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The nucleotide sequence of the Xdh region of Drosophila pseudoobscura is presented.
The Xdh gene structure and organization are compared with the homologous region
in D. melanogaster. This locus is shown to have similar organization in the two
species, although an additional intron and three insertion/deletion events are de-
scribed for the D. pseudoobscura coding region. The encoded proteins are predicted
to have very similar charges and hydrophobic/hydrophilic domains even though
11% of the amino acids are different. A gene 5’ to Xdh, putative /(3)s12, is suggested
from sequence similarity between the species. Synonymous differences at the Xdh
locus between the two species are analyzed using a new method described in the
preceding paper by Lewontin. This analysis shows that synonymous positions within
the Xdh locus are evolving at very different rates, being dependent on level of codon
redundancy. A comparison of synonymous divergence between D. melanogaster
and D. pseudoobscura in five additional genes reveals variation in the level of syn-
onymous substitution.

Introduction

The rate of synonymous nucleotide change in the coding regions of genes has
become a crucial measurement in the study of molecular evolution. The reasons are
threefold: precise alignment of coding regions is possible, these positions evolve at
relatively high rates, and their rates of evolution, it has been argued, approach the
selectively neutral rate. Species-level comparisons of DNA sequences will soon represent
a large sample of genetic loci in Drosophila. In addition to addressing questions of
synonymous position evolution, these data are providing details on the rates of nu-
cleotide substitution experienced at different genetic loci within the same species, on
the level of selection experienced at different nucleotide positions within a locus, and
on the different forms of selection operating to produce the observed levels of substi-
tution, e.g., selection at the protein sequence level, at the codon level (e.g., codon
bias), and at the nucleotide level (e.g., transition /transversion bias).

There has been increasing acceptance of the hypothesis that molecular divergence
is linear with time (e.g., see Miyata et al. 1980; Hayashida and Miyata 1983; Nei 1987),
although not without some resistance (Gillespie 1986). This concept is of particular
importance to the application of certain models of molecular evolution. It is necessary
both to establish the existence of clocklike behavior in nucleotide substitutions and to
provide the appropriate model (e.g., pseudogenes, silent sites, or intron positions) with
which to measure the underlying rate of substitution for a chromosomal region. The
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assumption is, then, that this rate represents the best approximation of the neutral
mutation rate. Positions that deviate from this rate can be examined to establish which
forces, e.g., natural selection or drift, are responsible for the observed deviation.

The alcohol dehydrogenase locus, Adh, has been the subject of numerous species-
level sequence comparisons (Bodmer and Ashburner 1984; Cohn 1985; Coyne and
Kreitman 1986; Schaeffer and Aquadro 1987). These data have substantiated previous
reports (e.g., Kafatos et al. 1977; Jukes and King 1979) that rates of evolution for
functionally distinct nucleotide positions (e.g., amino acid replacement sites, synonymous
sites, and intron positions) are very different. Patterns of substitution across the Adh
exons reveal that all replacement sites and all synonymous sites do not experience the
same levels of mutation and/or substitution, i.e., the observed changes are clustered in
certain exons. Finally, comparison of Adh and a closely linked, uncharacterized gene
3’ to Adh shows that the rates of substitution at replacement, synonymous, and intron
positions vary at different loci within the same chromosomal region (Schaeffer and
Aquadro 1987). It is necessary to determine the generality of the results obtained at
Adh, where the majority of Drosophila species comparisons have been made.

In the present paper a nucleotide sequence of the xanthine dehydrogenase locus
(Xdh) in D. pseudoobscura is presented. Features of Xdh gene organization in D.
pseudoobscura are described, and a detailed comparison with the Xdh nucleotide se-
quence from D. melanogaster (Keith et al. 1987; Lee et al. 1987) is made. The large
coding region, 4,002 homologous base pairs between D. melanogaster and D. pseu-
doobscura, permits more powerful statistical tests of the nucleotide substitution data
than are possible for Adh.

The nucleotide differences observed between D. melanogaster and D. pseudo-
obscura at Xdh and five additional loci are analyzed using a new method of comparative
sequence analysis. The details of this method are presented in the preceding paper
(Lewontin 1988). Basically, the analysis provides a codon-by-codon description of
the nucleotide differences observed and inferred between two sequences. The synon-
ymous differences are then parceled into groups based on the degeneracy of the amino
acid code [two-, three-, four-, and sixfold-degeneracy classes of Li et al. (1985)].

Material and Methods

The strain of Drosophila pseudoobscura chosen for sequence analysis was kindly
provided by T. P. Keith. The fly line was obtained and the second chromosome was
made homozygous as described by Keith (1983). This line corresponds to the elec-
tromorph designation 1.00/1.02/1.01/1.02/1.03 in the XDH protein electrophoretic
survey of Keith et al. (1985).

Total genomic DNA was isolated by following standard procedures. Sau3A par-
tially cleaved genomic DNA was ligated into the BamHI site of lambda vector EMBLA,
packaged, and plated out onto host bacterial strain Q359. Fifty thousand recombinant
plaques were screened according to the method of Maniatis et al. (1982 ) for sequences
homologous to the D. melanogaster 4.6-kb EcoRI Xdh fragment described in Keith
et al. (1987). Eight hybridizing phage were isolated. One, Jr436p2, contains the entire
Xdh locus in a 16-kb insert. Xdh was localized on the phage restriction map by blot
hybridization with the same probe on nylon filters (Gene Screen).

