplotype in
parentheses. Private alleles are indicated by asterisks. Square symbols J. pinchotii host association,
diamonds J. pinchotii and J. ashei, circles J. ashei, and triangles J. virginiana. Population labels are the
same as in Table 1. Solid-line polygons around populations are SAMOVA results when K = 2; dashed line
indicates SAMOVA results (excluding J. virginiana populations) when K = 4
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Promega Wizard SV Genomic DNA Purification System, followed by cycle sequencing
using either a CEQ8800 Genetic Analysis System and protocols (Beckman Coulter) or the
BigDye Terminator v3.1 Reaction Kit and ABI3730 DNA Analyzer (for the latter,
sequencing was performed by the Nevada Genomics Center, www.ag.unr.edu/genomics).
Sequence data was edited by eye and aligned using Geneious v5.0 (Drummond et al. 2010).

To obtain genome-wide estimates of differentiation from a large number of nuclear
markers, AFLP data were also collected for 18–27 individuals per nine sampling popu-
lations (excluding the Bandera population; 184 individuals total) following a modification
of the protocol described by Vos et al. (1995) (see also Gompert et al. 2006). Two selective
primer pairs were used, a FAM-labeled EcoRI-ACA primer paired with MseI-CAGA and
MseI-CAGC, respectively. Reaction products were mixed with a 500 MW LIZ size
standard and analyzed on an ABI Prism 3730 DNA Analyzer (service provided by Nevada
Genomics Center). Eight samples were run repeatedly on each 96-well plate to check that
among-plate variability was minimized (C95 % of detected markers were successfully
scored in each independent amplification profile). Raw electropherograms were analyzed
using ABI PeakScanner v.1.0 to detect presence or absence and size of bands for each
individual (with ‘‘light peak smoothing’’; all other settings were default). A binary matrix
of presence (1) or absence (0) for AFLP bands was constructed using the automated
scoring RawGeno package in R (R CRAN; Arrigo et al. 2009) with the following
parameters: scoring range, 100–500 bp; maximum bin width, 2 bp; low intensity threshold,
50 rfu’s; with 5 % low-frequency bins eliminated. Each selective primer pair data set was
scored separately, and then concatenated for analyses.

Table 1 Collection information for M. gryneus specimens with mtDNA haplotype information, and per-
population haplotype (gene) diversity (h) based on haplotype number and frequency

Population locality Coordinates Host plant Haplotype (no.
of individuals)

h

Big Spring (BS) 32" 14059.7400 N
101" 29002.7500 W

J. pinchotii A1 (6), B2 (2), E1 (1) 0.56 ± 0.17

San Angelo (SA) 31" 29002.7500 N
100" 29048.9200 W

J. pinchotii A1 (8), A6 (1), A8 (1),
B2 (1), B7 (1), E5 (1),
F2 (1)

0.69 ± 0.74

Independence
Creek (IC)

30" 29024.5700 N
101" 47054.3300 W

J. ashei,
J . pinchotii

A1 (3), A2 (1), A3 (1),
B2 (4), D5 (1)

