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During ecological speciation, divergent natural selection drives evolution of
ecological specialization and genetic differentiation of populations on alternate
environments. Populations diverging onto the same alternate environments may be
geographically widespread, so that divergence may occur at an array of locations
simultaneously. Spatial variation in the process of divergence may produce a pattern
of differences in divergence among locations called the Geographic Mosaic of
Divergence. Diverging populations may vary in their degree of genetic
differentiation and ecological specialization among locations. My dissertation
examines the pattern and evolutionary processes of divergence in pea aphids
(Acyrthosiphon pisum) on alfalfa (Medicago sativa) and clover (Trifolium pretense).
In Chapter One, I examined differences among North American aphid
populations in genetic differentiation at nuclear, sequence-based markers and in
ecological specialization, measured as aphid fecundity on each host plant. In the

East, aphids showed high host-plant associated ecological specialization and high



genetic differentiation. In the West, aphids from clover were genetically
indistinguishable from aphids on alfalfa, and aphids from clover were less
specialized. Thus, the pattern of divergence differed among locations, suggesting a
Geographic Mosaic of Divergence.

In Chapter Two, I examined genomic heterogeneity in divergence in aphids on
alfalfa and clover across North America using amplified fragment length
polymorphisms (AFLPs). The degree of genetic differentiation varied greatly among
markers, suggesting that divergent natural selection drives aphid divergence in all
geographic locations. Three of the same genetic markers were identified as evolving
under divergent selection in the eastern and western regions, and additional divergent
markers were identified in the East.

In Chapter Three, I investigated population structure of aphids in North
America, France, and Sweden using AFLPs. Aphids on the same host plant were
genetically similar across many parts of their range, so the evolution of host plant
specialization does not appear to have occurred independently in every location.
While aphids on alfalfa and clover were genetically differentiated in most locations,
aphids from alfalfa and clover were genetically similar in both western North
America and Sweden. High gene flow from alfalfa onto clover may constrain

divergence in these locations.
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Introduction

A major controversy in evolutionary biology regards the relative importance of
allopatric and sympatric speciation, and whether speciation can occur without geographic
isolation of populations (Futuyma and Mayer 1980, Via 2001, Berlocher and Feder 2002,
Coyne and Orr 2004). During allopatric speciation, reproductive isolation evolves as a
byproduct of divergent evolution in geographically isolated populations (Mayr 1963). In
contrast, during sympatric speciation, divergence occurs in populations within range of
one another that can still exchange genes (Bush 1969, Bolnick and Fitzpatrick 2007).
From the Modern Synthesis until the 1980’s, allopatric speciation was thought to be the
primary mode of speciation, explaining the vast majority of biological diversity (Coyne
and Orr 2004). In the last twenty years, theoretical and empirical research has caused a
resurgence in support for sympatric speciation (reviewed in Via 2001). Recently, a
pluralistic view of speciation has emerged (Schilthuizen 2000, Jiggins and Bridle 2004,
Rundle and Nosil 2005), and the focus of speciation research may be shifting from
determining the geography of speciation to more tractable questions about the genetic
basis and evolutionary mechanisms of speciation (Via 2001, Schluter 2001).

Here, I describe the historical and conceptual context of my dissertation research
on the geography and genetics of divergence in pea aphids on alfalfa and clover. I briefly
describe the allopatric/sympatric speciation controversy and several limitations to the
allopatric/sympatric dichotomy for classifying the mode of speciation. Then, I highlight

recent shifts in the focus and approaches of speciation research.



Allopatric/sympatric speciation controversy

The view that allopatric speciation is the primary mode of speciation has
dominated the field of evolutionary biology since the 1930's (Futuyma and Mayer 1980,
Coyne and Orr 2004). Mayr (1963) found strong evidence to support allopatric
speciation in a wide range of animal groups and argued forcefully for the primacy of
allopatric speciation in explaining the majority of biological diversity. Dobzhansky and
Muller showed how the evolution of hybrid sterility and inviability could evolve due to
fixation of incompatible alleles in geographically isolated populations (Orr 1995, Turelli
etal. 2001). These models provide a genetic mechanism to explain allopatric speciation,
and suggested that because the genome acts as a coadapted unit, any gene flow would
prevent speciation. This assumption has had a lasting impact on speciation research but
has recently been challenged by genetic evidence for divergence-with-gene-tflow
(Emelianov et al. 2004, Savolainen et al. 2006).

Sympatric speciation occurs when restricted gene flow between diverging
populations is due not to geographic isolation but rather the biology of the organisms
(Futuyma and Mayer 1980). Sympatric speciation can happen when adaptation to
alternate environments leads to the evolution of reproductive isolation. The idea that
ecology and natural selection are important for speciation can be traced back to Darwin
(1859). One of the early proponents of sympatric speciation, Bush (1969), showed that
sympatric speciation may be especially common in phytophagous insects due to host
shifts and specialization onto the new host plant. Since then, support for sympatric
speciation has come from theoretical research and empirical studies of sister taxa and

incipient species (Bush 1994, Via 2001).



Recent theory has contributed to a resurgence of interest in sympatric speciation
(Via 2001, Berlocher and Feder 2002, Bolnick and Fitzpatrick 2007). Theoretical models
show the conditions under which sympatric speciation are likely to occur (Dieckmann
and Doebeli 1999, Kondrashov and Kondrashov 1999, reviewed in Turelli et al. 2001),
and these conditions may be quite common in nature (Kondrashov and Mina 1986,
Bolnick and Fitzpatrick 2007).

Phylogeographic comparative studies have also investigated the relative
importance of allopatric and sympatric speciation in already diverged species (Coyne and
Orr 2004). Because speciation is a gradual process that occurs over long periods of time
and cannot be directly observed in nature, sister species, as recent products of speciation,
can be compared to infer the biogeography of speciation (Barraclough and Vogler 2000,
Noor and Feder 2004). Analyses of the phylogenies and geographic ranges of closely
related species have been cited as providing support for both allopatric speciation (Coyne
and Orr 2004) and for sympatric speciation (Via 2001). However, the utility of this
approach for determining the relative likelihood of sympatric and allopatric speciation
has been challenged (Losos and Glor 2003, Coyne and Orr 2004 but see Mallet 2005).
The current geographic ranges of the diverged species may differ from their distribution
at the time of speciation (Losos and Glor 2003), and populations that are currently
sympatric may have diverged allopatrically (Grant and Grant 1997, Rundle and Nosil
2005). Thus, the most reliable evidence for sympatric speciation comes from cases
where additional evidence suggests a sympatric origin such as for adaptive radiations in
isolated locations or where historical information is available (i.e. Schliewen et al. 1994,

Wilson et al. 2000, Savolainen et al. 2006).



Strong evidence for sympatric speciation also comes from case studies of
probable incipient species (Via 2001, Berlocher and Feder 2002, Bolnick and Fitzpatrick
2007). Highly divergent populations including host races, host associated populations,
and ecotypes may be at intermediate stages in the divergence process (Jaenike 1981, Dres
and Mallet 2002). By studying natural populations at different stages of speciation, a
general sequence of important steps in speciation can be reconstructed (Dres and Mallet
2002). Inferences about the process of speciation from studies of incipient species are
often criticized because populations at intermediate stages of divergence may never
evolve into full species, and could, in fact, fuse back into a single population (i.e. Taylor
et al. 2006). For this reason, studies of incipient species are more accurately
characterized as studies of the process of divergence, because speciation may or may not
proceed to completion. Nevertheless, studies of incipient species provide some of the
best information about the genetics and mechanisms of divergence because the factors
that contribute to divergence can be directly studied.

Studies of incipient species often take population genetic and ecological genetic
approaches to study the evolution of the traits contributing to reproductive isolation and
divergence (Via 2001). Host races in a variety of systems have been investigated using
these approaches: larch budmoths (Emelianov et al. 2004), soapberry bug (Carroll et al.
1997), the apple maggot and flowering dogwood flies (Feder and Bush 1991), goldenrod
gall makers (Waring et al. 1990, Itani et al. 1998), walking sticks (Nosil et al. 2006), and
holly leafminers (Scheffer and Hawthorne 2007). The shift of Rhagoletis pomonella
from hawthorn to cultivated apple provides the most highly cited and historically well-

documented example of sympatric host race formation (Bush 1994, Via 2001, Coyne and



Orr 2004), though new genetic studies provide an extra complication to this claim (see
below). Detailed genetic and ecological research also makes pea aphids on alfalfa and
clover a particularly rich model system for studying divergence (Brisson and Stern 2006),
and in this dissertation, I investigate the process of divergence in pea aphids on alfalfa

and clover.

Recent shifts in speciation research

It is finally being recognized that determining the relative likelihoods of allopatric
and sympatric speciation may be an intractable goal due to theoretical and logistical
issues. Neither strictly allopatric nor sympatric speciation may explain the diversity of
most organisms. Partially as a consequence of the complexities in describing the
geographic context of speciation, new classifications of modes of speciation and
important new questions in speciation research have emerged.

Determining the geographic context of divergence is difficult for several reasons
(Losos and Glor 2003, Coyne and Orr 2004). Most critically, the geographic ranges of
diverging populations may change during the process of divergence so that speciation
involves both sympatric and allopatric phases (Grant and Grant 1997, Losos and Glor
2003, Rundle and Nosil 2005). For example, divergence may occur as a byproduct of
divergent selection in allopatry, and then speciation can be completed following
secondary contact due to sexual selection or reinforcement (Rundle and Nosil 2005).
New terms describing a mixed speciation mode have been proposed such as “allo-
parapatric” and “allo-sympatric” speciation (Coyne and Orr 2004). There are

considerable practical limitations to such a classification (Mallet 2005, Xie et al. 2007),



but it does reflect the need for a more complex description of the geography of
speciation.

Another problem with the allopatric/sympatric dichotomy is highlighted by
studies that show that the geographic origin of the genetic variation contributing to
divergence may differ from the geographic context of the divergence of the populations.
In the apple maggot fly, the genetic variation contributing to divergence may have arisen
in allopatry, even if the divergence occurred in sympatry (Feder et al. 2003, Michel et al.
2007).

Finally, the geography of speciation may also be variable across the range of
diverging taxa at any one point in time. This means the diverging populations may be
sympatric in some parts of their range, and allopatric in other parts. The consequence of
this geographic complexity to the process and outcome of speciation has received little
theoretical and empirical attention, and this provides the motivation behind the
Geographic Mosaic of Divergence (see Chapter 1). For all these reasons, the strict
allopatric/sympatric dichotomy is too simple to describe the complexity of the process of
speciation observed in nature (Schilthuizen 2000, Jiggins and Bridle 2004, Michel et al.
2007).

Recently, speciation models have shifted from the allopatric/sympatric
dichotomy, and now modes of speciation are most often defined in terms of the
evolutionary mechanism and forces leading to speciation (Schluter 2001, Via 2001). This
does not mean that the geography of speciation is irrelevant because the type of
evolutionary force is still dependent on the geographic context. The focus is now on

understanding these forces and the genetics of speciation in their geographic context. For



instance, genetic drift gives rise to genetic incompatibilities in allopatry, while
reinforcement only occurs in sympatry. Ecological speciation can occur in both allopatry
and sympatry (Schluter 2001) and the challenge is to understand the genetic, behavioral,
and ecological factors that influence the process of speciation and how the geographic
context of divergence influences the process.

One of the ongoing controversies in ecological speciation is about whether
divergence can occur with ongoing gene flow. A wealth of genetic data and new types of
analysis has provided several clear instances of divergence-with-gene-flow (Noor and
Feder 2006), and show how gene flow may not inhibit the evolution of reproductive
isolation (Wu 2001, Wu and Ting 2004). Several lines of evidence have informed this
controversy. Coalescent models can be used to infer past gene flow during speciation for
already diverged taxa (Nielson and Wakeley 2001, Hey and Nielsen 2004), and provide
strong genetic evidence that speciation occurred in the face of gene flow (Machado et al.
2002). Next, studies of host races show how populations can maintain major
ecologically-based differences and still exchange genes at moderate rates. Ongoing gene
flow contributes to introgression only at neutral loci while the loci involved in divergence
differentiate in response to selection (Barton and Bengtsson 1986). Recent methods
based on assignment methods provide strong evidence for and quantify rates of ongoing
gene flow between host races (Manel et al. 2005). Evidence for different rates of gene
flow among loci can then be inferred from Fsr outlier analysis (Beaumont and Nichols
1996, Storz 2005, Beaumont 2005). This provides compelling evidence for divergence-
with-gene-flow (Wilding et al. 2001, Campbell and Bernatchez 2004, Emelianov et al.

2004, Savolainen et al. 2006, Scheffer and Hawthorne 2007). In my dissertation, I



investigate the genetics of divergence by quantify rates of ongoing gene flow and identify
Fgr outliers to understand how pea aphids maintain major differences in host plant
specialization that contribute to partial reproductive isolation in the face of ongoing gene

flow.



Chapter 1: The geographic mosaic of divergence: geographic differences in
genetic divergence and ecological specialization of pea aphids on alfalfa and

clover in North America

Abstract

Ecological divergence may occur differently across geographically widespread
sets of populations. Differences in natural selection among ecologically variable
geographic locations may result in a range of specialization and patterns of divergence
among populations in those locations, which may be called a Geographic Mosaic of
Divergence. The interaction of local adaptation and gene flow among these geographic
locations has the potential to either accelerate or retard the evolution of reproductive
isolation, or prevent speciation from proceeding altogether. Important geographical
differences were found across North America between divergent populations of pea
aphids both in patterns of host plant specialization and genetic differentiation at
molecular loci. In eastern North America, pea aphids (Acyrthosiphon pisum) from alfalfa
(Medicago sativa) and clover (Trifolium pretense) were highly genetically differentiated
and ecologically specialized on their host plants. In contrast, pea aphids on alfalfa and
clover from several western locations were genetically indistinguishable from each other
or from eastern aphids collected from alfalfa. Aphids from western clover showed some
variation in ability to use clover. Clover specialization may be re-evolving in the West,
or high directional migration from alfalfa onto clover could be homogenizing aphid

populations in the West.



Introduction

Adaptation of organisms to different resources can lead to phenotypic and genetic
divergence as populations become ecologically specialized in alternative environments
(Futuyma and Moreno 1988, Jaenike 1990, Schluter 2001, Funk et al. 2002, Fry 2003).
This ecological divergence can result in ecological speciation when adaptation to
different environments causes assortative mating either directly, by influencing mate
choice, or indirectly when habitat choice leads to mate choice (Schluter 2001 Turelli et
al. 2001, Via 2001, Via 2002, Rundle and Nosil 2005). Although the dynamics of
divergence are typically examined at a single location, host-associated populations may
be geographically widespread and exhibit genetic population structure (Avise 2000,
Thompson 2005). Then, the processes of divergence may occur at an array of locations
simultaneously. Spatial variation in the process of divergence, including differences in
natural selection, may cause specialization and genetic divergence to occur at different
rates or to have different characteristics across geographic populations (Itami et al. 1998,
Lu and Bernatchez 1999, Scriber 2002, Fernandez et al. 2005, Nosil et al. 2006), thus
creating a mosaic of populations each responding to a common set of ecological
challenges but with varying outcomes. The geographic heterogeneity of ecological
divergence may inform observations of the process of specialization and ecological
speciation in ways that could not be predicted without consideration of population
structure or by empirical studies of single populations.

The outcome of ecological divergence for geographically widespread pairs of
populations is dependent upon the interaction of three evolutionary processes acting

simultaneously (Figure 1). First, genetic variation available for phenotypic evolution

10



may vary among locations because of differing population history and demography
(Avise 2000, Thompson 2005). Differences in genetic variation among locations could
cause populations under the same selective regime to evolve along different evolutionary
trajectories. Second, because of local ecological differences, the targets and intensity of
selection may also differ among locations, influencing the evolution of traits associated
with ecological specialization and reproductive isolation (Thompson 2005, Schemske and
Bierzychudek 2001). The strength of divergent natural selection for resource use may
differ due to resource abundance or quality and the presence of alternate resources (How
et al. 1993, Janz and Nylin 1997, Stireman and Singer 2003, Strauss and Karban 1998,
Bernays 2001, Bernays et al. 2004, Nosil et al. 2006). Other selective forces may differ
altogether such as those due to differences in climate (Scriber 2002) or ecological
communities (Itami et al. 1998, Campbell 2003). These differing patterns of natural
selection may not only lead to differences in the responses to selection in each location,
but they may also cause population-specific changes in the genetic variation, influencing
the first evolutionary process (Figure 2).

Third, the amount of connectivity among populations determines the degree to
which these populations evolve independently or collectively (Rieseberg and Burke 2001,
Morjan and Rieseberg 2004, Figure 2). Gene flow among geographically separated
populations may differ, both in magnitude and reciprocity, due to population size or other
ecological or environmental factors (Denno et al. 1996, Hanski and Simberloff 1997,
Sork et al. 1999). Consequently, some populations concurrently adapting to a common
resource may freely exchange alleles at key loci, increasing the possibility of similar

patterns of adaptation, while others may be relatively isolated, possibly evolving
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independently perhaps through different allelic substitutions or changes at different loci
(Hoekstra and Nachman 2003, Colosimo et al. 2005, Kronforst et al. 2006).

