Copyright © 2003 by the Genetics Society of America

Selective Constraints on Intron Evolution in Drosophila

John Parsch'

Department of Biology I, Section of Evolutionary Biology, University of Munich (LMU), Munich 80333, Germany

Manuscript received May 5, 2003
Accepted for publication August 11, 2003

ABSTRACT

Intron sizes show an asymmetrical distribution in a number of organisms, with a large number of “short”
introns clustered around a minimal intron length and a much broader distribution of longer introns. In
Drosophila melanogaster, the short intron class is centered around 61 bp. The narrow length distribution
suggests that natural selection may play a role in maintaining intron size. A comparison of 15 orthologous
introns among species of the D. melanogaster subgroup indicates that, in general, short introns are not
under greater DNA sequence or length constraints than long introns. There is a bias toward deletions in
all introns (deletion/insertion ratio is 1.66), and the vast majority of indels are of short length (<10 bp).
Indels occurring on the internal branches of the phylogenetic tree are significantly longer than those
occurring on the terminal branches. These results are consistent with a compensatory model of intron
length evolution in which slightly deleterious short deletions are frequently fixed within species by genetic
drift, and relatively rare larger insertions that restore intron length are fixed by positive selection. A
comparison of paralogous introns shared among duplicated genes suggests that length constraints differ
between introns within the same gene. The janusA, janusB, and ocnus genes share two short introns derived
from a common ancestor. The first of these introns shows significantly fewer indels than the second intron,
although the two introns show a comparable number of substitutions. This indicates that intron-specific
selective constraints have been maintained following gene duplication, which preceded the divergence

of the D. melanogaster species subgroup.

NTRONIC sequences, which interrupt exons and are
removed through splicing, are nearly universal in
eukaryotes (NIXON et al. 2002; SIMPSON et al. 2002). How-
ever, the general functional and evolutionary importance
of introns remains unclear. Large-scale comparisons of
intron sequences within genomes indicate that only a
small fraction of their sequence contains information
necessary for proper splicing (MOUNT et al. 1992). Aside
from GT and AG dinucleotides at the 5" and 3’ splice sites,
respectively, and an A nucleotide required for branchpoint
formation, there are no intronic sequences under absolute
constraint. Preferred consensus sequences providing infor-
mation for splice site and branchpoint selection are
limited to a few nucleotides surrounding those positions
and show a relatively high level of variation among in-
trons (MOUNT et al. 1992; LoNnG and DrutscH 1999).
In addition, interspecific comparisons of orthologous
introns indicate that there is little constraint on nucleo-
tide sequence, as introns undergo nucleotide substitu-
tions at rates comparable to pseudogenes and fourfold
degenerate codon positions (GRAUR and L1 2000). This
suggests that introns evolve neutrally (or nearly so) at
the level of DNA sequence. Despite this apparent lack
of primary sequence constraint, several observations
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suggest that intron size is subject to natural selection.
For example, the distribution of intron lengths in Dro-
sophila melanogaster and several other organisms with
well-characterized genomes is asymmetrical, with many
introns falling into a narrow distribution around a “min-
imal” intron length and the remaining introns showing
a much broader distribution of lengths ranging from
hundreds to thousands of base pairs (MOUNT et al. 1992;
DeutscH and LoNG 1999; Yu et al. 2002). In D. melanogas-
ter, minimal introns have lengths centered around 61 =
10 bp (YU et al. 2002), although the boundary separating
introns into the “short” and “long” classes is not discrete
(CoMERON and KrRerTMAN 2000). The relatively narrow
length distribution of short introns suggests that natural
selection may be involved in the maintenance of intron
size.

Over evolutionary time, transitions from the short
to the long intron size class appear to be rare events
(STEPHAN et al. 1994; MORIYAMA et al. 1998). STEPHAN
et al. (1994) compared 17 intron sequences available
from at least two species of the D. melanogaster species
subgroup and observed no changes in length class. In
comparisons between more distantly related species (i.e.,
D. melanogaster vs. D. pseudoobscura or D. melanogaster vs.
D. virilis) transitions between size classes were observed,
although these transitions were typically accompanied
by an increase in polypyrimidine content just upstream
of the 3’ splice site in the longer intron (STEPHAN et al.
1994). This observation is consistent with the proposal
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that different splicing mechanisms are used for short
and long introns (MOUNT et al. 1992) and suggests that
multiple compensatory mutations may be necessary for
a size transition to occur.

