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ABSTRACT

The developmental gene optomotor-blind (omb) encodes a T-box-containing transcription factor that has
multiple roles in Drosophila development. Previous genetic analyses established that omb plays a key role
in establishing the abdominal pigmentation pattern of Drosophila melanogaster. In this report we examine
patterns of ombnucleotide variation in D. polymorpha, a species that is highly polymorphic for the phenotype
of abdominal pigmentation. Haplotypes at this locus fall into two classes that are separated by six mutational
steps; five of these mutational events result in amino acid changes. Two lines of evidence are consistent
with a role for omb in the abdominal pigmentation polymorphism of D. polymorpha. First, we find that
haplotype classes of omb are correlated with abdominal pigmentation phenotypes, as are microsatellite
repeat numbers in the region. Second, tests of selection reveal that the two haplotype classes have been
maintained by balancing selection. Within each class there is a significantly low amount of diversity,
indicative of previous selective sweeps. An analysis including D. polymorpha’s closest relatives (members of
the cardini group) provides evidence for directional selection across species. Selection at this locus is
expected if omb contributes to variation in abdominal pigmentation, since this trait is likely of ecological

importance.

HE gene optomotor-blind (omb) is one of the essential

“toolkit” genes used to coordinate development in
diverse animal taxa (CARROLL ¢f al. 2001). The omblocus
encodes a T-domain transcription factor (PFLUGFELDER
et al. 1992a,b) that plays key patterning roles in the
central nervous system (BRUNNER el al. 1992; PrLUG-
FELDER el al. 1992b; POECK et al. 1993) and leg and wing
imaginal discs (GRIMM and PFLUGFELDER 1996; LEcUIT
et al. 1996; NELLEN et al. 1996) of Drosophila melanogaster.
The T-domain is a highly conserved region that func-
tions in DNA binding (PFLUGFELDER ef al. 1992a;
KispERT and HERRMANN 1993; KiSPERT et al. 1995). The
T-box family is named after its founding member, the
mouse Brachyury (T) gene (BOLLAG et al. 1994).

In addition to its early developmental roles, omb is
necessary for patterning the pigment band in each adult
abdominal segment: in the developing pupa, omb is ex-
pressed at the posterior edge of each abdominal seg-
ment in a stripe that prefigures the pigment band of the
adult (Kopp and Duncan 2002). omb loss-of-function
clones lose pigmentation and overexpression of omb
leads to expansion of the pigment band (Korp and
Duncan 1997). The pattern and extent of the pigment
band is a character that is highly variable in the genus
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(reviewed in TRUE 2003; WiTTKOPP et al. 2003a), dif-
fering among species groups (GARCIA-BELLIDO 1983;
GoMPEL and CARrROLL 2003), between closely related
species (HOLLOCHER el al. 2000), between sexes within
a species (Kopp et al. 2000), and geographically within
a species (HEED 1963; LEE 1963; ROBERTSON et al. 1977,
OmnnisHI 1985). The control of pigmentation in D. mela-
nogaster by omb suggests that omb may also be important
in specifying this natural variation within and between
species of Drosophila.

To explore omb’s role in abdominal pigmentation vari-
ation, we examined patterns of nucleotide variation at
the omb locus in natural populations of a South Ameri-
can species of fruit fly, D. polymorpha. D. polymorpha is a
member of the cardini group, members of which exhibit
extensive abdominal pigmentation variation, both
within and between species (STALKER 1953; HEED 1963;
HEeED and RusseLL 1971; HOLLOCHER et al. 2000). D.
polymorpha is one of the most polymorphic members of
this group, with individuals that vary from having almost
completely pigmented abdomens to having almost com-
pletely unpigmented abdomens (DA CUNHA 1949; MAR-
TINEZ and CorDEIRO 1970). Although abdominal pig-
mentation is environmentally determined in some species
(DAVID et al. 1990; GIBERT et al. 1996), early crossing
experiments determined that the abdominal pigmenta-
tion polymorphism in D. polymorpha has a strong genetic
basis. The trait was initially attributed to a single locus
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with two alleles (DA CuNHA 1949), but later experiments
indicated the action of at least one additional modifier
locus (MARTINEZ and CorDEIRO 1970). The variation
exhibited by this species is due in part to differences in
the width of the posterior pigment band, the character
that omb patterns in D. melanogaster (Korp and DUNCAN
1997).

We approached the role of ombin controlling pigmen-
tation variation in D. polymorpha from two complemen-
tary angles. First, we asked if there is a correlation be-
tween omb haplotypes and abdominal pigmentation
phenotypes of D. polymorpha. Second, we investigated
whether there is a signature of selection in omb haplo-
types from natural populations of D. polymorpha. Abdom-
inal pigmentation is likely to be an ecologically relevant
character and has been hypothesized to play roles in
sexual selection, crypsis, and/or thermal regulation
(KETTLEWELL 1973; GIBERT el al. 1998; MaJERUS 1998;
TrUE 2003). Consequently, any gene contributing to
this character should be constrained or promoted by
selection. Our findings from both approaches are con-
sistent with a role for omb in the evolution of abdominal
pigmentation variation in this species.

MATERIALS AND METHODS

Isolation and sequencing of haplotypes at the omb locus:
Thirteen different species were used in this study. D. parthenoge-
netica, D. similis, D. nigrodunni, D. procardinoides, D. cardinoides,
D. cardini, D. dunni, D. neomorpha, and D. polymorpha are all
members of the cardini group, which is distributed throughout
the Caribbean as well as the North, Central, and South Ameri-
can mainlands (HEED and KrRiSHNAMURTHY 1959; HEED and
RusstLL 1971). D. parthenogenetica, D. nigrodunni, D. procardi-
noides, D. melanica, D. arawakana, and D. dunni were obtained
from the National Drosophila Species Resource Center, Tuc-
son (stock nos. 15181-2221.00, 15182-2311.01, 15181-2241.00,
15030-1141.03, 15182-2261.00, and 15182.2301.00, respec-
tively). D. cardinoides, D. cardini, D. neomorpha, and D. polymorpha
were obtained from wild-caught collections in Brazil by J. A.
Brisson in March through April of 2001 and March through
May in 2002. D. virilis has been maintained in the laboratory
of I. Duncan for a number of years. Sequences from D. pseudo-
obscuraand D. melanogasterwere obtained from their respective
genome projects. Genomic DNA was extracted from individual
flies using the DNeasy tissue kit (QIAGEN, Valencia, CA). omb
haplotypes were obtained from all of these species and from
120 individuals of D. polymorpha collected from natural popula-
tions.

