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ABSTRACT

Intron length is negatively correlated with recombination in both Drosophila melanogaster and humans.
This correlation is not likely to be the result of mutational processes alone: evolutionary analysis of intron
length polymorphism in D. melanogaster reveals equivalent ratios of deletion to insertion in regions of high
and low recombination. The polymorphism data do reveal, however, an excess of deletions relative to
insertions (i.e., a deletion bias), with an overall deletion-to-insertion events ratio of 1.35. We propose two
types of selection favoring longer intron lengths. First, the natural mutational bias toward deletion must
be opposed by strong selection in very short introns to maintain the minimum intron length needed for
the intron splicing reaction. Second, selection will favor insertions in introns that increase recombination
between mutations under the influence of selection in adjacent exons. Mutations that increase recombina-
tion, even slightly, will be selectively favored because they reduce interference among selected mutations.
Interference selection acting on intron length mutations must be very weak, as indicated by frequency
spectrum analysis of Drosophila intron length polymorphism, making the equilibrium for intron length
sensitive to changes in the recombinational environment and population size. One consequence of this
sensitivity is that the advantage of longer introns is expected to decrease inversely with the rate of
recombination, thus leading to a negative correlation between intron length and recombination rate. Also
in accord with this model, intron length differs between closely related Drosophila species, with the longest
variant present more often in D. melanogaster than in D. simulans. We suggest that the study of the proposed
dynamic model, taking into account interference among selected sites, might shed light on many aspects

of the comparative biology of genome sizes including the C value paradox.

UCLEAR spliceosomal introns are nucleotide se-
quences that are transcribed but spliced out of
the precursor mRNA and they generally do not encode
any other polypeptide (BERGET et al. 1977; CHOW et
al. 1977; SAMBROOK 1977). Beyond essential splicing
signals and regulatory elements, many introns are fast
evolving, indicating a general lack of function (L1 and
GRAUR 1991; HuGHES and YEAGER 1997). Transcription
in a variety of eukaryotes, including yeast and Drosoph-
ila, proceeds at a rate of between 18 and 25 nucleotides
(nt) /sec (IRVINE et al. 1991; IzBAN and Luse 1992). It
follows that the transcription time for intron-containing
genes can increase from a few seconds to several min-
utes, thus suggesting an energetic cost to maintain in-
trons. Yet, the majority of introns are ancient and many,
perhaps even the majority, have persisted individually
throughout eukaryotic evolution (SHAH et al. 1983;
MARCHIONNT and GILBERT 1986; KERSANACH et al. 1994;
see DE Souza et al. 1996 for a review).
Might there be a universal selective benefit that could
explain the evolutionary persistence of introns? The
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recent discovery of a correlation between intron length
and recombination rate in Drosophila melanogaster (CAR-
vALHO and CLARK 1999) provided the first indication
that selection might play a role in governing intron
length. These authors proposed that long introns have
a deleterious effect but that this selection is over-
whelmed by genetic drift in regions of low recombina-
tion, thus leading to the observed correlation between
intron length and recombination rate. This hypothesis
is not likely to be a satisfactory explanation, however,
because natural mutational tendencies also appear to be
biased toward the production of shorter introns. De-
letion bias (the deletion-to-insertion mutational events
ratio) seems to be a general feature of the mutational
process, being detected in species as divergent as mam-
mals (GRAUR et al. 1989; SarToU and UeDpA 1994; OGATA
et al. 1996; OpHIR and GRAUR 1997) and Drosophila
(PETROV et al. 1996; PETROV and HARTL 1998). Selection
that favors deletions (and/or opposes insertions) will
reinforce rather than oppose the spontaneous mutation
bias that acts in the same direction, and either process
alone should be sufficient to cause the rapid collapse
of intron lengths.

Assuming the mutational deletion bias to be true, the
presence of long introns can only mean that selection
must favor (and preserve) their lengths in some in-
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stances, in opposition to the natural mutational bias.
The discovery of the negative correlation between in-
tron length and recombination rate further indicates
that the strength or efficacy of this selection must be
in some way recombination rate dependent. There is no
evidence for strong selective constraints in long intron
sequences, a possible explanation for the persistence of
their long lengths. In fact, in Drosophila, short introns
(defined as <80-90 bp; MOUNT et al. 1992; STEPHAN et
al. 1994) whose lengths are close to the minimum re-
quired for proper splicing (UpHOLT and SANDELL 1986;
TsurusHITA and KORN 1987; MOUNT et al. 1992) tend
to be conserved in size, whereas longer introns are less
constrained with respect to length and are evolutionarily
more variable (STEPHAN ef al. 1994).

D. melanogaster's genome exhibits a wide range of re-
combination rates and the level of silent nucleotide
polymorphism is known to vary across the genome and
to be positively correlated with local recombination rates
(BEGuN and AQuaDpro 1992; AcuapE and LANGLEY
1994; AQUADRO et al. 1994). This empirical observation
is compatible with theories of selection when genetic link-
age and hitchhiking are taken into account (MAYNARD
SMiTH and HaicH 1974; KAPLAN et al. 1989; STEPHAN
et al. 1992; CHARLESWORTH e/ al. 1993; CHARLESWORTH
1994; Hupson 1994; HupsoN and KarLAN 1995). These
models are embedded in the more general Hill-Robert-
son effect (HiLL and ROBERTSON 1966; FELSENSTEIN
1974), which describes the interaction between selec-
tion, linkage, and drift. The effect of interference is an
increment of the variance in reproductive success, and
hence of genetic drift, and can be viewed as being equiv-
alent to a reduction in a species’ effective population
size (HiLL and ROBERTSON 1966; FELSENSTEIN 1974).

Models of strong selection and linkage have been in-
voked to explain the correlation between silent poly-
morphism and recombination, but an effect can also
be produced with very weak selection acting on many
sites, both for complete linkage (L1 1987; COMERON et
al. 1999; TacHipA 2000) and for recombination rates
found across the Drosophila genome (COMERON et al.
1999). Interference among weakly selected mutations,
which are numerous and segregate at high frequency,
across the entire range of recombination rates for Dro-
sophila, raises the possibility that insertions and dele-
tions (indels) in introns may be subject to natural selec-
tion as modifiers of recombination. In Drosophila,
weakly selected mutations could include synonymous
mutations (SHIELDS et al. 1988; SHARP and L1 1989;
KriMaN and Hey 1993; MorivyaMA and HArTL 1993;
AxRAsHI 1995, 1996; PowrELL and MoRrivAMA 1997; ZENG
et al. 1998; COMERON et al. 1999) and replacement muta-
tions (OHTA 1993; EANES et al. 1996; TakaNo 1998;
ZENG et al. 1998; SCHMID et al. 1999), as well as mutations
in regulatory regions (LupwiG and KREITMAN 1995;
LubpwiG et al. 2000).

