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ABSTRACT

Evidence suggests that the apple maggot, Rhagoletis pomonella (Diptera: Tephritidae) is undergoing
sympatric speciation (i.e., divergence without geographic isolation) in the process of shifting and adapting
to a new host plant. Prior to the introduction of cultivated apples (Malus pumila) in North America, R.
pomonella infested the fruit of native hawthorns ( Crataegus spp.). However, sometime in the mid-1800s the
fly formed a sympatric race on apple. The recently derived apple-infesting race shows consistent allele
frequency differences from the hawthorn host race for six allozyme loci mapping to three different
chromosomes. Alleles at all six of these allozymes correlate with the timing of adult eclosion, an event
dependent on the duration of the overwintering pupal diapause. This timing difference differentially
adapts the univoltine fly races to an ~3- to 4-week difference in the peak fruiting times of apple and
hawthorn trees, partially reproductively isolating the host races. Here, we report finding substantial gametic
disequilibrium among allozyme and complementary DNA (¢cDNA) markers encompassing the three chro-
mosomal regions differentiating apple and hawthorn flies. The regions of disequilibrium extend well
beyond the previously characterized six allozyme loci, covering substantial portions of chromosomes 1, 2,
and 3 (haploid n = 6 in R. pomonella). Moreover, significant recombination heterogeneity and variation
in gene order were observed among single-pair crosses for each of the three genomic regions, implying
the existence of inversion polymorphism. We therefore have evidence that genes affecting diapause traits
involved in host race formation reside within large complexes of rearranged genes. We explore whether
these genomic regions (inversions) constitute coadapted gene complexes and discuss the implications of
our findings for sympatric speciation in Rhagoletis.

EO-DARWINIAN theory posits that the genetic
basis for speciation is not qualitatively different

from that underlying microevolutionary change within
populations. The genetic variation between and within
populations is the ultimate basis for the origin of species
(LEwonNTIN 1997). The use of the genetics of natural
populations to inform evolutionary theory traces to the
collaboration and pioneering work of T. H. Dobzhansky
and A. H. Sturtevant on inversion polymorphism in
Drosophila pseudoobscura (for reviews see PROVINE 1981;
KriMmBAS and POwEeLL 1992; POWELL 1997). At first, Dob-
zhansky viewed inversions as selectively neutral markers
that could be used to demonstrate genetic drift in subdi-
vided populations (DoBzHANSKY and QUEAL 1938).
However, it soon became apparent that the inversions
were under strong selection, which led Dobzhansky to
develop his ideas concerning genetic coadaptation—u.e.,
that nonadditive, epistatic fitness effects among loci create
harmoniously interacting complexes of genes within in-
versions that are selectively balanced against alternate
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sets in heterokaryotypes (DOBZHANSKY 1970; KrRIMBAS
and PowEeLL 1992).

Subsequent studies of genetic variation have generally
focused on allele or genotype frequency distributions
and single-locus approaches to understanding genetic
polymorphism (although see HEDRICK ¢t al. 1978; LoNG
et al. 1995; ELENA and LeNskI 1997; TEMPLETON 2000;
ANDOLFATTO and PrEzeEwORSKI 2001; Kim and RIESE-
BERG 2001). However, advances in molecular tech-
niques now make it possible to comprehensively survey
the genome of almost any organism for genetic varia-
tion. The power of these methods has permitted more
sophisticated tests for natural selection (HUDSON et al.
1987; Tajima 1989; McDoNALD and KrRerrmMan 1991; Fu
and L1 1993) and has allowed the revisiting of questions
concerning the adaptive significance of inversion poly-
morphism (AQUADRO et al. 1991; BENASSI el al. 1993;
Rozas and Acuapit 1993, 1994; WESLEY and EANES
1994; BABcoCK and ANDERSON 1996; ANDOLFATTO ¢t al.
1999; CACERES et al. 1999; DEPAULIS ef al. 1999; RozAs et
al. 1999; ANDOLFATTO and KrREITMAN 2000; KOVACEVIC
and SCcHAEFFER 2000).

In the current study, we investigate the genetic archi-
tecture of adaptation and speciation for the apple mag-
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got fly, Rhagoletis pomonella (Diptera: Tephritidae). True
fruit flies belonging to the R. pomonella sibling species
complex, of which the apple maggot is a member, are
at the center of a long-standing debate concerning
modes of speciation (Busu 1969a,b, 1994). Speciation
in sexually reproducing animals is generally thought to
require the complete geographic separation (i.e., allopa-
try) of populations at some point in their history (Mayr
1963). But as early as the 1860s, WaLsH (1864) argued
that certain phytophagous insects could speciate in the
absence of geographic isolation (i.e., in sympatry) in
the process of shifting and adapting to new host plants.
R. pomonella shifted from utilizing the unabscised fruit
of its native host hawthorn (Crataegus spp.) to utilizing
the introduced, domesticated apple (Malus pumila)
sometime in the mid-1800s in the Hudson River Valley
region of New York (Busu 1966, 1969a,b). WaLsH
(1867) cited this shift as an example of an incipient
sympatric speciation event. BusH (1966, 1969a,b) subse-
quently argued that the entire complex of five (or more)
sibling species comprising the R. pomonella group arose
by sympatric speciation via host plant shifts.

Recent genetic studies have confirmed that apple-
and hawthorn-infesting populations of R. pomonella are
partially reproductively isolated “host races,” the hy-
pothesized first stage of sympatric speciation (FEDER
et al. 1988, 1990; McPHERON et al. 1988). Apple and
hawthorn fly races display significant allele frequency
differences for six allozyme loci at sympatric field sites
across the eastern United States. [The six allozymes
are: Malic Enzyme (Me, 1.1.1.40), Aconitase-2 (Acon-2, EC
4.2.1.3), Mannose phosphate isomerase (Mpi, 5.3.1.8),
Aspartate amino transferase-2 (Aat-2, EC 2.6.1.1), NADH-
Diaphorase-2 (Dia-2, EC 1.6.2.2), and B-Hydroxyacid dehy-
drogenase (Had, EC 1.1.1.30).]

