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Abstract. The idea that the pattern of point mutation site rate heterogeneity —willistoni group — saltans
in Drosophilahas remained constant during the evolu-group

tion of the genus has recently been challenged. A study
of the nucleotide composition focused on sophila
saltans group has evidenced unsuspected n“CIeOtidTntroduction
composition differences among lineages. Compositiona

differences are associated with an accelerated rate Olthe pattern of point mutation is generally thought to

amino acid replacement in functionally less constrainedh - : L
) o . ave been a negligible source of heritable variation dur-
regions. Here we reassess this issue from a different per-

spective. Adopting a maximum-likelihood estimation Ing the diversification of thé®rosophilagenus, initiated

. - around 60 My ago (Fitch and Ayala 1994; Powell and
approach, we focus on the different predictions that mu- . L
: : DeSalle 1995). This assumption is based on the obser-
tation and selection make about the nonsynonymous-to-_. . . L )
. . . . “vations that (1) nucleotide composition varies little in

synonymous rate ratio. We investigate two gene regions

. ihtrons (Shields et al. 1988; Moriyama and Hartl 1993;
alcohol dehydrogenasé\ajh) and xanthine dehy(:iroge Kliman and Hey 1994) and other allegedly unconstrained
nase Xdh), using a balanced data set that comprises rep-_ .

: regions (Petrov and Hartl 1999), and (2) the pattern of
resentatives from thmelangaster, obscura, saltaresd

. . : . codon usage is fairly homogeneous across species, ex-
willistoni groups. We also consider representatives of the :
cept when differences can be accounted for by changes

Hawaiian picture-winged group. These Hawaiian species natural selection (Akashi 1995, 1996; Akashi and

are known to have experienced repeated bottlenecks ar@chaffer 1997). These studies, however, have been re-

are included as a reference for comparison. Our resultgtricted largely to two specie®. melanogasteand D
confirm patterns previously detected. The branch ances- gely P ' 9 '

tral to the fast-evolvingvillistoni/saltanslineage, where pseudoobscuraof the Sophophorasubgenus, and.

most of the change in GC content has occurred, exhibitvIrIIIS Of. the_ sybgenusDrosophn.a}, al threg of which
I e ave quite similar base compositions (reviewed by Pow-
an excess of synonymous substitutions. The shift in mu-

tation bias has affected the extent of the rate variationeII 1997.)' .

o The idea of the constancy of the pattern of point mu-
among sites irKdh o : :

tation in the evolution oDrosophilahas recently been

challenged (Rodguez-Trelles et al. 1999b). The not pre-
viously investigatedDrosophila saltansgroup exhibits
patterns of GC content and codon usage bias markedly
different from those previously known iBophophora.
The GC content in the third codon position, and to a
Correspondence toFrancisco Rodguez-Trelles c/o Francisco J. 1€SS€r extentin the first position and the introns, is higher
Ayala; e-mail: ibge2@blues.uab.es in theD. melanogasteandD. obscuragroups than in the

Key words: Mutation bias — Nucleotide composition
— Nonsynonymous/synonymous rate ratio — Among-
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D. saltansgroup. Differences are greater for the xanthine D.subobscura
—@ﬂasdatﬁ Ob

dehydrogenaseX@h) region than for the alcohol dehy- D pssudoobscira
drogenase Adh), superoxide dismutaseS¢d, period rro.me/?qogas;er "
(Per), and 28SrRNAregions, which are functionally D’_Jerecta ' } ©

more constrained. In addition, tlealtansgroup shows

an increased rate of amino acid substitutioiXah, with

the new replacements occurring preferentially by amin
acids encoded by low-GC content codons. These obser-
vations are best explained by a shift in the pattern of
point mutation that occurred in the ancestor of Had-
tanslineage, after it split from the lineage that gave riseFig. 1. The maximum-likelihood tree of th&dh amino acid se-

to the melanogasterand obscuragroups (Rodguez— guences (Hawaiian representatives not included), obtained using the

. . empirical model of Jones et al. (1992; Yang et al. 1998), allowing
Trelles etal. 1999b). Alternatively, they can be EXplameddiscrete gamma-distributed rates (eight rate categories) among sites.

WithOUt invoking chgnges i_n the mmat_ional Sp.e.CtrumaThe tree is obtained with the PAML 1.4 program (Yang 1997). A shift
either by a change in protein function (i.e., positive se-in nucleotide composition is inferred along the branch pointed out by

lection) or by a reduction in the effectiveness of selectionthe arrow. Ob, Me, Wi, and Sa represent thbscura, melanogaster,
(due to diminished population numbers or reduced re¥V!listoni, andsaltansgroups, respectively.
combination) that generally counteracts the underlying

mutation bias significant [i.e., in the absence of selectionyjie|sen 1998) for estimating the nonsynonymous and
the nucleotide composition of functionally relevant re- synonymous substitution rates, which allows thgds
gions would move toward that exhibited by the less conatio to vary among lineages. While time-consuming,
strained regions of the genome, i.865% AT inDro-  maximum-likelihood methods are preferable over con-
sophila(Shields et al. 1988; Moriyama and Hartl 1993; yentional methods because they allow us to accommo-
Kliman and Hey 1994; Petrov and Hartl 1999)]. In light date more realistic models of evolution (Yang 1998;
of the available evidence, these competing hypothesegang and Nielsen 1998). Finally, we investigate the ef-
have received less credit, yet no statistical argumentgects that fluctuating mutation bias has had on the extent
have been so far provided to resolve the issue. of the among-site rate variation of tiéalh gene.

