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Abstract.-Speciation in phytophagous insects is commonly associated with shifts in host use. Using a phylogenetic 
framework to identify recently diverged taxa that have undergone a radical host shift, this study focuses on how 
reconstruction of the historical demography of a species. in conjunction with branching patterns between species. 
provides insight into mode of speciation. Analyses of mitochondrial cytochrome oxidase I sequences indicate that the 
leaf beetle Ophrnelln communn exhibits significant population structure. as shown by patterns of genealogical rela- 
tionships among mitochondrial haplotypes and high FsT-values. However, the absence of regional localization of old 
clades of haplotypes. negative Tajima's D, and uninlodal rather than bimodal frequency distribution of the number of 
pairwise differences between sequences suggests an absence of long-term barriers to gene flow. Furthermore, we found 
no evidence of isolation by distance. This pattern of genetic variation is consistent with episodes of gene flow on a 
large geographic scale. perhaps owing to Pleistocene changes in climate. 

Ophmella commuizn and its sister species 0.bili~zentn diverged during the early Pleistocene. The evidence of dynamic 
population structure in 0. commurzn, potentially including episodic but massive gene flow, suggests that reproductive 
isolation evolved quite rapidly on a localized geographic scale. because speciation would probably have been reversed 
by gene flow if the evolution of reproductive isolation had been prolonged. That is. gene flow occasioned by range 
shifts during the Pleistocene would likely have interrupted speciation unless it occurred very rapidly. 

Sequence diversity implies a large effective population size (> lo6) in both 0,conzmuiln and 0. biliilentci. However, 
a model based on a drastic bottleneck did not have a lower likelihood than a model with no bottleneck, simply because 
the time since speciation has been great enough for coalescence to a single ancestor that existed after the speciation 
event. Sequence diversity in itself, without reference to the time since speciation. cannot provide evidence on the 
demography of speciation. 

Key words.-Bottlenecks. Chrysomelldae. coalescence. historical demography. Ophrnelln. phylogeography, phyto- 
phagous insects. speciation. 

Received January 28. 1999. Accepted May 21, 1999. 

Speciation is among the most obdurately controversial top- 
ics in evolutionary biology, and few of its aspects remain 
more controversial than the role of population bottlenecks 
proposed by Mayr (1954), Carson (1982), and Templeton 
(1980). The  "peripatric speciation," "founder-flush," and 
"transilience" models described respectively by these au-
thors have in common the proposition that genetic drift in a 
temporarily small population (such as a colony founded by 
few individuals) alters allele frequencies at some loci, such 
that selection then moves the population to a new genetic 
equilibrium, or adaptive peak. According to some theoretical 
analyses, such peak shifts are unlikely to occur and, if they 
d o  occur, are unlikely to engender reproductive isolation 
(Barton and Charlesworth 1984; Barton 1989, 1996; Char- 
lesworth 1997), whereas other models that are grounded in 
different assumptions lend more plausibility to  the hypothesis 
(Wagner et  al. 1994; Whitlock 1995; Gavrilets and Hastings 
1996; Slatkin 1996; Gavrilets and Boake 1998). The  inter- 
pretation of data on  bottlenecked laboratory populations, 
even if considered relevant to  speciation in  nature, is as  con- 
troversial as the hypothesis they are supposed to test (Rice 
and Hostert 1993; Templeton 1996). The  observations that 
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led Mayr (1942, 1954) to propose peripatric, or founder-ef- 
fect, speciation (viz., the conspicuous phenotypic divergence 
of many peripherally isolated populations relative to  their 
widespread presumptive ancestors) can  plausibly be  attri- 
buted to  selection alone. Thus, it appears that the hypothesis 
remains difficult to evaluate. 