0.76 ± 0.11

Junction (JN) 30" 29053.1900 N
99" 44003.2000 W

J. ashei,
J. pinchotii

A1 (6), A3 (1), D1 (1) 0.46 ± 0.20

Bandera Rd (BD) 29" 35048.2600 N
98" 3804.1700 W

J. ashei A1 (8) 0.00 ± 0.00

Guadalupe (GD) 29" 5309.8700 N
98" 3204.4900 W

J. ashei A1 (3), A3 (4) 0.57 ± 0.12

Pedernales (PD) 30" 16039.1800 N
98" 15023.7300 W

J. ashei A1 (7), A3 (1) 0.25 ± 0.18

Freeman (FR) 29" 55023.4800 N
98" 1013.2700 W

J. ashei A1 (11), A3 (1) 0.17 ± 0.13

Welsh (WS) 30" 13058.1900 N
97" 15041.5300 W

J. virginiana A3 (4), C4 (5), G4 (1) 0.67 ± 0.10

Oak Thicket (OT) 29" 56055.0800 N
96" 43049.4400 W

J. virginiana A3 (8), C4 (4) 0.48 ± 0.11
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mtDNA data analysis

Mitochondrial COI and COII sequence data were combined and analyzed as a single unit
after a partition homogeneity test found no significant difference in phylogenetic signal
between the two markers (P = 0.23) (PAUP v.4.0beta10, Swofford 2003). A statistical
parsimony haplotype network was constructed using the program TCS v.1.21 (Clement
et al. 2000) (Fig. 1a). Haplotype (gene) diversity, h (Nei 1987), was calculated for each
population (Table 1). An analysis of molecular variance (AMOVA) was used to analyze
population structure according to host plant association using uncorrected pairwise
sequence differences (ARLEQUIN v.3.5; Excoffier et al. 2005). Three levels of genetic
variance were examined: (1) within-population variance; (2) variance among populations,
within groupings by host associations (‘‘within-hosts’’); and (3) variance among groupings
of host associations (‘‘among-hosts’’). Significance of /-statistics was assessed with 10,000
permutations of each level of the hierarchy. If ‘‘among-hosts’’ variation is significant (i.e.,
/-statistic measuring differentiation among hosts is significantly greater than zero), pop-
ulations using alternative hosts were considered to be differentiated, consistent with the
hypothesis that host plant fidelity plays a role in maintaining reproductive isolation among
M. gryneus using alternate hosts. Because the AMOVA examined single host-association
groupings, the initial AMOVA excluded the Junction and Independence Creek populations,
where J. ashei and J. pinchotii hosts are sympatric. The results from previous experimental
work (Downey and Nice 2011) were used to determine how to include these populations in
a subsequent AMOVA. Based on patterns of female preference and larval performance and
the similarities with specific host associations, the Junction population was grouped with
the J. ashei-associated populations, and the Independence Creek population with the
J. pinchotii-associated populations. Due to a relatively greater degree of sequence diver-
gence between J. virginiana-associated populations and all others (see ‘‘Results’’; Fig. 1a),
two additional AMOVAs were conducted. One AMOVA excluded the J. virginiana-
associated populations to test for host-associated differentiation between the J. ashei- and
J. pinchotii-associated populations. Another nested, hierarchical AMOVA was also con-
ducted using conventional F-statistics calculated from haplotype frequencies across all
populations and host associations, essentially discounting the relatively large sequence
divergence between haplotypes found in J. virginiana populations and all others.

While the previous AMOVAs describe partitioning of genetic variation in terms of
nested hierarchies, determined a priori, additional analyses were employed to test for other
spatial relationships in the data. A spatial analysis of molecular variance (SAMOVA;
Dupanloup et al. 2002) was used to assess the structure of populations in both spatial and
genetic terms, grouping together geographically adjacent sampling populations that exhibit
evidence of gene flow. The number of host population groups hypothesized (K = 3) was
tested along with other possible numbers of groupings (from 1 through 9). SAMOVA
assigns populations to groups using a simulated annealing procedure that detects areas of
local maxima of genetic variance among or between populations; groups are geographi-
cally adjacent and genetically homogeneous (Dupanloup et al. 2002). If host-associated
differentiation is occurring, and is the dominant phylogeographic pattern, K = 3 should
show maximal among-group differentiation (i.e., the highest /CT) and correspond to the
host-associated population groupings.

An alternative pattern of geographic genetic variation that may be detected is isolation
by distance (IBD; Wright 1943), which is in contrast to the hypothesis of restricted gene
flow between different host-associated populations. A Mantel test (Sokal and Rohlf 1995)
was used to test for IBD by comparing a genetic distance matrix of pairwise /ST’s
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(calculated between all pairs of populations from mtDNA data) to a geographic distance
matrix. A strong signal of IBD indicates that other factors besides host plant association
could be influencing the distribution of genetic variation. Lack of evidence of a pattern of
IBD would be consistent with the hypothesis of host-associated differentiation.

AFLP data analysis

AFLP data were analyzed using STRUCTURE (Pritchard et al. 2000), a Bayesian clus-
tering method that assigns individuals to groups (or clusters) that does not require a priori
information. Ten replicates for each value of K number of clusters (from K = 1 through
K = 10, the total number of sampling populations examined plus one) were conducted,
with the mean ln L (log likelihood) and variance calculated. For each replicate, a burn-in
of 50,000 with 500,000 Markov Chain Monte Carlo iterations was used. The model was
run with admixture and correlated allele frequencies, allowing for recessive alleles (Falush
et al. 2003) and alternate analyses both with and without population sampling location
information was used (LOCPRIOR model; Hubisz et al. 2009). Although not explicitly
spatial, the LOCPRIOR model in STRUCTURE optionally incorporates population loca-
tion designation if there is a correlation between cluster assignment and population
information. The value of K at which the mean ln L reached an asymptote was selected
(Pritchard et al. 2000); this also corresponded with the value of K with the highest delta
K statistic (Evanno et al. 2005).