In this paper, we tackle the above hypotheses on
quantitative terms. We concentrate on the different pre-
dictions that mutation and natural selection make aboulaterials and Methods
the ratio of nonsynonymous-to-synonymous substitu-
tions (dy/dg) for lineages. Specifically, if the shiftin GC Species and Sequenciée have examined 17 drosophilid species,
pressure had actually occurred in the ancest@atiins,  with known phylogenetic relationships, as shown in Figs. 1, 5, and 6
it would be reflected more in neutral parts of the genomdthese hypotheses are supported by data of several sorts (see Powell

; ] P 1997, Tatarenkov et al. 1999); for the species ofghkansgroup, see
than in functionally significant parts, so that we would Rodrguez-Trelles et al. (1999a)]. Thedh and Xdh gene sequences

expect a reduced,/ds ratio in the _Critical branch; on the_ include three representatives of each of the four major species groups
contrary, most frequent scenarios of natural selectiorf the Sophoporasubgenus, as followsD. melanogaste(GenBank
predict an increase in thdy/dg ratio. We focus on two  accession numbers X78384 and Y00307 Auth and Xdh, respec-

loci. AdhandXdh.from which a |arge number of nucleo- tively), D. teissieri(X54118 and AF169401), and. erecta(X54116
' ’ and AF169400) from themelanogastergroup; D. pseudoobscura

tide sequences is available. It is possible in this way tQs4560 and M33977)D. subobscura(x55391 and AF058976-7,
choose a balanced data set that includes three represefps237), and. bifasciata(AF169402-03 forxdh) from the obscura

tatives of each of the four major species groupsSof  group; D. willistoni (U95251 and AF093206)). insularis (U95273
phophora (namely, themelanogaster, obscura, willis- and AF093210), and. nebulosa(U95275 and AF93213) from the

. . . willistoni group; andD. saltans(AF045113 and AF058978]). stur-
toni, and saltans groups), with known phylogenetic - AF045114 and AF058983), aril subsaltangAF045117 and

relationships. Thevillistoni group is more closely related Aro58980) from thesaltansgroup. ThreeAdh sequences from repre-
to thesaltansgroup than to the other species groups, butsentatives of the Hawaiian picture-winged group of the subgBmas
it has not been investigated before in this respect. Alsosophila,namely,D. silvestris(M6321), D. affinidisjuncta(M37262),
we include three Hawaiian species of the picture-wingec?”d D. picticornis (M63392), and oneXdh sequence fronscaptodro-

. . . sophila lebanonensigAF058984), are used as outgroups. Except those
group (available only foAdh). The species of this Ha- from D. melanogasteandD. pseudoobscurghe Xdh sequences have

waiian group are known to have experienced repeate@een obtained in our laboratory. Telh region investigated includes
episodes of relaxed effectiveness of selection due to reabout half of exon 2 (371 codons), intron 2 (around 60 bp excef® for
duced population numbers (DeSalle and Temp|etor$ubobscura,wh¢re it is 528 bp long, an®. melanogasterand D.
1988; Ohta 1993); consequently, these species constitufgectawhere itis about 250 bp long), and most of exon 3 (324 codons),
. . or about 52% of th&Xdhcoding region. Details about the amplification
a valuable rgference to evaluate st _ratlos I_n the and sequencing primers and strategy are given by datral. (1998).
branches of interest. We chose the maximum-likelihood  The sequences adh are obtained from the literature and consist

approach developed by Yang (1998) (see also Yang anef 135 codons of exon 2. The availatelh sequence fronD. bifas-

D.willistoni i
D.insularis Wi

D.nebulosa
D.saltans
D.sturtevanti } Sa

D.subsaltans

S.lebanonensis
0.1
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Fig. 2. GC content in codon positions and

1st 2nd  3rd  4-F 1st 2nd 3rd 4-F 12 fourfold degenerate sites (4-F) of genes, and in
= Obscura Hawaiian = Willistoni intron 2 (12) of Xdh, for the species groups in this
Melanogaster = Saltans study.

ciatais incomplete; therefore we have used instead the sequerize of date transition/transversion rate biases and codon-usage biases, factors
ambigua (X54813), which is not expected to alter significantly the that are very important in the estimation df and dy (Yang 1998;

conclusions of this study. Yang and Nielsen 1998). Furthermore, the likelihood approach is ap-
Coding sequences were aligned using the CLUSTAL W (vs. 1.5)plicable to joint comparison of multiple sequences (Goldman and Yang
program (Thompson et al. 1994) and no gaps were observed. 1994; Yang 1998; Yang and Nielsen 1998). In contrast to the use of

parsimony-reconstructed ancestral states as observed data, which in-

GC Content, Codon-Use Bias, and Amino Acid Composifitie volve random errors and systematic biases, maximum-likelih_ood_meth-
nucleotide composition of the sequences is determined by the G + C?ds average over all pqssmle ancestrgl sequences_at each |ntenor_node
content. As a measure of departure from optimal codon usB.in in a tree, which is weighted appropriately according to the relative
melanogasterwe use theFop index (lkemura 1985) with the set of ||ke||hoqd of occurrence (Yang 1998).
major codons defined by Akashi (1995). To study the relationship MaX|mum-I|keI|hood_ methods assume a tree topolo'g.y and amoc.iel
between the nucleotide and the amino acid composition of the sepf sequence change. G|venatre_e tqpology, the_probablllty of qbsen/mg
quences, we classify amino acids into three groups, according to codo“1e dataf(x; 6), s u_sed as the likelihood function for estlmatmg the
GC content (see Li 1997). Group | consists of codons with high Gc:paran_ﬁetgre, which includes branch lengths, and _par_ame_ters in the
alanine (A), glycine (G), proline (P), and tryptophan (W) (e.g., alanine substitution model. As a tree topology for the species in this study we

is encoded by GCU, GCC, GCA, or GCG). Group Il consists of codonsYS€ t.he.hypotheses shown in Figs. 1 and 5. We u§e the.codon-
with an intermediate GC content: cystein (C), aspartic acid (D), glu_substltutlon model of Goldman and Yang (1994), with a single distance

tamic acid (E), histidine (H), glutamine (Q), serine (S), threonine (T), between any pgir of amino acids (ang 1998; Yang and Nielser? 1998);
and valine (V) (.g., aspartic acid is encoded by either GAU or GAC) codon frequencies are calculated using the nucleotide frequencies at the