The omblocus in D. melanogaster consists of eight exons and
encodes a mature transcript of 4.1 kb, as depicted in Figure
1 (PFLUGFELDER et al. 1992b). We used the D. melanogaster omb
sequence to design a number of primer pairs. One pair, 370for
(5"-CCAGGTTCGCCAATGGGATG-3") and 1355rev (5'-GGT
GATGACCATTTCCGTGGC-3"), successfully amplified an ~1-kb
N-terminal product in D. virilis, D. melanica, and D. polymorpha,
homologous to exon 2 of D. melanogaster. This D. polymorpha
sequence was then used to design the cardini group specific
primers ombfor (5-GACGACCCCATCGTCCTC-3') and om-
brev (5'-CACTGACTTCAGCGTCTCGT-3'). Standard PCR us-
ing KlenTaql (BARNES 1992), which has a very low error rate
(5.1 X 107° errors/bp), was performed with 30 cycles of 30
sec at 95°, 30 sec at 50°, and 3 min at 72° followed by a 10-

min final extension. For most species, amplified DNA was
sequenced directly. However, to perform a more in-depth
intraspecific study of the locus in D. polymorpha and to allow
direct determination of haplotypes, we cloned amplified DNA
into the pSTBlue-1 vector using the Acceptor Vector cloning
kit (Novagen, Cambridge, MA). Cloned DNA was sequenced
on both strands using the vector-specific primers T7 and U19
(Novagen) and the internal primers ombrev2 (5-ATTCTG
GAGCTGGCAATTATCG-3') and ombfor2 (5-AGACCCG
GATGATGCGGTCC-3"). Products of the sequencing reac-
tions were purified using CentriSep spin columns (Princeton
Separations) and electrophoresed on a Basestation automated
sequencer (M] Research, Watertown, MA). Divergent se-
quences were reamplified and sequenced directly to check
for PCR artifacts.

The degenerate primers Thoxfor (5'-TGCAGACAAATGTT
YCCNCARATG-3') and Tboxrev (5-AAATGAAACAACYTT
YTGCATCCA-3) were designed from an alignment of known
omb orthologs in GenBank and used to amplify an ~250-bp
segment of the omb T-domain homologous to portion of exons
3 and 4 in D. melanogaster. These exons are separated by a
short (65 bp) intron. Touchdown PCR was used from 65° to 41°
followed by 28 cycles of 94° for 1 min, 55° for 1 min, and 72°
for 2 min. Species other than D. polymorpha were sequenced
directly using the Thoxfor and Tboxrev primers. Alleles from
10 individuals of D. polymorphawere cloned to determine possi-
ble haplotypes. All remaining individuals were sequenced di-
rectly and haplotype subtraction was used to determine haplo-
types (CLArRk 1990). This was considered an appropriate
technique since there was a high incidence of homozygosity
and single-site heterozygosity.

For comparative purposes, we also used a segment of the
6-phosphogluconate dehydrogenase (pgd) locus on the X chromo-
some that encodes an enzyme involved in the pentose-phos-
phate shunt (CHRISTENSEN and LucchEst 1984). We used the
exon-based degenerate primers pgdfor (5-GGAGCCGACTC
GCTNGARGAYATG-3') and pgdrev (5-CGCGGCCTCGTG
NCCNCCNGGCAT-3") designed from known pgd orthologs
in GenBank to amplify an ~600-bp region of an intron in pgd.
The amplified DNA from females was cloned into the pSTBlue-1
vector using the Acceptor Vector cloning kit and sequenced
using the vector-specific primers T7 and U19. Divergent se-
quences were reamplified and sequenced directly to check for
PCR artifacts. DNA from males was amplified and sequenced
directly.

Interspecific analyses: For a wide phylogenetic perspective
on variation at the omb locus, we sequenced the two omb re-
gions in D. melanica, D. polymorpha, and D. virilis and obtained
the D. pseudoobscura and D. melanogaster omb sequences from
published work. DNA was translated into amino acid se-
quences for alignment. Sequences were aligned using the
program PRETTYBOX (Genetics Computer Group, release
10.0). Isoelectric points were estimated using Seqman 4.00
(DNASTAR, Madison, WI).

To examine omb evolution among species of the cardini
group, we amplified and sequenced the two omb regions for
nine species: D. cardini, D. cardinoides, D. dunni, D. neomorpha,
D. nigrodunni, D. parthenogenetica, D. polymorpha, D. procardi-
noides, and D. similis. Nucleotide sequences were aligned by
hand. Several areas were unalignable due to microsatellite
variation, and these areas were removed prior to analyses,
leaving 654 included characters.

Analyses within D. polymorpha: For initial investigations, hap-
lotype tree estimation using statistical parsimony (TEMPLETON
et al. 1992) was implemented using the program TCS v. 1.13
(CLEMENT et al. 2000) for the D. polymorpha N-terminal omb
data set culled of microsatellite variation. Following produc-
tion of a haplotype tree without microsatellites, we attempted
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the distribution of exons (num-
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to add the microsatellite information in coded form (for exam-
ple, a microsatellite with four variants was coded as A, G, C,
or T). Two microsatellite regions, S; and S, were successfully
added in this manner to produce a second haplotype tree with
more structure. Attempts to add the remaining microsatellites
proved to be too ambiguous for reliably constructing haplo-
type relationships. The program DNAsp v. 3.5 (Rozas and
Rozas 1999) was used to estimate heterozygosity (®) and
nucleotide diversity () of the culled data set. Heterozygosity
is derived from the proportion of segregating sites in the
sequence (S; WATTERSON 1975), and nucleotide diversity is
the average number of nucleotide differences per site between
two sequences (NEI 1987).

