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Understanding incipient sexual isolation and speciation is an important pursuit in evolutionary biology. The fruit fly Drosophila
melanogaster is a useful model to address questions about the early stages of sexual isolation occurring within widespread
species. This species exhibits sexual isolation between cosmopolitan and African flies, especially from Zimbabwe populations. In
addition, we have recently described another example of partial sexual isolation between some US and Caribbean populations.
This and other phenotypic data suggest that Caribbean flies might be segregating African traits. In the present work we study
the geographical variation at the pheromone locus desaturase-2, as well as morphology and courtship behavior across the US-
Caribbean region. We find that US and Caribbean populations show sharp geographical clines in all traits and demonstrate that
Caribbean traits are more similar to those of Africa than to US populations. Further, African traits in the Caribbean are associated
with sexual isolation and best explain variation in sexual isolation when all traits are considered together. These results imply
that Caribbean mating preferences are likely to be based on African traits and that even at such early stages of sexual isolation,

individuals may already cue in on several traits simultaneously during mate choice.
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Sexual or behavioral isolation is common in nature and plays a
central role in maintaining genetic and phenotypic differences
between sibling species (Dobzhansky 1937; Mayr 1942, 1963;
Coyne and Orr 2004). Understanding how sexual isolation evolves
requires that we capture the process before it has reached com-
pletion. Of particular interest are natural populations that occupy
different environments and that have diverged in traits involved
in assortative mating (Dobzhansky and Streisinger 1944; Koref-
Santibanez 1972; Verrell and Arnold 1989; Tilley et al. 1990;
Endler and Houde 1995; Johannesson et al. 1995; Noor 1995;
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Funk 1998; Tregenza et al. 2000; Jiggins et al. 2001; Nosil et al.
2002; Pfennig and Simovich 2002; Tregenza 2002; Jiggins et al.
2004; Boughman et al. 2005; Ortiz-Barrientos and Noor 2005;
Nosil et al. 2007). These and other examples of incipient sexual
isolation have helped to elucidate the geographical, ecological
and historical context of early stages of speciation.

Recent evidence suggests that incipient sexual isolation may
occur multiple times in various parts of the species range, es-
pecially among geographically widespread species (e.g., Run-
dle et al. 2000; Nosil et al. 2002; Tregenza 2002; Boughman
et al. 2005). It thus becomes important to understand the similar-
ities and differences between multiple cases of sexual isolation
within species. For instance, how much genetic and phenotypic
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differentiation accompanies each case of incipient sexual isola-
tion, which phenotypic traits typically diverge, and what is the
genetic and phenotypic basis of assortative mating in each case
(e.g., Panhuis et al. 2001; Hendry 2001; Boughman et al. 2005;
Nosil 2005; Hendry et al. 2007).

If multiple cases of sexual isolation were to show unique
genetic and phenotypic bases, it would indicate that species seg-
regate different types of variation associated with assortative mat-
ing in nature. On the other hand, if different cases of sexual isola-
tion share common phenotypes and occupy similar environments,
it would imply that there might be adaptive constraints on the
conditions and the type of variation underlying these processes.
For instance, it is likely that assortative mating may evolve as a
byproduct of adaptation to similar environments (see Schluter and
Nagel 1995; Rundle and Schluter 2004; also see artificial selection
evidence: Kilias et al. 1980; Dodd 1989, but see Rundle 2003).
This is known as “parallel speciation” and has been recently doc-
umented in benthic versus limnetic forms of sticklebacks (e.g.,
Rundle et al. 2000; McKinnon et al. 2004; Boughman et al. 2005;
Vines and Schluter 2006), host-associated races of phytophagous
insects (e.g., Funk 1998; Nosil et al. 2002), and possibly in color
morphs of cichlids (Allender et al. 2003). In these examples,
parallel cases of sexual isolation within species have been ar-
gued to evolve independently of one another because populations
with parallel phenotypes are typically genetically distant (e.g.,
Taylor and McPhail 1999, 2000; Rundle and Schluter 2004; but
see Coyne and Orr 2004, pp. 406—407). More direct tests of inde-
pendent genetic basis of parallel evolution of assortative mating
behaviors and cues have yet to be performed.

On the other hand, if the same alleles are involved in multiple
cases of sexual isolation within species it is most likely that this
is a result of common genetic history (e.g., Rundle and Schluter
2004). Migration of alleles responsible for parallel cases of adap-
tation has recently been described in several species (Colosimo
et al. 2004, 2005; also see Schluter et al. 2004). Similarly, it is
possible for assortative mating behaviors and associated traits that
initially caused sexual isolation in one geographical region to be
introduced into other populations, recreating the phenomenon in
whole or in part. This scenario may also involve ecological adap-
tation. For instance, if assortative mating originally evolved as a
byproduct of ecological adaptation, it is likely that these behav-
iors would establish in places where they are preadapted to similar
environments. Thus, assortative mating behaviors and associated
traits may migrate in a nonrandom way throughout the species
range.

This “historical migration” scenario would imply that once
certain population pairs evolve incipient sexual isolation, assorta-
tive mating could spread into other populations and thus acceler-
ate the process of speciation across the species range. This would
likely lead to multiple cases of incipient sexual isolation more

2808 EVOLUTION NOVEMBER 2008

quickly, compared to independent or parallel speciation because
migration of relevant alleles is likely to occur on ecological rather
than evolutionary time scales. Presently, it is unclear whether there
are any biological candidates of this scenario in nature.

The fruit fly Drosophila melanogaster is a powerful genetic
model species to address questions about the genetic and pheno-
typic basis of incipient sexual isolation in nature. In this species,
matings between Zimbabwe females and males from outside this
region (known as “cosmopolitan”) are typically very rare (Wu
et al. 1995; Hollocher et al. 1997a,b). Cosmopolitan females also
tend to prefer to mate with their own males, but in this case the
preferences are often weaker (Wu et al. 1995). It has been pos-
tulated that sexual isolation may have originated as a byproduct
of adaptation to temperate versus tropical environments of cos-
mopolitan and Zimbabwe populations, respectively (Greenberg
et al. 2003; but see Coyne and Elwyn 2006).

This species also segregates for mating preferences in other
parts of the world, such as the case of “microhabitat” sexual isola-
tion in the West African Brazzaville populations (Capy et al. 2000;
Haerty et al. 2002, 2005). Moreover, we have recently discov-
ered that Caribbean and West African populations mate randomly
with each other, but show partial sexual isolation against US cos-
mopolitan flies and against Zimbabwe flies (Yukilevich and True
2008). It is also noteworthy that crosses between Caribbean and
Zimbabwe populations show weaker sexual isolation compared
to crosses between US and Zimbabwe populations. These results
are consistent with previous findings that some Caribbean pop-
ulations have African-like morphology and pheromones (David
and Capy 1988; Capy et al. 1993, 1994; Rouault et al. 2001;
Takahashi et al. 2001; but see Fang et al. 2002; Coyne and Elwyn
2006). This has led some to suggest that Caribbean populations
may ultimately be of African, rather than European origin, per-
haps having come directly via the Trans-Atlantic slave trade from
various parts of Africa, especially from West Africa (e.g., David
and Capy 1988; Caracristi and Schlotterer 2003).

The Caribbean island populations of D. melanogaster have
been little studied. Not much is known about pheromonal, pheno-
typic, and behavioral variation across US and Caribbean popula-
tions and the extent to which African-like phenotypes segregate
in the region. Also, it is unknown what geographical relation-
ships exist between this case of sexual isolation and phenotypic
variation that may be involved in mate choice (e.g., Bastock and
Manning 1955; Bastock 1956; Ewing 1961, 1964; Partridge et al.
1987; Taylor and Kekic 1988; Pitnick 1991; Coyne and Elwyn
2006; Grillet et al. 2006).

In the present article we study variation in several traits that
are of particular interest for sexual isolation in D. melanogaster.
Thus we address whether the case of incipient sexual isolation
between US and Caribbean flies shares phenotypic similarity
to that found between cosmopolitan and African flies. First, we
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focus on the desaturase-2 (desat-2) locus that is solely responsi-
ble for the difference in a major female cuticular hydrocarbon
between African and non-African flies (Coyne et al. 1999;
Dallarec et al. 2000; Takahashi et al. 2001; Greenberg et al.
2003). It has been previously reported that non-African popu-
lations carry a derived deletion allele at this gene, which results
in a high 5,9-heptacosadiene (HD) female phenotype, whereas
African populations have retained the ancestral allele, which con-
fers much less 5,9-HD, but high levels of 7,11-HD (see e.g., Taka-
hashi et al. 2001; Coyne and Elwyn 2006). The only non-African
populations known to segregate the African ancestral allele are
Caribbean populations (Rouault et al. 2001).

This locus has recently been proposed to play a major role in
local adaptation to tropical versus temperate environments and as
a byproduct to cause sexual isolation between cosmopolitan and
Zimbabwe strains (Fang et al. 2002; Greenberg et al. 2003). How-
ever, the view that desat-2 contributes to environmental adaptation
has recently been challenged (Coyne and Elwyn 2006). Neverthe-
less, Coyne and Elwyn still provided some support for the claim
that desar-2 may be partially responsible for sexual isolation. Thus
it is of interest to characterize geographical variation at this gene
across the US and Caribbean region and to test for any associations
with sexual isolation.

Second, we study male morphology. Previous research on a
few isofemale lines from the Lesser Antilles revealed that these
individuals have smaller body size than those from temperate
populations of Europe and US and are thus most similar to African
flies, which are also relatively small (Capy etal. 1993, 1994). Male
body size is known to be associated with male mating success
in both laboratory and field conditions, with females typically
preferring to mate with large males (Ewing 1961, 1964; Partridge
etal. 1987; Taylor and Kekic 1988; Pitnick 1991). Here we present
geographical patterns of male morphology and its relationship to
sexual isolation.

Finally, we investigate male courtship behavior because it is
known to be under direct sexual selection in D. melanogaster (e.g.,
Bastock and Manning 1955; Bastock 1956). In particular, these
studies have demonstrated that mutants with lower frequencies of
certain courtship elements have reduced mating success compared
to wildtype males. Even though little is known about variation
in courtship behaviors in D. melanogaster, including courtship
behavior of African males, we have characterized this variation
because of its potential role in mate choice.

