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Abstract. Drosophila nuclear introns are commonly Introduction

assumed to change according to a single rate of substi-

tution, yet little is known about the evolution of these Drosophila nuclear introns are commonly assumed to
non-coding sequences. The hypothesis of a uniform sutgVvolve at one universal rate, but the rate of evolution in
stitution rate for introns seems to be at odds with recentNtrons has not been examined carefully (Li 1997, p.
findings that the nucleotide composition of introns varies182)- The hypothesis of a single rate of substitution for
at a scale unknown before, and that their base conterltrons can be traced to early work on the base compo-
variation is correlated with that of the adjacent exons Sition of the genome drosophila melanogasteft was
However, no direct attempt at comparing substitutionfound that (i) the average composition of introns is simi-

rates in introns seems to have been addressed so far. V{ﬁsr to that of the genome as a whole (Shields et al. 1988);

have studied the rate of nucleotide substitution over 4") th? intron baﬁe composmi)nd IS r(;l]ndo:]n within and
region of theXdh gene containing two adjacent short, over lineages when one excludes the short sequences

constitutively spliced introns, in several specieDob- re;ﬂuwfed ft(_)r SFI’“C'Q% ar'\'/ld processmé;,Yentlhilg;gr.s, adnd
sophilaand related genera. The two introns differ sig-O er functional motifs (Moriyama and Yar ); an

nificantly in base composition and substitution rate with(iii) there is no correlation between the base composition

one intron evolving at least twice as fast as the other. InOf introns and that of exons for a given gene (Shields et

addition, the substitution pattern of the introns is posi-al' 1988; Moriyama and Hartl 1993; Carulli et al, 1993).

. . . . . A correlation between the base composition of introns
tively associated with that of the surrounding coding re- o :
ions, evidencing that the molecular evolution of theseand their adjacent exons has, however, been detected in
9 o 9 L ) more recent studies (Kliman and Hey 1994), which have
introns is impacted by the region in which they are em-

. . also uncovered compositional heterogeneity among in-
bedded. The observed differences cannot be attributed {9 o ¢ the same angdiﬁerent genes %Klimgn and Egyre-
selection acting differently at the level of the secondaryWalker 1998). The relationship between base composi-
structure of the pre-mRNA. Rather, they are better acyjq, ang substitution rate is, nonetheless, complex, and it

counted for by locally heterogeneous pattemns of mutajg yenerally not feasible to infer variation in substitution

tion. rates from information on base composition (Kliman and
) ) Hey 1994).

Key words:  Drosophila — Xanthine dehydrogenase The hypothesis of a universal substitution rate for

Intron—exon evolution — Within-gene nonuniform mu- jnrons conflicts with evidence that natural selection can

tation pattern — Substitution rate heterogeneity constrain intron evolution in a number of ways, includ-

ing, for example, intron length (Guo et al. 1993) or the
overall stability of intron secondary structure (Stephan
and Kirby 1993; Kirby et al. 1995; Leicht et al. 1995).
Correspondence toFrancisco Rodguez-Trelles c/o Francisco J. This hypothesis is also at odds with the discovery that the
Ayala; e-mail: ibge2@blues.uab.es local chromatin environment can impact the patterns of
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mutation along the genome [e.qg., transcribed vs nontrar A

% — D.subsaltans

scribed regions, linker vs nucleosomal core, etc. (Bou: = D.sturtevanti o
likas 1992; Holmquist and Filipsky 1994)]. Regional D.emarginata =
variation in the mutation pattern has been invoked to D'ge"‘;f"data g
account in part for the compositional heterogeneity of the D’fmﬁr&ns E
Drosophilagenome (Kliman and Eyre-Walker 1998). D.sucinea

Here we present evidence that proximal introns within D.capricorni
the same gene can evolve at substantially different suk D.nebulosa s
stitution rates. Our experimental system consists of twc DS”:”;"”_”S;. .=
small &55-bp), constitutively spliced introns that are lo- Dﬁ,ﬁfﬁ g g
cated near each other (about 600 bp apart) withirXitie D.paulistorum | @ | =
gene. One intron (intron 2) is pervasive in fwsophila 0.01 D.equinoxialis
genus and other dipterans (and has a homologous pos -
tion as an intron found in humans and other diverse D.melanogaster

organisms). The other intron (intron B) has recently beerB

D.pseudoobscura

acquired by duplication of intron 2 and has a phyloge- D.saltans
netic distribution confined to the lineagesf willistoni Dwillistoni
andD. saltans(Tarrio et al. 1998). Hence, introns 2 and D-pictiventris

