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SUMMARY 

I investigated patterns of genetic variation in the North American gall-

forming aphid, Pemphigus obesinymphae. In three separate projects, I explored 

the implications of genetic variation for behavioral, molecular genetic, and 

phylogenetic processes. 

In Chapters 2a and 2b, I developed and then implemented clone-specific 

molecular markers to investigate clonal mixing in P. obesinymphae. During its 

gall-forming phase, P. obesinymphae clones produce aggressive larval 

"soldiers", which altruistically defend their colonies (the other aphids inside the 

galls) from natural enemies. However, I showed that considerable movement 

occurs between galls, indicating that average relatedness in P. obesinymphae 

colonies is low. I also showed that intruders behave selfishly, by not defending 

unrelated clones, and by accelerating development into reproductive adults. 

These results reveal a greater degree of complexity and conflict in aphid social 

groups than previously known. 

In Chapter 2c, I surveyed molecular variation in P. obesinymphae and its 

bacterial endosymbiont, Buchnera aphidicola. I found levels of variation at two 

Buchnera loci to be remarkably similar to those estimated from a previous study 

on a distantly-related aphid, Uroleucon ambrosiae. In the western US, P. 

obesinymphae and B. aphidicola were neariy monomorphic, and in the eastern 
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us, estimates of synonymous divergence ranged from 0.08 to 0.16%. Most 

polymorphisms in sub-populations were low frequency alleles, indicating a recent 

purge of ancestral polymorphism, probably due to demographic fluctuations in 

aphid populations. These results emphasize the primary importance of aphid 

population biology in shaping evolutionary patterns in B. aphidicola. 

In Chapter 2d, I explored the role of life cycle variation in speciation 

between Pemphigus aphids. P. obesinymphae and P. populi-transversus are 

closely-related and sympatric on the cottonwood, Populus deltoides (Salicaceae), 

but they have distinctly different life cycles. P. populi-transversus has a sexual 

stage that occurs in the fall, while P. obesinymphae produces sexuales in late 

spring. Field evidence indicates that intermediate phenotypes rarely occur, and 

mitochondrial and bacterial endosymbiont DNA sequences show no maternal 

gene flow between the two species. I considered the possibility of an initial 

allopatric phase in the divergence, and discuss the sequence of evolutionary 

changes that likely led to the sympatric divergence of P. populi-transversus and 

P. obesinymphae. The most plausible interpretation of available data is that a 

shift in timing of the life cycle in an ancestral population spurred divergence 

between the incipient species pair. 
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CHAPTER 1 

INTRODUCTION 

Aphids are small, sap-feeding insects. Because they are serious pests of 

human agriculture, much of our understanding of aphid biology has its roots in 

efforts to find better methods of pest management. However, recent years have 

witnessed a growing interest from evolutionary biologists in aphids as subjects of 

study in their own right. The surprising outcome has been a remarkable diversity 

of applications to evolutionary problems. For the opportunities to study the 

evolution of sex alone—evolution's "greatest challenge" (West etal., 

1999)—aphids stand out, because they are one of the rare groups of organisms 

with cyclical parthenogenesis. But they were also among the early groups of 

insects in which molecular markers were adopted to study intraspecific genetic 

variation, a field that now is witnessing explosive growth (Avise, 2000). They are 

at the forefront of the study of "ecological speciation" (in which reproductive 

isolation evolves via natural selection in diifering environments), with organisms 

as diverse as Darwin's finches and sticklebacks (Schluter, 2001). They have 

facilitated fundamental insights into the evolution of symbioses, through their 

association with the bacterial endosymbionts (Moran, 2001). And, because they 

are one of the few groups of organisms outside of the Hymenoptera to produce 

sterile soldier castes, they offer invaluable opportunities to study the evolution of 

eusociality in novel ecological and taxonomic contexts (Stern & Foster, 1996). 
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Thus, it is difficult to construct a very long list of insect groups that have made 

more disparate contributions to the modern study of evolution. 

This dissertation reflects the diversity of themes running through aphid 

evolutionary biology. The questions I address are discrete, and broadly 

encompass both descriptive and hypothesis-driven endeavors. In chapters 2A 

and 2B, I ask: what is the genetic structure of social aphid colonies? If groups 

are composed of unrelated aphids, is there evidence of cheating by intruders, as 

kin selection would predict? In Chapter 2C, I ask: what are the population-level 

patterns of genetic variation in the mitochondrial and endosymbiont genomes in a 

gall-forming aphid? If the effective population sizes of aphids and 

endosymbionts are small, is there evidence of non-neutral evolution in these 

patterns, due to the effects of drift? In Chapter 2D, I ask: what are the patterns of 

divergence in closely-related North American Pemphigus aphids? Is there 

evidence that life cycle differences have facilitated divergence between P. 

obesinymphae and a species with which it is broadly sympatric? 

Although these questions are independent, their common thread is the 

North American gall-forming aphid. Pemphigus obesinymphae (Hemiptera: 

Aphididae: Pemphiginae), which is the principal study organism in each project. 

The Pemphiginae is a small, obscure group of aphids, distantly related to the 

aphids that commonly infest our crops and gardens. They are distributed world

wide, with their greatest diversity in central Asia (Blackmon & Eastop, 1994). 

About 15 species have been described in North America, most of which have 
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received little consideration beyond their species designation. P. obesinymphae, 

along with three other species, P. populi-transversus, P. populi-caulis, and P. 

betae, are exceptions, having been studied in greater detail (Moran, 1991; Sokal 

et al., 1991; Moran, 1993). P. obesinymphae is unique, even in this group. Not 

only does it exhibit both cyclical parthenogenesis and host alteration, rare annong 

aphids in general but common in the Pemphiginae, but it also is one of the only 

North American aphids in which soldier-like defensive behavior has been 

described. My dissertation work starts by examining social behavior in P. 

obesinymphae, but its larger goals are to describe patterns of genetic variation in 

P. obesinymphae at multiple scales of biological organization, to understand the 

forces that shaped these patterns, and to understand the implications of genetic 

variability for evolutionary processes. Thus, my research incorporates disparate 

elements, including behavioral ecology, population genetics, molecular evolution, 

and speciation biology. 

Chapters 2a and 2b are concerned with the genetic structure of P. 

obesinymphae social groups. Chapter 2A is a technicat note, where I present the 

result of my efforts to develop molecular markers sufficiently sensitive to 

discriminate aphid clones. The markers I developed are based on a relatively 

new technique, named "inter-simple sequence repeats" or ISSRs. ISSRs fall 

under the rubric of polymerase chain reaction-based or "PCR-based" markers. 

Although the designation is somewhat inaccurate, because nearly all modern 

molecular markers involve PGR, the term is intended to lump techniques that 
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rapidly and inexpensively generate diagnostic genetic markers, usually from 

anonymous loci. When successful, PCR-based markers allow researchers to 

generate enormous amounts of data very quickly. In Chapter 2a (Abbot, 2001), I 

show that ISSRs can be easily implemented in a diverse range of small 

organisms, including aphids. 

In Chapter 2b (Abbot et al., 2001), I implement these markers (and those 

developed in the course of Chapter 2c) and study colony genetic structure and 

intruder behavior in P. obesinymphae. Field studies had revealed that 

movement between colonies was occurring by nymphal aphids, but molecular 

markers offered the only hope of non-intrusively quantifying the extent of 

variation and the behavior of intruders. I documented extensive variation in the 

galls of P. obesinymphae, indicating that P. obesinymphae soldiers are not only 

protecting their relatives, but that they are also defending unrelated aphids from 

other clones. I also showed that intruders exploit the colonies they invade by not 

contributing to gall defense. Rather, they tend to accelerate development into 

the adult nymphal stages. This study alters our conception of aphid sociality, 

because we had previously thought that aphid societies, which are formed by 

clonal groups, were largely free of the conflicts of interest that characterize many 

advanced societies. 

In Chapter 2C, I explored the population-level patterns of genetic variation 

in P. obesinymphae and its bacterial endosymbiont, Buchnera aphidicola. The 

goal of this work was two-fold: first, to use mitochondrial sequences to describe 
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intraspecific variation in P. obesinymphae from specimens collected throughout 

its range; and secondly, to use B. aphidicola sequences from the same 

specimens to compare the extent of fidelity between aphid and endosymbiont 

gene trees and population indices. I found very low levels of variation in both 

aphid and endosymbiont genomes. P. obesinymphae forms galls on two species 

of North American cottonwoods, Populus deltoides and Populus fremonti 

(Salicaceae). I found that P. obesinymphae was strongly subdivided across the 

two hosts, but lacked geographical structure within the populations (defined by 

host use). There was concordance between genomes with respect to host-use 

subdivision, suggesting that the same forces shape genetic variation in both 

aphids and their endosymbionts. The research makes two contributions. The 

first is to aphid population genetics. P. obesinymphae has a "complete" life cycle 

(with both sexual and asexual generations), and alternates between two host 

plants. Our understanding of genetic variation in aphid populations is derived 

largely from either agricultural pest species, or species that do not host alternate 

or do not have complete life cycles. The description of patterns of variation in P. 

obesinymphae provides a contrast to the majority of aphid population studies, 

while affirming the importance of host plant affiliations in determining population 

boundaries. The second contribution is to our understanding of the symbiosis 

between aphids and the B. aphidicola. A previous study by Funk et al. (2001) 

used a similar experimental design to explore the patterns of variation in 

Uroleucon ambrosiae and S. aphidicola. They found patterns broadly similar to 
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those in P. obesinymphae, including extremely low levels of variation, small 

effective population sizes of both the aphid and the endosymbiont, and evidence 

for nonneutral evolution in the endosymbiont genomes. The results in Chapter 

2C, together with those of Funk et al. (2001), constitute the most thorough 

descriptions of population-level variation in B. aphidicola. Together, they confirm 

the small effective population sizes of B. aphidicola in distantly-related aphid 

species with very different life histories. 

Finally, in Chapter 2d, I considered the role of life cycle differences in the 

reproductive isolation between P. obesinymphae and closely-related, sympatric 

species, P. populi-transversus. Previous work had indicated that P. 

obesinymphae and P. populi-transversus differ in the timing of their sexual 

phase: P. populi-transversus mates in the fall, while P. obesinymphae mates in 

the spring (Faith, 1979a). This difference in the timing of mating suggests the 

possibility that the two species diverged in sympatry by "allochrony", or 

divergence due to temporal rather than spatial isolation. I tested this scenario by 

first seeking evidence of gene flow and temporal overlap in the sexual stages of 

P. obesinymphae and P. populi-transversus, which would indicate that the two 

species are not fully isolated. Secondly, I reconstructed the phylogenetic 

relationships between most North American Pemphigus aphids in order to test 

the assumption of genetic similarity. Monophyly and close genetic similarity of P. 

obesinymphae and P. populi-transversus would support the hypothesis that they 

diverged in sympatry, possibly by an allochronic mechanism (Berlocher, 1998). I 
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used gene sequences from aphid mitochondrial and bacterial endosymbiont 

genomes to detect gene flow, and found that gene flow between P. 

obesinymphae and P. populi-transversus is at most rare, and perhaps non

existent. I then used a similar combination of gene sequences to reconstruct the 

Pemphigus phytogeny, and found that P. obesinymphae and P. populi-

transversus are indeed closely-related sister taxa, with about 1% sequence 

divergence. These genealogical patterns are consistent with sympatric 

divergence, and constitute support for the hypothesis that the two species 

diverged via allochronic isolation. 
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ABSTRACT 

PCR-based molecular markers are well-suited for questions requiring large scale 

surveys of plant and animal populations. Inter-simple Sequence Repeats or 

ISSRs are a recent technique, based on the amplification of the regions between 

inverse-oriented microsatellite loci with oligonucleotides anchored in 

microsatellites themselves. ISSRs have shown much promise for the study of 

the population biology of plants, but have not yet been explored for similar 

studies of animals. The value of ISSRs is demonstrated for the study of animal 

species with low levels of within-population variation. Sets of primers are 

identified which reveal variation in two aphid species, Acyrthosiphon pisum and 

Pemphigus obesinymphae, in the yellow fever mosquito Aedes aegypti, and in a 

rotifer in the genus Philodina. 

19 



INTRODUCTION 

Simple sequence repeats (SSRs or 'microsatellites') are short, 

hypervariable elements distributed throughout the genomes of eukaryotes. They 

have proven to be invaluable sources of markers for population-level studies 

(Goldstein and Schlotterer, 1999), but can require substantial Investment for 

each taxon studied, since primers often must be uniquely designed for flanking 

regions. SSRs can also yield PCR-based multilocus markers amenable to rapid 

development. These markers are derived from primers that anchor within the 

elements themselves, rather than in flanking regions (Zietkiewicz et al., 1994). 

Such primers amplify the regions between closely-spaced, inversely oriented 

SSRs, resulting in anonymous, typically dominant, di-allelic Mendelian markers 

when divergence in SSR sites or chromosomal structural rearrangements occur 

(Wolfe and Listen, 1998; Wolfe et al., 1998). 

Although inter-SSRs or ISSRs have been used by plant biologists for a 

variety of applications (Wolfe and Liston, 1998), they have not been used for 

animal population studies, and only rarely used in animals at all (Kostia et al., 

2000; Reddy et al., 1999). 1 evaluated ISSRs for population-level studies in two 

species of cyclically parthenogenetic aphids {Acyrthosiphon pisum (Insecta: 

Hemiptera: Aphididae) and Pemphigus obesinymphae (Insecta: Hemiptera: 

Aphididae; Pemphiginae) which, because of their small size and low levels of 

within-population variation, are particularly well-suited for PCR-based markers. 
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To assess the ease with which ISSRs may be applied to other invertebrate 

populations, I also conducted a small survey for ISSR variation in the yellow 

fever mosquito Aedes aegypti (Insecta: Diptera: Culicidae), and the asexual 

rotifer Philodina (Rotifera: Philodinidae). For the two aphid species and A. 

aegyti, there is currently little consensus on appropriate markers that are 

informative at the population level (N. Moran and S. Kaplan, pers. com.). 

METHODS 

Initially, one sample from each species was screened for banding patterns 

from synthetic 17-base oligonucleotides consisting either of a 2-base repeat motif 

and 1- or 2-base, 3'-end anchors, or of 3-base repeat motifs with no anchors 

(Table 1; primers obtained from the University of British Columbia Nucleic Acid-

Protein Service Unit, UBC Primer Set #9). Where possible, I used prior 

knowledge of microsatellite motif frequency or primer efficiency to reduce the 

extent of blind screening. For example, P. obesinymphae was screened with 47 

primers, which then helped guide primer selection for A. pisum, a distantly 

related aphid. For all four species, I particularly emphasized primers with 'A + G' 

and 'A + C compositions, because these are common repeat motifs across 

animal groups (Schug et al., 1998). 

For primers that gave bright, distinguishable bands, I tested for 

polymorphism by amplifying multiple individuals (Table 1). I also compiled 

sequence data for each species to give an independent estimate of genetic 
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variation between samples (Table 1). To determine if ISSRs are suitable for 

larger scale population surveys in aphids, I then typed P. obesinymphae from 

seven clones, in which an unknown number of individuals were different from the 

maternal genotype. I checked these results with an independent molecular 

marker - a single nucleotide polymorphism that, when different from the maternal 

genotype, unambiguously discriminates P. obesinymphae clones, albeit with 

lower resolution than the multi-locus ISSR markers (Abbot et al., 2001). 

Whole genomic DNA was extracted from single individuals for aphids and 

for mosquitoes and from laboratory clones of multiple Philodina initiated from 

single individuals. All PGR reactions were carried out in a 20 pi reaction mixture 

containing 20-40 ng total DNA, IX PGR buffer (200 mM tris-HCL (pH 8.4), 500 

mM KGL; Gibco/BRL, Rockville, Maryland, U.S.A.), 0.25 mM of each dNTP, 3.75 

pM of each primer, 3.0 mM MgGl2, and 2.4 units of Platinum Taq DNA 

polymerase (Gibco/BRL). PGR cycling conditions for all species on an 

Eppendorf Mastercycler were: 94' G, 2 min, for 1 cycle; 94* G, 30 s; 68' G, 30 s; 

72' G, 1 min, for 1 cycle; the annealing temperature was dropped 0.7* G for each 

of the subsequent 12 cycles; then, for 25 cycles ; 94° G, 30 s; 55* C, 30 s; 72' G, 

1 min. All reactions were visualized on 2.5% agarose gels stained with EtBr. 

RESULTS 

For each species, a number of primers produced distinguishable bands 

(Table 1). The most successful primers were those consisting of 'A + 0' and 'A + 
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G' repeats. For P. obesinymphae, the least variable of the four species based on 

sequence divergence (Table 1), no single oligonucleotide produced diagnostic 

Q 
markers that distinguished all genotypes. For example, the oligo (AC) G 

distinguished 6 of 9 different genotypes (Fig. 1A: lanes 6 and 9, and 8 and 9 are 

ambiguous). However, for genotypes that do differ in banding profiles, ISSRs 

can distinguish between aphid clones, without banding artifacts or null alleles 

within clones (Fig. 1B), indicating that they are relatively insensitive to chance 

variation in PGR performance while providing fragments that sufficiently differ in 

size to be visualized on agarose gels. 

In the larger scale population survey in P. obesinymphae, 72 aphids were 

typed in all, and 22 (31 %) of these were scored as different from the maternal 

genotype. When these results were compared with the single nucleotide 

polymorphism, there was a significantly positive association between the two 

markers (Likelihood ratio test, = 6.693, p < 0.01), and they corresponded in 54 

of the 72 tabulations (72%). As expected, the ISSR marker distinguished more 

non-maternal aphids than the single locus nucleotide polymorphism. 