Analyses of molecular genetic variation, however, promise 
to shed some light on the incidence of founder-effect spe- 
ciation. The  failure of some recently arisen species to meet 
the simple expectation that they should display little variation 
if they had been bottlenecked has been used as evidence 
against the hypothesis (e.g.,  Barton 1989). However, whether 
a bottleneck is  reflected in  contemporary patterns of genetic 
variation depends on  the time and duration of the bottleneck 
relative to the effective population size (e.g., Eyre-Walker et  
al. 1998). Therefore, high genetic diversity is  not necessarily 
in  conflict with a bottleneck at  speciation. Coalescent theory 
and the genealogical structure of D N A  sequence variation 
afford a framework to test whether patterns of genetic var- 
iation are consistent with a particular demographic model 
(Slatkin and Hudson 1991; Crandall and Templeton 1993; 
Marjoram and Donnelly 1994; Wakeley and Hey 1997). For  
example, analyses of sequence variation can often indicate 
whether populations or species have recovered from recent 
severe reductions in  effective population size (e.g., Rogers 
and Harpending 1992; Takahata 1993). Documenting that a 
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species has experienced a reduction in population size cannot 
in itself show that the reduction played a causal role in spe- 
ciation, but a consistent association between such reduction 
and the acquisition of reproductive isolation would strength- 
en the circumstantial evidence for founder-effect speciation. 
Conversely, it may be possible to rule out founder events as 
a frequent cause if most species should be found not to have 
experienced severe reductions early in their history. 

Molecular genetic variation also provides data on the phy- 
logeography of a species, the analysis of the geographic dis- 
tribution of gene lineages (Avise 1994). Knowledge of phy- 
logeography can contribute to the analysis of speciation by 
revealing historical barriers, geographic (e.g., peripheral) loci 
of differentiation, and patterns of gene flow that may bear 
on the likelihood of sympatric versus allopatric speciation. 
Moreover, a gene genealogy can be used to infer how rapidly 
the speciation process may have proceeded, that is, whether 
the evolution of reproductive isolation was rapid or extended 
over a large temporal interval (Avise and Walker 1998; 
Knowles 1999). For example, the structuring of population 
genetic variation into distinct phylads and the timing of co- 
alescence of lineages within phylads relative to the separation 
of sister taxa have been used to suggest that the speciation 
process in many vertebrates is protracted, with a duration of 
at least 2 million years, on average (Avise et al. 1998). 

This paper concerns the phylogeography and the demog- 
raphy of speciation in two species of leaf 
beetles (Chrysomelidae). In a phylogenetic study of the genus 
Ovhraella, Funk et al. (1995) obtained evidence from mi- 
tdchondrial DNA sequences suggesting that the broadly dis- 
tributed species 0 .  comnzzina might be paraphyletic with re- 
spect to a more narrowly, peripherally distributed species, 0 .  
bilineatn. Similar genealogical patterns in other organisms 
have supported the hypothesis of speciation in peripheral 
isolates (e.g., Avise et al. 1983; Hey and Kliman 1993). 
Whereas 0. conznzzinn appears to be geographically variable 
in host association, 0 .  bilinenta is restricted to a single host 
species that is only distantly related to the hosts of 0 .  conz- 
muna. The present study was designed to characterize the 
phylogeographic structure of 0 .  conzmunn, to test for peri- 
patric speciation and evidence of a population bottleneck at 
the origin of 0. bilirzeatn, and to infer relationships among 
0 .  bilinentn and different regional populations of 0 .  com- 
nzunn, perhaps thereby to elucidate the history of the host 
shift. 

The Species 

Ophraelln communa LeSage and 0, bilinentn (Kirby) are 
two of five morphologically very similar species (LeSage 
1986; Futuyma 1990). Specimens referred to 0 .  conzn~urzn by 
LeSage (1986) range across all of North America from south- 
ern Canada to southern Mexico (Fig. 1). In eastern North 
America, 0. comnzuna apparently feeds only on an annual 
ragweed, Anzbrosin nrtenzisiifolin (Asteraceae, tribe Helian- 
theae, subtribe Ambrosiinae). It has been recorded in several 
western localities on two perennial Anlbrosin species and on 
another ambrosiine plant, h ~ nnxillnris, and it has occasionally 
been found on three other genera of Heliantheae (Palmer and 

. . . . . . . 

FIG.1. Distributions of 0. coriznzuiza and 0. biliizeatn identifying 
sampling localities (see Appendix for site information). Distribu- 
tions f1on1 LeSage (1986), Futuynla (1990), and personal ~ecords .  