. e D virilis
B are replicated sequences that have evolved within twi 7

X tuberculatus

local molecular environments of thédh gene, for at S.Jlebanonensis
least some 30 million years [the estimated time for the C.amoena
divergence of thaaltansandwillistoni lineages (Powell C.capitata

and DeSalle 1995)]. Our observations are best accounte 01

for by invoking mutation patterns that are locally hetero-rig 1 The tree topologies used in this stugy) for 14 species of the
geneous. saltansandwillistoni groups andB) for the remaining species plx
saltansandD. willistoni. Branch lengths were obtained from tielh
nucleotide sequences with the reversible model [Yang 1994, 1997 (pro-
gram PAML 1.3)], allowing different nucleotide frequencies and tran-
sition/transversion rate ratios and assuming gamma-distributed rates
among sites (eight rate categories) and different fixed rates at codon

Materials and Methods

The introns and exons considered in this study belong tthegene -
and are investigated in 22 species of Dipterans (shown in Figs. 1A andOSitions.
B), including 19 species obrosophila, plus Scaptodrosophila leba-
nonensis, Chymomyza amoemad Ceratitis capitata(GenBank ac-
cessions AF058984, AF093217, AF09321Byosophila species in-  maximum-likelihood ratio statistic, which, under the null model, is
clude representatives of tfBophophorasubgenus belonging to the asymptotically distributed as @ with 1 degree of freedom. This ap-
melanogastegroup [D. melanogaste(Keith et al. 1987); Y00307],  proach requires prior choice of the regions to be compared (Gaut and
obscuragroup D. pseudoobscurgRiley 1989); M33977]willistoni Weir 1994), which can be biologically ambiguous when there is no
group O. equinoxialis, D. paulistorum, D. willistoni, D. tropicalis, D. clear reason to choose regions (Hartmann and Golding 1998). This is
insularis, D. sucinea, D. capricornandD. nebulosaGenBank acces- not a problem with introns 2 and B, for they can clearly be ascribed into
sions AF093207, AF093208, AF093206, AF093209, AF093210,two different categories of rates. In the case of the coding regions, the
AF093211, AF093212, AF093213), asdltansgroup . saltans, D. potential drawback of prior choice is circumvented by first using the
prosaltans, D. neocordata, D. emarginata, D. sturtevaarid D. sub- test of Hartmann and Golding (1998). This method uses a random
saltans; GenBank accessions AF058978, AF058979, AF058982,permutation test for comparing maximum-likelihood scores and allows
AF058981, AF058983, AF058980) and of trosophila subgenus the detection of any rate heterogeneity present in the sequences by
(D. virilis, D. pictiventris, and Zaprionus tuberculatusGenBank ac-  means of a sliding window (Hartmann and Golding 1998).
cessions AF093215, AF093214, AF093216). The species investigated in this study are part of a hierarchically
TheXdhregion we have sequenced consists of 2085 coding bp plusstructured phylogeny, thereby treating them as statistically independent
an intron [positions 940 to 3306 D. melanogaste(Keith et al. 1987)] observations may lead to overestimation of the significance level in
and comprises about half of exon Il (1113 bp), intron 2 (ranging from hypothesis testing (Felsenstein 1985). The variable degree of related-
55 to 72 bp, with the exception &. melanogaster281 bp), and most  ness among species seemingly has little importance for sequence simi-
of exon 3 (972 bp). We have presented evidence that intron B (52 to 6@arity in the case of introns: except for a few comparisons involving the
bp long, located 606 bp upstream intron 2) has been acquired by dumost closely related taxa (e.g., theéllistoni siblings; see Fig. 1A).
plication of intron 2 within exon II. Its phylogenetic distribution is Phylogenetic differences among species are, anyhow, apparent in the
restricted to the species of tisaltansandwillistoni groups (Tarm et coding regions. In order to alleviate phylogenetic inertia, tests for re-
al. 1998). Two additional recently inserted introns (A and C), also gional differences in base composition are conducted by means of a
presumably originated by duplication, are not considered in this studytwo-way analysis of variance (ANOVA) including the main effects of
since they are found in very few species and thus cannot lead to reliableegion (2 and B) and species grogalfansandwillistoni), with the GC
inferences (see Taolet al. 1998). Details on the amplification and content as the dependent variable. By factoring out the species group,
sequencing primers and strategy are given by daetial. (1998). we control for the fraction of the total variation ascribable to phyloge-
Substitution rates in introns and exons are estimated by maximumnetic differences between species groups. In addition, we use, within
likelihood methods under the model of Hasegawa et al. (1985; HKY85)species groups, supraspecific taxonomic categories as follows (see Fig.
[as implemented in the program PAML, vs 1.3 (Yang 1997)]. Tests for 1A): within the saltansgroup we consider the GC content Bf sub-
uniformity of substitution rates among regions are conducted using thesaltansandD. sturtevantiand the GC content acroBs emarginata, D.
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Table 1. GC content (%) of introns 2 and B and their surrounding coding regions (25 nt each side) in 14 sp&riesophild