A 9-kb portion of the Xdh region was subcloned into M13MP18 or MP19 vectors,
and single-stranded DNA was prepared from infected bacteria (Bankier and Barrel
1983). A sequential series of overlapping clones was generated using the procedure
of Dale et al. (1985). DNA was sequenced by the dideoxy chain-termination method
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F1G. 1.—Diagram of the Xdh region in Drosophila pseudoobscura and D. melanogaster. Dark boxes
indicate exons, dashed lines indicate intergenic regions, and connecting lines indicate introns. Lengths are
given (in base pairs) above each figure for exons and below each figure for introns and intergenic regions.

of Sanger et al. (1977) by using a 3’S-labeled nucleotide and buffer-gradient polyacryl-
amide gels (Biggins et al. 1983). A 6,423-bp portion of the XdA region was sequenced.
A diagram of this region and the corresponding region in D. melanogaster is given in
figure 1. The complete D. pseudoobscura nucleotide sequence, translation of coding
sequence, and aligned base pairs in D. melanogaster are given in figure 2.

The DNA sequence was compiled using the programs of Staden (1982, 1984)
and was analyzed using the DNA sequence analysis package of Pustell and Kafatos
(1984). The XDH protein sequence was analyzed using the hydropathy algorithms
of Hopp and Woods (1981).

The D. pseudoobscura sequence was aligned with the corresponding region from
D. melanogaster (Keith et al. 1987; Lee et al. 1987). The alignment was accomplished
by dividing the entire D. pseudoobscura sequence into blocks of 100 bp and searching
for =50% similarity with search windows of 50, 10, and 4 nucleotides. Positions were
assigned based on best overall sequence similarity for each region. Insertions and
deletions were positioned according to this criterion. This method of alignment is
intended to give the highest level of similarity between the two sequences.

The numbering of the D. melanogaster sequence begins at an internal EcoRI
site. The numbering of the D. pseudoobscura sequence begins at the 5’ end of the
6,423-bp region sequenced. Uncertainties regarding the site of transcription initiation
preclude the use of a standard sequence numbering scheme. As a point of reference,
the AUG codon in D. melanogaster (bp —1407) corresponds to bp 1086 in the D.
pseudoobscura sequence presented in figure 2.

The nucleotide differences observed between the two coding sequences were an-
alyzed using the programs of Lewontin (1988). This analysis distinguishes between
observed and inferred nonsynonymous (replacement changes) and synonymous dif-
ferences. Inferred differences are scored when multiple hits in a single codon require
that previous substitutions occur. The most conservative path, i.e., that path involving
the least number of replacement changes, is chosen when multiple paths are possible.
The program divides synonymous codons into four groups (two-, three-, four-, and
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FI1G. 2.—DNA sequence of the Xdh region in Drosophila pseudoobscura and predicted protein sequence.
The asterisks (*; on left side of top row) indicate regions not compared with D. melanogaster. Dashes (-)
indicate regions too divergent for confident D. melanogaster sequence alignment. Letters a, t, ¢, and g
indicate nucleotide substitutions in D. melanogaster sequence. Angle brackets indicate deletions in D. mel-
anogaster sequence relative to D. pseudoobscura. Exclamation marks (!) indicate insertions in D. melanogaster
sequence relative to D. pseudoobscura. The first codon of each Xdh exon is boxed and labeled, and the
donor splice junction of each intron is underlined. The putative 1(3)s12 region extends from bp 1 through
bp 209.



Xdh Organization and Evolution 37

. . . . . . . . . . . 1800

MTICTCAMBECABBTECCABTCTCAACTACCBABCEBAATCECAATANCAAABTBTEBTTCCCTTCCCTCBTBTCTTAGATAGTGATABTBATAT TCETAACABACTTTATTBBCLC

' . . . . . . . . . . 1920

NGBBLTEEBAAATBEGCTTACARCABTCATACABAT TACACARGTCARARBAATAL TCAGC TBBCATET TE6C TCTAATEAATGCEBCCEANBAATTCEBTCTCTACTACCTATTATCTA

. . . . . . . . . . 2040

TCTATTGAABATATCBTTCTBTCTETCTTTTBCCATEAGCARAABBATATC TAAGATTBTEARTATBABETETEATATGBCL TTETTCC TABEGAARCEACTCTEATACAACRATCAATE

. ' . . . . f . . . . 2160
acat ctta ¢
STATCCCTTEATAAGAACECTCTCCATTCTACARARC TBBTCAGRECACACACCCAT TARG TECT TBAAGTATCTBAGACCABTTTEAAGTCATARATCCATTTYATTTCATTTGATTTT

. . . . . f . . . . 2280
gcaqttcgttgq ate ca 99 t g aca

I:M;STMCESATM‘.GMTBtCSACCCMMGCACEl:Tl:l:Tl‘.ﬁcsTMI:TstemrMGCIESTI:TMSCSSHMCTSBGATETECSASESTBGSTSCGBCGCCTMSSTS

VTDTNPDPECTLLTYLRDKLRLCGETKLGECAESGBSECBEACLCTYVY

. ' . ' . . . . . . . 2400

gg C cca ¢ cggee at ¢ [] (34 [] 2 g ctyg sty t t a g
ATGATATCECEAATBEATCBTEGCCABARCANBATCABBCATCTEECASTCAATBLTTBCETCACECCCBTCTETBCCATBCACEE6TBLECCETBACCACBETBEABEEAATCEECAGE
NI SRMNDRGEONKIRHLAYVYNACLTPVECANHECLCAYVTTVYVESIGS

. ' . . . . . . . . . 2520
agt 99 gcac c ct a t gac ¢
ACMGSACTCSSC'ISCMEC!GTCCASMSCBA"SsccnMCCATESGTCSCMTscﬁMTEIsclcscl:ssmmﬂsmmtaTSTMETI:TSETSCOCWGCCMM
TRTRLHPVRERLAKAHKGESQCEFCTPBEIVHESHYALLRSAEDR

. : . . . . . . . f . 2640
ct et ) et t a t ['] t 9
CCTTCBATEC666ACCTEEABBTEECETTCCABEECAATCTETECCECTECACCEECTACCEECCCATCCTCOABEECTACARBACCT TCACCAABBABT TCECC TBCE6AATEEECEAC
PSHRDLEVAFQENLCRCTBYRPILESGYKTFTKEFACOGENED

. . . ' ' . ' . . N . 2160
9 tot g a ( ) cgtgga ¢ aagec ¢ 9 tg t 1
MATEc'lGCMAGTAMCSBCMGGGMSTSGMGCBSCBACGM:ACBBMTCEG1SACSGRTGACSCTTTSTTTMGCSCASCBM!TCMBBCCCTCGI\CCCCMDCAGMMTA
KCCXVNGBKSECHEEEDDTOSVTIDDALFERSQFQGPLDPSQETP!