Our results show that most Caribbean populations are di-
vergent from US populations at the desat-2 pheromone locus
and in morphology and courtship behaviors and that these traits
in the Caribbean populations are more similar to both West
Africa and Zimbabwe than to US populations. We also demon-
strate that these African traits are positively geographically cor-
related with the strength of sexual isolation, indicating that in-

cipient sexual isolation between US and Caribbean flies and be-
tween cosmopolitan and African flies are associated with sim-
ilar phenotypic trait differences. Thus our results reveal many
phenotypic parallels between these different cases of incipient
sexual isolation and raise further questions about the genetic
makeup of Caribbean populations relative to West Africa and
Zimbabwe.

Materials and Methods

STUDY SYSTEM

In the summers of 2004 and 2005, R. Yukilevich collected and es-
tablished isofemale lines from 39 different locations in the south-
eastern US and various Caribbean islands including the Bahamas
Archipelago, Cuba, Haiti, and St. Lucia in the Lesser Antilles (see
Fig. 1 for map and Appendix Table A1 for details). African isofe-
male lines were acquired from J. Pool and C. Aquadro in 2005,
which included West African populations as well as southeast-
ern African lines from Zimbabwe (Appendix Table A1). All lines
have been maintained at Stony Brook University laboratory on
instant Drosophila food (Carolina Biol. Supply Inc., Burlington,
NC) in a 25°C temperature incubator with a 12h light:12h dark
regime. Our analyses were performed on lines that were generally
less than two-year old.

The sampled populations of D. melanogaster represent a
10-degree change in latitude and a 15-degree change in longi-
tude, with about 2500 km separating the most distant populations
(Fig. 1). Preliminary collections in 2003 by R. Yukilevich suggest
that these populations are fairly stable within and between years,
although episodic regional events, such as droughts and hurri-
canes, may potentially affect the demography of the populations.
Climate differs across the localities. Cooler and more humid con-
ditions prevail on the mainland, where pines are the dominant
vegetation, and hotter and dryer conditions occur on the islands,
which are dominated by mangrove and scrub (Correll and Correll
1982; Baker 2001). The number of Drosophila species also varies
across locations ranging from about 15 sympatric species in the
US to zero sympatric species on many of the far-flung islands.
Human population size declines from mainland to islands with
a few thousand to a few hundred people on the islands (Baker
2001). Drosophila melanogaster abundance tends to parallel this
decline.

DESATURASE-2 LOCUS VARIATION

The desaturase-2 locus is responsible for variation in a major
female cuticular hydrocarbon (CH) in D. melanogaster (Dallarec
et al. 2000; Takahashi et al. 2001). A single 16-bp indel at site
12,552 in the 13-kb region of desat-2 shows complete concor-
dance with CH profiles, with the 16-bp insertion allele conferring
the ancestral (African) phenotype of high 5,9/7,11 CH ratio and
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the 16-bp deletion allele conferring the derived (Cosmopolitan)
phenotype of low 5,9/7,11 CH ratio (Takahashi etal. 2001). We de-
veloped a 200-bp marker with primers flanking the 16-bp 12,552
site indel (forward primer sequence: 5 GCT CGC CAG CTA
TCT ACG AC 3'; reverse primer sequence: 5 ATA CAA TCC
GGC AGC TTT TG 3'). We then amplified the sequence region
using polymerase chain reaction (PCR) (annealing temp. 59°C,
50mmMgCl concentr.1/20 mL, 34 cycles) and ran the PCR prod-
ucts on 1% agarose gels for genotyping. We genotyped a single
first generation (F1) laboratory individual from each isofemale
line (see Appendix Table Al for number of isofemales sampled
per locality). We then calculated the percentage of desat-2 locus
homozygotes and heterozygotes and overall frequency of insertion
and deletion alleles in each population and calculated the inbreed-
ing coefficient (Fis) as 1 — (observed heterozygote freq./expected
heterozygote freq. based on HWE).

MORPHOLOGICAL MEASUREMENTS AND
UNWEIGHTED PAIR GROUP METHOD WITH
ARITHMETIC MEAN (UPGMA) CLUSTERING

All morphological measurements were performed on individuals
from single isofemale lines maintained in the laboratory for less
than two years. Earlier measures of thorax length and pigmenta-
tion of males maintained for only one year showed virtually iden-
tical patterns. We used a randomized block experimental design,
where each block represented a single day for a total of 13 day-
blocks. On each of the 13 days, we setup three well-maintained
lines (defined as having over 50 adults) from each available lo-
cation. For each line, we transferred approximately 50 parental
adults into experimental narrow glass vials (25 x 95 mm) with
standard corn meal/molasses/agar fly food and with a piece of
paper for pupation and let females lay eggs for about 2 h, at which
time the adults were cleared. This ensured low egg-laying density
in experimental vials (about 30 eggs per vial) so as to create ideal
growing conditions for the next generation. We then placed the
experimental vials into a 25°C incubator until adult emergence
(approximately 12—13 days).

For each block, we aged the emerging adults to 4-5 days
before imaging. We randomly chose on average 56 isofemale
lines to image on each of the 13-day blocks (on average one line
per locality). For each isofemale line, we placed live adults onto a
CO; pad under a LEICA MZ7 stereomicroscope with a fiberoptic
light source (Meyer Instruments, Houston, TX) at fixed light level
and randomly picked one male and one female to image. Images
were taken using a Zeiss AxioCam video camera attached to the
microscope with AxioVision (Rel. 4.3; Carl Zeiss Micro-Imaging,
Thronwood, NY) software on adults standing upright, with the
dorsal view facing the camera. This approach increases the speed
of imaging and avoids any surgical manipulation of the fly. We
repeated this procedure for each experimental block for 13 days.
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Images of flies were measured (with the worker blind
to the line of origin of each fly) using the Image] software
(http://rsb.info.nih.gov/ij/). We measured: (1) thorax length (mea-
sured along the dorsal midline from the most anterior point of
the thorax to the most posterior point of scutellum), (2) thorax
width (measured between posterior supraalar macrochaetae), (3)
head width (between the left and right postvertical bristles), (4)
wing length (from the intersection of the L4 vein and the anterior
crossvein to the distal intersection of the L1 and L3 veins), (5)
wing width (from the distal tip of the axillary vein to the inter-
section of the posterior crossvein and the L5 vein), and (6) thorax
pigmentation (measured as the luminosity of digital pixels of the
total thorax area using ImageJ software; presence and absence
of thorax trident pigmentation was also scored with qualitatively
similar results; data not shown). Luminosity is inversely related to
the degree of pigmentation. In total, 1463 individuals were mea-
sured (on average 17 isofemale lines per locality; see Appendix
Table A1). Location means for each variable were used for spatial
analyses and UPGMA clustering (ANOVAs are available upon
request).

To determine how population structure was associated with
morphological variation, a standardized matrix of location means
for each of the six variables was created (NTSYSpc 2.20; Rohlf
2004). We then calculated a distance matrix based on all six
variables (see below). Finally, the morphological distance matrix
was used to create a phenogram using the UPGMA clustering
method (NTSYSpc 2.20; Rohlf 2004).

NO-CHOICE COURTSHIP BEHAVIOR ASSAYS
Male courtship behavior with standard
Canton-S isofemale line
Male courtship behavior was first studied using no-choice tests
with females from the standard isofemale line Canton-S (obtained
from W. Eanes). Because it is possible that females may influence
the courtship behavior of males, it was important to standardize
the tester female (Cook 1979; Tompkins et al. 1982; O’Dell 2003,
but see below). The assays were performed from January to May
of 2005 using a randomized block experimental design. Each
experimental block was initiated by picking two stock lines from
each represented locality, totaling about 32 lines per block for a
total of 10 blocks. These lines were then set up simultaneously
using standard cornmeal/molasses/agar media in a 25°C incubator
with a 12h light: 12h dark cycle. For each line we placed seven
fertilized females into an experimental narrow glass vial (see
above) and let them lay eggs for 4 days. We then cleared the vials,
inserted paper for pupation and waited about 12—13 days until the
eclosion of next generation adults. We then collected 10 virgin
males from each line using light CO, and aged them for 4-5 days.
We randomly picked an isofemale line and aspirated a ran-
dom male from that line into a plastic petridish (35 x 10 mm)
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containing a small piece of Drosophila food (because individuals
typically mate on food in the wild) through a hole on its side
that was then closed using a piece of cotton. The petri dish was
then placed under a stereomicroscope. Our tests were always per-
formed within 1-5 h of “lights on” at 25°C to 27°C. We let the
male habituate for one min. and then aspirated a random virgin
female, 4- to 5-day old, from the Canton-S isofemale line into the
chamber. Upon introducing the female into the mating chamber
we began timing. Courtship latency was measured as the time from
the introduction of the female to the initiation of male courtship
behaviors. We studied standard male courtship behavior elements
of D. melanogaster (as defined by Spieth 1952; Bastock and
Manning 1955; Bastock 1956; Welbergen et al. 1987; Greenspan
and Ferveur 2000; O’Dell 2003). These included: (1) orienting to-
ward the female by either following her or standing facing her, (2)
wing vibration and extension, (3) wing scissoring, (4) licking fe-
male ovipositor with proboscis, and (5) attempted copulation. We
also measured acts of no courtship, defined when a male ignored
the female by not orienting toward her (running away or standing
on the opposite side of the chamber). Variation in some of these
courtship elements has a known genetic basis. For instance the
heritability of wing vibration frequencies in D. melanogaster is
around 7% in the laboratory (e.g., McDonald 1979). Mutations
at many well-known genes affect these behaviors (e.g., Bastock
1956; Greenspan and Ferveur 2000; Billeter et al. 2002; Drapeu
et al. 2003).

These behaviors were recorded using voice-recognition soft-
ware IBM Via Voice that entered one of the male behavioral acts
every 1.5 sec into a Microsoft word document in a sequential
manner (video recordings are available upon request). We stud-
ied each male—female pair until successful copulation or when
10 min passed from the initiation of male courtship. We then de-
termined the proportion of acts during the courtship ritual show-
ing a particular courtship element (as in Bastock 1956; Welbergen
et al. 1987). This proportion is simply the number of instances
of each element (e.g., wing vibration) of the total number of
male courtship acts during the courtship period. In total, we were
able to study 327 mating pairs (on average 9 isofemale lines per
locality).

Courtship in homotypic and heterotypic

matings of US and Bahamas flies

We also studied courtship behavior of males and females from
Columbus, Mississippi, US (#23) and from Port Nelson, Rum
Cay Island, Bahamas (#41). The setup of isofemale lines and the
protocol for studying courtship behavior were identical to the
above procedures. On each day of the experiment, we studied an
equal number of homotypic and heterotypic matings from both US
and Bahamas isofemale lines. In this study we focused on the rate
of a particular behavior during courtship, determined by counting

all acts of a particular behavior (defined above) that occurred
during the courtship period and then dividing this number by the
total time of courtship in seconds. Video recordings were used to
assay courtship (available upon request).