Results

mtDNA haplotypes and analyses

A total of 828 bp of mtDNA sequence data (392 bp of COI and 436 bp of COII) were
obtained, from which 14 unique haplotypes were identified. The AMOVA revealed that
56.6 % of the total genetic variation was explained when all populations were grouped
according to host plant association (df = 2, P = 0.002; Table 2a). In addition, among-
population variation within each host association was low and not statistically significant,
indicating that populations within each host association were genetically similar (percent
variation explained = 1.32 %, df = 9, P = 0.43; Table 2a). These proportions were rel-
atively unchanged even when the host sympatric populations, Junction and Independence
Creek, were excluded (with host-associated groupings explaining 62.4 % of the total
variation, df = 2, P = 0.005; Table 2b). An examination of the haplotype network
revealed substantial divergence (8 nucleotide substitutions) between haplotypes from
J. virginiana populations and haplotypes from all other populations (Fig. 1a), raising the
possibility that these AMOVA results were driven by this pattern. When considering only
the J. ashei and J. pinchotii-associated populations in an AMOVA, 18.6 % of the variation
was still explained by grouping populations by host association (df = 1, P = 0.02;
Table 2c). An AMOVA conducted using conventional F-statistics revealed that 33.3 % of
the genetic variation was due to grouping populations according to host plant association
(df = 2, P = 0.003; Table 2d). Significant isolation by distance was not detected,
regardless of whether all populations were included (grouping Junction with J. ashei and
Independence Creek with J. pinchotii populations), Mantel test, r = 0.06, P = 0.23; or
when J. virginiana-associated populations were excluded from the analysis, Mantel test,
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r = 0.15, P = 0.22, again suggesting that host plant association influences population
genetic structure.

When spatial information was included, the analysis using SAMOVA revealed that the
number of groups (K) that explained the highest proportion of among-group variation was
K = 2, in which J. virginiana populations grouped together and were separate from all
other populations (/CT = 0.699, P = 0.02; Figs. 1b, 2). J. virginiana populations were
thus excluded from a subsequent SAMOVA to examine whether there was any substruc-
ture in the data among J. ashei and J. pinchotii-associated populations. The amount of
variation explained by different values of K was similar, with K = 4 accounting for the
highest proportion of variation (/CT = 0.235, P = 0.001; Figs. 1b, 2). J. ashei-associated
populations were differentiated from J. pinchotii-associated populations, although the
J. ashei-associated Guadalupe population was a separate group. For the sympatric J. ashei-
J. pinchotii-associated populations, Junction grouped with J. ashei populations and Inde-
pendence Creek was a separate group (Fig. 1b).

AFLP analyses

The two AFLP selective primer pairs, EcoRI-ACA with MseI-CAGA and MseI-CAGC,
yielded 223 and 234 variable fragments, respectively, for a total of 457 anonymous
markers. Interpretation of STRUCTURE results for the combined data set, using both the
lnL and the calculation of delta K, identified the number of clusters at K = 2 (this was
consistent for both models that incorporated sampling location information (LOCPRIOR)
and those that did not; the LOCPRIOR model results are presented herein). These clusters
correspond with the distinct division observed in the haplotype network between

Table 2 AMOVA results examining amount of variation explained when grouping sampling populations
by host plant association

Source of variation df Sum of squares Percentage
of variation

P value

(a) All populations

Among groups 2 81.54 56.59 0.002

Among populations within groups 9 7.79 1.32 0.43

Within populations 89 67.72 42.09 <0.001

(b) Excluding sympatric J. ashei–J. pinchotii populations

Among groups 2 60.28 60.02 0.038

Among populations within groups 5 2.12 1.99 0.45

Within populations 71 57.79 40.38 <0.001

(c) Excluding J. virginiana populations

Among groups 1 4.17 18.63 0.018

Among populations within groups 6 3.20 2.75 0.116

Within populations 69 27.72 78.62 0.001

(d) Using F-statistics

Among groups 2 8.91 33.30 0.003

Among populations within groups 7 2.87 4.68 0.039

Within populations 88 21.01 62.02 <0.001

Significant results are in bold
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J. virginiana-associated populations and all other populations (Fig. 1a), with individuals
from J. virginiana populations clustering together and separately from all other individuals
(Fig. 3). There was little evidence of other structure for values of K greater than two in the
AFLP analysis (Fig. S2 in Supporting Information).

Discussion

For phytophagous insects that both mate and oviposit on their host plants, positive
assortative mating in combination with selection resulting in increased fitness on natal
hosts can generate reproductive isolation between different host-associated groups, and
facilitate host race formation (Drès and Mallet 2002; Funk 1998; Via 1999). Host-asso-
ciated differentiation should also be considered within the larger framework of historical
biogeography, incorporating both the spatial and temporal context of population dynamics
over time. This study examined patterns of genetic diversity at the scale of a group of
potentially interbreeding populations of one nominal taxon, M. gryneus, testing host-
associated differentiation as evidenced by restricted gene flow among populations corre-
sponding with the three different host plant associations.