. ) . . . . . . . 2880

t gtgacg  tc tthc t t 9 tag g t 3 at ['] gt gcas
mxcccccwtTccnsl:1sm:ccsal:mmcnscsmsmsnmmmrnasmsrsrcuccrssmcsrccsamcccrsmmcmrmscrmsmw
FPPELAG@LTPTYDSESLIFSSERVIWNYRPTTLOGELLOLKSD

. ' . ' ' . . . . . 3000

gt 4 et [ g ¢t t 4 ¢ " A cane
cmmmccmcrmssrmmmssrcsmrssmrmmcmcmrmcmcccuccrcmmmcmssmcsmcmrasmmsc
HPSAKLVVENTEVEVEYKFKHFLYPHLINPTQVYPELLEVR

. . . i . f . . 3120
ace b t gt tt t 99 ct [] atq aatg c g cac
mnssmmﬂTACTICGGIHBCCGTCQSCI:TSMMMMSCCL‘IICICCBCI:AGCSMTDIASGASCTM:BGGMCSI:AGEI:CSECTCTHCMISTGWTS
ESEESITYFEAAVSLEEIBDPALLROQRIEELPEANQTRLFOCAY

. . . . . . f . . . . 3240

t ¢ t ta 4 tctet ctgaaad a
GATATECTECACTACTTTECCECAAGCAGATCCECAACETAGCC TETCTGE6CEE6CAMCATCATEACE6ECAGCCCEATCTCEEACATEAATCCTETBLTGACAGCTECCABLECTCEE
DHMLHYFAGEKQIRNYACLBBENINTBSPISDINNPYLTAAGAR

FG. 2 (Continued)

sixfold degenerate) and scores the number of transition and transversion events per
synonymous codon group. An estimate for the mean number of evolutionary events
per codon within each group of synonymous codons is calculated, and a 95% confidence
interval for this estimate is provided.

Five additional loci, sequenced in both D. melanogaster and D. pseudoobscura,
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were analyzed using this program. They are Adh (Schaeffer and Aquadro 1987), Hsp82
partial exon 2 (Blackman and Meselson 1986), the 5’ exon of Ubx (Wilde and Akam
1987), the Gart locus (Henikoff and Eghtedarzadeh 1987), and the putative /(3)s12
locus described in the present paper.
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Results
A. Putative /(3)s12 Comparisons and 5’ Intergenic Region

Molecular and genetic mapping studies in Drosophila melanogaster have placed
the lethal complementation group, /(3)s12 (Hilliker et al. 1980), in a position 5’ to
the Xdh locus and within an 8.1-kb Sa/l fragment surrounding the Xdh region (Clark
and Chovnick 1986). In an attempt to further localize and characterize this locus, the
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sequence 5’ to the Xdh AUG codon was examined for potential open reading frames
(ORF). Very strong nonrandom use of frame-two codons in the region of nucleotide
positions 1-181 was found with a significant loss of codon bias between positions 61
and 93 (not shown).

A 42-bp OREF extends from position 1 in D. pseudoobscura to position 42, where
a putative intron donor splice junction is encountered. The 54-bp intron terminates
at an acceptor splice junction located at position 96. A second ORF picks up in frame
with the first and extends 112 bp to a termination codon (TAG). These putative
intron-exon boundaries correspond precisely to the regions of nonrandom codon use
described above, and intron/exon splice junction sequences agree well with the con-
sensus sequences derived by Mount (1982) and Keller and Noon (1985). The aligned
D. melanogaster sequence displays very strong (75%) base-pair conservation in the
proposed exons; five nonsynonymous and 22 synonymous nucleotide differences are
observed (fig. 2).

The location of the described exons, the strong nonrandom codon usage corre-
sponding precisely to the predicted exon-intron boundaries, and strong coding region
and donor/acceptor splice sequence conservation between the species suggest that
nucleotide positions 1-208 in the D. pseudoobscura sequence contain the 3’ portion
of the /(3)s12 locus. The region extending 3’ from the putative /(3)s12 coding region
to the Xdh AUG codon contains no additional long ORFs.

The 877 bp of noncoding sequence between the Xdh AUG codon and the putative
1(3)s12 sequence was compared with the corresponding 1,330 bp in the D. melano-
gaster sequence. The high level of nucleotide divergence and insertion /deletion vari-
ation precludes precise sequence alignment except for the 166-bp sequence immediately
5'to the Xdh AUG codon (fig. 2), which exhibits 75% sequence conservation (excluding
insertion/deletion) in this maximally aligned stretch. Blocks of similarity allow the
inference of insertion/deletion events.

B. Xdh Intron Comparisons

Intron positions and splice junction sequences in the D. pseudoobscura Xdh coding
region were inferred from comparison with the D. melanogaster sequence. Intron 1
consists of 1,024 bp in D. pseudoobscura and 815 bp in D. melanogaster. There are
several blocks of striking sequence conservation in the 5’ half of the intron. Employing
a search window of 150 bp with 50% sequence identity produces the alignment of the
D. pseudoobscura intron sequence from bp 1264 through 1446 with the D. melanogaster
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sequence from bp —1297 through —1127, an alignment displayed in figure 2. This
high conservation results from blocks of perfectly conserved sequences interspersed
with highly divergent sequences. An alignment of 62 nucleotides 3’ to the intron donor
sequence is given for comparison. This very low level of sequence conservation, pre-
cluding meaningful sequence alignment, is representative of the entire intron, except
for the conserved blocks indicated above.