These features of genetic variation, selection, and gene flow may interact such
that geographically distributed sets of populations undergoing ecological divergence or
speciation will vary in their degree of reproductive isolation and ecological specialization
(Itami et al. 1998, Lu and Bernatchez 1999, Scriber 2002, Fernandez et al. 2005, Nosil et
al. 2006). Thus, divergent populations in different geographic locations may occupy
different positions along the divergence continuum, from polymorphic populations to
locally adapted races to species (Jiggins and Mallet 2000, Dres and Mallet 2001).
Collections of more or less independent populations may be distributed in a spatial
patchwork, which I refer to as a "geographic mosaic of ecological divergence", which, if
contributing to the evolution of reproductive isolation, may become a “geographic mosaic
of speciation”.

While the pattern and process of the geographic mosaic have not previously been
described, important geographic differences have been found in degree of divergence and
local patterns of selection in several examples of ecological divergence and speciation.
These examples include goldenrod gall makers (Waring et al. 1990, Itani et al. 1998),
whitefish ecotypes (Lu and Bernatchez 1999), intertidal snail morphs (Cruz et al. 2004,
Fernandez et al. 2005), walking sticks (Nosil et al. 2005) and the flowering dogwood fly
and apple maggot fly (Feder and Bush 1991). Differences in gene flow between
hybridizing species among geographic locations are also documented in mosaic hybrid
zones of two Ipomopsis species (Campbell 2003, Aldridge 2005) and in tiger salamander

species (Fitzpatrick and Shaffer 2004). The ecological mechanisms behind geographic
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heterogeneity in divergence are as variable as the locations. To list only a few, there may
be variability in resource abundance or quality and the presence of alternate resources
(How et al. 1993, Fitzpatrick and Shaffer 2004), climatic variability (Itami et al. 1998,
Scriber 2002), and the presence of parasitoids and predators (Itami et al. 1998). For
example, the presence of an alternate resource niche in one location can serve as a mating
site for both types of specialists, increasing the rate of hybridization (Fitzpatrick and
Shaffer 2004).

The geographic mosaic of divergence has a theoretical basis in classical
population genetics, ecology and more recent evolutionary biology (Hanski and
Simberloff 1997, Wade and Goodnight 1998, Thrall and Burdon 2002, Thompson 2005).
Wright described how evolutionary forces interact simultaneously to produce
evolutionary change in subdivided populations, and how gene flow allows the joint
evolution of interconnected populations (Wright 1969, Wade and Goodnight 1998).
Metapopulation models show the importance of population size, the spatial arrangement
of populations, and colonization and extinction of patches for shaping gene flow among
locations (Hanski and Simberloff 1997, Thrall and Burdon 2002). Also, while the
process of divergence described here does not involve coevolution, the theory of how
interacting populations evolve across variable landscapes described by Thompson’s
“geographic mosaic of coevolution” (Thompson 1994, 1999, 2005) is directly relevant to
how divergence may occur in spatially distributed sets of diverging populations.
Specifically, the concept of “geographic selection mosaics” describes how divergent
selection varies among locations (Thompson 2005). “Trait remixing” due to gene flow

across locations, genetic drift, mutation, and population extinction and recolonization
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continually shapes the genetic variation available for natural selection (Thompson 2005).
Further investigations of how the three evolutionary processes of variation, selection, and
gene flow interact to give rise to the genetic mosaic would greatly enhance the
understanding of the process of divergence (Figure 1).

Pea aphids (Acyrthosiphon pisum) have become a model system for the study of
ecological divergence onto different host plants (Via 2000, Coyne and Orr 2004, Brisson
and Stern 2006), and they have recently expanded their geographic range (Sanderson
1900, Davis 1915). I investigate heterogeneity in genetic divergence and ecological
specialization among pea aphid populations using alfalfa and clover in an array of
locations across North America. I ask, are there differences in levels of genetic diversity
among populations? Moreover, are there differences in gene flow between populations
on the same resource across geographic locations? Next, I look for evidence of the
geographic mosaic pattern of divergence by asking, are there differences in levels of
genetic differentiation and ecological specialization among geographically widespread
pairs of populations?

To assess differences among locations in genetic variation, I used five nuclear,
non-coding, sequence-based (STS) markers and two allozymes. Next, I assessed
population connectivity across locations for aphids on the same host plant to assess the
genetic independence of geographic populations. In addition, I investigated population
structure of aphids on each host plant and in each location. To look for evidence of the
geographic mosaic of ecological divergence in pea aphids, at several geographic
locations, I examined levels of genetic differentiation between aphids on each host plant

and I measured aphid fecundity on each host plant as a measure of ecological

14



specialization. My approach combines the use of molecular genetic tools and the genetic
analysis of traits associated with host use to estimate the extent of genetic and phenotypic
divergence among geographically separated population pairs using alfalfa and clover as

host plants.

Study system
Life history

Pea aphids are non-host alternating and cyclically parthenogenic, reproducing
clonally during the summer and undergoing sexual reproduction in the fall (Eastop 1973,
Blackman 1987). They overwinter in cold climates as diapausing eggs, and fundatrices
hatch in the spring that give rise to parthenogenic lineages (Blackman 1987). Pea aphid
clones can produce either wingless (apterous) or winged (alate) progeny. Apterous
individuals achieve higher population growth rates than alates, and during the course of
the summer there is clonal selection for host plant related performance, primarily on
apterous individuals (Sandstrom 1996). Thus, it is important to measure fecundity of the
apterous individuals when assessing pea aphid host plant specialization. In response to
environmental stress and crowded conditions, alates are produced which are capable of
dispersal (Weisser and Braendle 2001, Caillaud et al. 2002). This high mobility may
allow significant gene flow among geographically isolated populations (McVean et al.
1999).
Pea aphid host-associated populations

The pea aphid complex includes three subspecies, and one of these subspecies,
Acyrthosiphon pisum pisum (Harris), includes populations specialized on alfalfa

(Medicago sativa) and red clover (Trifolium pretense; Eastop 1973, Blackman and Eastop
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2000, McVean and Dixon 2002). Pea aphids and their host plants are thought to be
native to Eurasia (Small 1996, Muller et al. 2003), though they have expanded their range
and are now distributed worldwide in temperate climates. Pea aphids on alfalfa and red
clover are ecologically specialized and/or genetically structured in parts of their range (in
France; Frantz et al. 2006, in Sweden; Sandstrom 1996, in England; Ferarri et al. 2006, in
New York; Via 1999). A different pattern was found by Leonardo and Muiru (2003) in
California, suggesting differences among locations in specialization on alfalfa and clover
(see below).
Introduction into North America

Pea aphids were introduced into North America at least 150 years ago, perhaps
during the introduction of their host plants (Eastop 1973, Sanderson 1900, Petit 1905,
Folsom 1909, Davis 1915). Red clover was introduced by European colonists to the
eastern United States by 1663, and was the predominant forage and cover crop in the
temperate East and Midwest until about 1950, though its use has subsequently declined
(Taylor and Quesenberry 1996). In contrast, alfalfa was introduced to California around
1854 (Putnam 1997) and rapidly gained popularity as a forage crop in the western states
(Westgate 1908), and later, following the development of regional plant varieties, into the
Midwest and East (Folsom 1909). Presently, alfalfa and clover are often cultivated in
mixtures or patchworks of adjacent fields in dairy production areas of the East and
Midwest (Barnes et al. 1995). In the West and Great Plains, alfalfa is grown much more
commonly than clover (Taylor and Quesenberry 1996).

The precise details about the number of introductions and source of the

introductions of the pea aphid in North America are unknown. The earliest reports of the
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pea aphid in the US are from around 1880 in the Midwest (Sanderson 1900), though pea
aphids were documented across most of the northern tier of North America by the early
1900's (Davis 1915). Beginning in 1899, devastating outbreaks of pea aphids occurred in
the Midwest and East on pea and red clover, though not on alfalfa (Folsom 1909, Davis
1915), suggesting clover aphids were already specialized at that point. Pea aphids show
low mtDNA diversity in both New York (Barrette et al. 1994) and in Europe (Birkle and
Douglass 1999) and no other study has compared variation between these locations, so
the genetic consequences of the introduction are unknown. Because of the possibility of
multiple introductions and range expansions during the invasion of the pea aphid, it is
possible that there are differences in genetic variation and diversity across North
America.
Pea aphid host races

Pea aphid populations from New York and Iowa have strong preferences for their
host plant (Via 1999; Caillaud and Via 2000), and because pea aphids mate on their host
plants, assortative mating tends to occur among aphid clones found together on the same
host plant (Via 1999, Via et al. 2000). Pea aphids in lowa and New York also show
highly specialized performance on alfalfa and clover that is not substantially altered by
experience (Via 1991). Migrants to the alternate host plant are therefore strongly
disadvantaged which may contribute to increased assortative mating, further limiting the
likelihood of cross-host plant gene flow (Via et al. 2000). Similarly, hybrids, which are
viable but rare in nature, have lower fitness on both parental host plants due mostly to
impaired resource use rather than to intrinsic incompatibilities (Via et al. 2000). In a

sample from New York, host plant specialization of pea aphids on alfalfa and clover was
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influenced by several complexes of nuclear genes, located on all four of the pea aphid
linkage groups (Hawthorne and Via 2001). In the only other analysis of host plant
specialization of pea aphids in North America, Leonardo and Muiru (2003) reported that
some pea aphids collected from white clover in California were more specialized on that
crop whereas aphids collected from other plants were more generalized. Because the
pattern of specialization in California was so different than that seen in New York and
Iowa, this suggests that there could be variability in ecological specialization across
locations, and thus the pattern of the geographic mosaic of ecological divergence in pea

aphids.

Methods

Aphid collections

Pea aphids were collected from ten locations across North America between 1997
and 2003 during mid-summer (Table 1). At most locations, aphids were collected from
two or more closely adjacent fields of alfalfa (Medicago sativa) and red clover (Trifolium
pratense). In California, aphids were collected from white clover (Trifolium repens), and
in Cortez, Colorado, where no red clover was found, aphids were collected from alfalfa.
Pea aphids were sampled in widely dispersed locations across fields to avoid sampling
the same clone. Aphids from five locations (Maryland, New York, lowa, Washington,
and British Columbia) representative of major alfalfa and/or clover growing regions
(hereafter the “subset” locations) were maintained as clonal lineages on their host plant of
origin for genetic analysis. Samples of each clone were also frozen (-80 °C) for DNA

analysis. Pea aphids collected from the five other geographic locations (California,
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Oregon, Northern Colorado, Southern Colorado, and Michigan) were preserved in
ethanol immediately. Genomic DNA was extracted from aphids from all 10 geographic

locations using the DNeasy Tissue Kit (QIAGEN).

STS markers

Genetic variation in pea aphids on alfalfa and clover across North America was
assessed using nuclear, codominant sequence markers. Ten aphids from each host plant
at each location (Table 1) were genotyped for five codominant non-coding sequence
tagged site (STS) markers (Ic380, I11c598, 111c650, 11c870, and 1c901) (Table 2). Each
marker was amplified in 25 uL PCRs containing 1 uL DNA, 1X PCR buffer, a marker-
specific MgCl, concentration (Table 2), 0.1 mM dNTPs, 0.1 mM of each primer, and 1
unit of Tag DNA Polymerase (New England Biolabs). Amplifications were performed
on a MJ Research thermocycler: 2 minutes at 94 °C, followed by 35 cycles of 20 seconds
at 94 °C, 20 seconds at the annealing temperature (Table 2), and 30 seconds at 72 °C,
with a final 2 minutes at 72 °C.

A combination of direct sequencing, single strand conformation polymorphism
(SSCP) analysis, and sequencing of SSCP bands was used to obtain sequence data and to
resolve haplotype phase. Genotyping strategy differed among markers (Table 2). One
marker, [11c598, was directly sequenced and haplotype phase was resolved using
FASTPHASE (Scheet and Stephens 2006). This program uses information from known
haplotypes and population information to reconstruct haplotypes from unphased sequence
data. For two markers, Ic380 and I1c870, most haplotypes were resolved using SSCP
analysis. For these two markers, amplification products were evaluated on 35 x 45 cm

vertical gels, with 0.4X MDE Gel as a matrix (SSCP Analysis protocol, BioWhittaker).
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Gels were run at 4 Watts and 4 °C for 20-72 hours, silver stained (Silver Sequence,
Promega), and scored manually. Multiple examples of each SSCP haplotype from each
gel were sequenced to confirm haplotype identity. Briefly, bands taken from the gel with
a sterile pipette tip and placed into a PCR cocktail. The amplification product was
purified (ExoSAP-IT, USB Corp.) and sequenced (BigDye protocols, ABI) in both
directions using the same primers and conditions used in the original amplification.
Several haplotypes could not be differentiated by SSCP analysis, so individuals with
these SSCP haplotypes were directly sequenced.

Finally, for the other two markers, [1Ic650 and Ic901, all samples were directly
sequenced, and cis-trans phase was resolved for ambiguous genotypes using three
methods. First, haplotype phase was resolved by inference (Clark 1990). Then, for
haplotypes found by inference but not also found in homozygotes, bands were
individually excised from SSCP gels and sequenced to confirm haplotype identity. Third,
for individuals heterozygous for indels or an internal and polymorphic microsatellite,
haplotypes were determined using the methods described by Flot et al. (2006). Briefly,
diploid sequencing yields double peaks due to the superposition of two sequences of
different lengths. The two haplotypes can be deduced by manually lining up the forward

and reverse sequence traces.

Allozymes

To increase the number of markers for Bayesian multilocus analysis of population
structure, aphids from the five "subset" geographic locations were also genotyped using
two allozyme markers. Pea aphids were genotyped for Pep-GL (EC 3.4.13.11) and Pep-

LGG (EC 3.4.11) using cellulose-acetate gel electrophoresis (Herbert and Beaton 1989).
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Previous surveys using these markers in New York showed that several alleles are
strongly host associated, and both allozymes show high genetic differentiation between

aphids on alfalfa and clover (Via 1999).

Genetic diversity

Four measures of genetic diversity at the five STS markers were compared across
locations for aphids on alfalfa and on clover using the full dataset. Because diversity
measures are affected by sample size, comparisons were made for the two major regions
(i.e. the "East" and the "West", see Fst and STRUCTURE results for justification,
below). Allelic richness is the average number of alleles per locus in a sample, and is
more sensitive for detecting the effects of short, severe bottlenecks than heterozygosity.
Allelic richness was estimated in FSTAT (Goudet 2001) using EIMousadik and Petit's
(1996) method to account for sample size. Observed heterozygosity (H,), the observed
proportion of heterozygotes, and Nei's gene diversity or expected heterozygosity (Hs), the
probability that two alleles at a random locus differ in a sample, was each calculated in
FSTAT. For aphids on alfalfa and on clover separately, I tested for differences between
the populations from the East and the West for these three diversity measures in FSTAT
using 1000 permutations. Finally, nucleotide diversity (), the average number of
nucleotide differences among sequences in a sample, was estimated in SITES (Hey and
Wakeley 1997) for each marker, and then the mean and standard error of nucleotide

diversity across markers were calculated.
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Fsr and exact tests

To measure pea aphid population genetic structure on host plants and across
geographic locations at several scales, | calculated Fsr with five STS markers using the
methods of Weir and Cockerham (1984) in the program Genepop on the Web (Raymond
and Rousset 1995). To measure the genetic independence of populations of aphids on the
same host plant across locations, Fsr was calculated across geographic locations for the
two host plants separately, which reflect genetic structuring across geography. Next for
each host plant separately, pairwise Fst was calculated between each pair of geographic
populations. To determine if host plant-based divergence differs among geographic
locations, Fst between aphids on alfalfa and clover was calculated at each geographic
location. These Fsr's between host plants may reflect divergence due to resource use.
Standard errors of Fst were estimated by jackknifing over loci. Differences between
estimates were tested based upon 95% confidence intervals generated by bootstrapping
over loci.

Because exact tests of population differentiation are more sensitive for detecting
genetic differentiation than Fsr for small sample size, exact tests were performed to
determine if there were the same allelic distributions at each location (Raymond and
Rousset 1995). Analyses were done in FSTAT between each geographic population

using 1000 permutations and a Bonferroni adjustment for multiple tests.

STRUCTURE

To further examine genetic structure of aphids from alfalfa and clover in each
geographic location, Bayesian analyses were used to assign individuals based upon their

multilocus genotype into genetically distinct groups (STRUCTURE 2.0, Pritchard et al.
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2000). To determine the number of populations represented by the data (called “K”), I
used the admixture model without population of origin information. Under this model,
the allele frequencies of the parental populations (called "clusters") are determined by
Bayesian analysis using only individuals' multilocus genotypes. Clusters are constructed
to maintain Hardy-Weinberg equilibrium and linkage equilibrium within genetic
populations. Individuals inherit a fraction of their genome from each inferred cluster, and
have a proportion of ancestry derived from each cluster (q), which ranges from 0 to 1.
Individuals with mixed ancestry have intermediate values of q. Because multilocus
analysis is more effective with more markers, I analyzed the subset dataset with 5
markers plus two allozymes for the five representative locations. The model was run for
K = 1-6 with 5 independent runs for each K. Models were run for a burn-in period of
400,000 MCMC iterations and a data collection period of 1,000,000 MCMC iterations
using the admixture model, correlated allele frequencies and no prior information (Falush
et al. 2003). Two methods to evaluate K were used: the maximal log probability of the
data, Pr (X|K) (Pritchard et al. 2000) and the modal value of AK, which is based on the
rate of change in the log probability of the data in consecutive runs for each K (Evanno
et al. 2005).

