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Abstract. We analyzed nucleotide variation in the
hsp70 genes of Drosophila melanogaster (five genes)
and D. simulans (four genes) to characterize the homog-
enizing and diversifying roles of gene conversion in their
evolution. Gene conversion within and between the
87A7 and 87C1 gene clusters homogenize the hsp70
coding regions; in both D. melanogaster and D. simu-
lans, same-cluster paralogues are virtually identical, and
large intercluster conversion tracts diminish 87A7/87C1
divergence. Same-cluster paralogues share many poly-
morphisms, consistent with frequent intracluster conver-
sion. Shared polymorphism is highly biased toward silent
variation; homogenizing conversion interacts with puri-
fying selection. In contrast to the coding regions, some
hsp70 flanking regions show conversion-mediated diver-
sification. Strong reductions of nucleotide variability and
linkage disequilibria among conversion-mediated sites in
hsp70Ab and hsp70Bb alleles sampled from a single
natural population are consistent with a selective sweep.
Comparison of the D. melanogaster and D. simulans
hsp70 genes reveals whole-family fixed differences, con-
sistent with rapid propagation of novel mutations among
duplicate genes. These results suggest that the homog-
enizing and diversifying roles of conversion interact to
drive dynamic concerted evolution of the hsp70 genes.
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Introduction

Gene conversion plays contrasting roles in the evolution
of multigene families; it can transmit novel sequence
among genes but also constrain divergence (Ohta 1983,
1989). The first of these roles is evident during rapid
evolution (and divergence) under strong selection for di-
versified roles. Examples include genes involved in ol-
faction (Sharon et al. 1999), immune response [Attacins
(Lazzaro and Clark 2001), HLA (Takahata and Satta
1998), MHC (Edwards et al. 1998)], sex or reproductive
isolation [cdic/sdic (Nurminsky et al. 1998), mating type
loci (Haber 1998)], multiallelic systems [opsins (Shyue
et al. 1995; Zhao et al. 1998)], and tissue- or time-
specific expression [amylases (Inomata et al. 1995; Pop-
adic et al. 1996)]. An important theme emerges from
these studies: conversion can actually facilitate diversi-
fication of duplicated genes by protecting coding se-
quences (CDSs) from mutation and eventual pseudogene
status (Walsh 1987) while allowing evolution of regula-
tory regions toward novel expression patterns. In con-
trast, conversion can also act to conserve the sequence of
highly functionally constrained gene families [e.g.,
rDNA genes (Schlotterer and Tautz 1994; Polanco et al.
1998, 2000) and histones (Liu et al. 1987; reviewed by
Ohta 1990)]. Thus, gene conversion may limit the inde-
pendent evolution of gene copies toward new roles
(Walsh 1987).
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D. melanogaster is disrupted by the o

and oy repeats (Lis et al. 1978).

These studies suggest that a balance of the two op-
posing effects of conversion, homogenization and diver-
sification, determines the degree of divergence among
gene family members. Homogenization may win out in
ancient, constrained gene families whose function is well
entrenched and thus present little sequence variation for
conversion to distribute, while diversification may win
out in newly duplicated or rapidly diverging genes sub-
ject to strong selection. Here we report a unique instance
in which gene conversion promotes both homogenization
and rapid change among copies of a truly ancient gene,
hsp70.

hsp70 is an ancient gene whose sequence and function
have changed relatively little throughout billions of
years. Indeed, Asp70 ranks among the most highly con-
served gene/protein systems (Gupta and Golding 1996;
Karlin and Brocchieri 1998). Hsp70 is a molecular chap-
erone that prevents formation of cytotoxic aggregates of
stress-denatured proteins (Agashe and Hartl 2000; Mayer
et al. 2000). In Drosophila melanogaster, Hsp70 expres-
sion is critical for induced tolerance of natural heat stress
(Feder et al. 1997). Five virtually identical genes (at two
chromosomal loci, henceforth “gene clusters”: 87A7—
hsp70Aa, hsp70Ab, 87Cl1-hsp70Ba, hsp70Bb, hsp70Bc)
encode Hsp70 in D. melanogaster (Fig. 1). All five genes
are expressed massively after heat and other stresses (Si-
mon et al. 1985; Sharma and Lakhotia 1995) and are
otherwise transcriptionally inactive (Feder et al. 1992).
Clearly, because these genes are ancient with a critically
important phenotype, they ought to be subject to the
homogenizing effect of conversion. Indeed, surveys of
restriction-site variation among the five hsp70 genes re-
vealed very low paralogous divergence, suggesting fre-
quent gene conversion (Leigh Brown and Ish-Horowicz
1981).

