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ABSTRACT 

Understanding the process of speciation, or the formation of new species, is a 

fundamental goal of evolutionary biology. Speciation requires some level of reproductive 

isolation between differentiating populations, regardless of the major mechanism driving 

the process. While allopatric speciation relies on geographic factors to maintain this 

barrier to gene flow, sympatric speciation lacks a geographic barrier. Sympatric 

speciation instead relies on ecological factors to minimize gene flow, as well as to initiate 

an initial speciation event within a population. Host-associated differentiation is 

hypothesized to be one of the primary forms of sympatric speciation, particularly for 

herbivorous insects.  

Host-associated factors may play a significant role in the host shift and speciation 

of Eurosta solidaginis. This gall-inducing fly has formed host races on sympatric species 

of goldenrod, Solidago altissima and S. gigantea. Evidence suggests that host-associated 

ecological factors, such as predation and competition, have played a significant role in 

this divergence by providing fitness differentials between the diverging populations. Such 

interactions have also led to further differentiation within the altissima host race, which 

appears to be diverging into forest and prairie populations on subspecies of S. altissima. 

We used microsatellite markers to analyze the extent of genetic differentiation among 

populations of E. solidaginis from various hosts and multiple sites in Minnesota. We 

found that host-associated populations of E. solidaginis on S. altissima and S. gigantea 

have differentiated significantly (PhiPT = 0.131; P = 0.010). Second, we found that flies 

collected from widely distributed populations of forest and prairie subspecies of S. 

altissima have also differentiated, but to a lesser extent (PhiPT = 0.066; P = 0.010). 
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Finally, we found that differentiation among the forest and prairie altissima 

subpopulations varies by collection site, possibly due to ecological differences, thus 

producing a geographic mosaic of differentiation. 
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INTRODUCTION 

Understanding the process of speciation, or the formation of new species, is a 

fundamental goal of evolutionary biology. Regardless of the major mechanisms driving 

the process, all speciation requires some level of reproductive isolation between 

differentiating populations. While allopatric speciation relies on geographic factors to 

maintain this barrier to gene flow, sympatric speciation lacks such a geographic barrier. 

Many studies have been conducted in recent years to gain a better understanding of 

sympatric speciation and the factors that facilitate or hinder diversification. Because 

sympatric speciation lacks a geographic barrier to gene flow between populations, this 

model relies heavily on ecological interactions, such as competition and predation, to 

provide fitness differentials and to minimize gene flow between diverging populations 

(Craig et al. 2011). These interactions can promote a host shift by providing increased 

fitness on a new host. These interactions can also select for the most advantageous 

phenotypes on a new host via local adaptation. Reproductive isolation is a necessary 

component of this process, as it maintains the genetic differentiation of diverging 

populations. Ecological selection pressures can vary geographically, producing variation 

in reproductive isolation, as well as variation in physiological and behavioral traits, at 

different sites. This phenomenon is known as a “geographic mosaic of speciation” 

(Lindberg-Livingston and Craig, in review). 

Host-associated differentiation may be a common pathway of sympatric 

speciation and the primary mode of speciation for parasitic organisms (Bush 1975). The 

gall-inducing fly Eurosta solidaginis (Diptera: Tephritidae) has served as a model for the 

study of host-associated differentiation (Craig et al. 1997, Craig et al. 2011, Waring et al. 
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1990), as well as the contribution of ecological and geographic factors during sympatric 

speciation (Brown et al. 1996, Craig and Itami 2010, Horner et al. 1999). Eurosta 

solidaginis has formed host races on the sympatric species of goldenrod, Solidago 

altissima and S. gigantea. I will refer to the host-associated populations on the two host 

plants as “altissima” and “gigantea” flies. The original host is believed to have been S. 

altissima, and the gigantea population is hypothesized to have originated via a host shift 

(Waring et al. 1990). The host races represent intermediate stages in sympatric speciation 