Theoretical studies of BARTON (1995) and OT1TO and

BArRTON (1997) have shown that in regions of very low
recombination, neutral modifiers that increase recom-
bination between selected loci can be selectively benefi-
cial and will be preferentially fixed. HEy (1998) has
further elaborated on this finding by showing that it
pertains not only to neutral modifiers of recombination
but also to both beneficial and deleterious modifiers
that increase and reduce recombination, respectively.
This effect, however, requires tight linkage between se-
lected mutations or a high rate of advantageous muta-
tion.

In this article, we investigate whether the preferred
fixation of small insertions over deletions in introns as
enhancers of recombination can explain the existence
of longer introns in regions of low recombination in D.
melanogaster. We also investigate whether relative muta-
tion rates for insertions and deletions are the same in
genomic regions of high and low recombination. Re-
combination rate heterogeneity in this species allows
us to explore predictions of selection and interference
influencing intron length. Comparison of D. melanogaster
with both D. simulans and humans allows us to further
test our predictions by taking advantage of their very
different effective population sizes (1V.).

MATERIALS AND METHODS

D. melanogaster sequences: We obtained all completely se-
quenced nuclear coding regions in D. melanogaster from FLy-
Bask (1998; v.2.8.5; 2546 genes; http:/flybase.bio.indiana.edu/),
which do not contain genes related to transposon and repeti-
tive elements. Only one sequence per gene was used, and for
genes with multiple splicing forms only the longest one was
analyzed. We later selected those sequences with DNA as
source by comparison to GenBank features, with complete
coding regions and uninterrupted sequence, and with accu-
rate cytological position in FlyBase. Out of the genes meeting
these criteria, coding sequence annotation from three genes
(FBgn0011297, FBgn0005674, and FBgn0015269) was manu-
ally corrected based on GenBank annotations. This allowed
us to obtain a set of 620 complete genes with accurate intron
information; 447 (72.1%) of the genes contained one or more
introns, with a total of 1345 introns. The average length of
all coding regions was 1598.65 bp, and the average number
of introns was 2.17 (ranging up to 25 in the Rya-r44F locus),
with an overall average intron length of 298.02 bp among all
genes.

To avoid the inclusion in our dataset of introns whose
lengths were influenced by the insertion of transposable ele-
ments (TE), we screened introns >200 bp for the putative
presence of TEs. We conducted BLAST2 (Tatusova and
MADDEN 1999) homology searches using all FlyBase entries
annotated as transposons in D. melanogaster. BLAST searches
failed in detecting homologies between TE and intron se-
quences using the default parameters. We can be reasonably
confident, therefore, that our intron length data have not
been influenced by recent TE insertions.

Polymorphism analyses: Insertion and deletion polymor-
phic events were studied in 31 genomic regions of D. melanogas-
ter. The regions analyzed, the sample sizes, the cytological
position, and estimated recombination rates (see below) are
given in Table 1. Nucleotide sequences were available for most
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of the analyzed regions; information from high-resolution re-
striction fragment length polymorphisms (4-cutter technique;
KRrREITMAN and AGUADE 1986) was used for regions Pgd, su(f),
and y-ac-sc. For most regions, we assigned a polymorphism as
an insertion event (IE) or deletion event (DE) by comparison
to the homologous sequence, or sequences, in D. simulans;
for the rest of the indel polymorphisms, the least frequent
variant was assumed to be the newly arisen (i.e., derived)
mutation. When possible, the homologous sequence or se-
quences in D. yakuba were also used to classify indels. Nucleo-
tide sequences were aligned using ClustalX (THOMPSON et al.
1997) and complex indels (i.e., microsatellites) were grouped
and counted as one indel polymorphism with the average
indel length.

Recombination rates: Following KLiMAN and Hey (1993),
the recombination rate for a given cytological map position
in D. melanogaster was estimated after obtaining polynomial
curves as a function of the quantity of DNA in each division
along each chromosome (Sorsa 1988) vs. the change of the
cytogenetic (FlyBase) map position (see COMERON et al. 1999
for details). Recombination rates for humans were equiva-
lently obtained, based on radiation hybrid (RH) mapping
(GB4) and the genetic map of sequence-tagged site markers
(DELOUKAS et al. 1998).

Estimation of selection coefficients on synonymous muta-
tions based on the synonymous codon usage in D. melanogaster:
The scaled selection coefficient (o = 4N,s) on synonymous
mutations was estimated for the 620 genes studied in D. melano-
gaster. The analysis focuses on the two-fold degenerate amino
acids because in this case a symmetry argument allowed us to
assign identical selection coefficients (but of opposite sign)
to mutations to preferred (+s) or to unpreferred (—s) codons.
The estimation of selection coefficients for the different synon-
ymous codons for three-, four-, and sixfold degenerate amino
acids depends on the selective model associated with the differ-
ent codons (i.e., the different relative contribution that each
codon makes to fitness), which has not been yet established.
Following L1 (1987), ¢ on synonymous mutations was esti-
mated from the frequency () of the advantageous codon
(preferred codon; Akasui 1995) in the sequence and the
expected fraction of G + C nucleotides due to mutational
biases among nucleotides (fGC). fGC was set to 0.35 on the
basis of polymorphism data (COMERON et al. 1999) and nucleo-
tide composition (Morryama and HARTL 1993) in noncoding
regions, and patterns of point mutations among Helena ret-
roposon elements (PETROV and HARTL 1999).

Confidence intervals for the number of replacement substi-
tutions per site (K,) between D. melanogaster and D. simulans:
The average K, estimate between D. melanogaster and D. sim-
ulansfor regions of low and high recombination is K, = 0.0164
(five genes) and K, = 0.0095 (eight genes), respectively (TAk-
ANO 1998). We used K-estimator v5.3 program (COMERON
1999) to obtain the confidence intervals of these estimates,
taking into account the number of sites under analysis, the
number of nucleotide substitutions (Poisson distributed), and
the variance generated by multiple hits at a site. The results
indicate nonoverlapping 95% confidence intervals for K, esti-
mates in regions of low and high recombination [0.0122-
0.0214 (3224 nonsynonymous sites) and 0.0075-0.0117 (7550
nonsynonymous sites), respectively]. As expected, the ratio
K.,/ K; is significantly higher in genes located in regions of
low recombination than in those genes in regions of high
recombination (95% confidence intervals of [0.1506-0.3100]
and [0.00753-0.1276], respectively).

Computer simulations to study intron length under a muta-
tion-selection-drift model: We studied a model of selection in
which mutations that increment the length of the transcripts
are weakly deleterious with semidominant effects. The model

imposes a minimum intron length (L,;,), with mutations that
decrease the length below L,;, being strongly selected against.
We generated and studied the equilibrium for a population
of N = 500 diploid individuals and Nu = 0.001, where w is
the indel mutation rate per base pair. Each generation was
obtained by randomly choosing N individuals of the previous
generation, with a probability (Pw) proportional to their rela-
tive fitness, according to the equations w;; = 1 — s(L;; — Ly,
where s is the absolute deleterious selection coefficient per
base pair, and L;; is the length of the kth chromosome (k =
1, 2) of the ith individual, and

N
Pw; = w/ X w,

J=1

where w; is the average fitness of the two chromosomes of the
ith individual. The 2N genomes (lengths in this case) were
then randomly paired to generate the new generation of N
diploid individuals. The analyses of simulated data began after
a minimum of 250N generations to ensure equilibrium. This
was confirmed by visual inspection of each trajectory between
500N and 2500N generations. Deleterious selection coeffi-
cients (s) per base pair included o (4N5s) of 0, 0.04, 0.08, and
0.2, unless when L;; < L, in which case w;,;, = 0. In all
simulations, L,;, = 60 bp and L;; < 1/s. All statistical analyses
were carried out using STATISTICA FOR WINDOWS 5.1 (1997).