SPATIAL STATISTICAL ANALYSES

Distance matrices

For each measured variable, we created a n x n distance matrix,
where 7 is the number of datapoints. Each value in the matrix, d;,
is a measure of the distance between the ith and jth data values
(x; and x;). We used standard Euclidean distances to calculate
d;;. For a single variable (such as geography and desat-2 locus
allele frequency), d;; = abs (x; — x;). For distance matrices that
include multiple variables, (morphological distances, courtship
Z(xiv - va)z,

where v represents each included variable. Before distances with

distances, and combined trait distances) d;; =

multiple variables were calculated we standardized the variables
using NTSY Spc 2.20 software (Rohlf 2004). All distance matrices
were created using PASSAGE software (Rosenberg 2004).

Spatial correlograms

We used a correlogram to describe the average spatial autocorrela-
tion between pairwise localities as a function of their geographical
distance (e.g., Sokal and Oden 1978a,b; Epperson 2003). Loca-
tion pairs were grouped into different distance classes and the
average correlation for each distance class was determined using
PASSAGE (Rosenberg 2004). We used Moran’s / coefficient that
ranges from —1 to + 1. Ten distance classes were created based on
the geographical distance matrix by assuming an equal number of
location pairs per distance class. Our connection matrix assumed
that all location pairs within a certain distance range are connected
and all others are not (binary weight matrix; a Gabriel connec-
tion gave same results). We used PASSAGE (Rosenberg 2004)
to determine the significance of individual autocorrelation coeffi-
cients and the entire correlogram. Linear clines are revealed when
short distance classes show positive Moran’s / and long-distance
classes show negative Moran’s I (Sokal and Oden 1978a,b; Sokal
1979a; Sokal et al. 1987; Barbujani 2000; see Epperson 2003 for
further details).

Design matrices

We created design matrices to test explicit hypotheses about the
relationship between geography and phenotypic variation. A de-
sign matrix describes the relative distances among populations ex-
pected under a particular geographical hypothesis (Waddle et al.
1998). To construct a design matrix we used a binary assign-
ment of distances of Os and 1s, where 0 means relatively short
distance and 1 means relatively long distance (for an example,
see Appendix Fig. Al). We developed six design matrices with
specific geographical delimitations across the US—Caribbean re-
gion (Appendix Fig. A2). A significant correlation between the
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Figure 1. Map of 38 collection cites (shown as black circles) of Drosophila melanogaster iso-female lines and desaturase-2 locus allelic
frequency data (per sampled locality) and its geographic correlogram across the system (top-right corner). See Appendix Table A1 for
number of isofemale lines used to determine allelic frequency per location. Desat2 allelic frequencies are described as pie charts across

the region, with black representing the African insertion allele frequency and white representing the cosmopolitan deletion allele
frequency. Also shown at left bottom corner are allelic frequencies of African locations at desat2 locus for comparison. St. Lucia allelic
frequency is not shown (insertion allele=55%). Multiple regression of longitude and latitude on desat2 allelic frequency is shown. Partial
R2|°ng.=0.007 and R?;; =0.057 (P=0.605 and P=0.003, respectively). The desat2 locus correlogram shows how Moran’s | coefficient of
correlation changes as the distance between paired populations increases in kilometers from US to Bahamas. The overall correlogram is
significant at P-value<0.05 and a Moran’s | value for each distance class is designated either as significant (black with a given significance
value) or not significant (white). The Fst for desat2 locus across US—-North Caribbean region is 0.221.

design matrix and the actual phenotypic distance matrix indicates
that phenotypic differentiation is described well by a particular
geographical clustering of localities in the design matrix.

Mantel tests
Correlations between different distance matrices were calcu-
lated using the standard Mantel test of matrix correlation using
PASSAGE (Sokal 1979b; see Epperson 2003). We tested the sig-
nificance of the correlation by permuting the rows and columns
of one of the matrices 499 times and comparing observed to
permuted correlations (Rosenberg 2004). We also used a partial
Mantel test, which tests the correlation between two matrices,
while holding the third constant (Smouse et al. 1986; Epperson
2003; but see Castellano and Balletto 2002; Rousset 2002).
Finally, we developed a “sparse” Mantel test to test the sig-
nificance of geographical associations between matrices in which
one of the matrices was sparse (i.e., not all pairwise comparisons
have data available, such as for our sexual isolation matrix; see
below). As in the standard Mantel test, we permuted the rows and
columns of one of the matrices, but only calculated the product-
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moment correlation for values that existed in both matrices. This
is valid as long as only one of the matrices is sparse (program
available upon request).

Results

DESATURASE-2 LOCUS

Figure 1 shows geographical variation at desat-2 locus across
the US—Caribbean localities. We found that the African insertion
allele at this locus is widespread throughout the Bahamas and
exhibits a sharp geographical cline in the area as indicated by
location-specific pie charts and the corresponding spatial cor-
relogram (Fig. 1). This generates a significant Fgr value of
0.221 across the region. US populations north of Alabama and
Mississippi are nearly fixed for the deletion allele, whereas
St. Lucia in the Lesser Antilles shows a similar inser-
tion allele frequency (freq.inserion = 0.55) to the southern
Bahamas islands. Compared to African populations in Cameroon
(West Africa) and Zimbabwe (Sengwa and Kariba), which are
either fixed or nearly fixed for the insertion allele (see inset in
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Figure 2. Relationship between observed and expected frequency of heterozygotes at the Desaturase-2 described by the inbreeding
coefficient (Fis) across US and Caribbean (Bahamas and Cuba) island populations as a function of latitude. R? values were determined

independently for each regional test. Nonsignificant R? in US corresponds to F=0.242, P=0.633. Asterisks for Caribbean populations signify
F=30.45, P<0.0001. Note that only for this analysis the Tampa Bay Florida population (latitude 27.56) was included in the Caribbean
regional test because this locality is geographically distant from other studied US populations and is more consistent with the pattern
across northern Bahamas islands. Including Tampa Bay population in US still results in nonsignificant R2=0.14, F=1.8, P=0.21 across US
and its exclusion from Caribbean still results in a significant R2=0.617, F=19.29, P<0.0009 across Caribbean populations.

Fig. 1), the insertion allele in the Caribbean is intermediate in fre-
quency between US and African populations. These data suggest
that the CH pheromone frequencies determined by desat-2 locus
will follow the same pattern.

We also found that this gene shows a very different pattern
of observed to expected heterozygosity as determined by the in-
breeding coefficient (Fis) across Bahamas versus US populations
(Fig. 2). Across the islands and southern Florida, there is a strong
clinal pattern with the southern islands showing a positive Fis
or deficit in heterozygotes and northern islands showing a neg-
ative Fis (heterozygote excess). Deficit in heterozygotes may be
a result of either: (1) general inbreeding, (2) within-island as-
sortative mating, or (3) selection against heterozygotes at this
locus (Hedrick 2000). The excess of heterozygotes in the north-
ern islands and Florida indicates either outbreeding in general or
specifically based on this locus. No clinal pattern exists across US
localities as typically very small deviations in heterozygote fre-
quencies from expectations were seen (Fig. 2). In general, our data
indicate that most Bahamas islands are more similar to African
populations at this locus than to US populations.

MORPHOLOGY

To investigate how morphology varies across the region, we first
performed a Principal Component Analysis (PCA) on five mor-
phological variables (head width, thorax length, thorax width,

and wing length and wing width; Table 1). The PCA revealed that
the first Principal Component (PC1) explained 61.61% of total
variance. All traits loaded positively on PC1, indicating that it
is associated with general body size. PC2 explained 13.84% of
total variance, which primarily corresponded to a trade-off be-
tween: (1) head width and (2) wing length and width (Table 1).

Table 1. Principal component analysis based on five morphologi-
cal traits.

1 2 3 4 5
PCs
Eigenvalue 3.08 0.692 0.581 0.377 0.27
Percent 61.61 13.84 11.61 7.54 5.40
Cum percent 61.61 7545 87.06 94.60 100.00
Eigenvectors (loadings)
Thorax length 0.437 0.011 —0.729 0.526 —0.045
Thorax width 0.467 0.227 —0.297 —0.801 0.036
Head width  0.385 0.761 0.441 0.277 0.023
Wing length  0.472 -0.409 0.326 0.007 —0.710
Wing width  0.469 —0.449  0.283  0.073 0.702

Note: Analyses were performed in JMP software and all eigenvalues were
based on correlation matrices of variables with standard variance. Each
individual replicate constituted a datapoint in the PCA. Distribution of
variables were not necessarily normalized because multiple populations
are included in analyses.
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Figure 3. Geographical differentiation in morphological traits across US and Caribbean populations (only male data shown). (A) Principal
Component values (PC1 and PC2) for US and Caribbean individuals (shown as circles and squares, respectively) from Table 1. Binary
normal ellipses for US and Caribbean individuals are shown, representing 65% variation in each region. (B) Geographic correlograms
for location-means of PC1 and PC2 and thorax luminosity (performed in PASSAGE 1.1; M. Rosenberg 2004). All three correlograms
are significant at P<0.05. Black symbols represent significant Moran’s | values (each value for each distance class) and white symbols
represent nonsignificant Moran’s | values. (C) Clinal differentiation of location means of PC1 from Table 1. Multiple regression of longitude
and latitude on PC1 shown. Partial R2|°ng_=0.089 and R?,; =0.125 are both significant at P=0.009 and P=0.004, respectively. Black bars
represent positive values and white bars represent negative values (standard errors not shown). (D) Clinal differentiation of thorax
luminosity (inverse of pigmentation; see Materials and Methods). Partial R? long.=0.214 and R?),:.=0.440 are not significant (P=0.433 and

P=0.205, respectively).

Despite large variation among individuals, there is a clear differ-
ence between US and Caribbean flies with respect to these first
two Principal components (Fig. 3A). US flies tend to be typically
larger (positive PC1), but have more narrow heads with longer
and wider wings (negative PC2).