However, several studies hint that the hsp70 genes
vary and, thus, perhaps are subject to conversion’s di-
versifying role. Natural populations of D. melanogaster
display correlated variation in Hsp70 expression and
thermotolerance (Krebs and Feder 1997), experimental
evolution at varied temperatures effectively alters both
Hsp70 expression and thermotolerance (Bettencourt et
al. 1999), and different hsp70 gene arrangements segre-
gate in natural populations (Leigh Brown and Ish-

Horowicz 1981)—all strong hints that Asp70 is a target
of natural selection. Furthermore, the hsp70 genes pro-
liferated rapidly via duplication of an ancestral two-
hsp70 gene cassette in the melanogaster species sub-
group and subsequent tandem duplication of a single
gene in melanogaster alone (Leigh Brown and Ish-
Horowicz 1981; Konstantopoulou et al. 1998; Betten-
court and Feder 2001). This suggests historical positive
selection as the species evolved a cosmopolitan distribu-
tion and expanded thermal niche (see Feder and Krebs
1998; Krebs and Bettencourt 1999).

Thus, the opposing forces of constraint and diversifi-
cation are likely acting on the hsp70 genes. The two
forces could act together, however: homogenization via
conversion could spread favorable mutations among the
hsp70 genes and thus respond to the tugs of both con-
straint and selection. That gene conversion could rapidly
propagate mutations through a gene family, fueling
change via concerted evolution, has long been suspected
(Ohta and Dover 1984; Basten and Ohta 1992). To de-
termine whether and how this process affects the hsp70
genes, we examined the sequence and organization of
multiple hsp70 genes/alleles in D. melanogaster and a
related species.

First, we characterize nucleotide polymorphism in a
broad sample of alleles of all five hsp70 genes to assess
inter- and intracluster divergence and the relative ho-
mogenizing/diversifying roles of inter- and intracluster
gene conversion. Next, we examine the nature of both
past and present concerted evolution at the hsp70 genes,
first, by a population genetic analysis of Asp70 alleles
sampled from a single wild population and, second, by a
comparison of the tempo and mode of change among and
between the hsp70 genes of D. melanogaster and D.
simulans.

Materials and Methods

Fly Stocks, Genomic Clones, and Sampling. We sampled hsp70 varia-
tion both broadly, from diverse Drosophila strains, and more deeply,
from a single natural population. Four D. melanogaster isofemale
strains were donated by C.-I1. Wu (University of Chicago): Z(H)1 (Zim-
babwe), ZZ30 (Zimbabwe), FrV;-1 (France), and QD18 [Japan (JPN)].
Strains A25, B25, A28, and B28 are Oregon R-derived lines reared at
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25 and 28°C for more than 20 years (Bettencourt et al. 1999). The AUS
population was founded in the Wu laboratory by pooling 20 isofemale
lines from Yepoon, Australia (collected by A. Hoffmann in 1994).
Eight D. melanogaster third chromosome-isogenic strains derived from
a single natural population in Pennsylvania, USA [3CPA2, 3CPA35,
3CPA43, 3CPA47, 3CPA61, 3CPA81, 3CPA86, and 3CPA126 (PA2,
PA35, etc.)] were donated by A.G. Clark (Pennsylvania State Univer-
sity). Drosophila simulans isofemale strain DSR (Riverside, CA) was
provided by T. Karr (University of Chicago). The D. melanogaster
genomic clones 122 and 56H8, both derived from the 87A7 hsp70 gene
cluster of Oregon R genomes (Moran et al. 1979; Goldschmidt-
Clermont 1980), were provided by M. Goldschmidt-Clermont and J.T.
Lis, respectively.

DNA extraction. For each species/strain, genomic DNA was ex-
tracted from 75-80 adults by a standard phenol/chloroform method and
stored at —20°C. These samples served as PCR templates for amplifi-
cation products to be cloned (with the exception of the coisogenic PA
strains, whose amplification products were sequenced directly). Addi-
tionally, single-fly DNA preparations were prepared according to Gloor
et al. (1993) and stored at —20°C. These preparations served as PCR
templates for amplification products to be sequenced directly.

Nomenclature. Figure 1 diagrams the arrangement and nomencla-
ture of the D. melanogaster and D. simulans hsp70 genes. Only the
melanogaster genes (hsp70Aa, -Ab, -Ba, -Bb, -Bc) have names in the
literature. We assigned names to the four D. simulans genes
(Dsimhsp70Aa, -Ab, -Ba, -Bb) based on their cytological homology
with the D. melanogaster loci (see Leigh Brown and Ish-Horowicz
1981).