Allozyme surveys have also supported Bush’s con-
tention concerning the sympatric radiation of the R.
pomonella group (BERLOCHER et al. 1993; BERLOCHER
2000). Interestingly, R. cornivora is the sole species in
the complex distinguished by fixed autapomorphic dif-
ferences (BERLOCHER et al. 1993; BErRLOCHER 2000).
Only allozyme frequency differences have thus far been
found to separate R. pomonella, R. mendax (blueberry
maggot), R. zephyria (snowberry maggot), and the unde-
scribed Cornus florida fly (flowering dogwood maggot;
BERLOCHER et al. 1993; FEDER 1998; BERLOCHER 2000).
These four “in group” sibling species can therefore be
viewed as host races writ large, varying in degree (i.e.,
more pronounced allele frequency differences), but not
in kind, from apple and hawthorn flies (i.e., “quantita-
tive genetic” species; BERLOCHER and FEDER 2002). De-
spite not possessing fixed genetic differences or consti-
tuting monophyletic lineages, these species nonetheless
occupy distinct adaptive host peaks. Ecological special-
ization is sufficient for these species to have formed and
to be maintained in sympatry as recognizable genotypic
clusters (MALLET 1995) or as “evolutionary groups”
(Hey 2001) in the face of potential gene flow (for fur-

ther discussion of the species/gene flow problem see
FEDER 1998; Wu 2001; and related commentary). An
evolutionary chronology of diverged forms ranging
from recently derived host races to completely isolated
sibling species therefore exists in the R. pomonella group,
consistent with the Darwinian view of speciation as a
microevolutionary (adaptive) process.

Two host-associated traits have been shown to be pri-
marily responsible for isolating R. pomonella group flies.
First, because Rhagoletis adults court and mate exclu-
sively on or near the fruit of their host plants (PROKOPY
et al. 1971, 1972), differences in host preference behav-
iors translate directly into mate choice decisions and
premating isolation (PROKOPY et al. 1988; FEDER et al.
1994). Mark-release recapture experiments have indi-
cated that hostspecific mating partially isolates the
apple and hawthorn races of R. pomonella, reducing gene
flow to ~4—6% /generation (FEDER e al. 1994, 1998). In
comparison, host-specific mating appears to constitute a
near-complete premating barrier between the sibling
species R. pomonella and R. mendax (FEDER and Busn
1989a).

Second, diapause-related traits differentially adapt
Rhagoletis flies to variation in the fruiting times of their
respective host plants. Rhagoletis larvae feed within the
fruit of their host plants, with each taxon attacking a
unique set of hosts (Busna 1966). These plants all fruit
at different times in the field season (i.e.,, host fruit
represent different temporal resource islands). Because
Rhagoletis is univoltine and adult longevity is only 4-6
weeks in nature, the life histories of these flies must
match the fruiting phenologies of their respective host
plants to maximize fly fitness (SmrTa 1988; FEDER et
al. 1993, 1997a, 1998; BErRLOCHER 2000). Host/insect
synchrony is mediated in R. pomonella through variation
in the depth of the overwintering pupal diapause. One
consequence of this is that the different fly races and
sibling species eclose and reach sexual maturity at differ-
ent times of the season, resulting in allochronic mating
isolation (SmiTH 1988; FEDER et al. 1993, 1998). For
example, apple fly adults eclose an average of 10 days
earlier than sympatric hawthorn flies, reflecting the
~3-week-earlier mean fruiting phenology of apples than
of haws (FEDER et al. 1993; FEDER 1995). We have esti-
mated that this eclosion time difference translates into
a 20-30% reduction in interbreeding between apple
and hawthorn flies (FEDER et al. 1993, 1998). Variation
in host phenology also exposes fly larvae and pupae to
different environmental conditions before winter. The
prewintering period is of biological significance because
diapause is facultative in R. pomonella (DEAN and CHAP-
MAN 1973: BoLLER and Prokopry 1976). Fly larvae and
pupae exposed to elevated temperatures for prolonged
periods will forgo an extended diapause and immedi-
ately develop into adults, with disastrous fitness conse-
quences in the field (FEDER et al. 1997a). As a result,
flies that infest host plants with earlier fruiting times
are selected to have a more recalcitrant pupal diapause
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(FEDER et al. 1997a,b). This life history difference can
be an important postmating barrier to gene flow (FEDER
el al. 1997a,b, 1998; FiLcHAK el al. 2000).

The six allozymes displaying host-related differentia-
tion for R. pomonella have all been shown to correlate
with the timing of adult eclosion (FEDER et al. 1993,
1997a,b; FILCHAK et al. 2000), a trait related to the depth
of the pupal diapause (DANILEVSKY 1965; TAUBER and
TAUBER 1976). Selection experiments in which flies
were exposed to environmental conditions simulating
the phenological difference between hawthorn and
apple trees resulted in significant responses for these six
allozymes in predicted directions (FEDER et al. 1997a,b;
FiLcHAK et al. 2000). Conditions emulating the earlier
fruiting time for apples shifted Me, Acon-2, Mpi, Aat-2,
Dia-2, and Had frequencies in surviving flies toward
those typically found in the apple race, while conditions
similar to those faced by flies infesting the later fruiting
hawthorn favored haw race alleles. Thus, a relationship
between hostrelated ecological specialization and pop-
ulation divergence has been established for Rhagoletis.
Moreover, a connection has been made between genetic
markers differentiating fly populations and diapause
traits of adaptive significance responsible for reproduc-
tively isolating taxa.

Evidence suggests that the genetic architecture of dia-
pause-related variation in R. pomonella may involve more
than just first-order differences in allozyme frequencies,
however. The six allozyme loci displaying allele fre-
quency differences between the apple and hawthorn
host races map to only three different regions of the R.
pomonella genome on chromosomes 1, 2, and 3 (see
Figures 1-4; BERLOCHER and SmiTH 1983; FEDER et al.
1989; ROETHELE el al. 1997, 2001). Significant linkage
disequilibrium has also been detected between allozyme
markers within each of these three regions (FEDER et
al. 1988, 1990). Such disequilibrium is rare in natural
populations of most organisms, except when genes are
associated with some type of chromosomal rearrange-
ment (KrimBAs and PoweLL 1992; PoweLL 1997). Thus,
the six allozymes differentiating apple and hawthorn flies
may demarcate inversion or translocation polymorphism,
raising the specter of genetic coadaptation for life history
traits involved in sympatric host race formation and specia-
tion in the R. pomonella group.

Here, we test the inversion hypothesis for R. pomonella by
analyzing patterns of meiotic recombination and gametic
disequilibrium among complementary DNA (cDNA) and
allozyme markers. Our strategy centered on documenting
differences in the linear map order of loci among genetic
crosses, the same classic approach first used by STURTEV-
ANT (1926) to deduce the existence of inversions in Dro-
sophila. This mapping-based approach was necessary be-
cause R. pomonella polytene chromosomes are currently
of such poor quality that we cannot directly visualize the
physical loop structures characteristic of inversion hetero-
karyotypes.

We report evidence that the six allozymes displaying

hostrelated frequency differences between the apple and
hawthorn fly races reside within inversions. Moreover, in-
version polymorphism subsumes a substantial portion of
chromosomes 1, 2, and 3, covering perhaps one-half of
the R. pomonella genome (n = 6). As a result, gametic
disequilibrium is extensive in R. pomonella, involving many
more loci than just the previously characterized six allo-
zymes. Itis therefore more accurate to characterize genetic
variation between apple and hawthorn host races, and
possibly among R. pomonella group sibling species, as in-
volving large suites of correlated loci tied up in inversions,
rather than to characterize it just by first-order differences
in allozyme frequencies. We conclude by discussing the
implications of our findings for sympatric host race forma-
tion and for speciation in Rhagoletis and explore the
possibility that the three inverted chromosomal regions
constitute coadapted gene complexes.