Nested clade analysis (NCA) was used to examine the phylo-
geography of D. polymorpha N-terminal omb haplotypes (TEM-
PLETON e/ al. 1995). The haplotype tree was used to define a
series of hierarchically nested clades following the nesting
rules given in TEMPLETON et al. (1987) and TEMPLETON and
SING (1993). The program GeoDis 2.0 (PosapA et al. 2000)
calculated the NCA measures for each clade in each level of
nesting. A total of 10,000 random iterations were used to
permute the observations within a nesting clade over geogra-
phy to test the null hypothesis of no association of a haplotype
in a cladogram with geographical location, as described in
TEMPLETON et al. (1995) and TEmpLETON (2004).

Nested clade analysis was also used to examine the correla-
tion between haplotypes and the abdominal pigmentation
phenotype. Abdominal pigmentation phenotypes of D. poly-
morpha from wild-caught collections were scored on a scale of
one through nine according to a scheme developed specifi-
cally for this species (MARTINEZ and CORDEIRO 1970). We
used nested clade analysis to look for nonrandom distributions
of phenotypic categories across nested clades (TEMPLETON
and SING 1993). In this approach, the different levels of nest-
ing define groups of haplotypes. The phenotypes of individu-
als in each nesting level are then compared to one another
via exact permutational tests. Exact permutational tests were
also used to test for a nonrandom distribution of microsatellite
repeats across phenotypic classes and to test for linkage dis-
equilibrium between microsatellite repeat regions.

Tests of selection: We used DNAsp (Rozas and Rozas 1999)
to implement a number of tests to determine whether selec-
tion has shaped genetic variation at the omb locus. Since most
variation was in the form of single=site polymorphisms and thus
there was little homoplasy in the data set, the infinite sites model
was considered appropriate for tests of selection. First, we
calculated Tajima’s D statistic (Tajama 1989), a measure of
whether the number of segregating sites at a locus is consistent
with neutral expectations. Second, we calculated the D¥ and
I statistics of Fu and L1 (1993). We also used an intraspecific
contingency table test of homogeneity, comparing tip vs. inte-
rior polymorphisms, to test for selection (TEMPLETON 1996).

sent locations of primers used
for PCR amplification.

exon 4

"T-domain region"

The two-by-two contingency table was analyzed using Fisher’s
exact test.

To investigate selection at the interspecific level, we again
used a contingency test of neutrality (TEMPLETON 1996) using
data from both the intraspecific D. polymorpha omb gene tree
and the cardini group interspecific gene tree. This method
categorizes silent vs. replacement mutations into three classes.
The tip and interior classes refer to mutations in an intraspe-
cific data set. The final class, fixed, refers to mutations that
differ among species. The table was analyzed using an exact
permutational test using the algorithm of Ro¥r and BENTZEN
(1989) permuted randomly 1000 times.

RESULTS

Sequences obtained: Sequences of the N-terminal omb
region were obtained for eight species of the cardini
group and 120 individuals of D. polymorpha, as well as
for D. melanica, D. melanogaster, D. pseudoobscura, and D.
virilis. Sequences of the T-domain region were obtained
for the same species, but only a subset (37) of D. poly-
morpha individuals were used. The pgd locus was se-
quenced for 88 individuals. These sequences can be
found under GenBank accession nos. AY677667-AY67-
7674, AY683324-AY683443, AY676329, AY676330, AY67-
7630-AY677666, and AY687192-AY687279.

Across-species comparisons of omb: To determine
broad patterns of evolution in both regions of omb, we
aligned amino acid sequences from D. melanogaster, D.
melanica, D. pseudoobscura, D. polymorpha and D. virilis
(Figure 2). These species are representatives of most
major clades in the Drosophila phylogeny (REMSEN and
O’Grapy 2002). In the N-terminal alignment there is
little similarity after the initial 20 amino acids. Nearing
the end of this region (around amino acid 251 in Figure
2), amino acid similarity increases again as the sequence
approaches the T-domain, which is immediately C-ter-
minal to this region. There is also considerable length
variation in the region, as exhibited most dramatically
by D. melanica, which has 106 fewer amino acids than
the longest sequence, that of D. pseudoobscura (Table 1).
Some of this variation is due to differences in the length
of amino acid runs, with asparagine (N) runs being the
most prominent. Despite length variation and amino
acid changes, the estimated isoelectric point of the
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1 51
melanica FLQLTQRPTD FSVSSLLTAG SNNNNSGNTN SGNNNSNSNN NTNSNTNNTN NLVAVSP... ..vvvevcers svevanonns ovvsesTGGG Avvnnnnn
melanogaster FLQLTQRPTD FSVSSLLTAG SNNNNSGNTN SGNNNSNSNN NTNSNTNNTN NLVAVSP... «ceeseeeses ssoeseerse o000e.TGGG Avuuinnnn
polymorpha FLQLTQRPTD FSVSSLLTAG SNNNNSNNGN NNNNSSTNGS PAAAAAAAAA AATAAAAAAA QAL....SSP Dicivveenn cnveenn §.G AGNYR.SSPS
virilis FLQLTQRPTD FSVSSLLTAG SNSNSNNNNN NSNNSSNNNN NNSNNNNNSS SNSSAAA... QALG....SP G..vvevvss +oe....S5GG AGNYR.SSPS

pseudoobscura FLQLTQRPTD FSVSSLLTAG SNNNNNNSSS NSNNSNNNNP NNNNNSNSIV AAAAAAAAAA AAAHLSSSSP GGAGGAGAGG AGAGASAGGG AASYHGSSPS