In contrast to the 5’ portion, the remainder of the intron is saturated with nu-
cleotide differences and cannot be aligned. The presence of the conserved blocks of
sequence in the 5’ half of the intron does, however, reveal that at least four separate
insertion/deletion events are responsible for the intron length variation observed.

Intron 2 sequences are aligned with one D. melanogaster insertion event inferred.
The resulting 62 aligned base pairs are 63% divergent. An additional intron, 2A, is
inferred in the D. pseudoobscura sequence because a 66-bp insertion, containing nu-
merous stop codons, interrupts the coding sequence. Consensus intron donor and
acceptor splice sequences are present at both ends of the insertion, and perfect sequence
alignment is observed 5' and 3’ to the putative intron. Intron 3 alignment results in
a 62% nucleotide divergence estimate. Taken together, intron 2 and 3 levels of diver-
gence predict that, on average, intron positions have experienced a mean number of
1.34 substitutions/site (Jukes and Cantor 1969). Substitution saturation of intron
positions would occur at 75% observed divergence or at a mean number of substitutions
per site approaching 3.0. The value of 1.34 should be taken to illustrate the least
number of hits per intron position, since the alignment procedure was designed to
produce optimal sequence similarity. Because of the very high levels of divergence
reported for these introns and because of the very different intron sizes between the
two species, only the alignment for the 5’ half of intron 1 is included in figure 2.

C. XDH Amino Acid Sequence Comparisons

There are 143 differences observed in the 1,334 amino acids compared between
D. melanogaster and D. pseudoobscura. These differences are not distributed uniformly
across the amino acid sequence when analyzed as six equal blocks of sequence
(x? = 15.2,df = 5, P < 0.01). There are more replacement differences in the region
between D. pseudoobscura amino acids 445 and 667 and fewer differences in the
region from position 1112 to the end of the sequence. Of the amino acid changes
deduced from the D. pseudoobscura and D. melanogaster Xdh sequences, 51.4% are
charge conservative, 28.8% are charge changes, and 19.9% are polar changes. The D.
pseudoobscura XDH protein has one fewer acidic residue and two additional basic
residues relative to XDH in D. melanogaster. The pl of the D. pseudoobscura XDH
polypeptide, 6.39, is very similar to that found in D. melanogaster, 6.48.

The Xdh amino acid differences were examined with reference to their occurrence
in the hydrophobic and hydrophilic domains of the protein, as predicted from the
hydropathy algorithms of Hopp and Woods (1981) (not shown). The most dramatic
result is that the overall hydrophobicity and the specific locations of the hydrophobic
regions of the protein in D. pseudoobscura do not change, even though 11% of the
protein sequence is different from that in D. melanogaster. The hydrophilic regions
experienced the most obvious modifications, involving primarily increases or decreases
in the strength of hydrophilic domains.
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Table 1
Summary of Differences Observed between Drosophila melanogaster and D. pseudoobscura
for the Genes Xdh, Adh, Hsp82, Ubx, Gart, and I(3)s12

No. of Codons No. (%) of AA No. of Syn No. of Syn No. (%) of Syn

Locus Compared Diff. Codons® Sites Diff.
Xdh........ 1334 143 (10.7) 1,191 1,371 568 (41.4)
Adh........ 254 21(8.7) 233 261 76 (29.1)
Hsp82...... 375 13 (3.5) 362 401 97 (24.2)
Ubx........ 248 23(9.3) 225 236 75 (31.8)
Gart ....... 1,353 196 (14.5) 1,157 1,367 583 (42.7)
I3)s12...... 39 5(12.8) 34 44 21417

NOTE.—AA = amino acid; Diff. = differences; Syn = synonymous.
* Codons with at least one Syn site.

D. Xdh Nucleotide Substitution Analysis
1. Distribution of Nucleotide Differences

The two protein coding sequences, excluding two insertions of 12 bp each in D.
pseudoobscura and one insertion of 3 bp in D. melanogaster, were examined for dif-
ferences in the number of nucleotide substitutions, according to the method of
Lewontin (1988).

The results of this analysis for Xdh are presented in tables 1 and 2, along with
the results for five additional loci that have been sequenced in both D. melanogaster
and D. pseudoobscura. No significance tests have been performed on the /(3)s12 data
because of the small sample size.

Since the divergence of the species, Xdh has accumulated 711 nucleotide differ-
ences in the 4,005 bp of homologous coding region. The distribution of these differences,
analyzed in six equal blocks of sequence, is not significantly heterogeneous (32 = 9.0,
df = 5, P> 0.1). Of the synonymous positions, 41.4% differ, again showing no sig-
nificant heterogeneity (2 = 2.6, df = 5, P < 0.7). The breakdown of synonymous
differences into two-, three-, four-, and sixfold-degeneracy groups is presented in ta-
ble 2.

2. Transition and Transversion Synonymous Events

The expected number of transition and transversion events for each synonymous
codon group in Xdh is calculated from the number of differences observed within a
degeneracy group and from the predicted ratio of transition-to-transversion events per
degeneracy group, a prediction based on the organization of the genetic code and
corrected for Drosophila codon usage bias. For example, degeneracy group 3 expe-
rienced 18 transition and 10 transversion events. Based simply on the number of
synonymous substitutions possible for the threefold-degeneracy class, a 2:4 ratio of
transition-to-transversion substitutions is predicted. However, when actual codon fre-
quencies are examined, a 2.9:3.1 ratio of events is predicted (see table 3). This new
ratio is used in generating the expected number of transition-to-transversion events
for degeneracy group 3.