MATERIALS AND METHODS

Overview of research strategy: To test for chromosomal re-
arrangements, we first constructed an expressed sequence-
tagged library for R. pomonella (ROETHELE et al. 1997, 2001). The
library was then used to build an integrated linkage map of
c¢DNA and allozyme loci for the six chromosomes comprising the
R. pomonella genome (ROETHELE et al. 1997, 2001). Polymorphic
markers were used to examine patterns of meiotic recombination
and gametic disequilibrium from single-pair genetic crosses. Vari-
ation in the inferred linear order of genes among crosses was
used to test for inversion polymorphism. The analysis was based
on a set of 43 single-pair crosses performed using apple flies
collected directly from nature at a field site near Grant, Michigan.
We limited this study to chromosomes 1-4 because: (1) these
four chromosomes presently have the most polymorphic markers
and extensive genetic maps, and (2) chromosomes 1-3 are
known to contain genes affecting diapause-related traits involved
in hostassociated adaptation and sympatric race formation for
Rhagoletis (FEDER et al. 1988, 1997a,b; FILCHAK et al. 2000).

In addition, we compiled allozyme data for 66 host race popu-
lations from across the eastern United States (FEDER and Busn
1989b; FEDER et al. 1990) to assess the general pattern of linkage
disequilibrium throughout the range of geographic overlap be-
tween apple and haw flies. Given the magnitude and scope of
nonrandom genetic associations we report below, future studies
are planned to expand the population level survey of allozymes
to include cDNA markers.

Building the R. pomonella linkage map: An earlier linkage map
was constructed for R. pomonella based on 14 single-pair crosses
involving a nondiapausing, laboratory line of R. pomonella
(ROETHELE ¢t al. 1997). The lab line was derived from a natural
apple-infesting population collected near Geneva, New York, in
the 1960s. At the time of the crosses, the Geneva line had under-
gone as many as 100 generations in the laboratory. It is therefore
possible that map positions and linkage relationships for Geneva
flies are not representative of wild flies.

To obtain more direct, field-based measures of recombination
and gametic disequilibrium for markers on chromosomes 14,
we performed an additional set of 43 single-pair crosses using
R. pomonella flies collected from the wild. Parents used for the
crosses were collected as larvae in infested apple fruits at a study
site near Grant, Michigan, in the summer of 1995 and reared
to adulthood in the laboratory. Single-pair crosses were then
established and offspring reared following the same procedures
discussed in FEDER et al. (1989).

DNA isolated from the head of a single parent or its offspring
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was sufficient to score a large number of cDNA markers using
PCR-based methods, leaving the thorax and abdomen for allo-
zyme analysis. Amplifications were performed under standard
PCR conditions using primer pairs generated from sequence
data for cDNA clones previously identified as having a polymor-
phic restriction site for Alul, Ddel, Sau3A, or Tagl (for details
see ROETHELE ¢t al. 1997, 2001). The amplified DNA was digested
with the appropriate restriction enzyme and the resulting DNA
fragments were electrophoretically resolved on 1% NuSieve +
1% agarose gels. We also scored the same flies for the following
15 different isozymes using standard horizontal starch gel electro-
phoresis techniques: Acon, Adenylate kinase (Ak; EC 2.7.4.3), Alco-
hol dehydrogenase (ADH; EC 1.1.1.1), Aminoacylase (Acy, EC
3.5.1.14), Aat, Dia, Fumarase (Fum, EC 4.2.1.2), Had, Isocitrate
dehydrogenase (Idh, EC 1.1.1.42), Malic Enzyme (Me, 1.1.1.40), Man-
nose phosphate isomerase (Mpi, 5.3.1.8), Peptidase (Pep, 3.4.13.9),
Phosphoglucose isomerase (Gpi, EC 5.3.1.9), Phosphoglucose mutase
(Pgm, EC 2.7.5.1), and Superoxide dismutase (Sod, EC 1.15.1.1; for
methodological details see FEDER et al. 1989). These 15 isozymes
represent 21 different loci, 16 of which are polymorphic in R.
pomonella on the basis of the criterion that the frequency of the
most common allele is <0.95 in populations. An attempt was
made to score every parent and offspring for each of the allozyme
markers. However, due to resource and time constraints, not all
of the crosses were analyzed for all of the cDNA loci.

Analysis of cross data: Establishing linkage relationships is
straightforward in R. pomonella because recombination is ex-
tremely limited in males (BERLOCHER and SmiTH 1983; FEDER
et al. 1989; ROETHELE et al. 1997). Consequently, linked blocks
of genes are inherited intact in the form of whole chromosomes
from fathers, while loci on chromosomes from mothers assort
randomly. Linkage group assignments established for the Geneva
lab line were therefore readily tested for synteny with the new
set of 43 “field” crosses by following the assortment pattern
among markers in crosses involving males that were heterozygous
at multiple (two or more) genes.

Single-pair crosses in this study produced 10-30 progeny. Sam-
ple sizes for individual crosses were therefore large enough to
infer syntenic groups, but sometimes not to unambiguously re-
solve gene order for subsets of tightly linked markers. In these
circumstances, sample size is usually increased by pooling data
across crosses. However, this is a valid approach only if the order
of markers is the same among parents and if pairwise estimates
of recombination frequency do not display significant heteroge-
neity among crosses (Stam 1993). In our case, the raw mapping
data suggested evidence for inversion polymorphism in R. pomo-
nella, violating the assumptions for data pooling. The maps pre-
sented in Figures 1-4 were therefore deduced by first inferring
linear gene order separately for each cross. We next compared
these “multipoint” crosses to identify groups (“cliques”) of crosses
agreeing in gene order. We refer to the gene order supported
by the largest clique of crosses as the “compatibility map” (see
Figures 1-4). To evaluate the extent to which a particular cross
in a clique agreed with the compatibility map, a LOD score was
estimated for the cross using MAPMAKER/EXP, version 3.0
(LANDER et al. 1987; LINCOLN et al. 1993) by comparing the
compatibility map order for loci to the alternative gene order
having the nexthighest likelihood. The remaining “incongru-
ous” crosses disagreeing in gene order with the largest clique
were used to infer the existence of inversion polymorphism.
LOD score analysis was used to assess the support of incongruous
crosses for alternative gene orders (rearrangements) relative to
the compatibility map.

