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ABSTRACT

The transformer locus (tra) produces an RNA processing protein that alternatively splices the dou-
blesex pre-mRNA in the sex determination hierarchy of Drosophila melanogaster. Comparisons of the
tra coding region among Drosophila species have revealed an unusually high degree of divergence in
synonymous and nonsynonymous sites. In this study, we tested the hypothesis that the ¢ra gene will be
polymorphic in synonymous and nonsynonymous sites within species by investigating nucleotide se-
quence variation in eleven tra alleles within D. melanogaster. Of the 1063 nucleotides examined, two
synonymous sites were polymorphic and no amino acid variation was detected. Three statistical tests
were used to detect departures from an equilibrium neutral model. Two tests failed to reject a neutral
model of molecular evolution because of low statisitical power associated with low levels of genetic
variation (Tajima/Fu and Li). The Hudson, Kreitman, and Aguade test rejected a neutral model when
the tra region was compared to the 5'-flanking region of alcohol dehydrogenase (Adh). The lack of
variability in the tra gene is consistent with a recent selective sweep of a beneficial allele in or near the

tra locus.

HE transformer (tra) gene in Drosophila melano-

gaster encodes one of the proteins necessary for
correct sexual differentiation of somatic cells in females
(BAKER and BELOTE 1983; STEINMANN-ZWICKY et al. 1990).
tra regulates the expression of doublesex, a gene whose
male-specific form represses female-specific differentia-
tion genes and whose female-specific form represses
male-specific differentiation genes (BAKER 1989). Loss-
offunction mutations in tra have no effect in chromo-
somal males (XY), but chromosomal females (XX) fail
to express the female form of doublesex and are trans-
formed into sterile adult flies with male morphological
characters such as sex combs, male-colored abdomen,
external genitalia, and reduced gonads (STURTEVANT
1945).

The sex-specific regulation of tra is mediated by al-
ternative splicing of its pre-mRNA (BocGs et al. 1987).
The default splicing pathway of ¢ra used by both sexes
encodes a truncated protein that has no effect on the
doublesex gene. A female-specific protein, Sex-lethal, al-
ternatively splices the tra pre-mRNA to yield a message
that encodes an RNA-binding protein (Figure 1)
(NAGOSsHI et al. 1988; SOSNOWSKI et al. 1989; INOUE et al.
1990). The transformer protein and a second RNA-
binding protein, transformer-2, alternatively splice the
doublesex pre-mRNA in females (AMREIN et al. 1988;
Baker and WOLFNER 1988; BuUrTiS and BAKER 1989;
GoORALSKI et al. 1989; INOUE et al. 1992). The default
doublesex transcript produced in males encodes the pro-
tein that represses female development while the alter-

Genetics 136: 1367-1372 (April, 1994)

natively spliced mRNA of females encodes the protein
that represses male development.

The importance of the transformer protein in sexual
development suggests that its amino acid sequence
should be highly conserved throughout the evolution of
Drosophila. This assumption was shown to be invalid by
O’NEIL and BELOTE (1992) who have demonstrated that
the transformer protein has an unusually high degree of
divergence when the coding regions were compared
among five Drosophila species. The data of O’NEIL and
BELOTE suggest that the transformer protein will be
highly polymorphic within species because mutations in
populations are the source of diversity between species.

The high level of protein divergence observed among
transformer sequences may be a result of neutral forces
where amino acid substitutions accumulate by mutation
and random genetic drift (KIMURA 1983). Alternatively,
the adaptive fixation of beneficial protein alleles over
time may contribute to the accumulation of amino acid
differences among species (McDoNALD and KREITMAN
1991; EANEs et al. 1993). These two hypotheses may be
distinguished by an examination of diversity in synony-
mous and nonsynonymous nucleotides within and be-
tween species of Drosophila. The neutral fixation of new
amino acid variants will have no effect on the fixation
rate of linked neutral variation such as synonymous sites
(Birry and WaLsH 1988), while fixations of protein al-
leles by directional selection will remove linked synony-
mous variation by genetic hitchhiking (KAPLAN et al.
1989; STEPHAN et al. 1992). We present here a nucleotide
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Ficure 1.—Fine structure of the transformer gene of D.
melanogaster. (A) The female-specific transcript of the trans-
former gene. The position of the termination codon UGA is
indicated above the transcript. (B) The non-sex-specific tran-
script of the transformer gene. The position of the termination
codon UAG is indicated above the transcript. (C) The trans-
Jformer genomic region and the fragment of DNA that was se-
quenced. Sequences that are translated are represented by
black boxes while sequences that are transcribed but not trans-
lated are shown as open boxes.

sequence analysis of 12 fra genes within and between
species of the melanogaster subgroup of Drosophila to
determine the level of amino acid diversity in the trans-
former protein and to suggest the evolutionary forces
that may explain the rapid divergence of the trans-
former protein between species.