ISSRs can readily be applied to other animal species. For A. aegyptii, the 

Q 
oligo (CA) G exhibited four unique banding profiles for each of the four 

genotypes, although some bands were not variable between individuals within 

populations (sample sizes are too small to determine if the bands are diagnostic 

Q 

for the populations we sampled). By contrast, for Philodina, the oligo (AG) C 
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provided fewer individually-diagnostic bands but, while sample sizes were also 

small, more bands were subdivided between populations. 

DISCUSSION 

These results show that, not surprisingly, the performance of ISSR 

primers varies across taxa, a result which likely reflects the different relative 

frequencies of microsatellite motifs in the different species. Nevertheless, ISSRs 

can be informative at various scales of genetic variation, as indicated by 

numerous such studies in plants (e.g.. Clausing et al., 2000; Hess et al., 2000), 

and here by the contrast between the species sampled in the amount of 

sequence variation. ISSRs can be advantageous when time and materials costs 

preclude the development of more robust markers (e.g., locus-specific SSRs). 

Any PCR-based marker is limited by the vagaries of PGR and the chosen 

method of band detection (Wolfe & Liston, 1998). But ISSR markers are typically 

highly reproducible, due to stringent annealing temperatures, long primers, and 

tow primer-template mismatch (that is, the primers are not 'arbitrary', but 

designed a priori to anchor onto anonymous SSR loci; Wolfe et al., 1998). And 

while detection by more sensitive techniques (autoradiography or silver-staining) 

on polyacrylamide gels might increase the resolution of co-migrating fragments 

(e.g., Godwin et al., 1997), ISSRs can reveal polymorphisms without more 

elaborate detection protocols (Nagaoka & Ogihara, 1997; Esselman et al., 1999). 
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Thus, for biological questions where genomic fingerprinting is appropriate 

(e.g., Abbot et al., 2001), ISSRs are a valuable addition to the inventory of PCR-

based methods for rapid, large-scale screening of genetic variation in animal 

populations. Dr. Andrea Wolfe at Ohio State University maintains a helpful 

website on ISSRs; (http://vvww.biosci.ohio-state.edu/~awolfe/ISSR/ISSR.htmn. 
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TABLE AND FIGURE LEGENDS 

Table 2a.1 Intersimple sequence repeat (ISSRs) markers in different taxa, by 

taxon name, UBC primer number, sequence, number of bands amplified, number 

of polymorphic bands, and maximal sequence divergence between samples 

(uncorrected p). 

Figure 2a.1 ISSR banding patterns for multiple genotypes in each of three 

species. Size standards are in the left most lanes. A size standard in base pairs 

is in the left most lane. A: Nine adult aphids {Pemphigus obesinymphae) 

collected from different clones at a single locality, amplified by the 3'-anchored 

primer (AC)®G (UBC no. 827). Arrows highlight several of the unambiguously 

variable bands.; B; ISSR banding patterns ((AC)®G ) for two individual P. 

obesinymphae aphids each from two different clones. Clone-specific bands are 

indicated by arrows. 
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Table 2a.1 

Taxon Species Coll. sites 

UBC 
Primer 
no. (5'-

3-) 

No. of 
Sequence bands 

(5'-3') amp a.c 

No. of 
poly, 

bands 

m. 

Max seq. 
div. (%: 
region, 

size) 

Aphid 
Santa Cruz 

obesinymphae 
Pemphigus 

809 
811 
812 
819 
826 
827 
841 
857 

Acyrthosiphon 
pisum 

Dane Co, 
Wisconsin: 
Pima Co., 
Az. 

809 
811 
827 

(AGfG 
(GA)'C 
(GA)®A 
{GT)®A 
(AC)®C 
(AC)®G 
(GA)®YC 
(ACjVc 

8 
9 
5 
5 
9 
8 
1 
4 

3 (38%) 
2 (22%) 
1 (20%) 
0 
2 (22%) 
6 (75%) 
0 
0 

0.00% 
(COI/II, 
1400 
bp)' 

(AG)''G 5 
(GA)°C 10 
(AC)®G 5 

2 (40%) 
3 (30%) 
2 (40%) 

0.14% 
(TrpE/G 
Buchnera 
plasmid)^ 

Mosquito Aedes aegypii 

Pima Co., 
Az.; 
Bexar Co., 
Texas 

811 
818 
827 

(GA)°C 
(CA)®G 
(AC)®G 

6 
7 
6 

2 (33%) 
5 (71%) 
0 

1.3% 
(CO!, 
791 bp)^ 

Rotifer Philodina spp. 

El Paso 
Co.. Tx: 

Santa Cruz 
Co., Az.; 
Yuma Co., 
Az. 

808 
826 
827 
868 

(AG)°C 
(AC)®C 
(AC)®G 
(GAA)® 

12 
12 
5 
9 

10(83%) 
6 (50%) 
2 (40%) 
2 (22%) 

13% 
(CGI, 
591 bp)" 

The cumulative number of bands distinguishable across different genotypes from the given localities. 

Weak and smeared bands were not scored. 

'' The approximate number of distinguishable polymorphic bands, given that weak or smeared bands were 
not scored. 

Primers also screened but which gave weak or no interpretable bands were: P. obesinymphae, UBC nos. 
801-8, 810, 813-8, 820-5, 828-40, 861, 862, 865, 867, 868, 873, 880, 889; A. pisum, UBC no. 826; A. 
aegypti, UBC nos. 812-7, 819-25; Philodina, UBC no. 819. 
' P. Abbot, unpublished data. 
^ J. Russell, unpublished data. Buchnera is a vertically-transmitted, bacterial endosymbiont of aphids, 
which has proven useful in population-level studies in aphids. TrpEG typically shows faster evolution than 
mitochondrial COI/II. 
^ S. Kaplan, unpublished data. 
* B. Bir^, unpublished data. 
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ABSTRACT 

Although kin selection is central to the modern study of social evolution, 

recent studies of social species have revealed that no simple relationship exists 

between levels of kinship and sociality. The soldier-producing aphids are unique 

among highly social animals because, barring movement by aphids between 

colonies, they occur in clonal groups of genetically identical individuals. 

Potentially, clonality simplifies efforts to understand social evolution in aphids by 

obviating issues of within-group conflict. However, we report here, for the first 

time, high levels of clonal mixing and conflict in an aphid society. The gall-

dwelling colonies of a social aphid species {Pemphigus obesinymphae) are not 

pure clones, but are invaded by large numbers of aphids from other clones. 

Intruders behave and develop selfishly once they have invaded a colony of non-

kin. They refrain from risky defensive behaviors, and accelerate their own 

development into reproductive rather than defensive stages. This conditionality 

in the social life of P. obesinymphae reveals complex dynamics and a degree of 

behavioral plasticity not previously known in aphid societies. 
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INTRODUCTION 

There are various scenarios for the evolution of soldiers in aphids (Stern & 

Foster, 1996), but two elements thought to be decisive are the high relatedness 

afforded by the isolation of clonally-produced colonies within galls (Aoki, 1977; 

Hamilton, 1997), and the need for defending long-lived galls from attack by 

natural enemies (Foster & Northcott, 1994; Moran, 1993). In purely clonal 

groups, the social traits exhibited by soldiers, like risky defense against enemies 

and reproductive altruism, reflect clone-level allocations to defense over 

reproduction, without conflict between group members (Stern & Foster, 1996). 

But if clones mix, the advantages of defense are weakened, because the benefits 

of sacrificial behaviors accrue in part to unrelated aphids. Thus, the genetic 

structure of colonies is crucial to understanding the selective advantages of 

social traits in aphids (e.g., Queller et al., 2000; Strassman et al., 2000). 

P. obesinymphae is the only North American aphid known to have soldiers 

(Moran, 1993; Stern & Foster, 1996). Its complex life cycle involves phases of 

sexual and asexual reproduction on altemative host plants. In the spring, a 

"foundress" initiates a globular gall at the base of a leaf of a cottonwood {Populus 

spp.). Permanently entombed in the hollow cavity of the gall, she asexually 

produces a caste of up to 300 first-instar soldiers, which can exit and reenter 

through a small ostiole. Aphid soldiers effectively deter attack by much larger 

enemies, often sacrificing themselves in the process (Foster, 1990; Foster & 

Rhoden, 1998). Colonies of P. obesinymphae, for example, suffer less than half 
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the predation experienced by colonies of non-defending Pemphigus species on 

the same trees (P. Abbot, unpublished data). 

Near the end of the growing season, ail colonies nnake a conspicuous 

transition from defense to reproduction, as nymphs mature beyond the first-

instar, soldier stage. The maturing nymphs, which as adults will fly from the gall 

to reproduce on another host plant, no longer participate in group defense 

(Moran, 1993). Prior to this, the development of P. obesinymphae soldiers into 

more advanced instars is inhibited in the presence of the foundress (Withgott et 

al., 1997). Thus, first-instar soldiers are altruistic, because delayed development 

and aggressive behaviors towards other arthropods result in an extended period 

of risk and lowered likelihood of successful reproduction (Moran, 1993). 

Although altruism and defense in aphids probably reflect selection acting 

on entire clones, rather than on individuals (Stern & Foster, 1996), the benefits of 

self-sacrifice by soldiers depend critically upon whether soldiers are actually 

defending clone mates, or unrelated aphids from other clones. Several studies 

have reported aphids invading galls of conspecifics, mostly in species lacking 

soldiers (Aoki, 1982; Ozaki, 1995; Setzer, 1980), and limited field observations 

suggested the occurrence of first-instar "intruders" in P. obesinymphae (Moran, 

1993). But there have been no quantitative measures of intruder frequencies in 

social aphid colonies, and no assays of cheating or conflict in aphid societies, 

making it difficult to evaluate the roles of clonal mixing and kinship in shaping 

soldier evolution in aphids. 
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We used a combination of field studies and colony censuses based on 

genetic markers to characterize between-gall movement by P. obesinymphae, 

and to explore the balance between cooperation and conflict in this species by 

determining the fate of intruders once they join other colonies. One option for 

intruders is to cooperatively assist in defense of the gall, either because of the 

mutualistic benefits of group defense (Bernasconi & Strassman, 1999), or 

because they lack the behavioral plasticity necessary to adjust their behavior 

among unrelated aphids. However, in doing so they would sacrifice their own 

reproduction for that of non-relatives. Within-colony selection should thus favor 

intruders that behave selfishly by not defending once they leave their natal galls. 

Moreover, because arrested development in the soldier stage is presumably a 

means for the clone to maintain a large army (WIthgott et al., 1997), intruders 

would gain little by lingering at immature stages. As autumn approaches, galling 

aphids become increasingly vulnerable to the escalating risks of predation and 

leaf abscission (P. Abbot, unpublished data), and selection should favor nymphal 

intruders that accelerate development and depart the gall for their alternative 

host plant as soon as possible. 

METHODS 

Collections. The galls sun/eyed by genetic markers were collected from 

two sites near Tucson, Arizona in late August 1998: from one tree at Empire 

Cienega Resource Conservation Area on Aug 28,1998 ("EC"; 31;45N, 110:37W) 
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and from two adjacent trees at Presidio Santa Cruz de Terranate on Oct 10, 

1998 ("TR"; 31:43N, 110:11W). Galls were placed individually in screw-cap vials, 

and stored at -80° C until needed for analysis. 

Field studies. We conducted both field studies at EC. First, we placed a 

sticky paste (Tanglefoot) on stems 10 cm proximal to 40 galls, and counted and 

removed trapped nymphs every two weeks for 10 weeks between July and 

September 1996. Then, in late August 1997, we labeled 72 galls in 15 groups 

with up to 6 colors of powdered dyes (3 to 6 galls per set; all labeled galls were 

within 2 m of one another, but not all galls on leaves were labeled). We 

measured the shortest walking distance and the straight-line aerial distance 

between each pair of galls. We collected all galls after 10 days, and scored the 

number of detectable intruders in each gall. 

Laboratory methods. We used a single nucleotide polymorphism (SNP), 

and multi-locus ISSR markers to survey galls. The SNP was discovered by 

sequencing genes of the bacterial endosymbiont Buchnera aphidicola from 

multiple foundresses. Buchnera are strictly maternally transmitted (Funk et al., 

2000; Moran & Baumann, 2000), and thus can provide clonal nnarkers during the 

asexual phase of aphid life cycles (Simon et al., 1996). Only one polymorphic 

locus was found, in a fragment of the Buchnera ATPase operon. We scored the 

SNP by PCR-RFLP. We amplified a PCR fragment containing the SNP from 

whole genomic DNA extracted individual aphids. We incubated the fragment at 

37° C with a diagnostic restriction enzyme (VSP I; 5'-ATTAAT-3'). The fragment 
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contained one or two restriction sites, depending on the genotype of the aphid 

and, when visualized on 2.5% agarose gels stained with GelStar, provided 

unambiguous typing of each aphid successfully amplified (Fig. 1; the small, third 

fragment from the genotypes with two sites is not visible in the figure). 

ISSRs or Inter-simple Sequence Repeats are a recent technique for 

generating PCR-based markers (Zietkiewicz et al., 1994), providing anonymous, 

typically dominant Mendelian markers (Wolfe et al., 1998). We screened whole 

genomic DNA from single individuals for polymorphic banding patterns (Abbot, 

2001). Only one primer, 5'-(AC)®G-3', consistently distinguished individual 

genotypes, providing three polymorphic loci and six distinct banding profiles. 

Gels were scored twice for errors, and ambiguous loci were not scored. 

Genetic experiments and analyses. In surveying the clonal composition 

of galls, we sampled 10 to 15 aphids from 15 galls, (12 from EC ,three from TR). 

To test for loss of defensive behaviors by intruders, Drosophila larvae were 

inserted into galls containing large numbers of soldiers (>100) at EC in August by 

lightly pinching the gall to increase the size of the aperture. After 5 minutes, the 

galls were halved and the Drosophila and attacking soldiers were removed and 

placed into a labeled vial. The remaining contents were emptied into a separate, 

labeled vial. Soldiers readily attacked the Drosophila larvae, which are equivalent 

in size to larvae of predaceous flies that commonly attack galls in southern 

Arizona (Moran, 1993). Using the SNP, we then compared the genotype of each 
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defender and of non-attacking nymphs to the natal genotype as represented by 

the resident foundress. 

To measure intruder development, in early October, as clones in southern 

Arizona were beginning to make the transition from defense to reproduction, we 

collected 102 galls from the TR site, and surveyed them for aphids at advanced 

developmental stages. We compared the proportions of SNP heterotypes in the 

soldier (first-instar) and the more advanced developmental stages (second, third 

and fourth instars, and alates; collectively, "reproductives") in galls containing 

mixtures of the two. Galls with very few mature nymphs or with very low intruder 

frequencies (4 or fewer intruders) were not used in this experiment. 

RESULTS 

We documented extensive movement out of natal galls and intrusion into 

nearby clones by first-instar nymphs (Table 1). With the sticky paste, we trapped 

an average of 182.1 ± 30.9 s.e. first-instar nymphs leaving each gall over a 10-

week period, a number commensurate with the typical number of individuals in P. 

obesinymphae galls in late summer (Withgott et al., 1997). In the surveys using 

colored powders, half of the galls received at least one marked migrant over a 

five-day sample period, and 35% received migrants from two or more clones. 

Both aerial and walking distance between galls decreased the likelihood of 

exchanging migrants, although some aphids moved nearly two meters. Galls 

with more aphids produced more migrants, but there was no effect of gall size on 
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the number of aphids leaving galls, indicating that migration is not strictly a 

function of crowding in the gall. 

The results from the field surveys were confirmed by the genetic markers. 

Both markers revealed extremely high levels of within-gall variation (Table 1; 

Fig. 1). In the 15 galls surveyed with the SNP, the foundresses were typically 

unrelated to almost one-half of the individuals in their galls, and only two galls 

lacked detectable heterotypes. When we genotyped the same individuals from 

seven galls arbitrarily selected from this group with the more sensitive ISSR 

markers, we found that all had at least one ISSR heterotype, with the frequency 

of heterotypes ranging from 0.09 to 0.66 per gall. Furthermore, the intruders 

arrived from multiple source colonies: two galls contained intruders from at least 

three different clones, and five of seven galls held intruders from two or more 

different clones. The two markers were in close agreement, and combining the 

results from the two gave a joint, unadjusted estimate of intruder frequency 

across the seven galls of 0.41 (range = 0.21-0.71). Thus, a large fraction of 

individuals in galls are intruders from other galls and represent distinct and 

diverse genotypes. 

These intmders fail to contribute proportionately to gall defense, based on 

results of experiments on expression of attack behavior in response to 

Drosophila larvae. Intruders were significantly underrepresented in the attacking 

class in all seven galls, relative to their background frequency in galls (Fig 2a). 
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Overall, 36% of aphids in these galls were intruders, but only 2% of attackers 

were heterotypic. 

Furthernnore, intruders spend less tinne in the first-instar defending stage 

and instead accelerate development into reproductive adults. In seven of eight 

galls, heterotypes were significantly overrepresented in the reproductive class. 

(Fig. 2b). In all, intruders were more than three times as likely to be reproductive 

than were nymphs that remained in their natal gall. 