The cross data were also used to test for gametic disequilibrium
between linked loci in the Grant, Michigan, apple fly population
(n = 20-172 chromosomes scored, depending upon the markers
analyzed). Gamete frequencies (linkage-phase relationships)
were determined for parents on the basis of assortment patterns

TABLE 1

Sampling locations for 33 paired apple and hawthorn
fly sites scored for allozymes

Site Year Location Distance
1 87 Rodgers Ave, Clare, MI 3.2
2 87 MI 20, Mt. Pleasant, MI 3.0
3 87 Alger Rd., Alma, MI s
4 87 MI 27, Eureka, MI s
5 86 Jolly Rd., Okemos, MI S
6 87 Mich. St. Univ., E. Lansing, MI s
7 87 F Dr., Eckford, MI s
8 87 Interstate 24, Parkdale, IN 8.0
9 87  Interstate 69, Gas City, IN 71

10 87 No. 45 Rd., Cadillac, MI s

11 87 Grand R. Ave., Saranac, MI 4.9

12 87 Sprinkle Rd., Portage, MI 4.2

13 87 MI 20, Woodpville, MI S

14 89 112th St., Grant, MI S

15 87 24th St., Herrington, MI 2.0

16 87 MI 89, Fennville, MI 1.5

17 87 East Rd., Three Oaks, MI s

18 86 Hogan Farm, Ephraim, WI s

19 85 Kuehn Farm, Carlsville, WI S

20 87 MM Rd., Green Bay, WI s

21 87 Gass L. Rd., Manitowoc, WI s

22 87 EE Rd., Sheboygan, WI s

23 87 C. Rd., Port Washington, WI s

24 87 50th St., N. Cape, WI s

25 87 WI Hwy. 50, Bristol, WI s

26 86 IL 132, Waukegan, IL 3.3

27 86 Univ. IL, Urbana, IL s

28 87 WI 29, Hatley, WI 1.6

29 87 WI 49, Berlin, WI 6.3

30 87 WI 81, Beloit, WI 2.5

31 86 Hwy. 31, Kenton, OH 5.0

32 85 Ag. Exp. Station, Geneva, NY S

33 86 Univ. MA, Amherst, MA 1.0

Year, year sample was collected; Distance, distance (in kilo-
meters) separating apple and hawthorn trees at paired sites;
s, sympatric site where trees were <1 km apart.

observed in their offspring and used to calculate both two- and
three-locus disequilibrium levels for markers on chromosomes
1-4. Standardized two-locus gametic disequilibrium values (i.e.,
correlation coefficients = 7,) were estimated according to WEIR
(1996) and tested for significance using Fisher’s exact tests. Sec-
ond-order disequilibrium among triads of loci was examined
using the additive formulation of BENNETT (1954), which sub-
tracts terms for first-order pairwise interactions between loci.
The resulting three-locus D values were tested for significance
by chisquare tests (WEIR 1996).

Allozyme survey of natural fly populations: To assess the extent
of disequilibrium in R. pomonella across a wide portion of its
geographic range, we compiled and analyzed allozyme data from
33 paired apple and hawthorn fly populations distributed
throughout the eastern United States (see Table 1 for collecting
sites; data come from FEDER and BusH 1989b and FEDER et al.
1990). At the majority of the paired apple and hawthorn sites,
flies were sampled from host trees <1 km apart and so were
considered “sympatric.” (One kilometer is well within the cruis-
ing range of R. pomonella; MAXWELL and PARsONs 1968; FEDER
et al. 1994.) Flies from all 66 host race populations were scored
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for Aat-2, Dia-2, Me, Acon-2, Mpi, and Had, while a subset of 22
populations were resolved for all 16 polymorphic allozymes in
R. pomonella.

Estimation of linkage disequilibrium from genotype frequency
data, as in our allozyme survey, is complicated by the fact that
double heterozygotes cannot be distinguished. Nevertheless,
composite disequilibrium coefficients that include components
due to nonrandom associations of alleles within gametes and
the nonrandom union of gametes to form zygotes can still be
calculated (CockerHAM and WEIR 1977). We calculated stan-
dardized disequilibrium coefficients (r,) between pairs of nonal-
lelic allozymes within apple and hawthorn populations on the
basis of Burrow’s composite values (COCKERHAM and WEIR 1977;
WEIR 1996). The coefficients were tested for significance (. >
0) by ztransformation (ZARr 1996).

RESULTS

Genetic linkage map based on Grant, Michigan, field
crosses: Six linkage groups corresponding to the haploid
chromosome complement of R. pomonella (n = 6) were
identified from assortment patterns in Grant, Michigan,
males (Figures 1-4). Linkage group assignments were un-
ambiguous for all 16 polymorphic allozymes and 50 cDNA
markers mapped from the 43 field crosses, implying an
absence of translocation polymorphism. In addition, G-6-
pdh was mapped to chromosome 3 using redundant PCR
primers constructed by SOTO-ADAMES et al. (1994) and
flanking the second intron of the gene, and Fum was
assigned to chromosome 3 on the basis of crosses involving
R. tabellaria Fitch (McPHERON and BERLOCHER 1985).
Linkage group relationships determined for the Grant,
Michigan, flies were identical to those deduced for the
Geneva, New York, laboratory line (ROETHELE et al.
1997), suggesting that synteny is conserved across the
geographic range of R. pomonella.

Disequilibrium between allozymes in natural popula-
tions: Disequilibrium was common between linked allo-
zymes within apple and hawthorn fly populations for
each of the three genomic regions on chromosomes
1-3 displaying hostrelated differentiation (Figure 5).
Standardized composite disequilibrium values (7,) were
significantly different from zero for 60 of 64 host race
populations that could be tested between Aat-2 100 and
Dia-2 100 (chromosome 1), 37 of 66 for Me 100/ Acon-2
95 (chromosome 2), and 17 of 22 for Had 100/ Pep-2
100 (chromosome 3; Figure 5).

In contrast, linked allozymes not displaying host-
related differences were generally in equilibrium when
tested in pairwise combinations both among themselves
and with Aat-2, Dia-2, Me, Acon-2, Had, or Pep-2. For
example, Idh is located 4.2 cM from Aat-2 Dia-2 and 4.6
cM from Dia-2 on linkage group I. (These recombina-
tion distances represent the mean values between mark-
ers averaged across all Grant apple fly crosses involving
double heterozygote females.) Idh was in equilibrium
with both Dia-2 and Aat-2in all 19 host race populations
tested. The same was also true in these 19 populations
for comparisons between Idh, Ak, and Pgm.