Further evidence for natural selection acting on in-
tron size comes from the relationship between intron
length and recombination rate. CARVALHO and CLARK
(1999) reported a significant negative correlation be-
tween intron length and recombination rate in D. mela-
nogaster. This observation can be explained by natural
selection, which is expected to be stronger in regions
of high recombination, favoring shorter introns. In ad-
dition, introns in the size range of 60-80 bp occur on
average more in regions of higher recombination than
do introns shorter than 60 bp or introns longer than
80 bp, suggesting weak natural selection for both mini-
mal and maximal intron length (CARVALHO and CLARK
1999). ComERrRON and KrerTMAN (2000) found a similar
negative correlation between intron length and recom-
bination in D. melanogaster, although they did not find
evidence for weak natural selection against very short
introns (<60 bp). These authors proposed that introns
act as modifiers of recombination. Longer introns in-
crease the probability of recombination between weakly
selected sites in adjacent exons and thus reduce interfer-
ence selection. Since interference between selected sites
is expected to be greater in regions of low recombina-
tion, this model also predicts a negative correlation be-
tween intron length and recombination rate.

Finally, there is growing evidence for a functional link
between intron length and gene expression. CASTILLO-
Davrs et al. (2002) reported a strong negative correla-
tion between intron length and expression level in geno-
mic surveys of both Caenorhabditis elegans and Homo
sapiens. This can be explained by a negative fitness cost
associated with the transcription of long introns. Since
the transcription of apparently unnecessary intronic se-
quences costs the organism both time and energy (in the
form of ATP), natural selection is expected to minimize
intron length in genes that are transcribed at high levels.
Further evidence suggests that introns of minimal length
may be selectively maintained in genes due to a syner-
gistic relationship between RNA processing and RNA
export from the nucleus (Yu et al. 2002). A number of
experimental studies in yeast, mice, and Drosophila have
indicated that the presence of a short intron leads to
higher levels of gene expression relative to an intronless
gene (CHOI et al. 1991; PALMITER et al. 1991; HOLSTEGE
et al. 1998; LLoPART et al. 2002). However, selection
may not always favor the presence of short introns that
increase gene expression. In the case of the jingwei gene,
which shows an intron presence-absence polymorphism
within D. teissieri, population genetics data suggest that
the intronless form is favored by selection (LLOPART et
al. 2002).

In this article, patterns of nucleotide substitution, in-
sertion, and deletion are analyzed for 15 introns from

nine different genes across species of the D. melanogaster
species subgroup. The advantage of comparing introns
from within this species group is that they are divergent
enough (at least 10 million years) for many changes to
have occurred, yet similar enough to allow for reliable
alignment. Because the phylogenetic relationship of
these species is known, it is possible to classify indels as
either insertions or deletions in most cases. In addition,
the observed sequence changes are those that have been
fixed between species and thus are changes that are
positively selected, neutral, or only very slightly deleteri-
ous. The results indicate that, in general, short introns
are not under greater sequence or length constraints
than long introns. There is an overall indel bias toward
short deletions. However, intron length is relatively well
conserved across species, suggesting the selective fixa-
tion of lessfrequent, longer insertions. Finally, a com-
parison of paralogous introns shared among duplicated
genes suggests that length constraints may be intron-
specific and can differ between introns within the same
gene.

MATERIALS AND METHODS

Intron-containing sequences that were available from at
least seven of the eight species of the D. melanogaster species
subgroup (D. melanogaster, D. simulans, D. sechellia, D. mauwri-
tiana, D. yakuba, D. teissieri, D. erecta, or D. orena) were down-
loaded from GenBank. A recently described member of the
species group, D. santomea (LACHAISE et al. 2000), was not
included in this study due to the paucity of available sequences.
The final data set consisted of 15 introns from nine different
genes: Alcohol dehydrogenase (Adh), Amylase-related (Amyrel), An-
dropin (Anp), Cecropin C (CecC), janusA (janA), janusB (janb),
ocnus (ocn), roughex (rux), and Superoxide dismutase (Sod). The
GenBank accession numbers for each gene are as follows:
Adh (M17827, M36582, X04672, M19264, X54120, X54118,
X54116, Z00032), Amyrel (U69607, U96159, AF039558,
U96157, AF280878, AF280879, AF039562, U96158), Anp
(X56726, AB047040-AB047045), CecC (211167, AB047056—
AB047062), janA (M27033, AY013339-AY013344), janB
(M27033, AY013345-AY013351), ocn (AF231190, AY013352—
AY013358), rux (AE003436, AF327884-AF327890), and Sod
(X13780, X15685, AF127155-AF127160).