MATERIALS AND METHODS

Fly strains and genomic DNA preparation: Ten strains of D.
melanogaster were collected from localities near State College,
Pennsylvania. Two strains with the designation “F” were col-
lected during August of 1989 by ANDREW G. CLARK and his col-
leagues and eight strains with the notation “ST” were obtained
in August of 1991. The 10 strains were made homozygous for
the third chromosome with the balancer stock TM3Sb/TM6
with the methods described in ASHBURNER (1989). Genomic
DNA was isolated from each isochromosomal strain with the
procedure of BINGHAM et al. (1981).

Polymerase Chain Reaction (PCR) and nucleotide sequenc-
ing: The nucleotide positions of the tra sequence are those of
the previously published D. melanogaster sequence (BoGGs et
al. 1987). A 1,111-base pair fragment was amplified from each
of the 10 strains of D. melanogaster (SaIxi et al. 1988) (Figure
1), with the following oligonucleotide primers: the 5’ primer
begins at nucleotide -11 (5'GAGTTGGCGGGCACATTG-
CAAGGT3'); and the 3’ primer begins at nucleotide 1100
(5’'TAATCAACGTTCTCCGTTTGCAAT3’). Singlestranded
templates for nucleotide sequencing were generated with the
A exonuclease procedure (Hicuchni and OcHMAN 1989) and
sequenced with eight oligonucleotide primers by the chain-
termination method of SANGER et al. (1977). The eight oligo-
nucleotide primers were separated by an average of 250 nucle-
otides and sequenced the fra regions on both strands. The
overlapping sequences for each strain were assembled with the
SEQMAN and SEQMANED programs (DNASTAR, Madison,
Wisconsin).

The 10 tra sequences of D. melanogaster determined in this
study were deposited in the GenBank/EMBL Data Libraries
under the accession numbers L19464-1.19470 and 1.19618 -
1.19620. The sequences of previously published ¢ra sequences
from D. melanogaster and Drosophila simulans (GenBank/
EMBL Data Library accession numbers M17478 and X66930,

respectively) were also used in this study (Boces et al. 1987;
O’NEL and BELOTE 1992).

Nucleotide sequence alignments and statistical analyses:
The 10 tra sequences generated in this study were aligned
based on the published comparison of the D. melanogaster
and D. simulans genes (O’NEIL and BELOTE 1992). The aligned
sequences were assembled with the Eyeball Sequence Editor
[ESEE, version: 1.09; CaBoT and BECKENBACH (1989)]. Nucle-
otide sequences within the PCR primers were excluded from
all analyses leaving a total of 1063 aligned bases. Any nucle-
otide site with two nucleotides present was defined as a seg-
regating or polymorphic site. Nucleotide sites found in inser-
tions or deletions assumed in aligned sequences were
excluded from further analyses.

We estimated heterozygosity per nucleotide site for tra se-
quence domains with two methods. Ner (1987; equations 10.6
and 10.9) estimates nucleotide diversity, m, by determining the
average number of differences between all pairs of sequences.
An alternative measure of nucleotide variability, © or L, is
estimated from the number of segregating sites, S [ (WATTER-
SoN (1975); equation 1.4a; NE1 (1987) uses the notation, L, for
the Watterson estimator ©]. The quantities 7 and L are both
estimates of the neutral mutation parameter 4Np, where N is
the effective population size and p is the neutral mutation rate
per nucleotide per generation. We also estimate a lower (L,)
and upper limit (L,) on L that is a 95% confidence interval
based on the probability distribution of § [Hubson (1990;
equations 10, 11, and 12); Krerrman and Hubpson (1991; equa-
tion 3)].