DISCUSSION 

Relative to other social insects, soldier-producing aphids are only poorly 

understood. An outstanding issue has been the degree to which clonal mixing 

and relatedness can explain why closely related species differ in soldier 

production. While parallel studies of the genetic composition of other social 

aphid colonies are needed, these results—on the only North American aphid with 

soldiers yet described—suggest that degrees of clonal mixing and kinship in 

themselves are unlikely to be particularly informative axes on which to 

discriminate soldier-producing species from other gall-forming aphids lacking 

cooperative defense. Rather, these results point to non-genetic factors thought 

to underlie social evolution in aphids (Crespi & Choe, 1996; Stern & Foster, 

1996). The prolonged galling stage in P. obesinymphae, as compared to other 

Pemphigus species, has probably favored cooperative defense by increasing the 

vulnerability to predation (Foster & Northcott, 1994; Moran, 1993) —a pattern 
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that is mirrored in other defense-based social taxa with expandable and long-

lived domiciles (Alexander et al., 1991; Crepsi & Choe, 1996). 

Although we found developmental and behavioral shifts that were 

distinctive to intruders, the proximal mechanism triggering these changes is not 

yet clear. In particular, we have not directly determined the ability of intruders to 

assess whether colony mates have the same or different genotypes. Kin 

recognition is unknown in any aphid (Cariin et al., 1994; Miller, 1998; Shibao, 

1999). In P. obesinymphae, intruders are likely to be a random assortment of 

genotypes from the larger population: neighboring foundresses are sexually 

produced and are derived from winged grandmothers that arrive from widely 

dispersed localities and produce few descendant galls (six or fewer (Moran, 

1993) on trees that can have hundreds of galls). A previous study on P. 

obesinymphae showed that death of the foundress and, to a lesser extent, gall 

damage, induced developmental acceleration of soldiers (Withgott et al., 1997). 

The experience of travelling between galls may have similar developmental 

effects, by removing the influence of the foundress or by triggering a generalized 

developmental response to disturbance. The failure to attack, also characteristic 

of intruders, might be part of a coordinated shift towards feeding and growth and 

away from defense of the gall. 

The cost of intruders for natal clones is not yet known. Such costs are 

likely, however, because intruders must compete with natal clones for space and 

resources in the gall (e.g. Miller, 1998), thereby reducing the productivity or 
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survivorship of clones (Foster & Rhoden, 1998). What then is the basis for the 

evolution and maintenance of soldiers in P. obesinymphae, when colonies 

contain large numbers of unrelated aphids? One possible explanation lies in an 

evolutionary association between soldiers and intruders (Stern & Foster, 1996). 

Social aphids like P. obesinymphae can readily afford to invest some offspring 

towards defense, because the reproductive capacity of the foundress outstrips 

the limited size of the gall. This same excess reproductive capacity favors 

intruders as an additional response to the high risk of clonal extinction by 

destruction of the natal gall. Intruders may be a cryptic caste of "self-propelled 

cuckoo eggs" (Hamilton, 1987) that extends the reproduction of the clone by 

parasitizing the galls of neighbors. Interestingly, both the soldier and intruder 

strategies are favored under the same selective conditions (long-lived galls, high 

predation rates), and both require movement outside the gall. Thus, both are 

enabled by the same phenotypic traits: the gall ostiole, allowing movement into 

and out of galls, and adaptations for resisting desiccation and increasing mobility 

of first-instar stages, conferring Increased survival outside of the gall (Stern & 

Foster, 1996). The end result of combining these two survival strategies is that 

P. obesinymphae, and possibly some other social aphid species, may show 

lower within-gall relatedness yet higher levels of sociality relative to species 

without cooperative defense. 

Considered together, our findings indicate that the intracolony dynamics of 

aphid social groups can be more complex than previously recognized, and that 
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these little-studied taxa can furnish unique insights into the dynamics of social 

cooperation and conflict (Keller & Chapuisat, 1999; Queller, 2000; Queller & 

Strassman, 1998). Although kinship within colonies may not be decisive in 

determining which aphid species evolve sociality, the behavioral and 

developmental shifts towards selfishness exhibited by intruders indicate a central 

role for kin selection in shaping colony dynamics within P. obesinymphae. For 

example, one possible outcome of this study was that P. obesinymphae clones 

would co-exist in socially cohesive, cooperative groups (e.g., Queller et al., 2000; 

Clutton-Brock et al., 2001). However, relatedness asymmetries between 

intruders and resident aphids create opportunities for defection and 

conflict—scenarios characteristic of P. obesinymphae societies that are predicted 

outcomes of kin selection operating within social groups. 
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TABLE AND FIGURE LEGENDS 

Table 2b.1 Measures of movement of P. obesinymphae nymphs among 

colonies, based on direct field observations and on censuses of gall populations 

using genetic markers for recognition of intruders. 

Figure 2b.1. Clonal variation in a P. obesinymphae gall, subdivided by 

developmental stage of resident aphids, revealed by PCR-RFLP (see Methods 

for details). All gels contained a 100-bp ladder as a size standard, followed by 

the gall foundress (F) and the larvae being tested against the foundress: those in 

the non-defensive, reproductive stages (lanes r1-r6) and those in the first instar 

'soldier' stage (lanes s1-s14). Lanes C1 and C2 are control genotypes typed by 

direct sequencing. In the absence of intruders, all individuals would share the 

same genotype, identical to the clone foundress. Thus, nymphs of P. 

obesinymphae clearly move between galls, and Intruders tend to accelerate 

development once they become residents in non-natal galls. 

Figure 2b.2 (A): Percentages of intruders defending colonies (black bars), 

compared to the overall percentage of intruders in the same colonies (white 

bars): and (B): Percentages of non-reproductive "soldiers" in colonies that were 

intruders (black bars), compared to the percentages of reproductives that were 

intruders in the same colonies (white bars), based on assays of the SNP marker. 
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Note that categories are independent samples and thus should not sum to 100%, 

and that assays of behavior and development were not made on the same 

colonies. Both comparisons support the interpretation that intruders behave 

selfishly by parasitizing the altruistic tendencies expressed by unrelated, natal 

clones (A: p = 0.002; B: p = 0.015; paired t-tests on arcsine-squareroot 

transformed proportions). 
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Table 2b.1 

Measure of intergall 
movement Method 

Galls 
(aphids) 
surveyed Outcome 

Census aphids Traps 24 182.1 ± 30.9 emigrants per gall 
leaving natal gall (cumulative) 

Detect intruders in Mark/ 72 44% of galls received at least 
recipient gall recapture one intruder 

Quantify Intruders Genetic 15(201) 47-49% of aphids in galls are 
in recipient gall (SNP) intruders' 

Quantify intruders Genetic 7(93) 38% of aphids in galls are 
in recipient gall (ISSRs) intruders 

1-The pooled, unadjusted variation was 0.24 (range between galls = 0-0.50). Since 
migration into a gall with the same allele would not be detected directly, we estimated the 
actual migration levels based on the assumption that the alleles are present in the 
migrant pool in proportions equal to those in the population overall. Using a ratio of 
genotype frequencies of 0.75C:1.33T gives an estimate of variation in C galls of 0.27 T 
migrants + 0.27(0.75) C migrants = 0.47 total migrants, and in T galls of 0.21 C migrants 
+ 0.21(1.33) T migrants = 0.49 total migrants. 
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Figure 2b.1 
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Figure 2b.2 
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ABSTRACT 

Buchnera aphidicola is a bacterial endosymbiont of aphids that has been 

the subject of a number of long-term evolutionary studies. Until recently, 

comprehensive population-level surveys of molecular genetic variation in B. 

aphidicola have been lacking. Funk et al. (2000, 2001) found extremely low 

levels of intraspecific polymorphism and evidence of non-neutral evolution in 

Buchnera populations in the aphid, Uroleucon ambrosiae. We report results of a 

companion study to Funk et al. (2001). We surveyed molecular variation in B. 

aphidicola from North American populations of a distantly-related aphid, 

Pemphigus obesinymphae (Hemiptera: Pemphigidae). We found levels of 

variation at two Buchnera loci to be remarkably similar to those estimated from 

U. ambrosiae: in the western US, S. aphidicola was nearly monomorphic, and in 

the eastern US, estimates of synonymous divergence ranged from 0.08 to 0.16% 

over wide geographic distances. Most polymorphisms in sub-populations were 

low frequency alleles, indicating a recent purge of ancestral polymorphism, 

probably due to demographic fluctuations in aphid populations. These results 

emphasize the primary importance of aphid population biology in shaping 

evolutionary patterns in S. aphidicola. 

50 



INTRODUCTION 

With few exceptions (e.g., Bucheli et al., 2001), we know remarkably little 

about the genetic organization of natural populations of microbial symbionts 

unrelated to human agriculture (e.g., Parker, 1999) or health (e.g., Anderson et 

al., 2000). Our best understanding of the genetics and evolution of a symbiosis 

comes from aphids and their bacterial endosymbiont, Buchnera aphidicola, a 

maternally-transmitted mutualist of aphids (Douglas, 1998; Moran, 2001). 

Patterns of diversification and evolution in Buchnera have been thoroughly 

catalogued, revealing evidence of co-speciation with aphid hosts and accelerated 

rates of amino acid substitution in Buchnera genomes (Clark et al., 2000; 

Wernegreen & Moran, 1999; Wernegreen et al., 2001). These patterns in 

Buchnera are characteristic of vertically-transmitted asexual genomes subject to 

drift and mutational decay (Lynch & Blanchard, 1998; Moran, 2001). Until 

recently, these patterns have not be explored at the population level, where fine-

scale differences in evolutionary patterns are detectable (Rand & Kahn, 1998). 

{Buchnera has been used In other contexts to provide population markers to 

study aphid genetics; e.g., Birkle & Douglas, 1999; Martinez-Torres et al., 1996; 

Simon et al., 1996). 

In two papers. Funk et al. (2000; 2001) described the patterns of 

intraspecific variation in B. aphidicola and naturally occurring populations of the 

ragweed aphid, Uroleucon ambrosiae, in a framework that compared patterns of 

sequence divergence at mitochondrial and endosymbiont loci. They found low 
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levels of polymorphism at all loci across a large geographical range and on 

different host plant taxa, strict congruence between the mitochondrial haplotype 

network and the networks of each bacterial locus, and evidence of non-neutral 

evolution at bacterial loci in the form of larger than expected contributions to 

overall variability from amino acid polymorphisms and low frequency alleles. 

Because Buchnera experience severe trans-generational bottlenecks during 

inoculation of aphid embryos (Mira & Moran, in prep.), and are subject to 

frequent episodes of population bottlenecks common to their aphid hosts (Hales 

etal., 1997), Funk et al. (2001) ascribed these deviations from neutrality to the 

relative ineffectiveness of purifying selection in small asexual Buchnera 

populations, and the consequent fixation by drift of slightly deleterious 

polymorphisms (Charlesworth & Charlesworth, 1997; Ohta, 1992). 

Discriminating between the effects of various forms of selection and 

population structure on intraspecific nucleotide variation can be difficult 

(Charlesworth, 1998; Harpending & Rogers, 2000; Kreitman, 2000; Slatkin & 

Hudson, 1991). While there is compelling evidence indicating that selection is an 

unlikely general explanation for the patterns of polymorphism in Buchnera (see 

Moran, 2001), Funk et al. (2000; 2001) point out various scenarios in which 

selection offers alternative explanations for the low estimates of A/e and the 

unusual pattern of variation. Empirical efforts to better interpret historical 

population genetic processes are typically directed towards contrasting a larger 

set of loci, which may reveal the distinct signatures of selection or demography 
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(Andolfatto & PrzeworskI, 2000; Ballard, 2000b: Hey, 1997; Weinrelch & Rand, 

2000), and/or a larger set of taxa, which can discount or support the plausibility of 

interpretations reached from a single taxon (Ballard, 2000a; Nachman, 1998a: 

Rand & Kann, 1998). Here, we take the latter approach, and explore the 

generality of the conclusions reached by Funk et al. (2001) by describing 

intraspecific patterns of genetic variation in B. aphidicola, and its aphid host, 

Pemphigus obesinymphae, an aphid species not closely related to U. ambrosias 

and with a distinctly different life cycle. By bracketing aphid diversity between 

these very different aphid species, our goal is to provide more comprehensive 

estimates of Buchnera population genetic parameters, and to test assumptions 

about the generality of the factors determining intraspecific genetic variation in B. 

aphidicola. We follow the framework introduced by Funk et al. (2001), and 

provide comparative summaries of nucleotide variation from a P. obesinymphae 

mitochondrial gene, and from two Buchnera genes . We test each gene for 

deviations from neutrality, compare our results to those found in U. ambrosiae, 

and finally discuss the implications of our results for our understanding the 

evolutionary processes governing substitution patterns in Buchnera. 

METHODS 

Background to aphid biology. Aphids are particulariy useful for 

comparative studies of nucleotide variation, because even closely related 

species can differ in characters that alter the distribution of genetic variation. 
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Some species occur solely as parthenogenetic lineages on a single host plant 

taxa (known in aphid nonnenclature as an incomplete life cycle), while others 

have annual cycles of sexual and asexual generations (a complete life cycle), 

and may alternate seasonally between unrelated host plant taxa. Closely-related 

species can differ in the level of inbreeding, the frequency of population 

bottlenecks and turnover, or the presence and absence of recombinant 

genotypes (Hales et al., 1997)—traits expected to have profound effects on the 

form of genetic variation (Palsson, 2001). In aphids, these extremes in life cycles 

may occur within a single species. 

The great majority of evolutionary and genetic studies in aphids have been 

on taxa in the Aphidinae, in which many agriculturally-important aphid species 

occur (Blackman & Eastop, 1994). An inevitable criticism of these studies is that 

biased taxon sampling of related species fails to capture events that occur in 

more divergent taxa (Hebert et al., 1991; Van Ham et al.m 2000). If this bias is 

heightened by further sub-sampling of those species dependent on the most 

transient habitats, then we may lack adequate representation of the aphid taxa 

that utilize more stable, less transient habitats (Hebert et al.m 1991; Donnelly et 

al.m 2001). U. ambrosias, which is a non-host alternating species in the 

Aphidinae specializing on small annuals, may resemble crop pest species in 

being subject to habitat disturbances that deplete census population sizes. 

The Pemphiginae, in which P. obesinymphae occurs, is a relatively small 

subfamily of New and Old World aphids with only distant affinities to the 
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Aphidinae (Blackman & Eastopm 1994). Where host alternation occurs only In 

about 10% of the Aphidinae (Eastop & Hille Ris Lambers, 1976), most species in 

the Pemphiginae and allied subfamilies exhibit highly specialized, complete life 

cycles, typically involving seasonal transfer between different host plant taxa: a 

deciduous tree (called the "primary" host) on which galls and the sexual 

generation occur, and an alternate, often herbaceous host (the "secondary" host) 

on which only asexual generations occur. Species in the Pemphiginae thus offer 

opportunities to assess patterns of nucleotide variation in species that exhibit 

complex life cycles, that occupy ancestral ranges, and that have highly 

specialized affiliations with host plant taxa. 

Aphid samples. P. obesinymphae is a North American aphid with a 

complete, host-alternating life cycle (Aoki & Moran, 1994). The sexual and gall-

forming generations were originally described from populations in Arizona on 

Popululs fremontii, a cottonwood with principally a southwestern and west coast 

distribution in North America (Fig. 1). However, genetic surveys in the context of 

another study (Abbot & Withgott, in prep.) revealed that P. obesinymphae occurs 

throughout the range of the eastern cottonwood Populus deltoides, the sister 

taxa to P. fremonrt/(Eckenwalder, 1996). Its secondary hosts, which are not fully 

known, are roots of various species in the Brassicaceae, including species in the 

genera Lepidium, Barbarea, and Capsella (Aoki & Moran, 1994; Faith, 1974). All 

collections for this study were made from sexually produced gall-founding 

females, thus removing the potential for sampling multiply from a single, wide
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spread clone, a possibility that would confound the interpretation of genetic 

differentiation. 

DNA methods. Whole genomic DNA was extracted from single aphids 

using a simple grind, lyse, and precipitate technique modified from Bender et al. 

(1983). All PGR reactions were carried out in a 50 pi reaction mixture containing 

20-40 ng total DNA, 1X PGR buffer (200 mM tris-HCL (pH 8.4), 500 mM KGL; 

Invitrogen/Life Technologies, Carlsbad, Galifornia, U.S.A.), 0.25 mM of each 

dNTP, 3.75 pM of each primer, 3.0 mM MgGIa, and 2.4 units of Platinum Tag 

DNA polymerase (Invitrogen/Life Technologies). Products were visualized on 

2.5% agarose gels stained with EtBr, purified for sequencing using the 

manufacturer's suggested procedures for the CONCERT Rapid PGR Purification 

System (Invitrogen/Life Technologies), and sequenced at the University of 

Arizona's Laboratory for Molecular Systematics and Evolution on an Applied 

Biosystems 377 automated DNA sequencer. 

Data set. We compiled complete sequences from 27 individuals from 

localities spanning the species' range (Table 1; Fig 1). We sequenced three 

gene regions (Table 2); a 1415 bp mtDNA fragment spanning portions of 

cytochrome oxidase I & II, including the intervening tRNA; and fragments from 

two Buchnera loci; a 1553 region spanning genes for leucine biosynthesis 

{leuBCD), and a 1334 bp fragment of the housekeeping genes in the ATPase 

pathway (atpAHFEB). In U. ambrosias and other Aphidinae, the leucine 

biosynthetic genes have been amplified onto plasmids (Bracho et al., 1995; 

56 



Baumann et al., 1999). It is not known if this is also the case in P. 

obesinymphae. A closely related species, Pemphigus spyrothecae, has 

tryptophan plasmids resennbling those found in the Aphidinae (Van Ham et al., 

2000), but there is no evidence that leuABCD has been amplified on plasmids. 