A B F G

rP3072 -T - —P3b - P2160
- P2160 E— —Pgm - P220
—P181 — Ak —‘Aat—Z
- 1 - 1ah Dia-2

P341 > ia
—Dia-2 T - P341 P341)
—Aat-2 —P181 —ldh

D
—- P220 T -P3072 —P181
-
—P3b — rP2160 -P3072
€))
—Idh - —Aat-2 — Ak
ey
- P2648 C L — Dia-2 — P2648
2) -
~ Ak - —~ P2648 —P3b
(2) @ @

—Pgm

(12)
Sod No P220 No Pgm
P226
P2944

Ficure 1.—Compatibility linkage map (A) supported by

the largest clique of crosses (12) agreeing in gene order for
chromosome 1. Also given are alternate hypotheses for or-
ganizing the eight remaining incompatible crosses into a series
of either (B-F) five simple inversions with bracketed lines
denoting regions of inverted gene order compared to the
compatibility map, A, and the arrow indicating a two-step
rearrangement) or (G and H) two complex inversions that
require a series of multiple rearrangements to generate. Allo-
zyme loci are italicized, while the suffix “P” indicates a cDNA
locus. Underlined markers are allozymes displaying significant
allele frequency differences between the apple and hawthorn
host races. Boldface markers are those showing significant
pairwise gametic disequilibrium in crosses. Numbers in paren-
theses below chromosomes are the number of crosses support-
ing the indicated gene order. Markers listed below the compat-
ibility map have been assigned to chromosome 1, but their
position within the chromosome could not be determined
from the cross data. Map positions for markers listed below
the complex inversion chromosomes could not be determined
from the cliques of crosses supporting these alternate gene
orders.

Unlinked allozymes on different chromosomes also
tended to be in equilibrium. Only 52 of 1217 7, values
calculated between pairs of unlinked allozymes were
significantly greater than zero. None of these 52 tests
was significant on a table-wide basis after applying a
sequential Bonferroni procedure to correct for multiple
tests (Rice 1989). Genetic interactions were therefore
not obvious between allozymes residing on different
linkage groups within the 66 host race populations sur-
veyed.

Disequilibrium values estimated from the apple fly
crosses in which the linkage phase of markers in gametes
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F1GURE 2.—Compatibility linkage map (A) supported by
the largest clique of crosses (10) agreeing in gene order for
chromosome 2. Also given are alternate hypotheses for or-
ganizing the nine remaining incompatible crosses into a series
of either four simple inversions (B-E) or one complex (F)
and two simple (E and D) inversions. See Figure 1 for addi-
tional details.

could be determined were similar to the composite val-
ues calculated from genotype frequencies at Grant,
Michigan. Genetic cross estimates were r, = 0.83 be-
tween Aat-2 + 75 and Dia-2 100 (n = 168 gametes), 7, =
0.41 between Me 100 and Acon-2 95 (n = 172 gametes),
and 7, = 0.26 between Had 100 and Pep-2 100 (n =
146 gametes). These estimates were not significantly
different from the composite r, values of 0.78, 0.33, and
0.32, respectively, calculated from genotype data (n =
416 flies) for the apple race at Grant in 1989 (P = 0.10,
0.31, and 0.50 based on ztransformations; ZAr 1996).
The concordance of the cross and composite disequilib-
rium measures suggests that gametes generally unite at
random to form zygotes within the apple race at Grant.
(Under random mating and in the absence of higher-
order effects, composite values are equivalent to stan-
dardized gametic disequilibrium coefficients; WEIR
1996.) The random-mating hypothesis was also sup-
ported by genotype frequencies for all six allozymes in
Hardy-Weinberg equilibrium at Grant (datanotshown).

The extent of disequilibrium across the genome (allo-
zyme and cDNA markers): The field cross data from

A H
— P2619 G — P849
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~P47 ~ P3082
~ P849 - P2156 , B (1
— P3082 !-) 7 n - P3061 * E o)
) F " +Fo
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—P22 ~Pep-2
E
-Had 7 a0 T - P7
B
—G-6-pdh /(—1—) - G-6-pdh
L 1 )
P7 M go Piz
P47
—P33 Ng P70
No Pep-2

—P2480 O O
- P70

(13)

P33

P34a

P849

P2619

Ficure 3.—Compatibility linkage map (A) supported by
the largest clique of crosses (13) agreeing in gene order for
chromosome 3. Also given are alternate hypotheses for or-
ganizing the six remaining incompatible crosses into a series
of either three one-step (B, E, and F) and three two-step (C,
D, and G) simple inversions or one complex (H) and four
simple (B, E, F, and G) inversions. See Figure 1 for additional
details.

Grant, Michigan, indicated the presence of substantial
gametic disequilibrium across large portions of chromo-
somes 1-3 (Figures 1-3 and 6). The magnitude of pair-
wise, two-locus disequilibrium estimated for the apple
fly population was inversely related to the mean recom-
bination distance separating markers on chromosomes
1-3 (Figure 6). Significant pairwise disequilibrium was
observed between 4 of 15 genetic markers on chromo-
some 1, 12 of 14 loci on chromosome 2, and 16 of 19
genes on chromosome 3 (Figures 1-3 and 6). In con-
trast, no significant disequilibrium was observed for any
pairwise test conducted between the 10 markers on
chromosome 4 (Figures 4 and 6).

Second-order disequilibrium was detected among tri-
ads of markers within all three genomic regions of chro-
mosomes 1-3 displaying hostrelated differentiation. A
total of 3 of 4, 21 of 146, and 100 of 241 three-locus
tests were significant for chromosomes 1-3, respectively.
One, 3, and 7 of these tests were significant on a table-wide
basis, as determined by a sequential Bonferroni correction
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FIGURE 4.—Genetic map supported by eight crosses for
chromosome 4. Also given are loci mapping to chromosomes
5 and 6 whose gene orders have yet to be determined. See
Figure 1 for additional details.

procedure. Consequently, significant multilocus associa-
tions that deviate from predictions on the basis of first-
order relationships between genes are present in R.
pomonella. Out of a total of 82 higher-order three-locus
disequilibrium tests, 4 were also significant among chro-
mosome 4 markers, but none of these 4 tests was significant
on a table-wide basis.

Recombination heterogeneity and variation in linear
gene order: Significant recombination heterogeneity
was observed among crosses for markers within each of
the three chromosomal regions that displayed gametic
disequilibrium (see Figure 7 for marker pairs for which
we had the largest data sets). Recombination heteroge-
neity was not seen, however, among chromosome 4
markers (Figure 7). This suggests that exchange rates
may be more uniform outside of the three genomic
regions displaying host-related differentiation, but addi-
tional cross data are required to confirm this pattern.