101
melanicad QLSPOSNH.. tieetetnns ssoaesanes sonannnsas

............................................... SSSNNSASAA

melanogaster QLSPQSNHSS SNTTTTSNTN NSSSNNNNNN STHNNNNNHT NNNNNNNNNT SQKQGHHLST TEEPPSPAGT PPPTIVGLPP IPPPNNNSSS SSSNNSASAA

polymorpha QLSPQSNHSN H.NNNNNNNN NSTNNNNNNN NSKNHEALSA SPTTTT.... .TNRTTPTTT PPTPPPQA.. ..... SGAPA PPPP....PP SSSSSS.LPA

virilis QLSPQOSNHSN NN.NNNNNNN NNNNNNNNNN NNNNNNNNKN HLNTTEQALS GSEANTPTTT PPPPPTTAGA GVGVGAGAPP LPPP....PP SSSSSCTLPA

pseudoobscura QLSPQSNHSN NN.NNNNNHS QQNNNNNNNN SHS..... KG HLTT...... .EEPRSPTST STPPPQQQQQ QQOQQQQQPP PPPPHPHHPP PSSATVPHPA
201 251

melanica AH.PSHHPTA AHHSPSTGAA APPAGATGL. ....... PPP TPP...... H HLOOQOOOOO HPAPPPPPYF PAAALAALAG SPAGP.HPGL Y.PGGGLRFP

melanogaster AH.PSHHPTA AHHSPSTGAA APPAGPTGL. ....... PPP TPP...... H HLQOQOQQQQQ HPAPPPPPYF PAAALAALAG SPAGP.HPGL Y.PGGGLRFP

polymorpha HHSPSV.A.. ..PPPPPPPQ QQ0QQ00Q000 ..... PPQP QP...LHAAQ HLAQQQQQQOS QQ.PPPPPYF PAAALAALAG SPAGPHHPGL YSAAGGLRFP

virilis HHSPSI.ATG AQPPPHPHPH PHPHSQQPPA GALHSHPPPP PPPPQQQOQQOQ HLGAQQQQQQ Q..PPPPPYF PAAALAALAG SPAGPHHPGL YSAAGGLRFP

pseudoobscura HHSPSVGATG ANPHPGPAAG AAP....... ASGHHHP. ..

301

-PPQOQO0QO HLPPQQQ. ..

. .PPPPPPYF PAAALAALAG SPAGP.HPGL YS.AGGLRFP

melanica PH....HPGA HPHAHH.LGS AYTTAEDVVL ASAVAHQLHP AMRPLRALQP ED
melanogaster PH....HPGA HPHAHH.LGS AYTTAEDVVL ASAVAHQLHP AMRPLRALQP ED
polymorpha PHPAHPHPHS HPHAHHPLGS AYTTAEDVVL ASAVAHQLHP AMRPLRALQP ED
virilis PHPA...... HPHAHHPLGT AYTTDEDVVL ASAVAHQLHT AMRPLRALQP ED
pseudoobscura PHPA...... HPHAHHPLGT AYTTAEDVVL ASAVAHQLHP AMRPLRALQP ED

F1GURrE 2.—Alignment of N-terminal region omb haplotypes from five divergent species of Drosophila. Letters are the common
amino acid designations, and periods represent gaps introduced for alignment.

N-terminal portion of omb remains nearly constant
among species (Table 1). The T-box region exhibited
no amino acid variation and was well conserved at the
nucleotide level as well, with 18 variable sites (of a total
178) among these highly divergent species.
Nucleotide diversity at omb within D. polymorpha: To
analyze nucleotide variation in the omb N-terminal re-
gion of D. polymorpha, we performed separate analyses
with a data set culled of microsatellites and another with
information from two microsatellites included in coded
form. After culling the microsatellites, 22 haplotypes
and 23 polymorphic sites remained. To visualize the
relationships among these haplotypes, we constructed
a haplotype tree (Figure 3A). Haplotypes separated by
up to 11 steps had >95% probability of being connected
in a parsimonious fashion (TEMPLETON ef al. 1992). The

network illustrates that the haplotypes are biallelic, fall-
ing into two classes separated by six mutational steps.
Allele class A has 4 haplotypes, allele class B has 18
haplotypes, and their corresponding measures of nucle-
otide diversity are reported in Table 2. Twenty-six of
the 120 individuals from 6 of the 19 populations exhib-
ited an A-type allele.

In a second analysis, with information from two of
the microsatellites included, 26 haplotypes and 25 poly-
morphic sites were observed. Again, haplotypes sepa-
rated by up to 11 steps had >95% probability of being
connected in a parsimonious fashion. The resulting net-
work, which has more structure than the first, is pre-
sented in Figure 3B.

Five of the mutations that separate the two allele
classes code for amino acid replacements and their loca-

TABLE 1

Species for which the N-terminal region of omb was sequenced

Number of Estimated
Species Species group amino acids isoelectric point
D. melanogaster Melanogaster 280 7.264
D. pseudoobscura Obscura 304 7.566
D. melanica Melanica 198 7.438
D. wirilis Virilis 303 7.232
D. ornatipennis Calloptera 275 7.437
D. polymorpha Cardini 283 7.878
D. similis Cardini 274 7.894
D. nigrodunni Cardini 280 7.894
D. neomorpha Cardini 272 7.894
D. cardinoides Cardini 274 7.894
D. cardini Cardini 288 7.894
D. dunni Cardini 256 7.878
D. procardinoides Cardini 284 7.894
D. parthenogenetica Cardini 273 7.894
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F1GURE 3.—(A) Tree constructed from omb
N-terminal haplotypes culled of microsatellite
repeats and (B) tree constructed from omb
N-terminal haplotypes including information

Allele class A

tions within the sequence are illustrated in Figure 4.
They were, for the allele classes A and B, respectively:
threonine and isoleucine, proline and alanine, alanine
and valine, alanine and serine, and alanine and glycine.
One of these changes is conservative (between alanine
and valine); two are changes between hydrophilic polar
and hydrophobic nonpolar amino acids (threonine and
isoleucine, serine and alanine). The alanine to proline

| from two microsatellite repeats. Each circle
represents a single haplotype, the circle is sized
relative to the number of individuals of each
observed haplotype, each line is a single muta-
tional step, and empty circles are unobserved
haplotypes.