The tra region was tested for departures from an equilib-
rium neutral model with three statistical tests. The three tests
were designed to determine if the within species nucleotide
diversity in tra is consistent with the expectations of a neutral
model. The Tajma (1989) test computes a test statistic, D,
which is the difference of two estimates of heterozygosity per
locus, M(S) and M(k). D should not differ significantly from
zero under a strictly neutral model. The TAjIMA test statistic was
estimated for the synonymous variation in the tra region
within D. melanogaster.

We also used the statistic suggested by HUDSON et al. (1987)
(HKA test) to test for departures from neutral expectations.
The neutral theory predicts that intraspecific polymorphism
will be correlated to interspecific divergence (KiMura 1983).
The HKA test rejects a neutral model if the ratio of polymor-
phism to divergence differs significantly among independent
loci (HUDSON et al. 1987), provided that one genetic locus
evolves according to predictions of the neutral theory. The
numbers of variable synonymous sites in the ¢ra region were
compared to the 5'-flanking region of alcohol dehydrogenase
(Adh) in D. melanogaster, (KrRertMaN and Hupson 1991). Tests
were performed on synonymous and total nucleotide varia-
tion. The between species divergence data is determined from
comparisons of each locus with its homolog in D. simulans.
The comparison of the ¢ra data with the 5'-flanking region of
Adh probably reflects the most reasonable test of neutrality
because this segment has the least functional constraint on its
sequence and probably has not been influenced by positive
Darwinian selection in its recent history. Comparisons of the
Adh or Adh-Dup coding sequences with the tra region are
likely to be inappropriate for the HKA test because levels of
nucleotide diversity have been altered in each gene by genetic
hitchhiking events associated with some form of positive Dar-
winian selection (KReEITMAN and Hubpson 1991).

Fu and L1 (1993, equation 32) have recently derived a test
of selective neutrality that examines the number of mutations
that occur on external vs. internal branches of a genealogy.
The test uses within and between species data to estimate the



Population Genetics of transformer 1369

a b cd

g
1 1 22223333333 3344444444555555566677 7778 88888888899999
2233 80 1 12581112345 7801268899456666813812 6891 23335789901225
2389 21 7 97332693605 8502627956990246828813 5634 61676081301167
DMEL GTGA TC A GGAGCACAAGA TCTTCATGATAATAAACCACTC TCCT TTAGATCCACCTTT

STO3 cev. os o sacsvsersss sasesase
STO5 s.ee ¢ v eeeeBiiieis tenennan
STO6 «ceee oo & ssevsccsses sosessas
STO8 ..v- o o etosesasonss savssnss
STO9 .iee ve o seevcnosses sosannns
STI2 .c.e. v4 &+ seccesanens oasasees
ST15 .vee vo v teveanoncne soseones
STI6 .cvee eo & ssesanssoce osnsonns
0 I
F296 ... vv ¢ tecocnnnces sarncnns

£

e JoaNwy

..............

................................

..............

..............

DSIM AAAG CG G ACGA.GTGTCT GTCATGAACCCGACTGTTGAAT AATA CCGACGTATTAGCC G
R RRR RR RR R R R R R RRR
FiGURE 2.~~Polymorphic and divergent sites in the transformer region. The letters a through h are used to designate the eight
sequence domains of the transformer region: a, 5'-flanking sequence; b, Exon 1; ¢, Intron 1; d, Non-Sex-Specific Exon 2; e,
Female-Specific Exon 2; {, Intron 2; g, Exon 3; and h, 3'flanking sequence. The vertical numbers above the sequence indicate
the position of the variable site in the published D. melanogaster sequence (DMEL). The 11 D. melanogaster sequences are
designated: DMEL, ST03, ST05, ST06, ST08, ST09, ST12, ST15, ST16, F283, and F296. The D. simulans sequence is labeled DSIM.
The dots indicate identical bases to the DMEL sequence. Amino acid replacements are labeled by an R underneath the DSIM

sequence.

number of internal and external mutations, 1, and 7,. An ex-
ternal mutation is a nucleotide site where the frequency of the
rare base is 1/n within D. melanogaster and is not shared with
the outgroup species, D. simulans, while an internal mutation
is any other polymorphic nucleotide site. The test statistic D is
used to determine if there is an excess or deficiency of external
mutations. A significant negative value of D indicates direc-
tional selection due to an excess of external mutations, while
a significant positive value of D denotes balancing selection
due to a deficiency of external mutations.

