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Few studies have investigated the roles that plant hybridization and individual plant genotype play in promoting population

divergence within arthropod species. Using nrDNA sequence information and reciprocal transfer experiments, we examined how

tree cross type (i.e., pure Populus angustifolia and P. angustifolia x P. fremontii Fq type hybrids) and individual tree genotype

influence host race formation in the bud-galling mite Aceria parapopuli. Three main findings emerged: (1) Strong genetic differen-

tiation of mite populations found on pure P. angustifolia and Fq type hybrids indicates that these mites represent morphologically

cryptic species. (2) Within the F4 type hybrids, population genetic analyses indicate migration among individual trees; however,

(3) transfer experiments show that the mites found on heavily infested F; type trees perform best on their natal host genotype,

suggesting that genetic interactions between mites and their host trees drive population structure, local adaptation, and host

race formation. These findings argue that hybridization and genotypic differences in foundation tree species may drive herbivore

population structure, and have evolutionary consequences for dependent arthropod species.
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Studies of plant-insect interactions have greatly enhanced our
understanding of the factors that drive evolution in arthropods
(Mopper 1996; Dres and Mallet 2002; Blair et al. 2005; Stireman
et al. 2005). Although plant hybridization has not been linked to
race formation in herbivorous arthropods, it has played a key role
in the evolution of plant species, and may account for the origin
of 30-70% of angiosperms (Grant 1971; Stace 1987). Because
hybridization is believed to be an important mechanism for the
evolution of many plant groups, its effects may also impact the
evolution of host-dependent arthropod species. Although several
studies have investigated the role plant hybridization plays in the
distribution of arthropods (e.g., Whitham 1989; Floate et al. 1993;
Whitham et al. 1994, 1999; Gange 1995; reviewed in Fritz 1999),
few have addressed how hybridization influences race formation
and evolution in arthropods. Floate and Whitham (1993) argued
that naturally occurring hybridization in plants could result in host

shifts and speciation in arthropods and pathogens, although there
has been debate on the importance of these "hybrid bridges" for
arthropod diversification (Roderick and Gillespie 1998; Pilson
1999). Despite many studies that have identified host-associated
genetic differentiation of herbivores on different plant species
(e.g., Gotoh et al. 1993; Carroll et al. 1997; Feder 1998; Via 1999;
Groman and Pellmyr 2000; Ruiz-Montoya et al. 2003; Abbot and
Withgott 2004; Leebens-Mack and Pellmyr 2004; Blair et al.
2005; Svensson et al. 2005; Diegisser et al. 2006a,b), and exten-
sive reviews on the topic (Via 2001; Berlocher and Feder 2002;
Dres and Mallet 2002), studies of plant hybridization and arthro-
pod race formation are lacking.

Additionally, the importance of individual hosts on the ge-
netic structuring and adaptation of arthropod populations has re-
ceived little attention, despite the potential individual hosts have
for driving arthropod evolution (Mopper 1996). Karban (1989)
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provided convincing evidence for host races of thrips on indi-
vidual trees through reciprocal transplant studies. Rank (1992)
identified genetic differentiation in the montane leaf beetle at the
host population level, as well as among individual trees within
populations, although this was in part driven by geographic isola-
tion. Adaptive deme formation has also been found in leafminers
on individual oak trees within the dispersal range of the adult
moths (Mopper et al. 1995, 2000). Recently, plant genotype has
been shown to influence the survival of hybrid and parental host
races of Eurosta solidaginis, indicating that plant genotype can
affect herbivore evolution and speciation (Craig et al. 2007). Fur-
thermore, although plant genotype can drive arthropod population
structure (Mopper 1996), no studies have investigated how both
plant hybridization and genotypic differences among individual
plants influence genetic differentiation and local adaptation in
arthropods.

Here we examine how hybridization and genotypic differ-
ences within pure and hybrid cross types of Populus fremontii x P.
angustifolia affect the population genetic structure and local adap-
tation of a common herbivore, Aceria parapopuli Kiefer (Acari:
Eriophyidae). Specifically, we ask whether tree hybridization and
genotypic variation within the tree cross-types result in levels
of genetic differentiation and adaptation in A. parapopuli that
are consistent with host race formation. Cottonwoods are foun-
dation riparian species (species that structure a community by
creating locally stable conditions for other species, and by modu-
lating and stabilizing fundamental ecosystem processes [Dayton
1972; Ellison et al. 2005]) that have strong effects on dependent
arthropod communities and ecosystem processes (Whitham et al.
2003, 2006). Cottonwoods naturally hybridize throughout North
America (Eckenwalder 1984a,b) and hybrid zones range in size
from a few kilometers to 1000 km (T. G. Whitham, unpubl. data).
Hybrid cottonwoods occur in the fossil record 12 million years
ago (Eckenwalder 1984c), and hybrid speciation has been doc-
umented in cottonwoods (Smith and Sytsma 1990). Thus, there
has been ample opportunity for these hybrids to affect the evo-
lution of dependent specialized species such as A. parapopuli,
which is widely distributed and has been described as a single
species that attacks the buds of North American Populus species
and their hybrid derivatives (Kiefer 1940; Drouin and Langor
1992; Amrine and Stasny 1994; Baker et al. 1996). These mites
form woody, cauliflower-like galls that can remain active for up
to a decade (L. M. Evans, pers. obs.). Mites disperse by crawling
among branches within a tree and are wind-dispersed among trees
(Sabelis and Bruin 1996). Windborne dispersal studies of eriophy-
oid mites indicate that they are capable of long-distance dispersal
(Zhao and Amrine 1997; Bergh 2001) and cottonwood suscepti-
bility to these mites is genetically controlled (Kalischuck et al.
1997; Whitham et al. 1999; MclIntyre and Whitham 2003). For ex-
ample, using observations in a common garden and mite-transfer
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experiments, McIntyre and Whitham (2003) found that success-
ful gall formation, probability of population extinction, and the
intrinsic rate of population increase, r, are strongly affected by
cottonwood genotype. Furthermore, Whitham et al. (1999) and
McIntyre and Whitham (2003) found evidence of pronounced
differences in mite performance genotypes among F type geno-
types, but not among pure P. angustifolia. Gall density, population
persistence, and r were much higher on the F; genotypes than on
P. angustifolia genotypes. These studies, however, did not address
genetic differentiation or local adaptation of A. parapopuli among
different host tree species, hybrids, or genotypes.

