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Abstract. Sequence analysis of 27 alleles of each ofson 1993). They encode cytoplasmic GTP/GDP binding
the threeRasrelated genes iDrosophila melanogaster proteins that transduce signals received by receptors at
indicates that they all have low levels of polymorphismthe cell surface (Katz and McCormick 1997). There are
but may experience slightly different evolutionary pres-three classes dRasgenes in mammals (Valencia et al.
sures. No amino acid replacement substitutions were in1991), theH-Ras and K-Ras protooncogenes, the Ras-
dicated in any of the sequences, or in the sibling speciegelated teratocarcinom&C21 genes, and th&ap Ras-

D. simulansandD. mauritiana. The Dras1gene, which  related genes. Molecular genetic analysis indicates that
is the majorras homologue inDrosophila, has less Ras proteins are involved in an enormous array of de-
within-species variation irD. melanogasterelative to  velopmental decisions, and there is increasing evidence
the amount of divergence from the sibling species tharhat the functions of the different types diverged early in
doesDras2, although the contrast was not significant by gnimal evolution.

the HKA test. Dras2 appears to be maintaining two |n Drosophila,there are threRasgenes, all located in
classes of haplotype iD. melanogasterone of which is  eychromatic portions of the third chromosome, which
closer to the alleles observed in the sibling species, sugysp appear to have distinct functions. Each of these
gesting that this is not likely to be a pseudogene despitgenes shows between 71 and 93% sequence identity with
the absence of a mutant phenotype. Although differencege of the mammalian types over the full 550+ amino
in level of expression may affect the function of the ycigs of the protein, which is significantly greater relat-
genes, it is concluded that genetic variation in the Rag,jness than among the three genes of a single species.
signal transduction pathways cannot be attributed tQy541 js essential for development, as loss-of-function

catalytic variation in the Ras proteins. mutations disrupt processes as diverse as axial pattern
formation, segmentation, and organogenesis (Wassar-
man et al. 1995). LikeDras3, otherwise known as
RoughenedHariharan et al. 1991), it also has a very
well-characterized role in photoreceptor determination in
the eye imaginal discsDras2, in contrast, is known
solely as an open reading frame, despite extensive
The Rasfamily of protooncogenes are central regulatorsscreens for associated mutant phenotypes (Harrison et al.

of cell proliferation and differentiation in animals (Paw- 1995).
Given their involvement in both normal and uncon-

trolled cell proliferation, it is interesting to ask how ge-
* Present addresdDepartment of Genetics, Gardner Hall, North Caro- netic variation might affect Ras function, and in part|c-u-
lina State University, Raleigh, NC 27695-7614, USA lar whether theRasgenes themselves are polymorphic.
Correspondence taGreg Gibsong-mail: ggibson@unity.ncsu.edu Two simple scenarios might be considered. On the one
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hand, it could be argued that since Rassequence is SO Dpgs] 332 502
highly conserved across divergent taxa, there must be 38 175 651 821
very strong selective constraints acting on the gene. This CHH
would lead to an expectation of a relatively low sequence
diversity within species in the genes and a low diver- > DraslA €- St => Dras1C
gence between related species. On the other hand, by €------ > €-mrn=D
analogy with enzymes such as Pgi that play central roles
in metabolism and yet can be unusually polymorphic
(Watt 1994; Katz and Harrison 1997), it could be pre- p; 52
dicted that theRas genes harbor a complex series of 335 744
functionally distinct haplotypes. These would be main- +—TH ]
tained by balancing selection on isoforms with different
optimal functions in different developmental processes. Dras?
In this case, the genes might show a high ratio of within- €-------- >
to-between species polymorphism that could be detected
by comparison of the sequences of multiple alleles.