Patterns of neutral genetic divergence observed for mtDNA were found to be consistent
with the hypothesis of host-associated differentiation. Host association was a good pre-
dictor of mtDNA sequence variation, and the results of the SAMOVA, as well as the lack
of a pattern of IBD, further support the hypothesis of host-associated differentiation.

Differences at the nuclear (genomic) level are less clear. AFLP analysis using
STRUCTURE supports restricted gene flow between J. virginiana-associated populations
and all others (K = 2); however, there is a lack of clear structure for values of K greater
than two, indicating much less differentiation between J. ashei- and J. pinchotii-associated
populations.

Despite the clear differentiation between J. ashei and J. virginiana populations in both
the mtDNA and nuclear data, introgression from J. ashei populations to J. virginiana
populations may have occurred at some point in the past, given the presence of a shared
mitochondrial haplotype (A3; Fig. 1a); however, this may also be an indication of shared
ancestral polymorphism. In comparison, divergence between J. ashei- and J. pinchotii-
associated populations appears to have occurred more recently, with shared haplotypes and
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the lack of structure in the AFLP analysis suggesting recent or ongoing gene flow.
However, J. pinchotii and sympatric J. ashei- J.pinchotii-associated populations (in par-
ticular San Angelo and Independence Creek) exhibit greater haplotype diversity in terms of
both the number of haplotypes and the presence of private alleles compared to J. virginiana
and J. ashei-associated populations, indicating some degree of differentiation from other
host-associated populations.

When excluding J. virginiana-associated populations from the AMOVA, grouping
populations by host association still explained some of the variation and IBD was again not
observed, suggesting that host plant association is a better predictor of genetic differen-
tiation between J. ashei and J. pinchotii-associated populations. However, analysis of
nuclear data did not reflect the fine-scale structure revealed in the mtDNA data as evi-
denced by little support for clusters at K greater than two. It is not unusual, however, to find
discrepancies between mitochondrial and nuclear markers (Chan and Levin 2005; Gompert
et al. 2006). This may be due to a lack of resolution in the AFLP data in cases where
divergence is recent and there is limited differentiation among populations (Waples and
Gaggiotti 2006). In addition, differential dispersal of males and females might also
exacerbate the difference between these marker types. Female philopatry with greater male
dispersal can produce differentiation in maternally-inherited markers that would not be
evident in data from biparentally-inherited markers (Ohshima and Yoshizawa 2010).
Another possible explanation for the difference in patterns of population differentiation
detected in nuclear versus mitochondrial markers is infection with bacterial endosymbionts
such as Wolbachia, which are vertically transmitted and known to cause mating incom-
patibilities between infected and non-infected individuals and skew sex ratios in favor of
females (Werren 1997). We tested individuals from our sampling populations and did not
find evidence of Wolbachia infection (see Supporting Information online). In addition, we
think that the patterns of discrepancy here are not necessarily what might be predicted of
populations with Wolbachia infection, given that we might expect low mtDNA haplotype
diversity within populations due to a selective sweep. We found high mitochondrial
haplotype diversity both within and among populations (AMOVA results).

Comparing these patterns of population genetic differentiation with the experimental
results of oviposition preference and larval performance (Downey and Nice 2011) provides
a more complete picture of the evolutionary history of these butterflies and identifies
possible mechanisms of divergence. For J. virginiana-associated populations, females did
not exhibit significant preference for the natal host, although larvae had highest fitness
when reared on J. virginiana (Downey and Nice 2011). Given eight nucleotide substitution
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differences between the J. virginiana-associated mtDNA haplotypes and all others, it is
likely that these populations experienced a relatively long period in allopatry with J.
virginiana as the sole available host plant. Also congruent with observed genetic differ-
entiation, the strongest division in larval performance occurs between J. virginiana- versus
J. pinchotii- and J. ashei-associated populations. This suggests that local adaptation of M.
gryneus on J. virginiana, as measured by increased larval fitness on the natal host, has
evolved in allopatry. Without alternative hosts, J. virginiana-associated females might not
have experienced selection resulting from ovipositing on the ‘‘wrong’’ host that would be
necessary for the evolution of a strong preference for J. virginiana. The distinction
between the J. ashei and J. pinchotii populations in terms of preference and performance
varies, with J. ashei-associated butterflies exhibiting specialization on the natal host for
both preference and performance, while J. pinchotii-associated populations did not dis-
tinguish between J. ashei and J. pinchotii in either preference or larval performance
(although they clearly preferred these hosts over J. virginiana). The ambiguity in exper-
imental preference and performance results are paralleled in the AFLP data, which failed to
distinguish populations using J. pinchotii from populations using J. ashei.