Our observations on the pervasive effects of cottonwood hy-
bridization and genotypic variation on the survival and fitness of
A. parapopuli lead to three hypotheses: (1) populations of mites
will be genetically differentiated on different cottonwood cross
types and individual genotypes within cross types. We also pre-
dicted that there would be higher differentiation within the F,
cross type in which population density and persistence is higher
and where greater variation in mite performance on individual
genotypes has been found (MclIntyre and Whitham 2003); (2) if
cottonwood cross type and genotype within cross types influence
genetic differentiation in mites, then we expected geographic dis-
tance to have little to no effect on mite differentiation; and (3)
interaction between cottonwoods and mites would result in the
highest performance of mites on natal genotypes in transfer ex-
periments. We tested these hypotheses by analyzing data derived
from nrDNA sequences of the internal transcribed spacer I (ITS1)
region in A. parapopuli and by performing fully reciprocal transfer
experiments of mites on individual tree genotypes in performance
tests.

Methods

STUDY SITE AND COLLECTIONS

Along the Weber River near Ogden, UT, P. fremontii and P. angus-
tifolia naturally hybridize within a 13 km hybrid zone, forming
F; hybrids that unidirectionally backcross toward P. angustifolia
(Keim et al. 1989; Martinsen et al. 2001). In a survey of 1444 P,
angustifolia, P. fremontii, and their F; type hybrids along the We-
ber River, UT, Whitham et al. (1999) showed that 45% of F; type
hybrid cottonwoods and approximately 13% of P. angustifolia
were attacked, but no P. fremontii are attacked (Fig. 1). Further-
more, of those that were attacked, the abundance of A. parapopuli
was approximately 60-fold greater on F; type hybrids than on
P. angustifolia (Fig. 1). Within the hybrid zone, large numbers
of galls are found on F; type hybrid cottonwoods, but few pure
P. angustifolia cottonwoods are attacked. Progressing farther up-
stream well into the pure P. angustifolia zone, the abundance of
mite galls on P. angustifolia increases, but is still very low rela-
tive to that observed on F; type hybrids in the hybrid zone. For
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Figure 1. (A) Mites attack substantial proportions of the P. angustifolia and F, type hybrid cottonwood populations, but no P. fremontii
are attacked. (B) Of those trees that are attacked, the number of galls found on F; type hybrid cottonwoods is ~60-fold greater than on
P. angustifolia. Error bars are 1 SEM. Numbers above bars represent the number of trees surveyed. (A and B adapted from Whitham et al.
1999) (C) Map of the Weber River showing the locations of cottonwood trees, where mites were collected as well as the location of the
hybrid zone (Map adapted from Martinsen et al. 2001). Tree genotype names are shown next to symbols.

this reason, we collected galls from F; type hybrid cottonwoods
primarily in the hybrid zone. Galls from P. angustifolia were pri-
marily collected in the pure P. angustifolia zone upstream, and no
galls were collected from P. fremontii (Fig. 1). One to three galls
were collected from each of 11 F; type hybrid cottonwoods and
10 P. angustifolia cottonwood trees, resulting in the collection
of 43 individual galls. Leaf morphology was used to determine
the cross-type category for individual trees (Floate and Whitham
1995; Mclntyre and Whitham 2003). The latitude and longitude
of each tree was recorded. Collections from F type trees were up
to 31.7 km apart, collections from P. angustifolia trees were up
74.2 km apart, and there was some geographical overlap between
the two groups.

DNA EXTRACTION AND SEQUENCING

We used sequence information from the ITS1 region of nrDNA to
examine population differentiation of A. parapopuli. Although in-
traindividual variation has been observed in ntDNA (e.g., Buckler
et al. 1997; Parkin and Butlin 2004), the ITS1 region has been
used extensively in phylogenetic reconstructions and population
genetic studies of arthropods (for acarology reviews, see Navajas
and Fenton 2000; Cruickshank 2002). If intraindividual variation
at ITS1 does exist, however, it would increase the genetic vari-
ance but not affect the partitioning of that variance in analysis of
molecular variance (AMOVA). Importantly, ITS1 has been used

to successfully examine population structure and species status
in other eriophyid species (Carew et al. 2004; Fenton et al. 1993,
1995, 1997, 2000; Navia et al. 2005a) and is consistent with
a morphologically based reclassification of the Cecidiphyopsis
spp. complex on Ribes (Amrine et al. 1994).