Group Il consists of codons with a low GC content: phenylalanine (F),threle c_?jdon r(;osm_ons. _I?je?desd CO%OT-based moderlls, we alfso ‘%56
isoleucine (1), lysine (K), methionine (M), asparagine (N), and tyrosine nucleotide- and amino acid-based models to compare the rates of amino

(Y) (e.g., phenylalanine is encoded by either UUU or UUC). Arginine aCk_j §ubstitution k_)etweeAdh and th and to inve_st_igate the T?te
(R) and leucine (L) are not included in these groups, because R jvariation among sites along tb&lhregion. The transition probability
encoded by an intermediate (AGA, AGG) as well as a r’1igh-GC Codonmatrixes of models and details on parameter estimation are given by
family (CGU, CGC, CGA, CGG), and L is encoded by a low-GC Ya”9 (1_998)' . . .
(UUA, UUG) and an intermediate-GC (CUU, CUC, CUA, CUG) Likelihood-ratio tests are applied to test several hypotheses of in-
codon family. If amino acid frequencies are impacted by nucleotideterESt' For a given tree t(_)pology_ ("e_" Fig. _1)’ a modql)(d_:d)n_tz_ammg
composition, the frequency of groupf(l), will increase and(lil) will p free parameters and with Iog-llkell'hod)q fits the data glgplflcantly
decrease as the GC content increases, \igil)ewill change little. The Il_)lfttﬁ: tho?ﬂ gfnﬁstzd ?”mediloxg\:'th q = p2_| " restlrlct:_onsf Tllnd
association among G@(l), f(Il), and f(lll), is investigated with the ehl ood L, ifthe .eV|arf1chDdf Tb ogA 7_; (541 - ng ?) ads
Pearson lineal coefficient of correlation. Since the species are part of L the rejection region of &~ distribution withn degrees of freedom

hierarchically structured phylogeny, treating them as statistically inde-(Yar_19 1996). Wg use ;everal startmg_ values in th_e iterations to guard
pendent observations may lead to overestimation of the nominal Siggatgalnst the possible existence of multiple local optima. These analyses

nificance level in hypothesis testing (Felsenstein 1985). Therefore wéré conducted with the BASEML and CODEML programs from the
have also studied the previous correlation by means of Felsenstein’gA'VIL vs 1.4 package (Yang 1997).

(1985) pairwise independent contrast test. Contrast tests are performed

with the Contrast program in the computer package Phylip 3.5 (Fel-

senstein 1993). Results

Parameter Estimation and the Likelihood-Ratio T&ti_ma_tion of GC Content, Codon Usage, and Amino Acid Compo-
the numbers of synonymous and nonsynonymous substitution rates per.t. Ei 2 sh the GC tent iati f th
site (ds anddy) in evolutionary lineages is conducted by maximum siuon. Figure 2 s OW.S e -con er? varation o e
likelihood. Unlike approximate methods (e.g., Nei and Gojobori 1986; AdhandXdhgene regions across species groups for each

Li 1993; Ina 1995), maximum-likelihood methods properly accommo- codon position and fourfold degenerate sites. Also shown
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are the GC-content values of intron 2Xdh The results 87
confirm the trends already reported (Raprez-Trelles et 7
al. 1999b); the base composition varies extensively and, .
consistently among the lineages ®bphophoran both 9
the Adh and theXdh gene regions. The compositional
pattern of theD. willistoni group, which had not been

Adh Xdh

| -

investigated before, is very similar to that bf saltans, 3
its sister cle_lde; the GC content in fourfold degeneratf-:- Obscura vawaion 5 Willstoni
sites and third codon positions, and to a lesser extent in Melanogaster M Sajtans

the f|_rst position and thxdhlntron, is lower in these two Fig. 3. Frequency of optimal codonggp values (Ikemura 1985),
species groups than in tfi2. melanogasteandD. ob-  opbtained with the set of major codons defined by Akashi (1995)] for the
scuragroups. The Hawaiian species (available only forspecies groups of this study.

Adh) show an intermediate GC content. Differences are

greater forXdh than for Adh, suggesting that the former . ] ) ]
region evolves faster than the later. We examine thid- Willistoni groups deviate the most from the optimal

possibility by means of a likelihood-ratio test of the null codon usage among t_hese specigs, while the Hawaiian
model that both gene regions evolve at equal rates. ThJgPresentatives exhibit intermediak®p val_ues_. The

we have combined thadhandXdhdata in a single data largestFop values correspond_ to th&dh region in the

set for both nucleotides and amino acid sequences. F elanogast_eandobscu_raspemes, and the lowest o the
nucleotides we have considered first and second, an dhregion in the species of th. saltansand D. wil-

. . . ...~ listoni groups.
third, codon positions separately, with the substitution™™ _. : .
model of Hasegawa et al. (1985); for amino acids we, Figure 4 plots the proportions of high-GC (group 1),

used an empirical model based on the matrix of Jones elpte.rmedllate-GC. (group 1), and low-GC (group Ill)
) ) ) . amino acids against the GC content at fourfold degener-
al. (1992), using amino acid frequencies as free param:

ate sites in theXdh region for the various species. As
ef;;sS [rel‘ser;?d t%-;s th? J-I;T'F modetl by fgdag] 9 zt aI'expected, group | amino acids are less used by species
g(dhirrz]p;rofe;r;?gn;fic?;igy :2eelilfgzﬁg]o%eorjer the Zgual with a low GC content (thesaltans and willistoni
" groups), while the opposite is the case for group Il
rates model at the amino acid level (1-df test), with theg ps) PP group