RESULTS

Intron length distribution in D. melanogaster: MOUNT
et al. (1992) detected a dimorphic distribution of intron
length in D. melanogaster on the basis of 209 complete
introns with one class of introns <80-90 bp and a dis-
continuous distribution for longer introns (also see
Hawkins 1988). The larger number of introns used
in the present study allowed us to confirm the highly
asymmetrical intron length distribution. But with a
larger sample, it can be seen that the distribution of
intron lengths is continuous, with no clear boundaries
between two intron classes (Figure 1). The analysis of
the 1345 introns yields an intron length average of
402.54 bp, with a mode of 58 bp and a median of 77 bp.

Longer introns in regions of low recombination in
D. melanogaster: If intron length is a result of neutral
mutational processes alone, then intron length should
be independent of recombination rate. On the other
hand, if indel mutations in Drosophila introns are
weakly selected, either as modifiers of recombination
or transcription time, then intron length and recombi-
nation rates could be correlated. Recombination rates
in D. melanogaster correlate negatively with individual
intron length (Spearman’s rank correlation, R = —0.1822,
P <1 X 107% n = 1345), average intron length (R =
—0.2048, P = 1.3 X 107% n = 447), and total intron
length (R= —0.2163, P=4 X 107° n = 447; see Figure
2A). A Kruskall-Wallis ANOVA test of data divided into
three recombination rate groups and using the same
three measures of intron length also reveals that introns
in regions of low recombination are significantly longer
than in regions of high recombination (H = 40.28,
H = 21.12, and H = 20.82, respectively; P < 1 X 107°
for all cases; see Figure 2B).
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F1GUrE 1.—Intron length distribution in D. melanogaster. A total of 1345 introns from 620 completely sequenced nuclear genes
with accurate cytological position were studied (see MATERIALS AND METHODS for details).

Relationship between recombination in D. melanogas-
ter and both the length of the coding region and intron
presence: The total lengths of coding regions and the
number of exons are both weakly negatively correlated
with recombination rates (R = —0.1047, P = 0.0091,
n = 620; and R = —0.085, P = 0.034, n = 620, respec-
tively). Since intron length is negatively correlated with
recombination rate, we also detect a positive and sig-
nificant correlation between total coding region length
and total intron length (R = —0.3833 and R = —0.4766
for all genes and for genes with introns, respectively;
P<107%in both cases). Similarly, average intron length
correlates positively with total coding region length (R =
0.2589, P < 107% n = 447) as well as with average exon
length (R = 0.1682, P = 0.00036; n = 447). These
correlations suggest at least two possibilities: (1) a re-
combination-sensitive mutational mechanism that af-
fects both the introns and exons of a gene or (2) weak
selection for smaller total gene length, including introns
and exons, which is sensitive to the recombinational
environment of a gene. Further consideration is given
to these possibilities in the following section and in the
DISCUSSION.

Similar mutational bias in regions of high and low
recombination: One possible explanation for a negative
correlation between intron length and recombination
rates is a change in the deletion bias, i.e., the deletion/
insertion ratio, with recombination rate. To investigate
this possibility we analyzed available data on polymor-
phic insertion and deletion events in D. melanogaster in
introns and noncoding regions, with the aim of captur-
ing the mutational deletion bias. Because the number

of segregating sites (involving length polymorphisms)
is expected to be less affected by selection than their
frequency in the population (CRow and Kimura 1970),
we have focused attention on the polymorphic presence
of IE and DE in sampled populations. From studies of
polymorphism based on either nucleotide sequencing
or high resolution restriction fragment length polymor-
phism mapping, we identified a total of 31 genomic
regions in which essentially every indel mutation in a
sample could be detected (see MATERIALS AND METHODS
and Table 1).

With a total of 256 polymorphic indel events, we iden-
tified a significant excess of DEs compared to IEs (147
DEs vs. 109 IEs; G = 5.66, P = 0.017), with an overall
polymorphic deletion bias (PDB) of 1.35. As shown in
Table 1 there is no indication that the ratio of IEs to
DEs differs between regions of high and low recombina-
tion (G = 0.289, P = 0.591). Neither intergenic regions
nor introns show signs of a DE/IE bias that changes in
relation to recombination rate (intergenic regions, G =
0.020, P = 0.888; introns only, G = 0.006, P = 0.938).
The DE/IE ratios are similar for intergenic regions and
introns (G = 2.479, P = 0.115) and the ratios do not
change when the data are further subdivided between
low and high recombination regions (G = 0.718, P =
0.397; and G = 1.568, P = 0.210, respectively). We con-
clude, therefore, that the negative correlation between
intron length (or coding region length) and recombina-
tion is not caused by a mutational deletion/insertion
bias or by a highly biased repair mechanism (see DISCUS-
SION) associated with recombination rates.

Size distribution of polymorphic indels: Figure 3
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shows the frequency distribution of indel sizes obtained
from the polymorphism analyses in noncoding regions.
Analyzing all indels shorter than 1000 bp, most length
polymorphisms are 1-2 bp long (43.0 and 43.7% for
insertion and deletions, respectively) and the great ma-
jority are within the range 1-10 bp (84.0 and 77.0% for
insertion and deletions, respectively). The equivalent
analyses only for indels located in introns and intergenic
regions also show that the great majority of them are
within the range 1-10 bp (89.2 and 75.4% for insertions
and deletions, respectively, in introns, and 75.6 and
78.8% for insertions and deletions, respectively, in in-
tergenic regions).