To see how this individual variation translates to location-
specific patterns, we pooled individuals based on their location.
We find that both location means of PC1 and PC2 show steep
clines across the US—Caribbean region with PC1 having a much
steeper cline compared to PC2, as revealed by spatial correlograms
(Fig. 3B). Similarly, PC1 means are highly correlated with both
longitude and latitude (Fig. 3C). Virtually all US localities exhibit
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positive PC1 means and all Bahamas localities exhibit negative
PC1 means. Further, US and Caribbean flies significantly differ
in thorax pigmentation, with dark flies in US and lighter flies in
the Caribbean (see clinal differentiation in Fig. 3B, D). Similar
R? values as in Figure 3 were observed among females. This
extends previous results of clines in morphology among eastern
US populations (e.g., Coyne and Beecham 1987).

To illustrate how these morphological patterns relate to
African populations, Figure 4 shows regional means of morpho-
logical traits of US and Caribbean flies relative to West and South-
east African flies. Caribbean populations exhibited an intermedi-
ate body size between US and African flies, but showed smaller
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Figure 4. Morphological differentiation between US, Caribbean, West African and Southeast African populations in thorax length (A),
wing length (B), and thorax luminosity (C) (only male data are shown). Numbers above bars represent the number of locations being
averaged and error bars designate standard error. Significance was determined using the Kruskal-Wallis test.

wing size and lighter pigmentation than even in West or South-
east African populations. The UPGMA cluster analysis of all
morphological traits resulted in two major phenotypic clusters,
one with only US populations and the other containing all
Caribbean and African populations with a few US populations
from Florida and southern Alabama (Fig. 5). For example, West
African populations from Niger and Guinea were morphologi-
cally most similar to Haiti and Long Island in the southern Ba-
hamas. Note also that Caribbean islands from northern and south-
ern parts of the archipelago cluster in different groups. In general,
our results indicate that Caribbean flies are morphologically more
similar to African populations than to US populations.

MALE COURTSHIP BEHAVIOR

Below we describe results from no-choice mating tests with a
single male and a tester-female from Canton-S isofemale line.
First, the initiation of male courtship or latency was not signif-
icantly different between US and Caribbean populations (avg.
latencyys = 81.2 sec. n = 159; avg. latencycaip, = 75.9 sec.
n = 168; Z-score = 0.332; P = 0.74; Kruskal-Wallis test). How-
ever, upon initiation of courtship, males differed in the frequency
of their courtship behavior elements toward the tester female.
Table 2 summarizes a PCA of all courtship elements. PC1 ex-
plained 42.28% of the variance and corresponded to a trade-off

between: (1) wing vibrations/extensions and ovipositor licking
behavior versus (2) following/orienting toward the female and ig-
noring the female during courtship. This indicates that the most
variable male behavior was the degree to which males were ac-
tive in attempting to stimulate females using courtship song and
licking behavior. PC2 explained 20.32% of total variance, which
primarily corresponded to a trade-off between: (1) ignoring the
female during courtship versus (2) following/orienting toward
the female. PC3 explained 16.17% of the variance and primar-
ily corresponded to a trade-off between: (1) wing scissoring and
attempting copulation versus (2) wing vibrations/extensions and
ovipositor licking. Wing scissoring is rare in D. melanogaster, but
more common in the sibling species D. simulans (e.g., Welbergen
et al. 1987). PC3 shows that males emphasize different courtship
elements to stimulate females across the region.

To see if male courtship varies with respect to geographical
location, we averaged principal components across all isofemale
lines in each population. First, we found a significant cline in PC1
(Fig. 6). PC1 cline indicated that the proportion of courtship acts
displaying wing vibrations and ovipositor licking behaviors rela-
tive to ignoring and simply following the female was significantly
higher among US males relative to Caribbean males (Fig. 6 and
inset). Most notably, Caribbean males perform wing vibrations
significantly less often than US males.
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Figure 5. UPGMA Cluster Analysis of males based on six stan-
dardized morphological variables: thorax length and width, head
width, wing length and width, and thorax pigmentation. Anal-
ysis performed using NTSYS (Rohlf 2004). Labels consist of
the regional name, location area in the region, and id # (RE-
GION_LOCATION_ID#). In United States, FL is for Florida, GE is for
Georgia, AL is for Alabama, and Ml is for Mississippi. In Bahamas,
N is for north, M is for middle and S is for south Bahamas islands
(see Appendix Table A1 for location details).

PC2, which is related to ignoring versus following the female
during courtship, was not significantly different between US and
Caribbean males, indicating that both types of males pursued
females with equal perseverance (Fig. 6). Finally, PC3 also
showed a significant but weaker cline, with US males typically
stimulating the female with wing vibrations and ovipositor lick-

Table 2. Principal component analysis of male courtship behavior.

ing, whereas Caribbean males displayed more wing scissoring
followed by attempted copulations (Fig. 6). Thus US and Ba-
hamas males seem to attract females using different behavioral
strategies.

Interestingly, the Cuban population was more similar to US
populations in courtship behavior than it was to Bahamas popu-
lations (Fig. 6). Recent evidence indicates that Zimbabwe males
also tend to exhibit lower wing vibration frequencies relative to
cosmopolitan males (C.-T. Ting, pers. comm.). This suggests that
Caribbean and African courtship behaviors are likely to be more
similar to each other compared to cosmopolitan populations.

GEOGRAPHICAL PATTERNS OF DIFFERENTIATION

It is of interest to extend the above clinal descriptions to explic-
itly study geographical patterns of differentiation for each vari-
able. This would allow us to determine if different African-like
traits show similar or different distributions across the US and
Caribbean populations. To begin to address this question, we cre-
ated six design matrices, each representing a particular geograph-
ical hypothesis (see Table 3, Appendix Fig. A2, and Materials and
Methods).

The desat-2 locus was significantly correlated with design
matrix #5 (Divergent Family Island Hypothesis), which considers
locations south of Nassau, New Providence Island to be different
from all northern localities (Table 4). The finding that desat-
2 was not significantly correlated with any other geographical
hypothesis shows that most differentiation occurs between the
northern and middle Bahamas islands.

On the other hand, the morphological distance matrix (based
on all six traits) was most significantly correlated with design
matrix #1 (Divergent Northern US Hypothesis) and with de-
sign matrix #2 (Florida-Islands Connection Hypothesis; Table 4).
These hypotheses group Florida and southern parts of Georgia
and Alabama with Caribbean island populations rather than other
US mainland localities. This indicates that individuals from most
northern parts of US localities in the study system have different

1 2 3 4 5 6
PCs
Eigenvalue 2.537 1.220 0.970 0.861 0.408 0.005
Percent 42.284 20.328 16.173 14.341 6.793 0.081
Cum percent 42.284 62.612 78.785 93.126 99.919 100.000
Eigenvectors (loadings)
Attempted copulation 0.282 —0.058 0.493 0.806 —0.016 0.159
Ovipositor licking 0.496 —0.163 —0.310 0.140 0.252 0.528
Wing scissoring 0.240 0.174 0.748 —0.007 0.783 0.134
Vibrations + extensions 0.553 0.067 —0.288 —0.555 0.150 0.149
Ignore female —0.369 0.702 —0.096 —0.079 0.061 0.603
Following + standing —0.417 —0.666 0.097 —0.130 —0.545 0.541

Note: see Table 1 for details on analysis.
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Figure 6. Male courtship behavior across US and Bahamas locations. Bar graph represents a relationship described by first Principal
component in Table 2, which is predominantly a trade-off between the proportion of acts a male performs wing vibrations and ovipositor
licking versus ignoring and simply following the female during courtship. See text for number of isofemale lines studied per location.
Multiple regression of longitude and latitude on proportion data is shown. Partial R2|°ng.=0.022 and R?,; =0.011 are not significant
(P=0.22 and P=0.63, respectively). Inset graph shows a geographical correlogram of the first three Principal components of courtship
behavior (see Table 2 for detail; PASSAGE 1.1; M. Rosenberg 2004). PC1 and PC3 are significant correlograms at P<0.05 whereas PC2 does
not deviate from random spatial distribution. Black symbols represent significant Moran’s | values at the designated significance level
(each value for each distance class) and white symbols represent nonsignificant Moran’s | values.

morphology from all southern localities and that African-like phe-
notypes are spread well across the Florida peninsula. This result
is consistent with morphological UPGMA clustering of localities
(see Fig. 5 above).

Finally, we found that the courtship behavior distance (based
on all six courtship elements in Table 2) was most significantly
correlated with design matrix #3 (Mainland and Cuba Hypothesis)
and to a lesser degree with design matrix #5 (Divergent Family
Islands Hypothesis; Table 4). This shows that most differentiation
in courtship behavior occurs between mainland and island pop-
ulations with the exception that Cuba is included with US. Thus
although all traits show parallel clines across the region, the spe-
cific geographical patterns of differentiation vary between traits.
This indicates that African-like traits differ in their distribution
across the US—Caribbean region. Further analyses of the detailed
shapes of these phenotypic clines and their relationship to ge-

netic markers (e.g., Barton and Hewitt 1985; Szymura and Barton
1986; Mallet et al. 1990; Barton 1991) is described elsewhere
(R. Yukilevich, unpubl. ms. ).

CORRELATIONS BETWEEN VARIABLES

Using the pairwise Mantel test of matrix correlations we found
that desat-2 locus alleles, morphology, and courtship behavior
traits were positively correlated with geographical distance be-
tween locations and with each other (see Table 5 and Appendix
Table A2). Geographical distance is best correlated with morpho-
logical distance, followed by desar-2 locus distance, and least with
courtship behavior distance (Table 5). Because variables could be
correlated simply because all are correlated with geographical
distance, we used the partial Mantel test to determine whether
residual variances remain correlated when holding geographical
distance constant (see Materials and Methods).
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Table 3. Description of different design matrices used to test explicit geographical patterns of differentiation in phenotype space.

Design matrices Hypotheses Regional splits!

Designl Divergent Northern US Northern US vs. All

Design?2 Florida-Islands Connection Northern+Middle US vs. Florida+Cuba+Bahamas+Haiti
Design3 Mainland and Cuba vs. Islands US+Cuba vs. Bahamas-+Haiti

Design4 Mainland vs. All Islands US vs. Cuba+Bahamas+Haiti

Design5 Divergent Family Islands US+Cuba+Northern Bahamas vs. Middle+South Bahamas
Design6 Divergent South Bahamas and Haiti US+Cuba+Northern+Middle Bahamas vs. South Bahamas+Haiti

see Appendix Figure A2 for exact geographical locality delimitations of regional splits.