For groups 2, 3, or 4, there is no bias in the number of transition and transversion
events observed that cannot be explained by the organization of synonymous codons
in the genetic code (group 3: x? = 3.3, df = 1, P> 0.05; group 4: x> = 0.4,df = 1, P
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Table 2
Details of Synonymous Differences between Drosophila melanogaster and D. pseudoobscura
for the Genes Xdh, Adh, Hsp82, Ubx, Gart, and I(3)s12

No. of No. of 95%
Group and No. of Syn No. of Syn Transition Transversion Confidence
Locus Sites Diff.? Diff.* Diff.? Hits® Interval
2:
Xdh...... 438 154 (17) 154 (17) 0.6 0.48-0.81
Adh...... 77 15 (1) 15 (1) 0.3 0.12-0.43
Hsp82 . ... 178 23(1) 23 (1) 0.2 0.08-0.22
Ubx...... 80 25 (1) 25(1) 0.5 0.28-0.92
Gart ..... 388 135 (18) 135 (18) 0.6 0.50-0.80
I3)s12. ... 15 6 (0) 6 (0) 0.9 0.20-5.05
3
Xdh...... 65 28 (3) 18 (0) 10 (3) 0.8 0.47-2.11
Adh. .. ... 21 2(1) 2(1) 0.1 0.00-0.30
Hsp82 .. .. 28 11 (0) 11(0) 0.9 0.28-0.99
Ubx...... 6 3(0) 2(0) 1(0) 1.0 0.11-0.99
Gart ..... 55 25 (2) 11(2) 14 (0) 0.7 0.45-1.10
I(3)s12. ... 0 0(0) 0(0)
4:
Xdh...... 469 258 (37) 81(11) 177 (26) 1.0 0.85-1.22
Adh...... 101 47 (3) 21 (0) 26 (3) 0.8 0.52-1.11
Hsp82 . ... 107 47 (2) 19 (2) 28 (0) 0.7 0.47-0.97
Ubx...... 119 41 (9) 13 (0) 28 (9) 0.5 0.32-0.66
Gart ..... 481 274 (61) 89 (18) 185 (43) 1.1 0.95-1.30
I(3)s12. ... 7 3 0(0) 3(1) 0.7 0.10-5.05
6:
Xdh...... 360 128 (19) 46 (3) 82 (16) 1.1 0.88-1.55
Adh...... 56 12 (5) 7(1) 5(4) 0.6 0.26-1.57
Hsp82 . ... 78 16 (5) 8 (0) 8(5) 0.6 0.32-1.16
Ubx...... 22 6 (6) 1(1) 5(5) 0.5 0.08-1.46
Gart ..... 420 149 (17) 73(7) 76 (10) 1.3 1.00-1.65
I(3)s12. ... 20 12 (1) 5(0) 7(1) 5.0 2.75-5.05

NoOTE.—Abbreviations are as in table 1.

* Numbers in parentheses are number of inferred synonymous substitutions.

® Number of evolutionary events per codon, calculated using the mean of the codon usage between D. melanogaster
and D. pseudoobscura (see Lewontin 1988).

> 0.5). Group 6 codons did exhibit barely significant transversion bias at arginine
codons but not at leucine codons (Leu: %2 = 2.7, df = 1, P> 0.05; Arg: x* = 3.0, df
=1, P<0.05).

3. Comparison of Synonymous Differences and Mean Number of
Evolutionary Events between Synonymous Codon Groups

Equivalency of observed substitution levels between the four groups of synony-
mous codons at Xdh was tested. A goodness-of-fit test that corrects for both the different
number of codons per synonymous codon group and the expected ratio of differences
per group was employed. On the basis of the degeneracy of synonymous positions
within each synonymous codon group and under the assumption that each synonymous
codon experiences the same mutation and selection pressures, groups 2, 3, and 4 are
expected to have a ratio of differences of 1:2:3. Group 6 consists of 54% group 2-like
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Table 3
Organization of the Genetic Code by Synonymous Codon Group

EXPECTED NO. OF EVENTS®

DEGENERACY No. OF AA ToTtAL No. OF
GRouP REPRESENTED CODONS* Transition Transversion
2. 10 20 (0.34) 20
K 1 3(0.05) 2 (2.91) 4(3.1)
4. ........ 6 24 (0.41) 24 48
6.......... 2 Leu 6 (0.10) 10 (9.7) 8(8.3)
Arg 6(0.10) 6(6.2) 12 (11.8)

* Numbers in parentheses are percentage of total synonymous codons represented by this group.

® Expected number of transition-to-transversion events, under the assumption of equal synonymous codon usage.

¢ Numbers in parentheses are the number, weighted by Drosophila codon bias, employed in transition-to-transversion
bias % expectations.

and 46% group 4-like codon equivalents (i.e., certain sites are two- or fourfold de-
generate ). The group 6 synonymous positions were partitioned into 2-like and 4-like
classes of synonymous codon equivalents, and these were treated separately in the
test. This assumes no interaction between multiple substitution events within a group
6 codon. The test was significant at the P < .001 level (G = 41.4; df = 4). The group
2 differences and group 6 4-like differences contributed most to this highly significant
result. Group 2 appears to have twice as many differences as expected. Group 6 4-like
codons appear to have fewer differences than expected.

A more detailed comparison of the synonymous changes observed between the
species at group 2 and group 4 codons was undertaken (table 4). Both groups are
shown to contribute equally to the total composition of codons in the D. melanogaster
sequence and to the amount of amino acid replacements observed between the species.
There is, however, a high level of synonymous substitution observed at group 2 codons
ending in T and A, compared with similar group 4 codons. In addition, group 2
codons ending in G exhibit very low levels of synonymous substitution. Overall, group
4 codons have very similar levels of synonymous substitution per T-, C-, G-, and A-
ending codon, while group 2 codons have highly variable levels of substitution across
the four types.