X ; ; amino acids and, less so, for group Il amino acids. The
Xdh protein evolving 1.43 + 0.22 times faster thadh . alation between the group | contraf{t), and the

(2logA = 6.Q4;p = 0.013) and the third codon positions GC, contrast is highly significant(= 0.80,p = 0.002),
of Xdhevolving 1.61 + 0.13 faster (2l0g = 35.08,p< g correlation of the GLand f(lll) contrasts isr =
0.001); for first and second positions the difference is_g g3 @ = 0.02), and the correlation between the SC
marginally significant (2log = 3.64;p = 0.056), with 414 thef(Il) contrasts is not significant (= -0.30,p =
Xdhevolving 1.28 + 0.17 faster thakdhin these codon ¢ 34). For the more conservédihregion, an association
sites. between amino acid composition and GC content cannot
If a given locus experiences different mutation pres-pe detected.
sures in different Iineages, then pOSitive correlations Previous ana|yses with the relative rate test on a re-
should be observed between the GC compositions of thguced data set have shown that the above differences in
codons and the introns (assuming that the intron basg@mino acid composition between thaltansand theme-
composition reflects the mutational equilibrium of the Janogasterand obscuraspecies arise as the result of an
genome), the stronger the less constrained is the codingcreased rate of amino acid replacement in shkans
region. With Felsenstein’s (1993) contrast test, thelineage (Rodguez-Trelles et al. 1999b). This is apparent
GC content of intron 2 correlates significantly with the in Fig. 1, where we see that, since their split from a
first (r = 0.81,p = 0.002) and the thirdr(= 0.84,p = common ancestor, the number of amino acid substitu-
0.001) codon positions iKdh Moreover, the GC content tions that have occurred in thgltansand the closely
at fourfold degenerate sites ¥tih,which can reasonably relatedwillistoni lineages is conspicuously larger than in
be assumed to be under very weak functional constraintthe obscura and melanogasterineages; a likelihood-
and less affected by sampling error than the intron 2 GQatio test against a model without the restriction of rate
content, also correlates significantly with the first constancy among lineages clearly leads to the rejection
0.84,p = 0.001), second (= 0.60,p = 0.04), and third  of the molecular clock hypothesis (2lag= 27.10,p O
(r = 0.96,p < 0.001) codon positions okdh and the 0.004, 11 df).
third codon positions oAdh (r = 0.61,p = 0.049). The GC% compositional statistics for the ancestor of
Figure 3 represents the frequency of optimal codonghe species in our study [obtained by the maximum-
(Fop) (Ikemura 1985) across species group®dhand  likelihood RateAncestor method of PAML 1.4 (Yang
Xdh, computed with the set of major codons defined by1997)] are 52.6, 39.2, 71.8, and 72.9 and 61.3, 41.5, 73.1,
Akashi (1995) forD. melanogasterTheD. saltansand  and 76.9, respectively, for positions 1, 2, 3, and,&C
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L(iD.saltans
o071 T2 p opytevanti } s
o 08100 o2 Disilvestris
~ . . 6.0/86.4 {@E s'3D.afﬂnidisjuncta} Hw
3 4 5 6 7 .8 19709 D.picticornis

GC4 A
Fig. 4. Regression of the frequencies of amino acid groupsi{ (  Fig. 5. The maximum-likelihood tree of a subset of thdh nucleo-
angled, Il (diamond3, and IlI (circles) (high, medium, and low GC tide sequences used in this study; the tree is obtained using a simplified
content, respectively) on the frequency of fourfold degenerate codonsyersion of the codon-based model of Goldman and Yang [(1994; Yang
GC,, for Xdh (species groups represented as in Fig. 2). 1998); program PAML 1.4 (Yang 1997)Numbers above branches
represent the estimated number of nonsynonymous/synonymous
changes per 100 sites of each class. Enclosed node numbers are used
6 for reference in the text and Table 1.

41 7 Adh
o 18227 p subobscura
hd 1.3/58 b
3 ‘M 28/21.7 ¥ D.pseudoobscura } °
5 39 1 * > ® 0.0/2.9
g < 071269 D.melanogaster "
o 13/56 e
[ D D.erecta
“E 0.0/20.8 D.willi .
25 0.4/06 .willistoni X
E 0.9/25.5 Wi
g 1.1/76.8 D.nebulosa
©
o
£
£
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AdhandXdh,assuming the phylogenies in Figs. 5 and
These values are much closer to those ofrtfeéanogas-
ter andobscgragrogps than t.o those of ”.W’”'Sto”' and invaluable ground to evaluate tltk/ds ratios of other
saltansspecies (Fig. 2). This observation supports thelinea es
inference that GC content has evolved faster inwfie ges.

listoni andsaltansgroup species than in ttf&ophophora Figures 5 and 6 show, respectively, rASdhnandth
Furthermore, the fact that theillistoni and saltansspe- phylogenies of the major species group hophora

cies exhibit a quite similar base composition, which is(amd the Hawaiian species fédr) inferred under the

very different from that of their ancestor, indicates that;: c?rd %r:;): ssgsm(?ggl’,.?rtog\_/ Irr;gt]i (;r:dr(;%edng;almg% cr)?/téo?h e

most of the compo_sitional_change in the lineage tO.Okbranches are shown the numbers of nonsynonymous-to-
place before the differentiation of these tWO.Sp(?C'eSsynonymous substitutions, each per 100 sites of its class.
groups, along the branch marked by the arrow in Fig. 1

. ; . Reference node numbers are shown in circles. According
As mutation and selection have different effects on syn-