To construct a phylogenetic tree of the D. melanogaster spe-
cies subgroup, protein-encoding sequences from a subset of
the above genes for which orthologous sequences were avail-
able from the outgroup species, D. pseudoobscura, were used.
The accession numbers for the D. pseudoobscura sequences are
X64489 (Adh), U82556 (Amyrel), S77099 (janA and janB), and
U47871 (Sod). A 50% majority-rule consensus parsimony tree
based on the concatenated protein-encoding sequences was
generated using PAUP* (Sworrorp 2000). All nodes of this
tree were supported by bootstrap values of at least 68%, with
the exception of those connecting species of the D. simulans
clade (D. simulans, D. sechellia, and D. mauritiana), which could
not be resolved with >50% support. In this case, the three
species were assumed to be equally related to each other,
descending from a common polytomic node.

Intron sequences were aligned using a hierarchical ap-
proach. That is, the sequences were first aligned within three
subsets on the basis of their phylogenetic relationships. The
subsets were: (1) D. melanogaster, D. simulans, D. sechellia, and
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TABLE 1

Intron lengths (in base pairs) in species of the D. melanogaster subgroup

Gene Intron Align” mel sim sec mau yak tei ere ore CcVv?
Adh 1 758 654 654 653 665 617 666 614 619 0.035
2 75 65 67 67 65 63 64 65 65 0.021
3 89 70 66 66 68 64 67 76 61 0.066
Amyrel 1 62 56 58 57 58 57 57 57 60 0.021
Anp 1 62 62 62 62 62 62 62 — 56 0.037
CecC 1 70 69 70 70 61 70 70 70 70 0.046
janA 1 58 58 58 — 58 58 58 58 58 0.000
2 128 105 106 — 106 103 78 102 103 0.010
janB 1 73 58 64 64 64 64 64 65 69 0.047
2 57 57 57 57 57 57 57 57 57 0.000
3 68 61 61 61 61 59 59 66 63 0.037
ocn 1 54 54 54 54 54 52 52 52 50 0.028
2 69 55 57 48 66 52 59 55 56 0.094
rux 1 116 90 90 90 90 94 104 105 95 0.067
Sod 1 822 725 730 731 739 708 783 709 782 0.040

mel, D. melanogaster; sim, D. simulans; sec, D. sechellia; mau, D. mauritiania; yak, D. yakuba; tei, D. tessiers; ere,

D. erecta; ore, D. orena.

“Total base pairs (including gaps) in the sequence alignment.
! Coefficient of variation for intron length among species.

D. mauritiana; (2) D. yakuba and D. teissieri; and (3) D. erecta
and D. orena. Initial alignments were performed using ClustalX
(THOMPSON et al. 1997) with a gap opening penalty of 15 and
a gap extension penalty of 5. A complete alignment of all
species was then generated by aligning the subsets using the
gap penalties given above and without resetting gaps. For
some of the introns, the computer-generated alignments were
adjusted by eye. In these cases, the general strategy was to
favor mismatches to minimize the number of gaps, while en-
suring that the 5’ (GT) and 3’ (AG) splice signals and other
conserved sequence blocks remained aligned. The complete
alignments are presented in supplemental Figure 1 available
at http:/www.genetics.org/supplemental/. The numbers of
substitutions, insertions, and deletions that have occurred in
each intron were inferred by parsimony, assuming the phylo-
genetic relationship indicated by the protein-encoding se-
quences. In the case of the D. simulans species complex, for
which the phylogenetic relationship was unclear, a conserva-
tive approach was used. That is, a substitution or indel shared
by any two of the three species was assumed to have a single
origin. In the case of ambiguous indels (those that could not
be classified as insertions or deletions due to the lack of an
appropriate outgroup sequence), the indel was assigned the
minimum length possible under parsimony. A complete list
of all indels and their lengths is provided in supplemental
Figure 2 available at http:/www.genetics.org/supplemental/.

RESULTS

Intron length variation in the D. melanogaster species
subgroup: The data set consists of 15 introns from nine
different genes (Table 1). Of the 15 introns, 13 fall into
the short-size class (average length range is 53—100 bp),
and 2 fall into the long-size class (average lengths are
643 and 738 bp). Consistent with previous reports (STE-
PHAN et al. 1994), there are no changes from the short
to the long intron class within the D. melanogaster
species subgroup. For each intron, sequences were avail-

able from all eight species of the subgroup, with the
exception of the two janA introns (which were unavail-
able from D. sechellia) and the Anp intron (which was
unavailable from D. erecta). The total length of the
aligned intron sequences was 2561 bp. This includes 981
bp from short introns and 1580 bp from long introns. A
summary of the intron lengths is given in Table 1. The
two long introns show greater length changes among
species in terms of numbers of base pairs, but there is
not greater variance in intron length in long introns
after correcting for intron size. The average coefficient
of variation (CV) for short intron length is 4.3% and the
average CV for long intron length is 3.9%. Thus there
is no evidence for greater length constraints on short
introns. If anything, the short introns show greater
length variation, although this is not significant, given
the limited sample size of long introns.