STRUCTURE assumes that each inferred cluster is in Hardy-Weinberg
Equilibrium (HWE), and that markers are in linkage equilibrium. Possible deviations
from HWE were determined using probability tests for each cluster and markers at o =
0.05 (following Bonferroni correction for multiple tests) using Genepop on the Web
(Raymond and Rousset 1995). Linkage disequilibrium within each cluster defined by

STRUCTURE was also tested for each pair of loci in Genepop on the Web.
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Ecological specialization of aphids on alfalfa and clover

Ecological specialization of individual aphid clones from four of the five "subset"
locations (New York, Maryland, Washington, and British Columbia) was assessed by
measuring pea aphid fecundity on both alfalfa and clover using a reciprocal transplant
design. Aphid fecundity on each host plant is correlated with fitness (Via 1999). Aphid
performance was measured using the protocol described in Via and Hawthorne (2002).
The number of offspring produced in an apterous aphid’s first nine days of adult life was
measured, which provides a good estimate of aphid fecundity (Via et al. 2001). For each
geographic location, 10-48 pea aphid clonal genotypes were tested in replicate (Table 1).
All experiments used the medium red variety of clover and Oneida VR variety of alfalfa,
which are the common varieties grown in New York. Experiments were conducted in
controlled environmental chambers at 21.5 °C/ 15 °C and a light-dark cycle of 16L/8D to
replicate summer conditions.

Aphid fecundity was analyzed using the MIXED procedure in SAS (Littel et al.
1996, SAS Institute 2001), with “home plant” and “test plant” as fixed effects, and “aphid
clone” as a random effect. Population means are reported as least-squares means, while
clone means were estimated as a best linear unbiased predictor (BLUP). Each geographic
population was tested separately without a common control set of clones in each

population. For this reason, some care should be taken when populations are compared.
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Results

Genetic diversity

STS markers contained several types of variation including SNPs, indels, and
microsatellites (Table 3). While the shortest sequence (Ic901) only had 2-4 variable sites
and 3 to 4 haplotypes in each population, other markers were more variable. For
instance, [1c870, the longest sequence, had 10-20 variable sites and 5-9 haplotypes in
each population. Genetic diversity of aphids was consistently higher in the West than in
the East for samples from both alfalfa and clover (Table 4). For aphids on alfalfa, there
were significant differences according to permutation testing in FSTAT between the
eastern and western populations in allelic richness (AR, East =2.937; AR, West = 3.468;
p =0.001) and gene diversity (Hs, East = 0.494; Hy, West = 0.595; p =0.001). For aphids
on clover, there were also significant differences according to permutation testing in
FSTAT between the eastern and western population in allelic richness (AR, East = 2.858;
AR, West =3.412; p = 0.005), observed heterozygosity (H,, East =0.467; H,, West =
0.661; p=10.012), and gene diversity (Hs, East =0.517; Hs, West = 0.647; p = 0.005).
Nucleotide diversity was also higher in the West compared to the East for most markers

(Table 3 and 4).

Fsr and exact tests

At the regional scale across North America, pea aphids showed significant genetic
structuring of allele frequencies between eastern and western clover (Fsr across locations
=0.14), and to a much lesser extent for alfalfa (Fsr across locations = 0.03). This

indicates significant genetic structuring across geographic locations for populations using
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the same host plant (p<0.01). For aphids on both alfalfa and clover, pairwise Fsr between
locations within each region were low (i.e. within the East and the West), and none of the
locations were significantly differentiated according to Exact Tests of population
differentiation (Table 5). Within each region, the pairwise Fsr between locations ranges
from -0.023 to 0.035 for aphids on alfalfa and from -0.022 to 0.195 for aphids on clover
(Table 5). The highest pairwise Fst within a region was between Michigan and Maryland
aphids on clover, two of the more distantly located populations within either region.
Pairwise Fsrs for those comparisons between locations in the East and the West tended to
be higher than within-region comparisons, and were generally higher for aphids on clover
than for alfalfa (Table 5). Within both alfalfa and clover, several populations between
the East and the West were significantly genetically differentiated according to exact tests
(Table 5).

Molecular divergence measured by Fsr between host plants varied across
geographic locations. Genetic differentiation was higher in the eastern populations
compared to the western ones (Figure 3). There was also variation in levels of
differentiation within each region. In the East, Maryland showed the highest Fsr between

aphids on alfalfa and clover, and Fst in Michigan was moderate.

STRUCTURE

Analysis of these molecular genetic data using a Bayesian method
(STRUCTURE) was consistent with the Fsr analysis. Both methods for determining the
number of genetic populations, or clusters, indicated that the data represent two clusters

(Figure 4). The highest L(K) and the mode of AK were both for K=2 indicating two

genetic groups. Under the admixture model without population of origin information,
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there was a correspondence between the inferred genetic clusters and host plant of origin
in the three "eastern" locations lowa, New York, and Maryland (Figure 5). In the East,
aphids from alfalfa belong to one cluster, while aphids from clover belong to the other
(Figure 5). In the West, aphids from alfalfa and clover belong to the same cluster, which
was the same as the eastern alfalfa cluster. Thus, there was genetic differentiation
between clover aphids from the East and West, but there were not any differences across
locations for aphids on alfalfa.

Within each of the clusters defined by STRUCTURE, there were significant
departures from HWE for two markers (I1Ic598 and Pep-LGG), and in the Alfalfa-
Western clover cluster for another marker (IIc870, p < 0.004). In addition, there were
significant departures from linkage equilibrium for three pairs of loci (IIc870-111c650,
1c380-11Ic650, and I1Ic650-Pep-LGG). The first two pairs of loci are not located on the
same linkage groups, and Pep-LGG has not been located on the linkage map (Hawthorne
and Via 2001, West, unpublished data). However, STRUCTURE is robust to some

deviations from assumptions.

Ecological specialization of aphids on alfalfa and clover

In the East, aphid populations on their home plant had higher fecundity than
aphids from the other host plant (Figure 6A). The interaction between host plant of
origin and test plant was significant in both New York (F = 164.34, p <0.0001) and in
Maryland (F = 626.55, p < 0.0001). Aphids from alfalfa had higher fecundity on alfalfa
than they did on clover in New York (F = 79.69, p <0.001) and in Maryland (F = 360.98,
p <0.001), and aphids from clover had higher fecundity on clover than they did on alfalfa

in New York (F =87.73, p <0.001) and in Maryland (F =260.63, p < 0.001).
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In the West, aphid populations from alfalfa showed similar patterns of host-plant
based fecundity as those in the East. The interaction between host plant of origin and test
plant was significant in British Columbia (F = 78.57, p <0.0001) and in Washington (F =
18.84, p <0.0001), and aphids from alfalfa had higher fecundity on alfalfa than they did
on clover in British Columbia (F = 337.88, p <0.001) and in Washington (F =269.91,

p <0.001). However, aphids from western clover had as high or higher fecundity on
alfalfa as they did on clover (Figure 6A). In British Columbia, aphids from clover
showed no significant difference in their fecundity on alfalfa and clover (F =0.29, p =
0.59), and in Washington, aphids from clover had higher fecundity on alfalfa (F = 10.45,
p =0.004). Furthermore, western aphids from clover showed a range of fecundities on
alfalfa, and the mean fecundities on each plant for each aphid clone overlapped with the
fecundities of aphids from alfalfa (Figure 6B). Thus, western aphids from alfalfa and
clover were phenotypically more similar and less ecologically differentiated from one
another. In addition, the aphids from clover in the West tended to be less specialized than
eastern aphids from clover. The degree of ecological specialization between aphids

collected from the two host plants thus varied among geographic locations.

Discussion

Diverging populations may be geographically dispersed when incipient species
experience a range expansion or already widespread populations similarly encounter
alternate resource types. Geographic differences among diverging populations in genetic
variation and local features of natural selection coupled with some genetic isolation
results in a geographic mosaic of divergence, and possibly also a geographic mosaic of

speciation (Figure 1). This variation in the degree of divergence among the geographic
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sets of divergent populations indicates that populations across locations are at different
stages of the processes of divergence and speciation (Jiggins and Mallet 2000, Dres and
Mallet 2002).

The first goal of the study was to determine if there are differences in genetic
diversity among different geographic populations using the same resource, which could
contribute to a geographic mosaic. Surprisingly large levels of diversity for an
introduced species were found, especially since there was little mtDNA variation found
in previous studies (Barrette et al. 1994, Birkle and Douglass 1999). I found that aphids
on alfalfa and clover showed significantly more genetic diversity in the western than in
the eastern populations. Differences in genetic variation available for natural selection
among populations may contribute to the geographic mosaic, constraining specialization
or divergence or allowing evolution to proceed in different directions in different
locations (Futuyma et al. 1995). Measuring genetic variation at markers linked to
genomic regions involved in divergence or at the genes themselves, if they can be
identified, could further detail the genetic changes that occur during divergence and their
geographic context (Feder et al. 2003, Colosimo et al. 2005).

Differences between the East and West in selection or colonization history could
explain these differences in genetic diversity. Introductions may have occurred from
genetically distinct source populations and there may have been multiple introductions.
If aphids on alfalfa were introduced to the West first, then a reduction of diversity in the
East could be the result of range expansion. Pea aphids on clover were reported early in
the Midwest and East (Folsom 1909, Davis 1915), so clover specialists may have a

different colonization history. Comparisons of North American and European
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populations could reveal the detailed history of the introductions, which could help
explain the observed difference in genetic diversity.

The second goal of this study was to determine if there were differences in gene
flow among aphid populations on the same resource among geographic locations. Within
the regional sampling locations, there was no significant population structure for aphid
populations on the same host plant, indicating that either gene flow is high or shared
ancestry is recent, and therefore collective evolution is possible and likely has occurred
within a regional scale. Between regions, there was significant genetic structure across
North America between the East and West. Genetic differentiation of pea aphids from
the same host plant across their range was greater for aphids on clover than for aphids on
alfalfa (Table 5). Aphids from alfalfa were genetically similar across North America,
while aphids from clover were genetically distinct between the East and the West (Figure
4). This could be explained by the differences in the ecology of the two host plants.
Alfalfa is more abundant than clover especially in regions of the arid West (Barnes and
Sheaffer 1995). Higher densities of alfalfa across North America can sustain larger aphid
populations and yield more potential migrants, and larger patch sizes allows higher gene
flow among locations (Kareiva 1983, McCauley 1991). Aphid clones also vary
substantially in their tendency to produce alates (Lamb and MacKay 1979, Bommarco
and Ekbom 1996, Weisser and Braendle 2001), so there could be genetically-based
differences among aphid populations in migratory tendency. If genetic similarity of
alfalfa populations is due to gene flow and not shared ancestry, the high gene flow across
locations for aphids on alfalfa could allow important variation for alfalfa specialization to

spread easily among populations across their North American range.
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Finally, I investigated the pattern of the geographic mosaic by measuring the
degree of genetic divergence and ecological specialization of aphids on alfalfa and clover
across North America. I found that pea aphids have a pattern of divergence consistent
with a geographic mosaic of divergence. Ecological divergence in pea aphids involves
genetic differentiation due to the accumulation of genetic differences between
populations (due to divergent selection, drift, and/or reduced gene flow), and increased
specialization, specifically the ability of aphids to use their host plants. I found that in
North America, pea aphids on alfalfa and clover are geographically variable in both
genetic differentiation at molecular loci and demographic measures of host plant
specialization. In the East, pea aphids from alfalfa and clover are highly genetically
differentiated and ecologically specialized on their host plants, similar to results found in
previous studies (Via 1991, Via 1999, Via et al. 2000). In contrast, aphids on alfalfa and
clover in the West were genetically indistinguishable, with the aphids from clover more
similar to the aphids from alfalfa in host plant specialization and in genetic structure.

The geographic mosaic described here suggests that pea aphid populations in
different locations have different histories and are at different stages of ecological
divergence. Populations in the East may be much farther along the process of
divergence, while those in the West are at a much earlier stage or are subject to higher
rates of introgression. In the West, greater phenotypic than genetic divergence is
consistent with very recent or seasonal divergence. Investigation of rates of hybridization
between aphids on alfalfa and clover in each location are required to determine if
populations represent host-associated populations or host races (Dres and Mallet 2002).

Nevertheless, the difference between the molecular genetic and phenotypic patterns is
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characteristic of populations in early stages of ecological speciation because divergence
occurs first at the loci contributing to variation in the traits under divergent selection and
is measurable first in markers linked to those loci (Charlesworth et al. 1997, McKay and
Latta 2002). Only when there is further reproductive isolation and sufficient time for
drift-mutation processes to act will there be similar divergence in the remainder of the

genome (Wu 2001).

Possible causes of the geographic mosaic of divergence in pea aphids

There are several, non-mutually exclusive hypotheses to explain the geographic
mosaic pattern in pea aphids that involve (1) differences in local ecological conditions
and natural selection or (2) nonuniform genetic variation due to aphid colonization
history:

Western clover aphids may be less specialized and more genetically similar to
aphids on alfalfa because of reduced natural selection for clover specialization and host
plant abundance. Natural selection for clover specialization may be stronger in the East
than the West because of the greater abundance of clover grown in the East (Barnes and
Sheaffer 1995). Furthermore, selection could be altered by differences in host plant traits
in different regional clover varieties (Taylor and Smith 1995). Also, host plant
persistence influences insect dispersal (Peterson and Denno 1998), and higher gene flow
can occur among insect populations where host plants are not available year-round
(Denno et al. 1996). In some regions of the West, clover is grown predominantly for
seed, while alfalfa is grown for both seed and forage. When clover is grown for seed,
plants dry out in late summer before being harvested and become unsuitable for aphids to

mate on in the fall. In regions where clover is grown for seed, clover specialists may die
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out, or disperse to other host plants and there may be selection for use of alternate host
plants. Any of these could decrease selection for clover specialization. Detailed
ecological study of the pea aphids and their host plants could reveal differences between
regions in agricultural practices such as irrigation, crop rotations, harvesting, plant
varieties, or alternate host plants that could affect host plant use.

Not only may selection for clover specialization differ, but high directional gene
flow from alfalfa onto clover could lead to gene swamping, where alleles for clover
specialization are lost (Lenormand 2002). Host plant patch size influences migration
rates of insect specialists (Kareiva 1983, McCauley 1991). The abundance of alfalfa in
the West and large population sizes of alfalfa specialists may cause migration rates from
alfalfa to clover to be very high due to demographic causes. Directional migration rates
may vary because aphids on alfalfa and clover could differ in their migratory tendency.
There is genetic variation among aphids in how readily the production of winged forms is
induced in response to crowded conditions (Lamb and MacKay 1979, Bommarco and
Ekbom 1996, Weisser and Braendle 2001). If aphids on alfalfa have greater migratory
tendency than aphids on clover, there could be higher gene flow from alfalfa onto clover.
Thus, even if selection favors clover specialization in the West, gene flow may limit the
evolution of clover specialization.

Differences in genetic variation due to the introduction of the aphids into North
America could constrain the evolution of clover specialization in the West but not the
East. If only alfalfa specialists colonized the West, western aphids on both alfalfa and
clover may be the descendents of these colonists. The aphids seen on clover in the West

may be the result of a secondary colonization of clover by aphids from alfalfa.
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Populations of alfalfa specialists from all geographic locations are likely to have some
genetic variation for clover use due to ongoing hybridization, and the current levels of
clover specialization could be due to only a few generations of selection (Frazer 1972).
Thus, the genetic similarity of aphids in the West on alfalfa and clover could be because
western clover aphids are very recent colonists from alfalfa. This could be tested
experimentally: western alfalfa specialists could be introduced onto clover for several
generations to determine if a similar level of clover specialization could be achieved after
only a few generations.

Selection on variation present in natural populations can repeatedly give rise to
ecological specialization in different geographic locations. In another model system for
ecological speciation, parallel evolution of the benthic and limnetic forms of sticklebacks
has been shown to be due to selection on standing genetic variation present in natural
population of the “ancestral” populations resulting in similar yet independent evolution of
ecologically important phenotypes (Colosimo et al. 2005). Thus, parallel evolution of
specialization can arise rapidly because it can involve sorting of ancestral variation in
new locations.

Determining the cause of lower genetic and phenotypic differentiation of pea
aphids in the West compared to the East requires additional study of the genetics and
ecology of host plant specialization. However, it seems unlikely that clover specialists
were unable to colonize the West, given their success in colonizing new continents, so
differences between regions in the strength of divergent selection and hybridization seem

the most likely cause.
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Whatever the reason for the different degrees of divergence in pea aphids in North
America, whether the geographic mosaic of divergence becomes a geographic mosaic of
speciation in aphids will likely depend upon the interaction of gene flow between
locations and local processes within geographic locations. It is possible that aphids on
alfalfa and clover may continue to diverge and become separate species. There could
also, however, be a long-term maintenance of variation among locations in divergence, or
perhaps an erosion of differentiation. If divergence in the West is constrained by a lack
of genetic variation for clover specialization, additional immigration and gene flow from
eastern clover types could accelerate divergence in the West. In this case, geographically
distributed populations using clover would become more similar to each other and the
geographic mosaic of speciation would be transient. On the other hand, if regional
ecological differences continue to affect divergence in pea aphids, then divergence and
speciation might continue to proceed differently in the East and West. Measuring rates of
gene flow across locations and studying the ecology of the pea aphids and their host
plants in the West may reveal which scenarios are most likely for the future of the pea
aphids.