The estimates for the mean number of evolutionary events per synonymous
codon group in Xdh range from 0.6 to 1.1 (table 2). The expected mean number of
evolutionary events differs between codon groups, owing to the nature of synonymous

Table 4
Comparison of Group 2 and Group 4 Synonymous Codon Substitution at Xdk

Total  Total Total
T St C Sc G Sg A Sa  Codons Syn Replace

Group 2...... 026 047 034 025 030 006 0.10 0.21 0.38 0.27 0.36
Group4... ... 0.19 028 036 024 027 019 0.18 0.28 0.39 0.45 0.34

NoTE.—T, C, G, and A = % of all codons in Drosophila melanogaster that end in T, C, G, or A, respectively; St, Sc,
Sg, and Sa = % of each subset of codons in D. melanogaster substituted in D. pseudoobscura. Total Codons = % of all
codons in groups 2 or 4 in D. melanogaster. Total Syn = % of all synonymous codons in groups 2 or 4 in D. melanogaster.
Total Replace = % of all replacement codons in groups 2 or 4 in D. melanogaster.
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site distribution within each group. The estimated number of events per codon, cor-
rected for multiple substitution events, indicates that all synonymous sites are below
the level of saturation for nucleotide changes.

Goodness-of-fit tests were performed on the four additional loci described above.
Adh and Hsp82 are shown to have similar levels of differences at all synonymous
codon groups (Adh: G = 5.6, df = 3, P> 0.10; Hsp82: G = 2.2, df = 3, P> 0.5),
while Ubx and Gart are observed to have significant heterogeneity in observed numbers
of differences between synonymous codon groups (Ubx: G = 14.5, df = 3, P < 0.01;
Gart: G = 32.38, df = 3, P < 0.01).

4. Comparison of Synonymous-Substitution Levels
between Different Genes

It is clear from tables 1 and 2 that the number of synonymous differences is
significantly higher in Xdh and Gart than in the three additional loci presented. How-
ever, heterogeneity in rates among genes is contributed to almost equally by the low
level of Hsp82 synonymous differences (G = 47.0, df = 4, P < 0.01).

There is significant variation among the group 2 synonymous changes when all
four loci are included in the analysis (G = 32.3, df = 4, P < 0.01). Xdh, Hsp, and
Gart contribute most to the significance of this test. Group 3 shows nonsignificant
heterogeneity across the four loci (G = 7.8, df = 4, P> 0.05). Groups 4 and 6 exhibit
barely significant heterogeneity (Group 4: G = 13.0, df = 4, P < 0.02; Group 6:
G =118,df =4, P <0.02).

The group 4 codons of the four additional loci were examined for departures
from expected transition-to-transversion bias. As was seen at Xd#, there is no significant
bias in transition-to-transversion events observed (4dh: x* = 2.7, df = 1, P > 0.1;
Hsp82:x*=1.0,df =1, P> 0.3; Ubx: x> = 0.1,df = 1, P> 0.8; Gart: %> = 0.1, df
=1, P> 0.05).

5. Comparison of Codon Bias at the Xdh Locus

The D. melanogaster and D. pseudoobscura Xdh codon biases (see Lewontin
1988, table 2) were compared in a goodness-of-fit test, by using the null hypothesis
that both species have the same codon bias at Xdh. This test compares, between the
two species, the number of occurrences of a specific codon with the sum of occurrences
of all codons within an amino acid codon group. The G value obtained (G = 106, df
= 40) was significant at the P < 0.001 level.

Discussion
A. Xdh Region Sequence Comparisons Reveal 5’ Gene, Additional Xdh
Intron, and Putative Regulatory Sequences

The aligned sequences reveal a similar organization of the Xdh locus in the two
species. However, an additional intron was identified in Drosophila pseudoobscura,
and three separate insertion/deletion events were inferred in the coding sequence.

Conserved sequence 5’ to the Xdh coding region reveals an additional locus,
tentatively assigned as /(3)s12. In addition, blocks of similar sequence immediately
5’ to the Xdh AUG codon are noted. This region presumably contains the transcription
initiation site and leader sequence, which may account for the 75% sequence conser-
vation seen in this maximally aligned stretch. However, numerous insertion and dele-
tion events are predicted from this alignment. Insertion/deletion events in nontrans-
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lated leader sequences have also been observed in Adh species comparisons ( Schaeffer
and Aquadro 1987).

Keith et al. (1987) note the absence of TATA or CAAT promoter elements in
appropriate positions 5’ to the putative initiation region in D. melanogaster. This
observation is now extended to the D. pseudoobscura sequence comparison. No con-
sensus, or clear derivatives, of the commonly encountered promoter elements are
located within 300 bp of the corresponding D. pseudoobscura transcription initiation
region.

The 5’ half of intron I also contains several blocks of conserved sequences. A
mutant allele of Xdh in D. melanogaster has reduced expression of Xdh in fat body
of adults and larvae. This allele has an ~400-bp deletion in the 5’ region of the long
first intron of Xdh (M. McCarron and A. Chovnick, personal communication). In
addition, there is an Xdh overexpressor line which also exerts its effects largely in the
fat body and has been genetically placed within the limits of the first intron (S. H.
Clark and A. Chovnick, personal communication ). These observations indicate that
regulatory regions essential for proper qualitative tissue-specific expression of Xdh
may lie within the large first intron. One possible candidate for the tissue-specific
regulatory sequence may lie in the 182-bp highly conserved region.

Sequence comparisons between D. melanogaster and D. pseudoobscura are in-
creasingly being used to localize sequences important in gene regulation. The high
level of sequence divergence in noncoding regions allows clear identification of con-
served sequences. Comparisons of this sort have resulted in the localization of previously
uncharacterized genes (Cohn 1985; Schaeffer and Aquadro 1987) and in the description
of sequences that may be involved in gene expression and regulation (Blackman and
Meselson 1986; Wilde and Akam 1987).