Goeden 1991). Specimens referred to 0.bilinentn by LeSage 
(1986) have been collected only in the prairies of southern 
Canada and the northern United States, with scattered records 
as far south as Nebraska and Colorado (Fig. 1). The sole 
known host plant of 0. bilirzentn is Chusopsis villosn (As-
teraceae, tribe Astereae). 

The phylogeny of Ophraella, based on mtDNA sequence 
data (Funk et al. 1995), implies that the association of 0 .  
conznzzirzn with ambrosiine hosts is plesiomorphic relative to 
the association of 0 .  bilirzeata with Chrysopsis. The second- 
ary compounds of these host plants differ substantially (Fu- 
tuyma and McCafferty 1990; Jansen et al. 1991), implying 
a perhaps substantial adaptive change in the origin of 0. 
bilineata. 

Collections, DNA Anzpli$catiorz, and Sequencing 

Specimens of Ophraella conznlzma (92 individuals) were 
sampled from 16 localities that encompass much of the spe- 
cies' range and were taken from Anzbrosia nrtenzisiifolin (Fig. 
1) (see Appendix for localities and the few collections from 
other host plants). Twenty-two specimens of 0 .  bilineata were 
collected on Chiysopsis villosa from three localities (see Ap- 
pendix). The specimens of these species listed in the study 
by Funk et al. (1995) are included in the present study. 

Animals were collected and preserved whole in 70% eth- 
anol. Genomic DNA was isolated using CTAB (beetle elytra 
were saved for species confirmation). A 473-bp fragment of 
cytochrome oxidase I (COI) was amplified in all individuals 
using primers C 1-J- 17 18 (GGAGGATTTGGAAATTGAT- 
TAGTTCC) and C 1-N-219 1 (CCCGGTAAAATTAAAATA- 
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TAAACTTC). For a subset of individuals, primers C 1-5-2 183 
(caacatttattttgattttttgg) and L2-N-3014 (TCCATTGCACTA- 
ATCTGCCATATTA) were used to amplify an additional 83 1- 
bp fragment of COI (Simon et al. 1994). Forty amplification 
cycles were performed on a Idaho Technologies (Idaho Falls, 
ID) cycler (94°C for 15 sec, 56°C for 15 sec, and 72°C for 
55 sec). Polymerase chain reaction (PCR) products were gel- 
purified on 1% low-melting-point agarose and stained with 
ethidium bromide. Target bands were excised, dissolved in 
ddHzO and used in direct sequencing of double-stranded frag- 
ments (Khorana et al. 1994). Sequence was obtained from 
both sense and antisense strands. 

Data Analysis 

For each individual, we collected and analyzed a 400-bp 
region of sequence corresponding to positions 17 18-2 19 1 
in the mitochondrial genome of D. ynkubn (Clary and Wol- 
stenholme 1985)(GENBANK accession nos. AF189590-
AF189688). Unique sequences were determined using Ma- 
clade 3.0 (Maddison and Maddison 1992) and used in all 
phylogenetic analyses. Data were analyzed using maximum 
likelihood, generalized parsimony, and neighbor joining 
(PAUP*, Swofford 1998). For a subset of individuals (21 
individuals), we collected and analyzed a total of about 905 
bp of COI to confirm estimates of genealogical relationships 
between species and among clades within species. 

Patterns of genetic variation and levels of genetic diversity 
within and among populations of 0,conzrnuna were analyzed 
with HEAP BIG (Palumbi et al. 1997). Population-level dif- 
ferentiation was estimated using the FSTapproach of Hudson 
et al. (1992). Estimates of FSTbased on average sequence 
divergence among populations are comparable to FsT-values 
calculated from allele frequencies (Hudson et al. 1992). Sta- 
tistical significance of FsT-values was determined by 1000 
Monte Carlo randomizations of mtDNA sequences among 
populations, using HEAP BIG. Mantel tests (Sokal and Rohlf 
1995) were used to test for an association between FSTand 
geographic distance separating populations among all pairs 
of populations (i.e., evidence of isolation by distance). Iso- 
lation by distance was also evaluated by calculation of FST- 
values for groups of populations within a particular distance 
class to determine if there was an increase in FsTas the 
distance separating populations increased. Six distance class- 
es, defined by a 500-km sequentially increasing increment, 
were used in-this structured-FsT analysis. statistical signif- 
icance of the Mantel tests was determined by comparing the 
observed r-value to a distribution created from 1000 random 
permutations. To evaluate how much these tests and estimates 
of FsTwere affected by the inclusion of populations with 
low diversity, both the FSTestimates for the species as a 
whole and the tests of association between FSTand geo- 
graphic distance were also made omitting populations with 
low diversity (i.e., the California and Alabama populations). 
Kimura's two-parameter model (Kimura 1980) was used to 
calculate pairwise genetic distances. 