change, although conservative in the sense that both
are hydrophobic nonpolar amino acids, is not conserva-
tive in the sense that they have very different structures.
Finally, the alanine and glycine polymorphism is be-
tween a hydrophobic nonpolar amino acid (alanine)
and a nearly neutral amino acid (glycine). These changes
appear to be in complete linkage with each other such
that a change at one site corresponds to a change in

TABLE 2

Measures of omb nucleotide variation

All Nonsynonymous Synonymous
bp ™ (C) ™ () T (C)
All 750 0.0042 0.0067 0.0031 0.0020 0.0074 0.0202
Allele class A 750 0.0004 0.0011 0.0000 0.0000 0.0016 0.0041
Allele class B 750 0.0007 0.0050 0.0000 0.0004 0.0024 0.0182
T-box coding 178 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
T-box intron 65 0.0127 0.0058 NA NA NA NA

7 (NEI 1987) is the average pairwise difference and 0 is the number of segregating sites per site (WATTERSON

1975). NA, not applicable.
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SVSSLLTAGSNNNNNNN--SNNGNNNNN-SSSSTNGSPAAAAAAA---TAAAAAAAQALSSPDSGAGNYRSSPSQLSPOSNHSNHNNNNNNNNST
SVSSLLTAGSNNNNNN---SNNGNNNNN-SSS-INGSAAAAAAAAAA-TARAAAAAQALSSPDSGAGNYRSSPSQLSPQSNHSNHNNNNNNN-ST
SVSSLLTAGSNNNNNNNNNSNNGNNNNN-SSSSINGSAAAAAAAAAA-TAAAAAAAQALSSPDSGAGNYRSSPSQLSPQSNHSNHNNNNNNN-ST

SVSSLLTAGSNNNN-—-—— SNNGNNNNN-SS--TNGSPAAAAAAAAAATAAAAAAAQALSSPDSGAGNYRSSPSQL.SPQSNHSNHNNNNNN-~ST
SVSSLLTAGSNNNNNN---SNNGNNGNNNSSSSINGSAAAAAAAAAA-TAAAAAAAQALSSPDSGAGNYRSSPSQLSPOSNHSNHNNNNNN--ST
N1 TSI % A -z
NNNNNNNNNN----SKNHEALSASPTTTTT-NRTTPTTTPPTPPPOASGAPAPPPPPPSSSS——LPAHHSPSVAPPPPPPPQOQ000QQ————PP
NNNNNNNNNNNNNNSKNHEALSVSPTTTTTTNRTTPTTTPPTPPPQASGAPAPPPPPPSSSSS—LPAHHS PSVAPPPPPPPQOO000000Q--PP
NNNNNNNN-—-——~ SKNHEALSVSPTTTT--NRTTPTTTPPTPPPOASGAPAPPPPPPSSSSS—LPAHHSPSVAPPPPPPPQOOOOQO0~~~~PP
NNNNNNNNNNN---SKNHEALSASPTTTTT-NRTTPTTTPPTPPPOASGAPAPPPPPPSSSSSSLPAHHSPSVAPPPPPPPQOO00QQ0Q———PP
NNNNNNNNN--——— SKNHEALSVSPTTTTT-NRTTPTTTPPTPPPQASGAPAPPPPPPSSSSS—LPAHHSPSVAPPPPPPPQOOQ000000Q0PP
N3 * T 52 e E—

QP--LHAAQHLAQQQQOQQSQQPPPPPYFPAAALAALAGSPAGPHHPGLY SAAGGLRFPPHPAHPHPHSHPHAHHPLGSAYTTAEDVVLASAVAHQ
QP--LHAAQHLAQQQQOQQAQQPPPPPYFPAAATLAALAGSPAGPHHPGLY SAAGGLRFPPHPGHPHPHSHPHAHHPLGSAYTTAEDVVLASAVAHQ
QP--LHAAQHLAQQQQOQQAQQPPPPPYFPAAALAALAGSPAGPHHPGLY SAAGGLRFPPHPGHPHPHSHPHAHHPLGSAYTTAEDVVLASAVAHQ
QPQPLHAAQHLAQQQQQQSQQPPPPPYFPAAALAALAGSPAGPHHPGLYSAAGGLRFPPHPAHPHPHSHPHAHHPLGSAY TTAEDVVLASAVAHQ

F1GURE 4.—Alignment of
five representative D. poly-
morpha omb N-terminal amino
acid sequences. Underlined
areas are variable microsatel-
lite regions and asterisks mark
polymorphic amino acid sites.

QP--LHAAQHLAQQQOQQOAQQPPPPPYFPAAATLAATAGSPAGPHHPGLY SAAGGLRFPPHPGHPHPHSHPHAHHPLGSAYTTAEDVVLASAVAHQ
*

LHPAMRPLRALQPED
LHPAMRPLRALQPED
LHPAMRPLRALQPED
LHPAMRPLRALQPED
LHPAMRPLRALQPED

all of the other polymorphic sites. As such, all five sites
exhibited statistically significant nonrandom associa-
tions with each other (P < 0.001). The amino acid
replacements that characterize the differences between
the allele classes are also in linkage disequilibrium with
the microsatellite repeats (Figure 5). Only one other
amino acid substitution was found in this culled data
set, in which a proline was replaced with an alanine.
We used the haplotype trees given in Figure 3 to
implement nested clade phylogeographic analyses (TEm-
PLETON et al. 1995) to look for associations between
haplotypes and geography. Haplotypes were nested as

N, [S, A [N, [N, [T [S, |[Q |AA

N2 kL sk A _

N, ok sk Hok ik _

T ns ns ns ns ns -

S, ok *ok ek ok ok ns -

Q ns ok Al ek ek ns * -

AA Hok ok koK skok ook ns stk ek _

F1GURE 5.—Linkage disequilibrium between microsatellite
runs in the N-terminal region of omb in D. polymorpha. “AA”
refers to the amino acids that characterize the distinction
between allele classes A and B. The association between pairs
marked with two asterisks is P < 0.01, those with one asterisk
are 0.01 < P < 0.05, and “ns” indicates no association.

illustrated in Figure 6. We found no significant infer-
ences. Therefore, we are unable to reject the null hy-
pothesis of no correlation between omb haplotypes and
geographical location.