Comparison of nucleotide substitutions and indels:
A consensus parsimony tree of the D. melanogaster
species subgroup based on the concatenated protein-
encoding sequences of the Adh, Amyrel, janA, janB, and
Sod genes is shown in Figure 1. These genes were chosen
due to the availability of an orthologous sequence in D.
pseudoobscura, which was used as an outgroup. The same
general topology was produced using the concatenated
intron sequences of all nine genes used in this study
(not shown), although an outgroup sequence could not
be used for the introns due to either the lack of an
available sequence or ambiguity of alignment. There is
some uncertainty as to the relationship of the species of
the D. simulans complex (D. simulans, D. sechellia, and D.
mauritiana). This uncertainty is likely due to shared an-
cestral alleles persisting in the three extant species fol-
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FiGURE 1.—Bootstrap 50% majority-rule consensus clado-
gram of the D. melanogaster species subgroup. The tree is based
on concatenated protein-encoding sequences of the Adh,
Amyrel, janA, janB, and Sod genes. mel, D. melanogaster; sim,
D. simulans; sec, D. sechellia; mau, D. mauritiana; yak, D. yakuba;
tei, D. tessieri; ere, D. erecta; ore, D. orena. D. pseudoobscura (pse)
was used as an outgroup to root the tree. Bootstrap values
(1000 replicates) are given at each node. This topology was
used to infer numbers of substitutions and indels occurring
within introns. Branches connecting the two major clades
within the species subgroup were considered internal, while
those within each clade were considered terminal.

lowing speciation (KLIMAN et al. 2000; TING et al. 2000).
To be conservative, a tree in which these three species
coalesce at a common, polytomic ancestral node was
assumed for this article (Figure 1).

The “two-clade” structure of the D. melanogaster spe-
cies subgroup presented in Figure 1 differs slightly from
the traditionally assumed phylogeny for this group,
which places D. yakuba and D. teissieri in a clade with D.
melanogaster and the D. simulans complex species (ASH-
BURNER 1989; PowkLL 1997). It should be noted, how-
ever, that this traditional phylogeny was based on non-
molecular data or on DNA sequence from a single gene,
Adh. The phylogenetic relationship presented here is
based on DNA sequences from Adh, plus four other
genes. The same topology is generated using maximum-
likelihood and distance methods, which support the
D. yakuba, D. teissieri, D. erecta, and D. orena clade with
bootstrap values of 66 and 97%, respectively. This clade
is further supported by a recently developed Bayesian
method, which samples the posterior probability of trees

generated by maximum likelihood (HUELSENBECK and
RoNquisT 2001). Using this method, the posterior prob-
ability of the above clade is 64%. None of the above
methods support the traditional phylogeny with proba-
bilities >15%. If each gene is considered separately
(instead of using a concatenated sequence), only Adh
provides consistent support for the traditional phylog-
eny. The janA and janB genes each support the phylog-
eny shown in Figure 1. Sod supports a third tree that
places D. erectaand D. orenain a clade with D. melanogaster
and the D. simulans complex. The Amyrel sequence does
not support any of the above trees with bootstrap values
>50%. A recent phylogenetic study of the D. melanogaster
subgroup using DNA sequences of the Adh, Adhr, Gld,
and ry genes and more closely related outgroup species
also strongly supports the tree shown in Figure 1 (Ko
et al. 2003). On the basis of these results, the relationship
depicted in Figure 1 was used to infer the numbers
of base substitutions and indels occurring in the intron
sequences by parsimony (see MATERIALS AND METHODS).

For the entire intron data set, 972 nucleotide substitu-
tions and 176 indels were inferred. The 13 short introns
had 486 substitutions and 74 indels, while the 2 long
introns had 486 substitutions and 102 indels. The differ-
ence in the substitution/indel ratio between short and
long introns is significant (x? = 3.8; P = 0.05). This
difference could be due to either an increased rate of
indels or a decreased rate of substitutions in long introns
relative to short introns. The latter explanation is better
supported by the data. Indel rates (corrected for intron
length) are very similar between the short and long
introns, with short introns showing 0.08 indels/bp and
long introns showing 0.06 indels/bp. However, substitu-
tion rates differ significantly between the two intron
classes, with 0.50 substitutions/bp in short introns and
0.31 substitutions/bp in long introns (x* = 39.7;, P <
0.001). It should be noted that the above comparison
of substitution rates is conservative, due to the fact that
three of the short intron sequences were available from
only seven of the eight species compared in this study.
The total number of substitutions inferred by parsimony
from an alignment of seven sequences will necessarily
be less than (or equal to) that inferred from an align-
ment of eight sequences. This result suggests greater
selective constraint on the DNA sequence of long in-
trons, perhaps because they contain additional regula-
tory sequences that are subject to purifying selection.
However, this interpretation is inconsistent with the ob-
servation that conserved intronic regions with presumed
regulatory function experience far fewer indels than sub-
stitutions in comparisons between D. melanogaster and D.
virilis (BERGMAN and KrerTMAN 2001). More sequences
of long introns from across the D. melanogaster species
subgroup are needed to confirm the substitution rate
difference between short and long introns.