Even though long indels (longer than 100 bp) are a

small fraction of all length changes, they nevertheless
affect the estimation of average lengths. When only in-
dels shorter than 100 bp are taken into account, the
average length for insertions and deletions is 5.13
(£0.65 SE) and 7.01 (%£0.76) bp, respectively, for all
regions, and 5.04 (£0.84) and 7.52 (=1.20) bp for in-
trons. The analyses of all indels shorter than 1000 bp,
however, yield average insertion and deletion lengths
of 40.3 (£15.1) and 16.3 (*4.7) bp, respectively, and
10.3 (£5.3) and 19.6 (*+8.8) for insertions and dele-
tions, respectively, in introns. Moreover, the only three
polymorphic indels longer than 1000 bp detected in
introns are insertions in genes located in regions of
high recombination. This last observation, together with



J. M. Comeron and M. Kreitman

1180

pue gnss pue ‘wsiydiowdod ypSua) dew uonodinsar auy Sunedipur

‘A[oan2adsax ‘wonerouasd,/dq/, 0T X [> PUB ¢ (] X [< SIIBI UONBUIQUIOIAI IIM ISOY) SB PIUYIP I8 UONPUIqUIOIIT MO] pue Y3y Jo suoisay,
'saseue oy ur pasn saouanbos (£) vgnyn( (7 pue (s) suvpnuws *( Jo IdqUINU ) U ,
‘sts{eure 1opun saduanbas .apsvFounjow ‘(q Jo IdqUUINU AU U,
*(STOHLIW ANV STYINALVIN 29s) uonerauad,/dq/, (] x 91e1 uoneurquoddy,
‘A[oanoadsax ‘Sunuanbas

3

% PU® 4 paoqel asoyy 1dooxo suosuredwiod oouonbos jo siseq oYy uo ouop orom sAIpMIS Y

¥ 1L 3L L1 ¢ ra % ¥9 601 [eoL,
G 8 g1 o3 2 I 91 §1 0 ,UONBUIqUIODIT MO[ [£I0IqNG
G g LS G01 4 93 IS 6L, pUOnEUIqUO21 Y31y [e30Igng
0 0 o G 0 G L 6 AT ‘sgI +¥9 + ¢§ Siard G-TA81 (pdoo)mz
0 0 0 0 I 0 0 I s9 9 651 ¢VE s
0 0 I I 0 0 0 0 9 9 $6°¢ G—3V6 gdc
0 91 4 ST I L g ¢1 %186 000 dr 9590-(
0 I ¥l g1 0 I I1 31 ST g1 e ard r401Y aym
0 o I 9 0 I I 3 S0 |72 felewd IVOI 42/
0 0 0 0 0 I 0 I ST I1 ST 6VSL D)
0 0 ¢ g 0 0 4 4 AT ‘s6 for LL'E 166 W
0 0 ¢ ¢ 0 G I ¢ #%0G L0°0 raal 011 (vm)ns
0 I 1 e 0 I 0 I #x0G 000 1D-0141 (s)ns
0 ¢ 0 ¢ 0 G 0 3 %06 6£°0 1403 (f)ns
0 I g 9 0 0 I I ST for G8'¢ 6-8V89 pos
0 0 I I 0 0 0 0 STT I1 19'T 3A61 unt
0 0 0 0 0 0 0 0 sG o V¢ 1Ae6 cyy
G 0 ¢ G 0 0 ¢ ¢ ST 01 990 [4-GALS )y
0 0 I I 0 0 0 0 sg G 1870 113 ounag
0 I 0 I 0 0 0 0 AGT ‘Sp1 15 GL'0 a9r-vivy 6q
0 ¢ g 8 0 ¢ ¥ L ST #GF1 + €1 670 elerd paq
0 I I G 0 0 0 0 AT ‘s9 6 6G°1 3ds 1ad
I ¥ 0 G 0 0 0 0 AT st 36 vy G-1V93 qV /PVITISIN
0 I 91 LT I G 36 8 AT ‘sg 61 09°g 81486 PIN
0 I 0 I 0 I 0 I ST 01 660 S-1a¥¥ -]
I 0 0 I 0 0 0 0 ST g1 LO¥ 1D€9 €8dsy
0 0 0 0 0 0 0 0 s 8 356 IV69 943
0 ¢ 0 ¢ 0 0 0 0 AT st 4 9¢°0 yars FISHD
0 3 9 8 0 0 ¢ ¢ 81 09°g 1133 ddp
0 0 0 0 0 0 0 0 AT ‘s6 01 000 A101 ]
0 ¥6 I or 0 ¢l 0 ¢l AT st 01 LL'G GA66-166 92
0 0 0 0 0 0 0 0 SG g 98°¢g 11196 ss0q
0 0 0 0 0 0 0 0 AT st 9 000 Pdl asp
0 ¥ ¢ L 0 ¢ 12 L AG1 ‘sg 03 106 1ass ypy
Surpon sruaSiouy suonuy e, Sumpon oruaSioiuy suonuy e07, Sl M 209y uonisod uo1391 dTwouIn)
[€2150][034D)

(AQ) S1UAd uonNIARJ

(A1) SIU2Ad uwoNIISUY

49)sDSoUn)oUL (7 UL SYUIAI UONI[AP pue uonasul drqdiowsog

I ATdV.L



Intron Length and Recombination in Drosophila

Observed Frequency

E= PN B BN .
< o~ <t =l oo < o
o (o] o o N [aa} o
R S O
— ™ o o ™~ o™ [ag}

Length (bp)

the previously indicated DE/IE ratio, confirms that
there are no identifiable differences in the mutational
deletion bias between regions of high and low recombi-
nation that could generate longer introns in regions of
low recombination.

Shorter introns in D. simulans than in D. melanogaster:
Consistently larger effective population sizes (N.) have
been reported for D. simulans than for D. melanogaster,
on the basis of analyses of nucleotide polymorphism
levels (AQUADRO et al. 1988; MoriyaMA and POWELL
1996), synonymous codon usage, and the rate of synony-
mous and replacement evolution (AkasHI 1995, 1996;
EANES et al. 1996). MoriyAMA and PoweLL’s (1996)
review of nucleotide polymorphism studies indicates an
average difference of two- to threefold in N, between
D. melanogaster and D. simulans. D. simulans also has a
higher rate of recombination than D. melanogaster, most
conspicuous in regions where the recombination rate
is low in D. melanogaster (TRUE et al. 1996). If the pres-
ence of shorter introns in regions of higher recombina-
tion in D. melanogasteris a consequence of weak selection
in D. melanogaster, then a species with greater recombina-
tion and larger N, i.e., D. simulans, will be expected to
exhibit smaller intron lengths. AkasHI (1996) detected
the presence of significantly smaller coding regions in
D. simulans compared with D. melanogaster, suggesting a
possible difference in effectiveness of selection as a
cause (see DISCUSSION), but the comparison of total
intron length in 22 genes (26 intron length differences)
did not show any significant trend.

We compared a total of 211 fixed length differences
between homologous sequences of the two species (Ta-
ble 2). To reduce the probability of classifying polymor-
phic indels in one species as fixed differences, we used
only those regions where multiple sequences are avail-
able in D. melanogasterand, when possible, in D. simulans
(see Table 1). There is a significant excess of cases where
the D. melanogaster noncoding sequence is longer than
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the homologous region in D. simulans (130 vs. 81, P =
0.0009; two-tailed sign test). This trend is highly signifi-
cant for length differences in introns (66 vs. 27, P =
0.00007) but not in flanking regions (55 vs. 50, P = 0.70).

We also investigated the distribution of fixed indel
differences along the two lineages leading to the com-
mon ancestor of these two species by comparing the
homologous sequences in D. yakuba. Both the lineage
and the direction of the indel mutation could be as-
signed without ambiguity for only 14 fixed indel muta-
tions in introns (located in the genes Adh, Ci, per, and
Pgi). The D. melanogaster lineage shows three IE and
three DE, while the D. simulans lineage shows two IE
and six DE. While suggestive of a possible difference,
these numbers are too small to conclude that the ob-
served trend is real.