Other factors might underlie the maintenance of a strong signal of specialization for J.
ashei populations when compared to the other host associated populations. For example,
because J. ashei-associated populations contain only a limited subset of haplotypes found
also in western populations, and no private alleles, they might represent a more recent
colonization from west to east. This pattern might indicate that adaptation to J. ashei is the
derived condition, and J. pinchotii is the ‘‘ancestral’’ host (at least when considered within
the range of this study). For J. ashei populations, the partially sympatric condition with J.
pinchotii and proximity to J. virginiana hosts could mean that more than one mechanism
driving differentiation is taking place, including an increased likelihood for disruptive
selection in areas of primary contact (e.g., between J. ashei and J. pinchotii), or pre-zygotic
isolating barriers developing in areas of secondary contact (e.g., between J. ashei and J.
virginiana) as a consequence of reinforcing selection.

For populations associated with both J. ashei and J.pinchotii in sympatry, in which
some degree of adaptation and preference for both hosts exists, gene flow between spe-
cialized J. ashei-populations and J. pinchotii populations could be the result of secondary
contact. If the sympatric condition of host plants facilitates gene flow among populations of
Mitoura, this could inhibit specialization and host race formation. Butterflies from the
sympatric J. ashei-J. pinchotii-associated population at Independence Creek did not dis-
tinguish between these two hosts in preference trials, and larvae did not exhibit a clear
fitness difference when reared on either host (Downey and Nice 2011). AFLP analyses
indicate that gene flow might be taking place between the Independence Creek population
and other J. ashei and J.pinchotii populations, which would break down any co-adapted
gene complexes that increase fitness on one host over another. Preliminary reciprocal
crosses between the host-associated populations conducted in the laboratory produced
viable offspring and indicate that gene flow is a distinct possibility. Another factor that
might inhibit divergence between these different host-associated populations is a failure of
Mitoura to discriminate between J. ashei and J. pinchotii; both might be suitable hosts.
More detailed study of areas where host species are sympatric is needed. Here we
examined areas in western Texas where J. ashei and J. pinchotii are sympatric, but J. ashei
is also sympatric with J. virginiana in northern Arkansas, and if Mitoura are found in this
area, a comparsion with western populations could be enlightening.

The underlying genetic architecture for the traits of preference and performance may
also influence how these traits respond to selection, and what might happen if host plants
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are allopatric versus sympatric. Forister (2005) conducted crosses between two nominal
species Mitoura that use alternate hosts, M. nelsoni and M. muiri, and found evidence of
independent inheritance of adult preference and larval performance. These findings have
implications when interpreting the results of studies of Texas populations of Mitoura. If
genes underlying preference and performance are unlinked and can evolve independently,
then local adaptation in allopatry (via enhanced larval performance) can take place without
the evolution of preference, as observed with butterflies from J. virginiana populations
(Downey and Nice 2011). Evidence for dominance in preference for one host over another
could also help to explain the lack of two distinct host races between J. ashei- and
J. pinchotii-associated populations. If secondary contact is taking place between J. pin-
chotii- and J. ashei-adapted butterflies in areas of host sympatry, and if preference for
J. ashei is dominant (or codominant) to preference for J. pinchotii, then this could disrupt
assortative mating and influence whether distinct host races can be maintained in a single
population, and whether host formation will take place.

Ecological speciation can result from both local adaptation taking place in allopatry
(Funk 1998) as well as from specialization on alternate resources in sympatry (Nosil et al.
2009). Both can work in concert to influence reproductive isolation among differently
adapted populations and potentially facilitate speciation (Feder et al. 2003). At early stages
of differentiation, there are many factors that can work to inhibit, as well as drive,
divergence. For example, areas of host sympatry present an opportunity for gene flow to
take place among populations of plant-feeding insects that might otherwise specialize on,
or become locally adapted to, a single host. If female oviposition preference evolves, and
nonrandom mating takes place on different hosts, then divergent natural selection may
result in more than one host race. The underlying genetic architecture will also influence
the outcome of specialization and host race formation, since independent inheritance of
preference and performance traits means that preference might not always evolve in
concert with local adaptation to a host. The Mitoura species complex offers opportunities
to compare different stages of divergence at various phylogeographic scales in terms of the
multiple factors (e.g., ecological specialization, adaptation in allopatry, and gene flow) that
can drive or inhibit population genetic divergence and speciation.
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