(Bush 1969) and exhibit assortative mating due to host-plant preference. Reproductive 

isolation is further strengthened by factors such as differences in emergence times of the 

host races (Craig et al. 1993). The tritrophic ecological interactions between the host 

plants, fly host races, and predatory insects and birds influence the fitness of the flies on 

the two hosts and in different environments (Craig et al. 2011). Such interactions have 

also led to further differentiation within the altissima host race, which is apparently in the 

process of diverging into forest and prairie populations (Craig and Itami 2010). These 

subpopulations demonstrate a geographic mosaic of speciation. Differences in characters 

of the host plants, flies, and natural enemies (the factors driving differentiation of the 

prairie and forest populations) are distributed in a geographic mosaic at the prairie-forest 

biome border (Craig et al. 2007; Lindberg-Livingston and Craig, in review). This 

irregular distribution generates the variance in reproductive isolation necessary for a 

mosaic of genetic differentiation to occur. 

The populations of Eurosta on different hosts and in different habitats are likely 

to exhibit genetic differences due to local adaptation. For example, this variation may 

serve as the basis for host preference and survival ability (Craig et al. 1997). Past studies 
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have demonstrated genetic differentiation between the altissima and gigantea host races 

through different techniques, such as allozyme frequencies (Waring et al. 1990) and 

mitochondrial haplotype distributions (Brown et al. 1996). In this study, we analyzed fly 

genotypes from the host races and subpopulations in different habitats using 

microsatellite markers. We aim to gain a better understanding of the extent of genetic 

differentiation during local adaptation in Eurosta solidaginis. 

METHODS 

Collection of Samples 

 The 245 flies in this study were reared from galls collected from several locations 

in Minnesota during 2010 and 2011 (Table 1). The 135 flies used for genetic analysis 

came from Munger Trail and 6 different numbered sites (Image 1). The flies were 

preserved in ethanol and stored at room temperature. Each fly was assigned a unique 

identification number. 

DNA Extraction 

The gender of every fly was determined based on ovipositor presence. The abdomens 

of female flies were removed to prevent any DNA from stored sperm from interfering 

with later analyses. DNA was extracted by grinding the flies, placing the ground tissue 

samples in 300 µL lysis buffer (75mM NaCl, 25mM EDTA, 1%SDS) with 10 µL 

Proteinase K (20 mg/ml), and incubating at 55°C overnight. Ammonium acetate (155 µL 

of 7.5 M) was added to each tube and the samples were placed at 0°C for 10 minutes to 

precipitate proteins, which were then pelleted by centrifugation for 10 minutes. The 

supernatant was transferred to a clean microfuge tube. DNA was precipitated by adding 

315µL of isopropanol to the supernatant and centrifuging for 15 minutes. The DNA pellet 



4 
 

was washed with 70% ethanol and allowed to dry before being resuspended in 100 µL 

10mM Tris-HCl at pH 8.5.  All samples were then diluted with 200 µL of water so that 

the final DNA concentration was ~ 50 ng/ µL. 

Microsatellite Amplification and Analysis 

A polymerase chain reaction (PCR) was then used to amplify the specific 

microsatellites (called “Fly6,” “Fly7,” “Fly8,” and “Fly9”) within the extraction products. 

The PCR reaction (10µL) contained 10-50 ng DNA, 0.2 µM of each primer mixed into a 

multiplex (Table 2), 1X Qiagen Multiplex PCR Master Mix with HotStarTaq, Multiplex 

PCR buffer with 3mM MgCl2 pH8.7, and dNTPs. Reactions were cycled in an ABI 2720 

thermal cycler. The cycling parameters were one cycle at 95°C for 15 minutes, followed 

by 30 cycles of 30 seconds at 94°C, 90 seconds at 60°C, 90 seconds at 70°C, and then a 

final extension at 60°C for 30 minutes. Products were diluted with 200 µL of water and 

0.5 µL  of the diluted products were added to 10 µL of Hi-Di formamide (Applied 

Biosystems USA) and 0.1 µL LIZ-500 size standard (Applied Biosystems USA). This 

mixture was sequenced using ABI Big Dye Terminator Cycle Sequencing v3.1 Chemistry 