DISCUSSION

The deletion to insertion mutational bias in Drosoph-
ila: Results from our analysis of 256 length polymor-
phisms suggest an overall deletion to insertion bias of
1.35; i.e., an excess of deletions compared to inser-
tions (P = 0.017). A 95% confidence interval (two-tailed
Gtest for goodness of fit) for deletion bias compatible
with the estimated PDB is 1.02-1.78. In mammals, the
average deletion bias obtained from analyzing 156 pro-
cessed pseudogenes is 2.74 (OpHIR and GRAUR 1997)
and in primates it is 2.15 (Sartou and Uepa 1994);
both values are close to the PDB observed in the our
study.

This deletion bias in D. melanogaster is in the same
direction although smaller (G = 178.1; P <1 X 1079
than the value of 8.7 estimated from analysis of the
retroposon Helena in both D. melanogaster and D. virilis
groups (PETROV et al. 1996; PETROV and HARTL 1998).
The discrepancy between our results obtained from the
analysis of polymorphic indels and those obtained from
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TABLE 2

Fixed length differences between D. melanogaster and D. simulans

Longer in D. melanogaster

Longer in D. simulans

Genomic region ~ Total  Introns  Intergenic  Coding  Total Introns  Intergenic  Coding
Adh 3 1 2 0 2 1 1 0
cec 19 0 19 0 9 0 9 0
Ci 0 0 0 0 1 1 0 0
a-Est4 9 0 9 0 16 0 16 0
Est-6 1 0 0 1 0 0 0 0
hsp83 2 0 2 0 2 0 2 0
Lcp-Psi 4 0 4 0 5 0 5 0
Mst26Aa/ Ab 6 0 2 4 2 0 1 1
per 4 2 0 1 2 0 2 0
Pgd 18 6 12 0 14 4 10 0
Pgi 4 4 0 0 1 1 0 0
prune 1 0 1 0 2 1 1 0
Ref(2)p 6 5 1 0 2 2 0 0
run 2 2 0 0 1 1 0 0
Sod 4 2 2 0 3 3 0 0
tra 2 1 0 1 0 0 0 0
Ver 1 1 0 1 0 0 0 0
white 42 41 1 0 16 13 3 0
yp2 1 1 0 0 0 0 0 0
zeste 1 0 0 1 3 0 0 3
Total 130 66 55 9 81 27 50 4

Genomic regions ase, boss, Tpi, Mlcl, vh3, and Zw do not show any fixed difference between D. melanogaster
and D. simulans. See Table 1 for the number of alleles studied in each region and MATERIALS AND METHODS

for details.

comparison of paralogous Helena elements indicates the
presence of different mutation or selection mechanisms
in retroelements vs. actively transcribed genes or their
flanking regions.

CHARLESWORTH (1996) indicated that because Helena
retroposon length differences were between elements
at different chromosomal locations and not allelic poly-
morphisms, it is not possible to reject an adaptive role
in the fixation of retroposon indels. Empirical observa-
tions in Drosophila suggest that the elimination of trans-
posable element sequences is favored by moderate nega-
tive selection (LANGLEY et al. 1988; CHARLESWORTH et
al. 1992a,b). The preferential fixation of deletions over
insertions by selection in Helena sequences might ex-
plain why longer deletions on average are found in
Helena comparisons than in our noncoding and intron
polymorphism data (=50% of deletions longer than 10
bp in Helena sequences compared to 23% of deletions
longer than 10 bp in our data). The lack of correspon-
dence between data sets and approaches indicates the
need for additional studies on the mutational deletion
bias, the putative differences between heterochromatic
and euchromatic (i.e., actively transcribed) regions, and
the correlation with recombination rates. Comparison
of polymorphism data and fixed differences, we pro-
pose, will be a valuable tool.

Potential effect of selection on D. melanogaster indel

polymorphism: We have investigated and can reject the
possibility that our estimate of the ratio of DEs:IEs based
on polymorphism data is strongly biased (i.e., reduced)
by the action of selection under a strong deletion bias.
Strong selection (o > 1; ¢ = 4N.s) acting on small
noncoding indels can be eliminated from consideration
because, if it were the predominant form of selection,
each species would be essentially at mutation-selection
balance forindels, and each species would be monomor-
phic, which is not the case. Weak selection (o = 1) is
also unlikely under a strong deletion bias because it
would inescapably produce a difference in the PDB (see
Figure 4) in regions of high and low recombination.
With a 10- to 20-fold difference in the effective popula-
tion sizes of high and low recombination regions of the
D. melanogaster genome (BERRY et al. 1991; BEGUN and
AQUADRO 1992), weakly selected mutations will be gov-
erned by selection in regions of high recombination
and by genetic drift in regions of low recombination,
leading to a difference in the PDB in the two regions
of the genome. No difference in the PDB is detected
in our data between regions of high and low recombina-
tion (Table 1). That this difference is not observed
allows us to conclude that our estimated PDB = 1.35
based on segregating indels cannot be a strongly biased
estimate of the mutational deletion bias (MDB). On
the basis of this argument we can conclude that the
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Ficure 4.—Expected deletion bias at polymorphic level
(PDB) under the infinitely many sites model with selection,
free recombination, and semidominance (CrRow and KiMURA
1970), based on an MDB of 8.7 deletion events for each inser-
tion event. The number of detected polymorphic insertion
and deletion events was used to parameterize the expected
number of segregating sites in a population and we obtained
PDB as a joint function of o (4N,s), the MDB, and the sample
size. Under the model, the effect of selection and tight linkage
would affect the actual number of indels but not their ratio.
Moreover, the number of alleles under analysis has only a very
small effect on PDB and does not change the expectation
of PDB for very strong selection. Three different selective
scenarios reducing the expected PDB are depicted: (1) posi-
tive selection on small insertions (+1Ins), (2) negative selection
on small deletions (—Del), and (3) positive and negative selec-
tion on small insertions and deletions, respectively (+Ins/
—Del). The horizontal line at PDB = 1.35 indicates the ob-
served polymorphic deletion bias based on the 256 indel
events, while the dotted lines above and below indicate the
polymorphic deletion bias in regions of low (PDB = 1.50)
and high (PDB = 1.29) recombination, respectively. A sample
size of 10 alleles has been assumed.

mutational process generates only a modest excess of
deletions over insertions.

Intron presence and recombination rates in D. melano-
gaster: We report here a weak, but significant, negative
correlation between recombination rates and the num-
ber of exons (R = —0.085, P = 0.034; n = 620). This
observation is quite unexpected because there has been
an extensive gene rearrangement within chromosomal
arms in Drosophila evolution, meaning that genes lo-
cated in regions of low recombination in D. melanogaster
have been in the present recombinational environment
for a relatively short period of time. Therefore, the
observation of a tendency for genes located in regions
of low recombination to exhibit a greater number of
introns may be an indication that the tempo of intron
gain/loss might be faster than usually believed.