Amplification of D. melanogaster hsp70 Genes. At the onset of this
project, GenBank contained few D. melanogaster hsp70 sequences.
hsp70Ab and hsp70Bb were completely sequenced (accession Nos.
JO1103 and JO1104). For the remaining three genes (hsp70Aa,
hsp70Ba, hsp70Bc), only noncoding sequences were available (acces-
sion Nos. K01292, J01103, K01293, K01294, J01104, K01295). Using
these sequences, whose similarity decreases with the distance from
coding regions, we designed specific primers for each D. melanogaster
hsp70 gene (hsp70Aa, -Ab, -Ba, -Bb, -Bc). Primers and amplification
conditions for each gene can be found at http://pondside.uchicago.edu/
~feder/JIMETableA.html. Sequences are located in GenBank under ac-
cession Nos. AF295933-AF295957 and AF350452-AF350491. For
the JPN, B28, and PA47 strains, use of an alternative upper primer was
required to amplify hsp70Ab successfully (see http://pondside.uchicago.
edu/~feder/JIMETableA.html).

Amplification of D. simulans hsp70 Genes. We used the annotated
sequence of D. melanogaster chromosome arm 3R, provided by Celera
Inc., and the GeneScene Java applet (http://www.fruitfly.org/annot/
geneseen-launch-static.html) to amplify the hsp70 genes of D. simu-
lans. Using both the genomic sequence and predicted transcripts, we
designed primers in predicted genes nearest to the 87A7 and 87C1

hsp70 clusters to be used in PCR amplification together with a primer
that begins on the first codon of the conserved hsp70 CDS. These
primers were used previously to amplify the D. orena and mauritiana
hsp70 genes (Bettencourt and Feder 2001). Sequences are located in
GenBank under accession Nos. AF295963—-AF295978. Primers and
amplification conditions can be found at http://pondside.uchicago.edu/
~feder/IMETableB.html.

Preparation and Cloning of Products. PCR products were cleaned
and/or gel-purified using Qiagen spin columns and suspended in water.
Products amplified from single-fly templates, or from bulk DNA of the
coisogenic PA strains, were directly sequenced. Alternatively, products
amplified from multiple-fly templates (see above) were cloned into the
pGEM-T or pGEM-T Easy vector (Promega) according to the manu-
facturer’s instructions. Individual plasmid clones were prepared with
Qiagen spin columns, suspended in water, and sequenced.

DNA Sequencing and Analysis. All genes/alleles were sequenced
using ABI Prism cycle sequencing kits (Perkin Elmer) according to the
manufacturer’s instructions. Automated sequencing was conducted on
ABI 377 sequencers located at the Cancer Research Center DNA Se-
quencing Facility and the Genome Sequencing Center (University of
Chicago).

Internal sequencing primers (available upon request) were targeted
to sites conserved in hsp70Ab and hsp70Bb (accession Nos. JO1103 and
JO1104) to provide complete double-stranded coverage. Primers based
on vector sequence (M13 forward/reverse, T7, SP6) were also used
when applicable.

Assembly, Alignment, and Analysis of Sequences. Sequences were
assembled manually and aligned using CLUSTAL X (Jeanmougin et al.
1998). Only regions of double-stranded coverage were analyzed. Al-
leles were named according to their source [i.e., hsp70Aa’?? from the
122 clone and hsp70Bb“*?! from the Z(H)1 strain]. All singleton poly-
morphisms found on products amplified without a proofreader enzyme
were verified or rejected as PCR error by sequencing additional clones
or PCR products. Software packages utilized to analyze the aligned
sequences included DAMBE (X. Xia), DNASP (J. Rozas), PHYLIP (J.
Felsenstein), and SITES (J. Hey). All analyses were restricted to
aligned regions, and gaps were excluded.