One line of evidence in favor of the latter hypothesis ;.43

is that despite the stability of Ras-mediated developmen- 1 335
tal processes, Ras activity is to some extent dosage de- I:|
pendent (Karim et al. 1996). There is also substantial Drass
genetic variation affecting the Ras/MAP-kinase pathway €------ >

n photoreceptor determination, as shown by the dIVer'Fig. 1. Genomic structures of the thrdgras genes. The genomic

gent effects of wild-type genetic backgrounds on the sengryctures obras1, Dras2andDras3are shown, wittboxesfor exons,
sitivity of eye development to constitutive activation of joined bysolid lines,and positions of the first and last nucleotides of
the signaling molecules that activate the pathway (p0|aceach exon relative to our consensus sequence, referred to in Fig. 2. The
zyk et al. 1998). Similarly, different mouse strains re- extent of 8 and 3 transcribed regions are not known with precision.

ond ite distinctly to mutation of arowth factor re Beloweach structure are the locations of the sequenced regions, indi-
Sp qui ISt y utall 9 " cated bydashed linesetween primers. The’ 3egion of Drasl was

ceptors that activate the Ras pathway (Threadgill et alampiified as two products.
1995). If ras genes themselves contribute to this varia-
tion, they would be expected to show evidence of func-

tionally distinct polymorphisms. Alternatively, thes D_rosophilageh(?tics. Egch was ext_racted _from a different inbr(_ad line.

enes could be monomorphic. with variation attributableSIX alleles originated in a collection of isofemales trapped in Ann
g phic, Arbor, Michigan, in the summer of 1996; 20 alleles originated from the
solely to Ras cofactors. _ Wallace collection of wild-type lines trapped in various locations
Here we report an analysis of the sequences of aptroughout the world 10-15 years ago, obtained from the Bowling

proximately 1 kb (kilobase) of 27 alleles of each of the Green Stock Center'in Februgr_y 1996 [see Gibson and van Helden
three Drosophila Drasgenes. The genes appear to be(1997, Table 1) for a list of localities]; and 1 allele was from a lab stock

experiencing sliahtly different evolutionary pressures a containing &Sevenlesgansgene (Basler et al. 1992). The 94 lines used
Xper Ing shightly di voluti yp u %o study linkage disequilibrium betweddras2 and Dras3, most of

inferred from their patterns of nucleotide diversity. All \hich originated in a Kenyan population, were obtained from the
three genes are among the most highly conserved gen@swling Green Stock Center in December 1997.

yet documented in the fruitfly, showing essentially no
variation in the coding sequence, and just a handful OE
synonymous substitutions relative to two sibling species.

Draslis further characteriz relatively low polymor- _ _ -
aslis further characterized by elatively low polymo The structure of each locus and sequencing strategy is shown in Fig. 1.

phism in the introns and flanking noncoding S€QUENCESp 451 s located in 2 kb of cytological interval 85D on the right arm of
In contrastPras2andDras3have more normal levels of - chromosome 3, and the transcript includes two introns. Three pairs of

within species polymorphism, although a high level of primers were used to amplify the Hanking region and the coding
shared polymorphism iDras2 with two sibling species region in two halvesDras2 is located in 2kb of cytological interval

: o : 64B on the left arm of chromosome 3. The gene structures given by
suggests the maintenance of variation at this locus. Neuman-Silberberg et al. (1984), Mozer et al. (1985), and Brock (1987)

differ from one another with respect to the location of the intron/exon
. boundaries. This has an enormous effect on the nature of the polymor-
Materials and Methods phisms (up to eight intron substitutions would affect coding sites, in-
cluding insertion of a stop codon, if these structures were accepted).
We used the analysis of Bishop and Corces (1988), which confirms
aspects of the preceding studies and is definitive in terms of direct
comparison of cDNA and genomic DNA and, also, produces almost-
Sequences were obtained from third chromosomes that were isogenizgerfect alignment with the mammalian TC21 homolog. A single frag-
by passage over a balancer chromosome (TM3 or TM6) using standarthent covering exons 2 and 3 was amplified for sequencing of the

rimers and Sequencing Strategy

Source of Chromosomes
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Drosophilaalleles.Dras3 is located in 0.7 kb of cytological interval  sponding nucleotide diversity measures derived from the
62C on the left arm of chromosome 3 and is encoded by a single exonqumber of segregating site&) (and the average pairwise
We report here only the sequence of the coding region, as the primers.
were designed to amplify immediately adjacent to the start and stopalfference betwe_en a”el_e&I are all less than half O,f the
codons. average for coding regions of autosomal genebBiio-