- 7 "to the codon-based model, thfedh region has 101.15
onymous and nonsynonymous substitutions, compariso

f d tes in this b E%/nonymous and 303.85 nonsynonymous sites (with a
of Synonymous and nonsynonymous rates in this branchy,. o 405 sjtes or 135 codons); fsidhthese numbers

with those in other branches in the tree may help t0,, ..o *respectively, 534.78 and 1550.22 (with 2085
elucidate the mechanisms responsible for the switch i, o "coc codons) We can see that synonymous sub-
base composition that occurred in télistoni andsal- iy iong occur more often than nonsynonymous substi-
tanslineages. Hence, this is the branch of interest in latet, .. indicating thadh andXdh have spent a major-
analyses. ity of time under purifying selection during the evolution

of SophophoraConstraining the ratio to be the same for

The Ratio of Nonsynonymous-to-Synonymous Subsli| pranches (the “one-ratio” model) we obtail/ds
tution Rates ¢\/d9 Among Lineaged-or practical rea-

sons, because maximume-likelihood methods are compu-

tationally highly demanding, the following analyses are xdh

cor_1ducted ona supsgt of the sequences identified in Fig. rvey 2B D subobscura }
1 (i.e., we have eliminated one species of each group, —@_pseudwbswa

13107

)

generally one of the twq most clqsely .species in.the o 08106 ) enogastor
group). This is not a serious handicap if we take into —-@y Derecta }""e
account that we are interested in lineage effects, rather; 251373
than in effects associated with particular species. In ad- oot
dition, we have considerefldh data from the three pic- 311020
ture-winged Hawaiian representatives. Previous analyse$
of theAdhgene in these species have shown an excess of
nonsynonymous over synonymous substitutions, which
was interpreted to be a consequence of reduced popula- 21

tion sizes known for this Hawaiian lineage (DeSalle andrig 6. The maximum-likelihood tree of a subsetXéih nucleotide
Templeton 1988; Ohta 1993). These species provide agequences used in this study; methods and labels are as in Fig. 5.

D.willistoni
} Wi

D.nebulosa

2.4/411

D.sturtevanti
} Sa

D.subsaltans

5.0/ 1430 .
S.lebanonensis
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Table 1. Estimates ofd,/dg rate ratio forAdh and Xdh in several the most common situation for the |ineages of this Study,
Drosophilalineages if we assume that the latter situation is reflected by the
backgroundd,/dg ratio, i.e., the ratio taken over all

Gene region Hineage thidsx SE branches but the one of interest. This is a two-ratio

Adh Node 1- Me & Ob 0.076£0.019  model. Accordingly, the averag#h/dg ratio of the Ha-
Eggg é C\Zdz ga 00606128+100601182 waiian species is significantly higher than the back-
Node 1. node 8 0.070 +0.029 ground ratio forAdh (2logA = 12.50,p [0 0.004, 1 df).
Node 8- Hawaiian 0.197 +0.069 In contrast, thely/dg ratio of the branch ancestral to the

Xdh Node 1- Me & Ob 0.046+0.005 Wwillistoni—saltanslineage is significantly lower than the
Node 1- node 5 0.036 £0.009  background ratio foAdh (2logA = 4.58,p 00.032, 1
Node 5 Wi&Sa 0.070£0.006  ¢f) and the difference is marginally significant f&dh
Node 1- S. lebanonensis 0.039 +0.008

(2logA = 3.22,p 00.070, 1 df). Given that the most
%dy/ds estimates are obtained with a five (f8dh- and a four (for ~ COMMON scenarios of positive selection and relaxed con-
Xdh-ratio codon-based model. These two models render a significanstraints predict an increase in tbg/ds ratio, rather than
improvement of the log-likelihood over the corresponding one-ratio 3 decrease, it seems that none of these two processes has

models (2log = 12.64,p [J0.013, 4 df, and 2lo§ = 16.64.p <  peen 3 factor for the evolution of base composition in the
0.001, 3 df, respectively). Estimates f&dh are based on 135 codons . . .
willistoni and saltanslineages.

and the tree shown in Fig. 5. Féidh we use 695 codons and the tree
shown in Fig. 6. Node numbers are those shown in Figs. 5 and 6.