Within the coding region of the T-domain of omb
(subsets of exons 3 and 4) we observed no nucleotide
variation in 37 individuals sampled from 11 different
populations. The small intron in this region exhibited
two polymorphic sites and one indel of four nucleotides.
These data were not considered in further analyses be-
cause of the lack of variation.

Correlation of omb haplotypes with abdominal pig-
mentation: Our main focus was on variation at the omb
locus within a single species of the cardini group, D.
polymorpha. Our primary goal was to determine whether
the polymorphism in abdominal pigmentation in this
species is correlated with variation at the omb locus. We
used nested clade analysis to define haplotype groups
to test for associations with the pigmentation categories,
with the nesting design illustrated in Figure 6 for both
haplotype trees, one excluding and one including some
microsatellite information. The genotype and pheno-
type matrix is available at http:/www.genetics.org/sup
plemental. An association between pigmentation and
haplotype group was found in both trees. The data set
culled of microsatellites had two nesting levels, with
homogeneity rejected at the one-step level (P = 0.019)
and the two-step level (P < 0.001). Similarly, the data
set including information from two microsatellite loci
had three nesting levels, with homogeneity rejected at
the two-step level (P = 0.003) and the three-step level
(P = 0.003). The association we find is due to an exces-
sive number of lightly pigmented individuals (pheno-
types one to three) in haplotype class A and a relatively
higher proportion of medium (phenotypes four through
six) and dark (phenotypes seven through nine) pig-
mented individuals in haplotype class B (Table 3). We
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I3

Ficure 6.—Nesting design used
for the nested clade analyses for the
haplotype tree created from the omb
N-terminal sequences (A) culled of
microsatellites and (B) with infor-

mation from two microsatellites.
Solid lines outline one-step clades.
Broken lines outline two-step clades.
The heavy dark line separates three-
step clades.

therefore conclude that there is an association between

phenotypic categories and allele classes at the N-termi-
nal region of the omb locus. In contrast, there was no
association between nested haplotypes in the pgd tree
and the pigmentation phenotypes (data not shown).
Further, haplotypes at the pgd locus did not fall into
two allelic classes.

The N-terminal region of omb is quite variable in
length within D. polymorpha due to the presence of eight
variable microsatellite runs. These runs resulted in
length variation among individuals, ranging from 276
to 287 amino acids. Their distribution over the sequence
is depicted in Figure 4, and the variation in the number
of repeats at each run is reported in Table 4. Because
the majority of these runs contained degenerate coding,
we counted repeat number at the amino acid level.

We looked for an association between microsatellite
repeat numbers and the pigmentation phenotypes of
D. polymorpha. When all nine pigmentation categories
are considered in the analysis, three of the eight micro-

satellite repeats at omb (N, S;, and A) show a significant
association with pigmentation. To increase statistical
power, we collapsed the nine phenotypic categories into
three categories of light (phenotypes one through
three), medium (phenotypes four through six), and
dark (phenotypes seven through nine), a common
grouping of phenotypes for this species (DA CUNHA
1949; MAcHADO et al. 2001). After this grouping, seven
of the eight microsatellite repeats are associated nonran-

TABLE 3

Distribution of pigmentation phenotypes across the two
allele classes

Allele class A Allele class B

Light 8 4
Medium 4 24
Dark 14 66
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TABLE 4

Amino acid repeats in the N-terminal region of omb and number of individuals of each pigmentation phenotype bearing them

Nl* Sl** A* NQ**

No. of

Ny T Sy Q

repeats 4,5 6,7 812 2 4,5 810 11-12 6,7 8-10 5,7,8 9 10 11-14 4,5 6,7 4,5 6,7 5-8 9-12

Light 8 3 1 8 4 6 6 5
Medium 8 15 5 5 23 22 6 24
Dark 19 39 22 15 65 66 14 64

7 2 0 3 12 0 4 8 5 7
5 7 10 6 26 2 23 5 23 5
18 27 18 17 71 9 56 24 51 29

Amino acids are asparagine (N), serine (S), alanine (A), threonine (T), and glutamine (Q). Numbered subscripts designate
distinct runs. Asterisks denote significant associations with the pigmentation phenotype of P < 0.01 (**¥) or 0.01 < P < 0.05
(*). For some microsatellites, repeat categories were combined to avoid groups with zero entries.

domly with the three pigmentation categories (Table
4). Interestingly, the majority of the microsatellite re-
peats are in linkage disequilibrium with one another
(Figure 5), indicating that the entire N-terminal region
of omb is associated with the pigmentation phenotype,
and therefore these tests are not independent.

We also found a microsatellite repeat at the pgdlocus.
This locus was sequenced for 88 individuals, a data set
that mostly overlapped with the omb data set in terms
of individuals used. In an additional 20 individuals, the
sequence quality was inadequate for haplotype informa-
tion, but sufficient for scoring microsatellite repeat
number. This microsatellite repeat shows no association
with the pigmentation phenotypes (Table 5).

Deviations from neutrality: excess of rare alleles and
intraspecific replacement polymorphisms: We looked
for deviations from neutrality in the N-terminal region
of ombwith the D. polymorpha data using TajiMA’s (1989)
and Fu and Lr’s (1993) tests. All three test statistics were
negative (Tajima’s D = —1.09, P> 0.10; D* = —4.47,
P <0.02, F¥* = —3.77, P < 0.02), indicating a lack of
polymorphism exceptin the form of rare alleles (despite
the presence of two major allele classes). We constructed
a two-by-two contingency table by counting the number
of replacement and synonymous mutational events on
the tip and interior branches of the haplotype tree
shown in Figure 3A. The contingency table is shown in
Table 6, with the null hypothesis of homogeneity
strongly rejected. This result indicates balancing or di-

TABLE 5

Amino acid repeats in a microsatellite at the pgd locus and
number of individuals of each pigmentation phenotype
bearing them

pgd microsatellite

No. of repeats 5,6 7 8 9, 10, 11
Light 0 4 5 1
Medium 0 4 7 3
Dark 5 22 32 25

Exact permutational test: P = 0.652.

versifying selection, reflecting the inordinately large
number of replacement amino acid changes on interior
branches of the haplotype tree.