Rather, P.spyrothecae has a small, cryptic plasmid bearing a repA1-replicon 

associated with leu plasmids from the Aphidinae (Van Ham et al., 2000), though 

structurally similar to a plasmid in a more distantly related species in the 

Pemphiginae bearing the repA1-replicon, and with a chromosomal leuABCD 

(Van Ham et al., 1997). Our efforts to pinpoint the location of leuABCD were 

inconclusive, and we assume that P. obesinymphae resembles P. spyrothecae. 

Data analysis. Because none of the sequences from the three loci 

contained indels or deletions, sequences were readily aligned by Clustal and 

checked by eye using SEQUENCE NAVIGATOR (Applied Biosystems, Foster 

City, OA) and MACCLADE (Maddison & Maddison, 2000). Coding regions were 

identified by aligning with published sequences from related species, and defined 

in MACCLADE. We used the software packages DNASP (Rozas & Rozas, 

1999), ARLEQUIN (Schneider et al., 2000), MEGA (Kumar et al., 1993), and 

PAUP* (Swofford, 1998) to gather summary statistics on DNA polymorphism and 

tree topologies. Neutrality tests were performed in ARLEQUIN (Schneider et al,. 

2000) and on the website of Dr. Y-X Fu 

(httD://hac.sDh.uth.tmc.edu/fu/aenealoav/test2/: Fu 1997 ). 
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Diversity indices in subpopulations. Because fixation indices were so 

large between tine eastern and western populations (see below), species-level 

estimates of the neutral parameter 6 = 2N4J (where Ne is the effective population 

size and fj is the mutation rate) are difficult to interpret without making a number 

of assumptions about metapopulation demographics (Charlesworth, 1998; 

Slatkin, 2000; Whitlock & Barton, 1997; Wang & Caballero, 1999). Thus, for both 

populations, we separately estimated 6 from k, the average number of pairwise 

differences {rr, Tajima, 1983), and S, the number of segregating sites 

(Watterson's estimator, 6^; Watterson, 1975). 

Population subdivision and phylogenetic congruence. We determined 

the minimum spanning networks for the three loci using the Templeton-Crandall-

Sing Parsimony algorithm ("TCS"; Templeton et al., 1992) as implemented In the 

software package TCS 1.13 (Clement et al., 2000). The algorithm provides the 

95 percent plausible set of most parsimonious haplotype trees, using a 

coalescent-derived parsimony criterion that integrates information on pairwise 

distances between haplotypes, haplotype frequencies, and haplotype tree 

topology (Templeton etal., 1992). 

We used the "Incongruence length differential" (ILD) test (Mickevich and 

Farris, 1981; implemented in PAUP* as the "partition homogeneity test") to 

provide a heuristic measure of the amount of topological congruence between 

the datasets (see Yoder et al., 2001 for a recent critique of the ILD test for 

phylogenetic inference). The ILD test compares the maximum parsimony tree 
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length of a combined dataset with the sum of the tree lengths of each partition of 

the data alone, and determines the significance of the difference by calculating 

the distribution of values from random partitions of the same size as the original 

partitions. A significant result (p < 0.05) rejects the null hypothesis of 

congruence. 

We determined if the three loci are behaving as a single linkage group by 

scoring the minimum number of recombination events in the combined dataset 

events by the four-gamete method of Hudson & Kaplan (1985). 

Neutrality tests. We tested the data for departures from neutrality with 

two widely-used families of indices, those based on the frequency spectrum of 

polymorphisms in a sample or genealogy {Tajima's D, Tajima, 1989; Fu's Fs, Fu, 

1997; Fu & Li's D & F, Fu & Li, 1993), and those based on within- and between-

species comparisons of ratios of heterozygosity at different sites in protein-

coding genes {MK test, McDonald & Kreitman, 1991). These and similar tests 

exploit the prediction from neutrality that the level of polymorphism In a sample 

(or genealogy) is proportional only to the neutral mutation rate (Kimura, 1983). 

Different estimators (or ratios of estimators) of the level of polymorphism, 6, in a 

genealogy should give equivalent results when populations are evolving 

neutrally. If different estimators have unequal sensitivities to the processes that 

generate non-neutral variability, then by comparing test statistics designed from 

different combinations, one can, in principle, identify the processes most likely 

underlying the observed patterns in a sample (Kreitman, 2000). The MK test 
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compares the ratio of synonymous to nonsynonymous polymorphisms within 

species to the ratio of fixed synonymous and nonsynonymous differences 

between species. 

The frequency spectrum tests provide more resolution in samples with low 

levels of polymorphism. Frequency spectrum tests compare the distribution of 

polymorphism in a sample population with neutral expectations, generally by 

computing test statistics based on the relative contributions of low and high 

frequency alleles to polymorphism: these tests have expectations close to zero 

when the variation in the population is at equilibrium with respect to mutation and 

drift (Kreitman, 2000). Large negative values indicate a skew towards low 

frequency alleles, which can be thought of in a genealogical sense as "young" 

alleles in a population recovering from a recent selective sweep or population 

bottleneck (Fu, 1997; but see Fay & Wu, 2000). Positive values can indicate 

balancing selection or population subdivision (Kreitman, 2000). Critical values 

are determined by coalescent simulations using parameters estimated from the 

sample dataset (Rozas & Rozas, 1999; Fu & Li, 1993). 

RESULTS 

Diversity indices in subpopuiations. Basic statistics on sequence 

polymorphism and haplotype variation are summarized in Tables 3 & 4. To 

facilitate direct comparison, we have formatted our tables and figures in styles 

resembling those of Funk et al. (2001). 

60 



Overall, levels of polymorphism were low across the three genes; only 27 

variable sites in total were detected over the entire 5.4 kb sequenced. Maximum 

sequence divergence, calculated over both populations, was roughly equal 

between the three loci (Table 3), and comparable to values reported for U. 

ambrosiae in Funk et al. (2001). Because polymorphism in the western 

population was virtually nonexistent, most of the total variation was found in the 

eastern population. Estimates of/rand from the eastern lineage were all 

within one standard deviation of each other, and generally smaller than that 

reported for U. ambrosiae: e.g, 6^ estimated from synonymous sites in leuB/C 

were 1.067 and 0.317 for U. ambrosiae and P. obesinymphae, respectively. 

Funk et al. (2001) estimated the effective population size of U. ambrosiae from 

drawn from synonymous divergence in an endosymbiont locus of 0.36%. 

Using an estimate of 6^ from synonymous sites in leuB/C of 0.32% (which was 

intermediate between ATPase and COI/II) and a per generation mutation rate of 

1.4-1.9x10"'° from Clark et al. (1999) gives an the estimate of Ne for Buchnera 

in P. obesinymphae roughly similar to that estimated from U. ambrosiae (~1 x 

10^). 

Population subdivision and phylogenetic congruence. The most 

obvious feature of Table 2 is that a substantial fraction of the total variation is in 

the form of fixed differences between the P. fremontii population and the P. 

deltoides population (particularly so for the Buchnera loci) and the complete 

absence of shared polymorphisms. The patterns is also the major feature of the 

61 



minimum spanning networks for the three loci, as shown in Figure 2. Each tree 

is free of homoplasy, but, owing to the low levels of divergence, not well-

resolved. The haplotypes are fully partitioned between an eastern group on P. 

deltoides and a western group on P. fremontii. Fst values, estimated by the 

method of Hudson at al. (1992), are consequently large and significant for each 

locus, particularly for Buchnera (Fig. 2). 

Not surprisingly, given the topologies in the data (Fig. 2), there was no 

evidence of significant incongruence between the datasets (ILD test, 1000 

replications, p = 0.40). All three datasets define the major division of 

Buchnera/P. obesinymphae into eastern P. c/e/to/c/es-associated and western P. 

fremontii-assoaated populations, but there were too few parsimony-informative 

sites within these subpopulations to assess phylogenetic congruence between 

the three loci or regional differentiation between haplotypes (Funk et al., 2000). 

Only a single haplotype (no. 27) was uniquely defined by polymorphisms at each 

locus; no group of haplotypes shared polymorphisms at all loci; and the spatially 

clustered samples from Ohio accounted for at least half of the total haplotype 

variation for each locus (Table 2; Fig. 2). Two parsimony-informative sites in 

COI/II and leuBCD defined a joint set of haplotypes from Ohio and Louisiana, but 

this group was not supported in atpAHFEB, and largely overlapped with another 

parsimony-informative site in COI/II from the east. In the west, the entire 

population was monomorphic, except for a single widespread allele and two 

geographically-restricted alleles in the ATPase locus (Table 2). Finally, there is 
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evidence that the high frequency atpAHFEB alleie in the western population is 

segregating at minute scales on individual trees (Abbot et al., 2001). Thus, 

Buchnera/P. obesinymphae are nearly isolated on P. deltoides and P. fremontii, 

with very little gene flow between the two, and mostly panmictic within the host 

plant ranges. 

As was the case for U. ambrosiae (Funk et al., 2000), there was no 

evidence of recombination events within the subpopulations, using the four 

gamete methods of Hudson & Kaplan (1985). At the species level, all four 

gametic types were present between sites 1109 in leuBCD and 242 in 

atpAHFEB, but the comparison to the outgroup P. populi-transversus indicates 

that western lineage and the eastem 'mutant' in haplotype 17 have the ancestral 

state at site 242. The eastern 'mutant' may represent the stochastic retention of 

an ancestral haplotype, rather than back mutation or a rare recombination event 

between isolated subpopulations (Slatkin, 1994). 

Neutrality tests. The standard infinite sites neutral model assumes a 

randomly-mating population of constant size. The differentiation of Buchnera into 

geographically-distinct, host plant-associated lineages is an obvious departure 

from the idealized population. Because the fixed differences between the two 

lineages are undoubtedly the signature of population subdivision, species-level 

tests of neutrality would only confound the pattern with other explanations with 

similar signatures (e.g., balancing selection). We confined our analyses to the 

eastern lineage, although this had the consequence of further reducing the 
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amount of information available for inferences about evolutionary forces 

governing polymorphism. With low levels of polymorphism as exhibited by 

Buchnera/P. obesinymphae, perhaps the best use of neutrality tests is simply to 

summarize patterns which, to trained eyes, can be quite obvious from the raw 

data (Table 2). 

Because the MK test is relatively insensitive to nonequilibrium conditions 

like population structure (Ballard & Kreitman, 1994; McDonald & Kreitman, 1991), 

we performed the test at the species-level (between P. obesinymphae and P. 

populi-transversus) as well as on P. obesinymphae subpopulations. Even so, 

cell values required by the MK test for the 2 x 2 contingency table were small. 

For those tables in which test statistics could be computed by Monte Carlo 

procedures (Sokal & Rohlf, 1995), only COI/II indicated significant departures 

from neutrality, with an excess of nonsynonymous polymorphism relative to that 

expected from synonymous polymorphism and divergence (Table 5). 

All test statistics for the three loci in both subpopulations were negative 

(for those with sufficient variation to estimate d] Table 6), reflecting a bias 

towards singleton polymorphism at each locus. However, none of the tests were 

significant for COI/II, due to the two sites (288 & 1321) with higher frequency 

alleles. For the Buchnera loci, only ATPase was significantly negative for all 

tests. The only test significantly negative for both Buchnera loci, and for the 

three loci combined, was Fu's Fs test, which is based on the difference between 

the two estimators of d, nand S", the latter being the number of alleles in a 
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sample expected In a neutral, stationary population (Fu, 1997). Interestingly, 

Fu's Fs is thought to be the most powerful test for detecting selective sweeps or 

demographic fluctuations (Fu, 1997; Kreitman, 2000). Collectively, these tests 

capture the most distinctive feature of Buchnera /P. obesinymphae 

variation—that of extremely low levels of polymorphism, and very few shared 

alleles among haplotypes. Importantly, background selection (the removal of 

linked variation by deleterious mutations) does not predict a skew in the 

frequency spectrum towards low frequency alleles except in small populations 

(Charlesworth et al., 1993; Fay & Wu, 2000; Kim & Stephan, 2000; Kreitman, 

2000). 

DISCUSSION 

The motivation behind this study was to survey genetic variation in the 

bacterial endosymbiont B. aphidicola in an aphid species phylogenetically and 

biologically distinct from those in the Aphidinae, on which most molecular genetic 

studies for both aphids and Buchnera have been based. We discovered two 

distinct patterns that mirror the results of a companion study by Funk et al. (2001) 

on the aphidlne species Uroleucon ambrosiae. 

Estimates of effective population size and population structure. First, 

estimates of synonymous heterozygosity per site in North American populations 

of Buchnera we surveyed are very small, on the order of about 0.3 to 0.5%, and 

roughly equal to the variation found in U. ambrosiae-Buchnera sampled over the 
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same range. However, these values from Buchnera/P.obesinymphae include a 

fairly deep divergence between two distinct subpopulations on P. fremontii and P. 

deltoides. If these populations are considered independently, estimated 

synonymous heterozygosities from the combined leucine and ATPase datasets 

are about 0.1% within subpopulations. These estimates are about mid-way 

between the species-wide (-0.45%) and "common haplotype" (-0.01%) 

estimates of synonymous divergence in U. ambrosiae (Funk et al., 2001), and 

approach some of the lowest values ever reported for a bacterial species 

sampled over a wide geographical range (Sreevatsan et al., 1997). 

Comparison to the mitochondrial dataset reveals that the distribution of 

nucleotide variation in Buchnera is largely a function of two features of aphid 

biology, dispersal ability and host plant specialization (Hebert et al., 1991). In 

aphids, host plant relationships are among the most important factors in 

determining geographic patterns of genetic variation (Blackman, 1990; Hales et 

al., 1997). Host-adapted lineages can emerge rapidly at small microgeographic 

scales (Caillaud & Via, 2000; De Barro et al., 1995; Shufran et al., 2000; 

Sunnucks et al., 1997). In host-alternating species with complete life cycles like 

P. obesinymphae, specialization to the primary host is common, perhaps 

reflecting the isolation of the sexual generations on hosts that are temporally 

stable and often spatially separate (Hales et al., 1997; Hebert et al., 1991; 

Loxdale & Brookes, 1990). However, within the range of the primary host, the 

dispersal abilities of winged migrants may prevent temporally stable regional 
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differentiation (Hebert et al., 1991; Loxdale & Brookes, 1990; IVlartinez-Torres et 

al., 1997; Simon & Hebert, 1995), except in cases where other factors intervene 

to prevent gene flow (e.g., life cycle variation between regional populations: 

Martinez-Torres et al., 1996; 1997; Simon et al., 1996). The population structure 

of Buchnera, which is essentially identical to the mitochondrial pattern, is clearly 

shaped by the barriers to gene flow acting on its host. What these and results 

from other taxonomically distant aphid species (Birkle et al., 1999; Funk et al., 

2000; 2001) show is that the population biology of Buchnera is only 

understandable in light of the life cycles and host plant relationships of its aphid 

hosts. 

Selection or demography? Secondly, this study addresses the relative 

roles of selection and drift in endosymbiont genomes. Although the frequency 

spectrum of species-level variation in Buchnera is largely bi-model (due to 

differentiation between host plants), variation in subpopulations is of relatively 

recent origin, mostly in the form of singletons. Both Buchnera/U. amhrosiae and 

BuchneralP. obesinymphae populations exhibit distinctly left-skewed allele 

frequency distributions relative to neutral expectations (Figure 3a), and largely 

negative values of neutrality statistics, indicative of recent selective sweeps or 

population bottlenecks and expansions (Figure 3b; Tajima, 1983). Thus, the 

pattern of nucleotide variation found in Buchnera/U. ambrosiae is a trend 

generalizable to aphid species exhibiting distinct life styles and spanning the 

phylogenetic breadth of the aphid-Buchnera symbiosis. 
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Because the mitochondrial and bacterial genomes are essentially a single 

linkage group (Funk et al., 2000; 2001), favored alleles (or Wolbachia-bearing 

lineages) must occasionally sweep to fixation and remove neutral polymorphism 

in both genomes (Ballard, 2000a, b). It may be, for example, that the absence of 

polymorphism in the western P. obesinymphae population is the result a recent 

sweep (although a bottleneck accompanying relatively recent colonization of P. 

fremontii is also plausible). However, hitch-hiking is an unlikely explanation for 

the general pattern of low polymorphism now apparent in Buchnera populations, 

since it requires nearly simultaneous mutations in U. ambrosiae and both P. 

obesinymphae sub-populations (as well as in other taxa exhibiting identical 

patterns: Birkle & Douglas, 1999). A more straight-forward explanation is that 

Buchnera simply track the population trajectories of their aphid hosts, which can 

experience frequent episodes of population bottlenecks and expansion, and 

which are known to exhibit reduced population variation relative to other animal 

groups assayed with the same markers (Hales et al., 1997). When coupled with 

the bottlenecks that Buchnera experience during innoculation of aphid embryos 

(Mira & Moran, in prep.), diversity is recurrently purged in Buchnera genomes, 

reducing effective population sizes and altering the nature of selection acting on 

individual loci (Moran, 2001). Evidence of this effect comes from the elevated 

rate of nonsynonymous polymorphism in COI/II, relative to the amount expected 

from divergence with P. populi-transversus. Although the Buchnera loci did not 

show similarly elevated amino acid polymorphism by the MK test (mostly 
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because of the high rates of fixed amino acid differences between species), the 

non-neutral patterns in the host mitochondrial genome are consistent with 

patterns in mitochondria genes from other animals, which have been interpreted 

as the presence of weakly-deleterious alleles in small populations (Ballard, 

2000a,b; Nachman, 1998b; Rand & Kahn, 1998; Weinrich & Rand, 2000). The 

implication is that the patterns of intraspecific polymorphism in Buchnera are 

consistent with patterns measured at other levels of organization (Moran, 2001) 

because they all reflect the same proximate mechanisms—those found in the 

unique aspects of symbiosis and aphid population biology. 