Consideration of the genetic and ecological causes and consequences of a
geographic mosaic significantly enriches our understanding of the process of adaptive
divergence in contemporary populations. Analysis of geographic mosaics of divergence
should motivate both the analysis of geographically isolated populations and the

processes that determine the degree to which they evolve independently or collectively.
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Tables

Table 1. Pea aphids were collected from alfalfa and clover in ten locations across North America. At each location, aphids were
collected from 0-4 fields of each host plant. Geographic locations from which aphids were collected live and used for allozymes and/
or genetic analysis of fecundity (the "subset" locations) are indicated with *. 10 aphids were collected from each host plant in each
location for use in molecular genetic analysis. Additional aphids were collected for measuring fecundity.

Location name Coll- | Latitude Longitude No. No. No. No. No.
ection alfalfa clover aphids aphids replicates
Date fields fields from from per clone
sampled | sampled | alfalfa clover for
for for fecundity
fecundity | fecundity
Middleton, MD* 2001 | 39°28°42”N | 77°31’21" W 3 3 48 46 3
Ithaca, NY* 1999 | 42°26°38”N | 76°27' 57" W 1 2 10 11 3
Michigan 2002 42°24° 00" N | 85°24° 00" W 1 1 - - -
Iowa City, IA* 2002 | 41°44°25”N | 91°29° 01" W 3 3 - - -
N. Colorado 1997 | 40°01’37"N | 105°15’ 04" W 4 2 - - -
Cortez, CO 2003 37°20° 13” N 108° 48’ 02” W 2 0 - - -
Ontario, OR 2002 43°45° 48" N 117°02° 09" W 2 3 - - -
E. Washington* 1999 | 46°58 04”N | 119°02’ 49" W 2 2 30 12 2
Summerland, BC* | 1998 | 49°01°59”N | 119°27° 00” W 3 3 26 20 4
California 2003 39°44° 44" N 122°11’ 14" W 3 3 - - -

36



Table 2. Primer sequences, PCR conditions, mapping information, and genotyping
methods for pea aphid STS markers.

Marker* |Primer sequence (5'-3") Sequence| [MgCI2] | T4 (°C) Genotyping
length (mM) method
(bp)
1c380 |L: ACTTACAAGTCTAATTTTGAAG 354 37 43 SSCP
R: GTAATGTCACTATTAGAAG
111 L: TGTGTACCTACA AAA
c398 GTGTACCTACACGGC 6 328 3.0 58 Sequence

R: ATGGCAGCGGTGAGTGGCGATG
[Mc650 |L: GAGGTTTTCATCATTTTTGCCTA 568 SSCP &

15 56
R: GCGTACATGCAGCAGTATCA Sequence

1870 |L: GTACTCTGGTACTCAATGAAACC
751 15 52 SSCP

R: GCATTGTGAAACGACGCAAACG
1901 _|L: ACGGACAGCTACTCAATCGTTAG | 54 s " SSCP &
R: CATTCCACGAGACTTCTAGGTCGT Sequence

*Marker naming convention is linkage group, marker type (c=codominant), and size of
original AFLP band.
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Table 3. Summary of nucleotide variation and genetic polymorphism of the 5 STS markers for North American pea aphids on alfalfa
and clover. Aphids in each region and on the two host plant had different numbers of segregating sites, and contained several types of
variation including SNPs, indels, and microsatellites. Nucleotide diversity () is estimated for aphids from alfalfa and clover in each
region in SITES (Hey and Wakeley 1997).

Locus | Host plant | Region No. of |Sequence|Segregating| SNPs |Indels |Microsats No. Nucleotide
sequences| length | sites (all) haplotypes | diversity ()
(bp)

East 72 354 8 6 2 0 5 0.00608

380 Alfalfa ) gyt 113 354 9 7 | 2 0 6 0.00638
Clover East 76 354 5 5 0 0 3 0.00526

West 81 354 8 6 2 0 5 0.00595

Alfalfa East 72 328 11 11 0 0 11 0.00345

[11e598 West 114 328 7 7 0 0 14 0.00406
Clover East 78 328 8 8 0 0 13 0.00489

West 82 328 8 8 0 0 15 0.00470

East 71 568 11 10 0 1 6 0.00598

16650 Alfalfa ) gy oqt 116 568 11 10 | o 1 5 0.00803
Clover East 78 568 11 10 0 1 3 0.00075

West 84 568 12 11 0 1 6 0.00835

East 71 751 10 8 2 0 5 0.00234

o870 Alfalfa 1 et 114 751 16 14 | 2 0 8 0.00338
Clover East 71 751 20 18 2 0 9 0.00628

West 78 751 16 14 2 0 8 0.00350

East 72 250 4 4 0 0 3 0.00129

901 Alfalfa ) gyt 107 250 2 2 | o 0 3 0.00155
Clover East 78 250 3 3 0 0 4 0.00492

West 78 250 2 2 0 0 3 0.00247
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Table 4. Genetic variation and polymorphism of North American pea aphids on alfalfa
and clover. Allelic richness, observed heterozygosity (H,), and gene diversity or
expected heterozygosity (Hs) were calculated in FSTAT using the five STS markers.
Nucleotide diversity () is estimated for aphids from alfalfa and clover in each region
using SITES, and the mean and standard error is shown across five STS markers.

Collection  [Collection | Allelic | Observed Gene |Nucleotide diversity
host plant region richness |heterozygosity|diversity (m)
(Ho) (Hs)
Alfalfa East 2.937 0.536 0.494 | 0.00383 = 0.00096
West 3.468 0.625 0.595 | 0.00468 +0.00114
Clover East 2.858 0.467 0.517 | 0.00442 +0.00095
West 3412 0.661 0.647 | 0.00499 +0.00132
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Table 5. Genetic differentiation was measured across geographic locations for pea aphids
collected from alfalfa (A) and from clover (B). Pairwise Fst between populations of pea
aphids are in the bottom diagonal (Weir and Cockerham (1984) estimates from
GENEPOP ON THE WEB). Exact tests of population differentiation were calculated in
FSTAT using 1000 permutations. Significant differentiation is indicated by a "*" in the
top diagonal using a Bonferroni adjustment for multiple tests. All analyses used 5 STS
markers.

A. Alfalfa
West East
CA BC WA OR CO SCO| IA MI NY MD
CA NS NS NS NS NS | NS NS * NS
BC [0.021 NS NS NS NS | NS NS * NS
West WA [0.023 -0.004 NS NS NS * NS * NS
OR |0.009 -0.0180.014 NS NS * NS * NS
CO |0.031 0.023 0.035 0.032 NS | NS NS NS NS
SCOJ-0.011 -0.023 0.008 -0.022 0.030 NS NS * NS
IA [0.077 0.057 0.094 0.063 0.009 0.053 NS NS NS
Fast MI [0.004 0.010 0.001 0.030 -0.003 -0.011]0.033 NS NS
NY [0.103 0.064 0.063 0.075 0.013 0.075{0.023 0.017 NS
MD [0.087 0.052 0.081 0.060 0.025 0.033]0.017 0.013 0.010
B. Clover
West East
CA BC WA OR CO IA MI NY MD
CA NS NS NS NS * * * *
BC [0.057 NS NS NS * NS * *
West WA |0.042 0.040 NS NS * NS * *
OR [0.010 0.014 0.001 NS | NS * NS *
CO [-0.001 0.028 0.025 -0.022 NS NS NS NS
IA [0.291 0.188 0.266 0.223 0.215 NS NS NS
East MI [0.219 0.061 0.214 0.151 0.120]| 0.031 NS NS
NY |0.219 0.080 0.189 0.141 0.160]-0.012 0.003 NS
MD |0.544 0.434 0.546 0.448 0.493|-0.002 0.195 0.076
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Figures

Figure 1. Summary of the three evolutionary processes that interact concurrently to give
rise to the pattern of the geographic mosaic of divergence

Three evolutionary processes:

1. Genetic variation for traits important to ecological specialization and
reproductive isolation differs among locations.

2. The targets and intensity of selection may differ among locations.

3. Gene flow among geographically separated populations may differ in
magnitude and reciprocity.

The Pattern:

Geographic sets of divergent populations vary in degree of ecological
specialization and genetic differentiation across their range.
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Figure 2. Populations diverging onto different resources that are spatially widespread
may form a geographic mosaic of divergence. At each geographic location, the diverging
populations, those sympatric populations undergoing divergent selection for
specialization on alternate resources, may experience different rates of gene flow. Gene
flow among the geographic populations, those spatially and genetically isolated
populations on the same resource, may vary across their range. Some locations may be
more isolated, and evolving largely independently (Location 1), while populations in
other locations may be connect by high gene flow, and be evolving collectively (Location
2 and 3).
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» Low gene ‘ Resource B
Location 2

;
RN,
O O

Location 1 Location 3

42



Figure 3. Fsr between aphids on alfalfa and clover varied across geographic locations using 5 STS markers. Fsr was estimated as
Weir and Cockerham's (1984) theta in FSTAT, and standard errors were estimated by jackknifing over loci. There were large
differences in host-associated divergence between the populations in the eastern regions (grey) and western regions (white).
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Figure 4. Model selection for STRUCTURE was determined two ways from five
independent runs of K = 1 - 6. The maximal value of the log-likelihood probability for
the data for a given K [In(Pr X|K) or L(K)] is suggested by Prichard et al. 2000).
Evanno et al. (2005)'s method uses the peak of AK, which is based on the rate of change
in the log probability of the data in consecutive runs of K, to determine the number of
populations represented by the data (B).
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Figure 5. Genetic structure of pea aphids on alfalfa and clover across North America inferred with STRUCTURE using 5 STS and 2
allozymes. Each individual aphid is represented by a bar. Aphids were sorted following assignment by host plant and collection
location (i.e. British Columbia, BC; Washington, WA; lowa, [A; New York, NY; and Maryland, MD). Using the admixture model,
aphids were assigned proportionally into the two inferred clusters, and the proportion of each individual’s ancestry in the two inferred
clusters is shown.
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Figure 6. Comparison among geographic locations of the quantitative genetic variation in pea aphid host plant specialization. The
number of offspring each aphid produces during its first nine days of adult life (fecundity) provides a measure of host plant
specialization. (A) Plots of population means and 95% CI. (B) Scatterplots of means for each aphid clone (BLUPs) for fecundity on
each host plant
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Chapter 2: Ecological divergence across the genome and across geographic

locations in pea aphids

Abstract

Determining how the genetic basis of adaptation and divergence may vary across
geographic locations may reveal how evolutionary forces interact to generate biological
diversity. During ecological divergence, genetic differentiation may occur first at regions
of the genome responsible for traits involved in ecological specialization, while the
remainder of the genome remains similar due to ongoing gene flow. When ecological
divergence onto the same alternate resources occurs in an array of locations
simultaneously, genetic differentiation may involve similar or different genomic regions,
genes, and alleles. I examined patterns of genetic differentiation between sympatric pairs
of pea aphids on alfalfa and clover in multiple geographic locations in North America
using amplified fragment length polymorphisms (AFLPs). A common pattern of genetic
heterogeneity in divergence was found in all locations across North America, providing
genetic evidence that natural selection has been important in the pea aphid divergence.
However, the proportion of markers identified as Fst outliers were not statistically
different among locations, and the markers identified as outliers in the West were a
subset of those identified in the East. In the East, migrants and hybrids on both host
plants were identified using assignment tests, suggesting pea aphids on alfalfa and clover
represent host races, and that ecological divergence is maintained in the face of ongoing

hybridization.
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Introduction

During the process of ecological divergence, populations evolve specialization to
alternate environments (Dieckmann and Doebil 1999, Schluter 2001, Coyne and Orr
2004, Rundle and Nosil 2005). Divergent natural selection can drive the evolution of
reproductive isolation between resource specialists and results in decreased gene flow
between populations. Genetic changes happen first at the genes and genomic regions that
contribute to phenotypic differentiation, causing genetic changes to occur at different
rates across the genome (Harrison 1991, Charlesworth et al. 1997, Barton and Whitlock
1997, Wu 2001, Latta 2004). When diverging populations are widely spatially
distributed, genetic changes may also occur at different genes or involve different alleles
across geographic locations (Rieseberg and Burke 2001, Nachman 2005). Despite recent
advances in understanding the genetics of divergence (Vasemagi and Primmer 2005,
Noor and Feder 2006), surprisingly little is known about how genetic changes occur both
across the genome and across geographic space (Colosimo et al. 2005, Michel et al.
2007).

Because the process of speciation cannot easily be observed in nature, one good
approach is to study the genetics of speciation in populations at intermediate stages of
divergence (Campbell and Bernatchez 2004, Savolainen et al. 2006). This allows the
evolutionary processes and genetic changes contributing to restricted gene flow and
phenotypic differentiation to be directly investigated. The study of divergent populations
can be used to make inferences about the process of speciation since populations at
intermediate stages of divergence may eventually evolve into distinct species (Dres and

Mallet 2002). Populations at intermediate stages of divergence represent different stages
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along a continuum of genetic and phenotypic differentiation and reproductive isolation,
ranging from locally adapted populations, to host races, and species (Dres and Mallet
2002). Host races are at an important and well-studied stage on the divergence
continuum because they experience ongoing (though possibly reduced) gene flow, yet are
highly phenotypically divergent and somewhat reproductively isolated (Jaenike 1981,
Dres and Mallet 2002, Coyne and Orr 2004).

Classical population genetic theory (Wright 1940, Hartl and Clark 1997)
describes how natural selection and gene flow interact to produce genetic changes during
the process of divergence at a single locus under divergent selection in a single location.
As two sympatric populations evolve in response to local divergent selection for alternate
environments, they continue to experience gene flow. Allele frequencies in each
population are initially similar at all loci in both populations. As gene flow decreases
between the diverging populations, allele frequencies begin to differ between
populations, and genetic divergence between populations increases. If gene flow ceases

between populations, alternate alleles may eventually become fixed between populations.

Genetic changes across the genome

Allele frequencies may change at many loci in the genome during divergence
(Harrison 1991, Black et al. 2001, Luikart et al. 2003). This can be studied by
simultaneously sampling many variable loci across the genome. Loci evolving under
evolutionary forces that have locus-specific effects (including selection, mutation, and
recombination) can be distinguished from those evolving under neutral forces (such as
genetic drift and gene flow), which should influence all loci the same way (Black et al.

2001, Luikart et al. 2003). I will refer to "loci" as the particular genomic regions, while
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"genes" are the loci contributing to phenotypic traits. "Markers" are those genetic tools
that are used to investigate variation at particular loci. To the extent that recombination
breaks up the genome into independently evolving segments, allele frequencies at
individual loci across the genome change at different rates under different evolutionary
forces (Lewontin and Krakauer 1973, Harrison 1991). Specifically, allele frequencies at
the genes contributing to phenotypes under selection will change more rapidly than allele
frequencies at all but the most closely linked neutral loci (Lewontin and Krakauer 1973,
Barton and Bengtsson 1986). Markers linked to genes under selection can be identified
from their extreme patterns of divergence compared with neutral loci, thereby identifying
genomic regions evolving under locus-specific forces such as natural selection (Harrison
1991).

To identify genomic regions involved in ecological divergence, Fsr between
divergent populations is measured at many markers (Storz 2005, Beaumont 2005).
Wright's Fst quantifies the amount of genetic differentiation among populations, and is
calculated as the standardized variance in allele frequencies among populations. Markers
with extremely high values of Fst ("Fsr outliers") are inferred to evolve under divergent
selection. Because the genes contributing to phenotypic differences between populations
and loci linked to those genes diverge first, Fsr outliers mark genomic regions involved
in ecological specialization or reproductive isolation (Beaumont and Nichols 1996,
Vitalis et al. 2001). The process of ecological divergence produces a pattern of genomic
heterogeneity in divergence where the genome is a patchwork of highly differentiated and
undifferentiated regions (Wu 2001, Emelianov et al. 2004, Turner et al. 2005). In

contrast, under speciation by drift (including some forms of allopatric speciation),
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heterogeneity in divergence is not expected since all loci evolve under neutral
evolutionary forces. While the population genomics approach has been applied to several
cases of ecological divergence (Wilding et al. 2001, Campbell and Bernatchez 2004,
Emelianov et al. 2004, Scheffer and Hawthorne 2007), it is unclear how much of the
genome is typically involved during ecological divergence and how quickly changes
accumulate across the genome (Noor and Feder 2006).