Table 5 shows that male morphology and desat-2 locus dis-
tances are still significantly correlated when geographical distance
is accounted for. However, the courtship behavior distance is no
longer significantly correlated with either the morphology or de-
sat-2 locus distances (Table 5). Therefore the positive association
between courtship behavior and the other two variables comes
only from their common association with geography.

PATTERN OF SEXUAL ISOLATION

Recently, we performed multiple-choice mating tests between var-
ious populations across the US and Caribbean region (Yukilevich
and True 2008). This included 11 mating tests between popula-
tions either within US or within Bahamas regions and 18 mating
tests between US and Bahamas populations. Only between-region
tests revealed significant deviation from random mating with sub-
stantial variation in the presence and strength of sexual isolation.
We test whether these sexual isolation indices are geographi-
cally associated with divergence at the desat-2 locus, morphol-
ogy, or courtship behavior. First, we included both within and
between-region pairwise mating tests in the analysis. To make a
fair comparison of associations between different traits and sex-
ual isolation we only included those mating tests for which there
was location-specific data for all three major traits in our study
(for a total of 22 pairwise tests). We used Mantel test of matrix
correlations to test for significance (see Materials and Methods
and Fig. 7). We found that sexual isolation was significantly corre-
lated with geographical distance between localities (Fig. 7A). This

occurred because tests between US and Caribbean populations
have higher sexual isolation indices than tests within regions
(compare gray and black points in Fig. 7). Given that all vari-
ables were positively associated with geographical distance (see
Table 5 above), we found that these were also significantly cor-
related with sexual isolation, with desat-2 locus distance having
the highest correlation, followed by morphology, and then by
courtship behavior distances (see Fig. 7B—D). However, upon re-
moving the effect of geographical distance on sexual isolation
using the partial Mantel test, none of the variables remained sig-
nificantly associated with sexual isolation. Therefore, none of the
phenotypic variables explained variation in sexual isolation be-
yond what has already been explained by geographical distance.

Because individuals across the region varied in all of these
traits (see above), we asked how these variables combine together
to influence the association with sexual isolation. We created a
combined distance matrix based on standardized values of all 13
variables in our dataset (see Materials and Methods). Interest-
ingly, the combined distance matrix had the highest significant
correlation with sexual isolation (R? = 0.388; P = 0.001; Fig. 8),
which was substantially higher than any other R? seen previously
(see Fig. 7). Moreover, the relationship between the combined dis-
tance matrix and sexual isolation remained significant even when
geographical distance was held constant (Partial Mantel test: P =
0.014). Combining variance across multiple variables could have
possibly resulted in a worse or a similar fit to sexual isolation data
compared to individual variables. Because we found the fit to

Table 4. Partial matrix correlations between six design matrices and phenotypic distance matrices (holding geographical distance

constant). Bold values indicate most significant correlations.

Design 1 Design 2 Design 3 Design 4 Design 5 Design 6
desat2 —0.1087™ —0.0444" —0.2782™ —0.1041™ 0.2252! 0.1281™
Morphology 0.2456> 0.1785* 0.039" —0.0344" —0.1102™ 0.0209™
Courtship —0.1259™ —0.0532"™ 0.2266' 0.1109™ 0.1538? 0.0191™

1p<0.01.
2P <0.05.
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Table 5. Matrix correlations of desat-2 locus, morphology and
courtship behavior to geographical distance and partial matrix cor-
relations to each other (holding geographical distance constant).

Geography Desat2 Morphology
Desar2 0.6229!
Morphology 0.8472! 0.19912
Courtship 0.3177 0.0660NS 0.1126M8
1P<0.001.
2p~0.01.

be better, this result suggests either that individuals use multiple
traits for mate choice or that the combined matrix from several
variables is best correlated to other unmeasured traits that best
explain sexual isolation (see Discussion).

Finally, we asked if there are any associations between trait
divergence and sexual isolation for only between-region tests (i.e.,
between US and Bahamas locations), because these have the high-
est sexual isolation indices (black points in Figs. 7 and 8). Interest-
ingly, we found that sexual isolation between US and Caribbean
populations was not significantly associated with geographical
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distances (R? = 0.049; P = 0.71), desat-2 locus allele frequency
distances (R? 0.051; P = 0.16), or morphological distances
(R* = 0.0002; P = 0.28). Thus sexual isolation between US and
Caribbean populations exhibits more of a mosaic geographical

pattern. It also supports the above conclusion that relationships
of the desat-2 locus and morphological variables with sexual iso-
lation were significant only because each variable was correlated
with geography.

However, we did find that sexual isolation is marginally sig-
nificantly correlated with differentiation in courtship behavior
between US and Caribbean males (R? = 0.146; P = 0.08; see
black points in Fig. 7D). This suggests that US and Caribbean
females may directly cue in on courtship behavior differences

of males when choosing mates. Finally, sexual isolation between
US and Caribbean flies was significantly correlated with the com-
bined distance matrix of desat-2 locus alleles, morphology, and
courtship behavior (R? = 0.161; P = 0.03; see black points in
Fig. 8). Because the significant correlation occurred regardless
of whether all comparisons or only between US and Caribbean
comparisons were considered, we conclude that variation in sex-
ual isolation is best explained when multiple traits are considered

sexual isolation index
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0 0.2 0.4 06
desat? allelic frequency distance

08

R?=0.211|

sexual isolation index

“p-value = 0.014
_Uz i i
0 004 008 012 016 02 024 028 032 036
courtship behavior distance

Figure 7. Geographical relationship between sexual isolation and distances based on geography or measured variables between pairwise
populations that were tested for mate choice. Gray symbols represent within-region comparisons (either within US or within Caribbean)
and black symbols represent between-region comparisons. See Yukilevich and True (2008) for standard deviation of individual sexual
isolation indices. Because our sexual isolation matrix is incomplete, we determined P-values and significance using the “sparse” Mantel
test of matrix correlations (see Materials and Methods). Note that even though the correlation coefficient (R) was tested in Mantel tests,

we show its R? in plots.
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Figure 8. Geographical relationship between a combined dis-
tance matrix based on standardized values of desat-2 locus allele
frequency, six morphological traits, and six courtship behavior ele-
ments and sexual isolation index. Gray symbols represent within-
region comparisons (within US or within Bahamas) and black sym-
bols represent between-region comparisons (see Fig. 7 for further
details).

together. It is thus likely that US and Caribbean flies use multiple
phenotypic variables when choosing mates.

NO-CHOICE MATING TESTS BETWEEN

US AND BAHAMAS FLIES

To further understand how male courtship behavior influences
mating preferences in US and Bahamas females, we performed
homotypic and heterotypic mating tests with US individuals from
Columbus, Mississippi (#23) and Bahamas individuals from Rum
Cay Island (#41). These populations showed significant partial
sexual isolation in multiple-choice mating tests (Yukilevich and
True 2008). First, we found that US males had significantly higher
rates of wing vibrations compared to Bahamas males toward wild-
type females from both populations (Fig. 9A). This is consistent
with our previous no-choice mating results using Canton-S fe-
males (see Fig. 6). Second, male wing vibrations were associated
with male mating success (Fig. 9B). However, upon comparing
matings with US versus Bahamas females, we observed that only
US females mated successfully with males that had significantly
higher wing vibration rates (Fig. 9C). Bahamas females mated
randomly with respect to male wing vibration rates. These results
suggest that Bahamas females have weaker mating preferences
for male wing vibrations than US females, consistent with the
lower wing vibration rates of Bahamas males (see Figs. 6 and
9A). Despite weaker mating preferences for male wing vibration
rates, we found that Rum Cay females actively rejected US males
significantly more often than their own local males by decamp-
ing during courtship (Fig. 9D). We did not see the reciprocal
rejection behavior in US females (Fig. 9D). These results suggest
that Bahamas females have weaker mating preferences for male
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wing vibrations, but actively reject US males presumably based
on other phenotypic cues.

Discussion

Previously we found a mosaic pattern of sexual isolation be-
tween US and Caribbean populations. Some Caribbean popula-
tions exhibited partial mating discrimination against US popula-
tions, whereas other US—Caribbean pairwise tests did not deviate
from random mating (Yukilevich and True 2008). Further mat-
ing tests revealed that West African flies from Cameroon mated
randomly with Caribbean flies, but also showed mating discrim-
ination against US strains. Also, Caribbean and West African
populations were both partially sexually isolated from the behav-
ioral race of Zimbabwe, although Caribbean flies showed weaker
sexual isolation. This suggested that Caribbean flies might share
mating preferences and other traits involved in mate choice with
those of African flies, especially those from West Africa. In the
present article we study variation in several traits that are of par-
ticular interest for sexual isolation in D. melanogaster. Thus we
address whether the case of incipient sexual isolation between
US and Caribbean flies shares phenotypic similarity to that found
between cosmopolitan and African flies.

We found that Caribbean populations are divergent from US
populations in desat-2 pheromone locus allele frequencies and in
various morphological and courtship behavior traits. These traits
exhibit steep parallel clines across the US and Caribbean region,
with Caribbean flies being more similar to African flies than to
US flies. Therefore, this incipient sexual isolation is accompanied
by pheromonal, phenotypic, and behavioral differentiation. Fur-
ther, we found that despite parallel clines across the region, these
African-like traits exhibit different geographical patterns. Some
African-like traits were predominantly restricted to southern is-
lands of the Bahamas, whereas others were distributed well into
the Florida peninsula. This indicates that African-like traits are
distributed unevenly across US and Caribbean populations.

Finally, we revealed that these African-like traits are geo-
graphically associated with incipient sexual isolation between US
and Caribbean flies. All traits and sexual isolation were positively
correlated with geographical distance. Thus all traits were corre-
lated with sexual isolation, with the desat-2 locus having the high-
est correlation, followed by morphology and lastly by courtship.
However, when only comparisons between US and Caribbean
were considered, courtship was then best correlated with sexual
isolation. These results illustrate that different phenotypes vary in
the extent to which they may predict variation in sexual isolation
in this region.