The inferred linear order of loci in the three genomic
regions displaying gametic disequilibrium on chromo-
somes 1-3 also varied among crosses (Figures 1-3; Ta-
bles 2—4). For chromosome 1, the largest clique of 12
crosses involving multiply heterozygous females sup-
ported the compatibility map designated by the bold-
face letter “A” in Figure 1 (see Table 2 for LOD analysis).
However, the remaining 8 crosses for chromosome 1
implied different gene orders designated by the letters
B-H (Figure 1; Table 2). These 8 incongruous crosses
could be interpreted in two mutually exclusive ways.
First, they could be organized into a set of five simple
and overlapping rearrangements designated by the let-

Aat-2 / Dia-2
1-

0.9 -

0.8 -

Me / Acon-2
8 Had/ Pep-2

=3
~
i
Q0 O O OGKITIITD

©O COM0 MIDOO

Composite r value

0.1 T s 1

Chromosome 1 2 3

# Significant Tests 60 /64 37/66 17722

/ Total # Tests

Frcure 5.—Linkage disequilibrium within host race popula-
tions in the eastern United States. Distributions of composite
disequilibrium coefficients (7.) were calculated between pairs
of linked, nonallelic allozymes within apple and hawthorn
fly races on the basis of Burrow’s disequilibrium values (A;
CockErRHAM and WEIR 1977; WEIR 1996). Data represent a
total of 66 apple and hawthorn populations collected at 33
paired sites across the eastern United States (see Table 1 for
list of sites). The disequilibrium coefficients were tested for
significance (7, # 0) by ztransformation (ZAr 1996).

ters B-F in Figure 1. In this case, 7 of the 8 crosses
represent four different single-inversion events, while
the remaining cross is accounted for by a subsequent
inversion involving one of the single-rearrangement D
chromosomes (see arrow in Figure 1). Under the “sim-
ple” inversion scenario, a total of six different gene
orders would therefore segregate for chromosome 1.
Alternatively, the 8 incongruous crosses could be subdi-
vided into two subcliques of 4 crosses each that differ
in gene order from each other and from the compatibil-
ity map by a complex series of rearrangements (see
complex inversion hypothesis in Figure 1). Under the
complex inversion scenario, a total of only three differ-
ent gene orders would segregate for chromosome 1
(Figure 1).

The data for chromosomes 2 and 3 were similar to
those for chromosome 1. Compatibility maps were gen-
erated for both chromosomes 2 and 3, supported by a
majority of crosses (chromosome 2 = 10/19 = 53%;
chromosome 3 = 13/19 = 68%; Figures 2 and 3; Tables
3 and 4). The remaining nine incongruous crosses for
chromosome 2 and six for chromosome 3 could be
interpreted within the context of either a set of relatively
simple one- and two-step inversions or a combination
of complex and simple rearrangements (Figures 2 and
3; Tables 3 and 4).

In contrast to the results for chromosomes 1-3, we
found no disagreement in gene order among the eight
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multipoint female crosses for chromosome 4 (Figure 4,

Table 5).

DISCUSSION

Evidence for inversion polymorphism: Our data indi-
cate that all six allozyme loci currently known to display
host-associated differentiation in R. pomonella reside
within three different inverted regions of the fly’s ge-
nome. Aat-2, Dia-2, Me, Acon-2, Mpi, and Had are located
within segments of chromosomes 1-3 that show highly
significant and extensive gametic disequilibrium. Such
disequilibrium is rare in natural populations of most
organisms, except when genes are associated with inver-
sions or some other type of chromosomal rearrange-
ment (e.g., translocations; KRimBas and PowEgLL 1992;
PoweLL 1997). In R. pomonella, gametic disequilibrium
exists for large numbers of markers on chromosomes
1-3 and is present between allozymes at a majority of
host race populations surveyed in the eastern United
States. Moreover, the sign and magnitude of disequilib-
rium values among linked allozymes is similar to that
between apple and hawthorn fly populations across
sites. This pattern is inconsistent with the disequilibrium

Recombination Distance (centi-Morgans)

being generated by stochastic processes (genetic drift)
in small, local demes (see LEwoNTIN 1974). Rather, it
supports the existence of shared rearrangements be-
tween the host races. We also observed significant re-
combination heterogeneity and variation in the linear
order of genes among single-pair crosses for loci on
chromosomes 1-3. Recombination heterogeneity and
differences in linear gene order are expected among
crosses in which parents are alternately homozygous
and heterozygous for chromosomal inversions. We can
rule out translocations because chromosome assign-
ments were invariant for loci among crosses. Genetic
differentiation between apple and hawthorn host races,
and probably among R. pomonella sibling species, is
therefore best characterized by large suites of correlated
loci tied up in inversions, rather than just by first-order
variation in allozyme frequencies.

In contrast, the homogeneity of recombination rates,
concordance of gene order, and lack of gametic disequi-
librium for chromosome 4 markers (Figures 4, 6, and
7) imply an absence of inversion polymorphism. Addi-
tional crosses and markers are needed to investigate
chromosomes 5 and 6 to determine if the same holds
true for these two chromosomes. The current cDNA
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FI1GURE 7.—Recombination distance heterogeneity among crosses between indicated pairs of genetic markers on chromosomes
1-4 (10-70 offspring scored/cross). Numbers in parentheses are the number of crosses in which no recombination was detected
between markers. Significance was determined by Fisher’s exact tests.

clones in female parents were not sufficiently polymor-
phic to yield a large number of multipoint crosses for
assessing gene order for chromosomes 5 and 6.

Unfortunately, polytene chromosome preparations
are currently of such poor quality in R. pomonella that
we cannot cytologically confirm the existence or pin-
point the location of loop-like structures indicative of
inversions. This also precludes us from determining
whether the rearrangements represent pericentric or
paracentric inversions or differ from one another by a
simple, as opposed to a complex, sequence of evolution-
ary steps. Inversion polymorphism is not unprecedented
for Tephritid flies, however, and has been physically
documented for Procecidochares utiliz on the basis of poly-
tene chromosome spreads (BusH and TAYLOR 1969).
Fluorescence in situ hybridization of probes to meiotic
chromosomes or other more refined cytogenetic tech-
niques might provide physical verification of inversions
for R. pomonella.

Genetic coadaptation? The existence of several blocks
of linked, nonrandomly associated genes in R. pomonella
affecting diapause traits raises the issue of whether the
inversions represent coadapted gene complexes. Here,
we restrict our definition of coadaptation to Dobzhan-
sky’s use of the term as nonadditive, epistatic fitness
interactions among genes producing a state of gametic
disequilibrium enhancing mean population fitness.
However, while it is clear that the rearrangements in R.
pomonella are under host-dependent selection related
to diapause, and that extensive gametic disequilibrium
exists within and/or surrounding the rearrangements,
these observations alone are not sufficient to verify coad-
aptation. For example, it is still possible that each of
the three inverted regions of the genome contains only
asingle locus under balancing- or frequency-dependent
selection, with genetic hitchhiking of linked, neutral

genes being responsible for the disequilibrium. Differ-
ential, additive selection on multiple loci that adapt flies
to alternative plants, coupled with interhost migration,
could also generate a permanent state of gametic dis-
equilibrium between linked genes (FELSENSTEIN 1965;
NI and L1 1973; ProuT 1973; L1 and NE1 1974; FELD-
MAN and CHRISTIANSEN 1975; SLATKIN 1975).