Genomic heterogeneity in divergence is expected to be a changing, transient
feature of the genome. Early in the divergence process, the few highly divergent
genomic regions involved in speciation are surrounded by large, undifferentiated
genomic regions (Wu 2001, Turner et al. 2005). As populations diverge, genetic changes
accumulate due to selection and drift, and divergence in the rest of the genome comes
into concordance with the initial "speciation" loci (Wu and Ting 2004). Thus,
populations at different stages in the process of divergence are expected to vary in their
patterns of genetic differentiation, both in overall genetic differentiation (overall Fgr,
Giles and Goudet 1997) and the proportion of their genome under divergent selection.
Host-associated populations are expected to have small overall Fsr and few outliers,
while host races should have both higher overall Fsr and increased numbers of outlier Fgr
loci. This population genomic approach can be coupled with analysis of introgression
rates and detailed ecological study to determine where each population falls on the
divergence continuum. Populations at different stages of divergence can be studied not
only by looking across different systems, but also by looking across geographic locations

when sets of diverging populations are widespread.
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Genetic changes across geography

Pairs of sympatric populations may diverge simultaneously in response to the
same alternate environments in different geographic locations, creating a mosaic of
populations each evolving under divergent selection but with varying outcomes (Chapter
1). Three evolutionary processes interact simultaneously to influence divergence and
adaptation in widespread populations: (1) Genetic variation for traits important for
ecological divergence may vary among locations, which can occur because of differing
population history. (2) The targets and intensity of selection may differ among locations
(Itami et al. 1998, Schemske and Bierzychudek 2001), influencing the evolution of traits
associated with ecological specialization and reproductive isolation (Lu and Bernatchez
1999, Scriber 2002, Fernandez et al. 2005, Nosil et al 2006). Selection can be
constrained by lack of genetic variation, and can also shape genetic variation for
important traits. (3) Gene flow among geographically separated populations may differ,
both in magnitude and reciprocity, such that some locations freely exchange genetic
variation while others evolve more independently (Sork et al. 1999, Rieseberg and Burke
2001). Selection and gene flow may interact such that the level of ecological
specialization and reproductive isolation varies across locations (Itami et al. 1998, Lu and
Bernatchez 1999, Scriber 2002, Fernandez et al. 2005, Nosil et al. 2006) producing a
pattern that is called the "geographic mosaic of divergence" (Chapter 1). Diverging
populations in different locations may represent different stages along the divergence
continuum or different outcomes of the divergence process (Jiggins and Mallet 2000,

Dres and Mallet 2002).
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The genetic changes contributing to ecological specialization and divergence may
differ across the geographic mosaic. Genetic changes across the geographic sets of
diverging populations can involve different genes (and thus genomic regions) or the same
genes but different alleles. Recent studies suggest that divergence in different locations
may involve the same genes (Colosimo et al. 2005, Kronforst et al. 2006), while different
genes are involved in other cases (Hoekstra and Nachman 2003). However, it is not clear
how genetic variation differs across locations that vary in degree of divergence. Studying
the genetic changes that occur during different stages of divergence could reveal the
sequence of genetic changes that occur during the process of divergence.

Insect specialists on agricultural crops provide some of the most well studied
examples of ecological-based divergence (Bush 1975, Craig et al. 1997, Dres and Mallet
2002, Berlocher and Feder 2002). Pea aphids on alfalfa and clover are highly
ecologically specialized, genetically differentiated, and partially reproductively isolated
populations that are adapted to alternate host plants (Via 1991, 1999, Via et al. 2000).
Sympatric populations of pea aphids on alfalfa and clover differ in their extent of
ecological specialization between the eastern and western regions of North America, and
therefore may be at different stages in the process of divergence (Chapter 1). Aphids on
alfalfa and clover in the eastern region represent likely host races, but rates of ongoing
gene flow have not been measured. In this study, I ask:

(1) Is there a common pattern of genomic heterogeneity in divergence between aphids on
alfalfa and clover across geographic locations?
(2) How does the genetic basis of pea aphid specialization and divergence vary across

geographic locations?
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(3) Is there hybridization between aphids on alfalfa and clover?

Here, I investigate genetic divergence in pea aphids at three spatial scales using
different datasets to address these three questions: (a) between the eastern and western
regions of North America (the "Regional dataset") (b) among three populations in the
East (the "Eastern dataset"), and (c) with additional genetic markers for one location of
the East (the "New York dataset"). First, I determine if there is a common pattern of
genomic heterogeneity in divergence in pea aphids on alfalfa and clover across their
North American range. This is expected for ecologically-based divergence driven by
natural selection (Wilding et al. 2001, Emelianov et al. 2003). I use Fsr outlier analysis
to identify regions of the genome potentially linked to genes for ecological specialization
and reproductive isolation. Second, I compare the Fsr outlier markers in locations across
North America to determine if the genetic basis of ecological divergence differs across
geographic locations. Then, I examine migration and hybridization between pea aphids
on alfalfa and clover in locations in North American where they are most specialized. If
aphids on alfalfa and clover experience hybridization, this would define these populations

as host races, an important stage along the divergence continuum.

Methods

Aphids on alfalfa and clover

Pea aphids (Acyrthosiphon pisum Harris) comprise host-associated populations on
herbaceous legumes including alfalfa (Medicago sativa) and clover (Trifolium pratense)
(Via 1999, Via et al. 2000). In ecastern North America, pea aphids show highly

specialized performance on their host plants (Via 1991), and there is selection against
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migrants to the alternate host plant and hybrids (Via et al. 2000). Pea aphids also have
strong preferences for alfalfa and clover (Via 1999; Caillaud and Via 2000), and because
pea aphids mate on their host plants, assortative mating tends to occur among aphid
clones found together on the same host plant, which contributes to reproductive isolation.
Aphid specialization may be influenced by several complexes of nuclear genes, located
on all four of the pea aphid linkage groups (Hawthorne and Via 2001) that correspond to
the four pea aphid chromosomes (Sun and Robinson 1966). Thus, several genomic

regions may be under divergent selection.

Aphid collections

Aphid collections were conducted at three spatial scales. At the largest scale,
aphids were collected between 1996-1999 from two regions of North America where
aphids are evolving somewhat independently (Chapter 1): the "East" (Iowa, Maryland,
and New York) and the "West" (Washington and Oregon) (Regional dataset, Table 1A).
Aphids from different locations within regions were pooled to achieve greater sample
sizes at the regional scale. At a smaller spatial scale, intensive sampling within the
eastern region was conducted in 2001 and 2002 to assess variation among genetically and
phenotypically similar locations where aphids on alfalfa and clover are highly
ecologically specialized. Aphids were sampled from lowa, Maryland, and New York
(Eastern dataset, Table 1B). The New York dataset includes the same aphids sampled
from New York for the Eastern dataset but genotyped using 52 additional markers (83

total).
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At each location, aphids were collected from adjacent fields of alfalfa (Medicago
sativa) and red clover (Trifolium pratense). Aphids were sampled in widely dispersed

locations across fields to avoid sampling the same clone.

AFLP analysis

Genomic DNA from single aphid adults was extracted using the DNeasy Tissue
Kit (QIAGEN), eluted into 200 uL of supplied buffer, and stored at -20°C. Aphids were
genotyped for amplified fragment length polymorphisms (AFLPs; Vos et al. 1995),
which are nuclear, multilocus genetic markers, which survey variation across the genome
(Luikart et al 2003). Genotyping followed the method used previously for pea aphids
(Hawthorne and Via 2001), but with different primer combinations for each dataset
(Table 2). For the regional dataset, two primer combinations generated 44 polymorphic
markers. For the Eastern dataset, fourteen different primer combinations produced 31
polymorphic markers. For the New York dataset, four additional primer combinations
were added to those used in the Eastern dataset, and additional markers were scored, to
generate a total of 83 polymorphic markers.

Digestion of genomic DNA used two six-base recognition restriction enzymes
(PstI and EcoRI) to reduce the number of fragments generated. Digestion of genomic
DNA and ligation of adaptors to the ends of the restriction fragments was performed in
50 uL reactions containing 25 uL of genomic DNA, New England Biolabs (Beverly, MA)
#4 restriction enzyme buffer, 1.8 mM DTT, 2 mM ATP, 100 ng/uL bovine serum
albumen, 20 units Pstl, 20 units ECORI, 6 units T4 DNA ligase, and 5 pM of each double-
stranded adaptor (Table 2). Reactions were incubated at 37°C for 3-5 hours in a shaker

oven to generate the AFLP construct.
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Two rounds of amplification generate the AFLP fragments. The first
(preselective) amplification used primers complementary to the adapter sequences (Table
2). Each sample was amplified in 50 uL PCRs containing 5 uL of the AFLP construct as
template, 1X PCR buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, 5 pM of each core primer
(Table 2), and 1 unit of Taq DNA Polymerase (New England Biolabs). Amplifications
were performed on a MJ Research thermocycler: 1 minute at 95 °C, followed by 21
cycles of 10 seconds at 95 °C, 30 seconds at 52°C, and 1 minute and 30 seconds at 72 °C,
with a final 5 minutes at 75 °C. Preamplification products were diluted 1:2 with 10mM
Tris.

For the second, selective round of amplification, two primer combinations were
used based on a pair of core primer sequences differing in their selective extensions
(Table 2). Each sample was amplified in 50 uL PCRs containing 5 uL of the diluted
preamplification product as template, 1X PCR buffer, 3 mM MgCl,, 0.2 mM dNTPs, 5
pM of each selective primer, and 1 unit of Tag DNA Polymerase (New England Biolabs).
The selective amplification used a touchdown PCR which began with 30 seconds at 95
°C, followed by 12 cycles of 10 seconds at 95 °C, 40 seconds at the annealing
temperature, and 1 minute and 30 seconds at 72 °C, where the annealing temperature
started at 65°C but then decreased by 0.7°C each cycle. This was followed by 35 cycles
of 11 seconds at 95 °C, 40 seconds at 56°C, and 1 minute and 30 seconds at 72 °C, with a
final 5 minutes at 75°C. The selective amplification product was diluted 2:1 with loading
dye (98% formamide, 10mM EDTA, 0.025% xylene cynol, 0.025% bromophenol blue).
Samples were denatured at 94°C for 2 minutes, and 2 uL of sample were evaluated on 35

x 45 cm vertical, 4.3% denaturing polyacrylamide gels (National Diagnostics, Atlanta,
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GA). Gels were run at 60 Watts for 4 hours, and silver stained (Silver Sequence,
Promega). AFLP bands were visualized on a light box, and individuals were scored for
the presence and absence of bands at each polymorphic locus. Because AFLPs are
dominant markers, band-present heterozygotes and band-present homozygotes cannot be

distinguished. Unbanded individuals are band-absent homozygotes.

Detecting Fsr outliers

To identify markers linked to genomic regions potentially under divergent
selection, I used Fsroutlier analysis in DFDIST (Beaumont and Nichols 1996). Fgsr
between aphids on alfalfa and clover for each marker was compared to the expected
neutral distribution, modeled using computer simulations, to find markers with high Fgr.
Separate outlier Fsr analyses were done within each region (Regional dataset) and
location (Eastern dataset). In DFDIST, allele frequencies were estimated from dominant
markers using the Bayesian method developed by Zhivotovsky (1999). Outlier loci were
detected using multiple rounds of simulation as suggested by Beaumont and Nichols
(1996). First, coalescent simulations of a neutral model of migration and drift generated
the null distribution of Fgt around a weighted mean Fgr calculated from the empirical
distribution of the data. The weighted mean Fgr is calculated with the upper and lower
30% of markers removed, so is relatively insensitive to the presence of outliers. The 0.95
quantile of the neutral simulated distribution was calculated. The probability that each
marker was outside the range expected under neutrality was calculated. Those markers
with probabilities greater than 0.95 were considered outliers. Additional rounds of
simulations were performed with an expected Fsr calculated with the outlier markers

removed, and additional outliers were detected based upon this lower mean Fgr. This
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was repeated until no additional outliers were detected. Only markers where the
frequency of the rare allele was greater than 2% were included. All simulations used two
populations modeled to represent the two host-associated populations with beta of 0.25
and 50,000 iterations.

To determine whether the proportion of markers identified as Fsr outliers differed
between regions, I used Fisher's Exact test to test for an association of the proportion of

outliers detected and geographic location.

Identification of migrants and hybrids

Two methods were used to investigate migration and hybridization between
aphids on alfalfa and clover and to determine if the most differentiated eastern
populations have low rates of introgression, and therefore represent host races. Bayesian
analysis in STRUCTURE was used to identify individual migrants and hybrids to
estimate rates of migration. The distribution of hybrid index scores for aphids on each
host plant shows the proportion of the population with individuals of mixed ancestry in
each location. Separate analyses were conducted for the three locations of the east
(Eastern dataset) that show similar levels of ecological specialization and reproductive
isolation to determine if they also show similar patterns of migration and hybridization.
STRUCTURE

To examine genetic differentiation of aphids, identify migrants and hybrids, and
measure rates of hybridization between aphids on alfalfa and clover, I used Bayesian
assignment-test analysis of multilocus AFLP markers implemented in STRUCTURE 2.2
(Falush et al. 2007). I first used the admixture model without population of origin

information to determine whether populations cluster by host plant of origin (Pritchard et
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al. 2000). Under this model, the allele frequencies of the inferred genetic populations
(called "clusters") are determined by Bayesian analysis using only individuals' multilocus
genotypes. Clusters are constructed to maximize Hardy-Weinberg equilibrium and
linkage disequilibrium within genetic populations. In the model, individuals can inherit a
fraction of their genome from each inferred cluster, and have a proportion of ancestry
derived from each cluster (q), which ranges from 0 to 1. Individuals with mixed ancestry
have intermediate values of q (i.e. an F1 hybrid has q = 0.5). The proportion of
membership of each predefined population (i.e. lowa alfalfa, New York clover, etc.) into
each of the inferred clusters reflects the correspondence of location and host plant to the
clusters.

I next used the admixture model with the USEPOPINFO option in STRUCTURE
2.2 to assign individuals into hybrid categories, and obtain statistical support of the
classification (Pritchard et al. 2000, Falush et al. 2007). Under this model, most
individuals are residents, with full ancestry in the cluster of origin, some are migrants,
with full ancestry in the other cluster, and some are hybrids, with past admixture. I
estimated the probability of admixture in the past three generations (GENSBACK = 3,
MIGRPRIOR = 0.05), which models hybrids as F1, backcross, or second-generation
backcrosses. Individuals were classified as "residents" if they had a posterior probability
greater than 0.5 of having full ancestry on the host plant of origin, and as "migrants" if
they had the greatest probability of being from the alternate host plant. "Hybrids" were
considered those individuals with less than 0.5 posterior probability of having pure

ancestry from either plant.
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For all STRUCTURE analyses, I fixed the number of populations at K =2,
because these samples (Regional dataset) represent two host-associated genetic
populations (see Chapter 3), and because our questions are concerned with gene flow
between aphids on alfalfa and clover. Models were run assuming correlated allele
frequencies between populations (Falush et al. 2003) for a burn in period of 100,000
Markov Chain Monte Carlo iterations and a data collection period of 1,000,000 Markov
Chain Monte Carlo iterations.

Hybrid index

To characterize hybridization between aphids on alfalfa and clover, I examined
the distribution of hybrid index scores for aphids collected from alfalfa and clover in the
three eastern locations. The distribution of hybrid index scores shows the relative
number of individuals with intermediate and parental-type genotypes in a population.
The hybrid index score was calculated as the proportion of markers for each aphid
individual that show the alfalfa phenotype. Aphids from alfalfa are expected to have a
hybrid index close to 1, aphids from clover are expected to have a hybrid index of 0, and
F; hybrids should be 0.5. I calculated a hybrid index using the AFLP markers with above
average Fsr, (the top 15 calculated using DFDIST in each location, Beaumont and
Nichols 1996). Using high Fsr markers maximizes the resolving power of the method for
populations with markers that do not show fixed differences. This included all the Fgr
outliers identified in each location in addition to non-outlier markers. In comparison to
hybrid index analyses using markers with fixed differences between populations, using
lower Fsr markers may overestimate the number of individuals with intermediate hybrid

indices, and thus provides a conservative estimate of the degree of host-associated
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differentiation. I defined the "alfalfa phenotype" as the phenotype seen most commonly
in alfalfa (either banded or unbanded) for each marker, and then counted the number of
markers showing the alfalfa phenotype for each individual. The "hybrid index score" for
each individual was calculated as the number of markers showing the alfalfa phenotype

divided by the number of markers (15 total).

Analyses of New York samples using additional markers (New York dataset)

Sampling many markers across the genome improves accuracy of multilocus
analyses (Storz 2005, Vaha and Primmer 2006). To determine if my results would be
different if additional markers were used, I repeated the Fst outlier analysis in DFDIST
and identification of migrants and hybrids in STRUCTURE with the same samples from
New York using 53 additional AFLPs for a total of 83 polymorphic AFLPS (New York
dataset). I compared the proportion of markers identified as outliers, and the number of

hybrids and migrants identified in the New York and Eastern datasets.

Results

Detecting Fgr outliers

Only polymorphic AFLP markers were used in the analysis. The Regional dataset
had 45 polymorphic AFLPs in the East and 34 polymorphic AFLPs in the West. In the
Eastern dataset, all 31 AFLPs were polymorphic in all locations. Neutral simulations in
DFDIST were based on the weighted mean Fgsr for all polymorphic markers, which was
higher in the East than the West (Table 3) but similar among locations within the East

(Table 3). In all locations, variability among markers in Fsr was high (Figure 1 and 2).
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In all populations, the mean Fsr was much higher than the median, indicating a skewed
distribution of Fsr (Table 3).

Multiple Fsr outliers were detected in all locations (Figure 1 and 2). The
proportion of markers identified as outliers ranged from 0.06 to 0.18 (Table 3). There
were a greater proportion of Fsr outlier markers found in the East compared to the West.
However, the proportion of significant Fsr outliers was not statistically different between
the two regions (two-tailed Fisher's Exact test, p = 0.35). The proportion of markers
identified as outliers also varied among the three locations within the eastern region. The
six significant Fgr outliers identified in the Eastern dataset are distributed on three of the
four linkage groups (Hawthorne and Via 2001, West unpublished data). None of the
outliers are located within 10 cM of one another. The AFLP markers in the Regional
dataset have not been mapped.