(Applied Biosystems USA) using the PCR primers. Sequences were electrophoresed on 

an ABI 3130XL Genetic Analyzer (Applied Biosystems USA). Genotypes were obtained 

for 126 flies, binned using TANDEM (Matschiner and Salzburger 2009), and scored 

using GENEMAPPER (Applied Biosystems USA). The allele scoring was visually 

verified. Data analysis was performed using GenAlEx 6.5 (Peakall and Smouse 2006).  
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RESULTS 

Altissima vs. Gigantea 

 Genotypes were obtained for 126 flies, 81 from S. altissima host plants and 45 

from S. gigantea host plants. All four primers amplified and electrophoresed successfully 

for each DNA sample except for Fly 9 in one sample (Table 3). Each locus was 

polymorphic in both of the populations. Host-plant-associated genetic differentiation was 

significant (P = 0.010) and accounted for 13% of the molecular variance between 

populations (PhiPT = 0.131). 

Forest vs. Prairie 

Within the altissima host race, forest and prairie subpopulations demonstrated further 

differentiation (Table 4). Of the total molecular variance between Altissima flies, 7% was 

explained by the differentiation of these subpopulations (PhiPT = 0.066, P = 0.010). 

Pairwise Comparisons 

Pairwise comparisons of sympatric forest and prairie sites (32 vs 33, 33 vs 34, and 37 

vs 38) exhibited varying levels of differentiation. Subpopulation differentiation accounted 

for 5% of the variance between sites 32 and 33 (PhiPT = 0.046, P = 0.130); 7% of the 

variance between sites 34 and 35 (PhiPT = 0.071, P = 0.100); and 16% of the variance 

between sites 37 and 38 (PhiPT = 0.160, P = 0.020). 

DISCUSSION 

 

The original host of Eurosta solidaginis is believed to have been S. altissima 

(Craig et al. 1993), and the population on S. gigantea is hypothesized to have originated 

via a host shift (Brown et al 1995). Past genetic studies of these E. solidaginis 

populations have found greater differentiation within the altissima host-race (Brown et al. 
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1996, Waring et al. 1990), consistent with the prediction that the ancestral altissima race 

has had longer to accumulate genetic variation. The distributions of these fly host-races 

also support the hypothesized direction of the shift, as E. solidaginis is more widespread 

on altissima plants.  Although host-shifts often result in decreased fitness, this decrease in 

fitness for E. solidaginis may have been offset by various ecological factors. One of these 

factors is the escape from competition (Craig et al. 2000). Fly populations are often 

dense; female flies can carry up to 400 eggs, and each plant typically develops only one 

gall containing a single larva, creating a highly competitive environment. The evasion of 

predation also may have facilitated this initial host-shift (Brown et al. 1995). Eurytoma 

obtusiventris is a parasitoid wasp that attacks E. solidaginis larvae by ovipositing eggs 

inside the larvae. The wasp larva will feed on the fly larva during its development. This 

species of wasp, however, only attacks E. solidaginis larvae inside S. altissima galls 

(Brown et al. 1995). Overall, the combination of ecological interactions affecting E. 

solidaginis on S. altissima appears to have created an advantageous opportunity for a 

host-shift to S. gigantea. 

 The levels of genetic differentiation between S. altissima-associated and S. 

gigantea-associated populations of E. solidaginis observed in this study are consistent 

with the results of past studies. Prior studies have demonstrated that two distinct host-

races exist based on behavioral and physiological differences (Craig et al. 1993, Horner 

et al. 1999). Previous genetic analyses of allozyme frequencies (Waring et al. 1990) and 

mitochondrial haplotype distributions (Brown et al. 1996) have demonstrated that the 

host-races are genetically distinct. Our data are consistent with these prior reports. Our 
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methods also provide a reference for the level of differentiation among populations for 

the other components of the present study. 