Indel size distribution: Of the 176 indels inferred
from the intron alignments, 93 (53%) could be classi-
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fied as deletions and 56 (32%) could be classified as
insertions. The remaining 27 (15%) of the indels were
ambiguous. This is due mainly to cases where the indels
differed between the two clades within the species sub-
group (Figure 1). That is, D. melanogaster, D. simulans,
D. sechellia, and D. mauritiana all shared an indel not
present in D. yakuba, D. teissieri, D. erecta, or D. orena.
For the entire data set, there is a significant excess of
deletions relative to insertions (x? = 9.2; P = 0.002),
with a deletion/insertion ratio of 1.66. This pattern
holds for both the short and long intron classes. For
the short introns, the deletion/insertion ratio is 1.71
(x* = 4.5; P=0.035); for the long introns, itis 1.63 (x* =
4.8; P = 0.029). The above estimate is in reasonable
agreement with the 1.35 deletion/insertion ratio re-
ported for indel polymorphisms within D. melanogaster
introns (COMERON and Krerrman 2000).

The indel size distribution is also in good agreement
with that observed by CoMERON and KrErTmMAaN (2000),
with 57% of the deletions and 48% of the insertions
being either 1 or 2 bp in length (Figure 2). Ninety
percent of the deletions and 94% of the insertions were
<10 bp. In general, deletions tended to be slightly
longer than insertions, with average lengths of 4.59 and
3.50 bp, respectively, although this difference is not
significant (Mann-Whitney test, P = 0.70). For the short
introns, deletions and insertions averaged 3.54 and 3.63
bp, respectively (Mann-Whitney test, P = 0.28); for long
introns, deletions and insertions averaged 5.42 and 3.41
bp, respectively (Mann-Whitney test, P = 0.67).

Lengths of indels occurring along internal and termi-
nal branches: As mentioned above, 15% of the indels
were classified as “ambiguous,” because they could not
be polarized as either insertions or deletions. It is likely,
however, that many of these events represent insertions,
because the total intron length is well conserved among
species (Table 1) and deletions are predominant among
the indels that could be classified (Table 2). In general,
the ambiguous indels are longer than those that could
be classified as insertions or deletions (Figure 2). The
average length of the ambiguous indels is 7.22 bp, while
the average length of all other indels (insertions and
deletions combined) is 4.18 bp. The length difference
between the two classes is highly significant (Mann-Whit-
ney test, P = 0.008). This pattern holds for both the
short and long introns: 7.11 bp for ambiguous vs. 3.57
bp for all other indels within the short introns and 7.28
bp for ambiguous vs. 4.65 bp for all other indels within
the long introns. The length difference is marginally sig-
nificant within both the short (Mann-Whitney test, P =
0.066) and long (Mann-Whitney test, P = 0.062) intron
classes.

The D. melanogaster species subgroup is composed of
two clades of closely related species separated by rela-
tively long internal branches. Most of the ambiguous
indels occur on these internal branches and cannot be
classified as either insertions or deletions due to the

A

[ insertions
0.6 B deletions
ambiguous

[ insertions
M deletions
ambiguous

Observed
frequency

T T T
1-2 34 5-6 7-8 9-10 >10

[0 insertions
0.6 M deletions
E4 ambiguous

0.4

Size (bp)

FIGURE 2.—Size distribution of insertions, deletions, and
ambiguous indels in (A) all introns, (B) short introns, and
(C) long introns.

lack of an appropriate outgroup sequence. However,
some indels are classified as ambiguous if they overlap
with other indels occurring within a particular clade.
Of the 27 ambiguous indels, 24 fall into the first category
(average length is 7.88 bp) and 3 fall into the second
category (average length is 2.00 bp). When the indels
are classified as either internal branch or terminal
branch (Figure 1), there is a highly significant length
difference with internal branch indels averaging 7.88
bp and the terminal branch indels averaging 4.14 bp
(Mann-Whitney test, P = 0.0017). The length difference
between internal branch and terminal branch indels is
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TABLE 2