Interestingly we found that when all traits were considered
together, they explained variation in sexual isolation much bet-
ter than either geographical distance or any individual trait. This



INCIPIENT SEXUAL ISOLATION IN D. MELANOGASTER

0.32

F ratio = 4.08
03 4 *p=0.0454

0.28 -
0.26 -

0.24 -

sq.root (rate of male wing vibration)

0.22 -

US males (#23)

Bahamas males (#41)

male tvpe

o= i1
n=3}
Fratio =525 NS
**p=0.002
L-!'.'

a0 copulation successfil o copulation
I J
Bahamas females matings

036
c
034

L
0.32 1
0.3 4
0.28 1
0.26 -
0.24 -

0.22

sq.root (rate of male wing vibration)

02 +

successfiil
ngulalim
US females matings

6l Fratio=11.97

§ oxn- o5 5= 0.0007
£
2 03+
£
E
-:-; 0.28
o
g 026
£
g 0x-
g
0.22 4
successful copulation no copulation
copulation type
My Kkl |
- = =13
2 01 e p=0il
:
2 0.08 -
v ) =1
3 L
E 0.6 1 T N§ ]. = L
o
5 04
£
g 002
2
5
0 - : : -
with US males  with Bahamas =~ withUSmales  with Bahamas
\ males _/f males j
US females matings Bahamas females matings

Figure 9. No-choice mating tests results between a US population (Columbus, Mississippi #23) and a Bahamas island population (Port
Nelson, Rum Cay #41). All rates were determined by the number of acts divided by the total courtship time (in seconds) from the initiation
of male courtship to copulation or 10 min. (note the rate of male wing vibration was measured differently than in Fig. 6; see Materials
and Methods). Wing vibration rates were then square-root transformed to achieve normality. (A) The average rate of wing vibrations
displayed by males during courtship: (A) from US location #23 and Bahamas location #41 toward females from both locations, (B) in all
successful matings versus unsuccessful matings, and (C) in successful versus unsuccessful matings by US or Bahamas females. (D) The
average rate of decamping by females from courting males from US location #23 and Bahamas location #41 in homotypic and heterotypic
mating tests. Note that the square-root transformation of decamping rates did not achieve normality. Kruskal-Wallis test was used to
test significance. Error bars designate standard errors and “n” is the sample size per category.

correlation between sexual isolation and combined trait diver-
gence remained significant when we controlled for geography.
Using no-choice mating tests we showed that only US females
preferred males with significantly higher wing vibration rates
(i.e., courtship song). However, Bahamas females actively re-
jected US males presumably based on some other trait(s). There-
fore, even though courtship behavior is likely to play an impor-
tant role in sexual isolation, our total results suggest that multiple
variables are likely to fully explain female mating preferences.
This may occur because preferences are weak when based on
each particular trait, but are stronger when based on several
traits together. Future experiments are necessary to test these
predictions.

Relationship to sexual isolation between
cosmopolitan-Zimbabwe populations
Our results relate to recent findings that the desat-2 locus may
be responsible for climatic adaptation and sexual isolation be-
tween cosmopolitan and Zimbabwe strains (Fang et al. 2002;
Greenberg et al. 2003, 2006; Coyne and Elwyn 2006). The obser-
vation that desat-2 exhibits a steep geographical cline across the
US—Caribbean region is suggestive of its role in climatic adapta-
tion, but future work is necessary to determine the exact nature of
selection across these localities.

The observation that desat-2 contributes to explaining sexual
isolation in the Caribbean supports previous results that this locus
is at least partially involved in sexual isolation (Fang et al. 2002;
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Coyne and Elwyn 2006; C. I. Wu, pers. comm.). We found that
most southern Bahamas islands exhibit a deficit in heterozygotes
at this locus. Aside from other potential explanations, such as
inbreeding, one interesting possibility may be that southern Ba-
hamas islands carry genetically distinct subpopulations that par-
tially discriminate against each other based on this locus. Further,
as Coyne and Elwyn (2006) point out, this locus may epistati-
cally interact with other loci of African genetic background in
causing sexual isolation. This view is supported by our observa-
tion that sexual isolation between US and Caribbean flies is best
explained when the African desat-2 insertion allele is combined
with African-like morphology and courtship behavior.

These findings support the idea that the US—Caribbean case
of sexual isolation may also be partially determined by desat-
2 locus variation. However, we emphasize that because previ-
ous mating tests indicated that both Caribbean and West African
populations are significantly sexually isolated from Zimbabwe
populations (Yukilevich and True 2008), desat-2 cannot explain
sexual isolation fully because all of these populations harbor the
African insertion allele. It is thus likely that the basis of mat-
ing preferences in Caribbean and West Africa flies may turn
out to be somewhat different from that of Zimbabwe flies. The
focus of the present work is on the differences between US
flies versus both Caribbean and African flies. Future research
should address how Caribbean and West African mating prefer-
ences and their associated traits differ from those of Zimbabwe

populations.

The role of male morphology and courtship

behavior in sexual isolation

The observation that both male morphology and courtship behav-
ior elements contributed to explaining patterns of sexual isolation
is of particular interest. Cosmopolitan females typically discrim-
inate against males with smaller body and wing sizes as well
as against males with lower frequencies/rates of wing vibration
and ovipositor licking behaviors (Bastock and Manning 1955;
Bastock 1956; Ewing 1961, 1964; Partridge et al. 1987; Taylor
and Kekic 1988; Pitnick 1991). It is fascinating that these are the
very traits that are widespread throughout the Caribbean islands.
This suggests that US and Caribbean females differ in mating
preferences for these traits, which was partially confirmed by our
no-choice mating experiments (see above). Mating preferences
for male body size and pigmentation among US and Caribbean
females have not been analyzed.

Our study does not exclude other potentially divergent traits
between US and Caribbean populations from being involved
in sexual isolation. Indeed, it has been previously noted that
West African and Caribbean D. melanogaster populations harbor
unique 7-tricosene and 7-pentacosene male pheromones (Rouault
et al. 2001). These pheromones may differ between US and
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Caribbean males and may be potential targets for female mate
choice.

Parallel evolution versus historical preadaptive
migration of sexual isolation alleles

Our major finding is that Caribbean populations harbor both West
African and Zimbabwe-like phenotypes and behaviors, and that
these traits are geographically associated with incipient sexual
isolation between US and Caribbean flies. It is possible that
Caribbean populations, independently of Africa, have converged
onto various traits associated with adaptation, perhaps to similar
tropical conditions, and that this has led to partial sexual isolation
from more temperate US flies. Artificial selection experiments
in Drosophila suggest that this scenario is plausible (Kilias et al.
1980; Dodd 1989). We would then expect that the genetic basis of
each case of incipient sexual isolation would be different and that
Caribbean flies would be genetically divergent from African flies.
This would then be a very incipient case of independent parallel
sexual isolation in the New and Old World populations of this
species, akin to recent examples in Timmema walking sticks (e.g.,
Nosil et al. 2002) and in sticklebacks (e.g., Schluter and Nigel
1995; Rundle et al. 2000).

However, it is also possible, and perhaps more likely, that
these tropical traits first evolved in Africa and subsequently spread
into the Caribbean islands with the historical human slave trades
several hundred years ago (e.g., David and Capy 1988). This “his-
torical migration” scenario is supported by the observation that
Caribbean and West African flies mate randomly with each other
(Yukilevich and True 2008), and by the fact that the same African
insertion allele at desat-2 locus is segregating in the Caribbean
and is associated with sexual isolation.

The few genetic studies of Caribbean populations in rela-
tion to non-African and African populations have so far provided
mixed results. First, using 10 microsatellite loci, Schlotterer et al.
(1997) had shown that Lesser Antilles Caribbean populations were
genetically closer to European flies than to African flies (US pop-
ulations were not included). However, more recent work with 48
microsatellite loci revealed that US populations are genetically
more similar to Africa than are European populations and segre-
gate many putative African alleles, suggesting recent admixture
of African alleles in the New World (Caracristi and Schlotterer
2003). Further genetic analyses of Caribbean populations are nec-
essary to determine which of these two historical scenarios are
more likely.

ACKNOWLEDGMENTS

We thank W. Eanes, D. Futuyma, J. Lachance, S.R. Liou, P. Nosil, J.
Rohlf, and R. Sokal for valuable comments and discussions on earlier
versions of the manuscript. We also thank P. Chang, L. Jung, and S.R.
Liou for assistance with desat-2 locus genotyping, S. Fang for first assay-
ing some of our lines for desat-2 locus variation, J. Logan for assistance



INCIPIENT SEXUAL ISOLATION IN D. MELANOGASTER

with courtship behavior assays, and J. Nocero, R. Oge, and P. Chang
for morphological measurements. We thank F. Aoki for writing the pro-
gram for sparse Mantel tests. This study was supported by Stony Brook
University and by an NSF dissertation improvement grant (DIG) to R.
Yukilevich. This paper is 1171 contributed by the Stony Brook Ecology
and Evolution Graduate Program.

LITERATURE CITED

Allender, C. J., O. Seehausen, M. E. Knight, G. F. Turner, and N Maclean.
2003. Divergent selection during speciation of Lake Malawi cichlid
fishes inferred from parallel radiations in nuptial coloration. Proc. Natl.
Acad. Sci. USA 100: 14074-14079.

Baker, C. P. 2001. Bahamas, Turks and Caicos. Lonely Planet Publ. Ltd.,
Oakland, CA.

Barbujani, G. 2000. Geographic patterns: how to identify them and why.
Human Biol. 72(1):133-153.

Barton, N. H., and G. M. Hewitt. 1985. Analysis of hybrid zones. Ann. Rev.
Ecol. Syst. 16:113-148.

Bastock, M. 1956. A gene mutation which changes a behavior pattern. Evo-
lution 10: 421-439.

Bastock, M., and A. Manning. 1955. The courtship of Drosophila
melanogaster. Behavior 8:85-111.

Billeter J. C., S. F. Goodwin, and K. M. C O’Dell. 2002. Genes mediating
sex-specific behaviors in Drosophila. Adv. Genet. 47:87-116.

Boughman, J. W, H. D. Rundle, and D. Schluter. 2005. Parallel evolution of
sexual isolation in sticklebacks. Evolution 59:361-373.

Capy, P., E. Pla, and J. R. David. 1993. Phenotypic and genetic variability of
morphometrical traits in natural populations of D. melanogaster and D.
simulans. 1. Genet. Sel. Evol. 25:517-536.

. 1994. Phenotypic and genetic variability of morphometrical traits in

natural populations of D. melanogaster and D. simulans. I1. Genet. Sel.
Evol. 26:15-28.

Capy, P,, M. Veuille, M. Paillette, J.-M. Jallon, J. Vouidibio, and J. R. David.
2000. Sexual isolation of genetically differentiated sympatric popula-
tions of Drosophila melanogaster in Brazzaville, Congo: the first step
towards speciation? Heredity 84(4):468—475.

Caracristi, G., and C. Schlotterer. 2003. Genetic differentiation between Amer-
ican and European D. melanogaster populations could be attributed to
African alleles. Mol. Biol. Evol. 20:792-799.