The XDH protein has accumulated 143 differences between the two species.
Even with 11% of the protein sequences different and with these amino acid differences
clustered in the first half of the sequence, there is conservation of both the overall
charge of the proteins and of the pattern of distribution of hydrophobic and hydrophilic
domains.

Population surveys of electrophoretically distinguishable protein variation indicate
that Xdh is one of the most highly polymorphic enzymes in Drosophila (Coyne 1976;
Buchanon and Johnson 1983; Keith et al. 1985). In addition, it has been suggested
{(Lewontin 1985) that the polymorphism observed at Xdh may reflect variation es-
sentially neutral to natural selection. The conservation of hydrophobic domains, the
clustering of amino acid substitutions, and the conservation of overall charge between
the Xdh sequences examined argue for stronger functional constraints on the protein
structure than has been suggested in the past.

B. Overall Substitution Levels Are Different in Different Genes

The genes /(3)s12, Xdh, and Gart have accumulated significantly more nucleotide
substitutions since the divergence of the species than has 4dh, Hsp82, or Ubx. This
higher level of nucleotide substitution is not confined to any particular position at
either locus but, rather, appears as a corresponding increase in observed numbers of
differences at replacement sites and at all types of synonymous sites. Possible expla-
nations for this increased level of nucleotide substitution include higher mutation rates
for certain regions of the chromosome, lower levels of functional constraint at all
nucleotide positions in this region, and the result of a sampling artifact.

The first hypothesis, that of differential mutation rates across the Drosophila
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genome, has been additionally implicated from the work on total single-copy genomic
DNA (Zwiebel et al. 1982), the 68C glue gene cluster (Meyerowitz and Martin 1984),
and Adh (Kreitman 1983; Schaeffer and Aquadro 1987).

The sampling hypothesis arises because Xdh has been shown to be a highly poly-
morphic locus in natural populations. Partial Xdh nucleotide sequences of several
additional, electrophoretically distinguishable, alleles isolated in the survey of Keith
et al. (1985) indicate that the high level of substitution observed in the species com-
parison is not the result of within-population differences (M. Riley, unpublished data).
That is, all of the sequenced alleles would give the same high level of sequence diver-
gence estimates in the species comparison.

The percent of synonymous substitution levels varies among the four genes and
is loosely correlated with amino acid replacement levels. A similar correlation has
previously been reported for mammals (Li et al. 1985). This suggests the possibility
that regional differences in mutation rates influence rates of nucleotide evolution in
addition to positional differences in levels of constraint. However, it is also possible
that this correlation is spurious. Adh, for example, clearly shows nonrandom distri-
bution of nonsynonymous and synonymous differences across the coding region
(Bodmer and Ashburner 1984; Schaeffer and Aquadro 1987). Certain exons are de-
ficient in both replacement and synonymous differences, implying different levels of
sequence constraint experienced across the coding region for these two types of sub-
stitutions. Xdh, on the other hand, shows nonrandom distribution of replacement—
but not of synonymous—differences. These results indicate that the level of mutation
and/or the specific selection pressures experienced at replacement and synonymous
sites within these two loci must be different.

C. Levels of Synonymous Substitution Are Different in Different
Synonymous Codon Groups at Xdh

The method of nucleotide sequence analysis employed in the present study sep-
arates synonymous codons into groups and provides an estimate of mean number of
evolutionary events for each codon group. The importance of this parceling process
becomes apparent when within- and between-gene comparisons of synonymous sub-
stitution levels are made.

Xdh was examined for equivalency of substitution levels in the two-, three-,
four-, and sixfold-degenerate codon groups. Significantly different levels of substitution
are observed across the five groups; group 6 codons are divided into 2-like and 4-like
codon equivalents. Higher levels of synonymous substitutions are observed at the
twofold-degenerate sites. Groups 3, 4, and 6 (2-like) appear to be experiencing very
similar levels of synonymous substitution, and group 6 (4-like) codons are observed
to have too few substitutions. The expected number of group 6 substitutions employed
in the test is only an approximation. Interactions between multiple synonymous sub-
stitutions within the same codon have not been considered, and it will certainly be
true that the starting codon influences the paths available for synonymous substitution.
What these differing levels of nucleotide substitution mean concerning the functional
constraints at particular synonymous positions within the gene is unclear. One hy-
pothesis, as yet untested, is that mRNA stability may exert a level of constraint in
addition to codon usage bias. Certainly, unexpected complexity is indicated by these
results.
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D. Levels of Synonymous Substitutions Are Different
in Different Genes

It has frequently been stated that synonymous substitution rates are nearly equal
for different genes (King and Jukes 1969; Jukes 1980; Miyata et al. 1980; Hayashida
and Miyata 1983; although see Kimura 1987) and that these rates may be close ap-
proximations of the neutral mutation rate (Kimura 1977; Nei 1987, p. 83). The
analysis presented here shows that there are significantly different, gene-specific, levels
of synonymous substitution. Xdh and Gart are observed to have a much higher level
of synonymous substitution in all synonymous codon groups. Group 2 codons were
substituted at much lower levels in Hsp82 and Adh, group 3 codons were substituted
equally in all four genes, and group 6 codons were substituted at lower levels in Adh
and Hsp82. This result suggests that there are unexpected selective pressures and/or
mutational forces operating differently on different types of synonymous positions
within and between different genes. It is clear that synonymous positions evolve more
rapidly than replacement positions, but it is not as clear how close an approximation
to the neutral rate synonymous positions provide.