Numbers of substitutions and indels in introns

Gene Intron Sub Sub/bp® Indels Indels/bp® Indels/sub  Del Ins Del/ins
Adh 1 169 0.22 56 0.07 0.33 24 25 0.96
2 34 0.45 10 0.13 0.29 5 5 1.00
3 45 0.51 10 0.11 0.22 3 6 0.50
Amyrel 1 41 0.66 5 0.08 0.12 2 3 0.67
Anp 1 30 0.48 2 0.03 0.07 2 0 —
CecC 1 36 0.51 2 0.03 0.06 2 0 —
janA 1 40 0.69 0 0.00 0.00 0 0 —
2 60 0.47 12 0.09 0.20 7 2 3.50
janB 1 35 0.48 6 0.08 0.17 4 1 4.00
2 28 0.49 0 0.00 0.00 0 0 —
3 25 0.37 3 0.04 0.12 1 1 1.00
ocn 1 28 0.52 3 0.06 0.11 3 0 —
2 34 0.49 10 0.14 0.29 6 4 1.50
rux 1 50 0.43 11 0.09 0.22 6 2 3.00
Sod 1 317 0.39 46 0.06 0.15 28 7 4.00
All introns 972 0.38 176 0.07 0.18 93 56 1.66
Short introns 486 0.50 74 0.08 0.15 41 24 1.71
Long introns 486 0.31 102 0.06 0.21 52 32 1.63

Sub, substitutions; del, deletions; ins, insertions.

“Total base pairs (including gaps) in the sequence alignment.

significant for both the short and long introns. For short
introns, internal branch indels average 7.88 bp and ter-
minal branch indels average 3.53 bp (Mann-Whitney
test, P= 0.019). For long introns, internal branch indels
average 7.88 bp and terminal branch indels average 4.60
bp (Mann-Whitney test, P = 0.033).

Length constraints on paralogous introns: The janA,
janB, and ocn genes arose through two separate gene dupli-
cation events, both of which predate the divergence of
the D. melanogaster species subgroup (YANICOSTAS et al.
1995; ParscH et al. 2001b). The three genes share two
paralogous introns derived from a common ancestral
gene (Figure 3). Although these introns are too diver-
gentamong genes to be aligned by DNA sequence, their

A ) .
janA janB ocn
—_
200 bp
B

I BN B oA
I— I BN o8
I B o

paralogous paralogous
intron intron 2

Ficure 3.—(A) Genomic organization of the janA, janB,
and ocn genes. In D. melanogaster, the three genes lie in tandem
in a 2.5-kb region of chromosome arm 3R. (B) Schematic
alignment of the three paralogous genes. Protein-encoding
regions are shown as solid boxes.

paralogy is supported by their conserved location within
the aligned protein-encoding regions and by the phase
with which they interrupt codons. In all three genes the
firstintron is located between a first and a second codon
position, while the second intron is located between a
third and a first codon position. The janB gene has an
additional 5" intron that is not present in janA or ocn
(Figure 3). In comparisons among species of the D.
melanogaster species subgroup, the two parlogous in-
trons show comparable numbers of base substitutions,
but differ markedly in numbers of indels. For the three
genes combined, the first paralogous intron has 96 sub-
stitutions and 3 indels, while the second has 119 substitu-
tions and 25 indels. This difference in indel/substitu-
tion ratios is highly significant (x* = 11.8; P < 0.001),
indicating different rates of indel accumulation in the
two introns. The difference is unlikely to be explained by
indelspecific mutational differences, because the in-
trons are only 125 bp apart within each gene and the
three genes lie in tandem within a 2.5-kb region of
chromosome arm 3R. Thus it appears that selective con-
straints with regard to indels may differ among short
introns within the same gene. In the case of janA, janb,
and ocn, the first paralogous intron appears to be under
much stronger selective constraints to maintain length
than the second.

DISCUSSION

A comparison of 15 orthologous intron sequences from
eight species of the D. melanogaster species subgroup
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revealed a total of 176 indels that have occurred since
the divergence of the species subgroup ~10 million
years ago. Of the indels that could be classified as either
insertions or deletions, there was a significant excess of
deletions (deletion/insertion ratio is 1.66). Further-
more, the vast majority of the indels were <10 bp in
length (90% for deletions, 94% for insertions). These
results are comparable to those reported by COMERON
and KrerrMaN (2000) for indel polymorphisms oc-
curring within introns of D. melanogaster. Those authors
reported a deletion/insertion ratio of 1.35, with 77%
of the deletions and 84% of the insertions <10 bp.
This suggests that the intronic indels segregating within
species closely reflect those that become fixed between
species. In the more distantly related D. pseudoobscura,
a slightly different pattern of indel polymorphism has
been observed. SCHAEFFER (2002) surveyed polymor-
phism in the Adh and Adhr genes and found a slight
excess of insertions (deletion/insertion ratio is 0.83),
with 77% of the deletions and 94% of the insertions <10
bp. Although this survey was based on a small number of
introns, it suggests that there may be mutational and/
or selective differences between D. melanogaster and D.
pseudoobscura that may contribute to the genome and
intron size differences between these two species (MORI-
YAMA et al. 1998).