We also performed a contingency test of neutrality
(TEmPLETON 1996) using the D. polymorpha intraspecific
gene tree in combination with the interspecific cardini
gene tree. This, too, was significant (Table 6) in re-
jecting the null hypothesis of homogeneity. Neutral the-
ory would predict the same proportion of nonsynony-
mous to synonymous mutations within and between
species. However, replacements were more common in
the interior than the tip classes within D. polymorpha and
more common among species than among tip haplo-
types within D. polymorpha.

DISCUSSION

Variation at the omb locus: At the distantly related
species level (i.e., across most of the Drosophila phylog-
eny) nucleotide variation is so high in the N-terminal
region of omb that it is unalignable. The amino acid
sequences encoded also have few alignable regions.
However, it is notable that despite this large amount of
variation, two domains, at the beginning and end of the
sequence considered here, are nearly perfectly con-
served and therefore likely to be of functional impor-
tance. A transcription repression domain lies upstream
of the T-domain of Tbx2, the mouse homolog of omb
(PAXTON et al. 2002). Whether or not a similar repres-
sion domain exists in ombwill require functional studies.

TABLE 6

Contingency analysis of silent vs. replacement mutations

Silent Replacement
Tip (intraspecific) 14 1
Interior (intraspecific) 2 5
Fixed (interspecific) 67 17

Permutational probability under the null hypothesis of ho-
mogeneity for intraspecific data is 0.003. Permutational prob-
ability under the null hypothesis of homogeneity for all data
is <0.001.
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Despite showing extensive amino acid and length varia-
tion, the remaining portion of the N-terminal region
studied retains similar estimated isoelectric points. In
marked contrast, there was very little variation among
distantly related species in the T-domain. All nucleotide
variation in this region produced synonymous codons.
This result is not surprising, given the functional signifi-
cance of this region (i.e, its role in DNA binding).

The N-terminal domain contains within it a number
of microsatellite runs. Microsatellite runs are common
in the coding regions of important developmental
genes, especially in the motifs flanking the DNA-binding
domain (Suzukt 1989). KARLIN et al. (2002) report that
>80% of Drosophila proteins with multiple runs seem
to function in the regulation of transcription. Among
these are such well-known genes as Ultrabithorax, period,
mastermind, and nonA (BEAcHY et al. 1985; CoLOT et al.
1988; NEWFELD ef al. 1993; PEixoTo et al. 1993; CAMPE-
SAN et al. 2001). Further, KARLIN et al. (2002) report that
alanine, serine, and glutamine account for a significant
proportion of the runs. At the omb locus, we see runs
of these three amino acids as well as a threonine and
three asparagine runs. These runs are in close proximity
to the DNA-binding region, the T-domain, as noted by
PFLUGFELDER et al. (1992a,b) in their analysis of the
omb locus in D. melanogaster. Length variation of these
homopolymers may cause differences in structure that
allow plasticity in protein-protein interactions (NEw-
FELD el al. 1991). The multiple asparagine (N) runs are
particularly interesting, since N runs avoid the second-
ary structures of a-helices and B-strands and may provide
binding sites for protein-protein interactions (BRENDEL
and KARLIN 1989; KARLIN et al. 2002).

Correlation between omb haplotypes and abdominal
pigmentation: As previously mentioned, genetic studies
have led to the expectation that omb might contribute
to variation in the width of the abdominal pigment band
among individuals of Drosophila (Korp and DuNcaN
1997). Indeed, here we report a significant association
between the A and B haplotype classes and other haplo-
type clades and abdominal pigmentation variation. We
also report a significant association between microsatel-
lite variation within the N-terminal omb coding region
and the pigmentation phenotype. Seven of eight vari-
able microsatellites in this region had repeat numbers
that were nonrandomly distributed across the three
phenotypic categories of light, medium, and dark pig-
mentation. These correlations indicate that omb (or a
regulatory region of omb or another locus in linkage
disequilibrium with this region of omb) may play a role
in natural variation in this trait. Further, because omb
haplotypes did not correlate with geography as deter-
mined by phylogeographic nested clade analysis, the
correlation observed here is not a by-product of geo-
graphic sampling.

The association between omb haplotypes and pigmen-
tation variation would be greatly strengthened by link-

age information from omb haplotypes segregating in an
F, generation. Unfortunately, the only lines we have in
the laboratory are light lines that have a dominant light
allele and a single dark line. These light lines were
established from flies collected in the northern part
of D. polymorpha’s range, the only region in which the
dominantlight allele is known to exist (HEED and BLAKE
1963). Therefore, these are not appropriate for examin-
ing the polymorphism that we have detected in flies
from southern Brazil, where the dominant light allele
is not present. And, any results from these types of
analyses would not be able to illuminate whether omb
is the major locus underlying pigmentation variation
for this species (DA CuNHA 1949) or a modifier locus
(MARTINEZ and CORDEIRO 1970), because a cross be-
tween a light line with a dominant light allele and a
dark line would produce only light or dark flies, never
flies with intermediate levels of pigmentation. We there-
fore must estimate the amount of phenotypic variation
explained by omb haplotypes on the basis of the data
presented here. The average phenotype of an individual
bearing an A-class allele is 6.0, while the average pheno-
type of an individual bearing a B-class allele is 6.9. The
phenotypic differences between the two classes are thus
on the order of one phenotypic class, suggesting omb
may be a modifier locus.