Genetic diversities within 0. conzrnuna and 0. bilinentn 
were examined, using the program SITES (Wakeley and Hey 
1997), by calculating both .rr, the average pairwise difference 
between sequences (Tajima 1983), and 8 ,  Watterson's esti- 

mator of 0, based on the number of segregating sites (Wat- 
terson 1975). Because this study is based on mitochondrial 
DNA, both TT and 8 have expected values of 2 N p ,  where Nf 
is the effective population size of females and p. is the mu- 
tation rate per base pair per sequence per generation (p was 
assumed to be 8.5 X Brower 1994). Tajima's D was 
used to test for deviation from the neutral equilibrium model 
of evolution (Tajima 1989a). Although this measure of var- 
iation can be used to examine the history of selection, it can 
also be used to make inferences about population demog- 
raphy. 7~ and 0 have the same expected value, but 6 is more 
greatly influenced by low-frequency polymorphisms. Thus, 
Tajima's D is expected to be negative under a model of pop- 
ulation expansion and positive under a model of population 
subdivision (Tajima 1989b). The program SITES was used 
to calculate Tajima's D, as well as to test Wakeley and Hey's 
(1997) model of population expansion. 

A likelihood approach was used to evaluate the genetic 
evidence for a population bottleneck associated with the spe- 
ciation event that gave rise to 0. bilirzeata. A coalescent pro- 
cess (Kingman 1982) was used to model the population ge- 
nealogies expected under two different demographic scenar- 
ios: (1) a constant population size with no speciation bottle- 
neck; and (2) a dramatic bottleneck at speciation. In the 
second model, it is assumed that a single individual gave rise 
to the species, followed by an immediate expansion to the 
effective population size; however, moderately larger num- 
bers of founders and lower rates of growth produce similar 
results (B. Rannala, unpubl, obs.). The population size, N, 
immediately following the speciation event is assumed to be 
the same for both models. Thus, if i lineages existed at time 
t in the past that are ancestral to the n sampled sequences, 
for t < T, where T represents the time of species splitting 
(measured in generations), then lineages will coalesce with 
instantaneous rate i ( i  - 1)/2N (Hudson 1990). Under the 
second model at time t > T, the remaining lineages coalesce 
to a single ancestral lineage with a probability of one, whereas 
under the first model the lineages continue to coalesce at the 
usual rate as given above. 

The probability of observing S segregating sites in a sample 
of n sequences (the likelihood, when treating S as the ob- 
served data) was calculated under the two models for a range 
of population sizes, assuming an infinite sites model of se- 
quence mutation. The probability of S is: 

P ~ ( SI p., T, N) = 1:Pr(S I p, t ) ~ r ( t lN, T) c& (1) 

where p. is the per sequence mutation rate (i.e., the per site 
mutation rate multiplied by the number of sites in the se- 
quence) and t = {t,,, t , ,  . . .,t 2 )is a vector of the coalescence 
times, where t, is the waiting time for n sequences to coalesce 
to i- 1 ancestral sequences. Monte Carlo integration and sim- 
ulation from the coalescent process Pr (4 N, T )  was used to 
evaluate the above integral. The per site mutation rate, p., 
was assumed to be 8.5 X (Brower 1994) and the length 
of the branch (in units of expected substitutions) separating 
0. bilineata from 0. cornrnunn obtained from a maximum- 
likelihood analysis was used to estimate T, assuming one 
generation per year. A likelihood-ratio test of the molecular 
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TABLE 1. Number of singletons and frequency of haplotypes from 
the sampling localities where more than one individual was sampled 
(MX, and TX, not included because only one individual was sam- 
pled). Haplotypes shared among localities are identified by letter 
designation (a, b, c). 