The Average Rate of Evolution Xflh and Its Degree
of Among-Site Rate VariatioWe have shown that the
= 0.072 £ 0.010 foAdh,andd,/ds = 0.053 £ 0.003 for ~ Xdh region evolves faster in theillistoni—saltanslin-
Xdh, which can be interpreted as averagigds ratios  eage than in the lineage consisting of thelanogaster
over all the branches. The difference in log likelihoodsand obscuraspecies (also see Roduez-Trelles et al.
between the free-ratio and the one-ratio models is sig1999b). Now we are interested in ascertaining whether
nificant for both,Adh(2logA = 36.18,p [00.006, 18 df), this difference in the average evolutionary rate among
andXdh(2logA = 31.42,p [10.004, 14 df), which means lineages is reflected in the pattern of among-site rate
that the differences inly/dg ratios among lineages are, variation within the gene. This approach differs from
anyhow, too large to be accounted for by a strictly neu-previous attempts at exploring this question, which have
tral model. focused on several genes across a single lineage. Indeed,
For the purpose of this study, it is possible to extractprevious studies have found that within a lineage fast-
the main trends contained in Figs. 5 and 6 using simpli-evolving proteins exhibit a lower degree of among-site
fied models, intermediate between the simplest (onerate variation than slowly evolving proteins (Kumar
ratio) and the most general (free-ratio) models discussed996; Zang and Gu 1998).
above. For instance, fakdhwe chose a fived, /dg ratio We have focused on both the degree of among-site
model, which includes one ratio for the species of therate variation (the subject of previous analyses) and the
willistoni and saltansgroups (i.e., from node 5 to the rate correlation over adjacent sites. The variation and
tips; see Fig. 5) and a second one for the branch ancestrdependence of substitution rates over sites are described
to them (between node 1 and node 5), a third ratio for thevith the autodiscrete gamma model of Yang (1995),
melanogasterobscuralineage (from node 1 to the tips), which is based on a serially correlated gamma distribu-
and a fourth and fifth ratio for the Hawaiian speciestion (setting eight equal-probability categories of rates).
(node 8 to the tips) and the branch ancestral to thenThe gamma distribution involves a shape parameter,
(nodes 1 to 8). Similarly, foXdh we use a foudy/ds  (>0), which is inversely related to the extent of rate varia-
ratio model. The results are presented in Table 1. Firsttion among sites. For nucleotide data the substitution
we can see that the higheh{/ds ratio in the table is, by pattern is accommodated by the general reversible model
and large, that exhibited by the Hawaiian species in th€Yang 1994), which forXdh produces a better fit than
Adh region (0.197 £ 0.069), which agrees with Ohta’s simpler models (Rodguez-Trelles et al. 1999b). For
(1993) results and is consistent with a hypothesis of reamino acids we use the JTT-F empirical model (Jones et
laxed constraints driven by reduced population numbersal. 1992; Yang et al. 1988). In a coding sequence, rates
Second, the branch ancestral to tiistoni—saltanslin- at sites three nucleotides apart are highly correlated, so
eage shows the lowed}/dg ratio in bothAdh (0.018 +  that the correlation between rates for two adjacent sites is
0.012) andXdh (0.036 + 0.009), which is, on average, weakened (Yang 1995). Therefore, in order to estimate
about eight times lower than the ratio shown by the Ha-the correlation among neighboring sites from nucleotides
waiian species. Despite the laly/dg ratio, this branchis  (p), we have first removed the large-scale variation al-
the largest ofSophophoraj.e., has accumulated many lowing different rate parameters for codon positions in
changes, but these appear to have been overwhelmingtile model. Model parameters are estimated by maximum
synonymous. likelihood, and their relevance for describing the data is
We can compare statistically thedg/dg ratios with  evaluated by means of likelihood-ratio tests.
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Table 2. Xdh among-site rate variationuf and correlation ) in intermediate between those for the two lineages sepa-

different lineages rately (see Table 2).
Lineage
Model Parameter Wi & Sa Me & Ob All species Discussion
Among a 0.425+0.039 0.312+0.030 0.401+0.023
nucleotide p 0.439+0.113 0.669+0.113 0.4600.070 ) i i )
sites GC-Content Differences: Fluctuating Mutation Bias
Among a 0.426+0.101 0.186+0.048 0.433+0.056 VS Natural Selectioninterspecific differences in nucleo-
amino p 0450+0.113 0551+0.142 0.485+0.080 tide composition and codon usage bias among lineages
acid sites within the Sophophorasubgenus similar to those inves-

2 All parameters contribute significantly to describe the variation of the tlgatEd herein foAdhanquIhare als/o found in th&od,
sequences, as inferred from the comparison of the models with th&€r, and28SrRNAgene regions (Rotguez-Trelles et al.
corresponding nested submodels by means of likelihood-ratio tests (11999b); they appear to be the case for other sequenced
df tests; results not shown). Estimates are obtained with the generalegions as well [e.g., thBdc andamdregions (Andrei
reversible model (Yang 1994) for nucleotides and the empirical mOde'Tatarenkov personal communication)]. The occurrence

of Jones et al. (1992) (as modified by Yang et al. 1998) for amino acids. f h iti | tt | linked
Among-site rate variation is assumed to follow an autodiscrete gamma? such compoasitional patterns across several uniinke

process with eight categories of rates. Different rate parameters foF_egionSv scattered throughout the genome (see Rod-
codon positions are allowed in nucleotide modelsfor riguez-Trelles et al. 1999b), suggests that these patterns

reflect genomewide differences between lineages. Exten-
sive variation in GC content is not unique@wosophila;
Estimates of the among-site rate variatiof) &nd the  large differences in nucleotide composition have been