Finally, the patterns of intraspecific polymorphism in U. ambrosiae and P. 

obesinymphae also have implications for a putative role of relaxed selection in 

Buchnera. Relaxation in the relative intensity of selection is one explanation for 

the elevated rates of nonsynonymous substitutions relative to free-living bacteria. 

The effects of amino acid polymorphism in Buchnera can be hierarchical 

(expressed both within and between hosts), and the efficiency of selection acting 

on these mutants will depend in a complex manner on the effective population 

sizes of symbionts and hosts, and how the variance in fitness and selective 

consequences of alleles are distributed between the two levels (Rispe & Moran, 

2000). Under certain conditions (low variance between hosts for new alleles that 

primarily affect host fitness), selection will be relatively inefficient on new 

mutations, resulting in an increase in the fixation rate of weakly-selected alleles 

in this category. Wernegreen et al., (2001) found empirical support for this 
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pattern in Uroleucon spp. by comparing the rates of amino acid substitution in 

endosymbiont biosynthetic and housei<eeping genes, which are expected to 

differ in the degree to which they affect host fitness. However, as Rispe & Moran 

(2000) have shown, the effect of selection on the fate of new alleles should be 

minor relative to the effect of host and symblont population size variation. The U. 

ambrosiae and P. obesinymphae datasets validate this prediction. Under 

characteristic conditions within a host lineage, the effects of drift on 

polymorphism and rate variation in non-recombining, endosymbiont loci 

overwhelm the countervailing (or synergistic) effects of selection. Thus, lineage-

specific or locus-specific effects on rate variation are unlikely to be great in 

undisturbed, natural populations, because most aphid populations will be 

operating at sizes too small for these differences to have pronounced effects. 
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TABLE AND FIGURE LEGENDS 

Table 2c.1. Sample identification and collection information for aphid specimens. 

Table 2c.2. Polymorphic sites from coding and noncoding regions in aphid 

mitochondrial and Buchnera chromosomal loci. 

Table 2c.3. Summary of polymorphism at synonymous and nonsynonymous 

sites in both subpopulations. 

Table 2c.4. Summary of haplotype and gene frequencies at the species level 

and in both subpopulations. 

Table 2c.5. MK tests from polymorphism within and fixed differences between 

Pemphigus obesinymphae and Pemphigus populi-transversus at synonymous 

and nonsynonymous sites. 

Table 2c.6. Neutrality tests for each sampled loci for the eastern population on 

Popuius deltoides. 
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Figure 2c.1. Collection sites for "western" (open circles) and "eastern" P. 

obesinymphae aphids used in this study. The stipled area shows the range of 

Populus fremontii, and the dotted line indicates the western boundary of Populus 

deltoides, which ranges eastward over much of the US. 

Figure 2c.2. The haplotype trees for each locus (A; COI/Ii; B: leuBCD; C: 

atpAHFEB) estimated by the TCS algorithm. The dotted lines indicate the 

"western" population on Populus fremontii. The numbers above the branchs 

dividing western and eastern populations correspond to Fst values, and percent 

nucleotide divergence in parentheses. The numbers below the branches are 

bootstrap values from Kimura 2-parameter neighbor-joining trees. 

Figure 2c.3a, b. a) Site frequency spectrum of at the leucine locus from P. 

obesinymphae and U. ambrosiae, compared to neutral expectations; b) Plot of 

estimates of n and for each locus from U. ambrosiae (filled circles; Funk et al. 

2001) and the eastern population of P. obesinymphae (open circles). The line of 

equivalence is shown for comparison. 
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Table 2c.1 

No. Locality Date Collector 

1-11 AZ., Santa Cruz Co., Sonoita 10-10-98 P. Abbot 

12-13 NM., Dona Ana Co., Garfield 9-6-98 P. Abbot 

14 CO., Mesa Co., Highline SP 8-18-00 J. Withgott 

15 NV., Churchill Co., Fallon 8-11-00 J. Withgott 

16 GA., Jefferson Co., Louisville 7-22-98 P. Abbot 

17 lA., Jackson Co., Sabula 7-22-96 J. Withgott 

18, 19 LA., Pointe Coupee Co., St. Francisville 7-10-96 J. Withgott 

20 TX., Fort Bend Co., Richmond 7-6-96 J. Withgott 

21 VA., Henrico Co., Richmond 7-22-96 J. Withgott 

22 KS., Barton Co., Great Bend 7-4-00 J. Withgott 

23 OH, Gallia Co., Kanauga 7-20-96 J. Withgott 

24 OH, Hamilton Co., Cincinnati 7-24-00 P. Abbot 

25 OH, Brown Co., Aberdeen 7-24-00 P. Abbot 

26. 27 OH, Brown Co., Sandy Springs 7-24-00 P. Abbot 
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Table 2c.2 

Aphid mitochondrion Bacterial chromosomal 

COI con leuBCD alpAHFEB 

O) CO CO o o> (O r--
AIIAIA oo •v (O r- in o C\J y— T— CO •t m o <o CN o C\J oo o T— 
AII6ie CO CM m 00 o fO CO (O X— CO o o o h- 00 1^ O) T— o> CO 

ID Site N CN CO 1^ T— ro h- 00 *— T— T— CM CO fO CO u> h- T— 

1-8 AZ 8 A G A A C T G T A T A c T C G A T c A A A G T T C A G 

9-13 AZ 4 T 

14 NM 1 T T T 

15 NM 1 T J 
16 GA 1 T c c T c A c T G A c "c A 
17 OH 1 T A c c T c A C T A c c A 

18. 19 OH. I-A 2 T A c c T c A C T G A c c A 
20-22 OH. TX. lA 3 G T c c T c c T G A c C A 

23 OH 1 G T c c G T c c T G A c C A 

24 LA 1 G T 0 G c T c c T G A A c C A 

25 VA 1 G C T c c T c T c T G A c C A 
26 KS 1 G A T c c T c c T G A c C A 
27 OH 1 G T C c c T c G c T G A c A C A 

Ti/Tv i i i V i i i i i i i i i i i i i i i i i i V i V V i 
Codon position 3 3 3 1 3 2 1 3 1 3 3 3 2 3 2 3 2 - - 1 3 1 3 3 3 3 -

Amino acid T M V N L c L 1 D N K 

Polvmorphism P T M D P Y S - - F N K N -
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Table 2c.3 

Max 
b/w sp. 

Mean Max within sp. div" div.'^ 
(%) (%j East West 

All East West K ( % )  
C

D
 

( % )  0  ( % )  

COl/II 

All (+ noncoding) 0.10 0.31 0.31 0 1.06 0.128 0.158 0.000 0.000 

Synonymous 0.41 1.29 1.25 0 4.83 0.372 0.428 0.000 0.000 

Nonsynonymous 0.03 0.19 0.19 0 0.09 0.080 0.107 0.000 0.000 

leuB/leuC 

All (+ noncoding) 0.20 0.42 0.13 0 1.03 0.079 0.114 0.000 0.000 

Synonymous 0.53 1.30 0.60 0 3.29 0.160 0.317 0.000 0.000 

Nonsynonymous 0.11 0.27 0.17 0 0.41 0.058 0.059 0.000 0.000 

atpA-E 

All (+ noncoding) 0.25 0.60 0.15 0.23 1.27 0.038 0.076 0.070 0.071 

Synonymous 0.31 1.33 0.45 0.45 3.06 0.078 0.154 0. 086 0.142 

Nonsynonymous 0.13 0.50 0.11 0.17 0.74 0.019 0.037 0.022 0.034 
a,b-Percent average and maximum nucleotide distance {ds, uncorrected p) determined by the 
Nei-Gojobori method (Nei & Gojobori, 1986) 
c-Maximum nucleotide distance between P. obesinymphae and P. populi-transversus. 
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Table 2c.4 

N Bp Alleles 
Solitary 
alleles 

T1(S) 
b 

(%) 

Rep.'^ 
(%) 

dN/dS" 

Poly Div 
Div./ 
poly® 

COI/II 

All 27 1415 7 4 7 57 43 0.07 0.03 1.6 
East 12 6 4 6 67 50 0.21 0.008 2.0 
West 15 1 0 0 - - - - 12* 

leuB/leuC 
All 27 1553 7 4 10 40 40 0.21 0.14 1.2 
East 12 6 4 5 90 40 0.33 0.15 3.0 
West 15 1 0 0 - - - - 14* 

atpA-E 
All 27 1334 8 3 10 30 43 0.42 0.28 1.3 
East 12 4 3 3 100 50 0.29 0.28 5.0 
West 15 4 1 3 0 50 0.25 0.43 5.0 

All loci 

All 27 4302 14 10 27 41 46 
East 12 10 8 15 80 40 
West 15 4 2 3 33 50 

'assuming one polymorphic site within this population 
a-number of segregating sites 
b-percentage of segregating sites that are singletons 
c-percentage of segregating sites that are nonsynonymous 
d-ratio of changes per site at nonsynonymous and synonymous sites for those that are polymorphic within P. 
Qbesinymphae and those involved in divergence between P. obesinymphae and P. populi-transversus. 
e-ratio of polymorphic sites between and within P. obesinymphae and P. populi-transversus. 
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Table 2c.5 

All East West 
Poly Fixed Nl" Poly Fixed Nl Poly Fixed Ni 

COl/U 
8.25 

• silent 4 11 
8.25 

• 3 12 12^ 0 12 

replacement 3 0 3 0 0 0 

leuB/C 
silent 6 8 1.33 3 10 1.33 0 9 -

replacement 4 4 2 5 0 5 

atpA-E 
silent 6 6 0.57 2 8 0.57 2 6 0.33 
replacement 4 7 1 7 1 9 

* p < 0.05 

a-neutrality index; the ratio of polymorphic to fixed replacement changes divided by the ratio of polymorphic 
to fixed silent changes (synonymous changes plus those in noncoding regions). See Nachman, 1998b. 

t assuming one fixed difference between species 

77 



Table 2c.6 

Tajima's 
D Fu's Fs 

Fu & Li's 
D 

Fu & Li's 
F 

Fu & Li's 
D* 

Fu & Li's 
F* 

COl/II -0.556 -1.924 -1.325 -1.199 -1.012 -0.953 

leuBCD -1.123 -2.897" -1.754 -1.628 -1.396 -1.341 

atpAHFEB -1.08 -2.124* -2.104* -2.025* -1.775* -1.749* 

All loci -1.27 -5.451*** -2.192* -1.988* -1.614 -1.549 
•p<0.05 
•*p<0.01 
"*p<0.005 
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Figure 2c.1 
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Figure 2c.2 
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Figure 2c.3a, b 
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ABSTRACT 

Sympatric populations can diverge when variation in phenology or life 

cycle causes them to mate at distinctly different times. We report evidence of 

this process (allochronic speciation) in North American gall-forming aphids, in the 

absence of a host or habitat shift. Pemphigus populi-transversus and P. 

obesinymphae form a monophyletic clade within the North American Pemphigus 

group (-1% sequence divergence). They are sympatric on the cottonwood, 

Populus deltoides (Salicaceae), but they have distinctly different life cycles. P. 

populi-transversus has a sexual stage that occurs in the fall, while P. 

obesinymphae produces sexuales six months later, in late spring. Field evidence 

indicates that intermediate phenotypes do not commonly occur, and 

mitochondrial and bacterial endosymbiont DNA sequences show no maternal 

gene flow between the two species. Because a genetically distinct population of 

P. obesinymphae occurs in the southwestern US on Populus fremontii, we 

consider the possibility of an initial allopatric phase in the divergence. We 

discuss the likely origins of the host use patterns in P. obesinymphae, and the 

larger sequence of evolutionary changes that likely led to the sympatric 

divergence of P. populi-transversus and P. obesinymphae. The most plausible 

interpretation of available data is that a shift in timing of the life cycle in an 

ancestral population spurred divergence between the incipient species pair. 
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INTRODUCTION 

Allochronic speciation, the divergence of taxa due to temporal 

reproductive isolation, has long appealed to biologists studying speciation in 

herbivorous insects. Insect life cycles can be intricately adapted to seasonal 

variation in biotic and abiotic conditions. When variation in phenology causes 

distinct mating times, assortative mating and divergence can occur between 

populations that would othenA/ise interbreed (Alexander & Bigelow, 1960; Tauber 

&Tauber, 1981; Wood & Kease, 1990). Until recently, the role of phenology in 

sympatric divergence has not been clear, but new evidence has emerged 

affirming its central importance in herbivorous insects (summarized in Via, 2001). 

A principal catalyst is host shifts, which facilitates spatial and temporal isolation 

of mating pairs as by-products of disruptive or divergent selection for efficient 

host utilization and/or ecological or behavioral specialization to newly-acquired 

hosts (Bush & Smith, 1997; Filchak et al., 2000; Via et al., 2000). 

Temporal reproductive isolation is often accompanied by spatial 

reproductive isolation (via host or habitat shifts), and there are few examples of 

"primary" allochronic speciation—that is, speciation not requiring host or habitat 

shifts, with temporal isolation as the first and perhaps only step facilitating 

genetic divergence (Tauber & Tauber, 1981). To date, the unsynchronized 

broods and species of periodical cicadas provide the best example (Cooley et al., 

2001). However, other examples are thought to likely surface in groups like 
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herbivorous insects or microparasites, which possess complex life cycles with 

distinct mating times (Filchak et al. 2000; Theron & Combes, 1995; Via, 2001). 

We report evidence of a new case of allochronic isolation in the absence 

of a host or habitat shift. Within the North American gall-forming aphids. 

Pemphigus populi-transversus and P. obesinymphae (Hemiptera: Aphididae: 

Pemphiginae) are closely related species, and are largely sympatric east of the 

continental divide, where both are found on their common host plant, Populus 

deltoides (Salicaceae; Bird et al., 1979; Sokal & Riska, 1981). There is no 

evidence of geographic or habitat-specific barriers to gene flow, but the life 

cycles of the two species are distinct: a change in over-wintering strategy by P. 

obesinymphae has resulted in a discrete difference in the timing of the annual 

production of sexual males and females (Faith, 1979a). Thus, variation in the life 

cycles of the two sympatric species may be the sole agent of their divergence. A 

number of uncertainties exist, however. We address three here, which we have 

diagrammed in Figure 1a-d. 

First, overlap in mating times would result in incomplete isolation, and 

create opportunities for gene flow (Faith, 1979a; Fig. 1a). We address this issue 

by using molecular markers on field populations to test for seasonal overlap in 

sexual stages, and gene trees to test for gene flow between the two species (Fig. 

1b). 

Second, a fundamental requirement of testing sympatric speciation is that 

the present geographic ranges of the species are good indicators of ancestral 
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ranges (Barraclough & Vogler, 2000; Berlocher, 1998; Fig. 1c), and this 

requirement is met only if the species pairs understudy are recently diverged, 

and thus monophyletic (Harrison & Bogdanowicz, 1995; Schliewen et al., 1994). 

Previous descriptions of morphological and life history characters indicate that P. 

populi-transversus and P. obesinymphae are closely related; indeed, they were 

long considered the same species (Faith, 1979a; Blackman & Eastop, 1994, Aoki 

& Moran, 1994). We corroborate this evidence and estimate the divergence 

between P. populi-transversus and P. obesinymphae by reconstructing the 

phylogenetic relationships among most of the North American species in the 

genus Pemphigus using molecular sequence data. 

Lastly, we address alternative interpretations of modern differences in 

geographic ranges of P. obesinymphae and P. populi-transversus, addressing 

the question of whether allopatry was an original basis for divergence or whether 

range differences arose subsequent to sympatric divergence (Fig 1d). P. 

obesinymphae consists of two reciprocally monophyletic lineages: one sympatric 

with P. populi-transversus on P. deltoides and one on Populus fremontii and 

restricted to western North America (Aoki & Moran, 1994; Abbot & Moran, in 

prep; Fig. 2). Although the historical sequence leading to this pattern of host use 

has not been established with certainty, one scenario contradicts sympatric 

speciation by primary allochronic isolation: if P. fremontii is the ancestral host, 

then sympatry with P. populi-transversus on P. deltoides represents an 

expansion of the P. obesinymphae lineage previously isolated on P. fremontii. 
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We can only partially test this scenario here. A previous study described the 

pattern of intraspecific variation in P. obesinymphae (Abbot & Moran, in prep.). 

However, the pattern of regional variation and host use of P. populi-transversus 

has remained unexplored, but may provide insight into the historical pattern of 

divergence in P. obesinymphae by revealing host-use polymorphisms or 

regionally-isolated populations that could have served as bridges to P. fremontii 

(Funk et al., 1995). We examine the pattern of intraspecific variation in P. populi-

transversus, and discuss the extent to which our present data address the origin 

of P. obesinymphae. 

METHODS 

Background to the study species. Aphids are a group of small, 

phytophagous insects with complex life cycles, involving host alternation and 

annual stages of parthenogenetic and sexual reproduction. The gall-forming 

aphids in the genus Pemphigus are typical in this respect—both sexual and 

asexual generations occur on a woody angtosperm, known as the "primary" host, 

and neariy all species migrate in eariy or mid-summer to a herbaceous host plant 

(the "secondary" host), where a number of parthenogenetic generations occur. 