Collected galls were stored in 100% ethanol at —20°C until
mites were extracted. To extract the mites from the galls, each
gall was finely chopped using a razor in a weigh boat filled with
ethanol. Two to nine mites from each gall were removed using a
fine-tipped pipettor, each placed into its own 0.5-mL microcen-
trifuge tube, and stored at —20°C until DNA extraction. The pro-
cedure was observed under a microscope. Whole genomic DNA
was extracted using the DNeasy Micro Kit (Qiagen, Valencia,
CA) following the protocol for laser microdissected tissues, mod-
ified by incubating the mites in proteinase solution at 56°C
overnight rather than 3 h. DNA was recovered by adding 20 pl
Buffer AE onto the spin column membrane.

The ITS1 region of nrDNA from 100 mites from F; hosts and
105 mites from P. angustifolia hosts was amplified using Acari-
specific primers and methods modified from Carew et al. (2004).
PCR amplifications were carried out in 50 pl volumes, with
10 pl template DNA, 0.2 mM dNTPs, 2.5 units Taq polymerase,
0.5 pM each primer (forward: AGAGGAAGTAAAAGTCGTAA-
CAAG, and reverse: GCTGCGTTCTTCATCGATACTCG), 1x
PCR Buffer, and 1.5 mM MgCl,. Cycling conditions consisted of
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the following: one cycle at 95°C (3 min); 12 cycles of touchdown
at 95°C (20 sec), 55°C decreasing to 43°C (30 sec, decreasing
1°C each cycle), 72°C (1 min); 24 cycles at 95°C (20 sec), 43°C
(30 sec), 72°C (1 min); and one cycle at 72°C (10 min). PCR prod-
ucts were visualized on a 1% agarose gel using 5 .l of product.
The remaining product was purified using polyethylene glycol
precipitation (20% PEG, 1.5 M Tris).

Separate forward and reverse cycle sequencing reactions
were performed for each individual mite using Big Dye version
3.1 Terminator Cycle Sequencing kits (Applied Biosystems Inc.,
Foster City, CA), with 1 pl purified PCR product (~15-20 ng
DNA) used as template. The cycle sequencing product was pu-
rified using an isopropanol precipitation. Sequencing reactions
were run on an ABI 3730 x1 DNA Analyzer (Applied Biosystems,
Inc.). Sequence information was obtained for both forward and
reverse strands. Forward and reverse sequences for each individ-
ual mite were compiled using the Seqman program (DNAStar;
Lasergene, Madison, WI). All sequences were aligned using
Clustal X (Thompson et al. 1997). Of the 499-bp region am-
plified, there were 12 variable positions, and these 12 positions
were used for data analysis. Sequences of all unique haplotypes
have been deposited in GenBank (accession numbers: EF641814-
EF641835).

Given that some individuals were heterozygous at multiple
positions, PHASE version 2.1 (Stephens et al. 2001) was used to
determine the gametic phase of haplotypes. A burnin of 1000 it-
erations followed by 1000 iterations each with 10 steps, using
the MS model was used. Five independent runs using five sep-
arate random number seeds produced exactly the same results.
Male eriophyid mites are haploid whereas females are diploid
(arrhenotokus parthenogenesis [Helle and Wysoki 1996]); thus,
determining haploid males from homozygous females from the
sequence information is problematic, and DNA extraction pre-
cluded sexing individuals. We therefore randomly chose (from
the PHASE ver. 2.1 output) one haplotype from each individual
so that ploidy level of individuals would not bias analyses (sensu
Carew et al. 2004).

DATA ANALYSIS

AMOVA was used to test for population differentiation of mites
among cottonwood cross types and among genotypes within cross
types using GenAlEx version 6 (Peakall and Smouse 2006). Sub-
sequently, each cross type was analyzed separately using AMOVA
to test for genetic differentiation of mites among cottonwood
genotypes within cross types and among galls within genotypes
within each cross type. Pairwise ¢ pr estimates were calculated
between mite populations on all cottonwood genotypes among
both cross types. To control for the inflated alpha involved with
multiple testing, we identified a P-value threshold (P = 0.032)
equivalent to a false discovery rate g-value of 0.05 using QVALUE
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(Storey 2002). GenAlEx version 6 was used to perform a Mantel
test between pairwise population ¢ pr and geographical distance
to test for the effect of geographical isolation on mite popula-
tion differentiation among all cottonwood genotypes, and separate
Mantel tests were performed within each cross type.

Cavalli-Sforza’s chord distance was used to calculate pair-
wise genetic distances based on ITS haplotype frequencies be-
tween mite populations found on individual tree genotypes using
the Gendist program (Phylip, ver. 3.6, Felsenstein 2004). This dis-
tance assumes no mutation (appropriate with low sequence diver-
gence among mites) and does not assume equal population sizes
(appropriate with varying gall densities; Fig. 1) (Felsenstein 1984,
2004). Using the Neighbor program in Phylip (Felsenstein 2004),
a neighbor-joining tree (Saitou and Nei 1987) was constructed,
and each node was evaluated with 10,000 bootstrap permutations
using the Seqboot program, with the consensus tree obtained from
Consense (Phylip, ver. 3.6).