rate correlation among adjacent sitg¥ for lineages are  long known among the genomes of bacterial species (Lee
shown in Table 2. As expected from the differences inet al. 1956) and between regions of the mammalian ge-
the average rate of evolution &fdh among lineagesy nome [the so-called isochores, discovered by Bernardi et
values are largest, meaning that the degree of among-sitd. (1985; Bernardi 1995)].
rate variation is lowest, in the fast-evolvingllistoni— In both respects, nucleotide composition and codon
saltanslineage at both the nucleotide (0.425 + 0.039 vsusage bias, the species of thilistoni group, which had
0.312 + 0.03) and the amino acid (0.426 + 0.101 vs 0.1860t been previously investigated, show a pattern similar
+ 0.048) levels; on the other hanglshows the opposite (but less extreme) to the pattern exhibited by shéans
pattern: it is largest in the comparatively slowly evolving species, as might be expected because these two species
melanogasterobscuralineage (0.669 £ 0.113 vs 0.439 + groups are more closely related to each other than to the
0.113 and 0.551 £ 0.142 vs 0.450 + 0.113, at the nucleomelanogasteandobscuragroups (Throckmorton 1975).
tide and amino acid levels, respectively). From normal-The changes in GC composition can be attributed to an
deviate tests [e.gz = (a; — ag)/SQRT(SE? + SE), AT increase in the lineage ancestral to thidlistoni and
using standard errors (SEs) computed by the curvatursaltansgroups after its split from the lineage that gave
method in the likelihood analysis (see Yang 1997)], therise to themelanogasteand obscuragroups £55 Mya
difference ina values between the two lineages is sig- (Fitch and Ayala 1994; Tatarenkov et al. 1999)]. The
nificant (p [10.02 andp J0.03, for nucleotides and amino shift in nucleotide composition is associated with an ac-
acids, respectively); fop the standard errors of the es- celerated change in the amino acid composition of rela-
timates are larger, and the differences are not significantively low-constrained proteins such Xslh
(p 00.11 andp [00.58, for nucleotides and amino acids, At least three competing hypothesis may account for
respectively). While the tree topology is the same for thethese observations: (i) positive selection triggered, for
two species sets (i.ewillistoni—saltansand melanogas- example, by a change in protein function or a shift in
ter-obscurg, it can be argued that our results might be metabolic efficiency; (ii) a reduction in the effectiveness
affected by tree length differences among lineages, atef selection caused by either a reduction in population
tributable to chronological differences. In fagttendsto  numbers, a reduction in the rate of recombination, or a
be underestimated for closely related sequences anelaxation of constraints; and (iii) a shift in the pattern of
overestimated for highly diverged sequences (Zhang angoint mutation. According to the first two hypotheses we
Gu 1998). This asymptotic bias, however, occurs whershould observe an increase in the nonsynonymous-to-
the number of sequences is small [four or less (Zhangynonymous substitution rate ratio in the ancestor of the
and Gu, 1998)]. Moreover, thaillistoni andsaltanslin- willistoni andsaltansgroups; specifically, if positive se-
eages are likely to be more closely related to each othdection had been responsible for the GC changes, we
than melanogasteis to obscura(Throckmorton 1975), would expect al,/dg ratio significantly greater than one,
which would generate a bias in the opposite direction tdbecause natural selection would have favored the fixa-
the observed: values. Finally, enlarging the time scale tion of nonsynonymous mutations over the neutral pre-
by combining the two data sets yields estimates that aréiction; on the other hand, if the GC changes had been
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caused by a reduction in the effectiveness of selectiomatios among lineages might be even larger yet, in the
we should observe @& /ds ratio less than or equal to one direction predicted by the mutation shift hypothesis. And
but still greater than the average ratio observed in othethird, synonymous substitution rates could be underesti-
Drosophilalineages. On the contrary, the branch ancesimated due to multiple hits, which would lead to overes-
tral to willistoni and saltansexhibits the lowestd,/ds timates of thed\/dg ratios. However, this overestimation
ratio in both theAdh and theXdh trees (Figs. 5 and 6, should be more acute in theillistoni/saltansancestral
Table 1). This is what one would expect if a shift in the lineage, because it is this branch that exhibits the largest
pattern of point mutation had actually occurred somecompositional change. Again, this factor would increase
time after the split of that branch ancestral to tiidlis- the differences in thel/dg ratios among lineages, pre-
toni/saltanslineage, because mutation bias would affectcisely in the direction expected from a shift in the pattern
more the least constrained parts of the genome (i.e., syref point mutation.
onymous sites) than the functionally significant parts  Our results of highd,/dg ratios for the Hawaiian spe-
(i.e., nonsynonymous sites) (Sueoka 1988). That the okeies (relative to thenelanogasteandobscuragroups) in
served AT increase is not due to reductions in populatiorAdh coincides qualitatively with former analyses of this
size is further corroborated by noting that thgds ratio  same gene by Ohta (1993). Nevertheless, ours and Oh-
obtained for the HawaiiaBrosophilain the Adhregion  ta’s (1993) estimates of th#/dg ratios differ consider-
is (111 times higher than for thaillistoni/saltanslineage  ably from each other. For example, after correcting for
(Table 1). Highd,/ds ratios have previously been no- multiple substitutions, Ohta (1993) obtains an average
ticed for Hawaiian species (Ohta 1993), which were at-dy/ds = 0.630 for the Hawaiiarosophila,whereas the
tributed to diminished effectiveness of natural selectioncorresponding estimate from our analysis is only 0.197.
due to their known history of severe bottlenecks (DeSalleDiscrepancies of this sort can be accounted for, in part,
and Templeton 1988; Ohta 1993). However, it seemdyy disparities in the data sets (e.g., Ohta considers the
reasonable to infer that if reduced efficiency of naturalentire Adh gene region, and she does not u3eaffi-
selection had been the cause of the even larger change imidisjunctd. More importantly, however, might be the
GC content observed in theillistoni/saltanslineages, differences in the analytical procedures utilized. Ohta
the dy/dg ratio for this lineage should not be far lower (1993) uses the approximate method for pairwise se-
than for the Hawaiian species, as is actually the case. quence comparisons of Nei and Gojobori (1986), unlike
The previous inferences regarding thg¢ds ratios can  the codon-based likelihood models used here. But Yang
potentially be confounded by several factors. First, ourand Nielsen (1998a) have shown that this method does
likelihood analysis assumes that nucleotide frequenciesot adequately accommodate transition/transversion bi-
have remained more or less the same during the course akes and codon frequency biases. As a result, the Nei and
evolution (i.e., the stationarity assumption). This as-Gojobori’s (1986) method tends to underestim@tand
sumption is made by virtually all methods and modelsoverestimate (less sal),, yielding dy/ds ratios that are