Intron Coding region 2 Coding region B
Species 2 B 1st 2nd 3rd Gg? 1st 2nd 3rd G
willistoni group
D. willistoni 30.2 21.7 46.0 44.0 46.0 37.6 76.0 32.0 48.0 36.9
D. tropicalis 35.5 30.8 42.0 44.0 50.0 56.3 74.0 32.0 54.0 52.6
D. paulistorum 30.5 23.4 44.0 44.0 42.0 37.6 74.0 32.0 46.0 42.2
D. equinoxialis 30.6 29.1 44.0 42.0 42.0 37.6 72.0 34.0 38.0 42.2
D. insularis 31.8 27.6 42.0 44.0 36.0 31.3 74.0 32.0 42.0 36.9
D. sucinea 35.4 26.8 46.0 44.0 52.0 50.0 76.0 34.0 52.0 52.6
D. capricorni 35.4 28.6 46.0 44.0 50.0 50.0 76.0 32.0 52.0 52.6
D. nebulosa 255 24.6 48.0 42.0 50.0 375 78.0 30.0 50.0 36.8
Saltansgroup
D. saltans 27.8 12.2 44.0 44.0 46.0 31.3 78.0 30.0 34.0 21.0
D. prosaltans 27.7 12.2 44.0 44.0 42.0 31.3 76.0 32.0 38.0 21.0
D. emarginata 27.3 12.3 42.0 44.0 54.0 50.1 78.0 32.0 36.0 42.1
D. neocordata 28.1 9.5 42.0 44.0 50.0 31.3 76.0 30.0 34.0 31.6
D. sturtevanti 32.8 14.8 46.0 44.0 50.0 37.6 72.0 32.0 38.0 36.9
D. subsaltans 29.0 14.8 42.0 44.0 50.0 31.3 70.0 36.0 40.0 36.9

@1st, 2nd, and 3rd refer to nucleotide positions in codons.
P GC content estimates based on 16 fourfold positions.
©GC content estimates based on 19 fourfold positions.

neocordata, D. saltangndD. prosaltangbranches 1, 2, and 3 in Fig. (Parsch et al. 1998). Each intron sequence is converted to a reverse
1A); within thewillistoni group we consider the average GC content of complement and slided along the unconverted sequence to find the
D. sucineaandD. capricorni,the GC content oD. nebulosaand the strongest RNA pairing stem. Each pairing score (see Parsch et al. 1998)
average GC content across the fiwélistoni siblings (branches 4, 5, is then compared with the distribution of pairing scores found between
and 6 in Fig. 1A, respectively). In this way, the original 14-species datathe unconverted sequence and 500 random permutations of its corre-
set is reduced to six taxa; the three taxonomic units defined for eaclsponding converted sequence.

species group can be assumed to have evolved independently (i.e.,

according to a star-like phylogeny), except for the two thicker branchesRaglts

shown in Fig. 1A. These branches are comparatively short, thereby they

are expected to have little influence on the tests results. ANOVAs werdntrons 2 and BTable 1 shows the GC content (in per-
conducted with the ANOVA module of the STATISTICA 5.0 (1996) Cent) of introns 2 and B in the 14 species of dadtans
package. Frequency data were angularly transformed before the anal¥6 species) andillistoni (8 species) groups. As inferred

ses. . -
Association between the GC content of introns and theirsurround-from two-way ANOVA, intron 2 has a S|gn|f|cantly

ing coding regions is investigated by means of Felsenstein’s (1985ligher average GC content (29.4%) than intron B (19.3)

pairwise independent contrast test. Contrast tests take into accoufff=(1,8) = 34.20,p < 0.001], and thevillistoni group has

correlations among sequences induced by phylogenetic differenceg higher GC content in both introns than thaltans

across species. Contrast tests are performed with the Contrast progr _ - ; ;

in the computer package Phylip 2.5 (Felsenstein 1993). Because thzg’OUp F(1.8) - 20.17p N 0'.00.2].' The interaction term,

are highly conserved across species, the first six and the last tw tron x speues_group, IS S|gn|f|car1¥([1,8) = .16.11,p .