RECIPROCAL TRANSFER EXPERIMENTS

In 2005 and 2006 we tested mite adaptation to five F; type hybrid
cottonwood genotypes by transferring mites in a fully reciprocal
manner from each genotype to its natal genotype as well as every
other genotype. No transfer experiments were performed among
P. angustifolia or P. fremontii genotypes due to the low abundance
of galls on the parental host species (see above; Fig. 1). In each
experiment, cuttings with and without galls were taken from each
tree genotype and planted in 1-gallon pots at the Northern Arizona
University greenhouse facilities. In 2005, five F; hybrid cotton-
wood genotypes that were heavily infested by A. parapopuli were
propagated. All trees were within 6.14 km of one another. One
donor cutting with galls was potted in the same pot as, and in
contact with, two recipient cuttings with no galls (both recipient
cuttings were of the same genotype; two were used to mitigate
mortality), and left undisturbed so that mites could transfer on
their own (sensu Goolsby et al. 2005). In combining both pref-
erence and performance, this experiment evaluates the overall
potential for differential survival (i.e., successful gall formation)
among genotypes. To eliminate preference from the design and
test only for performance, we repeated our experiment in 2006
with minor changes in methodology: one recipient cutting (with
no galls) was planted in a 1-gallon pot, and at budbreak one de-
tached, but live gall was tied onto the cutting. As the gall dried out,
mites were forced to move in a no-choice manner. The same tree
genotypes and mite populations were used in both experiments
with the exception of two from the 2005 experiment, which had
no additional galls. Two alternate cottonwood genotypes with
similar gall densities in the field were therefore used in the 2006
experiment. Ten replicates of each transfer were used in the 2005
experiment, whereas 20 were used in the 2006 experiment, al-
though replicates in which cuttings had died were removed from
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the experiment, leaving unequal sample sizes (Table 3). In the
greenhouse, pots were arranged randomly within donor mite pop-
ulation blocks and blocks were separated by at least 0.6 m. All
cuttings were surveyed for the presence of galls five months after
budbreak. The surveys were completed within 4 days. The suc-
cessful transfer of mites was defined as the presence of at least
one gall on the recipient cutting (on at least one of the two, same
genotype, recipient cuttings in a replicate in the 2005 experiment).

Our goal was to determine whether mite populations were
locally adapted to individual cottonwood genotypes. If local adap-
tation had occurred, we predicted that mites’ relative transfer suc-
cess would be highest on their natal cottonwood genotype, and
lower on nonnatal tree genotypes. Because there were five tree
genotypes and five mite populations, each comparison of a given
mite population’s relative fitness across all five tree genotypes
represented a single experiment, whose total sample size equaled
the number of mite galls of a given population that were placed
on each of the five tree genotypes.

We used two statistical approaches to test the hypothesis that
mite populations were locally adapted to individual cottonwood
genotypes. First, to provide an overall measure of local adaptation
between "natal" and "nonnatal" hosts in each experiment, we used
Fisher’s exact test to examine the numbers of successful transfers
onto natal versus nonnatal tree genotypes for each experiment.
Second, we used the method of Shuster and Wade (1997) to ex-
amine the relative fitness, w;j, of the kth mite population on each

Jjth tree genotype in the ith experiment, as
wijk = tijk/ Ti, (D

where t;; is the absolute transfer rate of the kth mite population on
the jth tree genotype in the ith experiment, and T is the average
transfer rate for the kth mite genotype over all j tree genotypes in
the ith experiment. Here, each absolute transfer rate, #;;, equaled
ajir/ Laj, where a;j equaled the number of successful transfers
for the kth mite population on the jth tree genotype in the ith
experiment, and Xa;; equaled the total number of experimental
trials for the kth mite population over all tree genotypes in the ith
experiment.

In each test, a relative fitness, wj, of 1 indicated that mem-
bers of a mite population on a given tree genotype survived in pro-
portion to their numbers at the start of the experiment. Deviations
in relative fitness above or below 1 indicated that a mite popula-
tion’s survival on a given tree genotype was above or below its
expected survival, relative to its success on other tree genotypes in
that experiment. To test whether the relative fitness of the kth mite
population on the jth cottonwood genotype in the ith experiment,
deviated significantly from 1, we calculated the standardized dif-
ference, Sy ;jk), between p i, (the proportion of transfers of the kth
mite population to the jth cottonwood genotype of transfers to all

cottonwood genotypes in the ith experiment), and p;jk, (the pro-
portion of all successful transfers for the kth mite population) for
each trial in each experiment. Thus, Sy = (p;:/.k —pipix (1—
Pii)IN 112, with N equal to the total number of successful trans-
fers for the kth mite population in the ith experiment (Shuster and
Wade 1997).

The significance for each standardized difference was de-
termined by comparing the value of Sy to a standard normal
distribution (Shuster and Wade 1997). Although the fitness of
each mite genotype was examined repeatedly (i.e., on five tree
genotypes within each experiment), our design prevented pseu-
doreplication because the fitness of each mite genotype on its
natal tree genotype was assessed relative to that mite genotype’s
fitness on all other tree genotypes in each experiment. Because
there were no repeated tests among experiments of particular mite
genotypes on particular tree genotypes, each standardized differ-
ence test was independent of all others. We therefore used o =
0.05 as our criterion for each kth standardized difference, on each

Jjth tree, within each ith experiment.

Results

ACERIA PARAPOPULI GENETIC DIFFERENTIATION

In support of our hypothesis that mites found on different cross
types are genetically distinct, we found significant differentiation
of mites between F type hybrid cottonwoods and P. angustifolia
cottonwoods (bgr = 0.662, P = 0.001; Table 1). Furthermore,
comparisons of mite populations on individual tree genotypes
supported this result, with the majority of F; versus P. angustifolia
comparisons highly differentiated (¢ pr > 0.5, P < 0.05; Table 2).
The Neighbor-joining tree consisting of the 44 mite galls also

Table 1. Hierarchical ¢ statistics of Aceria parapopuli population
differentiation among cottonwood hosts. Significance tests are
based on 999 permutations.