The primer sequences used both to amplify the fragmentssophilaJcompare the value of 0.0044 per base pair for
and to prime sequencing reactions were as follows: both of these parameters given by Moriyama and Powell
DraslAF, 5-GCTAAGAAACGGTGATGCCAG-3; DraslAR,  (1996) with the values for 1cod, 2cod, areb3in Table

5'-GACTGTGCGTGTATGGGCTGC-3; DrasiB-F, 1]. They lie in the same range as those of genes such as
5'-GCGTACGGAGAGAGAGACTG-3; DraslB-R, - ey 9 9

5'-ACGAGGCCAGATCACATTTG-3: DraslC-F, tra and Adh(DUp),Wthh have a significantly low
5'-GACCTACCGTGAGCAGATCAA-3; Dras1C-R, hucleotide diversity by HKA comparisons (Moriyama
5'-GATATAGCAGCTGAACCAAGG-3'; Dras2-F,  and Powell 1996), although it should be recognized that
5'-TTAGTCATTTGCGTCATCTGC-3; Dras2-R,  the confidence limits on these measures are large.

5 -TATATGTTGGCTCCTGCTTCC-3; Dras3-F, .
5 -AGAGATATACGAAGGATATAC-3/: and Dras3-R. The noncoding sequences of the thiras genes by

5-GGTTTTTGGAAGTCTTATAGCA-3. Direct cycle sequencing Contrast have variable levels of polymorphisnfinme-
was performed with an ABI 377 automated sequencer, following gellanogaster Estimates of the neutral mutation parameters
purification of the relevant PCR-generated fragments. Routinely, up togre provided on the left side of Table 1 for ther®n-

700 nucleotides of readable sequence were obtained and analyzed usifigynscribed region dbras1,the coding region including
Sequence Nawga_tor software. All allgnments were unambiguous, a%WO introns ofDras1, most of the coding region derived
only a few small indels were observed in the total data set. All se- .
quences were obtained in both directions, with the exception of 19ffomM exons 2 and 3 obras2, and the uninterrupted
alleles of theDras3locus, for which the forward strand sequence was coding region oDras3.Breaking these regions down by
both invariant and unambiguous. Representative sequences of eadtructural criteria on the right side of Table 1 shows that
ge”;’hz”i ;g‘;cfszgi‘éet:;igrdlierﬂf:;:% i';‘egiﬂsr";‘a‘r: A there are three times fewer segregating sites in the non-
and Dras3 were 5-ACTTGTTACCCACCA-3, which recognizes COdlng sequences drasl than,the introns oDras2.
the canonicalDras2 sequence T516, but not C516, and-5 1he6 andm values for both the introns and thé fiank-
CGCTGACGGTCCAGT-3 which recognizes the more rare G60 but ing region ofDras1 (but not of Dras?) are also low in
not the A60 allele oDras3.DNA was extracted from a single progeny comparison with the averaggfor noncoding autosomal
of each of 94 crosses between a Kenyan wild-type fly asgeenless sequences iD. melanogastef0.0116 per base pair,

stock virgin female, and PCR amplification products for the two loci . .
were checked on an agarose gel and then dot-blotted onto separa{reom Moriyama and Powell (1996)]. Note that the esti

pieces of nylon membrane (Hybond"Namersham) and hybridized to ~ Mates shown are actually slightly inflated by the inclu-
32p_end-labeled ASOs following Saiki et al. (1986). SinceSkeenless ~ Sion of three small indels in the analysisfasl.Also,
chromosome alleles do not hybridize to either ASO, the genotypes andlifferences between theeand them estimates approach
linkage phases of single wild-type chrpmc_)som_es coul_d be inferred fromsignificance for both regions dbrasl, as Suggested by
the presence or absence of a hybridization signal with each probe. the Iarge negative values of the Tajima, and Fu and Li,
parameters as shown in Table 1 [compare with Table 1 of
Statistics Tajima (1989) and Table 4 of Fu and Li (1993)]. This
indicates that there are fewer average pairwise differ-
Nucleotide diversity measures and the Tajima (1989) and Fu and Liences between alleles Dfas1than is expected from the
(1993) test statistics were calculated using the SITES program obtainegumber of Segregating sitesl possib]y due to the presence
over the Internet (Hey and Wakeley, 1997). Indels were coded as singl f several divergent alleles in the sample: W3, W23, and

nucleotides in the analysis and, thus, carry the same weight as a sing . .
base substitution. HKA tests were as described by Hudson et al. (1987). 31 account for 10 of the 14 singleton nucleotide poly-