 We found that flies collected from widely distributed populations of forest and 

prairie subspecies of S. altissima have also differentiated, but to a lesser extent. Our data 

for the forest vs. prairie comparison were consistent with our expectation that these two 

subpopulations would exhibit less genetic differentiation than the altissima vs. gigantea 

comparison. Once again, our results were consistent with past studies that have 

demonstrated morphological differences between these populations (Craig et al. 2007, 

Lindberg-Livingston and Craig, in review). Wing morphological data demonstrate 

pigment differences between the forest and prairie populations. Forest flies have more 

pigmented wings and the prairie fly wings exhibit a clear hyaline band (Lindberg-

Livingston and Craig, in review). Also, galls collected from forest altissima plants are 

smaller and more elliptical than galls collected from prairie altissima plants, which are 

larger and more spherical (Craig et al. 2007). Based on these data, we anticipated finding 

genetic differentiation between the subpopulations. 

 Differences in ecological factors may be driving the divergence of these 

subpopulations. The parasitoid wasp Eurytoma gigantea preys on E. solidaginis larvae 

similarly to Eurytoma obtusiventris. E. gigantea preys on larvae in smaller galls, as the 

wasp ovipositor cannot reach E. solidaginis larva in larger galls (Craig et al. 2007, Weis 

et al. 1986). The downy woodpecker, Picoides pubescens, and black-capped chickadee, 

Poecile atricapillus, prey on E. solidaginis in the winter; however, attack rates by these 

bird species are higher on larger galls (Craig et al. 2007, Weis and Abrahamson 1986). 

As gall size and shape is a result of the interaction among fly genes, plant genes, and 
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abiotic conditions (Weis and Abrahamson 1986), these ecological interactions serve as 

selection pressures on E. solidaginis. E. gigantea selects for flies that produce larger 

galls, whereas the bird species discussed select for flies that produce smaller galls. Both 

bird species and the wasp species live in forest habitats, resulting in stabilizing selection; 

however, the bird species are absent in prairie habitats, resulting in directional selection 

(Craig et al. 2007). Analysis of forest and prairie gall characteristics supports this theory. 

 Through comparison of paired sympatric sites, we found that differentiation 

among the forest and prairie altissima subpopulations varies by collection site. The 

results of the paired site comparisons support the hypothesis that populations of E. 

solidaginis demonstrate a geographic mosaic of differentiation (Craig et al. 2007, 

Lindberg-Livingston and Craig, in review). Comparing morphological data from the 

studies of Lindberg-Livingston and Craig (in review) with our genetic findings, we found 

that the sites exhibiting the greatest genetic variance also exhibit the greatest 

morphological differences. Sites 37 and 38 show the greatest difference in wing 

morphology of any paired sites (Lindberg-Livingston and Craig, in review), as well as the 

greatest level of genetic differentiation (this study). Sites 34 and 35 show slightly less 

difference in wing morphology (Lindberg-Livingston and Craig, in review), and also 

exhibit lower levels of genetic variance (this study). Our site comparison data 

demonstrate no correlation between genetic differentiation and distance, suggesting that 

non-geographic factors play a role in the differentiation of these subpopulations. 

 We believe that the diverging forest and prairie populations exhibit a geographic 

mosaic of speciation. This theory states that differences in ecological factors create 

differences in selection pressures and opportunities for gene flow. These differences 



9 
 

ultimately lead to unique characteristics even within populations. The flies in the forest 

and prairie possibly experience different selection pressures due to varying ecological 

factors (e.g. predator distribution, competition). These differences may lead to unique fly 

and gall characteristics among sites. Though only the comparison of sites 37 and 38 

exhibits a statistically significant difference, we believe that this result supports the 

geographic mosaic theory of speciation. While small sample size could be argued to be 

the cause of the lack of significant differences in some of the pairwise site comparisons, 

all site comparisons used similar sample sizes.  The fact that one of these pairwise 

comparisons (that between sites 37 and 38) was significant suggests that this was not 

simply an artifact of small sample size. 