Percentage ¢ statistic P
of variance

Level

Between F; and P. angustifolia cross types

Among cross types 66% drr 0.662 0.001
Among genotypes/cross type 6% dpr 0.177 0.001
Within genotypes 28%
Within each cross type

F, populations only
Among genotypes 8% drr 0.083 0.038
Among galls/genotypes 24% dpr 0.260 0.001
Within galls 68%

P. angustifolia populations only
Among genotypes 10% orr 0.103 0.063
Among galls/genotypes 1% dpr 0.009 0.403
Within galls 89%
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Figure 2. Neighbor-Joining tree of mite populations within individual cottonwood galls based on Cavalli-Sforza chord distances shows
extensive differentiation between mite populations on narrowleaf cottonwood (underlined) and F1 hybrid cross types (italics) and among
mite populations on Fq type trees, but little differentiation among mite populations on P. angustifolia trees. Names represent the tree
genotype followed by the gall number. Numbers at nodes indicate the bootstrap values at that node; only nodes with greater than 50%

bootstrap support are shown.

reveals two distinct clusters, one corresponding to F; hybrid hosts
and the other to P. angustifolia hosts (Fig. 2). Although there is
some overlap, mite galls from the two cross types are generally
separated and nodes leading to these two groups are supported by
bootstrap values of 100%. In combination, these findings suggest
that cottonwood cross type drives population differentiation in
this herbivore.

In addition to between cross-type differences, we also found
moderate differentiation of mite populations among individual
tree genotypes within cross types (dpg = 0.179; Table 1), sup-
porting our hypothesis that tree genotype will structure mite pop-
ulations at the level of individual trees. When each cross type
was analyzed separately, patterns were similar with modest dif-
ferentiation among tree genotypes, but significance differed be-
tween the host cross types (among F; genotypes: ¢pg = 0.083,
P = 0.038; among P. angustifolia genotypes: ¢pg = 0.103, P =
0.063; Table 1). Pairwise comparisons of mite populations found
on individual trees support these results. Many comparisons of
populations among F| hybrid trees were significant, although dif-
ferentiation among P. angustifolia mite populations appear to be
driven by one genotype, WC-B (Table 2).

At the finest scale of analysis, we also found strong genetic
differentiation of mites among galls within individual F; cotton-
wood genotypes (¢ppr = 0.260), but not within P. angustifolia
genotypes (¢ pg = 0.009; Table 1). This is mirrored by the phylo-
genetic analysis, which indicates that galls on individual F; hybrid
trees are separated by long branch lengths with 100% bootstrap
support, but the majority of galls on P. angustifolia genotypes clus-
ter together in one polytomy (Fig. 2). Within both cross types, the
majority of variation was within galls, indicating that mites within
galls are genetically different (Table 1). The relatively small num-
ber of mites sampled from each gall may have biased these values
upward; however, they are much larger than the differentiation
found among genotypes, which suggests that much of the genetic
differentiation observed at the ITS1 locus results from migration,
founder effects, and drift.

GEOGRAPHIC ANALYSES

The Mantel test indicates a small, but significant effect of ge-
ographic distance on population differentiation among all host
genotypes (both F; hybrids and P. angustifolia; Mantel R = 0.283,
P =0.001, respectively; Fig. 3A). Within the F, cross type, there
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Figure 3. Mantel test showing a significant effect of pairwise
geographic distance on pairwise population differentiation (¢pr)
among (A) all cottonwood genotypes and (B) among F type cot-
tonwood genotypes only. Conversely, there is no relationship be-
tween pairwise ¢pr and geographic distance between mite popu-
lations on all P. angustifolia genotypes (C).

was a significant effect of geographic distance on population dif-
ferentiation (Mantel R = 0.569, P = 0.001; Fig. 3B). Thus, ge-
ographic isolation appears to be driving patterns of population
differentiation among mites within the F; cross type. Conversely,
within the P. angustifolia cross type in which geographic dis-
tances are about 2.5 times greater than those observed with F,
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hybrids, we found no effect of geographic distance on mite pop-
ulation differentiation (Mantel R = —0.097, P = 0.167; Fig. 3C).
Geographic isolation does not appear to be driving population

differentiation among mite populations on P. angustifolia.

MITE RECIPROCAL TRANSFER EXPERIMENTS

Two independent sets of experiments support our local adaptation
hypothesis that mites exhibit greater survival on their natal hosts.
In the first experiment that does not differentiate between prefer-
ence and performance (2005 test), mites transferred significantly
more frequently to their natal tree in three of five cases (Fisher
exact test; P < 0.05; Table 3). In a fourth case, the frequency
of successful transfer was highest onto the natal tree genotype;
however, this trend was not statistically significant. Similarly, in
our second test of performance only (i.e., 2006), in three of five
cases mites transferred more frequently onto the natal tree geno-
type than the nonnatal; however, this was statistically significant
(P < 0.05) in only one case (Table 3). These results show that
some mite populations are adapted to their natal host cottonwood
trees.

We found one tree genotype (18) to be extremely susceptible
to infestation by all mite populations. In fact, in the 2005 test the
highest transfer rate was onto this genotype for three of the five
mite populations and in the 2006 test for all five mite popula-
tions (Table 3). As the extreme susceptibility of tree genotype 18
may have driven or concealed patterns, we removed this geno-
type and its mite population and reanalyzed both experiments.
After removing tree 18, three of four mite populations showed
significantly higher transfer rates onto the natal than the nonna-
tal genotypes in both experiments (Fisher’s exact test; P < 0.05;
Table 3). Together, both tests indicate that mite populations are
locally adapted to their natal tree genotypes and that some tree
genotypes can be considered to be universally susceptible.