A bias toward deletions has been observed in studies
of “dead-on-arrival” non-LTR retrotransposons in the
D. melanogaster and D. virilis species groups (PETROV et
al. 1996; PETROV and HARTL 1998) and in a survey of
five different transposable elements in the complete D.
melanogaster genome (BLUMENSTIEL et al. 2002). These
results suggest that there is a relatively high rate of
spontaneous DNA loss within these species, with dele-
tion/insertion ratios ranging from ~4 to 8. The same
qualitative pattern is also seen for the introns examined
in this study (Table 2), although the deletion bias is not
as extreme. This is likely due to the fact that introns
are under constraints for proper splicing and that indel
mutations that disrupt splicing and alter the protein
sequence encoded by a gene will quickly be eliminated
from the population by purifying selection (PTAK and
PeTrROV 2002).

There is an overall bias toward deletions relative to
insertions in introns (Table 2), but there is not a signifi-
cant difference between deletion and insertion lengths.
This suggests that, in general, introns should evolve
toward shorter lengths. However, it is clear that introns
maintain relatively constant lengths over evolutionary
time (Table 1; STEPHAN et al. 1994; MORIYAMA et al.
1998). How can this be explained? A possible explana-
tion based on compensatory evolution is as follows. As-
suming that natural selection maintains a minimal
length for short introns, as is indicated by the tight
distribution of short intron lengths observed in many
genomes (MOUNT et al. 1992; DEuTSCH and LONG 1999;
YU et al. 2002), deletions that bring intron length below

the minimum will be disfavored by natural selection.
However, since the vast majority of deletions are of very
short length (Figure 2), they may be only very slightly
deleterious and can become fixed in a species through
genetic drift. A general mutational bias toward small
deletions and their successive fixation by drift may result
in a “ratchet” effect in which intron length decreases
by small steps. Because the length change is small at
each step, the effect on relative fitness may be negligible.
Eventually, a rare, large insertion may occur. Since this
insertion is longer than the previous deletions that have
gone to fixation in the species, it may have a larger
effect on fitness, and if it restores the minimal intron
length, it will be driven to fixation by positive selection.

The above model is supported by the observation
that internal branch indels are significantly longer than
terminal branch indels. The former are indels that occur
on the branches separating the two major clades of the
D. melanogaster species subgroup (Figure 1) and cannot
be classified as either insertions or deletions due to the
lack of an appropriate outgroup sequence. However, the
observation thatintron length is well conserved between
the two clades (Table 1) and is generally well conserved
between more distantly related species (STEPHAN et al.
1994; MoRIYAMA et al. 1998) suggests that many of these
indels represent insertions. Otherwise, the observed de-
letion bias would lead to a persistent decrease in intron
length over time. Thus, the data are consistent with the
relatively frequent occurrence and fixation of small de-
letions (within each of the two major clades) and with
the less-frequent occurrence and fixation of larger inser-
tions (between clades). Since the same pattern is ob-
served in the two large introns, a similar process may
also occur in introns of this size class. In this case, the
fixation of large insertions may be selectively favored
not to maintain a minimal intron length for efficient
splicing, but to reduce interference between selected sites
in adjacent exons (COMERON and Krerrman 2000). More
orthologous sequences from long introns are needed to
investigate this possibility.

The process described above should be continuous and
not limited to only the internal branches of the phylogeny.
However, it may be difficult to detect such an effect
from the terminal branch indels, especially with a lim-
ited sample size of introns. This is because the ratchet
model requires the successive fixation of multiple small
deletions before a large insertion is favored by selection.
The terminal branch species used in the current analysis
typically differ by 5% or less in noncoding DNA se-
quence. Since indel rates are ~15-20% of substitution
rates (Table 2), only one indel is likely to occur along
a particular terminal branch in a short intron. Thus
there is little opportunity for the ratchet process to
function over relatively short time scales. It should also
be noted that the model does not require that all dele-
tions be deleterious and all insertions beneficial. Selec-
tion for (or against) indels occurs only after intron
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length falls below a minimum required for efficient
splicing. As can be seen from Figure 2, large deletions
(>10 bp) do become fixed within the short intron class.
However, it is noteworthy that the three large deletions
detected within this sample occur within three of the
larger introns of this size class (23 bp in janA intron 2,
11 bp in janB intron 1, and 11 bp in rux).