Detection of the same Fgsr outlier in different locations suggests a similar genetic
basis of ecological divergence across geographic locations. In the East and West (the
Regional dataset), three Fsr outlier markers were the same in both locations, and five
were restricted to the East (Table 4A). Two of the shared Fsr outliers (Pat-Etc 528 and
Pct-Etg 950) also had the highest Fsr values in both locations, and were both detected in
the first round of Fst simulation in DFDIST. For locations within the East (the Eastern
dataset), one outlier was common to all locations, two were in two locations, and three
were restricted to a single location (Table 4B). Different markers were used in the
Regional and Western datasets, so comparisons could not be made across these spatial

scales.
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Identification of migrants and hybrids

STRUCTURE

Under the admixture model without population of origin information, there was a
correspondence between the inferred genetic clusters and the pre-defined populations of
origin, indicating genetic differentiation among host-associated populations (Figure 3A).
The proportion of membership of each pre-defined population into the inferred cluster
was high for both aphids from alfalfa (0.93, 0.94, and 0.92 for lowa, New York, and
Maryland respectively) and for aphids from clover (0.94, 0.95, and 0.87 for lowa, New
York, and Maryland respectively).

Using prior information about aphid host plant of origin, pea aphid migrants and
hybrids were identified on both alfalfa and clover in all three locations in the East
(Eastern dataset, Figure 3B, Table 5). Seven aphid individuals in lowa, Maryland, and
New York had probabilities greater than 75% of having both parents from the alternate
ecotype (indicated by a * in Figure 3B). All these "migrant" individuals had less than 1%
probability of being a resident. Eight individuals identified as "hybrids" had less than a
50% posterior probability of having full ancestry on the other host plant (shown by a "**"
in Figure 3B). However, there was uncertainty about the number of generations back
admixture occurred, which means the type of hybrid (i.e. F1, backcross, or later
generation backcross) could not be identified. Only one individual had p > 0.5 in any
hybrid category; an aphid collected from alfalfa in Iowa had p = 0.51 of having one
parent from clover (i.e. F1).

Hybrid Index
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The distribution of individual hybrid index scores for aphids from alfalfa and
clover in lowa, New York, and Maryland forms a bimodal distribution in all three eastern
locations (Figure 5). However, aphid populations on alfalfa and clover show a range of
hybrid index scores, and the distributions were overlapping. Most individuals showed
similar hybrid index scores as other individuals from the same host plant. Fewer aphids
(10.5 %, 9.4%, and 5.7% in lowa, Maryland, and New York respectively) had
intermediate hybrid indices (between 0.3 and 0.5), suggesting they are of mixed ancestry.
Individual aphids identified as hybrids in STRUCTURE had intermediate hybrid indices
(indicated by "**" in Figure 5), though not all individuals with intermediate hybrid
indices were identified as hybrids in STRUCTURE. This discrepancy could be because
STRUCTURE uses data from all the markers, while the hybrid index analysis uses only
the most divergent markers. Several aphids showed genotypes characteristic of the
aphids from the other crop, and are likely migrants. Most of these individuals were

identified as migrants using STRUCTURE (indicated by "*" in Figure 5).

Analyses of New York samples using additional markers (New York dataset)

Fsr outlier analysis and identification of migrants and hybrids was repeated for
the aphids on alfalfa and clover from New York using an additional 52 markers. All 83
AFLPs were polymorphic between alfalfa and clover, and so could be subject to Fsr
outlier analysis. Mean Fsr between aphids on alfalfa and clover was similar between
datasets (0.21 and 0.19 for the Eastern and New York datasets respectively). All outliers
in the Eastern dataset were also outliers in the New York dataset, and additional outliers

were detected (Figure 4D). Estimates of the proportion of outlier markers in New York
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were similar between analyses as well (0.12 and 0.11 for the Eastern and New York
datasets respectively, Table 3).

STRUCTURE results were consistent when more markers were included, yielding
only slightly higher estimates of the proportion of membership of each pre-defined
population into each of the inferred clusters (0.98 for alfalfa and 0.96 for clover) (Figure
4A). The number of inferred migrants was identical in analyses using 31 and 83 AFLPs,
but one individual classified as a resident using 31 markers was classified as a hybrid
using 83 markers (Figure 4B), which is expected because the power to detect hybrids is

increased with additional markers (Evanno et al. 2005, Vaha and Primmer 2006).

Discussion

Genetic divergence between aphids on alfalfa and clover varied across the
genome and across geographic locations in North America. Pea aphids from all locations
showed a pattern of genomic heterogeneity in divergence, providing strong genetic
evidence that natural selection drives pea aphid divergence. The genetic basis of
divergence showed some similarity across locations, but there were also important
differences in the Fgt outliers identified. This suggests differences and similarities in the
genes for divergence across locations, and/or that populations represent different stages
on the divergence continuum. Finally, low rates of hybridization were measured between
pea aphids on alfalfa and clover in eastern North America, which should now be defined

as host races, an intermediate stage in the process of divergence.
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Geographic variation in genomic heterogeneity of divergence

Pea aphids on alfalfa and clover showed a common pattern of heterogeneity in
divergence across geographic locations, implicating natural selection as a cause of
divergence (Emelianov et al. 2003). All locations in North America showed a pattern of
high variability in Fs among markers, a skewed distribution of Fst, and multiple,
significant Fgt outliers, suggesting these genomic regions have a level of divergence
outside the range expected if they were evolving under neutral processes. This is
consistent with detailed previous research in this system showing that divergent natural
selection can be a rapid and effective force driving ecological divergence in sympatry
(Via 1991, 1999, Via et al. 2000). Fgr outliers could all be linked to a single divergent
region or they may indicate many regions, depending on their distribution across the
genome. In the Western dataset where the markers are located on the linkage map
(Hawthorne and Via 2001, Via and West, unpublished), the Fst outliers are distributed on
three of the four aphid linkage groups, and most are not closely linked. Therefore,
identification of multiple Fst outliers suggests that multiple genomic regions are
differentiated between aphids on alfalfa and clover in each location.

Aphids on alfalfa and clover in different regions and locations showed differences
in the pattern of genomic heterogeneity in divergence, suggesting differences among
locations in the genetic basis of divergence and that they are at different places in the
divergence continuum. Genetic divergence between aphids on alfalfa and clover,
measured by overall Fsr of AFLP markers, was greater in the East than the West (Table
3). This confirms the results from nuclear STS markers found with a different aphid

sample (Chapter 1) and provides further evidence for the pattern of a geographic mosaic
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of divergence in pea aphids. Furthermore, a higher proportion of Fsr outliers were found
in the East than the West, though the difference was not statistically significant.
However, these results are suggestive, and it could be that larger or more genomic
regions show the effect of divergent natural selection in the East. Natural selection or
genetic variation could vary among locations and aphids on alfalfa and clover in the West
may be at an earlier stage of divergence, so may not have diverged at as many loci.
Because populations at different stages of divergence are rarely considered, differences in
sets of diverging populations in patterns of differentiation across the genome have not
been documented before. Comparing populations on the same resources at early and
intermediate stages of divergence may allow us to dissect the sequence of genetic
changes that occur during divergence.

At a smaller scale, the three more ecologically specialized eastern populations all
showed high Fsr between aphids on alfalfa and clover, indicating high genetic
differentiation. However, the variation in the percentage of outlier markers was larger
than expected. Iowa had only two Fgst outliers while New York and Maryland had four.
This is not consistent with what is expected if the percentage of outliers is correlated to
the stage of divergence, and suggests further studies are needed (see below).

The large proportion of outlier markers (6-18%) in all locations suggests portions
of the genome are evolving due to divergent selection for host plant specialization,
despite hybridization between aphids on alfalfa and clover. While some examples of
ecologically based divergence show similar percentages of outlier markers, 11-15% in
leaf miners (Scheffer and Hawthorne 2007), fewer outliers have been identified in other

systems: 1.4-3.2 % in fish (Campbell and Bernatchez 2004), 5% in snails (Wilding et al.
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2001), and 1.5% in island palms (Savolainen et al. 2006). The large proportion of Fgr
outlier markers may be explained by a combination of factors including the polygenic
basis of host plant specialization in aphids (Hawthorne and Via 2001), strong selection,
and the population history of pea aphids into North America. Models of divergence that
account for population structure indicate strong selection can produce high Fst at neutral
loci quite distant from the locus under selection due to hitchhiking and population
structure (Charlesworth et al. 1997). Because pea aphids have a cyclically parthenogenic
life cycle, clonal selection during the summer, combined with rapid population growth
rates, mean that selection for host plant performance can be very strong (Halkett et al.
2005). Furthermore, selection is often especially strong in agricultural systems because
host plants, especially alfalfa, are grown in large monocultures. Furthermore, the
population history of pea aphids may influence the number of genomic regions that show
differentiation. If aphids from alfalfa and aphids from clover were introduced into North
America from different source populations, some of the differentiation may reflect
genetic differences that were accumulated allopatrically, and thus may not mark genomic
regions under host plant specialization. Future studies are needed to put these genetic

differences in proper historical and biogeographic context.

Geographic variation in the genetic basis of specialization and divergence

The second objective was to determine if the same genomic regions are involved
in pea aphid alfalfa-clover ecological specialization and divergence, as indicated by Fsr
outlier analysis, across geographic locations. Both similar and different Fsr outliers were
identified in two relatively isolated parts of their introduced range, eastern and western

North America, and in three locations within the eastern region. A similar genetic basis
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among locations for genetic variation for alfalfa and clover specialization is not
surprising given the recent introduction of these populations into North America and
evidence for gene flow among locations (Chapter 1). If aphids from alfalfa in different
locations share a common history (Chapter 1), they would be expected to share key
variation for host plant use. Even low rates of gene flow can spread genetic variation
under common selective pressure, especially for alleles with large effects on the traits,
allowing populations within species to evolve collectively (Rieseberg and Burke 2001,
Morjan and Rieseberg 2004).

The presence of different Fsr outliers suggests that the genetic basis of
specialization onto alfalfa and clover may differ somewhat between geographic locations,
especially between the eastern and western regions of North America. The same selection
pressure can produce parallel phenotypic changes using different genes, such as in
parallel evolution, when gene flow between populations is restricted (Hoekstra and
Nachman 2003, Colosimo et al. 2004). Alternatively, populations could be at different
stages in divergence, if local selection varies geographically. Alfalfa and clover are not
uniform resources, differing in abundance, quality, and composition across North
America (Barnes et al. 1995). Populations could also differ for selection on other
ecologically important traits with strong host plant association such as associated
endosymbionts (Simon et al. 2003, Tsuchida et al. 2004), and resistance to parasitoids
(Henter and Via 1995, Ferrari et al. 2001) and fungi (Ferrari and Godfray 2003).
Determining the cause of the difference in genetic differentiation between regions will
ultimately require several approaches (Vasemagi and Primmer 2005). Construction of a

QTL map for aphids from alfalfa and clover populations in the West would allow
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comparison of the genetic basis among regions, and would complement the Fgt outlier

approach to understanding the genetics of divergence (LeCorre and Kremer 2003).

Hybridization between aphids on alfalfa and clover

Aphids on alfalfa and clover showed low rates of migration and hybridization, yet
still maintain high phenotypic differentiation and genetic differentiation at genes and
linked genomic regions. Assignment-based tests using genetic markers estimated actual
migration rates of about 0.02 between pea aphid host-associated populations.
Furthermore, identification of hybrids with a range of admixture percentages provides
evidence that migrants to the alternate host plant occasionally survive to reproduce, and
their offspring, with a combination of genetic elements from both host-associated
populations, contribute genetic material to future generations. Hybrid index analysis
reveals a range of hybrid types present at low frequencies on both host plants. The
bimodal distribution of individual hybrid index scores, with a greater frequency of later-
generation hybrids and fewer intermediates, implies that populations have strong, but not
complete, barriers to gene flow. This is indicative of a later stage in the process of
divergence, such as host races (Jiggins and Mallet 2000).

Pea aphids are frequently cited as an example of insect host races undergoing
ecological speciation in sympatry (Coyne and Orr 2004). However, the status of pea
aphids as host races has been questioned (Dres and Mallet 2002) because it is not known
if they undergo hybridization and gene flow. Host races represent a point along the
divergence continuum, undergoing actual gene flow and hybridization at an appreciable
rate (m > 1% per generation, Dres and Mallet 2002), while sibling species hybridize only

rarely. While hybridization can constrain divergence, it also allows populations to
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potentially exchange variation for traits under positive selection in both environments
(Arnold et al. 1999, Rieseberg and Burke 2001, Morjan and Rieseberg 2004). This is the
first study to directly show hybridization and gene flow between aphids on alfalfa and
clover, and it suggests pea aphids represent host races (Dres and Mallet 2002). This is
consistent with indirect estimates of migration using Fsr with allozymes (Via 1999) and
laboratory trials of host preference (Via et al. 2001), which provided suggestive evidence
for continuing gene flow between aphid on alfalfa and clover (Dres and Mallet 2002,
Coyne and Orr 2004). Together with extensive ecological, behavioral, and genetic
research on pea aphids (summarized in Dres and Mallet 2002), the identification of
hybrids in this study places the pea aphids in eastern North America in the category of

host races, and in the context of other studies of ecological speciation.

Conclusions

This study provides insights into the mechanisms by which evolutionary forces
contribute to the geographic mosaic of divergence in pea aphids, and highlights the value
of taking a geographical perspective to the study of the genetics of ecological speciation.
I confirmed the pattern of the geographic mosaic of divergence found in Chapter 1 using
different markers and aphid samples: the eastern region of North America showed greater
genetic differentiation between aphids on alfalfa and clover than the western region.
Results from this study provided important insights into the three evolutionary processes
by which this pattern arises and is maintained: (1) Genetic variation for important traits
may differ among locations. While some genetic variation was similar across locations,
the presence of different Fsr outliers among locations suggests important differences as

well. This could cause the genetic basis of traits for ecological specialization or
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divergence to differ, or even the outcome of divergence to vary across locations. (2)
Selection may also differ among locations. The common pattern of genomic
heterogeneity in divergence across geographic locations suggests that selection drives
divergence between aphids on alfalfa and clover. This confirms previous ecological
genetic research implicating divergent natural selection as the primary cause of pea aphid
divergence (Via 1999, Via et al. 2000). The finding that there were fewer Fsr outliers in
the west compared to the east suggests selection varies across locations. Fewer genomic
regions may be under selection in the west if some genes for specialization are not
important in the west, or divergent selection could be weaker, perhaps because of host
plant conditions. (3) Gene flow among geographically separated populations on the same
resource may differ. While it remains to be seen what the rates of ongoing migration
among locations are, shared genetic variation for traits involved in specialization and
divergence, as suggested by shared outliers, suggests specialists on the same resource are
evolving somewhat collectively. This implies that important variation for specialization
could be spread by gene flow across locations, even if there are some differences in
selection and genetic variation across locations.

Taking a geographic perspective provides important insights to the genetics of
ecological speciation, and shows how populations at different stages in divergence vary
in their pattern of differentiation across the genome. Sampling across the geographic
range of host-associated populations allows sampling different parts of the divergence
continuum- specifically, eastern populations of pea aphids may represent host races, as
suggested by their rates of ongoing migration and hybridization and their bimodal hybrid

index pattern. In contrast, the western populations may represent an earlier stage of
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divergence, such as host-associated populations, though future research will be needed to
characterize hybridization rates in this region. Comparison of the genetics of divergence
between these host races in the East with the host-associated populations in the West
suggest more of the genome is under selection and more of the genome shows a pattern

of divergence at later stages of divergence.
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Tables

Table 1. Pea aphids were collected from alfalfa and clover across North America (A).
Additional aphids were collected in the three eastern locations (B).

A. Regional dataset

Region Location No. aphids | No. aphids | No. aphids | No. aphids
from alfalfa | from clover | from alfalfa | from clover
in location | in location in region in region
E. Washington 29 12
West Oregon D 7 41 16
Iowa City, lowa 10 10
East Beltsville, Maryland 9 8 29 28
Ithaca, New York 10 10

B. Eastern and New York datasets*

Location No. aphids | No. aphids
from alfalfa | from clover
in location in location

Iowa City, lowa 48 47
Middleton, Maryland 94 66
Ithaca, New York 85 89

* Only the New York samples are used in the New York dataset.
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Table 2. Sequences of adaptors and primers used for AFLP protocols. Sequences are
provided 5' to 3'. A variable number of polymorphic AFLP markers were generated for
each primer combination for each aphid collection to generate three datasets.

Pstl adaptors EcoRI adaptors
TGTACGCAGTCTTAC AATTGGTACGCAGTC
CTCGTAGACTGCGTACATGCA CTCGTAGACTGCGTACC

The core sequence of primers for EcoRI and Pstl amplicons
Pstl core: GACTGCGTACATGCAG
EcoRI core: GACTGCGTACCAATTC

Selective Primers

PstI+AG(Pag) GACTGCGTACATGCAGAG
PStI+AT (Pat) GACTGCGTACATGCAGAT
PstI+CA (Pca) GACTGCGTACATGCAGCA
PstI+CT (Pet) GACTGCGTACATGCAGCT
EcoRI+AG (Eag) GACTGCGTACCAATTCAG
EcoRI+CA (Eca) GACTGCGTACCAATTCCA
EcoRI+CG (Ecg) GACTGCGTACCAATTCCG
EcoRI+CT (Ect) GACTGCGTACCAATTCCT

EcoRI+GC (Ege) GACTGCGTACCAATTCGC
EcoRI+TC (Etc) GACTGCGTACCAATTCTC

EcoRI+TG (Etg) GACTGCGTACCAATTCTG

Number of Polymorphic AFLP markers generated from each primer combination for each aphid collection

Primer combination Regional Eastern dataset New York dataset
dataset (Iowa,, Maryland, = (New York only)
(East + West) New York)
Pct-Etg 29
Pca-Egc -
Pat-Ect -
Pct-Etc -
Pat-Egc -
Pca-Etc -
Pca-Eag -
Pca-Ecg -
Pct-Eca -
Pct-Eag -
Pag-Eag -
Pct-Ect -
Pca-Ect -
Pct-Ecg -
Pct-Egc -
Pag-Etc -
Pat-Eag -
Pat-Eca - -
Pct-Eat 15 -
Total No. Markers: 44 31

—_= N = = BN = W R W W W

Bl o=~ PP URDNOLUWNAS I RA®
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Table 3. The number of Fgsr outlier markers identified using DFDIST is shown out of the
total number of markers examined in each location for the three datasets. The overall
mean Fsr and median Fgr of all markers is calculated for each location. The proportion
of markers within each dataset identified as outliers between pea aphids on alfalfa and

clover is provided for each location.