Our alternative analyses of the standardized differences (S ;)
of transfer rates yielded similar results in both experiments
(Table 3). Importantly, they suggest that the relative transfer rate
of mite populations covaries with natal tree genotype and shows
significant variation in suitability of individual cottonwood geno-
types as hosts for the mite populations of individual trees. To-
gether, the two independent experiments suggest that some mite
populations are locally adapted to their natal cottonwood geno-
types, and represent tree genotype-associated host races.

Discussion

MITE GENETIC DIFFERENTIATION AND CRYPTIC
SPECIATION IN RESPONSE TO PLANT
HYBRIDIZATION

Aceria parapopuli has been described as a single species
on North American Populus hosts (Kiefer 1940; Drouin and
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Table 3. The standardized difference, Sy, and their significance values, between the successful proportion of a mite populations’
attempted transfers to a cottonwood genotype and the population’s proportion of all successful transfers for both the preference test
and performance test. We repeated the analysis with and without tree genotype 18 due to its extreme susceptibility. *FET p indicates
the P-value of the Fisher’s exact test testing if significantly more mite galls were initiated onto “natal” over “nonnatal” tree genotypes
for each mite population.

Mite Tree No. of No. of All tree genotypes Tree genotype and mite
population genotype successful attempted and mite populations population 18 removed
transfers transfers B
FET p Sq P *FET p Sa P
2005 transfer experiment
18 18 7 10 0.003 2.69 0.004
B23 3 9 0.26 0.397
B40 1 10 —1.26 0.104
PM17 3 10 0.05 0.480
WHI12 0 9 —1.80 0.036
B23 18 6 9 0.190 2.83 0.002
B23 3 10 0.39 0.348 1.41 0.079
B40 1 10 —1.04 0.149 0.026 —0.47 0.319
PM17 1 11 —1.17 0.121 —0.59 0.278
WHI12 1 9 —0.90 0.184 —0.34 0.367
B40 18 2 10 0.006 1.12 0.131
B23 1 10 0.00 0.500 0.33 0.371
B40 2 10 1.12 0.131 0.012 1.67 0.048
PM17 0 10 —-1.12 0.131 —1.00 0.159
WHI12 0 10 —1.12 0.131 —1.00 0.159
PM17 18 3 5 0.870 2.90 0.002
B23 1 4 0.61 0.271 1.00 0.159
B40 1 4 0.61 0.271 0.870 1.00 0.159
PM17 0 5 —0.88 0.212 —0.76 0.224
WHI12 2 5 1.64 0.051 2.27 0.012
WHI12 18 1 10 0.014 —0.38 0.352
B23 1 9 —0.26 0.397 —0.34 0.367
B40 3 7 2.20 0.014 0.019 2.10 0.018
PM17 0 9 —1.24 0.108 —1.32 0.093
WHI12 2 4 2.01 0.022 1.91 0.028
2006 transfer experiment
18 18 17 21 <0.0001 3.73 0.001
B209 8 19 0.40 0.345
B23 5 20 —1.00 0.159
L10 5 20 —1.00 0.159
WHI12 1 17 —2.33 0.010
B209 18 17 20 0.162 4.24 0.000
B209 9 19 1.01 0.156 2.80 0.003
B23 5 18 —0.58 0.281 0.0004 0.65 0.258
L10 2 19 —2.02 0.022 —1.21 0.113
WHI12 0 18 -2.79 0.019 —2.27 0.012
B23 18 15 16 0.513 542 0.000
B209 3 19 —1.21 0.113 0.48 0.316
B23 4 16 —0.31 0.378 0.019 1.63 0.052
L10 1 14 —1.66 0.049 —0.64 0.261
WHI12 0 15 —2.30 0.021 —1.56 0.059

Continued.
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Tahble 3. Continued.

Mite Tree No. of No. of All tree genotypes Tree genotype and mite
population genotype successful attempted and mite populations population 18 removed
transfers transfers
*FET p Sq P *FET p Sy P
L10 18 18 18 0.201 2.93 0.002
B209 12 19 0.59 0.278 1.49 0.068
B23 6 20 —1.65 0.050 0.024 —1.07 0.142
L10 13 20 0.74 0.230 1.68 0.047
WHI12 3 19 —2.54 0.006 —2.11 0.017
WHI12 18 19 19 0.851 2.44 0.007
B209 10 17 —0.13 0.448 0.54 0.295
B23 9 17 —0.48 0.316 0.528 0.15 0.440
L10 8 20 —1.37 0.085 —0.79 0.215
WHI12 9 17 —0.48 0.316 0.15 0.440

Langor 1992; Amrine and Stasny 1994; Baker et al. 1996). How-
ever, the strong population differentiation (Tables 1 and 2) and
phylogenetic separation (Fig. 2) among mites on P. angustifo-
lia and those on F, type hybrid trees suggests that these mites
form host-associated races and are likely morphologically cryp-
tic species, similar to the species complex of Cecidophyopsis
mites found on Ribes (Fenton et al. 1995, 1997, 2000). Our esti-
mate of mite population differentiation between F; hybrids and
P. angustifolia (brr = 0.662) is well within the range of genetic
differentiation described for cryptic species (Dobbler and Farrell
1999; Nason et al. 2002; Abbot and Withgott 2003; Blair et al.
2005; Diegisser et al. 2006a) and higher than most comparative
estimates of population differentiation for host races (e.g., Fst =
0.012, McPheron et al. 1988; Fsr = 0.07, Groman and Pellmyr
2000; Fcr = 0.080, Leebens-Mack and Pellmyr 2004; Fgy =
0.033-0.381, Ruiz-Montoya et al. 2003; ¢st = 0.116 — 0.853,
Stireman et al. 2005; and ¢st = 0.19, Svensson et al. 2005).