nucleotides of the intron sequences are not included in analyses core 0.004], reflecting that the extent of the difference in

cerning base composition. average GC content between species groups is larger in
For the likelihood-ratio tests and Felsenstein’s (1985) contrast testsintron B (26.2 vs 10.0 for thavillistoni andsaltansspe-

we use two trees shown in Fig. 1: one for the analyses including theCieS respectively) than in intron 2 (30 9 vs 27 5) Vari-

species of thesaltansandwillistoni groups (Fig. 1A) and another for ' ; ) A

the analyses including the remaining species @ussaltansandD. f’inces are homogeneous (Levene’s mﬁ'o'_46_)’ m_ean'

willistoni (Fig. 1B). The phylogenetic hypotheses are supported by datdNg that the degree of the GC content variation is about

of several sorts [reviewed by Powell (1997); see Rgue-Trelles et the same across species groups and introns.

al. (1999) for the species of thealtansgroup]. Branch lengths and Larger compositional differences between species

rate parameter estimates are obtained using the maximum-likelihoo%roups in intron B than in intron 2 suggest that intron B

method on theXdhsequences, under the general reversible model withh h d f h . > si he i f th
different substitution rate and nucleotide frequency parameters for first, as changed faster than intron 2 since the time of the

second, and third codon positions and discrete gamma-distributed (wittluplication. In order to test this, we performed a log-

eight categories of rates) substitution rates across sites. likelihood ratio test to the null model that the two introns
Predicted folding free energies are calculated with the RNAstruc-eyolve at equal rates (see Gaut and Weir 1994; Yang

ture program [version 2.51 (Mathews and Burkard 1997, and referencei994)‘ For this test a minimum of three sequences is

therein)]. Folding stability of pre-mRNA structures is examined by . .
comparison of observed free energies with those obtained from 1069qu'red (Yang 1994). We conducted the test on the five

random permutation of the same sequences. Specific searchers for p&ibling species of thevillistoni subgroup (see Fig. 1A),
tative stems in introns were conducted using the BESTSTEM progranbecause this is the only data subset including more than
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Fig. 2. Estimated substitution
rates for sites in the first, second,
and third codon positions along 695
codons of theXdh gene. Estimates
are obtained by maximum

35 intron B likelihood assuming the topology
. 3 * shown in Fig. 1B under the general
reversible model [Yang 1994, 1997

25 (program PAML 1.3)], assuming

Intron 2

gamma-distributed rates among sites

(eight categories of rates) and

allowing different nucleotide

frequencies and transition biases for

codon positionsArrows indicate the

locations of introns 2 and BGray

. i . = . ) . . - - - § bars at thebottomindicate the

51 101 151 201 251 301 351 401 451 501 551 601 651 known position of blndlng domains
codon position for the Xdh enzyme.