Female migrants (the "sexuparae") then fiy back to the primary host and deposit 

a small number (usually six or less) of diminutive males and females beneath the 

host's bark (the "sexuales"). The sexuales mate, and females lay a single 

diapausing egg that ovenA/inters and hatches the following spring. The young 
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females (the "foundresses" or "fundatrlces") then crawl to the end of branches 

without feeding, and Initiate galls on the expanding leaves, and the cycle is 

begun anew. In North America, about 15 species form distinctive galls on the 

stems and leaves of Populus species and most exhibit host alteration. 

The historical perspective. From 1948 to 1991, Sokal and his 

associates compiled an extensive dataset on character and geographical 

variation in P. populi-transversus and P. obesinymphae in the midwestern and 

eastern US (citations summarized in Sokal et al., 1991). They are abundant and 

widespread eastward from the Continental Divide, throughout the range of their 

primary host, the eastern cottonwood Populus deltoides. Originally, P. 

obesinymphae was thought to be only a morph of P. populi-transversus (Takade, 

1970; Fig. 3A-C). Sokal and his associates described two distinct gall types in P. 

populi-transversus: a morph that formed an elongated gall on the leaf petiole 

(which they named "elongate"), and a larger, round morph that occurred at the 

juncture between the petiole and the leaf (which they named "globular"). The two 

morphs were largely sympatric in the eastem US, with the elongate morph 

tending to predominate in the north, and the globular morph tending to be more 

common in the south (Bird et al., 1979). However, they varied at several 

allozyme loci (Setzer, 1980) and differed in a number of life history traits (Faith, 

1979b: Rhomberg, 1980). A species resembling the globular morph was 

subsequently described on P. fremontii in the southwestern US (Aoki & Moran, 

1994; Moran, 1993), confirming prior anecdotal reports of its presence there 
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(Maxson & Knowlton, 1929; in Faith, 1979c: in Bird et al., 1979). As Sokal 

suspected it should be (Sokal et al., 1991), the globular morph was elevated to 

species status upon reexamination of the distinctive morphological, 

developmental, and behavioral traits that distinguished it from the "elongate" 

morph of P. populi-transversus, and named P. obesinymphae (Aoki & Moran, 

1994; Moran, 1993). Because Aoki and Moran did not examine the original 

Sokal material, or other material from eastern North Anfierican, they did not point 

out the equivalence of P. obesinymphae with the globular morph. The identity of 

the two has only been clarified recently (Abbot & Moran, in prep.). Subsequent 

work has further established several unique behavioral and developmental traits 

in P. obesinymphae (Abbot et al., 2001; Withgott et al., 1997). We will refer to 

the two as P. obesinymphae-deltoides and P. obesinymphae-fremontii. 

Life cycle variation between P. populi-transversus and P. 

obesinymphae. Using common garden experiments and field surveys. Faith 

(1979a,b) characterized the life cycles of P. populi-transversus and P. 

obesinymphae-deltoides (Aoki & Moran (1994) and Moran (1993) corroborated 

Faith's results for P. obesinymphae-fremontii.) He discovered a fundamental 

difference in phenology, which we have diagrammed in highly simplified form in 

Fig. 4. P. populi-transversus exhibits the typical pattern for Pemphigus species, 

but in P. obesinymphae, the production of sexuparae (the mothers of the sexual 

males and females) and the migration to Popuius are shifted from fall to spring. 

During winter, P. obesinymphae remains on the roots of crucifers as adult 
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parthenogenetic females, where several generations occur; sexuparae develop 

in spring, fly to Populus after the initial leaf flush, and produce the sexuales which 

mate in the usual manner on the bark. The other unusual feature of this life cycle 

is that the resulting eggs rapidly hatch, without diapause. 

The two species also differ in how they utilize P. deltoides. The 

appearance of aphid foundresses is matched to the initial budburst of the 

unfolding leaves that they will ultimately gall, reflecting the narrow window of 

opportunity available to gall-forming aphids to successfully initiate leaf galls 

(Akimoto, 1998; Dixon, 1976; Weis et al., 1984; Yukawa, 2000, Whitham 1978). 

But, remarkably, the two species form galls on two distinct kinds of leaves that 

differ in the time they appear on the tree. Populus species have an unusual, 

bimodal pattern of foliar growth ("seasonal heterophyly"; Critchfield, 1960; 

Eckenwalder, 1996). In early spring, the first burst of growth is from embryonic 

leaves that have ovenA/intered in the buds. These "early" leaves are followed by 

a "late" flush of summer leaves, most of which are newly initiated on the growing 

shoots. P. populi-transversus foundresses, having ovenA/fntered as eggs, forms 

galls on the early, spring leaves. P. obesinymphae, by contrast, only returns to 

P. deltoides after the first flush of spring leaves, and forms galls on the late flush 

of summer leaves. Having appeared later on trees than P. populi-transversus, 

they also remain longer, well into the fall after P. populi-transversus has already 

departed for the secondary hosts (Bird et al., 1979; Fig. 4). 
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p. populi-transversus and P. obesinymphae thus are distinctly different in 

both their summer and winter phases; P. populi-transversus overwinters as 

diapausing eggs, P. obesinymphae as root-feeding adults, and they colonize two 

discrete temporal "islands" of developing leaves on Populus. These differences 

have inevitable consequences for the timing of the sexual stages. 

Experimental methods 

Detecting temporal overlap in sexual stages. Faith (19793) discovered 

that, despite the life cycle differences, opportunities might exist for gene flow 

between the two species. In common garden experiments, P. populi-transversus 

can be induced to produce spring sexupara. He found no evidence of naturally 

occurring variation in field surveys, however, and no evidence of plasticity in the 

life cycle of P. obesinymphae. In three small experiments, we surveyed natural 

populations of both species for life cycle variation. 

In one experiment, at three successive dates, we surveyed a single tree of 

P. deltoides in southern Ohio for P. populi-transversus and P. 

obesinymphae—once each in early spring (4-8-2001), late spring (5-20-2000) 

and mid-summer (7-13-2000). We collected sexuparae (whose corpses remain 

after they have deposited the sexuales) and sexual eggs beneath the bark of P. 

deltoides. Sexuparae and eggs are more reliably located than the tiny, short

lived sexuales. We typed each sample to species with a diagnostic 350 bp 

sequence of cytochrome oxidase II and compared it to known sequences from a 
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previously established database. The premise behind these surveys was the 

chronological sequence of arrival on Populus can be determined from the 

presence or absence of sexupara and eggs. In early spring, the sexupara 

corpses and eggs are products of the previous fall; in late spring, they are the 

products of newly-arriving sexuparae from overwintering colonies. The spring 

sexupara are easily discriminated from the corpses of sexupara from the 

previous fall, which rapidly decompose in warm spring temperatures, and are 

present in dense "mats" in the crevices of the bark (Faith, 1979b). Altogether, we 

collected and typed 11 eggs, and one sexupara each from eight mats. Seven of 

the eggs were viable, and we allowed them to hatch prior to typing. 

In the second survey, in southern New Mexico (Grant Co., San Juan), we 

located sexuparae (n = 16) and a single egg in the crevices of the bark of P. 

fremontii on 3-28-99. We then returned in mid-summer to survey the site for 

petiole galls. Representative galls of all species were collected and the 

mitotypes of sexuparae and adult foundresses were determined by the method 

described above. 

In the third survey, with the help of a colleague (Dr. T-X Liu, University of 

Texas, Weslaco), we sampled a plot of cabbage in southern Texas, a region 

where we had observed petiole galls of both species. Samples were taken over 

the winter months of 1999-2000 for root-feeding P. obesinymphae and P. populi-

transversus (both species are common pests on agricultural crucifers like 

cabbage; Jones & Gillette, 1918). Faith (1979a) had found root-feeding colonies 
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on crucifers from fall to late spring, which he described as P. populi-transversus 

from morphological keys (note that the distinction between P. populi-transversus 

and P. obesinymphae had not been made at the time of Faith's survey: 

moreover, Pemphigus species are nearly impossible to discriminate at this 

stage). We expected to find only P. obesinymphae in these plots during the 

winter months (Fig. 3). If temporal plasticity in P. populi-transversus is very 

common at this site, however, both species should be present in mixed 

assemblages on cabbage roots. We typed 10 aphids from each of three 

successive samples in November 1999, and January and May 2000 by 

sequencing a diagnostic mitochondrial fragment, as described above. 

Collection methods for estimating gene flow, population indices, and 

phylogenies. In the field, when they are found in mixed assemblages of galls on 

P. deltoides, P. populi-transversus and P. obesinymphae-deltoides can normally 

be discriminated by gall morphology, leaf position of the gall, and by the 

developmental stage of the nymphs in the gall at the time of sampling (Bird et al., 

1979; Fig. 3A-C). P. populi-transversus does not occur on P. fremontii, and the 

galls of P. obesinymphae-fremontii are readily discriminated from other 

Pemphigus species in the southwestern US by their characteristic shapes (Fig. 

3D). All collections were made from gall-founding females and classified 

according to the phenotype of the gall (Table 1). We estimated gene flow by 

searching for shared haplotypes between P. populi-transversus and the two P. 

obesinymphae populations, and compared the genealogical partitions with the 
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organismal phenotypes. Contemporary gene flow would cause incongruence 

between the maternal haplotype lineages and the phenotypically-defined species 

tree. Incomplete lineage-sorting can produce patterns similar to gene flow 

(Neigel & Avise, 1986; Slatkin, 1981), but is unlikely to be a confounding factor 

here. This is because the two younger P. obesinymphae clades are reciprocally 

monophyletic (Abbot & Moran, in prep.), indicating the likelihood of sufficient time 

since divergence and/or small enough population sizes for complete lineage 

sorting to occur between the two species as well. We used maxinnum parsimony 

to reconstruct the relationships between the haplotypes, and conducted an 

analysis of molecular variance (AMOVA) partitioned into two levels (between the 

two species, and between each of the three lineages treated as single 

populations) to summarize the overall pattern of diversity (Excoffier et al., 1992). 

For our collections, we sampled at multiple geographic scales, and collected 

specimens for P. populi-transversus (16 individuals), and for the eastern (17 

individuals) and western (27 individuals) throughout their ranges (Fig. 2). We 

were unable to obtain specimens of P. obesinymphae from California, or from the 

extreme northwestern edge of the range of P. populi-transversus, although their 

hosts occur in these areas. All collections were either preserved in 95% ETOH, 

or directly frozen as live specimens at -80° C. 

For the phylogenetic analyses, we collected representative gall-dwelling 

adults from species on Populus throughout North America (Table 2). For each 

species, adults were mounted on slides and identified using available keys 
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(Maxson & Knowlton, 1929; Palmer, 1952; Blackman & Eastop, 1994). We 

reconstructed the Pemphigus phylogeny, using maximum parsimony, neighbor-

joining distance methods, and maximum likelihood. The model providing the 

highest likelihood, including the proportion of invariable sites and the shape 

parameter for the gamma distribution, were estimated by the software package 

Modeltest v. 3.0 (Posada & Crandall, 1998). 

Loci used, DNA amplification, and sequencing. We compiled 

sequences from aphid mitochondrial and bacterial endosymbiont loci. For the 

intraspecific analyses, we sequenced a 1415 bp mtDNA fragment spanning 

portions of cytochrome oxidase I & II, including the intervening tRNA, and 

fragments from two loci in the aphid bacterial endosymbiont Buchnera aphidicola: 

a 1553 region spanning genes for leucine biosynthesis {leuBCD), and a 1334 bp 

fragment of the housekeeping genes in the ATPase pathway {atpAHFEB). 

Because there is no evidence of incongruence between the loci (Abbot & Moran, 

in prep.), they were concatenated into single sequences of 4302 bp. For an 

additional 19 specimens, we only obtained partial COI/II sequences of varying 

length, which we used to document the geographic distributions of populations, 

but did not use in any further analyses (Table 1). We added these partial COI/ll 

sequences by first constructing a constraint tree in PAUP* with the fully 

sequenced specimens and then, by maximum parsimony, adding the partial 

sequences onto this topology as unresolved basal polytomies within each of the 

principal lineages. For the species-level comparisons, we added a 1092 bp 
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fragment partially spanning the mtDNA genes cytochrome B and ND1, including 

the intervening tRNA. Incongruence between cytochrome B/ND1 and the other 

loci was tested with the "incongruence length differential" (ILD) test (Mickevich 

and Farris 1981; implemented in PAUP* as the "partition homogeneity test"). 

We extracted whole genomic DNA from single aphids using a simple 

technique modified from Bender et al. (1983). All PGR reactions were carried out 

in a 50 |jl reaction mixture containing 20-40 ng total DNA, 1X PGR buffer (200 

mM tris-HGL (pH 8.4), 500 mM KCL; Invitrogen/Life Technologies, Garlsbad, 

California, U.S.A.), 0.25 mM of each dNTP, 3.75 pM of each primer, 3.0 mM 

MgCl2, and 2.4 units of Platinum Taq DNA polymerase (Invitrogen/Life 

Technologies). Products were visualized on 2.5% agarose gels stained with 

EtBr, purified for sequencing using the manufacturer's suggested procedures for 

the CONCERT Rapid PGR Purification System (Invitrogen/Life Technologies), 

and sequenced at the University of Arizona's Laboratory for Molecular 

Systematica and Evolution on an Applied Biosystenns 377 automated DNA 

sequencer. 

Data analysis. There was only a single amino acid insertion across all 

sequenced loci (in the Buchnera gene atpAHFEB of three taxa), and sequences 

were thus easily aligned by Clustal and checked by eye using SEQUENCE 

NAVIGATOR (Applied Biosystems, Foster City, OA) and MACCLADE (Maddison 

& Maddison, 2000). Coding regions were identified by aligning with published 

sequences from related species, and defined in MACCLADE. Phylogenetic trees 
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were constructed in PAUP* (Swofford 1998), pairwise genetic distances were 

calculated in MEGA (Kumar etal. 1993), and summary statistics on DNA 

polymorphism and haplotype diversity were calculated in DNASP (Rozas & 

Rozas, 1999). 

RESULTS 

Tests for seasonal overlap in the timing of sexual stages. Results of 

the life cycle surveys are summarized in Table 3. Although sample sizes were 

small, we detected no temporal overlap in the sexual stages of the two species at 

the sites we sampled. In the Ohio sample from late spring of 2000, the 

sexuparae and eggs we collected were P. obesinymphae, and we detected no P. 

populi-transversus in this life stage. All P. obesinymphae eggs hatched in the lab 

with 10 days of collection. P. populi-transversus petiole galls were present at the 

time of this survey, however, on the early spring leaves of the trees we sampled. 

Two months later, in mid-summer, both species were present in mixed 

assemblages of petiole galls on most trees (a related species, P. popull-caulis, 

was also quite common). Unfortunately, the survey the following year in early 

spring gave ambiguous results. As expected, P. obesinymphae was not present 

on P. deltoides. No P populi-transversus were present in our samples, although 

we did collect eggs and sexuparae of P. populi-caulis (which, like P. populi-

transversus, has the typical pattem of fall sexuales and over-wintering eggs; 

Gillette & Palmer, 1934)., 
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The overall pattern was substantiated in the nnore linnited New Mexico and 

Texas surveys. On P. fremontii in New Mexico, P. obesinymphae migrants and 

eggs were absent in early spring in New Mexico. Galls were abundant only three 

months later, indicating that P. obesinymphae returned to the trees at this site at 

some point between our two surveys (P. populi-transversus is absent on P. 

fremontii, so this test only confirms the earlier descriptions of the P. 

obesinymphae life cycle on P. fremontii (Aoki & Moran, 1994; Moran, 1993)). In 

eastern Texas, where both species occur, only P. obesinymphae was detected 

over the winter months on the roots of cabbage. Thus, in New Mexico and 

Texas, we confirmed a pattern of spring sexuality by P. obesinymphae, and, in 

Texas, we found no evidence that P. populi-transversus is producing spring 

sexuales. 

Estimates of population diversity indices, gene flow, and population 

structure. Population diversity indices are summarized in Table 4. Divergence 

between P. populi-transversus and P. obesinymphae (~1 %) was about three 

times as great as the divergence between P. obesinymphae-deltoides & fremontii 

(-0.3%). Nucleotide and haplotype diversities (Nei, 1987; Watterson, 1975) in P. 

populi-transversus were /7-= 0.11% and H = 0.86, respectively, roughly equivalent 

to that previously estimated for P. obesinymphae-deltoides {n - 0.08%; H = 

0.94), while larger than that of P. obesinymphae-fremontii {rr= 0.02%; H = 0.66; 

Abbot & Moran, in prep.). There was no evidence of regional differentiation in 

the P. populi-transversus population: the most common haplotype (n = 5) was 
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geographically widespread, distributed from South Dakota to Ohio to 

Connecticut, with unique haplotypes embedded within this range. This pattern 

was similar to P. obesinymphae, which also exhibits widespread gene flow and 

no geographical structure within the range of either P. deltoides or P. fremontii 

(Abbot & Moran, in prep.). There was also no evidence that P. populi-

transversus forms galls on Fremont cottonwoods, despite a westerly distribution 

on P. deltoides that approaches the eastern boundary of P. fremontii (Fig. 2). 

Overall, the distribution of P. populi-transversus is in complete accord with the 

surveys of Sokal and associates (Bird et al., 1979). 