The linkage disequilibrium paramet®’ is equal to the ratio of ~Morphisms in the gene, as indicated in Fig. 2.
D/D,... the statistical significance of which was confirmed by the
standardy® method (Hartl and Clark, 1997, pp. 101-103).

Divergence Between Species

Results Estimates of the genetic distances between species for
each locus are shown in Table 1 as the modal number of
differences between the. melanogastesequences and
the sequences of two sibling speciBs,simulansandD.

The threeDrosophila Ragienes all have remarkably low mauritiana. The levels of between-species divergence
levels of nucleotide diversity in the coding regions. In aand within-species polymorphism can be compared by
global sample of 27 alleles d. melanogaster, Drasl examining the ratio of the divergence per base pait to
showed a single synonymous substitution present in @D/ in Table 1). Although this humber is sensitive to
single allele, whileDras2 and Dras3 showed just four slight changes in either parameter, it is clear that diver-
synonymous polymorphisms each. These ranged in fregence between the cosmopolitan spe@esnelanogas-
quency from 0.04 (singletons) up to 0.26. The corre-ter andD. simulansis greater than expected relative to

Polymorphism WithirDrosophila melanogaster
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Table 1. Parameters obras nucleotide diversity

1(5) 1@3) ras2 ras3 1lcod 1nc 2cod 2nc
Lengtt 745 1046 780 555 570 1218 498 282
E (9P 14 8 17 4 1 21 4 14
E (Dima)® 38 31 19 5 7 62 2 17
E (D) 37 32 20 4 5 64 3 17
E (D,.J° 11 17 8 1 1 27 1 7
Shared 0 0 7 1 0 0 1 6
0 (bp)’ 0.0049 0.0020 0.0057 0.0019 0.0005 0.0045 0.0021 0.0121
w (bp) 0.0031 0.0009 0.0051 0.0020 0.0001 0.0026 0.0018 0.0108
D/m*® 15.5 34.4 45 35 90.0 20.0 3.3 4.7
Tajimd -1.23 -1.76 -0.56 0.25 -1.15 -1.51 -0.33 -0.58
Fu & Lif -1.70 -2.37 -0.03 0.08 -1.65 -2.11 0.09 -0.07

#Lengths in nucleotides of theé &ind 3 halves ofDras1, Dras2,andDras3and of the coding (cod) and noncoding (nc) regionBds1andDras2
(Dras3is all coding).

b E(S) is the observed number of segregating siE§)) are estimates of the divergence between species calculated as the modal number of sites
that differ between thB. simulangsim) orD. mauritiana(mau) sequence and tBe melanogasteconsensus sequence, or betweerltheimulans

and theD. mauritiana(m-s) sequences.

¢ The number of polymorphic sites iD. melanogastefor which one of the nucleotides is the nucleotide in one or both sibling species.

4 is an estimate of the neutral mutation parameter per base pair, based on the number of segregatirig aitesstimate of the neutral mutation
parameter based on the average pairwise distance between alleleDinrttedanogastesample.

¢ The ratio of the modal divergence between Ehesimulansand theD. melanogastesequences, per base pair, to the estimate. of

fvValues of the Tajima (1989) and Fu and Li (1993) statistics calculated by the SITES program.