 Our study is a preliminary examination of the genetic differentiation of various 

populations and subpopulations of E. solidaginis. Overall, our results demonstrate genetic 

differentiation between diverging populations of E. solidaginis. Future studies on E. 

solidaginis may employ more sites, more samples, and/or more microsatellite loci. Our 

data not only support the theory of sympatric (ecological) speciation, but are also 

consistent with the geographic mosaic of speciation. The contributions of our study and 

other studies are bringing us closer to a full understanding of host-associated populations 

and speciation with gene flow. 
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TABLES AND IMAGES 

 

 

 
Site Name Host 

Race 

Habitat No. of 

Samples  

GPS Coordinates 

Duluth/Moorehead Altissima Prairie 56 46° 24' 22.28" N, 92° 8' 24.00" W 

Hartley Park Gigantea Forest 15 46° 30' 11.63" N, 92° 29' 38.76" W 

Munger Trail Gigantea Prairie 48 46° 26' 3.01" N, 92° 6' 49.86" W 

Site 32 Altissima Forest 12 44° 7' 54.56" N, 93° 14' 49.82" W 

Site 33 Altissima Prairie 16 43° 32' 33.93" N, 93° 44' 43.09 W 

Site 34 Altissima Prairie 17 43° 40' 55.95" N, 93° 36' 28.19" W 

Site 35 Altissima Forest 14 43° 49' 59.72" N, 93° 49' 13.41" W 

Site 37 Altissima Prairie 15 44° 6' 16.60" N, 93° 37' 35.13" W 

Site 38 Altissima Forest 15 44° 19' 8.78" N, 93° 34' 26.57" W 

 

Table 1. Euosta solidaginis collection sites. 

 

 

 

 

Image 1. Google Earth (Google Inc.) map of Altissima collection sites. 
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Table 2. Primers used for creation of multiplex. 

 

 

Host Race Locus N Na Ne Ho He 

Altissima Fly6 81 4.000 1.359 0.247 0.264 

Fly7 81 3.000 1.091 0.062 0.083 

Fly8 81 2.000 1.576 0.481 0.366 

Fly9 80 6.000 3.204 0.513 0.688 

Gigantea Fly6 45 3.000 1.848 0.422 0.459 

Fly7 45 3.000 1.367 0.178 0.269 

Fly8 45 3.000 1.578 0.400 0.366 

Fly9 45 6.000 2.483 0.400 0.597 

 

Table 3. Altissima vs. Gigantea heterozygosity by locus. N = number of samples, Na = 

number of alleles, Ne = number of effective alleles, Ho = heterozygosity observed, He = 

heterozygosity expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer  Microsatellite Color Size Sequence Repeat 

Fly6F 
Fly6 Red 250 bp 

TAAAGAGCAGTCAACGTGCG 
(TGG)6...(AGC)5 

Fly6R GCTGTGGTGTGTATTAGCGT 

Fly7F 
Fly7 Yellow 181 bp 

ATGTCGGCGGGCAATAAATT 
(ACC)10 

Fly7R CGCTGATGGTGGTGGTTAGA 

Fly8F 
Fly8 Green 78 bp 

GCCCTCATATTTCGGACCCT 
(GTT)7 

Fly8R GTCGCGACTATTAGGTGCAG 

Fly9F 
Fly9 Blue 88 bp 

TGCAATCATATTCATACCGCACT 
(AC)10 

Fly9R CATGTATGTGCCTATGTGCGT 
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Habitat Locus N Na Ne Ho He 

Forest Fly6 38 2.000 1.110 0.105 0.100 

Fly7 38 2.000 1.140 0.079 0.123 

Fly8 38 2.000 1.666 0.553 0.400 

Fly9 38 6.000 3.238 0.474 0.691 

Prairie Fly6 43 4.000 1.628 0.372 0.386 

Fly7 43 3.000 1.048 0.047 0.046 

Fly8 43 2.000 1.495 0.419 0.331 

Fly9 42 5.000 2.871 0.548 0.652 

 

Table 4. Forest vs. Prairie heterozygosity by locus. N = number of samples, Na = number 

of alleles, Ne = number of effective alleles, Ho = heterozygosity observed, He = 

heterozygosity expected. 
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