substitution rate

two sequences for which it is possible to obtain a reliablesubstitution rate, whereas intron 2 is placed in a local
alignment for each intron; the HKY85 (Hasegawa et al.valley, where substitution rates are slow.
1985) model and the topology shown in Fig. 1A are In order to test the statistical significance of this re-
assumed. According to the test, intron B is evolving al-sult, we first conducted a “blind” search for rate hetero-
most twice as fast as intron 2 (1.79 + 0.52 vs 1, respecgeneity with the test of Hartmann and Golding (1998)
tively; —2logA = 4.04,p < 0.05). Aside from thewilli- separately for first, second, and third codon positions; in
stonisiblings, it is possible to obtain a reliable alignment this test, the substitution rate for regions within a sliding
of the intron sequences only for the closely relaidd  window is compared against the average substitution rate
saltansandD. prosaltangsee Fig. 1A). A similar pattern for the whole sequence. According to this test, the region
emerges: these two species have diverged about tweomprising 12 codons upstream and downstream of in-
times faster in intron B than in intron 2 (nucleotide dis- tron B (i.e., from codon 157 to codon 181) is evolving
tances based on the HKY85 correction are 0.1563 vshe fastestff>0.10), and the region stretching 15 codons
0.0492, for introns B and 2, respectively). upstream and 17 codons downstream of intron 2 is evolv-
ing the slowesty{ < 0.06), in third codon positions. Also,
Coding Regions Surrounding Introns 2 andlBble 1 ~ CR2 is identified as the second slowest evolving (codons
displays the percentage GC content of the first, second317 to 422;p < 0.09) in first positions and CRB as the
and third codon positions and fourfold degenerate site$astest evolving (16 to 24@ < 0.07) in second positions.
of the 50 codons (25 on each side) region surrounding The test of Hartmann and Golding (1998) is particu-
intron 2 (denoted “coding region 2"; CR2), and intron B larly suited when an a priori hypothesis for the regional
(“coding region B”; CRB). Similarly as with the introns, rate variation of the sequences is not available; other-
average GC content differences between species groupgse, the likelihood-ratio test is more powerful, espe-
are larger in CRB than in CR2; differences are detectedially for the less variable first and second codon posi-
by ANOVA only for third codon positions [interaction tions (Gaut and Weir 1994). Likelihood-ratio tests that
CR x species group;(1,8) = 13.64,p = 0.006], which CR2 and CRB evolve at the same rate as the average
can be accounted by stronger functional constraints opsequence (i.e. the substitution rate for all X@h coding
erating on first and second codon positions, and in thesequence except CR2 or CRB) are conducted separately
case of the fourfold degenerate class, because of th®r each codon position; we use regions previously iden-
fewer number of sites included in the analysis (16 and 19ified by the test of Hartmann and Golding (1998) in
for CR2 and CRB, respectively). Also, as for the introns, third codon positions, and the HKY85 (Hasegawa et al.
CR2 has significantly greater average GC content thar1985) model is assumed. In all three positions, CR2
CRB in third codon positiond(1,8) = 9.20,p=0.016].  evolves significantly slower than the average sequence
Figure 2 shows the substitution rates along Xah  (-2logA = 6.62 andp [10.01, —2log\ = 5.42 andp <
region for first, second, and third codon positions. The0.05, and —2lod = 25.82 andp < 0.001 for the first,
general reversible model (Tavaf®©86) with discrete second, and third codon positions, respectively), and
gamma rates for sites is used, rates are obtained using tiiZRB evolves faster, but in this case the differences are
phylogeny shown in Fig. 1B, and increased depth of thesignificant only for third codon positions (-2ldg =
phylogeny is expected to improve the power of thel7.76,p < 0.001). Maximum likelihood-estimated aver-
analysis. Vertical arrows indicate the location of intronsages of the number of substitutions per site in CRB rela-
B and 2. Clearly, the coding region around the pointtive to CR2 (CRB:CR2), shown graphically in Fig. 3, are
where intron B has been inserted occupies a peak ah the proportions 2.22:1, 1.32:0.39, and 22.36:6.39, for
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257 wider phylogenetic spectrum (i.e., considering the 10-
species data setin Fig. 1B, = 0.77 andp = 0.02,r. =
0.71antp=0.03,rc = 0.76 andp=0.02, and- = 0.68

- 2 andp = 0.04 for the first, second, and third codon posi-
tions and fourfold degenerate siteg; = 0.62 andp =
0.05,r5 = 0.62 andp = 0.05,rg = 0.85 andp = 0.001,
andrg = 0.66 andp = 0.03, respectively).