the observed segregating polymorphism for both the cod- The pattern of polymorphism iDras2 shows some
ing and the noncoding sequenceslifasl. Closer in-  unusual features. Again, the level of polymorphism is too
spection of the data indicates tliataslandDras2show  low to achieve statistical significance by standard tests,
similar overall divergences between species when inbut the distribution of pairwise differences withih me-
trons and flanking sequences are included in the analysisanogasterdoes not appear to be unimodal (Fig. 4A).
suggesting that there may be a deficiency of polymor-This suggests that there are two, and possibly three,
phism inDrasl. All three predicted Dras proteins show classes of haplotypes segregating in the sample, despite
about one-quarter of the typical divergence faro- evidence for recombination between them. Thus, for ex-
sophila proteins.D. simulansand D. mauritiana also  ample, the polymorphisms 516C, 633C, 751G, and 754G
diverge from each other at all three loci to similar ex- are grouped in several alleles and tend to be associated
tents, and at about one-third of the level seen relative tavith 46C, 324T, and 327G.
D. melanogasteras is typical. Thus, despite the differ-  Surprisingly, seven of the polymorphic sitedinas2,
ences in intraspecific variation, tHeras genes are di- including one of the synonymous substitutions, are found
verging to similar extents between species. in theD. simulansandD. mauritianaalleles (Figs. 2 and
The ratio of within-species to between-species poly-3). In contrast, none of the nonconsensus nucleotides in
morphism is expected to be constant across loci if theyDras1 of D. melanogastemare present in either sibling
are evolving according to the infinite alleles model of species. Intriguingly, these “shared” sites are not ran-
neutral molecular evolution. This expectation has led todomly distributed throughout the sample, but are re-
the development of a statistical test for neutrality knownstricted to 9 of the 27 alleles, just one more than the
as the HKA test (Hudson, Kreitman, and Aguaii®87). number of the most frequent substitution (C751G), and
None of the genes or gene regions in this data set showedd fact most of the sites belong to the rare haplotype
significant departures from neutrality as assessed by thgrouping referred to above. It can be inferred that they
HKA test, compared with one another or with thé 5 were present in the ancestral population prior to the di-
portion of the Adh gene (data not shown). This result vergence ofD. simulansand have been retained as a
may be an artifact of the low levels of nucelotide diver- group despite their divergence from the majority of the
sity in the sample, as the comparison of the coding realleles. The ancestral sites are now also associated with
gions of Drasl (one segregating site and seven fixedfive other polymorphisms (160A, 174G, 288A, 330T,
differences) andDras2 (four segregating sites and a and 633C) that are only occasionally found in the re-
mean of just two differences relative . mauritiang maining 18 alleles. W28 represents a third class of hap-
would be significant if these values were all doubled.lotype and also shares a single site with the sibling spe-
However, formally the results suggest that purifying se-cies.
lection and genetic drift are the major factors affecting Several of these “shared” polymorphisms at thersd
nucleotide diversity in th®ras genes. of Dras2 are in apparent significant linkage disequilib-
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Fig. 2. Distribution of polymorphic sites withirDras genes ofD. second intron (11 or 12), or coding (SY, synonymous)]; whether it is a
melanogasterThe nucleotide types at each polymorphic position in a transition (N), a transversion (V), or an indel (— represents a single-
sample of 27 isogenic third chromosomes @f melanogasterare base deletion; 3, the insertion of the triplet TGA; and 2, the deletion of
shown for the upstream’ Shoncoding region ofDrasl, the coding the doublet CT); and the number of alleles with the polymorphism. Site
region ofDras1,the coding region obras2,and the coding region of 160 in Dras2 has two changes, one a transversion and the other a
Dras3.Nucleotides are numbered in thet-hand columraccording to  transition. Anasteriskadjacent to the number of alleles indicates poly-
their position in the consensus sequence (available upon request). Throrphisms shared with the two sibling species.

next three columnidicate the type of polymorphism [53', first or

rium with the single “shared” polymorphism Dras3in are geographically restricted, as both were found in
the sequence data set (for examfl, = 0.57,p <  samples from three continents.