A single tree was recovered by maximum parsimony (72 steps; 55 

parsimony infonnative sites; for informative sites, CI = 0.965; Rl = 0.997), which 

was topologically congruent to the neighbor-joining and maximum likelihood trees 

(data not shown). P. populi-transversus and P. obesinymphae-deltoides & 

fremontii are differentiated into strongly-supported monophyletic clades, with no 

evidence of shared haplotypes (Fig. 5; Wakeley & Hey, 1997). Of the 70 

polymorphic sites in total, over half were fixed differences between lineages, 

indicating the complete absence of gene flow (25 between P. populi-transversus 

and P. obesinymphae, and 11 between P. obesinymphae-deltoides & fremontii] 

Hey, 1991). This pattern was evident in the AMOVA, where only 7% of the 

variance was explained by within-population variation, while 65% of the variance 

was explained by P. populi-transversus vs. P. obesinymphae, and the remaining 

28% by the split between P. obesinymphae-deltoides & P. obesinymphae-
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fremontii. Unlike P. obesinymphae, the P. populi-transversus clade has a 

number of divergent, deeply-branching lineages (Fig. 5). These haplotypes are 

distributed from Texas to Pennsylvania, and thus they are not a single, 

regionally-isolated group. The genetic distance between the most deeply 

branching lineage, a Pennsylvania haplotype, and the principal P. populi-

transversus cluster approaches the maximal distance found in P. obesinymphae 

overall (Tamura-Nei distances; 0.36% vs 0.40%, respectively). Thus, it appears 

that lineage-sorting has proceeded more slowly in P. populi-transversus than in 

either P. obesinymphae lineage. 

Only 1 of 59 specimens classified by phenotype was incongruent with the 

genealogical partitions (Fig. 5). While this specimen may signify gene flow, 

notably it was also the first P. populi-transversus population we sampled, and 

may be an error on our part as we learned to discriminate the two species. 

Closer examination of nymphal morphology was inconclusive, because this 

sample did not contain the adult migrant females required to discriminate the two 

species (Bird et al., 1979). 

Phylogenetic relationships among Pemphigus species in North 

America. In all, we collected and sequenced most of the known North American 

Pemphigus species, with only a few exceptions. The most notable omission is 

Pemphigus knowltoni, which has a number of synapomorphies that unite it with 

P. obesinymphae + P. populi-transversus. We sequenced a total of 5387 bp for 

all gene regions combined. There was no evidence of incongruence between 
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cytochrome B/ND1 (ILD test, 1000 replicates, p = 0.64) and the three other loci 

tested previously for congruence (Abbot & Moran, in prep.), and the data were 

combined. For two taxa, P. spyrothecae and P. nortonii, we were unable to 

obtain sequences for part of the Buchnera loci, and they were omitted from the 

full analysis. Inspection of the COI/II pairwise distances revealed no uniquely 

close affinities between these two taxa and the assemblage as a whole (range: 

P. spyrothecae, 3.9-6.0%; P. nortonii, 3.5-5.9%). For most, we obtained in 

excess of 5 kilobases. 

We recovered a single most parsimonious tree from the combined dataset 

(1463 steps, 487 informative sites; for informative sites, CI = 0.713; Rl = 0.719). 

The topology was stable when each gene was considered alone, and both the 

combined and separate analyses provided unequivocal support for a P. populi-

transversus + P. obesinymphae clade. Neighbor-joining (Tamura-Nei distances) 

produced an identical topology with similar bootstrap support. Maximum 

likelihood provided high bootstrap support for each of the three principal clades 

(I, II, & HI; 100 replicates; General Time Reversible with invariant sites and 

gamma approximation: Yang, 1994), but differed from maximum parsimony and 

neighbor-joining in not resolving the root of the tree. No analysis provided strong 

support for basal nodes (Fig. 6). 

DISCUSSION 
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Previous studies on P. popuH-transversus and P. obesinymphae indicated 

that their divergence nnay represent a rare example of ailochronic speciation 

(Faith, 1979a). They have similar life histories, they are largely sympatric, and 

yet their life cycles differ in such a way that their sexual stages seem rarely to co-

occur in nature. We sought to lay the foundation for exploring how life cycle 

variation facilitates divergence in these species by testing several key 

assumptions, largely in a genealogical framework. 

First, we asked if gene flow is occurring between P. populi-transversus 

and P. obesinymphae by comparing gene trees with species phenotypes. If 

gene flow commonly occurs, we expected to find widespread conflict between 

the two. However, we found little evidence of contemporary gene flow in either 

direction between the species, despite their common host use and overlapping 

ranges. With the exception of single ambiguous specimen, the maternal gene 

trees and species phenotypes were completely concordant, indicating that 

hybrids are infrequent or absent altogether in the gene pools. 

The absence of gene flow is likely due to the full temporal isolation of the 

sexual stages. Our limited field surveys supported those of Faith (1979a) and 

turned up no evidence that the sexual stages of P. populi-transversus or P. 

obesinymphae overlap in natural conditions. More extensive surveys might have 

uncovered more variation, especially if the life cycles vary with environmental 

conditions. 
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Secondly, we asked if P. populi-transversus and P. obesinymphae share a 

recent comnnon ancestry. We assumed that close genetic similarity is required 

for any scenario that invokes sympatric speciation (Berlocher, 1998; Harrison & 

Bogdanowicz, 1995). North American Pemphigus aphids represent a relatively 

recent radiation, with an average sequence divergence of only about 4% (range 

0.6-6.6%). Within the assemblage, P. populi-transversus and P. obesinymphae 

are monophyletic, differing on average at about 1% of sites, with about 0.3% 

divergence between the two P. obesinymphae populations on P. deitoides and P. 

fremontii. Thus, the plausibility of sympatric divergence on P. deitoides is not 

refuted by the Pemphigus phytogeny (Harrison & Bogdanowicz, 1995). However, 

the presence of distinct P. obesinymphae lineages on two different hosts offers 

two scenarios for the origin of P. obesinymphae that differ in the chronological 

order of host use and character changes (Fig 1d). 

One scenario is that the P. obesinymphae-deltoides lineage originated 

before or contemporary with the origin of P. obesinymphae-fremontii. We refer to 

this as the "allochronic scenario", because it holds that the divergence between 

P. populi-transversus and P. obesinymphae-deltoides occurred in sympatry. We 

have hypothesized that, if this is the case, the ancestral populations were most 

likely isolated by asynchrony in mating times. The second scenario is that P. 

obesinymphae-fremontii originated before the origin of the P. deitoides lineage, 

by either fragmentation of the ancestral P. populi-transversus range, or dispersal 

of P. populi-transversus onto P. fremontii. We refer to this as the "allopatric 
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scenario", because it holds that the divergence between P. populi-transversus 

and P. obesinymphae-fremontii and the fixation of the P. fremontii life cycle 

occurred in allopatry on their respective hosts. The P. deltoides lineage would 

have originated by recolonization from the P. fremontii lineage. 

Although we refer to a single allopatric scenario, there are in fact several, 

reflecting the general observation that any sympatric distribution can be 

explained by allopatric divergence, given a sufficient number of evolutionary 

changes (Via, 2001). The various allopatric scenarios differ in how they arrange 

the historical order of transitions between life cycles and hosts. The difficulty for 

them all is to arrange the series of transitions so that sympatric divergence is 

minimized, while accounting for the absence of P. popuii-transversus on P. 

fremontii. We illustrate this difficulty by describing two allopatric scenarios in 

more detail. 

The first and most plausible scenario invokes a common vicariant history 

for both the aphids and the trees, with the P. obesinymphae life cycle originating 

concurrently with the fragmentation of the species' ranges. If the P. fremontii 

population then expressed a mixture of overwintering strategies, selection or drift 

could have rapidly fixed the P. obesinymphae life cycle, with only a short 

transitional sympatric phase between the two life cycles on P. fremontii. A 

second, alternative scenario is that P. fremontii v^as colonized by P. populi-

transversus after the trees diverged. The emergence and fixation of the P. 

obesinymphae life cycle then would have then ensued, with recolonization of P. 
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deltoides occurring afterwards. The difficulty with the "dispersal" scenario is two

fold. It invokes sufficient gene flow by P. populi-transversus to allow the 

colonization of P. fremontii, but not too much to prevent the fixation of the P. 

obesinymphae life cycle. It also requires a short time span between the origin of 

the P. obesinymphae life cycle and the extinction of the parental P. populi-

transversus life cycle on P. fremontii. If gene flow were prolonged, and the 

parental P. populi-transversus persisted, then the problem of sympatric, 

allochronic divergence is simply transferred from P. deltoides to P. fremontii, 

requiring a new, even more complex scenario for the origin of P. obesinymphae. 

Thus, the first, "co-diversification" scenario seems the most plausible 

alternative to allochronic isolation, but several lines of evidence argue against it. 

First, the divergence between P. deltoides and P. fremontii is older than the 

divergence between P. populi-transversus and P. obesinymphae-fremontii, and it 

is unlikely that they share a common vicariant history. P. deltoides and P. 

fremontii split in the late Pliocene, probably about 3 to 5 MYA (Eckenwalder, 

1996; J. Eckenwalder, pers. com.). We can derive an approximate date of the 

split between P. populi-transversus and P. obesinymphae by assuming a rate of 

mitochondrial sequence divergence of about 2% per million years (Brower, 

1994). The 1% divergence in COI/II then places the split between P. populi-

transversus and P. obesinymphae-fremontii in the middle Pleistocene, about 

500,000 years BP. By similar reasoning, the two P. obesinymphae lineages 

diverged near the start of the last glacial cycle, about 130,000 BP (Webb & 
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Bartlein, 1992). Calibration of the rates of evolution in the Buchnera loci give 

somewhat older dates. The age of the split between Melaphis rhois and 

Schlechtendalia chinensis, two species in the Pemphigidae, has been reliably 

estimated to be approximately 50 MYA (Moran, 1989). The average 

synonymous divergence between them, based on 16 Buchnera genes, is 0.72 

substitutions per site (Clark et al., 1999). The synonymous divergence of 0.03 

substitutions per site between P. populi-transversus and P. obesinymphae-

fremontii from the Buchnera genes dates the split between the two at about 2 

MYA (Abbot & Moran, in prep.). This age places the split between P. populi-

transversus and P. obesinymphae-fremontii closer to the time that their hosts 

diverged. However, to place the date any earlier, in the time frame of 3-5 MYA, 

we would have to invoke a substantial decrease in the mtDNA evolutionary rate 

relative to other insect taxa (e.g., Avise et al. 1992). More likely, P. populi-

transversus and P. obesinymphae-fremontii diverged between 0.5 and 2 MYA, 

well after the split P. deltoides and P. fremontii. If so, then only the "dispersal" 

allopatric scenario remains plausible. 

The second argument for the ancestry of the P. deltoides lineage is that 

the P. fremontii lineage has a distinctive round exit hole that is absent in the galls 

of P. obesinymphae-deltoides and P. populi-transversus. Galls are a phenotypic 

extension of insect genotypes (Crespi & Worobey, 1998; Stone & Cook, 1998). 

This implies that the exit hole is not a characteristic of P. deltoides, because gall 

morphology is under the control of the aphids themselves (Forrest, 1987; Stern, 
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1995). If so, scenarios with P. fremontii as the ancestral host would have to 

further account for the loss of this distinctive feature on P. deltoides. 

The allochronic scenario thus Implies a single expansion onto P. fremontii 

after the initial divergence on P. deltoides (Fig. 7a). By contrast, an allopatric 

scenario invokes a more complex sequence of transitions (Fig 7b), involving 

colonization of P. fremontii, origin of P. obesinymphae, and recolonization of P. 

deltoides, with caveats relating to truncated gene flow, extinction of the parental 

P. populi-transversus on P. fremontii, and reversal of a distinctive gall feature 

upon return to P. deltoides. Given these two lines of evidence, the allochronic 

scenario, with initial divergence on P. deltoides, is the more parsimonious 

explanation for the historical sequence of host use in P. obesinymphae (Fig. 7). 

As a third line of evidence, we sought to use intraspecific genealogies to 

provide insight onto the root of the P. obesinymphae clade (Castelloe & 

Templeton, 1994; Nei & Takazaki, 1996; Thorpe et al., 1994). Such methods 

have been effective, for example, in establishing the sequence of historical 

events in different races of the gall-forming fly, Eurosta solidaginis, which also 

exhibit complex patterns of host use, biogeography, and phenological variation 

(Brown et al. 1996; Itami et al., 1998). However, we found little genealogical 

evidence to discriminate the two scenarios (Fig 1d; Fig 7a,b). The P. 

obesinymphae lineages are reciprocally monophyletic—the majority of variable 

sites between the three major lineages are fixed differences—and thus do not 

help to establish the chronological order of host use in P. obesinymphae. 
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Moreover, there is no evidence of regional structure in P. populi-transversus tfiat 

could provide insight into the origin of the P. fremontii lineage (Berlocher, 1998; 

Funk et al., 1995). 

However, one pattern in the genealogies favors the initial divergence of P. 

obesinymphae on P. deltoides. All else being equal, the greater diversity of the 

population on P. deltoides implies its greater age (Nei, 1987; Table 4). In COI/II, 

for example, the lineage on P. fremontii is mutationally closer to the two most 

common haplotypes on P. deltoides than some of the haplotypes on P. deltoides 

are to each other (Abbot & Moran, in prep.), supporting the idea that P. 

obesinymphae-fremontii represents a dispersal event from within the P. 

obesinymphae-deltoides lineage (Berlocher, 1998). Nevertheless, in this case, a 

simple comparison of population indices may not be a reliable gauge of the 

relative ages of the two lineages. For one, the range size of P. obesinymphae-

fremontii is more restricted than that of P. obesinymphae-deltoides, which could 

partially account for the lower diversity (Fig. 2). However, even taking range size 

into account, the absence of variation on P. fremontii is sufficiently profound 

relative to its divergence to suggest an event purging variation after the split 

between the two lineages. Two of the three loci we sequenced, COI/II and the 

Buchnera gene leuBCD, are fixed for a single haplotype throughout the range of 

P. fremontii (Abbot & Moran, in prep.). If an event occurred that reduced 

diversity on P. fremontii but not on P. deltoides, population variation will not 

accurately reflect the relative ages of the two P. obesinymphae lineages. 
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Allochronic speciation in Pemphigus. P. populi-transversus and P. 

obesinymphae are largely sympatric species witii a recent common ancestry and 

with distinct life cycles. At the moment, evidence we have compiled—the close 

genetic similarity of P. populi-transversus and P. obesinymphae, their common 

use of P. deltoides, the greater genealogical complexity of the P. obesinymphae-

deltoides lineage (with the caveat described above), and the derived gall 

morphology of the P. obesinymphae-fremontii lineage—suggests that P. populi-

transversus and P. obesinymphae diverged in sympatry on P. deltoides, and that 

P. obesinymphae subsequently expanded onto P. fremontii. Assuming this is the 

case, we suggest the following scenario for the divergence between P. populi-

transversus and P. obesinymphae (Fig. 8). 

The production of sexuparae by the root-feeding morphs in Pemphigus is 

largely under environmental control, being induced by a combination of lowered 

temperatures and crowding (Judge, 1968; Moran et al., 1993; Phillips et al., 

1999). There is a large degree of variation in the tinning of sexupara production, 

however, resulting in an extended period of retum flight to Populus (Moran et al,. 

1993). Remaining in the root-feeding stage as long as possible is advantageous 

because the growth rate of clones is highest at this stage relative to other parts of 

the Pemphigus life cycle (Blackman & Eastop, 1994; Moran, 1991). In the 

extreme, some Pemphigus species have a mixture of life cycles, with a part of a 

population retaining the complete life cycle and a subset persisting solely as root-
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feeding asexual females (Blackmon & Eastop, 1994; Moran & Whitham, 1988; 

Phillips et al., 1999). 

In a comparable fashion, the ancestral P. populi-transversus must have 

been variable for the timing of sexupara production. Occasional ovenA/intering by 

larval sexuparae with spring maturation can be observed in species in which no 

spring sexuparae produce descendants (Moran, unpublished data). For P. 

populi-transversus, ovenA/intering likely happened when winters were unusually 

warm and moist, as can sometimes occur in the southern US. However, the P. 

populi-transversus sexuparae that migrated to Popuius in the spring, rather than 

the fall, would have continued to produce sexuales that non-adaptively laid 

diapausing eggs. Conceivably, some eggs could sun/ive until the spring of the 

following year, when the cues for breaking diapause would occur (Kawada, 1987; 

Lushai et al., 1996; Via, 1992). A group of aphids closely related to Pemphigus 

are thought to have life cycles with spring-produced eggs that hatch in the spring 

of the following year (Wertheim, 1954; Wool et al., 1997). However, at the 

moment, there is no evidence of a Pemphigus species such life cycles. It is likely 

that spring-laid eggs would have low rates of survival until the following year. 

We hypothesize that P. obesinymphae emerged from the P. populi-

transversus morphs that produced spring sexuparae when a second mutation 

arose that deleted diapause altogether. Two conditions allowed these mutants to 

persist. First, the warmer winters in the southern US probably provided favorable 

conditions for overwintering in the soil. Consistent with this, P. obesinymphae is 
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more common in the southern US and does not extend as far north as P. populi-

transversus (Bird et al., 1979; Sokal & Riska, 1981). Second, the summer flush 

of leaves on Populus allowed overwintering lineages sufficient time to mature 

sexupara, return to trees, and produce gall foundresses from non-diapausing 

eggs. Ordinarily, with only a handful of days to successfully initiate galls on 

emerging shoots (Akimoto, 1998; Inbar & Wool, 1995; Komatsu & Akimoto, 

1995), there would not be enough time to complete the developmental sequence 

spanning migratory flight by sexuparae to the hatching of foundresses. Nor could 

sexupara appear earlier, when Populus are barren, because leaves provide the 

cues they use to locate the correct hosts (Klinghauf, 1987). However, the 

summer leaves provided the key to making overwintering a profitable strategy. 