Dataset Population Mean Median No. Fgr Proportion

Fgr Fsr Outliers of
Markers

Regional | East 0.17 0.05 8/45 0.18
West 0.02 -0.006 3/34 0.09
Eastern Towa 0.22 0.17 2/31 0.06
Maryland 0.21 0.13 4/31 0.12
New York 0.19 0.12 4/31 0.12
New York | New York 0.19 0.12 9/83 0.11
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Table 4. Genetic differentiation between aphids on alfalfa and clover for each outlier
AFLP marker are shown for each geographic region. Marker names are composed of the
name of the primer combination from which that fragment was generated and the
approximate size of that fragment. The size of the fragment corresponds to the marker
name in Hawthorne and Via (2001) for the Eastern dataset. Markers were identified as
Fst outliers in DFDIST in one, two, or all locations.

A. Eastern and Western North America (Regional dataset)

Marker Fgr Fgr A-C Fsr A-C

Name Outlier (East) (West)
Pat-Etc 528 Both 0.84 0.14
Pct-Etg 950 Both 0.55 0.20
Pct-Etg 363 Both 0.37 0.09
Pat-Etc 790 East 0.20 -0.01
Pat-Etc 264 East 0.37 -0.01
Pat-Etc 484 East 0.32 0.01
Pct-Etg 292 East 0.32 -0.02
Pat-Etc 465 East 0.47 -0.01

B. Locations within Eastern North America (Eastern dataset)

Marker Name Fsr Fsr A-C Fsr A-C Fsr A-C
Outlier (Iowa) (New (Maryland)
York)
Pct-Etc 420 All 0.77 0.72 0.51
Pct-Etc 740 TANY 0.69 0.57 0.25
Pat-Ect 373  NY,MD 0.60 0.58 0.54
Pca-Etc 396 MD 0.34 0.41 0.66
Pct-Eag 425 NY 0.03 0.68 0.01
Pca-Ecg 499 MD 0.61 0.34 0.53
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Table 5. Aphid migrants and hybrids on alfalfa and clover were identified using STRUCTURE in three locations in eastern North
America. To obtain a more accurate estimate of migration in New York, an additional 52 AFLP markers were analyzed (New York
dataset). The migration rate from the other host plant was calculated as the proportion of migrants from the other ecotype present on
that host plant.

Migration
Dataset Location Host plant Residents =~ Migrants  Hybrids Rate
Eastern Iowa Alfalfa 46 1 1 0.02
Clover 46 0 1 -
Maryland Alfalfa 89 3 2 0.03
Clover 62 1 3 0.02
New York Alfalfa 85 0 0 -
Clover 86 2 1 0.02
New York New York Alfalfa 85 0 0 -
Clover 85 2 2 0.02
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Figures

Figure 1. Fst between aphids on alfalfa and clover estimated from variable AFLP loci are
shown against heterozygosity estimates in the two North American regions (Regional
dataset). A solid line represents the 0.95 quantile of the neutral simulated distribution.
The mean Fgsr over all markers is indicated for each region. Solid points represent
significant Fgr outlier loci, and are labeled with a number reflecting the size of the AFLP
band. Fsroutliers present in both regions are starred.
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Figure 2. Fsr between aphids on alfalfa and clover estimated from variable AFLP loci are
shown against heterozygosity estimates in three locations in Eastern North America, lowa
(A), Maryland (C), and New York (C) using 31 markers (Eastern dataset) and for New
York using 83 markers (D). A solid line represents the 0.95 quantile of the neutral
simulated distribution. The mean Fsr over all markers is indicated for each region. Solid
points represent significant Fsr outlier loci, and are labeled with a number reflecting the
size of the AFLP band. The Fst outlier present in all three regions is starred.
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C. New York (31 loci)
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Figure 3. Genetic structure of pea aphids on alfalfa and clover in Eastern North America
inferred with STRUCTURE using 31 AFLPs (Eastern Dataset). Each individual aphid is
represented by a bar, and were sorted following assignment. (A) Using the admixture
model, aphids were assigned proportionally into the two inferred clusters. (B) Using the
population of origin information, the probability of admixture in the last three generations
is calculated. Migrants (*) and hybrids (**) that were identified are indicated.
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Figure 4. Genetic structure of pea aphids on alfalfa and clover in New York inferred with
STRUCTURE using 83 AFLPs (New York Dataset). Each individual aphid is represented
by a bar, and were sorted following assignment. (A) Using the admixture model, aphids
were assigned proportionally into the two inferred clusters. (B) Using the population of
origin information, the probability of admixture in the last three generations is calculated.
Migrants (*) and hybrids (**) that were identified are indicated.
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Figure 5. The distribution of individual hybrid index scores for aphids from alfalfa (light
grey) and clover (dark grey) in lowa (A), Maryland (B), and New York (C) (Eastern
dataset). The hybrid index score for each individual is calculated as the proportion of
highly differentiated markers showing the alfalfa phenotype. Migrants (*) and hybrids
(**) identified using STRUCTURE are indicated to the right for comparison.
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Chapter 3: Population structure of pea aphids on alfalfa and clover in North

America and Europe and the origins of host plant specialization

Abstract

Two scenarios may explain the origin of sympatric insect host races onto
geographically widespread alternate host plants. A single host shift may be followed by
range expansion of already specialized populations. Alternately, an ancestral lineage
could have colonized multiple locations and at each there were independent host shifts.
Pea aphid host races on alfalfa and clover have recently expanded their range across
Europe and into North America. The population structure of pea aphids was investigated
using amplified-fragment length polymorphisms (AFLPs). Neighbor-joining and
Bayesian analysis of population structure both provide evidence of a main divergence of
aphids on alfalfa and clover. However, aphid populations group by location in both
western North America and Sweden, suggesting either independent host shifts or ongoing

gene flow at these locations.
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Introduction

Divergent natural selection for resource specialization may lead to genetic
divergence of populations and even speciation (Schluter 2001). One approach to the
study of ecological speciation is to examine populations at early stages divergence, such
as host-associated populations or host races, to understand the evolutionary processes and
genetic changes contributing to speciation (Dres and Mallet 2002). Populations at early
stages of divergence may be geographically widespread, and may differ in their degrees
of ecological specialization and reproductive isolation across their range (Chapter 1).
The process of divergence in each location may be influenced by population history and
structure, which can shape genetic variation for specialization and reproductive isolation
(Jiggins and Bridle 2004). Understanding the geographic context of the origin of
ecological specialization may reveal why the rate or outcome of divergence can vary
across geographic locations.

Two scenarios may explain the origin of specialized populations or host races
onto geographically widespread alternate resources (Johannesson 2001). A single
divergence onto two resources, either in sympatry or allopatry, may be followed by range
expansions of already specialized populations across geographic locations (called "single
divergence"). If the initial divergence did not result in complete reproductive isolation,
secondary contact may result in hybridization or even homogenization of populations
(Coyne and Orr 2004). Under other conditions, reinforcement could eventually drive
evolution of reproductive isolation at each location (Rice and Hostert 1993, Howard

1993, Coyne and Orr 2004).
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Alternately, a single ancestral lineage may expand its range into multiple regions
with the same two resources. At some locations independently, there may be host shifts
involving changes in the ability to recognize and use the new resource, and subsequent
evolution of specialization onto the same two resources (called "parallel evolution of
specialization"). Parallel evolution of specialization results in the convergent evolution
of phenotypically similar pairs of host-associated populations at each location (Stanhope
et al. 1993, McPeek and Wellborn 1998, Schluter 2001, Nosil et al. 2002, Rolan-Alvarez
et al. 2004). Specialization and reproductive isolation can involve different genetic loci
and alleles in each location (Hoekstra and Nachman 2003), though this is not always the
case (Colosimo et al. 2005, Kronforst et al. 2006). When the adaptation to alternate
resources directly or indirectly leads to reproductive isolation, parallel evolution of
specialization can lead to parallel speciation (Schluter and Nagel 1995, Johannesson
2001). Determining whether the origin of a widely distributed set of host-associated
populations involved a single divergence or parallel evolution of specialization may help
to reveal the factors that shape the evolution of specialization and reproductive isolation
across their range.

Phytophagous insects are often ecologically specialized on their host plants, and
this specialization may be an important factor promoting their diversification (Ehrlich
and Raven 1964; Eastop 1971, Mitter et al. 1988, Janz et al. 2006). Because many
phytophagous insects mate on their host plants, host plant shifts and subsequent evolution
of specialization directly lead to shifts in mate choice, causing assortative mating (Via
2001). Pea aphids (Acyrthosiphon pisum pisum Harris) on alfalfa (Medicago sativa) and

red clover (Trifolium pratense) provide a model system in which to study the evolution of
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host plant specialization and ecological-based divergence (Brisson and Stern 2006). Pea
aphids and their host plants are thought to be native to Eurasia (Small 1996, Muller et al.
2003), though they have expanded their range and are now distributed worldwide in
temperate climates (Eastop 1971). France is considered within the ancestral range of the
pea aphid (Simon et al. 2003) while range expansion into Sweden (and England) is
thought of have occurred in the last 1000 years. Pea aphids were first documented in
North America around 1880 in the Midwest (Sanderson 1900, Folsom 1909). The
number of introductions and sources of the introductions of the pea aphid in North
America are unknown.

Pea aphids comprise host-associated populations on several leguminous host
plants (Ferrari et al. 2006), but pea aphid populations on alfalfa and clover are more
closely related to one another than to populations on pea (Pisum sativum), Lotus, Cytisus
scoparium, and Ononis repens (West, unpublished data). Pea aphids on alfalfa and red
clover are ecologically specialized and/or genetically structured in North America,
Sweden, France, and England (Via 1991,Via 1999, Sandstrom 1996, Simon et al. 2003,
Bournoville et al. 2004, Ferarri et al. 2006), though no study has directly compared
ecological specialization or genetic differentiation among locations. In France, pea
aphids are genetically differentiated on alfalfa and clover at allozymes and microsatellite
markers (Simon et al. 2003), and there is genetic evidence for ongoing gene flow among
host-associated populations (Frantz et al. 2006). In Sweden, aphids collected from both
alfalfa and clover were each specialized on their host plant, and the performance of
aphids from alfalfa on alfalfa increased during the course of the summer season, showing

the effect of selection for host plant specialization (Sandstrom 1996). In North America,
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aphid populations in the East and West of North America differ in levels of ecological
specialization and genetic differentiation (Via 1991, 1999, Leonardo and Muri 2003,
Chapter 1 and 2). In the East, pea aphids are highly specialized and genetically
differentiated at nuclear markers (Via 1991, 1999, Via et al. 2000, Caillaud and Via
2000, Chapter 1). While eastern and western aphids from alfalfa were similar, aphids
from clover in the west were less specialized than those from the east and genetically
indistinguishable from aphids from alfalfa (Chapter 1). A different pattern was found by
Leonardo and Muiru (2003) in California. They found clover specialists on white clover,
and more generalized aphids on both alfalfa and clover that performed well on either
plant.

Pea aphid population genetic structure has not been investigated at a broad
geographic scale, so it is unclear if specialization arose once or several times (Simon et
al. 2003). While mitochondrial sequence variation in pea aphids is low both in New
York (Barrette et al. 1994) and in Europe (Birkle and Douglass 1999), nuclear genetic
markers are highly variable in aphids (allozymes, Via 1999; STS markers, Chapter 1;
microsatellites, Simon et al. 1999). Here, I investigate population structure of pea aphids
using another nuclear genetic marker, amplified fragment length polymorphisms
(AFLPs).

The goal of this research is to investigate the geographical context of the
evolution of ecological specialization in pea aphids on alfalfa and clover across North
America and in several European locations, and the genetic consequences of their
introductions into North America. Specifically, I wanted to determine whether aphids on

alfalfa and clover are the result of a single divergence onto alfalfa and clover followed by
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multiple invasions of already specialized populations, or parallel evolution of
specialization in some locations. Inferring population history from genetic patterns is
notoriously difficult because the same genetic pattern can have several historical and
demographic causes (Hare 2001, Knowles and Maddison 2002). Specifically, genetic
similarity may be due to population history or ongoing gene flow. I examined the genetic
structure of aphid populations at multiple, presumably neutral, genetic loci as a first step
in understanding the origin of ecological specialization. Genetic similarity of populations
at these loci is due to the combined effects of population history and neutral processes
including ongoing gene flow. Grouping of populations by only host plant provides strong
support for a single divergence, though there could be structure within the host associated
clades if locations are somewhat isolated. Even a single grouping by location suggests
either parallel evolution of specialization at that location or high ongoing gene flow (and
distinguishing these alternatives will require further study). I used nuclear genetic
markers to address the following questions:

1. Do levels of genetic variation differ between aphid populations on alfalfa and
clover in each location, or between populations on each host plant across locations?

2. Are aphid populations more genetically similar to sympatric populations on

alternate host plants, or allopatric populations on the same host across their range?

Methods

Aphid collections

Aphids were collected from alfalfa and clover in France, Sweden, and five

locations in North America between 1996 and 1999 (Table 1). 6-10 aphids from each
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location on each host plant were genotyped. The aphids from North America are the
same as those used in the regional dataset in Chapter 2. Genomic DNA was extracted
from aphids using the DNeasy Tissue Kit (QIAGEN). Single aphid adults were extracted

individually, eluted into 200 uL of supplied buffer, and stored at -20°C.

AFLP genotyping

Aphids were genotyped for amplified fragment length polymorphisms (AFLPs;
Vos et al. 1995), following the protocol described in Chapter 2, which is a modified
procedure developed by Vos et al. (1995). Briefly, genomic DNA was digested with
restriction enzymes, and adaptors were ligated to the ends. Two combinations of
selective primers, based on a pair of core primer sequences (Pstl and EcoR1), were used
to amplify digested DNA (Table 1). Amplification products were analyzed on 4.3 %
denaturing polyacrylamide gels (National Diagnostics), silver stained (Silver Sequence,

Promega), and scored for band presence or absence manually.

Genetic diversity

Levels of genetic diversity were compared between aphids on alfalfa and aphids
on clover and among geographic populations. Genetic diversity at AFLPs was measured
using three statistics. The number of polymorphic sites and average number of pairwise
differences were calculated in Arlequin (ver. 3.01, Excoffier et al. 2005). Nei's gene
diversity within populations was estimated using the Bayesian method of allele frequency
estimation of Zhivotvsky (1999) in AFLPsurv (Vekemans 2002). This estimation does

assume Hardy-Weinberg Equilibrium (HWE), but previous analysis of codominant
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markers (both sequence-based and allozymes) show these North American populations

not deviating largely from HWE (Via 1999, Chapter 1).

Genetic structure

The genetic structure of pea aphids on alfalfa and clover across locations was
analyzed using STRUCTURE 2.2 for AFLPs (Falush et al. 2007). I first determined the
number of genetic populations (K) represented by the data by running the model for K =
1-10 with 5 independent runs for each K. I used the admixture model, correlated allele
frequencies and no prior information because this is most sensitive for detecting subtle
population structure (Falush et al. 2003). Models were run for a burn in period of 10°
MCMC iterations and a data collection period of 10° MCMC iterations. Two methods
were used to evaluate K. First, the maximal log probability of the data, Pr (X|K) was
used to determine K (Pritchard et al. 2000). The modal value of AK was also used, which
is based on the rate of change in the log probability of the data in consecutive runs for
each K (Evanno et al. 2005). Individuals were assigned probabilistically into genetic
populations defined by STRUCTURE for the most likely value of K. The proportion of
ancestry of each predefined population (i.e. New York alfalfa, Maryland clover) in each
inferred cluster was calculated. If there had been a single divergence and specialization
onto these host plants, populations would group into clusters by host plant, whereas even
a single grouping by geography suggests multiple host shifts or high ongoing gene flow.
To examine differences among individuals within predefined populations and to identify
possible migrants or hybrids, I calculated the admixture proportion for each individual

(q), which is the proportion of ancestry each individual derived from each cluster.
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Analysis of molecular variance (AMOVA) in Arlequin (Schneider et al. 2000)
was used to determine if there was a significant partitioning of variation by host plant or
geography, and to quantify the variation due to these factors. I used a hierarchical model
for genotypic data and partitioned the genetic variation among host plants, among
locations, and within populations.

Neighbor-joining population trees were constructed to visualize genetic
similarities among aphid populations from alfalfa and clover in North America, France
and Sweden in PHYLIP (version 3.6, Felsenstein 1989). Distances between populations
were calculated as Nei's genetic distance, and support was assessed by bootstrapping over

loci.