Indels were partitioned into three categories (inser-
tion, deletion, and ambiguous) using parsimony and
assuming the relationship shown in Figure 1. This tree
is strongly supported by several methods of phylogenetic
reconstruction used in this article (see RESULTS) and
by other recent molecular analyses (Ko et al. 2003),
but differs slightly from the relationship traditionally
assumed for the D. melanogaster species subgroup (AsH-
BURNER 1989; POowELL 1997). Assuming the traditional
relationship, however, does not alter the major results
reported here. For example, there is still a significant
bias toward deletions (deletion/insertion ratio is 1.96)
and no significant difference between deletion and in-
sertion sizes (average lengths of 4.11 and 3.58 bp, respec-
tively). Because the traditional tree allows the D. erecta/
D. orena clade to be used as an outgroup to all other
species, there are fewer ambiguous indels under this
assumption. However, the ambiguous indels do not dif-
fer significantly in size from classified indels (average
lengths of 3.83 and 3.93 bp, respectively). Thus, assum-
ing the traditional phylogeny also predicts that intron
length should consistently decrease over time, but does
not suggest a process by which length can be restored
and maintained relatively constantly over evolutionary
timescales.

Comparison of indel rates in the paralogous introns
of the janA, janB, and ocn genes indicates that the level of
selective constraint on intron length may vary between
introns within the same gene. Of the two paralogous
introns shared among these three genes, the first shows
significantly fewer length changes than the second when
compared among species of the D. melanogaster species
subgroup. Several observations indicate that this differ-
ence cannot be explained by different mutational pro-
cesses in the two introns. First, the introns are only 125
bp apart within each gene and all three genes lie in
tandem within a genomic region of 2.5 kb. It is ex-
tremely unlikely that mutation rates could vary so exten-
sively over a very small portion of the genome. Second,
the two paralogous introns show similar numbers of
nucleotide substitutions among species (Table 2), sug-
gesting equal mutation rates with respect to single base
changes. Finally, a comparison of intraspecific polymor-
phism (which is expected to be less sensitive to weak
selection than interspecific divergence) in these introns
suggests equal mutation rates (PArscH el al. 2001a; C.
MEIKLEJOHN, personal communication). A survey of poly-
morphism in the janA, janB, and ocn genes in 36 alleles
of D. simulans and in 8 alleles of D. melanogaster revealed
a total of 26 single nucleotide polymorphisms in the first

paralogous intron and 30 in the second. The number of
indels observed within species was too low to be informa-
tive, with one indel in the first intron and two in the
second.

Comparison of the lengths of the two introns among
the three paralogous genes suggests that the difference
in selective constraint most likely predates the diver-
gence of the D. melanogaster species subgroup. Among
the three genes, the first intron shows relatively little
length variation, ranging from 50 bp (ocn in D. orena)
to 58 bp (janA in all species). The second intron shows
much greater length differences among the paralogs,
ranging from 48 bp (ocn in D. sechellia) to 106 bp (janA
in D. simulans and D. mauritiana). The conservation of
intron length across the paralogs is surprising, given that
the selective constraints on protein-encoding sequences
appear to differ among the three genes. The janA, janb,
and ocn genes show significant differences from each
other in their nonsynonymous,/synonymous substitution
rates, indicating that they have likely undergone func-
tional divergence following duplication (PARSCH el al
2001b).

The observation that two short introns within the same
gene are under different length constraints is difficult
to explain. Could it be that intron order plays a role?
Perhaps the first intron of a gene is under stronger
length constraints than are subsequent introns. This
possibility is not supported by the limited data that are
available. Aside from janA, janB, and ocn, only one of
the other genes surveyed, Adh, contains multiple short
introns (considering the two short introns of the adult
transcriptional unit). In Adh, the first short intron shows
10 indels and 34 substitutions, while the second short
intron shows 10 indels and 45 substitutions. The differ-
ence in the indel/substitution ratio is not significant
(x* = 0.31; P = 0.58). Furthermore, the janB gene
contains a 5" intron that is not present in janA or ocn
(Figure 3). This intron does not appear to be under
stronger length constraints than the two subsequent
janB introns. The length of the first janB intron ranges
from 58 bp in D. melanogaster to 69 bp in D. orena. This
intron shows an indel/substitution ratio of 0.17, which
is comparable to that of the third intron (0.12 indels/
substitution), but much greater than that of the second
intron, which is invariant in length across the entire
species subgroup. Additional interspecific comparisons
of paralogous and other genes containing multiple in-
trons are needed to determine if the pattern seen in
the janA, janB, and ocn genes is common. If so, it would
indicate that intron-length evolution cannot be accu-
rately modeled as a general process in which all introns
within a particular size or recombination class are under
the same selective constraints, but rather that unique
constraints applying to individual introns must also be
taken into account. Further studies of substitution and
indel rates in long introns are needed to elucidate differ-
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ences in selective constraint between introns of the two
size classes.
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