It is important to note that our conclusions are based on
ITS1 alone, and the possibility exists that other markers (e.g.,
mtDNA) may yield alternative results. However, we argue that
this is unlikely because previous studies have found congruent
evidence from multiple loci for eriophyid mites (e.g., microsat-
telites and ITS1 [Carew et al. 2004], nrDNA and mtDNA [Navia
et al. 2005a]), and ITS1 has been successfully used in species
discrimination (e.g., Fenton et al. 1993, 2000). One caveat is that
some morphological F; trees may be early generation backcrosses
to P. angustifolia, and some morphological P. angustifolia may be
complex, advanced backcrosses (MclIntyre and Whitham 2003).
Despite this, differences between the two morphological groups
are great and the conclusions presented are unlikely to be affected.
In combination with transfer experiments showing four- to five-
fold differences in the survival rates of mites on pure and hybrid
hosts (McIntyre and Whitham 2003), our molecular genetic find-
ings support the hypothesis that hybridization in a foundation tree
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species can influence the population differentiation and evolu-
tionary trajectory of a dependent herbivore.

Different plant species represent different environments
that can drive herbivore adaptation and reproductive isolation
(Berlocher and Feder 2002) and hybrid plants often differ from
their parental species in phenotypic traits (Rieseberg and Ellstrand
1993). In the cottonwood system examined here, previous studies
have found that Populus hybrids and pure species differ in their
defensive chemistry, tree architecture, and phenology, which, in
turn, has strong effects on the distribution and/or performance
of dependent arthropod, microbial, and vertebrate communities
(reviewed in Whitham et al. 2006). Thus, we hypothesize that
differences in budbreak phenology and defensive chemistry be-
tween the two cross types have driven adaptation and incipient
speciation in A. parapopuli. Other species also appear to have
genetically differentiated in response to hybridization. Moran and
Whitham (1988) found that the gall-producing aphid, Pemphigus
betae, exhibits life-cycle differences between the P. angustifolia
zone and the hybrid zone. Reciprocal transfer experiments sup-
port the hypothesis that these life-cycle differences are genetically
based (Moran and Whitham 1988).

If hybridization can drive the evolution of dependent or-
ganisms (Floate and Whitham 1993), then we expect mites on
different Populus species and hybrids to be genetically differen-
tiated even when host populations are geographically near to one
another. Preliminary data based on the ITS1 region indicate that
mites found on the same Populus species are genetically simi-
lar even when separated by hundreds of kilometers, while mites
found on different Populus species and hybrids are genetically
distinct, even when found in close proximity (L. M. Evans, un-
publ. data). Furthermore, these preliminary data suggest that in
the Weber River, UT, mites on F; hybrid cottonwoods are derived
from those on P. angustifolia. Further testing of these hypotheses
in other rivers with independent hybridization events is needed
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for generalization, but our results argue that hybridization in cot-
tonwoods along the Weber River has been a key factor driving
genetic differentiation and cryptic speciation in A. parapopuli.

ALTERNATIVE HYPOTHESES

Although the observed patterns are consistent with host-mediated
population differentiation in Aceria, geographical isolation and
elevational effects constitute valid alternative explanations. Mites
collected from F type hybrid cottonwoods were primarily from
the hybrid zone of the Weber River, whereas mites collected from
P. angustifolia were primarily from the pure P. angustifolia zone
(see Keim et al. 1989; Martinsen et al. 2001). This geographical
and elevational isolation of the two groups could explain the
observed population differentiation in the mites.

Two lines of evidence contradict these hypotheses. First, mite
populations from F; type cottonwood L15 and P. angustifolia
ZMG19 overlap geographically (Fig. 1). Phylogenetically, the
L15 mite population clusters with the F; mite group, whereas the
ZMG19 mite population clusters with the P. angustifolia group
(Fig. 2), and the pairwise ¢pr value is high (0.916, Table 2).
Differences in population structure would not be observed if geo-
graphical and elevational differences were solely responsible for
these patterns. Second, the experiments of McIntyre and Whitham
(2003) demonstrate that mites from an F; genotype perform much
better on F; than P. angustifolia trees when grown in a common
environment. We are currently conducting reciprocal transplant
studies to test for local adaptation of mite populations to hybrid
cross types within a greenhouse setting, thereby removing possi-
ble environmental effects.

An alternative interpretation of the differentiation of mites on
the cross types is that mites on hybrid cottonwoods are similar to
those found on P. fremontii and are simply tracking introgressing
P. fremontii genes, and that hybridization per se is not driving
differentiation. The absence of mites on P. fremontii in the Weber
River, however, argues against this. Replicated studies in multiple
hybrid systems will aid in distinguishing these alternatives, but
preliminary data suggest that mites on hybrid cottonwoods are
differentiated from those on pure species in multiple rivers.