Castellano, S., and E. Balletto. 2002. Is the partial Mantel test inadequate?
Evolution 56:1871-1873.

Colosimo, P. F,, C. L. Peichel, K. Nereng, B. K. Blackman, M. D. Shapiro, D.
Schluter, and D. M. Kingsley. 2004. The genetic architecture of parallel
armor plate reduction in threespine sticklebacks. PLOS Biol. 2:635—
641.

Colosimo, P. E., K. E. Hosemann, S. Balabhadra, G. Villarrea, Jr., M. Dickson,
J. Grimwood, J. Schmutz, R. M. Myers, D. Schluter, and D. M. Kingsley.
2005. Widespread parallel evolution in sticklebacks by repeated fixation
of ectodysplasin alleles. Science 5717:1928-1933.

Cook, R. 1979. The courtship tracking of Drosophila melanogaster. Biol.
Cybernet. 34:91-106.

Correll, D., and H. B. Correll. 1982. Flora of the Bahamas Archipelago:
including the Turks and Caicos Islands. Lubrecht and Cramer Ltd., Port
Jervis, NY.

Coyne, J. A., and H. A. Orr. 2004. Speciation. Sinauer, Sunderland, MA.

Coyne, J. A., and S. Elwyn. 2006. Desaturase-2, environmental adaptation,
and sexual isolation in Drosophila melanogaster. Evolution 60:626—627.

Coyne, J. A., C. Wicker-Thomas, and J.-M. Jallon. 1999. Localization of
a gene responsible for a pheromonal polymorphism in Drosophila
melanogaster. Genet. Res. 73:189-203.

Coyne, J., and E. Beecham. 1987. Heritability of two morphological charac-
ters within and among natural populations of Drosophila melanogaster.
Genetics 117(4):727-737.

Dallerac, R., C. Labeur, J. M. Jallon, D. C. Knipple, W. L. Roelofs, and
C. Wicker-Thomas. 2000. A delta 9 desaturase gene with a different
substrate specificity is responsible for the cuticular diene hydrocarbon
polymorphism in Drosophila melanogaster. Proc Natl Acad Sci USA
97(17):9449-9454.

David, J. R., and P. Capy. 1988. Genetic variation of Drosophila melanogaster
natural populations. Trends Genet. 4(4):106—-111.

Dobzhansky T. 1937. Genetics and the origin of species. Columbia Univ.
Press, New York.

Dobzhansky, T., and Streisinger, G. 1944. Experiments on Sexual Isolation in
Drosophila: 11. Proc Natl Acad Sci USA 30(11):340-345.

Dodd, D. M. B. 1989. Reproductive isolation as a consequence of adaptive
divergence in Drosophila pseudoobscura. Evolution 43:1308—1311.

Drapeau, M. D., A. Radovic, P.J. Wittkopp, and A. D Long. 2003. A gene nec-
essary for normal male courtship, yellow, acts downstream of fruitless
in the Drosophila melanogaster larval brain. J. Neurobiol. 55(1):53-72.

Endler, J. A, and A. E. Houde. 1995. Geographic variation in female prefer-
ences for male traits in Poecilia reticulata. Evolution 49:456—468.

Epperson, B. K. 2003. Geographical genetics. Princeton Univ. Press, Prince-
ton, NJ.

Ewing, A. W. 1961. Body size and courtship behavior in Drosophila
melanogaster. Anim. Behav. 9:93-99.

. 1964. The influence of wing area on the courtship behavior of
Drosophila melanogaster. Anim. Behav. 12:316-320.

Fang, S., A. Takahashi, and C. I. Wu. 2002. A mutation in the promoter of
Desaturase-2 is correlated with sexual isolation between Drosophila
behavioral races. Genetics 162:781-784.

Funk, D. J. 1998. Isolating a role for natural selection in speciation: host
adaptation and sexual isolation in Neochlamisus bebbianae leaf beetles.
Evolution 52: 1744-1759.

Greenberg, A. J., J. R. Moran, J. A. Coyne, and C.-I. Wu. 2003. Ecological
adaptation during incipient speciation revealed by precise gene replace-
ment. Science 302(5651):1754-1757.

Greenberg, A. J., J. R. Moran, S. Fang, and C.-I Wu. 2006. Adaptive loss
of an old duplicated gene during incipient speciation. Mol. Biol. Evol.
23:401-410.

Greenspan, R. J., and Ferveur, J. F. 2000. Courtship in Drosophila. Ann. Rev.
Genet. 34:205-232.

Grillet, M., L. Dartevelle, 2006. A Drosophila
male pheromone affects female sexual receptivity. Proc Biol Sci.
273(1584):315-323.

Haerty, W., J. M. Jallon, J. Rouault, C. Bazin, and P. Capy. 2002. Reproduc-
tive isolation in natural populations of Drosophila melanogaster from
Brazzaville (Congo). Genetica 116(2-3):215-24.

Haerty, W., M. Lesbats, and P. Capy. 2005. Pre-reproductive isolation as a con-
sequence of allopatric differentiation between populations of Drosophila
melanogaster. Mol Ecol. 14(12):3801-3807.

Hedrick, P. W. 2000. Genetics of Populations. Jones and Bartlett Publ. Sud-
bury. MA.

Hendry, A.P.2001. Adaptive divergence and the evolution of reproductive iso-

and J.-E. Ferveur.

lation in the wild: an empirical demonstration using introduced sockeye
salmon. Genetica 112-113:515-534.

Hendry, A. P, P. Nosil, and L. H. Rieseberg. 2007. The speed of ecological
speciation. Funct. Ecol. 21:455-464

Hollocher, H., C.-T. Ting, F. Pollack, and C. I. Wu. 1997a. Incipient specia-
tion by sexual isolation in Drosophila melanogaster: variation in mat-
ing preference and correlation between sexes. Evolution 51(4):1175—
1181.

EVOLUTION NOVEMBER 2008 2823



R. YUKILEVICH AND J. R. TRUE

Hollocher, H., C. T. Ting, M. L. Wu, and C. I. Wu. 1997b. Incipient specia-
tion by sexual isolation in Drosophila melanogaster: extensive genetic
divergence without reinforcement. Genetics 147:1191-1201.

Jiggins, C. D., R. E. Naisbit, R. L. Coe, and J. Mallet. 2001. Reproductive
isolation caused by colour pattern mimicry. Nature 411:302-305.
Jiggins, C. D., C. Estrada, and A. Rodrigues. 2004. Mimicry and the evolution
of premating isolation in Heliconius melpomene Linnaeus J. Evol. Biol.

17:680-691.

Johannesson, K., E. Rolan-Alvarez, and A. Ekendahl. 1995. Incipient repro-
ductive isolation between two sympatric morphs of the intertidal snail
Littorina saxatilis. Evolution 49:1180—1190.

Kilias, G., S. N. Alahiotus, and M. Pelecanos. 1980. A multifactorial ge-
netic investigation of speciation theory using Drosophila melanogaster.
Evolution 34:730-737.

Koref-Santibafiez, S. 1972. Courtship behavior in the semispecies of the su-
perspecies Drosophila paulistorura. Evolution 26:108—115.

Mallet, J. L. B., N. Barton, G. M. Lamas, J. C. Santisteban, M. M. Muedas,
and H. Eley. 1990. Estimates of selection and gene flow from measures
of cline width and linkage disequilibrium in Heliconius hybrid zones.
Genetics 124:921-936.

Mayr, E. 1942. Systematics and the origin of species. Columbia Univ. Press,
New York.

. 1963. Animal species and evolution. Harvard Univ. Press. Cambridge,
MA.

McDonald, J. 1979. Genetic analysis of lines selected for wing vibration in
Drosophila melanogaster. Behav. Genet. 9:579-584.

McKinnon, J. S., S. Mori, B. Blackman, L. David, D. M. Kingsley, L.
Jamieson, J. Chou, and D. Schluter. 2004. Evidence for ecology’s role
in speciation. Nature 429:294-298.

Noor, M. A. 1995. Speciation driven by natural selection in Drosophila.
Nature. 375(6533):674-675.

Nosil, P. 2005. Divergent host plant adaptation and reproductive isola-

tion between ecotypes of Timema cristinae walking sticks. Am Nat.
169(2):151-162.

Nosil P, B. J. Crespi, and C. P. Sandoval. 2002. Host-plant adaptation
drives the parallel evolution of reproductive isolation. Nature 417:441—
443.

Nosil P, B. J. Crespi, R. Gries, and G. Gries. 2007. Natural selection and
divergence in mate preference during speciation. Genetica 128:309—
327.

O’Dell, K. M. C. 2003. The voyeurs’ guide to Drosophila melanogaster
courtship. Behav. Proc. 64:211-223.

Ortiz-Barrientos, D., and M. F. Noor. 2005. Evidence for a one-allele assorta-
tive mating locus. Science 310:1467.

Panhuis, T. M., R. Butlin, M. Zuk, and T. Tregenza. 2001. Sexual selection
and speciation. Trends Ecol. Evol. 16:364-371.

Partridge, L., A. Ewing, and A. Chandler. 1987. Male size and mating success
in Drosophila melanogaster: the roles of male and female behavior.
Anim. Behav. 35:555-562.

Pfennig, K. S., and M. A. Simovich. 2002. Differential selection to avoid
hybridization in two toad species. Evolution 56:1840-1848.

Pitnick, S. 1991. Male size influences mate fecundity and remating interval
in Drosophila melanogaster. Anim. Behav. 41:735-745.

Rohlf, J. F. 2004. NTSYSpc. 2.20. Exeter Software (c) by Applied Biostatis-
tics, Inc.

Rosenberg, M. S. 2004. PASSAGE. Pattern Analysis, Spatial Statistics, and
Geographic Exegesis, Version 1.0. Tempe: Department of Biology,
Arizona State Univ.

Rouault, J., P. Capy, and J. M. Jallon. 2001. Variations of male cuticular
hydrocarbons with geoclimatic variables: an adaptative mechanism in
Drosophila melanogaster? Genetica 110:117-130.

2824 EVOLUTION NOVEMBER 2008

Rousset, F. 2002. Partial Mantel tests: reply to Castellano and Balletto. Evo-
lution 56:1874-1875.

Rundle, H. D. 2003. Divergent environments and population bottlenecks fail
to generate premating isolation in Drosophila pseudoobscura. Evolution
57:2557-2565.