currently used for phylogenetic analysis; consequentlyjarger than those obtained by maximum likelihood (Yang
taxa with similar composition are clustered together re-and Nielsen 1998).
gardless of their true phylogenetic relationships. Station- We have discussed the role of natural selection in
arity does not hold in our case (see also Rgdez- determining base biases in terms of protein function. Yet
Trelles et al. 1999b). It should be noted, however, thapositive selection might occur in a different way: a high
maximume-likelihood methods appear to be particularlyGC content might be selected for a whole genome or
robust to violations of the stationarity assumption andDNA region. Corresponding replacements of amino ac-
that the purpose of our analysis is not phylogenetic;ids in polypeptide chains might, then, be the result of
rather, we start from phylogenetic relationships that aresuch a process. In this case, it would seem difficult to
known in advance. Second, our likelihood analysis aspredict what to expect concerning the nonsynonymous-
sumes that thd,/ds ratio is constant over all codon sites to-synonymous rate ratio. For a given site, the ratio will
in Adh and Xdh This assumption is expected to lead to depend on whether the DNA and protein levels interact
underestimates afy, as nonsynonymous (or amino acid) synergistically or whether they are antagonistic with re-
substitution rates are variable among sites, and hence &pect to the direction of selection. Be that as it may, it is
lead to underestimates of thg/ds ratio. From the analy- far from obvious why natural selection should favor a
sis of the among-site rate variation Xdh, however, lower GC genome content in trsaltansand willistoni
rates are more variable in tmeelanogastéobscuralin- groups than in othebrosophila groups. Thermostable
eage ¢ = 0.312 andx = 0.186, from the nucleotide and amino acids are encoded by GC-rich codons, and a high
amino acid sequences, respectively; see Table 2) than iIBC content in third codon positions and in introns and
thewillistoni/saltanslineage & = 0.425 andx = 0.426;  untranslated flanking regions would increase the thermal
see Table 2). Consequently, the underestimation problerstability of the primary mRNA transcripts. Accordingly
should be larger in the former lineage than in the latterjt has been suggested that an increasing need for protect-
which means that the observed differences indgkls  ing DNA and RNA from heat degradation would account
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for the high GC content in the thermophilic bacteria lineage provides additional support for the hypothesis
(Kagawa et al. 1984) and, also, in isochores of warm-hat the former lineage is evolving faster. Both phenom-
blooded vertebrates (Bernardi et al. 1985; 1988). How-ena, i.e., variation in the rate of amino acid substitution
ever, a recent study has failed to find a correlation beamong lineages and changes in the extent of the rate
tween the optimum growth temperature and the GCvariation among sites iXdh,can be explained as a con-
content of thermophilic bacteria (Galtier and Lobry sequence of fluctuating mutation bias (Sueoka 1962,
1997); also, a globin pseudogene from a GC-rich is0-1988).
chore was found to evolve faster than its paralogue from Sueoka (1993) postulated that for a set of nucleotides
an AT-rich isochore, which is unexpected if thermal ad-for which the pattern of point mutation is at equilibrium
aptation at the DNA level is governing the substitution with base composition and selective constraints, the mu-
process in the former (Francino and Ochman 1999)tation frequency per gene will be much lower than the
These observations bring into question whether thermafrequency observed immediately after a shift in the pat-
stability of the DNA is the evolutionary factor respon- tern of point mutation takes place. To illustrate this prin-
sible for the GC-constant variation in bacteria and amongiple, we can imagine a hypothetical sequence with
the isochores of the mammalian genome. This hypothesi$00% G content and for which the pattern of spontane-
cannot account well for the large GC-content variationous mutation is such that G never mutates toward A, T,
amongDrosophilalineages either. IMDrosophila,solar  or C. In this extreme scenario we would not observe
heating of necrotic fruit may expose larvae to tempera~variation even if all sites were neutral, i.e., sites would be
tures above 45°C even in temperate latitudes (Fedenvariant not because of functional constraints, but sim-
1996). However, differences in GC content do not fit theply because variation cannot occur. It is worth noting
biogeography of the species we have investigated: théhat, under the assumption that mutations occur direc-
highest GC content occurs in tld@scuragroup species, tionally at random, the previous reasoning would lead to
which evolved in the cold and temperate climates of theoverestimate functional constraints. However, a change
Palearctic and Neartic regions (Powell 1997), whereasn mutation bias (e.g., from G to A in our example) will
the lowest GC content is found in tisaltansgroup spe- provoke a burst of mutations in such a way that many
cies, which evolved in tropical and subtropical regionsunconstrained sites that were “frozen” with regard to
(Powell 1997). variation will “unfreeze” until the new composition equi-
librium is reached. It follows that the rate of replacement
Mutation Pressure and the Degree of Among-Siteof quasi-neutral amino acids should increase, which is
Rate Heterogeneitythe profile of conservative and vari- what we have observed for the amino acid replacements
able regions of any given gene reflects a unique interplayccurring inXdh during the evolution of thevillistoni/
between variable functional constraints and mutatiorsaltanslineage. Moreover, taking into account that the
rates that can also change over short regions. As a comextent of among-site rate variation varies inversely with
sequence of this balance, substitution rates are variablée proportion of neutral sites in a gene [i.e., the larger
from site to site and also correlated because sites withithe proportion of neutral sites, the lower the extent of
the same region share a broad causal background (Yargmong-site rate variation (Zhang and Gu 1998)], ¢he
1995). Former analyses (Kumar 1996) have shown thavalue forXdh should be larger inwillistoni/saltansthan
the extent of among-site rate variation along a given genén melanogastéobscura, which is precisely what we
covaries with the average rate of evolution of the gengound. In support of this interpretation of thevalues,
itself, with slowly evolving genes having a higher degreethe estimated proportion of neutral sites [defined as those
of among-site rate variation than fast-evolving genessites for whichd,/ds = 1, obtained with the codon-
This pattern occurs independently of any assumptiorbased likelihood model of Nielsen and Yang (1998)] is
about the underlying distribution of the substitution ratesignificantly larger in thewillistoni/saltans lineage
(most frequently used is the gamma distribution) and(0.223 + 0.017) than imelanogastéobscura(0.159 *
appears to be a general feature of molecular evolutio®.014) ¢ [00.003, from the normal-deviate test).
(Zzhang and Gu 1998). These studies have focused on
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