Fisher’s exact test (SOKAL and ROHLF 1981) was used to de-
termine if the ratio of nonsynonymous to synonymous differ-
ences was the same for polymorphisms within species vs. fixed
differences between species (McDONALD and KREITMAN 1991).
These two ratios should be equivalent for polymorphisms and
fixed differences if protein evolution between species is neu-
tral. Fisher’s exact test was used rather than the G-test sug-
gested by McDoNALD and KRerrMaN (1991) because one of the
cells of the 2 X 2 contingency table is zero such that the G-test
is inappropriate.

RESULTS

Nucleotide variation: Two of the 1063 nucleotide sites
sequenced were polymorphic within D. melanogaster
(Figure 2). Both segregating sites, nucleotide positions
312 and 831 in the DMEL sequence, occurred in syn-
onymous positions. No amino acid polymorphism was
observed within D. melanogaster. Estimates of L and =
in each of the sequence domains can be found in Table
1. The lower and upper bounds on L overlap for all the
eight sequence domains in the tra region. Estimates of
nucleotide diversity were quite low for all sequence do-
mains compared to other genes that have been exam-
ined in D. melanogaster (Table 1) (AQUADRO 1993). The
nucleotide divergence in the tra region was much
greater when the D. melanogaster and Drosophila simu-
lans sequences were compared. Forty-two synonymous
substitutions and 16 amino acid replacements have ac-
cumulated between the two species (Table 1, Figure 2).

Sequence length variation: One length variant was
found among the 11 D. melanogaster tra sequences stud-

ied. The strain ST15 had a 5 base-pair insertion in the
5'-flanking region of tra relative to the 10 other se-
quences. The inserted sequence, CATTT, is identical to
the five bases immediately 5’ to the site of the insertion
(C. S. WaLTHOUR and S. W. SCHAEFFER, unpublished
data). Four deletions of sequence were observed in the
D. simulans sequence relative to the D. melanogaster
sequence. Deletions of 39 and 3 base pairs were found
in the Female-Specific Exon 2, and Intron 2, respec-
tively. Two deletions of one nucleotide occurred in the
3'-Flanking sequence (O’NEIL and BELOTE 1992).
Tests of the neutral mutation hypothesis: The nucle-
otide data in the fra region fails to reject a neutral model
of molecular evolution with either the TajiMa (1989) or
the Fu and L1 (1993) tests (Tajima: M(S) = 0.68, M(k)
=0.62, D = -0.29, P> 0.05; Fu and L:: and 5, = 1, 7,
=1,D = -0.45, P> 0.05). The two test statistics in each
case above were estimated from the information in two
segregating sites observed within species. Thus, these
results should be viewed with caution because of the low
statistical power of these tests based on so few polymor-
phic sites. The results of the HKA test (1987) test stand
in sharp contrast to the two tests discussed above. The
comparison of the ¢ra region with the 5’flanking region
of Adh rejects an equilibrium neutral model (Table 2).
The test results are significant because tra nucleotide
diversity in synonymous and nonsynonymous sites
within D. melanogaster was significantly lower than that
expected given the genetic divergence between D. mela-
nogaster and D. simulans. The McCDONALD-KREITMAN
(1991) test failed to reject a neutral model of protein
evolution between species (P = 0.99) (Table 3).

DISCUSSION

The prediction that the tra gene would be polymor-
phic at the amino acid level within species was not sup-
ported by our data. The high level of conservation in
amino acid sequence observed within species could re-
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TABLE 1

Estimates of nucleotide diversity within and between species in the transformer region

Region m N D L, L (sE) Ly 7 (SE)
5'-Flanking 58 0 4 0.000 0.000 (0.000) 0.029 0.000 (0.000)
Exon 1° 10 0 1 0.000 0.000 (0.000) 0.170 0.000 (0.000)
Intron 1 73 0 1 0.000 0.000 (0.000) 0.023 0.000 (0.000)
Exon 2 (m and f) 175 1 10 0.000 0.002 (0.002) 0.016 0.001 (0.002)
Exon 2 (f) 101 0 13 0.000 0.000 (0.000) 0.017 0.000 (0.000)
Intron 2 57 0 4 0.000 0.000 (0.000) 0.030 0.000 (0.000)
Exon 3¢ 37 1 8 0.000 0.009 (0.009) 0.074 0.012 (0.013)
3'-Flanking 109 0 1 0.000 0.000 (0.000) 0.016 0.000 (0.000)
Summary