20 T

— B
15 T

107

Subtitutions rates

Discussion

We have shown that two introns can display disparate
m I substitution patterns even when they are located rather
0° proximally to each other within the same gene. In addi-
tion, the evolutionary dynamics of introns 2 and B ex-
hibits a striking parallelism with the surrounding coding
Fig. 3. Estimated substitution rates for the first, second, and third e inng. Heterogeneous base composition among introns
codon positions in the coding regions surrounding intronsp2( bar$ . . . .
and B (illed bars). Taxa are the same as in Fig. 2. Estimates are for theWlthln genes, correlated Wlth the composition of adjacent
regions identified with the test of Hartmann and Golding (1998) in third €XONS, has been detected in the genom®.ofnelano-
codon positions: 12 codons upstream and downstream of intron B angiaster(Kliman and Hey 1994; Kliman and Eyre-Walker
15 codons upstream and 17 downstream of intron 2. Rates are obtaine_[ggg), although in these previous studies it was not de-
by maximum likelihood under the Hasegawa et al. (1985) model [pro-tamined whether the substitution rates vary between in-
gram PAML 1.3 (Yar_]g 1997)] assuming six categories of rates (for thetronS
first, second, and third codon position of each codon). :
Intron sequences are most frequently assumed to
evolve in neutral or nearly neutral fashion (Moriyama
the first, second, and third codon positions, respectivelyand Hartl 1993). Still, there are ways that intron se-
(estimates obtained simultaneously under the HKY85quences may be functionally constrained. For example,
model with six rate parameters). These results remaithe overall size of introns might be of functional rel-
qualitatively similar removingD. saltansand D. willi- evance (Leicht et al. 1993). In fact, introns 2 and B are
stoni, which means that the coding region surroundingboth short in the 14 representatives of tedtansand
intron B was already highly variable before the insertionwillistoni lineages, with sizes fluctuating within a narrow
of this intron. range (52 to 66 bp). It is, however, unlikely that size
constraints on neighboring introns that are about the
Correlated Patterns in Introns and Exori3espite the  same length can lead to such disparate rates of substitu-
different rates of evolution and base composition, the GQion; in addition, the size of intron 2, whose sequence
content variation of intron 2 is positively correlated with evolves the slowest, changes greatly outsdkansand
the GC content variation of intron B [Felsenstein’s willistoni [up to 527 bp inD. subobscurgComeron and
(1985) contrast test. = 0.63,p = 0.02; Spearman’s Aguadel995)].
nonparametric correlatiomg = 0.76,p = 0.001]. Another way introns might be constrained is owing to
In spite of the relatively short time elapse®BQ My)  the presence of regulatory motifs (Leicht et al. 1995).
since the origin of thealtansandwillistoni lineages, the Conservation of regulatory signals is especially evident
GC content in fourfold degenerate sites of the CR2 andn genes that are alternatively spliced in different tissues
CRB is correlated with the GC content of their corre- (Leicht et al. 1993, 1995; Clark et al. 1996). This might
sponding intronsri = 0.62,p = 0.02, and' = 0.61, be the case for intron 2, for its sequence is fairly con-
p = 0.03, for the comparison CR2—intron 2 and CRB-served. Yet, apart from the and the 3 splice sites, it is
intron B, respectively; Spearman’s correlationg, = not possible to line up intron 2 sequences outside the
0.53,p = 0.05, andrg = 0.74,p = 0.002, respectively). closely relatedwillistoni siblings; also, intron 2 has been
Similar analyses comparing the first, second, and thirdost in the mothCalliphora viccina(Houde et al. 1989),
codon positions of CR2 and CRB with their respectivesuggesting that it is not essential for the appropriate func-
introns are nonsignificant (except for the Spearman’s cotioning of the gene. In any case, there is not any evidence
efficient for the comparison between intron B and third of either alternative splicing or regulatory features that
codon positions of CRB:g = 0.77,p= 0.001). Presum- would account for the different evolutionary rates of in-
ably, this lack of correlation is the case because of thd@rons 2 and B.
lower level of variation of codon positions. Indeed, a Introns might also be constrained in order to maintain
strong correlation between the GC content of intron 2the RNA secondary structure (Stephan and Kirby 1993;
and CR2 emerges when computing the correlation over &irby et al. 1995). There is growing evidence that sec-

1st 2nd 3rd
Codon Positions
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Table 2. Folding free energy analysis for introns 2 and B however, there are not obvious differences in the way
each intron departs from the random expectation. This

LGo - LGe observation is not affected by GC content differences
Species Intron 2 Inton 8 among the introns, since the randomization procedure
liston does not alter the base composition of the RNA se-
willistoni group
D. paulistorum +1.1 +3.3* quences. L .
D. equinoxialis +0.4 +1.4 Because a hairpin is a local phenomenon, it can go
D. willistoni +1.9 +1.0 undetected by the folding analysis. Therefore, we have
D. tropicalis -0.8 +1.8 made a more specific search for putative stems using the
. ) " '
D. insularis 2.0 3.1 BESTSTEM program (Parsch et al. 1998) (see Materials
D. sucinea +0.9 +0.5 .
D. capricorni 11 +1.9 and Methods). We have conducted searches for introns 2
D. nebulosa +0.2 +2.4 and B of the five representatives of thlistoni species
saltansgroup subgroupz the same for_ which different substltunor_] rates
D. saltans +4.0% +2.6 between introns were inferred. In accordance with the
D. prosaltans +2.7 -2.0 excessively unpaired structure of the introns, evidence
D. neocordata +1.3 0.0 for putative pairing stems cannot be detected. This con-
g' ztrﬂ ig;iﬁ :i'g* ;513 clusion is likely to be correct given that introns are very
D. subsaltans 05 15 short and that the splice sites, including thetbe 3, and

the branchpoint, show a tendency to elude the pairing
*The difference between the observed free folding energy value ofegions of hairpins, something probably related to the
each intron sequencd-Go) and the corresppndlng expected vglue accession by the spliceosome (Solnik 1985; Eperson et
(LGg) averaged over 100 random permutations of the actual intron . . . .
sequence. al. 1988); both circumstances greatly circumscribe the
* Statistically significant at the 0.05 level. positions available for a stem, increasing the likelihood

of its detection if any were present.