Results

Genetic diversity

Two AFLP primer combinations generated a total of 59 polymorphic markers
over all populations. The number of polymorphic markers within each population varied
between 20 and 36 (Table 2). Aphids on alfalfa from New York and Maryland had the
highest number of polymorphic markers. Moderate levels of genetic diversity were
observed within populations on both alfalfa and clover, with the average number of
pairwise differences within populations varying from 6.6 to 14.7 and the Nei's gene
diversity varied from 0.11 to 0.21. Aphids from alfalfa tended to have higher diversity
than aphids from clover but not consistently and levels of variation were similar across

locations (Table 2).
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Genetic structure

Bayesian analysis of population structure using AFLP revealed genetic
differentiation of aphid populations by both host plant and location. The number of
genetic populations was not conclusive by Pritchard's method, because L(K) increased
with increasing K, though the rate of increase declined at higher K (Figure 1A).
However, the mode of AK was found to be three, indicating three genetic clusters (Figure
1B). Most predefined aphid populations showed high proportion of membership into one
of the three inferred genetic clusters (Table 3, Figure 2), especially aphids from clover in
the eastern North America and aphids from alfalfa in Sweden and France. Other
populations showed evidence of mixed ancestry including aphids from clover in France
and aphids from alfalfa in New York and Maryland.

The three inferred genetic clusters each included multiple predefined populations
(Figure 2). Cluster 1 included aphids from alfalfa in North America and aphids from
Washington clover. Cluster 2 included Swedish aphids from alfalfa and clover and
French aphids from alfalfa. Cluster 3 included aphids on clover from Washington and
aphids from clover from France. Aphids on alfalfa in North America were different from
those in France and Sweden, while aphids on clover in eastern North America were
similar to those on clover in Sweden. Finally, two populations grouped by location
(Washington and Sweden). Thus, aphids group by both host plant and location.

While most individual aphids from the same host plant and location were similar,
some populations had individuals from different clusters (Figure 2). For example, while

most aphids in Washington had high proportion of ancestry in Cluster 1 (Figure 2), some
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aphids in Washington had high proportion of membership in Cluster 3, which includes
aphids from eastern clover (Figure 2).

AMOVA showed that most of the genetic variation was found within each
population, and there was significant partitioning of the variation both within host plants
and among locations (p < 0.00001, Table 4).

Neighbor-joining tree based population analysis using AFLPs were used to
investigate genetic similarity of populations of pea aphids on alfalfa and clover across
locations. Grouping of aphid populations from different locations onto the same host
plant is expected if specialization involved a single, well-sorted divergence. Groupings
by location suggest either parallel evolution of specialization or ongoing gene flow. |
found that populations grouped by both host plant and geography, as found in
STRUCTURE (Figure 3). Aphids from clover in eastern North America (New York,
Maryland, and Iowa) form a clade with high bootstrap support (96%). In addition, aphids
from Washington alfalfa and clover group with one another. This clade was identified in

both neighbor-joining and STRUCTURE analyses.

Discussion

This study of aphid population structure in North America, France, and Sweden
provides several important insights into the geographic context of pea aphid
specialization on alfalfa and clover. Previous research has shown that the aphid
specialization and divergence on alfalfa and clover described in North America (Via
1991, 1999, Via et al. 2001), is also present in France (Simon et al. 2003, Frantz et al.
2006) and Sweden (Sanderson 1996). However, it was unclear if specialization arose

once in Europe and specialists insects were introduced to North America, or if
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specialization evolved independently in North America and in Europe (Simon et al. 2003,
Coyne and Orr 2004, Frantz et al. 2006). In this study, I found that levels of genetic
diversity at AFLPs were similar in aphid populations on different host plants and between
populations in the native and introduced range, suggesting that severe bottlenecks have
not resulted from the recent colonization of North America. I then showed that aphid
populations group mainly by host plant, suggesting a main single divergence. Aphids
grouped by location in Sweden and Washington, suggesting either parallel evolution of
specialization or ongoing gene flow in these locations. A combination of factors may
influence aphid population structure, and pea aphid population history may involve a

single divergence with high rates of hybridization in some locations.

Genetic diversity

Demographic changes, such as bottlenecks, and sampling during an introduction
may alter genetic variation available for further evolution and divergence in the
introduced range (Nei et al. 1975, Muller-Scharer et al. 2004). 1 found that genetic
diversity of pea aphids on alfalfa and clover measured with AFLPs was similar across
geographic locations. In addition, aphids from North America, part of the introduced
range of the pea aphid, did not have decreased diversity compared to the European
populations. While invasive and introduced species many times show reduced variation
associated with founder events (Hufbauer et al. 2004, Hawley et al. 2006), they also may
have similar or even elevated genetic variation compared to the native range due to
multiple introductions, which can contribute to their success in the new range (Kolbe et
al. 2004, Bossdorf et al. 2005). Multiple introductions and gene flow among previously

independent lineages may provide broader genetic variation in introduced species (Levin
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2003). In contrast to previous comparisons of diversity between eastern and western
North America using sequence-based markers (Chapter 1), AFLPs did not show higher
diversity in western North America, though AFLPs provide less resolution because they
are dominant and only di-allelic. Future studies should compare genetic diversity of

aphid populations across these locations using sequence-based markers.

Genetic structure

Population genetic analysis of aphids from North America, France and Sweden
using AFLPs show that aphid populations grouped by host plant in most locations,
though aphids from Sweden and Washington grouped by location. Therefore, the origin
of pea aphid specialization cannot be entirely explained by either a single split onto
alfalfa and clover with invasions of each host-associated populations ("single
divergence") nor only independent host shifts and parallel evolution of specialization in
cach location ("parallel evolution"). Instead, pea aphids on alfalfa and clover appear to
be the result of a combination of these processes, or ongoing gene flow (Figure 4).

In France, part of the native pea aphid range, aphids on alfalfa and clover were
genetically differentiated, as has been shown previously using different nuclear markers
(Simon et al. 2003, Frantz et al. 2006). Initial divergence onto alfalfa and clover may
have occurred in the native range (including France) and provided a source of specialists
into several locations. Aphids on alfalfa in Sweden are genetically similar to those in
France (Figure 2), suggesting Swedish alfalfa could have been colonized by specialized
alfalfa migrants that had already diverged in France or a genetically similar source
population. Clearly, not all possible source populations have been sampled in this study,

so other genetically similar source populations still need to be considered.
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Ecological specialization on clover in eastern North America did not arise locally.
Aphids on clover in France and North America were genetically similar in both neighbor-
joining tree analysis and in STRUCTURE, which is consistent with previous results using
another type of nuclear marker, allozymes (Simon et al. 2003). This suggests the aphids
on clover in the eastern North America were derived from already-specialized clover
lineages, such as those in France.

Alfalfa specialization in eastern North America does not appear to have arisen after the
introduction either. Neighbor-joining analysis showed that aphids on alfalfa in eastern
North America were similar to those in France, but there was poor resolution in that part
of the tree. Analysis in STRUCTURE showed that aphids from alfalfa in North America
differed genetically from those on alfalfa in Europe. Could aphids from alfalfa in North
America be from a different, unsampled source population? Historical information
suggests that alfalfa was introduced from many locations, with much coming with the
Spanish colonizers (Russelle 2001). Assuming that aphids were spread along with their
host plants, a western introduction from Mexico or South America is possible (Russelle
2001). Alternatively, random sampling and demographic changes due to the introduction
could have produced a shift in allele frequencies, resulting in the detection of another
genetic cluster due to this bottleneck, even if the aphids came from France. Aphids on
alfalfa in the east with ancestry in cluster 2 provide good evidence that these populations
have a European origin, though they are probably not recent migrants. Future studies
should sample aphids from a broader geographic range to distinguish these alternate
hypotheses. Nevertheless, there is no evidence to suggest that specialization on alfalfa

arose independently in North America.
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Ongoing gene flow or parallel evolution of clover specialization?

Aphids from clover in both western North America and Sweden were genetically
similar to aphids in those same locations on alfalfa. These results using AFLPs confirm
results from a previous study of population structure in North America using sequence-
based markers (Chapter 1). In that study, western populations on clover were also shown
to be much less specialized on their host plants. This is the first time genetic
differentiation between aphids on alfalfa and clover has been measured in Sweden,
though pea aphids on alfalfa and clover in Sweden are specialized on their host plants
(Sandstrom 1996).

Two factors may contribute to the genetic similarity of aphids from alfalfa and
clover in Washington and Sweden: (1) parallel evolution of clover specialization (2)
directional gene flow from aphids from alfalfa onto clover. Parallel evolution of clover
specialization from introduced alfalfa populations could explain the genetic similarity of
aphids on alfalfa and clover in western North America and Sweden. Aphid specialists on
alfalfa but not clover may have been introduced to western North America and Sweden.
Alfalfa populations may have genetic variation for clover use present at low frequency,
which may be continually replenished due to introgression between host-associated
populations in other parts of their range (Chapter 2). Selection acting on standing genetic
variation for clover specialization could give rise to specialist clover populations in these
locations. Clover populations would thus be genetically similar to alfalfa populations.

Directional migration and gene flow from alfalfa onto clover may constrain
evolution despite strong selection, and even cause gene swamping (Sandoval 1994,

Lenormand 2002). In western North America, alfalfa is more numerically abundant
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(Barnes and Sheaffer 1995), the population size of alfalfa specialists could be greater, and
the sheer numerical difference between alfalfa and clover specialists cause greater
migration of aphids from alfalfa onto clover, and explain the genetic similarity of aphids
on alfalfa and clover.

Directional gene flow could also be caused by variation among aphids in
migratory tendency. In Sweden, Sandstrom (1996) suggested that differences among
aphids on alfalfa and clover in host plant performance over the course of the season could
be caused by differential migratory tendencies of aphids, and colonization of clover by
less specialized aphids. He suggested that perhaps aphids on clover tended to stay on
their host plants, while aphids from alfalfa migrated more frequently. Migratory
tendency in aphids is due to the production of winged morphs (alates) which is induced
by crowded conditions or poor host plant quality (Eastop 1971). Aphid clones vary
substantially in their tendency to produce alates (Lamb and MacKay 1979, Bommarco
and Ekbom 1996, Weisser and Braendle 2001). If migratory tendency is correlated with
host plant use, the genetic similarity of aphid from clover in Sweden to the European
alfalfa clade could be explained by high directional migration and introgression.
Environmental or ecological changes (or in this case, changes in population distributions)
can cause collapse of barriers to gene flow between previously divergent populations into
a single hybrid swarm (Rhymer and Simberloff 1996, Grant and Grant 2002, Taylor et al.
2006). Both alfalfa and clover specialists may have been introduced to Sweden and
western North America, but clover specialization and/ or genetic differentiation may be
limited by hybridization with alfalfa migrants, so speciation may be going “in reverse” in

these parts of the range (Taylor et al. 2006).
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Sympatric speciation?

Pea aphids are frequently cited as an example of sympatric speciation (Coyne and
Orr 2004). It is often pointed out that, while pea aphids are sympatric and highly
divergent across much of their range, it is unclear if the origin of pea aphid specialization
and reproductive isolation evolved in sympatry or allopatry (Coyne and Orr 2004). In
addition, it has been unclear if specialization has evolved once or several times (Simon et
al. 2003, Frantz et al. 2006). Much of the research on the mechanisms of pea aphid
specialization and divergence has focused on populations in the introduced range (i.e. in
castern North America, Via 1991, 1999, Via et al. 2000, Hawthorne and Via 2001).
These results shed light on these controversies. Pea aphids in eastern North America did
not diverge from one another sympatrically in their current location (eastern North
America). In fact, populations from alfalfa and clover may have been introduced from
allopatric source populations (i.e. French clover and an unknown alfalfa population).
However, the geographic context of the origin of pea aphid specialization is distinct from
the geographic context of the maintenance of that specialization, and understanding the
latter is critical for understanding the evolution of currently sympatric host-associated
populations. Whether diverging populations continue to diverge and eventually form
completely reproductively isolated species depends critically on current evolutionary
processes and ecological factors. Focusing on the evolutionary forces that currently drive
speciation rather than the geographic context of the origin of divergence reflects a current
trend towards understanding the process of speciation (Via 2001, Schluter 2001). This

research shows that even if the origin of specialist populations is the same (as it could be
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for the East and West), the outcome of divergence can be very different across the

geographic distribution of host-associated populations.

Conclusions

Several conclusions can be made about the origin of pea aphid populations across
North America and parts of Europe from consideration of their population genetic
structure. Aphids on the same host plant were genetically similar across many parts of
their ranges, suggesting that populations in many locations have not evolved host use
independently. While specialization and divergence of pea aphids onto alfalfa and clover
could have occurred only once, the pattern of divergence is not uniform across their
range, suggesting a geographic mosaic of ecological divergence that extends beyond
Western North America (Chapter 1). This means that the pattern of ecological
specialization and genetic differentiation varies across locations, and the pattern of
genetic divergence can be strikingly different across the range of introduced taxa. Local
processes are critical for the maintenance and the further evolution of pea aphid
specialization. For example, hybridization may be causing high genetic similarity
between aphids on alfalfa and clover in Sweden and western North America, and it could
be enough to derail the process of divergence in these location. The outcome of
specialization and divergence across the range may be determined by the interaction of
local processes, because evolution can occur somewhat independently in each geographic

location, and gene flow among geographic locations.
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Tables

Table 1. Sequences of adaptors and primers used for AFLP protocols. Sequences are
provided 5' to 3".

EcoRI adaptors
AATTGGTACGCAGTC
CTCGTAGACTGCGTACC

PstI adaptors
TGTACGCAGTCTTAC
CTCGTAGACTGCGTACATGCA

The core sequence of primers for EcoRI and Pstl amplicons
EcoRI core: GACTGCGTACCAATTC
Pstl core: GACTGCGTACATGCAG

Selective Primer Combination 1
Pstl overhang: CT
EcoRI overhang: TG

Selective Primer Combination 2

Pstl overhang: AT
EcoRI overhang: TC
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Table 2. Genetic diversity at AFLPs of aphids on alfalfa and clover within North

American and European pea aphid populations. The number of aphids sampled (N) is
shown.

. Ave. No. . .
Host plant  Population N No. poly-morphic Pairwise differences Gene diversity +
markers o S.E. (He)
within Pops.
Alfalfa E. Washington 10 23 9.2 0.146 £ 0.179
Iowa City, IA 10 36 13 0.201 +£0.021
Ithaca, NY 10 36 11.5 0.185+0.020
Beltsville, MD 9 33 12.5 0.192 +0.020
Sweden 9 26 10.2 0.160+0.019
France 6 33 14.7 0.218 +£0.021
Clover E. Washington 10 24 9.3 0.143 £0.018
Iowa City, IA 10 20 6.6 0.116 £0.017
Ithaca, NY 10 22 8.2 0.138 £0.019
Beltsville, MD 8 23 8.2 0.143+0.019
Sweden 9 34 133 0.189+0.019
France 8 22 7.1 0.120 £0.016
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Table 3. Proportion of membership of predefined aphid populations from each host plant
and location in each of the three genetic clusters inferred in STRUCTURE using AFLPs.
Proportions greater than 0.5 are in bold.

Predefined population Inferred genetic cluster

Host plant  Location 1 2 3

Alfalfa E. Washington ~ 0.852 0.018 0.131
Iowa City, IA 0.868 0.022 0.110
Ithaca, NY 0.608 0.326 0.066
Beltsville, MD  0.738 0.190 0.072
Sweden 0.015 0.966 0.019
France 0.019 0.971 0.010

Clover E. Washington  0.771 0.015 0.215
Iowa City, IA 0.009 0.006 0.985
Ithaca, NY 0.032 0.025 0.943
Beltsville, MD  0.117 0.022 0.861
Sweden 0.091 0.815 0.093
France 0.012 0.265 0.722
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Table 4. AMOVA results for pea aphids on alfalfa and clover across North America,

France and Sweden using AFLPs.

Source d.f. SS Var. % Var. P
Among host plants 1 53.0 0.571 7.62 <0.00001
Within host plants 107 710.5 6.921 92.38

Among locations 5 143.5 0.427 5.88 <0.00001
Within locations 103 620.1 6.845 94.12
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Figures

Figure 1. Model selection for STRUCTURE was determined two ways from five
independent runs of K= 1 - 10 using AFLPs to determine the number of populations
represented by the data. (A) The maximal value of the log-likelihood probability for the
data for a given K [In(Pr X|K) or L(K)] is suggested by Prichard et al. 2000). (B) Evanno
et al. (2005)'s method uses the peak of AK, which is based on the rate of change in the
log probability of the data in consecutive runs of K.
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Figure 2. Genetic structure of pea aphids on alfalfa and clover in parts of their native and introduced ranges inferred with
STRUCTURE using AFLPs. Each individual aphid is represented by a bar, and is assigned proportionally into the three inferred
clusters. Aphids were sorted into collection location and host plant of origin following assignment.
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Figure 3. Neighbor-joining tree for aphid populations on alfalfa and clover using all 59
polymorphic AFLPs. Bootstrap values above 75% are shown. Two letter abbreviations
are for each location. Populations from alfalfa are indicated by a blue triangle, and
populations from clover are indicated by a red circle.
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Figure 4. Hypothesized origin of host-associated population of pea aphids on alfalfa and
clover. Genetically similar populations are shaded with the same color corresponding to
inferred clusters in STRUCTURE. Arrows represent hypothesized introductions or
ongoing gene flow.
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