Longer coding regions in the region of low recombina-
tion in D. melanogaster: We also noted a trend toward
longer coding regions in regions of low recombination
than in regions of high recombination in D. melanogaster
(R =0.1047, P = 0.0091; n = 620), a relationship pre-
viously undetected (COMERON et al. 1999). A possible

explanation for this observation was proposed by AKASHI
(1996) to account for longer coding regions in D. mela-
nogaster than in D. simulans. He argued that amino acid
insertions are likely to be less deleterious than amino
acid deletions and that a fraction of amino acid inser-
tions will be weakly deleterious. Because selection is
predicted to be less efficient in regions of low recombi-
nation, slightly deleterious amino acid insertions would
be expected to differentially accumulate in these re-
gions. This explanation is also in agreement with a
higher rate of replacement substitutions (K,) between
D. melanogasterand D. simulansin regions of low recombi-
nation than in regions of high recombination (TAKANO
1998). Indeed, in the interspecific analysis between D.
melanogaster and D. simulans, we found that both the K,
and the K,/K values are significantly higher in those
genes located in regions of low recombination than in
those genes located in regions of high recombination
(see MATERIALS AND METHODS for details).

Natural selection acting on minimum intron length:
It is generally accepted that there are structural con-
straints limiting minimum intron length and that natu-
ral selection must govern this and other requirements
for proper splicing (UpHOLT and SANDELL 1986; TSURU-
sHITA and KORN 1987; MOUNT et al. 1992). Additional
constraints acting on intron sequences include the pres-
ence of gene regulatory controls in some introns and
the formation of stem-loop structures that contribute
to pre-mRNA stability (SCHAEFFER and MILLER 1993;
STEPHAN and KirBy 1993; KIRBY et al. 1995; LEICHT et
al. 1995).

CARVALHO and CrArk (1999) indicated that both
short and long introns tend to be overrepresented in
regions of low recombination. They suggested that the
lower effectiveness of selection in regions of low recom-
bination allowed the differential accumulation of large
and very short introns in genes located in these regions.
As commented above, a minimum intron length is re-
quired for correct splicing, and introns that are shorter
than this length are expected to be deleterious. We
question, however, whether such a lower limit in intron
length is governed by weak selection and therefore sub-
ject to the mutation-selection-drift balance. Based on
our data, the length of “short” introns (defined as
shorter than 60 bp when the modal intron length is 58
bp) is not correlated with recombination rates (R =
—0.0276, P = 0.656; n = 262), whereas “long” introns
(>60 bp or >80 bp) show the overall negative correla-
tion between their length and recombination rates (R =
—0.2276, n = 1083; and R = —0.2194, n = 656, respec-
tively; P <1 X 107°in both cases). Furthermore, short
introns (<60 bp) are more abundant in region of &igh
recombination than in regions of low recombination,
contrary to weak selection predictions (21.1 and 16.1%
for regions with recombination rates >1 X 107% and
<1 X 107%/bp/generation, respectively; an equivalent
trend is observed when short introns are defined as
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those shorter than 80 bp). On the basis of these results,
we suggest that minimum intron length is mainly subject
to strong selection in Drosophila.

Natural selection acting on average intron length: Two
lines of evidence suggest that natural selection is acting
on intron length. First, as indicated in RESULTS, a muta-
tional bias alone is unlikely to be causing the observed
correlation between intron and recombination rate.
Polymorphism data based both on the ratio of indel
events and on the total size differences in introns com-
paring regions with high and low rates of recombination
rule out this possibility. Thus there is a disparity between
polymorphic data and the observed average intron
length in D. melanogasterin relationship with recombina-
tion rates. Second, there are a higher number of fixed
insertion differences in introns in D. melanogaster than
in D. simulans that are unlikely to be caused by distinct
mutational mechanisms between these two closely re-
lated species.

Among selective explanations for the general negative
relationship between intron length and recombination,
only weak selection acting on indels in introns would
allow the evolution of different intron lengths without
evident differences at the polymorphism level. Restric-
tion fragment length polymorphism and direct sequenc-
ing studies show that small length polymorphisms are
common in introns, indicating that many of them are
not subject to strong selection. We propose, therefore,
that the observed difference in intron length in regions
of high and low recombination is molded by weak selec-
tion, and specifically thatintron length in D. melanogaster
is the result of a mutation-selection-drift balance.

Weak selection has considerably less influence on
the presence of polymorphisms and their frequency in
populations than it does on the probability of fixation.
Figure 5, A and B, shows the predicted effect of weak
selection on the deletion bias with respect to both poly-
morphism (PDB) and fixation probabilities [fixed dele-
tion bias (FDB)] under the infinitely many sites model
with free recombination and semidominance, and as-
suming a MDB = 1.50. As the figure shows, selection
coefficients small enough to be hardly detected in poly-
morphism data on the basis of small sample sizes can
lead to conspicuous differences in intron length evolu-
tion (fixed differences) due to small differences in the
expected segregating frequency. In accord with this pre-
diction, and as commented above, there is no significant
difference between the PDB observed in the region of
high and low recombination. Also, we do not detect a
significant difference in the average frequency of the
256 polymorphic insertions and deletions we analyzed
(0.295 and 0.183, respectively; P = 0.32, applying Mann-
Whitney U-test). We do find, however, significantly ele-
vated frequency of insertions in regions of high recombi-
nation (0.3696 vs. 0.1732, respectively; Mann-Whitney
U-test, P = 0.025). A similar trend is not detected in
regions of low recombination (0.178 and 0.197 for inser-
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Ficure 5.—Expected deletion bias at polymorphic (A) and
at fixed difference (B) levels based on an MDB of 1.5 under
the infinitely many sites model for weak selection (o < 4).
Three different selective possibilities are depicted as +Del,
—Ins, and —Ins/+Del, indicating positive selection on small
deletions, negative selection on small insertions, and negative
and positive selection on small insertions and deletions, re-
spectively. (C) Expected TajimMa’s (1989) D statistic for positive
and negative weak selection for conditions of 5 and 15 (n)
alleles and an expected number of segregating sites (S) under
neutrality of 10 and 50, using both the expected number of
segregating sites and their frequencies in the populations
based on the infinitely many sites model (Crow and Kimura
1970). In all cases, free recombination and semidominance
were assumed.



Intron Length and Recombination in Drosophila 1185

tions and deletions, respectively). Using the 14 genomic
regions with at least two IEs and at least two DEs, we
also calculated Tajima’s D statistic (TajiMa 1989) with
the aim of detecting possible directional frequency dif-
ferences between insertions and deletions. No signifi-
cant trend was detected: 8 regions showed Tajima’s D
greater (more positive) for insertions and 6 regions
showed the opposite trend (P > 0.8). Nonsignificant
results were also obtained for D statistic comparisons
of indels in regions of high and low recombination.
Tajima’s D statistic, however, is insensitive to very weak
selection (Figure 5C), especially when sample sizes are
small (AkasHI 1999). Thus we cannot reject the possibil-
ity of weak selection operating on intron indels.