CONTRASTS BETWEEN MITE GENETIC
DIFFERENTIATION AT A NEUTRAL LOCUS AND
LOCAL ADAPTATION

We found moderate genetic differentiation of mites among differ-
ent genotypes within cross types (Tables 1 and 2). Within the F;
cross type, geographical isolation contributes to the population
structure of A. parapopuli. Conversely, we found no effect of ge-
ographical distance on mite population differentiation within the
P. angustifolia populations across a much greater area (Fig. 3).
Additionally, within the F; type hybrids, the variance attributable
to differences among galls within individual genotypes was three

times greater than that among genotypes (Table 1) and there was
strong separation of individual galls phylogenetically (Fig. 2).
This suggests that the effect of genotype on neutral marker ge-
netic differentiation of mite populations is relatively weak, and
that differentiation within the F; cross type is more likely at-
tributable to migration of mites, founder effects, and genetic drift.

Given the reproductive mode of eriophyid mites (hap-
lodiploid parthenogenesis; Helle and Wysoki 1996), one expects
little to no variation within galls (Fenton et al. 1995, 1997, 2000;
Kumar et al. 1999, Carew et al. 2004, Navia et al. 2005a). How-
ever, within each cross type the majority of variation (68-89%)
was within galls (Table 1), which is strong evidence for consider-
able dispersal among galls and among trees.

This finding, using a neutral marker, that migration, genetic
drift, and founder effects structure mite populations contrasts
strongly with our two independent reciprocal transfer experi-
ments, which demonstrate a strong effect of genotype on the local
adaptation of mite populations (Table 3). Although migration can
lead to homogenization of populations (Slatkin 1987), selection
imposed by different habitats can drive divergence of populations
(Schluter 2000). Furthermore, Nosil et al. (2005) found that selec-
tion against maladapted immigrants may be a mechanism leading
to reproductive isolation and incipient speciation. Strong selec-
tion can drive local adaptation of arthropods despite considerable
gene flow inferred from neutral loci (Chevillon et al. 1995; Mullen
and Hoekstra 2008). Our tests of local adaptation were performed
in a greenhouse setting, removing some sources of potential di-
vergent selection, such as predation (Denno et al. 1990), making
these tests conservative. This is consistent with the findings of
other studies that plant genotype can affect herbivore evolution
(Mopper 1996; Craig et al. 2007). Thus, our contrasting results
suggest that despite migration among mite populations inferred
from a neutral locus, selection for adaptation to individual plant
genotypes and against maladapted immigrants is strong enough
to drive the evolution of A. parapopuli.

An alternative hypothesis is that differential performance of
mite populations on individual genotypes results from environ-
mental conditioning (Agrawal et al. 2002). We see this as an
unlikely explanation for our results because our metric of perfor-
mance was survival. The effects of conditioning seem to be less
likely when organisms cannot survive on alternate hosts (e.g., Via
1986, 1991). If mites are unable to survive on trees, we find it
doubtful that mites could become conditioned to trees. Second,
transferred mites likely included inseminated females, which in a
study of Aceria guerreronis composed 5-10% of the population
(Navia et al. 2005b). Newly laid eggs or hatched larvae on the
recipient cuttings in our study would not have been exposed to
conditioning by the maternal host genotype.

It is interesting to note that patterns of genetic variation
of A. parapopuli appear to match patterns of expected genetic
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variation in their host trees. Although this study did not quantify
cottonwood genetic variation, previous studies based on RFLPs
(Whitham et al. 1999) showed greater genetic variation in hy-
brid cottonwoods than in their associated parental species. Thus,
patterns of genetic differentiation and variation in population
ecology characteristics (Mclntyre and Whitham 2003) suggest
that mites closely track genetic variation in their cottonwood
hosts.

IMPLICATIONS FOR COMMUNITY GENETICS AND
CONSERVATION

This study shows that plant hybridization and genotypic variation
among individual plants may have evolutionary consequences
for herbivores. Two important implications arise from this. First,
local adaptations among species are necessary conditions for as-
sessing the potential for community evolution (Shuster et al. 2006;
Whitham et al. 2006). Genetic interactions with Populus appear
to have evolutionary consequences for A. parapopuli, and the re-
sults of numerous studies of this nature can be used to investigate
the concepts of community genetics and evolution in foundation-
driven communities (e.g., Stireman et al. 2005). Second, as plant
hybridization can drive the evolution of plant species (Grant 1971;
Stace 1987) and some of their dependent herbivores (Moran and
Whitham 1988; Floate and Whitham 1993; this study), conser-
vation of hybrid plants can be important for maintaining and
perpetuating plant and arthropod diversity (Whitham et al. 1991).
Our findings of morphologically cryptic species of mites found
on pure and hybrid cottonwoods argue for the conservation of ge-
netic diversity in foundation plants and their naturally occurring
hybrids.

CONCLUSIONS

As a galling arthropod, A. parapopuli is intimately tied to its
host trees. Our results strongly suggest morphologically cryp-
tic species occur on different cottonwood cross types. Phenotypic
differences among trees could potentially drive the observed adap-
tation and genetic differentiation of A. parapopuli, although we
presently lack the empirical studies to support any one mech-
anism. Nevertheless, host-associated population structure is one
postulate for host race formation, and local adaptation of herbivore
populations to trees can result in host-associated population struc-
ture (Via 2001; Dres and Mallet 2002). Although studies of other
river systems are required for generalization, our results argue
that hybridization and genotypic differences in Populus species
and their naturally occurring hybrids have played an important
role in the evolutionary diversification of A. parapopuli.
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