E. Transition and Transversion Rates of Synonymous Substitution

It has been suggested that in coding regions, if mutations occur at random, then
we should expect twice as many transversion as transition events (e.g., see Nei 1987).
Some observations of synonymous substitution levels in Drosophila are consistent
with this predicted transition-to-transversion ratio of 0.5 (Kreitman 1983); others
are not (Ashburner et al. 1984; Schaeffer and Aquadro 1987). In general, however, it
has been reported that there is a large apparent bias in favor of transitional events in
different organisms (Fitch 1967; Vogel 1972; although see Jukes 1987) and that this
bias is present even when coding constraints are relaxed, e.g., in pseudogenes (Li et
al. 1984). When synonymous positions are considered by groups, the predicted ratio
is no longer 0.5. The organization of the genetic code predicts the overall transition-
to-transversion bias for synonymous substitutions of 0.86, not the previously reported
0.5. As the five genes discussed in the present paper conform very closely to the predicted
ratios of each type of codon and as they also conform, with the possible exception of
D. pseudoobscura Xdh, very closely to the average codon bias in Drosophila, it would
be predicted that, given equal probabilities of transition and transversion mutational
events, all four genes should display ratios of 0.86. The overall transition-to-transversion
ratio for the four genes is 1.13. This represents a significant bias in favor of transition
events, observed to expected, of 1.30, so there are more transitional events than ex-
pected. At Xdh, groups 3 and 4 were shown not to deviate from expected ratios;
therefore the bias (1.05) at this gene must result from the fact that, after correcting
for actual codon frequencies in Xdh, there were too many group 2 substitutions com-
pared with the number expected. The bias observed in group 6 arginine codons cannot
account for the 1.05 overall bias, as group 6 was observed to have a transversion—
not a transition—bias. The observed bias at Adh (1.26) must result from a different
factor, as group 2 codons occur as frequently as in Xdh (37% of total synonymous
codons) and are substituted at approximately one-half the level observed at Xdh.
Thus, transitional biases are observed for the five genes, are not as large as previously
suggested, and appear to be due to different causes, at least in Xdh and Adh.
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F. Codon Usage Bias in Xdh

Codon usage bias has been observed in several organisms (Ikemura 1985; Sharp
and Li 1986). It has been suggested that there is codon optimization, particularly in
genes that are heavily transcribed, as a response to selection for efficiency of translation
(e.g., see Gouy and Gautier 1982; Ikemura 1985). Xdh is transcribed at very low
levels and might be expected to experience only weak codon bias selection pressures.
It is interesting to note that Xdh codon usage in D. melanogaster and D. pseudoobscura
is significantly different. In contrast, Adh is a very highly expressed gene, and, according
to the optimization hypothesis, it is expected to display strong codon preference. Codon
usage comparisons between D. melanogaster and D. pseudoobscura for Adh reveal
similar codon bias in the two species (Schaeffer and Aquadro 1987), an indication
that there may be codon optimization at Adh.

An additional explanation offered for the differences in codon bias pressures
experienced at the two loci is that there is an interaction of silent and replacement
changes in coding sequences, as suggested by Lipman and Wilbur (1985). The authors
compared conserved with unconserved regions of the same proteins and found that
poorly conserved regions have less-biased codon use. They suggest that replacement
changes themselves are responsible for the reduced bias and that changing the context
of adjacent codons could increase the rate of silent substitution in positions adjacent
to the replacements.

It was noted for Adh that less well-conserved regions of the protein also tended
to harbor an increased level of synonymous substitutions (Bodmer and Ashburner
1984; Schaeffer and Aquadro 1987). According to the Lipman and Wilbur hypothesis,
the overall increased level of replacement substitutions at Xdh, relative to Adh, may
account for the weaker codon bias observed, and the higher overall rate of synonymous
substitution may follow from the disrupted codon context produced by these replace-
ment changes.

G. Divergence Estimates Based on Synonymous Substitution Levels

Synonymous nucleotide substitution values have frequently been employed to
estimate divergence time between Drosophila species (Ashburner et al. 1984; Bodmer
and Ashburner 1984; Cohn 1985; Blackman and Meselson 1986; Moriyama 1987;
Schaeffer and Aquadro 1987). The assumption inherent in these calculations is that
there is a constant (or near constant) rate of silent substitutions, e.g., v, the silent rate
constant of Hayashida and Miyata (1983) calculated to be 5.49 X 10~° on the basis
of a large number of mammalian genes. It is clear from the present analysis and
previous work (Kreitman 1983; Gillespie 1986; Schaeffer and Aquadro 1987; Sharp
and Li 1987) that silent substitution rates vary from gene to gene and between syn-
onymous codon groups. Thus, estimates of divergence times employing silent rate
constants are ballpark figures at best.

As there is no silent-rate constant available for Drosophila and since the levels
of substitution experienced at different synonymous codons within and between genes
is shown to vary, it seems unlikely that synonymous substitution rates are going to
be useful in estimating times since divergence for species of Drosophila. It may be
more informative to simply give corrected mean number of evolutionary events per
synonymous codon group by using a common correction formula for species com-
parison. An average for each codon group can be obtained for each gene compared,
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and these values can then serve as an indication of the level of divergence between
different pairs of species.

In conclusion, the Xdh nucleotide substitution data suggest additional complexity
that must be incorporated into any unifying theory of gene evolution in Drosophila.
Constant rates of substitution at synonymous positions appear to represent averages
across nucleotide positions experiencing a number of distinct selection pressures, in-
cluding transition-to-transversion bias, codon usage bias, codon usage optimization,
replacement/silent position interactions, and differential mutation rates. Because of
the inherent difficulties in estimating the actual number of substitution events from
the observed number (see Gillespie 1986), caution must be exercised in the interpre-
tation of nucleotide substitution data when species as divergent as D. melanogaster
and D. pseudoobscura are compared. However, these data point out patterns and
complexities of substitution at functionally distinct positions that will require further
analysis using population-level sequence comparisons, where the effect of multiple
substitution events is insignificant.
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