ondary structure of the pre-mRNA plays a role in the The excess of free energy coupled to th_e virtual ab_—
selection of splice sites (e.g., D'Orval et al. 1991; Goguelsence of stems suggests that natural selection has main-

and Rosbash 1993). For short introns like the ones in théained intr_ons 2and B "? a fa_lirly open structurg. Th? fact
present study, RNA folding can likely give two types of that both mtr_ons are quite dlfferen_t, also varying widely
structural configurations: (i) hairpins, created by the pair-3CT0SS SPecies, indicates that this constraint is not re-
ing of complementary sequences (stems); and (ii) Oper.[Iected on a site-by-site basis b.ut,. rather, is a global
less tightly folded structures. Hairpins relevant function-Property of whole sequences. A similar structural behav-
ally can be maintained by epistatic selection for the re0r Of the RNA has been reported for the introns of the
tention of the form of the stems of these structuresSarcomeric myosin alkali light gene Birosophila(Leicht
(Stephan and Kirby 1993). Thus, mutations occurring in€t al- 1993, 1995; Clark et al. 1996). Current models of
a pairing region of a stem are individually deleterious if DNA evolution are unable to account for this class of
they destabilize the structure. But fitness can be restore@0nstraint. However, as long as introns 2 and B behave
when a compensatory mutation occurs that reestablishesimilarly in this respect, it is unlikely that natural selec-
the pairing potential (Stephan and Kirby 1993; Kirby ettion acting differently on the pre-mRNA secondary
al. 1995). Accordingly, regions within stems are ex- Structure can account for the different rates of evolution
pected to show a reduced rate of evolution relative todf the introns, nor for their different average GC con-
unpaired regions (Stephan 1996). This model has beei@nts. The latter could be explained if we assume that,
proposed to explain the retention of a stem structure irinstead of having originated by duplication of intron 2,
the introns of theAdh gene ofDrosophila(Stephan and intron B was originally richer in AT and has gained an
Kirby 1993). Similarly, the presence of a conserved hair-extra AT rich string in the common ancestor of thes-
pin in intron 2 might account for the reduced substitutiontanslineage (see Table 1). If this were true, however, one
rate of this intron. would not expect to find a similar compositional pattern
In order to examine this possibility we have deter-in the surrounding coding region. Ultimately, this sce-
mined the predicted folding free energy of each intron innario would leave unexplained why intron B changes
the 14 representatives of thealtans and willistoni  faster, at least within thevillistoni lineage.
groups, using the RNAstructure program (see Materials Natural selection does not appear to be responsible for
and Methods) (Mathews and Burkard 1997). Differenceghe differences in substitution rates observed between the
between observed free energies and the expected averageding regions surrounding the introns. Xdh it is
for a random sequence are shown in Table 2. Overallknown that the number of amino acid replacement sub-
introns 2 and B exhibit a tendency to avoid stable stemnrstitutions shows a relative reduction in most regions
structures (11 species of 14 show a higher free energwhere the binding domains of the enzyme have been
than expected in intron 2, and 12 of 14 in intron B); located (Comeron and Aguade 1996); both coding re-
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gions, CR2 and CRB, nonetheless fall outside any putaand Filipski 1994). For example, DNA in the nucleo-
tive functional domain (Fig. 2). Also, the possibility that some core seems to be more protected from damaging
CR2 and CRB are subject to different constraints at theagents than in the linker or totally naked DNA (Boulikas
protein level can not explain the differences in third 1992); also, there is experimental evidence that the
codon positions. These could be due to changes in codomuclear DNA of eukaryotes is nonuniformly protected by
usage related to translational accuracy and/or efficiencyproteins maintaining chromosome structure (Kladde and
However, first, codon bias is weak ¥dh,so that codon Simpson 1994) and that the DNA sequence position
usage is not expected to vary much along the sequenda the nucleus can affect the efficiency of reparation
(Riley 1989), and second, synonymous and nonsynonytHolmquist and Filipski 1994). It might, therefore, be
mous substitution rates are not correlated with codomeasonable to speculate that CRB had a less protected,
usage in this gene (Comeron and Aguade 1996). Altermore exposed configuration than CR2 already long be-
natively, differences in third codon positions could before intron B was acquired. This very circumstance