Examining the hitchhiking hypothesis: Until such
time as more sophisticated genetic constructs and tech-
niques are available for experimentally dissecting the
Rhagoletis genome, the question of whether hitchhik-
ing explains the observed disequilibrium necessitates a
theoretical approach. In this context, the key issue is
whether recombination and gene conversion have had
sufficient time to restore random genetic associations
among loci to discount an historical cause for the ob-
served disequilibrium. General analytical solutions (ap-
proximations) to this question have been derived for
the case of a two-locus epistatic system by Ismir and
CHARLESWORTH (1977) and for a more general deter-
ministic model by NEI and L1 (1980). As discussed by
Isair and CHARLESWORTH (1977, p. 100),

unless a neutral locus is very closely linked to one of the
selected loci involved in the maintenance of the inversion
polymorphism, the half-life of the decay of an association
between the neutral locus and the inversion is of the
order of the reciprocal of the rate of double crossing
over in heterokaryotypes. It therefore seems likely that
experimental estimates of the rate of exchange of alleles
at an allozyme locus between two mutually inverted gene
arrangements will provide a good estimate of the rate of
decay for the neutral (hitchhiking) hypothesis.

Unfortunately, data on rates of gene flux in heterokaryo-
types do not exist for Rhagoletis and are relatively sparse
even for Drosophila species (Isair and CHARLESWORTH
1977; NE1 and L1 1980; NAVARRO et al. 2000). Neverthe-
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TABLE 2

LOD scores for the largest clique of compatible crosses on chromosomes 14

Cross no. Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4
Cl15 3.22 0.25

C16 X 0.22
C17 X X 4.08 0.20
C20 X

C23 0.88 1.88 8.28

C25 0.60

C26 X

C32 0.77

C33 0.48 0.81
C34 0.35

C37 0.21 X 5.00

NC1 0.54 X X

NC22 0.37 X

NC32 X 0.18

NC37 6.22

NC40 X 0.49 0.54
NC44 1.02 0.32 0.41

NC51 1.34 X 0.33

NC5H8 X X 1.15

NC94 X

NC97 0.81 1.30 1.30
A29 0.37 0.34 0.68
A45 X 0.17
A87 X

A100 0.87

A105 X X 0.35

A109 1.67

All4 X

Al21 X

Al24 0.55 2.61

Al125 X 0.71 2.12
Al127 0.32

A246 0.37 X

Scores were calculated as log, (likelihood for the compatibility map order for a cross/likelihood for second-
most likely gene order for the cross). X, cross in which the maximum-likelihood gene order was different
from the compatibility map. No data shown, cross in which female was not heterozygous for three or more
loci on a given chromosome (i.e., not a multipoint cross). The compatibility map order for each chromosome

is given as order “A” in Figures 1-4.

less, it has been suggested that double-exchange/gene
conversion rates between inversions on the order of
107*-107°/meiosis are probably typical in Drosophila
(Isann and CHARLESWORTH 1977; Ner and Li 1980).
If these rates also generally apply to heterokaryotypic
Rhagoletis females, then the decay half-life for gametic
disequilibrium will range from ~20,000 to 200,000 gen-
erations (years) for neutral markers within inversions.
(Recall that R. pomonellais univoltine, having one gener-
ation per year, and that recombination is all but nonexis-
tent in males, thereby halving the overall gene flux rate
between inversions.)

Elsewhere, we present nucleotide sequence data for
cDNA loci and mtDNA implying that inversion polymor-
phism for R. pomonella chromosomes 1-3 has been segre-
gating for anywhere from 0.84 to 1.39 million years (J. L.

FEDER, unpublished results). Unless gene flux rates be-
tween heterokaryotypes is routinely on the order of ~5 X
1077 or less in Rhagoletis females, then the estimated
ages of the inversions make it difficult to account for the
high levels of observed disequilibrium in the absence of
some form of nonadditive (epistatic) selection [e.g., 7,
between Dia-2/ Aat-2 (chromosome 1) = 0.83, P< 107°,
n = 168 gametes; P2956/ Aconitase-2 (chromosome 2) =
0.63, P<5 X 107*, n = 46; P7/Had (chromosome 3) =
1.0, P < 107% n = 96]. Moreover, 0.84 million years
greatly predates the ~150-year-old origin of the apple
race. Inversion polymorphism therefore appears to have
been segregating in R. pomonellalong before it was seized
upon by host-associated selection during the shift to
apple, discounting interhost migration as the primary
cause for gametic disequilibrium. Finally, the large num-
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TABLE 3

LOD scores for cross disagreeing with the compatibility map for chromosome 1

Order

Cross no. A B C D E F G H

C17 0.39 0.39 0.39 1.41 1.41 ML ML 1.41
C26 5.11 ML 5.11 5.11 5.11 5.11 ML 5.11
NC32 3.74 8.96 5.36 9.35 7.24 ML 8.96 ML
NC40 1.52 ML 1.2 2.98 4.18 1.92 ML 1.20
NC58 0.86 0.86 3.48 ML 0.61 9.57 8.71 ML
Al105 3.91 3.91 10.21 ML 6.28 0.47 1.24 ML
All4 1.15 1.15 0.85 2.12 ML 1.15 ML 3.83
Al25 0.41 0.41 ML 0.41 0.41 0.41 0.41 ML

A, compatibility gene order; B-H, alternative gene orders shown in Figure 1. ML, maximum-likelihood gene
order(s) for a cross. LOD scores were calculated as log;, (likelihood for the ML gene order for a cross/
likelihood for the alternative gene order designated by the column heading).

ber of significant multi-locus associations within chro-
mosomes deviating from linear predictions on the basis
of pairwise, first-order disequilibrium values between
loci is also suggestive of possible higher-order fitness
interactions among genes. Our current data therefore
imply that linked blocks of genes within inversions on
Rhagoletis chromosomes 1-3 behave as coadapted com-
plexes. Further empirical and theoretical work is
needed to verify this point, however, and we found no
convincing evidence from our disequilibrium survey of
natural populations supporting epistatic interactions be-
tween different chromosomes.

Are inversions pivotal to host race formation? Al-
though our results indicate that three different inverted
regions of the R. pomonella genome encode important
diapause traits involved in sympatric host race formation
and speciation, we caution that this does not mean that
all host-associated genes will be found to reside within
rearrangements. Indeed, given the magnitude and ex-
tent of gametic disequilibrium that exists in R. pomonella,
surveys of natural populations will inevitably be biased
toward detecting markers and traits associated with in-
versions.