Exons 148 1 22 0.000 0.002 (0.002) 0.018 0.003 (0.003)
Noncoding 472 1 20 0.000 0.001 (0.001) 0.006 0.0004 (0.001)

m, number of effectively synonymous sites; S, number of segregating sites; D, number of divergent sites between the D. melanogaster and D.
simulans sequences, DMEL and DSIM; L, and L, lower and upper bounds on L for which there is a 2.5% probability of observing the same
number or more extreme values of S; 7 and L, nucleotide diversity determined from the number of pairwise differences (Nei, 1987) and the
number of segregating sites (WATTERSON 1975), respectively; and SE, standard error. Exon 2 is shown in two parts, the non-sex-specific portion
(m/f) and the female-specific coding region (f).

“ The probability of observing this number of segregating sites or larger values in this region is equal to 0.05 given an average L value of 0.001
among all regions of the transformer locus.

TABLE 2

HKA test of selective neutrality in the transformer region of D. melanogaster

Synonymous nucleotides Total nucleotides

Polymorphism Divergence Polymorphism Divergence
transformer 2(93) 42 (34.7) 2 (11.4) 58 (48.6)
Adh 5'-flanking 30 (22.7) 78 (85.3) 30 (20.6) 78 (87.4)
Test 4.13 P <0.05 5.50 P<0.05

Note: Synonymous refers to synonymous substitutions in coding and noncoding regions. Total includes both synonymous and nonsynonymous
substitutions. Numbers in parentheses are expected values for the HupsoN, KREITMAN and Acuape (HKA) (1987) test. The row designated Test
gives the results of the HKA (1987) test whose statistic approximates a chisquare distribution with one degree of freedom and the probability of
the chi-square value, P.

TABLE 3 data set is the virtual lack of nucleotide diversity within

D. melanogaster compared to the numbers of synony-
mous and nonsynonymous changes that have accumu-
lated since D. melanogaster and D. simulans diverged
(O’NriL and BELOTE 1992). Therefore, strong selective

Numbers of fixed differences and polymorphisms in
nonsynonymous and synonymous sites between D. melanogaster
and D. simulans

Sites Fixed differences Polymorphisms . .
constraints on tra may be ruled out as an explanation for
Nonsynonymous 16 0 the low levels of {ra genetic variation within D. melano-
Synonymous 22 1

gaster because nucleotide substitutions have accumu-
lated among ¢ra sequences during long term evolution.

sult from strong functional constraints on the tra pro-
tein product or from a recent directional selection event
in or near the fra locus. An important developmental
protein such as tra might be expected to be highly con-
served at the amino acid level because of its fundamental
role in sex determination. If strong constraint on amino
acid sequence was the main force restricting variation in
the protein, then amino acid sequence should be highly
conserved between species and diversity in synonymous
sites should be unaffected by changes in nonsynony-
mous positions (BIRKY and WALsH 1988). Sixteen amino
acid replacements have accumulated in the ¢ra protein
between D. melanogaster and D. simulans. This is much
less constrained than ADH, which has only two amino
acid differences between the two species (BODMER and
ASHBURNER 1984). The most striking feature of the tra

A recent selective sweep of a new beneficial allele in
the region is the most likely explanation for the within
species nucleotide diversity pattern in tra (MCDONALD
and KREITMAN 1991; BEGUN and AQUADRO 1992). A se-
lective sweep will decrease variation in linked sites due
to the hitchhiking effect (MAYNARD SMITH and HAIGH
1974; KAPLAN et al. 1989; STEPHAN et al. 1992). The tra
gene region was shown to have a significant deficiency
of synonymous and nonsynonymous variation when the
HEKA (1987) test compared ira with the 5’ flanking re-
gion of Adh.