In yeast, the repair of mispaired loops in hetero-
duplex DNA shows distinct biases, efficiencies, and re-
pair pathways, for short and long indels, for nicked
and continuous DNA, as well as for different genomic
regions (BisHoP et al. 1989; KRAMER et al. 1989; NAG et
al. 1989; VINCENT and PETES 1989; DETLOFF et al. 1991;
KirRkPATRICK and PETES 1997; LamB 1998; CORRETTE-
BENNETT et al. 1999). A generally biased repair toward
deletions associated with recombination, which could
cause shorter sequences in regions of high recombina-
tion, is, however, unlikely to be a contributing factor in
indel dynamics in Drosophila based on our study of
indel polymorphisms in D. melanogaster. A strong predic-
tion of such a model is that deletions will segregate at
a higher frequency than insertions, which is opposite
to the observation (see above), and/or deletions will be
more frequently present as polymorphisms than inser-
tions (i.e., a higher PDB) in regions of high recombina-
tion than in regions of low recombination, which again
is not detected in the data. In addition, a model with
DNA repair favoring deletions would not account for
lengths longer than expected in regions of low recombi-
nation given a mutational excess of deletions compared
to insertions. Nonetheless, biased mispair repair due to
heteroduplex formation between heterozygotes is pre-
dicted to have effects similar to weak selection under
appropriate (and very restrictive) rates of gene conver-
sion, repair biases, and levels of heterozygosity, and the
possible influence on indel evolution in specific eukary-
otic genomes warrants further investigation.

Models of weak selection: What kind of selection
might be operating to generate a correlation between
intron length and recombination rate? Two nonmutu-
ally exclusive selective hypotheses are proposed and be-
low we discuss their possible roles in shaping intron
length in Drosophila: (i) selection favoring shorter tran-
scripts to reduce transcriptional time and energy, and
(ii) the selective advantage of long introns as reducers
of interference among selected mutations.

Transcriptional efficiency: Biologically, longer tran-
scripts must be inherently more costly to synthesize than
short transcripts, owing to the increment in both tran-
scription time and energetic costs of DNA and RNA

synthesis. Assume for the purpose of this discussion that
the absolute selective cost of a small insertion (or con-
versely the selective advantage of a small deletion) is
small, i.e., 0 = 1. Then, given the 10- to 20-fold difference
in the effective population size between high and low
recombination regions of the D. melanogaster genome,
it follows that the efficacy of selection acting on these
indels will differ. Genes located in regions with higher
recombination rates in D. melanogaster would be ex-
pected, under this scenario, to have shorter introns;
these same introns will also be expected to be longer
than their homologues in D. simulans, a species with a
somewhat larger effective population size.

There are problems, however, with this hypothesis.
Imagine that selection is nearly neutral in regions of
low recombination (ox = 1). Then, for regions of high
recombination selection will be relatively strong, opr >
10, and this will generate an obvious difference in the
PDB, one that is not detected between regions (see
above). As an alternative, imagine that ox < 1 and
ok = 1. In this case, evolution of insertions in regions of
low recombination will be determined by the mutational
process (and biases) and not by selection. Since there is
asignificant deletion bias detected at the polymorphism
level, mutational processes would push intron length
toward uniformly short lengths, again something that
is not observed in the data.

We used a forward computer simulation to explore
a more complex mutation-selection-drift scenario (see
MATERIALS AND METHODS for details; Figure 6). In the
presence of a mutational deletion bias, even a relatively
weak one, and no selection, average intron length will
evolve to be close to the minimum permissible length.
Our simulations show that only when the deletion bias
is weak and the occurrence of long insertions is fre-
quent, is it possible for average intron length to be far
enough from the minimum length to be compatible
with the observed average size of introns in low recombi-
nation regions. Under these conditions, it could be pos-
sible for selection to act in regions of high recombina-
tion, where the effective population size is larger, to
produce smaller average intron lengths. This particular
scenario is unlikely, however, for the simple reason that
sufficiently long insertions must occur at a vastly greater
rate than is indicated from population genetic and evo-
lutionary data to explain the difference between the
average intron length in regions of high and low recom-
bination (a difference of ~400 bp). Thus, we do not
believe that the energetic cost hypothesis and a muta-
tion-selection-drift balance is a tenable unique explana-
tion for the observed correlation between intron length
and recombination rate in D. melanogaster.

An additional indication that selection favoring
shorter introns to increase transcriptional efficiency is
unlikely to be the general cause of longer introns in
regions of low recombination comes from the study of
human introns. Isochore GC richness is known to be
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F1Gure 6.—Intron length (bp)
average and standard deviation
(SD) obtained from forward com-
puter simulations under a mu-
tation-selection-drift model (see
MATERIALS AND METHODS for
details). The model imposes a
minimum intron length (L),
with mutations that decrease the

§ length below L,;, being strongly
selected against. Four different
scenarios with diverse combina-
tions of insertion (ins) and dele-

tion (del) lengths were studied.
The average and modal (data not
shown) lengths were estimated
each 4N generations and the re-
sults depicted are based on be-
tween 500 and 2000 Ngenerations.
(A) Intron length under neutral-
ity for four different ratios of dele-
tion-to-insertion events (MDB).
(B) Intron length when the dele-
terious scaled selection coeffi-
cients for insertions, o (4Ns), per
base pair are 0, 0.04, 0.08, and 0.2.
In all cases L, = 60 bp. As ex-
pected, scenarios with deletions
longer than insertions are equiva-

lent to a higher MDB (data not
shown).
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correlated positively with recombination rates (EYRE-
WALKER 1993) and negatively with intron length (DURET
et al. 1995), thus suggesting that long introns are prefer-
entially located in regions of low recombination. We
have confirmed the overall negative relationship be-
tween intron length and recombination in humans,
where there is also a mutational tendency toward DNA
loss (Sarrou and Uepa 1994; OpHIR and GRAUR 1997).
The analysis of 507 introns reveals a significantly nega-
tive relationship (R= —0.1868, P= 2.3 X 107°) between
intron length and recombination rates (a more detailed
analysis will be presented elsewhere). As with the Dro-
sophila data this trend is also detected when introns are
divided into three recombination rate groups (Kruskal-
Wallis ANOVA test; H = 25.22; P < 0.0001). Humans
have, at least, one order of magnitude smaller long-
term effective population size (N.) than Drosophila (L1
and SADLER 1991; MorivaMA and PoweLL 1996), and
weakly selected mutations in Drosophila (o = 1) are
expected to behave as effectively neutral in humans
(o < 1). Therefore, the observed negative relationship
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between intron length and recombination in both Dro-
sophila and humans is hardly explained only by weak
selection acting on transcriptional costs in both species,
unless selection coefficients against longer transcripts
in humans were much higher than in Drosophila for
unknown reasons. Efficacy of selection arguments alone
cannot explain the large differences in intron length
observed across recombination rates.