Once diapause was lost, selection would have rapidly refined the synchronization 

between the timing of sexuparae production in overwintering colonies and the 

sprouting of summer leaves (Komatsu & Akimoto, 1995; Von Dongen etal., 

1997). These non-diapausing, late spring mutants, occupying an entirely new 

and unexploited niche on their host plant, would be fully isolated from the 

ancestral populations by the winter months, and from all but the latest spring 

sexuales (those still producing diapausing eggs) by a month or more. 

Furthermore, hybrids would be unfit if they expressed partial diapause because 

they would be unsynchronized with the budburst of early or late leaves 

(Alexander & Bigelow, 1960; Tauber et al., 1986). 
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One caveat of the model is that it requires an ancestral variation in P. 

popuii-transversus that is apparently absent or rare in contemporary populations. 

Indeed, we assume that the absence of variation in both species is evidence of 

full temporal isolation. However, the model does not require wide-spread or 

frequent variation in the P. populi-transversus life cycle, as is the case in some 

scenarios for the allochronic origin of periodical cicadas (Cooley et al., 2001). 

The parthenogenetic phase of Pemphigus life cycles allows for tremendous 

population expansion from initially small founding populations. Thus, any initial 

"leakage", however small, from the P. populi-transversus life cycle into a life cycle 

characteristic of P. obesinymphae would likely persist. By the same token, the 

fact that the model requires the correspondence of a continuously variable, 

heritable trait for delayed production of sexuparae in P. populi-transversus 

(Moran, 1991; Moran etal., 1993), and a mutation for the deletion of diapause in 

the egg stage, implies that recurrent synchronization (and thus gene flow) of P. 

populi-transversus lineages with P. obesinymphae would rarely occur, no more 

often than the novel origin of mutations for deleting diapause. Resynchronization 

in the other direction, from P. obesinymphae back to a P. populi-transversus life 

cycle, probably never occurs, because it would require not only the recovery of 

the environmental cues for the ancestral phenology, but also the complex 

physiological and metabolic traits associated with winter diapause (Tauber et al., 

1986). Accordingly, Faith (1979a) found no evidence of phenological variation in 

P. obesinymphae. 
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CONCLUSIONS 

Evidence usually gathered to test putative cases of sympatric speciation 

encompasses ecological and genetic processes gleaned from contemporary 

populations and historical or phylogenetic patterns gleaned from retrospective 

analysis of character variation, usually from molecular or biochemical data (Via, 

2001). For the most part, we have taken the latter approach, and asked if 

allochronic speciation In sympatric populations of Pemphigus is consistent with 

historical patterns of species divergence, geographical range, and host use. 

Both data are vital, however, perhaps particularly so in aphids. Aphid life cycles 

and patterns of host use can be bewildering in their complexity, and yet they are 

pivotal to understanding the distribution of genetic variation and speciation in 

aphids (Blackmon & Eastop, 1994; Hales etal., 1997; Von Dohlen & Moran, 

2000). In P. populi-transversus and P. obesinymphae, we have shown that life 

cycle variation may be foremost in their divergence, but future work will require 

more intensive study of the ecology and genetics involved. These will include 

careful surveys of the P. populi-transversus life cycle. If the model we suggested 

is correct, then there should be some evidence of naturally-occurring variation for 

overwintering colonies. We also need to understand the genetics underlying life 

cycle variation in P. populi-transversus and P. obesinymphae, with particular 

emphasis on loci affecting phenology. We need to directly assess the frequency 

and fitness of hybrids in pairwise comparisons between P. populi-transversus 
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and the two P. obesinymphae lineages, because of the insights hybrid 

characteristics may provide on reinforcement and character displacement in 

sympatric and allopatric populations (Simon et al.. 2000; Via et al.. 2000). 

Diapause is particulariy important in this case, because the model assumes 

isolation is driven by adaptive synchronization with temporally isolated niches on 

the same host plant. The model would be falsified if imperfectly synchronized 

hybrids are no less fit than their parental genotypes. Finally, we need to 

understand the causes of the reduced diversity in P. obesinymphae on P. 

fremontii in order to clarify the historical pattern of host use in this species. 

Reproductive isolation due to phenological variation is now indisputably 

Important in promoting divergence in species with complex life cycles (Filchak et 

al., 2000). Allochronic speciation is part of this larger process, but represents an 

important distinction because, at least in its initial phase, it does not require 

spatial segregation of mating pairs or selection for divergent phenotypes due to 

host or habitat shifts (Schluter, 2001; Via, 2001). Selection is not removed from 

the process, but presumed to accelerate divergence in much the same way that 

divergent selection can act on allopatric populations experiencing novel 

environments (Marshall et al., 2000; Rice & Hostert, 1993; Schluter, 2001). 

Undoubtedly, contemporary populations of P. populi-transversus and P. 

obesinymphae experience divergent selection for phenotypic traits related to their 

distinct life histories (Faith, 1979a; Larson & Whitham, 1991). However, because 

genetic isolation has occurred in the absence of the host or habitat shifts that are 
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emblematic of sympatric speciation, the fixation of any incompatible altemative 

mutations by selection has been enabled by the cessation of gene flow via the 

temporal isolation of sexuales in the ancestral, interbreeding population. Thus, 

barring evidence of an initial allopatric phase in their divergence that coincided 

with the change in life cycles, P. populi-transversus and P. obesinymphae 

represent a rare example of allochronic speciation, as classically conceived 

(Alexander & Bigelow, 1960; Tauber & Tauber, 1981). 
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TABLE AND FIGURE LEGENDS 

Table 2d.1. Collection information for the P. populi-transversus and P. 

obesinymphae specimens used in this study. Gall phenotype was determined as 

described in Bird et al. (1979). N (n) = number of specimens from the given 

locality from which we obtain sequences for all loci (number of specimens with 

mitochondrial sequences only). 

Table 2d.2. Collection information for the Pemphigus species used in this study 

to reconstruct the phylogenetic relationships among species occurring in North 

America. 

Table 2d.3. Summary of the surveys on life cycle variation in P. populi-

transversus and P. obesinymphae. Blanks in the table indicate that this site/date 

was not sampled. 

Table 2d.4. Summary statistics on population genetic variation in P. populi-

transversus and P. obesinymphae-deltoides and P. obesinymphae-fremontii. N, 

number of specimens sampled; bp, maximum number of base pairs included in 

the analysis; alleles, number of unique sequences; S, number of segregating 

sites; H, haplotype diversity; max. div., percent sequence divergence between 

the most divergent pairs; n, percent average sequence divergence. 
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Figure 2d.1. Summary of the predictions tested in this study. 

Figure 2d.2. Map of the sites sampled in this study. Filled circles are P. 

obesinymphae, open circles are P. populi-transversus. Grayed area is the 

known distributions of the two species on Populus deltoides, and the dotted line 

indicating the western extent of the range of P. deltoides: hatched area is the 

known distribution of P. fremontii. 

Figure 2d.3. The galls of P. populi-transversus and P. obesinymphae. A) left, P. 

populi-transversus\ right, P. obesinymphae-, on early and late leaves, 

respectively: B) P. populi-transversus] C) P. obesinymphae collected from P. 

deltoides] D) P. obesinymphae collected from P. fremontii, with the small exit 

hole clearly visible. 

Figure 2d.4. Simplified depiction of the life cycles of P. populi-transversus and P. 

obesinymphae. See text for details. 

Figure 2d.5. Maximum parsimony tree of the P. populi-transversus and P. 

obesinymphae haplotypes surveyed in this study, based on mitochondrial and 

Buchnera sequences (see text for details). Dotted lines are haplotypes 

represented only by mitochondrial sequences, which were added to the tree by 
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parsimony, but left unresolved within the higher clades. Circles indicate the 

phenotype of the gall, which we used to assign specimens to species; open - P. 

obesinymphae] filled - P. populi-transversus. Gall phenotypes almost perfectly 

correspond to genealogical partitions. An ambiguous gall is highlighted by the 

gray shading. 

Figure 2d.6. Maximum parsimony tree of the North American Pemphigus 

species included in this study (see text for full details). Upper numbers indicate 

bootstrap values consisting of 1000 heuristic searches on resampled datasets 

with of 10 random addition sequence replicates within each search. The tree 

supports the monophyly and recent divergence of P. populi-transversus and P. 

obesinymphae. 

Figure 2d.7. Summary of the hypothesized evolutionary changes under two 

different speciation scenarios; a) the "allochronic scenario", in which P. populi-

transversus and P. obesinymphae diverged initially on P. dettoides via a life cycle 

change; b) the "allopatric scenario", in which P. populi-transversus and P. 

obesinymphae diverged intially in allopatry on two different host plants, P. 

deltoides and P. fremontii. 

Figure 2d.8. Hypothesized evolutionary sequence leading to contemporary P. 

populi-transversus and P. obesinymphae. Small figures represent one annual 
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cycle, encompassing migration between the primary (^°) and secondary (2°) 

hosts. I; The ancestral P. populi-transversus is variable for timing of sexuparae 

production. In favorable conditions, some nymphs overwinter on the roots of 

secondary hosts, but continue to produce diapausing eggs. Sexuparae 

production in the spring is not favored; II: The origin of P. obesinymphae. A 

mutation arises that deletes diapause in an overwintering lineage. The mutant 

lineage is temporally isolated from sympatric P. populi-transversus. Spring 

production of sexuparae is now favored in the newly-isolated lineage; III: Origin 

of a distinct P. obesinymphae population on P. fremontii. P. obesinyn]phae 

disperses to P. fremontii, which is geographically-isolated from the P. deltoides 

population. Two populations diverge genetically because of allopatric isolation 

and divergent selection on different host plants. 
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Table 2d.1. 

Gall Collection 
phenotype N Host Collection site date Collector 

globular 11(6) P. fremontii AZ., Santa Crui: Co.. 10-10-98 P. Abbot 
Sonoita 

globular (1) P. fremontii AZ, Santa Cruz Co., 9-11-97 P. Abbot 
Patagonia 

globular 2 P. fremontii NM.. Dona Ana Co., 9-6-98 P. Abbot 
Garfield 

globular (1) P. fremontii UT, Sevier Co., Salina 8-14-00 J. Withgott 
globular 1 P. fremontii CO., Mesa Co., Highline 8-18-00 J. Withgott 

globular (1) P. fremontii 
O r  

CO, Gunnison Co., Mack 8-17-00 J. Withgott 
Lake 

globular 1 (1) P. fremontii NV., Churchill Co.. Fallon 8-11-00 J. Withgott 
globular (1) P. fremontii NV, Churchill. Co., 8-11-00 J. Withgott 

Shoetree 
globular 1 P. deltoides OH. Gallia Co., Kanauga 7-20-96 J. Withgott 
globular 1 P. deltoides OH. Hanniiton Co., 7-24-00 P. Abbot 

Cincinnati 
globular 1 P. deltoides OH, Brown Co., Aberdeen 7-24-00 P. Abbot 
globular 2 P. deltoides OH, Brown Co., Sandy 7-24-00 P. Abbot 

Springs 
globular 1 P. deltoides VA.. Henrico Co., 7-22-96 J. Withgott 

Richmond 
globular 1 P. deltoides GA., Jefferson Co., 7-22-98 P. Abbot 

Louisville 
giobular 1 P. deltoides lA., Jackson Co., Sabula 7-22-96 J. Withgott 
globular 2 P. deltoides TX, Comanche Co., 6-16-00 J. Withgott 

Proctor 
globular 1 (1) P. deltoides LA., Pointe Coupee Co., 7-10-96 J. Withgott 

SL Francisville 
globular 1 (2) P. deltoides KS., Barton Co., Great 7-4-00 J. Withgott 

Bend 
elongate 1 P. deltoides LA., Pointe Coupee Co., 7-10-96 J. Withgott 

St. Francisville 
elongate 2 P. deltoides OH, Hamilton Co.. 7-24-00 P. Abbot 

Cincinnati 
elongate 1 (4) P. deltoides OH. Brown Co., Ripley 7-24-00 P. Abbot 
elongate 1 P. deltoides OH, Brown Co., Ripley 7-20-96 J. Withgott 
elongate 1 P. deltoides PA, Erie Co., Little Hope 7-19-96 J. Withgott 
elongate 2 P. deltoides CT, Hartford Co., Enfield 7-18-96 J. Withgott 
elongate 1 P. deltoides MD, Harford Co., Port 7-16-96 J. Withgott 

Deposit 
elongate 1 P. deltoides VA. Henrico Co.. 7-15-96 J. Withgott 

Richmond 
elongate 1 P. deltoides SD. Yankton Co., Yankton 7-22-96 J. Withgott 
elongate 1 (1) P. deltoides TX, Gray Co., Lake 7-23-00 J. Withgott 

McClellan 
elongate 1 P. deltoides TX. Dallam Co.. Dalhart 7-12-00 J. Withgott 

121 



Table 2d.2. 

Species Collection site Host tree Date Collector 
P. obesinymphae AZ., Santa Cruz Co., P. fremontii 10-10-98 P. Abbot 

Sonoita 
P. obesinymphae OH, Hamilton Co., Cincinnati P. deltoides 7-24-00 P. Abbot 
P. populi- OH, Hamilton Co., Cincinnati P. deltoides 7-24-00 P. Abbot 
transversus 
P. betae CO, La Plata Co., Durango P. angustifolia 7-26-00 P. Abbot 
P. populi-venae CO., P. angustifolia 7-26-00 N. Moran 
P. monophagus UT, Salt Lake Co., Salt Lake P. angustifolia 5-20-89 N. Moran 

City 
P. popuU-cauUs OH, Hamilton Co., Cincinnati P. deltoides 5-18-00 P. Abbot 
P. populi- NM, Santa Fe Co., P. fremontii 8-15-96 P. Abbot 
ramulorum Montezuma Creek 
P. nrpopuli- AZ, Pima Co., Tucson P. fremontii 8-18-98 P. Abbot 
ramulorum 
P. spyrothecae OR, Multnomah Co., P. trichocarpa 9-8-99 P. Abbot 

Portland 
P. bursarius OH, Brown Co., Sandy P. deltoides 5-18-00 P. Abbot 

Springs 
P. nortonii OH, Brown Co.. Ripley P. deltoides 5-19-00 P. Abbot 
Pemphigus spp AZ, Santa Cruz Co., Arivica P. fremontii 8-6-98 P. Abbot 
(undescribed) 
Thecabius UT, Salt Lake Co., Salt Lake P. fremontii 6-20-89 N. Moran 
populimonilis City 
Mordvilkoja OH, Hamilton Co., Cincinnati P. deltoides 5-18-00 P. Abbot 
vagabunda 
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Table 2d.3. 

2' host 1* host 

P. obes 
P.p. 
trans P. obes. 

P. populi' 
trans. 

Site Date N 
migrants/ 

eggs galls 
migrants/ 

eggs galls 
Ohio 4-8-01 

5-20-00 
7-13-00 

6 
10 

many 

no 
yes 

no 
no 
yes 

? 
no 

no 
yes 
yes 

New Mexico 3-28-99 
7-20-99 

17 
many 

no no 
yes 

n/a 
n/a 

n/a 
n/a 

Texas 11-15-00 
1-04-01 
6-5-00 

10 
10 
10 

yes 
yes 
yes 

no 
no 
no 
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Table 2d.4 

max 
div. 

N bp Haplotypes S H {%) n (%) 
P. populi-transversus 13 4302 8 19 0.859 0.374 0.11 

P. obesinymphae-deltoides 12 4302 9 14 0.937 0.164 0.077 

P. obesinymphae-fremontii 15 4302 4 3 0.657 0.070 0.022 
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Figure 2d.1. 
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Figure 2d.2 

P. deltoides 
P. fremontii 
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Figure 2d.3. 
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Figure 2d.4 

typical Pemphigus (including P. populi-transversus; 
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Figure 2d.5. 
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Figure 2d.6 
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Figure 2d.7 

a. allochronic scenario - ancestral P. obesinymphae on P. deltoides 
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Figure 2d.8 
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APPENDIX E 

NORTH AMERICAN PEMPHIGUS APHIDS USED IN THIS STUDY 
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APPENDIX E 

The species collected and sequenced in this dissertation. Collection 
information is listed in Appendix D. All species were keyed following Blackmon & Eastop 
(1994), Maxson & Knowlton (1929), and Palmer (1952). There is some uncertainty to the 
designation of P. populi-venae and P. nortonii. There is the possibility of some confusion 
between P. populi-venae and P. monophagus, and the designation of P. nortonii was made 
from gall morphologyand collection site. Other uncertainties include the odd shoot/petiole 
polymorphism in P. populi-ramubrum, which Faith (1979c) had previously noted. It seems 
likely that the difference is more than simply a polymorphism— the petiole morph is a fully 
isolated species. Also, one of the most common species on P. fremontii in southern Arizona 
is the "undescribed species" in the P. populi-ramulonjm group. I was unable to find anyhint 
of this species in the keys for species on P. fremontii. It's gall bears a striking resemblance 
to P. populi-caulis and P. nortonii. P. nortonii has been described on P. fremontii, but it is 
not this species. 

Major North American omissions are P. knowltoni, P. populi-globuli, and P. 
longicornis. 
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