Is the tralocus the site of the selective sweep? The size
of the region affected by a selective sweep depends on
the strength of selection and the recombination rate
(STEPHAN et al. 1992). Selective sweeps in regions of low
recombination would resultin a reduction of nucleotide
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variation over a large region (MaYNARD SMITH and HAIGH
1974; KaPLAN et al. 1989), which would make it difficult
to know what gene was being selected. Alternatively, se-
lective sweeps in regions with free recombination would
have more localized reductions in heterozygosity.

E. C. KiNnpaHL and C. F. AQUADRO have estimated rela-
tive rates of recombination or coefficients of exchange
(COE) on the third chromosome of D. melanogaster
with methods described previously (BEGUN and AQUADRO
1992). The COE estimates they have obtained range
from 0.001 to approximately 0.070, where a region with
a COE of zero experiences little or no recombination
while a region with a COE greater than zero experience
higher levels of recombination. They have estimated the
COE for the tra gene region to be 0.015 (E. C. KinDAHL
and C. F. AQuabro, Cornell University, personal com-
munication). The estimate of COE for #ra suggests that
recombination rates are low to moderate in the region.
Thus, a selective sweep in or near the ¢ra locus might be
expected to effect a large to moderate sized chromo-
somal segment. We sequenced approximately 1 kilobase
of the tra gene, but we do not know to what extent varia-
tion is reduced in the local region around the gene.
Additional sequence from the 5 and 3’ regions may
delimit the region affected by the selective sweep in the
tra region.

Are multiple adaptive fixations of beneficial alleles
responsible for the protein evolution observed between
species? The McDONALD-KREITMAN (1991) test failed to
reject a neutral model of molecular evolution, which
suggests that the between species divergence from mu-
tation and random genetic drift. The McDoNALD-
KRrEITMAN test lacked sufficient power to reject the neu-
tral hypothesis because we had one polymorphic site
among the D. melanogaster tra sequences. It is possible
that multiple selective sweeps have been responsible for
the rapid evolution of the transformer protein, however,
the recent directional selection event in or near fra pre-
vent a strong inference from being drawn.

CHARLESWORTH et al. (1993) have considered the effect
that slightly deleterious alleles have on levels of variation
in the genome, the so called background selection
model. They have shown that selection against slightly
deleterious alleles maintained by mutation can lower
genetic diversity at linked neutral sites. The effect of
background selection is most pronounced in regions
where recombination rates are low such as the centro-
meric or proximal regions of autosomes. Background
selection is a less potent force in regions with free re-
combination because the few deleterious genes contrib-
ute to reductions in fitness levels. Background selection
may contribute to reduced levels of heterozygosity in tra
because the estimate of recombination rate in the re-
gion is low to moderate.

The HKA test assumes that the sampled populations
are at equilibrium. If the equilibrium assumption is not

valid, then the significant test results could suggest that
the our local D. melanogaster population is not at equi-
librium. BEGUN and AQuapro (1993) found that popu-
lations of D. melanogaster collected from the United
States and Zimbabwe differ significantly in genetic com-
position in a four-cutter survey of eight genes. Their data
suggest that U.S. populations have lost variation com-
pared to the Zimbabwe population, which is consistent
with various population bottleneck scenarios. The re-
duced heterozygosity in tra may have resulted from a
recent bottleneck that established U.S. populations. A
population bottleneck would reduce diversity in all loci
within the genome, but other loci in D. melanogaster
have not had the severe loss of variation as that observed
in tra (BERRY and KREITMAN 1993). An examination of
nucleotide diversity in African populations may clarify
whether the tra gene has low diversity because of a se-
lective sweep or a recent population bottleneck.

Why would the two other statistical tests (TajiMa 1989;
Fu and L1 1993) of selective neutrality fail to reject a
neutral model? These two tests have little power to de-
tect departures from a neutral model when the number
of segregating sites is small. Without interspecies data,
we would have concluded that transformer protein lacks
diversity because of high selective constraint on the tra
sequence. This highlights the importance of collecting
between species data to control for differences in selec-
tive constraints among genes.

The data presented in this report suggest that a se-
lective fixation of a beneficial allele occurred in or near
the tra locus. Further data are necessary to show that tra
was the source of the selected variation. These data are
intriguing because they suggest that an important de-
velopmental gene may have been the target of adaptive
evolution.
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