To demonstrate, assume that half of the physical
length of the R. pomonellagenome is tied up in inversions
and the other half is not. Moreover, assume that nine
loci under hostrelated selection are located within the
inversions, while an additional 20 genes are scattered
through 200 cM of the remaining genome. A total of
16 polymorphic markers are scored to detect host-associ-
ated differentiation (the number of allozymes resolved
for R. pomonella), 6 of which happen to reside within
the inversions and 10 of which do not. If a neutral
marker outside of an inversion must map to within
0.1 cM of aselected locus to be in strong enough linkage
disequilibrium to display host-related differentiation via
hitchhiking, then the probability is high (~81.7% =
[1 — (20 X 2 X 0.1 cM/200 cM)]'%) that none of the

10 markers outside the inversions will show a difference
between the host races. In contrast, all 6 markers within
the inversions will display host-related differences.

Detailed quantitative trait locus mapping studies of
host-related traits are therefore needed to complement
the population surveys and cytogenetics of R. pomonella
before we can claim an exclusive role for inversions in
sympatric host race formation and speciation. Obvi-
ously, inversion polymorphism is an important genetic
consideration for host shifts, but inversions may not be
the complete story.

Are host performance and preference genes linked?
The presence of extensive gametic disequilibrium in
R. pomonella raises the intriguing possibility of genetic
linkage between host-plant recognition and host perfor-

TABLE 4

LOD scores for crosses disagreeing with the
compatibility map for chromosome 2

Order

Cross no. A B C D E F

C17 3.18 ML 3.18 3.50 3.18 ML
C37 0.94 1.72 0.94 ML 0.94 0.94
NC1 1.92 2.63 6.26 ML 4.94 1.50
NC22 1.22 1.22 ML 2.44 1.22 ML
NC5hH1 2.76 2.76 0.91 2.76 ML 2.76
NC58 1.08 1.08 7.40 4.13 ML 7.40
A87 7.15 5.81 7.15 7.15 ML 7.15
A105 2.19 2.19 ML 6.01 0.89 ML
Al21 3.03 5.00 ML 3.03 5.00 ML

A, compatibility gene order; B-F, alternative gene orders
shown in Figure 2. ML, maximum-likelihood gene order(s)
for a cross. LOD scores were calculated as log;, (likelihood
for the ML gene order for a cross/likelihood for the alternative
gene order designated by the column heading).
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TABLE 5

LOD scores for crosses disagreeing with the compatibility map for chromosome 1

Order

Cross no. A B C D E F G H

C16 3.61 1.73 ML 2.61 3.61 3.61 3.61 ML
C20 5.44 ML 5.44 5.44 6.14 6.14 6.14 5.44
NC1 12.52 12.52 12.52 12.52 14.58 14.58 ML 12.52
NC94 >15 >15 >15 >15 ML >15 >15 >15
A45 1.84 1.84 1.84 ML 0.81 3.44 3.44 ML
A246 2.55 2.55 2.55 2.55 2.55 ML 2.55 2.55

A, compatibility gene order; B-H, alternative gene orders shown in Figure 3. ML, maximum-likelihood gene
order(s) for a cross. LOD scores were calculated as log), (likelihood for the ML gene order for a cross/
likelihood for the alternative gene order designated by the column heading).

mance (survivorship) traits. Resolution of this question
is important because several models of sympatric specia-
tion are predicated on such an association (e.g., MAY-
NARD-SMITH 1966; BusH 1969a,b; FELSENSTEIN 1981).
Indeed, host acceptance and performance traits have
recently been found to be linked in the pea aphid,
Acyrthosiphon pisum (HAWTHORNE and Via 2001). As we
mentioned above, the three genomic regions displaying
disequilibrium in R. pomonellaall correlate with diapause
traits adapting flies to differences in host fruiting phe-
nology (FILcHAK et al. 2000). The inversions therefore
contain genes affecting host-related performance. Ge-
netically based differences in host preference have also
been shown to be important prezygotic barriers to gene
flow between the apple and hawthorn host races, as well
as among related sibling species in the R. pomonella
complex (PROKOPY et al. 1988; FEDER et al. 1994, 1998).
It therefore is important to determine whether genes
affecting host recognition map to the same genomic
regions as diapause traits. If so, then a major tenet of
sympatric host race formation would be verified.

A final irony: Through the Genetics of Natural Popula-
tion series and his influential book Genetics and the Origin
of Species, Theodosius Dobzhansky began to build a “uni-
fied science of population biology out of the elements
of ecology and population genetics” (LEWONTIN 1997).
Dobzhansky’s research scheme started with the charac-
terization of standing genetic variation and its modula-
tion in natural populations. Within this context, the
process of speciation reduced to understanding how
this polymorphism became converted into interspecific
genetic differences in geographically isolated popula-
tions. The refinement of genetic techniques to resolve
polymorphism at the nucleotide level has since resulted
in the verification of the action of balancing and direc-
tional and purifying selection on particular genes (see
reviews by KReITMAN and AxkasHr 1995; WAYNE and
SiMONSEN 1998). However, studies of population diver-
gence following Dobzhansky’s lead have generally failed
to link specific genetic changes to how organisms come

to occupy alternative adaptive peaks (acquire new ways
of making a living) and become reproductively isolated
during the speciation process (LEWONTIN 1997; but see
LEE et al. 1995; METZ and PaLumBr 1996; TING et al.
1998).

In contrast, the apple maggot has become a model
system for ecological speciation in sympatry. Due to its
importance as an economic pest, much is known about
the biology and natural history of the fly, as well as
related Rhagoletis species (DEAN and CHAPMAN 1973;
BoLLER and ProkOPY 1976). From an evolutionary per-
spective, traits involved in host recognition and diapause
have been shown to differentially adapt R. pomonella
flies to their respective host plants (FEDER et al. 1994,
1997a,b, 1998; FEDER 1998; FiLcHAK e al. 2000). In
addition, the relationship of this ecological specializa-
tion to reproductive isolation has been established
(FEDER 1995, 1998).

Here, we show that three regions of the R. pomonella
genome associated with hostrelated adaptation and
population divergence are subsumed by inversion poly-
morphism (either overlapping sets of simple inversions
or complex series of rearrangements). Moreover, epi-
static interactions affecting fitness may exist between
genes within these inversions. Thus, a convergence ap-
pears to be emerging between the genetic architecture
of divergence between R. pomonellaand D. pseudoobscura.
For example, NOOR et al. (2001a,b) have recently pre-
sented evidence that regions of the D. pseudoobscura and
D. persimilis genome associated with male hybrid sterility
and female species mating preferences primarily involve
two fixed inversions separating the flies. Moreover,
NOOR et al. (2001b) and RIesEBERG (2001) have pro-
posed theoretical models whereby inversions that differ-
entiate hybridizing taxa can disproportionately contrib-
ute to the persistence of taxa and their continued
divergence in sympatry in the face of gene flow. It is
therefore ironic that the Rhagoletis model for sympatric
speciation could eventually contribute some of the most
compelling evidence fulfilling Dobzhansky’s grand vi-
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sion for the study of speciation and supporting his the-
ory of genetic coadaptation.
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