0.005, for T516C inDras2 with A60G in Dras3). This

association was not confirmed in a larger sample of 94

individual flies picked at random from a collection of piscussion

isofemale lines derived from sites in Kenya that were

obtained from the Bowling Green Stock Center. Hybrid-

ization of allele-specific oligonucleotides (ASOs) that Absence of Protein Variation iDrasl

bind only to PCR products containing these two nucleo-

tide changes indicated a frequency of 0.18 forEmas2  The analysis of nucleotide variation reported here indi-
T516C polymorphism in the larger sample and 0.44 forcates that the majoRas protooncogene homologue,
the Dras3 A60G polymorphism. The frequencies of the Drasl,is essentially monomorphic iBrosophila mela-
four two-allele combinations were not significantly dif- nogaster,at least with respect to the protein sequence.
ferent from random expectations (data not shown). Ther&here is no evidence for a balance of catalytically dis-
was no evidence that the two classe®odis2haplotypes tinct alleles as is seen for some central metabolic en-



Drasl 5!
1111112233334455566¢6 66F6F6
12334445555678889001257186¢628899456223 77839
805727926'89'900150471250838'93546449181' 1203
Mel TATAATGA-C-CIGAGCTTAGAGTT-ATTTAACTTG--TTTA
Mau ATGGATCAGGIAI-TATACGATTGGGCCGAGGTGCTGCGCCG
Sim TATACCCTGGI---TATATGATTGGGCCGAGGTGCTGCGTTCG
Drasl coding
intron intron 3'UTR
112 222 222 22 273" 2222333345666¢6¢67717 999
9350 112 22455512234789901111022333273123
76 4 4 6 80 898349101928719127952250378¢63412
Mel CCTAAGCTCCGGTACCGT -----TCAGGGTATAACATGGCTCGT
Mau TTCTAMABACGGEGCCTGAITITGGCTGTAATCCGCACTATATATC
Sim CTCTAAAAAA --TCTCTTIGEGATCTGTAGCCCGCACGAGAAATC
Dras2 Dras3
1111111122223333457777 1123
4 02455668588900229155%575 61536
6 922291563481094786124€¢6 07083
+ + +
mel TAATGGGCTCCCTTTATCTCTAT ATGCA
mau ¢c.TC..AGC.T-ACGTGTCGCGG GCATG
sim CGTCAAA. .AT-ACCTGTCG.GG GCA .G
mel* Cc A A T G G G G

Fig. 3. Divergence betweebras genes in thre®rosophilaspecies.
The differences among the sequenceB aimelanogaster, D. simulans,

andD. mauritianaare shown relative to the consensus nucleotide po-

sitions in Fig. 2. Insertions present in the sibling species buthot
melanogasteare numbered with a prime (for example,’ 86 the site

at position 273 of the first Drasl intron that also shows four differ-
ences between the two sibling speciBsas2 and Dras3 have seven
sites and one site, respectively, that segregaf®. imelanogasteand

are found inD. simulansand D. mauritiana,as indicated in the mel*
line. Three fixed synonymous differencesDinas2 are indicated by a +.

of a G in the 5 region ofDrasl). There is a 42-bp nucleotide insertion

zymes. Further, the absence of any replacement substihe coding regions obrasl and Dras2, application of
tutions relative to two sibling species indicates thatthe HKA test failed to reject the null hypothesis of neu-
Draslis among the most highly constrained lociDmo-  tral evolution. Since the low levels of nucleotide diver-
sophila. There may of course be some segregating resity reduce the statistical power of this test, it might
placement polymorphisms not detected in our samplepevertheless be argued that the very low level of varia-
but these would be very rare. tion in the coding region dbras1of D. melanogaste(a
Changes in dosage of tligras genes do not on their single variant site in the sample of 27 alleles) provides
own have phenotypic effects, but loss of function allelesevidence for a recent selective sweep through the locus.
of DraslandDras3do modify the mutant phenotypes of This reduced diversity is, however, also consistent with
other genes with which they interact, such as the recepthe operation of deleterious background selection near
tors whose signals they transduce (Karim et al. 1996the centromere, where recombination is generally low
Hariharan et al. 1991). Thus, levelsfas gene expres- (reviewed by Aquadro 1997). Recombination parameters
sion may be just as tightly regulated as the catalyticcould not be reliably measured with this data set to con-
efficiencies of the proteins. In the absence of extensivéirm that Dras1does indeed have a lower effective popu-
nucleotide variation, it is likely that variation in cofactors |ation size than the other twDras genes.
is the predominant source of the genetic variation in Ras Alternatively, there may be some form of balancing
activity in Drosophilathat we have documented (Polac- selection acting on thBras2locus. In the absence of any
zyk et al. 1998). For example, Ayala and Hartl (1993) replacement variation, any such selection would by in-
found several amino acid polymorphisms in a smallference be acting on either noncoding, presumably regu-
sample of alleles of thbossgene ofD. melanogaster, |atory, or synonymous sites. The two classeDohs2
which encodes a ligand that activates the Ras pathway ihaplotypes differ from those of the sibling species to
R7 photoreceptor cells, though they concluded that th&imilar extents, as indicated by the unrooted parsimoni-
variation was evolving in accordance with neutral expec-ous gene network at the top of Fig. 4B. Without consid-
tations. erably more extensive sampling &f. mauritania, D.
simulans,and an outgroup species, it is not possible to
resolve the location of the root, though this dramatically
affects interpretation of the pattern of variation. Note that
D. mauritianais an island species that is thought to be
Despite a qualitative difference in the ratio of within- derived fromD. simulans(Hey and Kliman 1993), so it
species polymorphism to between-species divergence fas reasonable to assume that the root does not lie between