Much recent effort has been applied to determining
the number and identity of loci contributing to abdomi-
nal pigmentation variation either within or between spe-
cies of Drosophila (Kopp et al. 2000, 2003; LLOPART
et al. 2002; WiTTKOPP et al. 2002, 2003b). One study
specifically examined the potential contribution of omb
to pigmentation evolution. WITTKOPP el al. (2003b)
used markers within candidate genes to look for associa-
tions with pigmentation divergence between D. ameri-
cana and D. novamexicana. They found that a marker
within the omb gene was not linked to any QTL for
this trait. However, these species differ primarily in the
degree of melanization of each segment (D. americana
has a uniformly darkly melanized abdominal cuticle,
and D. novamexicana has a uniformly lightly melanized
abdominal cuticle) and not in the width of the pigment
band. Thus, omb is not expected to be involved in differ-
ences between these species. However, omb may be im-
portant in determining pigmentation differences be-
tween D. yakuba (pigmented like D. melanogaster) and
D. santomea (completely unpigmented), as LLOPART et
al. (2002) found that the X chromosome (omb is most
likely on the X in the melanogaster species group) ac-
counts for nearly 90% of the pigmentation differences
between these species.

Biallelism at the omb locus: Variation at omb is best
described as biallelism, with two main haplotype clusters
(Figure 3), referred to here as allele class A and allele
class B. Allele class A is associated with very little varia-
tion (fewer haplotypes) compared to allele class B.
These haplotype counts argue that allele class B is the



2008 J. A. Brisson, A. R. Templeton and I. Duncan

older of the two classes. On the other hand, the amino
acid states found in allele class A are identical to those
found in the majority of the other species of the cardini
group examined here. Thus, if placed within a phyloge-
netic context, it is apparent that allele class A is the
ancestral state. However, the wide geographic spread
(all populations sampled) and haplotype diversification
(Figure 3) observed here for allele class B indicate that
it has been in existence for some time. In fact, it was
the only allele class found in 13 of the 19 populations,
although the sparse sampling makes it possible that both
alleles are found in the majority of the populations. It
is not known whether the replacement substitutions that
separate the two allele classes result in a functional
change in the omb protein or whether they are in linkage
disequilibrium with other changes in either the regula-
tory regions or the protein-coding region that are in
some manner selectively advantageous.

Because molecular variation can be shaped by both
demographic and selective processes, it is important
to consider the demographic history of D. polymorpha.
Certain scenarios could explain the biallelic structure
observed in the N-terminal domain of omb. First, if D.
polymorpha is fragmented into several smaller popula-
tions, genetic drift can cause populations to diverge
from one another, resulting in a situation with very
little polymorphism within populations compared to
polymorphisms among populations. Second, the break-
down of a previous barrier between divergent popula-
tions or introgression from a related species may result
in biallelism.

Insight into these scenarios is aided by previous work
on the phylogeography of the species. D. polymorpha is
a widespread species found throughout much of South
America in a wide diversity of habitats and is therefore
not prone to inbred, fragmented populations (HEED
1963; SENE et al. 1980; TipoN-SKLORZ and SENE 1992;
RonDE 1996b). The only structure among populations
of the species from south and central Brazil (the same
individuals used here), as determined by both a mito-
chondrial locus (cytochrome b and flanking regions) and
a nuclear locus (pgd), is that of restricted gene flow via
isolation by distance and one inference of a contiguous
range expansion (J. A. BRISSON, unpublished data).
Therefore, we can exclude population fragmentation
as a causative factor in the maintenance of biallelism at
this locus. Further, omb haplotypes from all the closely
related species to D. polymorpha displayed nucleotide
differences significantly different from D. polymorpha
haplotypes, making it unlikely that introgression from
a related species is contributing to variation at the omb
locus in D. polymorpha.

Finally, a biallelic structure can be maintained by a
chromosomal inversion. Indeed, previous work on D.
polymorpha indicates that inversion polymorphisms are
widespread in this species (RoHDE 1996a; DE ToN1 et
al. 2001). To test whether the A or B alleles are associ-

ated with inversions, we created heterozygotes for allele
classes A and B and examined their chromosomal mor-
phology. Inversions were observed on the X chromo-
somes, but not on the autosomes (data not shown). In
our analysis, we have determined that omb is not on
the X chromosome in D. polymorpha (wild-caught males
display two unique haplotypes), as itis in D. melanogaster.
Therefore, we conclude that an inversion polymor-
phism is not responsible for maintenance of the two
haplotype classes of omb in D. polymorpha.

Evidence for selection at the omb locus: Because omb
is a candidate for abdominal pigmentation variation,
we looked for the signature of selection at this locus
within a single species, D. polymorpha. For TajiMa’s (1989)
and Fu and Lr’s (1993) tests, we observed the pattern
of a significantly large number of singleton mutations
(rare haplotypes) in comparison to the neutral expecta-
tion. This pattern implies that a diversity-reducing event
occurred in the past. In contrast, a contingency test of
neutrality indicated balancing selection was acting to
preserve both haplotype classes. Therefore, the history
of selection at this locus within D. polymorpha appears
to be selective sweeps within each allele class, while both
classes are maintained by balancing selection.

The source of the balancing selection at omb within
D. polymorpha, if it is indeed involved in the production
of the pigmentation phenotype, could be the habitat of
these generalist fruit flies. In southern Brazil, popula-
tions of D. polymorpha found in forested habitats have,
on average, lighter pigmented abdomens than popula-
tions found in open, drier habitats (J. A. BRISSON, un-
published data). Therefore, alternative alleles could be
selected in different environments and thus in different
populations, maintaining a balanced polymorphism
across the species.

The contingency test also revealed a higher number
of fixed (interspecific) amino acid replacements relative
to intraspecific tip amino acid replacements, suggesting
that directional selection is favoring amino acid changes
among species. These results, combined with the intra-
specific selection tests, suggest the following picture:
within D. polymorpha nucleotide replacement variation
at omb has occurred with some frequency, but has been
reduced by purifying selection within each allele class
while both allele classes are maintained by balancing
selection. In contrast, interspecific comparisons suggest
that directional selection has been responsible for fixing
differences between species. This behavior is consistent
with that expected for a gene underlying an ecologically
relevant trait such as abdominal pigmentation. A closer
examination of omb variation in different species of the
cardini group will elucidate the history of selection at
this locus.

In the T-domain, the lack of amino acid variation
among divergent species indicates purifying selection.
Within D. polymorpha, we observed no nucleotide varia-
tion at all in the T-domain coding region. This total
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lack of nucleotide polymorphism could be indicative of
codon bias or functional constraint at the nucleotide
level.
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