mediated by differences in the secondary structure of thenight indeed have increased the chance for the intron to
mRNA. But it is not obvious how these differences could be inserted. Once this event took place, the greater pro-
lead to a pattern of covariation with introns. Equally pensity for damage of the region impacted the evolution
unlikely seems the hypothesis that natural selection afef the intron B sequence, leading to the pattern currently
fects the fraction of neutral mutations in first, second,observed. Conversely, CR2 might be embedded into a
and third codon positions proportionally in CR2 and more protected region, which also might explain why
CRB (Fig. 3). this intron has persisted within thi$dh region from a
The inference that the coding region in the vicinity of remote ancestor into mammals and flies.
intron B was already changing rapidly before the inser- It might be noted that, for the arguments above to be
tion of the intron strongly suggests that the increasedsalid, it is not necessary to assume that intron B origi-
substitution rate of intron B responds to causes other thanated by duplication of intron 2. Yet the scenario de-
the peculiarities of the intron sequence itself. Most likely picted by this study makes more plausible the duplication
these causes are related to systematic differences in thgpothesis. For example, it provides an answer to the
pattern of point mutation along theédh gene. This hy- question of why the sequence of intron B drifted toward
pothesis can account for the low substitution rate in re-a higher AT content after it originated by duplication
gion 2; the relative increase in region B in the first, from intron 2. Interestingly, we have recently shown that
second, and third codon positions and the intron; andthe GC mutation pressure has experienced a shift toward
also, the correlated patterns of base composition betweeAT in the common ancestor of trealtansandwillistoni
introns and exons in both regions. As expected for relalineages, presumably intensified g§altans(Rodriguez-
tively unconstrained sites, this correlation is more apparTrelles et al. 1998,0). A trivial answer to the question
ent for fourfold degenerate sites of CR2 and CRB andabove may, thus, be that introns 2 and B are equally
emerges for the first, second, and third codon positiongonstrained, but intron B has accumulated more AT be-
after increasing the depth of the phylogenetic analysiscause it mutates faster.
This hypothesis might also explain previously reported Two general questions arise. First, since they were
heterogeneous synonymous substitution rates along tHest discovered, introns have been placed into the black
Xdhregion (Comeron and Aguade 1996). The heterogebox of unconstrained, fast-changing sequences used as
neity was attributed to different selective constrains onreference when investigating selection in other regions of
the secondary structure of the mRNA, but the authors didhe genome. If, however, weak selection generally holds
not take into account intron data (see Comeron andor introns, it may be profoundly misleading to view
Aguade 1996). intron sequences as fast evolving. In the case at hand, a
Evidence of heterogeneity in the mutation patternrather different picture of the evolution of the coding
over the short segment involved in our stud$@0 bp) region around intron B would emerge, depending on
was previously unknown iDrosophila.lt cannot be at- whether one used intron 2 or intron B for the comparison.
tributed to differences in the GC content of the regions.Second, whereas our results appear better to fit a model
It is well known that the rate of mutation from G/C to of locally heterogeneous mutation patterns, this by no
A/T is greater than that from A/T to G/C (Li et al. 1984), means implies that selection is unimportant. In fact, a
so more mutations are expected in GC-rich sequencegeneral correlation between the location of genes and
than in GC-poor sequences. Higher substitution rateshat of blocks with different mutation patterns remains a
should therefore be observed in region CR2, which, tgpossibility to explore in the future.
the contrary, changes more slowly than CRB. Other fac-
tors must, therefore, be important_ There is a growingﬁCkﬂOWledgmentS. We are grateful to B.S. Gaut, R.R. Hudson, C.A.
body of evidence indicating that the local environment ofachado, M. Santos, and A. Tatarenkov for suggestions and critical
. L. . discussion. F.R.-T. has received support from Ministerio de Educacion
the chromatin can critically influence the rates of DNA y Cultura (Spain) (Contrato de Reincorporagiand Grant PB96-1136

damage and its repair, thus leading to variable patterns @b aA. Fontdevila. This work was supported by National Institutes of
mutation along the genome (Boulikas 1992; HolmquistHealth Grant GM42397 to F.J.A.
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