Within- and Between-Species VariationDmas1
andDras2
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A L 100 — nonsynonymous variation iDras2implies that the gene
) § 25 is subject to strong purifying selection and confirms that
£ it is not a pseudogene. It has recently been proposed
g 50 based on gene expression studies and comparison with
E 55 the most similar human Ras-related gefi&?21, that
; Dras2is actually involved in secretion and/or endocyto-

R TRET) sis in a restricted subset of tissues, including the central
o nervous system (Salzberg et al. 1993). If &ras2
Number of pairwise differences . . .
would not function in the same genetic pathways as the
other twoDras genes. Consequently, epistatic interaction
cannot account for the existence of linkage disequilib-
B. rium with Dras3in the sequenced sample, which is per-
haps better regarded as an artifact of sampling and/or of
isogenic chromosome extraction.

The fact that all three Dras proteins show similar and
typical levels of divergence betwedd. melanogaster
andD. simulansdespite low and variable levels of intra-
specific polymorphism remains to be explained. If we

- m A i accept that all three genes have unusually low neutral
I mutation rates, due to strong selection in favor of an
melB optimal haplotype, this problem can be dealt with by
recognizing that there is inherent irregularity in the
length of time between nucleotide substitutions. The ab-
sence of introns iDras3 means that there are few foot-
prints of genic history to infer much about this locus. The
Fig. 4. Distribution of polymorphism inDras2 amongDrosophila lack of polymorphism in the transcribed portion@fas1

species.A Histogram showing the distribution of the 325 paiwise s at |east consistent with the recent conclusion of a
differences among the 26 alleles in theas2 sample, ranging from 0

(for example, W8 vs W9) to 12 (A18 vs W13R Top: Unrooted sweep through that region but, given the low rate of
parsimony tree linking the rare and consenfusmelanogaster, D.  fecombination, is more readily explained as a conse-
simulansandD. mauritianahaplotypes. The number of substitutions is quence of repetitive deleterious mutation preventing the
indicatedbesideeach branch. melA, consensus sequence (for examplemaintenance of linked neutral polymorphism. The bifur-
the W10 aIIeIe); melB, rare haplotype represented py the A14 and W3cated distribution of polymorphism ibras2 suggests
alleles that includes all of the shared sites plus five other polymor- . . . .
phisms. The tree was calculated by haBdttom, left and right: Two either the maintenance of two old alleles in one species
possible rootings, see text for discussion. and an accelerated rate of change in the other two or that
a new allele is in the process of displacing the ancestral
type in D. melanogasterA more conservative interpre-
them. If the root is placed between tBe melanogaster tation is that the very low levels of within species poly-
haplotypes (bottom left, Fig. 4B), it implies that both the morphism beget high variances, and hence all of the
consensus and the rare haplotypes are ancestral and hgystterns are consistent with neutral evolution, allowing
reduced rates of evolution relative to the sibling speciesfor variance in parameters such as recombination rates,
If the root is placed in the middle branch (bottom right), migration, and fluctuating population size.
the consensus haplotype would appear to be derivative.
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