Rundle, H. D., and Schluter, D. 2004. Natural selection and ecological speci-
ation in sticklebacks. Pp. 192-209 in U. Dieckmann, M. Doebeli, J. A.
J. Metz and D. Tautz. eds. Adaptive Speciation. Cambridge Univ. Press.
International Institute for Applied Systems Analysis, Cambridge.

Rundle, H. D., L. Nagel, J. W. Boughman, and D. Schluter. 2000. Natu-
ral selection and parallel speciation in sympatric sticklebacks. Science
287:306-308.

Schlétterer, C., C. Vogl, and D. Tautz. 1997. Polymorphism and locus-specific
effects on. polymorphism at microsatellite loci in natural Drosophila
melanogaster populations. Genetics 146:309-320.

Schluter, D., and L. Nagel. 1995. Parallel speciation by natural selection. Am.
Nat. 146:292-301.

Schluter, D., E. A. Clifford, M. Nemethy, and J. S. McKinnon. 2004. Paral-
lel evolution and inheritance of quantitative traits. Am. Nat. 163:809—
822.

Smouse, P. E., J. C. Long, and R. R. Sokal. 1986. Multiple regression and
correlation extensions of the Mentel Test of matrix correspondence.
Syst. Zool. 35:627-632.

Sokal, R. R. 1979a. Ecological parameters inferred from spatial correlograms.
Pp. 167-196 in G. P. Patil and M. L. Rosenzweig. eds. Contemporary
Quantitative Ecology and Related Econometrics. International Cooper-
ative Publishing House, Fairland, MD.

. 1979b. Testing statistical significance of geographic variation pat-
terns. Syst. Zool. 28(2):227-232.

Sokal, R. R., and N. L. Oden. 1978a. Spatial autocorrelation in biology. 1.
Methodol. Biol. J. Linnean Soc. 10:199-228.

. 1978b. Spatial autocorrelation in biology. 2. Some biological im-

plications and four applications of evolutionary and ecological interest.
Biol. J. Linn. Soc. 10:229-249.

Sokal, R. R., N. L. Oden, and J. S. F. Barker. 1987. Spatial structure in
Drosophhila buzzatii populations, simple and directional spatial auto-
correlation. Am. Nat. 129:122-142.

Spieth, H. T. 1952. Mating behaviour within the genus Drosophila (Diptera).
Bull. Am. Mus. Nat. Hist. 99:401-474.

Szymura, J. M., and N. H. Barton. 1986. Genetic analysis of a hybrid zone
between the fire-bellied toads Bombina bombina and B. variegata, near
Cracow in Southern Poland. Evolution 40:1141-1159.

. 1991. The genetic structure of the hybrid zone between the fire-

bellied toads Bombina bombina and B. variegata: comparisons between

transects and between loci. Evolution 45:237-261.

Takahashi, A., S. C. Tsaur, J. A. Coyne, and C. I. Wu. 2001. The nucleotide
changes governing cuticular hydrocarbon variation and their evolution
in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 98:3920-
3925.

Taylor, C. E., and V. Kekic. 1988. Sexual Selection in a natural population of
Drosophila melanogaster. Evolution 42(1):197-199.

Taylor, E. B., and J. D. McPhail. 1999. Evolutionary history of an adaptive
radiation in species pairs of threespine sticklebacks (Gasterosteus). Biol.
J. Linn. Soc. 66:271-291.

. 2000. Historical contingency and ecological determinism interact to
prime speciation in sticklebacks, Gasterosteus. Proc. R. Soc. Lond. B
267:2375-2384.

Tilley, S. G., P. A. Verrell, and S. J. Arnold. 1990. Correspondence between
sexual isolation and allozyme differentiation: a test in the salaman-
der Desmognathus ochrophaeus. Proc. Natl. Acad. Sci. USA 87:2715—
2719.




INCIPIENT SEXUAL ISOLATION IN D. MELANOGASTER

Tompkins, L., A. C. Gross, J. C. Hall, D. A. Gailey, and R. W. Siegel. 1982.
The role of female movement in the sexual behavior of Drosophila
melanogaster. Behav. Genet. 12(3):295-307.

Tregenza, T. 2002. Divergence and reproductive isolation in the early stages
of speciation. Genetica 116:291-300.

Tregenza, T., V. L. Pritchard, and R. K. Butlin. 2000. The origins of premating
reproductive isolation: testing hypotheses in the grasshopper Chorthip-
pus parallelus. Evolution 54:1687-1698.

Verrell, P. A., and S. J. Arnold. 1989. Behavioral observations of sexual iso-
lation among allopatric populations of the mountain dusky salamander
Desmognathus ochrophaeus. Evolution 43:745-755.

Vines, T. H., and D. Schluter. 2006. Strong assortative mating between al-
lopatric sticklebacks as a by-product of adaptation to different environ-
ments. Proc. R. Soc. Lond. B 273:911-916.

Waddle, D. M., R. R. Sokal, and P. Rudan. 1998. Factors affecting population
variation in Eastern Adriatic Isolates (Croatia). Human Biol. 70(5):845—
864.

Welbergen, P., F. R. van Dijken, and W. Scharloo 1987. Collation of the
courtship behaviour of the sympatric species Drosophila melanogaster
and D. simulans. Behaviour 101:253-274.

Wu, C-1., H. Hollocher, D. J. Begun, C. F. Aquadro, Y. Xu, and M-L. Wu.
1995. Sexual isolation in D. melanogaster: A possible case of incipient
speciation. Proc. Natl. Acad. Sci. USA 92:2519-2523.

Yukilevich, R., and J. R. True. 2008. Incipient
among cosmopolitan Drosophila melanogaster. Evolution 62:2112—
2121.

sexual isolation

Associate Editor: M. Wayne

EVOLUTION NOVEMBER 2008 2825



R. YUKILEVICH AND J. R. TRUE

APPENDIX
Table A1. Location information and the number of isofemale lines collected and maintained in the laboratory.

ID # State/Island, Town # of Lines Date collected Longitude Latitude
4 Florida, Tampa Bay (downtown) 13 Jun-04 —82.27 27.56
9,10 Florida, Crosscity-Chiefland 6 Jun-04 —83.07 29.38
11 Florida, Lamont 6 Jun-04 —83.48 30.22
12 Florida, Tallahassee (downtown) 15 Jun-04 —84.16 30.26
13 Georgia, Thomasville 20 Jun-04 —83.58 30.5
14 Georgia, Valdosta 16 Jun-04 —83.16 30.49
15 Geogria, Blakeley 20 Jun-04 —84.56 31.22
16 Alabama, Ozark 20 Jun-04 —85.38 31.27
17 Alabama, Greenville 19 Jun-04 —86.38 31.49
18 Alabama, Montgomery (downtown) 23 Jun-04 —86.18 32.22
19 Alabama, Clanton 20 Jun-04 —86.37 32.5
20 Alabama, Selva 19 Jun-04 —86.53 33.25
21 Alabama, Birmingham (downtown) 16 Jun-04 —86.48 33.31
22 Alabama, Tuscaloosa 18 Jun-04 —87.34 33.12
23 Mississippi, Columbus 15 Jun-04 —88.25 33.29
24 Mississippi, Meridian 7 Jun-04 —88.42 32.21
25 Alabama, Atmore 14 Jun-04 —87.29 31.01
28 Florida, Sabastian 6 Jun-04 —80.28 27.48
29 Eluthera (south), Governor’s Harbor 14 Jul-04 —76.18 25.15
30 Eluthera (north), Gregory Town 20 Jul-04 —76.33 25.23
31 Abaco, Marsh Harbor 20 Jul-04 —77.03 26.32
32 Andros (north), Andros Town 22 Jul-04 —77.46 24.42
33 Grand Bahamas (west), Freeport 18 Jul-04 —78.38 26.3
34 Grand Bahamas (east), McLean’s Town 20 Jul-04 —77.56 26.38
35 Andros (south), High Rock 20 Jul-04 —77.33 25.07
36 Exumas, George Town 20 Jul-04 —75.47 23.31
37 Long Island, Deadman’s Cay 17 Jul-04 —75.06 23.1
38 Cat Island, New Bight 22 Jul-04 =753 24.18
39 Bimini Island, Alice Town 20 Jul-04 —79.17 25.43
40 Berry Islands, Bullock’s Harbor 20 Jul-04 —77.51 25.45
41 Rum Cay, Port Nelson 22 Jul-04 —74.5 23.38
42 San Salvador, Cockburn Town 20 Jul-04 —74.31 24.03
43 Mayaguana, Mayaguana 16 Jul-04 —72.54 22.22
44 Crooked Island, Colonel Hill 20 Jul-04 —74.1 22.44
45 Acklins Island, Spring Point 16 Jul-04 —73.59 22.26
46 Cuba, Havana 17 Jul-04 —82.23 23.06
47 New Providence, Nassau 22 Jul-04 —77.2 25.03
48 Lesser Antelles, St. Lucia (Soufriere) 23 Dec-05 —60.58 13.54
52 Haiti, Port-Au-Prince (near downtown) 30 Jun-06 —72.2 18.32
49 West Africa, West Cammeroon (Mbalang-Djalingo) 31 2004 10.05 —5.23
50 Southeast Africa, Zimbabwe (Sengwa) 13 1990 28.34 —16.5
51 Southeast Africa, Zimbabwe (Lake Kariba) 20 1994 27.59 —17

53 Guinea 12 2004 10.52 —10.47
54 Niger 20 2004 7.12 —15.23
55 Uganda 20 2004 32.12 —0.48
56 Malawi 20 2004 33.35 —13.19

Note: All lines were collected by R. Yukilevich, except lines from Haiti (collected by S. Tumuluri) and from Africa (obtained from J. Pool and C. Acquadro).
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Table A2. Full correlations between phenotypic distance measures.

Desat2 Morphology

Desat?2
Morphology 0.5139“ y
Courtship 0.2180 0.3259

* ok ok

*

**P<0.01.
P<0.001.
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Figure A1. Example of a binary design matrix #4 (Mainland vs. All Islands) where all localities that are grouped together (in this case
either within US region or within Caribbean region) are assigned a value of 0 (“less differentiation”) whereas all localities between

groups (in this case between region locality pairs) are assigned a value of 1 (“more differentiation”). Other design matrices in Table 3
vary with respect to which locality pairs are assigned values of 1 and 0, depending on the geographical hypothesis.
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Figure A2. Map of arbitrary regional splits used to create geographical design matrices in Table 3 to test for specific spatial hypotheses
about desat-2 locus, morphology, and courtship behavior variation.
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