Number of Sulnber of Number of Total 
individuals singleton haplotypes with number of 

Localities sampled haplotypes incidence > 1 haplotypes 

CT 12 3 2 (8.33,, 12.5) 
IL 10 4 3 (4.17, 4.17, 14.58J 
GA 17 4 3 (8.33, 8.33,, 20.83,) 
AL 4 1 1 (6.25) 
TXe 7 4 2 (14.58b 20.83,) 
TX, 9 6 1 (14.58b) 
MX, 11 7 1 (8.33) 
AZ 10 4 1 (12.50) 
CA 3 0 1 (6.25) 
UT 7 2 2 (4.17, 6.25) 
Total 92 3 5 13** 

:' The frequency of each haplotype is given in parentheses (frequencies 
calculated from the total of 92 haplotypes). 

"" The total number of haplotypes is less than the c o l u n ~ n  totals because 
some haplotypes are shared across loca l i t~es .  

clock assumption using PAUP* failed to reject the clock 
(logL = -2355.98 and -2342.85 with and without the clock, 
respectively; P > 0.05, df = 17). 

Phylogenetic Relationships among Sequences 

Among the 92 individual COI sequences examined from 
0, conzmuna, 48 displayed different nucleotides at one or 
more sites (Table 1). In 0. bilineata, 19 of 22 individuals 
sequenced had unique haplotypes. Maximum-likelihood, par- 
simony, and neighbor-joining analyses (using Jukes-Cantor 
and Kimura two-parameter models) gave similar tree topol- 
ogies. In the 400-bp fragment used in these analyses there 
were 68 variable sites (46 informative ones). The maximum- 
likelihood trees (Fig. 2) are presented as networks showing 
the stepwise evolutionary relationships among the sequences 
and which sequences in the dataset are hypothesized to reside 
at nodes of the phylogenetic tree. The relative positions of 
haplotypes in the trees (e.g., a basal position vs, a tip), in 
conjunction with their frequency and geographic position. 
convey information about a species' demographic history. - A 

Thus, it is more informative to represent the phylogenetic 
relationships among the haplotypes as a network than as a 
tree with many zero branch lengths. Estimates of genealogical 
relationships among clades within species, as well species 
relationships, were confirmed by bootstrap analysis of the 
larger amplified fragment of COI (total of about 905 bp; 129 
variable sites and 73 informative ones) for a subset of in- 
dividuals (21 individuals)(Fig. 3). 

Other than the single haplotype found in California (CA), 
the gene tree of 0. cornmunn consists of two major clades 
(A and B in Fig. 2). Sequences of 0,bilineatn form a mono- 
phyletic clade that is attached to the 0, conznzuna network 
by four mutational steps. The relationships among the 0. 
communa clades and 0. bilinentn are not resolved (Fig. 3; 
i.e., there is a polytomy consisting of 0. bilinentn and the 
clades of 0 .  comnzunn marked A, B, and C in Fig. 2). 

The range of sequence divergence between populations of 
0, comniunn is 1.04-3.60% (Table 2); the average sequence 
divergence weighted by the number of individuals with each 
haplotype is 2.29%. This between-population divergence in 
0.coninzuna is comparable to the average divergence between 
0. comniuna and 0 .  bilinentn, 1.97%. 

Population Structure and Intrnspecijc Phylogenetic 

Patterns of Ophraelln coniniuna 


Variation among populations tends to be higher than var- 
iation within populations (Table 2). This heterogeneity results 
in high FsT-values among most 0.communn populations and 
a highly significant FsTfor the species (FsT = 0.56, P < 
0.001, as estimated from 1000 Monte Carlo simulations). 
Even when two highly divergent populations (CA and AL) 
with low diversity were excluded, FSTremained highly sig- 
nificant (FsT = 0.30, P < 0.001). 

There is neither an overall relationship between FsT-values 
and geographic distances separating pairs of populations ( r  
= 0.17, P > 0.20) nor a tendency for FsT-values to be greater 
for groups of populations separated by larger geographic dis- 
tances relative to closer populations (Table 3). 