Introns as modifiers of recombination in Drosophila: Given
amutational bias toward DNA loss, even if it is moderate,
why do most eukaryotic genes have introns, and why,
indeed, are some of them very long? The possible inser-
tion of repetitive elements as a cause of long introns
does not seem to have a significant role in D. melanogaster
based on database search (see MATERIALS AND METH-
oDs; also see MORIYAMA et al. 1998).

As an explanation for intron persistence and long
lengths, we propose that there might be situations in
which alonger intron length is selectively advantageous.
O1To and BarTON (1997) have showed that mutations
thatincrement recombination even slightly can increase



Intron Length and Recombination in Drosophila 1187

the probability of fixation of advantageous mutations
(see also HEy 1998). Length polymorphisms can be
viewed as modifiers of recombination. As modifiers of
recombination, deletions are expected to behave as
dominant mutations and insertions as recessive ones.
Insertions will effectively increase the distance and the
expected recombination rate between bordering sites
only in the homozygous state; i.e., paired homologous
chromosomes with a heterozygous insertion will create
an insertion loop, not increasing the genetic distance
between the sites on either side. Conversely, deletions
will decrease the effective recombination rate when either
heterozygous (creating a deletion loop) or homozygous.
Interestingly, the expected FDB based on deleterious
dominant deletions and favorable recessive insertions
is equivalent to that expected for semidominant delete-
rious deletions and advantageous insertions (in both
cases, FDB = MDB X ¢79).

Longer introns reduce the Hill-Robertson effect com-
pared to the same intron with a deletion and will also
increase the hitchhiking effect between the favorable
mutations and the longest variant. One selective advan-
tage of introns, then, is to increase the recombination
rate between selected mutations in different exons. This
selective advantage of longer introns is expected to be
greatest when the recombination rate is low and to di-
minish with increasing recombination (BARTON 1995;
OtT10 and BARTON 1997), unless the number of benefi-
cial mutations is large. Thus, the recombination mod-
ifier hypothesis (with variable selection coefficients re-
lated to recombination rates) can in principle explain
why introns in regions of lower recombination are
longer than those in regions of high recombination.
We propose that the intron length-recombination rate
correlation is an indication that selective interference
across introns is sufficiently strong to allow selection to
act against deletions and/or to favor insertions in in-
trons in regions of low recombination. This scenario is
congruent with the data: no clear pattern at the poly-
morphism level but manifest length differences both
between regions of high and low recombination in D.
melanogasterand between D. melanogasterand D. simulans.
Without interference selection favoring insertions in
introns, we cannot explain why intron length should be
inversely correlated with recombination rate.

We further speculate that interference among many
relatively weakly selected mutations will be the major
cause of selection to reduce interference. This class of
mutations is both abundant as polymorphisms and seg-
regates at high frequencies in populations. Moreover,
interference is maximized when selection coefficients
are of equivalent magnitude (HiLL and ROBERTSON
1966). All of these conditions will increase the magni-
tude of interference when summed over all interactions.
Mutations under strong positive selection, on the other
hand, move through the population too fast to be af-
fected by very small changes of recombination. Strongly

deleterious mutations are also unlikely to be affected
by indels since they are rare as polymorphisms and seg-
regate at very low frequencies.

In Drosophila, synonymous mutations are the canon-
ical example of weakly selected mutations, common-
ly observed as polymorphisms in coding regions (AKA-
sHI 1995; MorivyAMA and PowkrLL 1996; AkRAasHI and
SCHAEFFER 1997; KLIMAN 1999; LLOPART and AGUADE
2000). On the basis of analysis of 620 genes, we estimate
that the average o for synonymous mutations in D. mela-
nogaster is 1.46 (95% confidence intervals of 0.26-2.9
and a mode of 1.31; see MATERIALS AND METHODS for
details). In addition, we have previously shown that se-
lection for codon bias is even detectable in regions of
very low recombination (COMERON et al. 1999). Interfer-
ence among synonymous mutations may provide one
of the selective benefits to the presence of introns (and
to insertions making them longer). In support of this
hypothesis, we recently showed that interference (i.e.,
the Hill-Robertson effect) among synonymous muta-
tions should be occurring in Drosophila, on the basis
of simulation results of weakly selected (synonymous)
mutations under a model with realistic parameters of
recombination, mutation, effective population size, and
selection (COMERON et al. 1999).

Codon bias is not the only form of weak selection
that can promote selection for interference reduction.
In Drosophila, both amino acid replacement changes
(OnTA 1993; AkAsHI 1996; MorivamMA and PoOwELL
1996; Takano 1998; ScHMID et al. 1999) and mutations
in regulatory regions (LupwiG and KrRErTmMaN 1995;
LupwiG et al. 2000) are likely to be weakly selected and
this may be true in humans as well (OnTA 1995; CARGILL
et al. 1999). In mammals, selection for biased codon
usage remains equivocal (MOUGHIROUD et al. 1995), but
Eyre-Walker has recently shown that selection favors
G/C ending codons over A/T ending codons in human
genes and that this is likely to be driven by weak selection
(EYRE-WALKER 1999). A question that needs to be ad-
dressed for mammalian species is whether nucleotide
polymorphism, even if it is all subject to selection, is
abundant enough to promote selection for interference
reduction.

A scenario can be envisaged in which a mutational
bias favoring deletions and a selection bias favoring long
introns in regions of low recombination will establish a
dynamic equilibrium that will change according to the
recombinational environment within a given genome
and/or gene. The fact that intron length and recombi-
nation are negatively correlated in both Drosophila and
humans suggests that selection acting on intron length
mightbe a general characteristic in eukaryotic genomes.
The outcome of this complex equilibrium with muta-
tional biases toward shorter introns, weak selection
(which would be species specific), and strong selection
controlling endpoints for proper splicing, might explain
different modal intron lengths for different organisms.
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For instance, comparison of model organisms (Figure
7) shows modal lengths of 47, 58, 86, and 130 bp for
Caenorhabditis elegans, D. melanogaster, Arabidopsis thali-
ana, and Homo sapiens, respectively. Small differences in
the deletion bias alone will not explain these differ-
ences.

LENGYEL and PENMAN (1975) showed in an innovative
study that the size of hnRNA but not mature mRNA
increases with genome size in dipterans, indicative of
a positive relationship between genome size and total
intron length. A positive relationship between intron
and genome size has now been documented for many
other eukaryotic organisms (HuGcHES and HUGHES
1995; MorivAMA et al. 1998; DEuTscH and LoNG 1999;
VINOGRADOV 1999). A general prediction of our model
is an expected negative relationship between recombi-
nation rates per physical unit and the distance between
any cluster of weakly selected sites (e.g., genes or exons).
Accurate studies of recombination rates, polymorphism
levels, and rates of genome evolution in natural popula-
tions of model organisms other than Drosophila and
humans may allow us to investigate whether interfer-
ence selection is required to account not only for intron
lengths but for genome sizes as well. If so, this will shed
entirely new light on the age-old “C value paradox.”
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