The phylogenetic reconstruction likewise indicates a lack 
of strong phylogeographic structuring (Fig. 2). However, 
there is some evidence of a weak correspondence between 
the geographic position of some haplotypes and their gene- 
alogical relationships. For example, haplotypes from western 
populations (e.g., AZ and UT) tend to cluster together in 
derived clades (with one exception, AZ 80). In contrast, some 
populations contain distantly related haplotypes (e.g., CT, 
GA, TXe, and IL). However, considering the relationships of 
the haplotypes within each of the two separate clades A and 
B, haplotypes from CT, GA, and TXe populations tend to be 
very closely related, whereas IL haplotypes are more phy- 
logenetically dispersed, being separated by haplotypes from 
other geographic areas. 

MX, TX,, and TX, haplotypes are located at more basal 
or interior positions in the genealogy, with many connections 
to other haplotypes, suggesting their greater antiquity (Cas- 
telloe and Templeton 1994). Although not forming a mono- 
phyletic clade, MX and TX, haplotypes are found only in 
one of the two deeper clades (clade B), with the exception 
of one haplotype (MX,. 10 in Fig. 2). 

Effective Population Sizes and Species Deniogrnphies 

The mean calibration rate of sequence divergence of 
mtDNA reported in several studies of insects and other ar- 
thropods is 2.3% per million years, and the rate for the COI 
gene in Tetrnopes beetles (in the sister family of the Chry- 
somelidae) has been estimated as 1.7% (Brower 1994). Using 
these rates of sequence divergence, the divergence time be- 
tween these species may be estimated as 0.9 to 1.2 million 
years, that is, the early to mid-Pleistocene (based on the av- 
erage pairwise difference corrected for multiple hits; the max- 
imum-likelihood estimate is 1.0 to 1.3 million years). 

Although the geographic range of 0,conimunn is far larger 
than that of 0. bilinentn, the species are similar in genetic 
diversity (Table 4). Based on 7~ and 8, effective population 
sizes, N, = 2N+, are large: 2.3 X lo6 for 0. conzmunn and 
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a) 0 cor i l i t r i i i ia  b)0 bilinentn 

ND 9 

H 
0 0.01 

GA41,42,43,46 

FIG.2 .  Genealogical relationships (a) among Ophraella communn haplotypes and between 0 .  comnluna and 0 .  bilineata and ( b )among 
0 .  bilineata haplotypes from a maximum-likelihood analysis with a gamma-distributed model of rate variation among sites (using a 
maximum-likelihood estimate of the shape parameter cu with four rate categories). Branch lengths are proportional to the expected number 
of substitutions. Empty circles are hypothesized nodes not seen in our collections. Numerals next to locality designations refer to individual 
sequences. 

2.18 X lo6 for 0. bilineatn. Local samples of 0. conznzuna, 
which are comparable to the 0. bilineata sample, also yield 
high estimates of N,(Table 4). The large effective population 
size of 0. conzmunn is also reflected in the genealogical pat- 
terns of haplotypes: few haplotypes hypothesized as ancestral 
nodes are missing from the genealogy (Fig. 2) and many local 
populations include haplotypes from both major clades (A 
and B in Fig. 2). 

Regarding the historical demography of each species, Ta- 
jima's D is negative but not significant (-0.613 and -0.317 
for 0. comnzunn and 0. bilineata, respectively), thus con- 
firming the absence of any long-term geographic subdivision 
as reflected by the genealogical relationships among haplo- 
types (Fig. 2). Although a negative Tajima's D is consistent 
with a model of population expansion, it is not significant, 

nor does either species fit Wakeley and Hey's (1997) model 
of expansion ( ~ i g .  4), although 0. comnzunn comes close. 

A total of 28 segregating sites were observed in our anal- 
ysis of 22 sequences of 0. bilinenta. Based on our analysis 
of these sequences and assuming a neutral coalescent process, 
we were unable to determine whether a bott leneckbas as- 
sociated with the origin of 0.bilinentn. There is no difference -
in the log- likelihood surface between models with and with- 
out a speciation bottleneck (Fig. 5). That is, given the esti- 
mate of N,and of the time since speciation (about 1.3 million 
years), there has been sufficient time for the observed se- 
quence diversity to coalesce to a single ancestor. We exam- 
ined the behavior of the models over a range of biologically 
reasonable parameter values (e.g., over a range of N,= 10" 
to lo7 and I*. = 1.7 X to 8.5 X In particular, we 
