Results

The hsp70 Coding Sequences of D. melanogaster Are
Nearly Identical and Evolve in Concert. The 87A7 and
87C1 hsp70 clusters have diverged little, and paralogues
within either cluster lack fixed differences. Since the
87C1 cluster arose by duplication of 87A7 approxi-
mately 12—-15 mya (Konstantopoulou et al. 1998; Betten-
court and Feder 2001), the 87C1 hsp70 genes apparently
diverged from those at 87A7 by 36.3 + 15.5 (mean + SE)
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Fig. 3. Nucleotide polymorphism and divergence
in the hsp70 coding sequences of D. melanogaster.
Nucleotide numbering (position) begins at the first
base of the start codon. Synonymous and
replacement substitutions are labeled S and R,
respectively. Nucleotides identical to the first
sequence are indicated by dots; deletions, by
dashes. Gray bars indicate intercluster conversion
tracts (dark if identified by DNASP, light if by
eye). Black columns mark polymorphisms involved
in intracluster conversion; linkage groups of these
sites are indicated by numbers in black boxes
below the sequences.
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synonymous and 6.3 + 2.5 nonsynonymous substitutions
in their 1926- to 1929-bp CDSs, or by only 2.2% (Fig. 2).
The apparent rates (kg and kyg) at which these differ-
ences arose, especially at nonsynonymous sites, are very
low: kg = 2.94 + 1.26 and kyg = 0.16 = 0.0063 sub-
stitution/site/10° years. In comparison, the average kg for
Drosophila is 15.60 + 5.50/site/10° years and the lowest
kns previously reported for Drosophila is 0.23 = 0.07/
site/10° years [for arrestin B (Li 1997)]. Paralogues
within either the 87A7 or the 87C1 cluster are still more
homogeneous. The hsp70Aa/Ab gene pair at 87A7 is at
least 500 million years old (Benedict et al. 1993); how-
ever, no nucleotide differences are fixed between the
CDSs of hsp70Aa and those of hsp70Ab (Fig. 2). Simi-
larly, no differences are fixed among the three hsp70
CDSs at 87C1 (Fig. 2). Clearly, these five genes are not
diverging from one another and have undergone inten-
sive homogenization.

Inter- and Intracluster Gene Conversion Can Have
Contrasting Effects on Coding and Flanking Regions

Intercluster Conversion Reduces 87A7/87C1 Coding Se-
quence Divergence. In the hsp70 CDSs, DNASP identi-
fies six intercluster conversion tracts (horizontal dark-
gray bars in Fig. 3). These conversion tracts eliminate 40
87A7/87C1 differences (39 substitutions and a 3-bp in-
del). Visual inspection suggests three additional inter-
cluster conversion tracts (horizontal light-gray bars in
Fig. 3), which eliminate a few otherwise fixed 87A7/
87Cl differences (3, 3, and 1, respectively). This homog-
enization confounds estimates of substitution rates based
on 87A7/87C1 divergence (see above). The pattern of
concerted evolution and slowed divergence is robust,
however: exclusion of the six sequences containing in-
tercluster conversion tracts increases kg and kyg only
slightly (to 4.32 = 0.0041 and 0.23 + O/site/10” years,
respectively). Homogenization of 87A7/87C1 diver-
gence by intercluster conversion also extends to the
hsp70 flanking regions (see below) (Figs. 3 and 4).

Intracluster Conversion Explains Shared Polymor-
phisms. hsp70Aa and hsp70Ab share 16 polymorphisms
(4 flanking, 12 coding), for which intracluster gene con-
version is the most likely explanation. The probability
that these polymorphisms arose by parallel mutation is
low (p < 0.000001; see Table 1). For details on the cal-
culation of this probability, which is based upon the hy-
pergeometrical distribution, see Rozas and Aguade
(1994), Rozas et al. (1999), and Bettencourt (2001). We
can also reject parallel mutation for shared polymor-
phisms in all three pairwise comparisons of 87C1 par-
alogues (Table 1). Alternatively, polymorphisms shared
among clusters could have arisen from unequal crossing-
over. This, however, would also affect the hsp70 copy
number, which does not occur in nature (Krebs and
Bettencourt 1999). We identify putative intracluster con-

version tracts by analysis of linkage disequilibrium at
shared sites (see below).

Conversion Homogenizes and Diversifies 5’ and 3'
Flanking Regions. Both in the entire sample and within
the PA population, inter- and intracluster conversions
contribute to patterns of flanking sequence variation that
differ between 87A7 and 87C1: diversification in some
cases, homogenization in others. For example, nucleotide
variability is sometimes much higher in the 87A7 flank-
ing regions than in the CDSs as a consequence of con-
version-mediated shared polymorphisms (Table 2, Fig.
4). In the PA sample, the hsp70Ab 5'-UTR displays a
40-fold increase in  relative to the CDS and a signifi-
cantly negative Tajima’s D value, due largely to the in-
tercluster-converted hsp70™*” allele.

The 87A7 3'-UTRs, while also diversified, display a
pattern of variation slightly different from that of the
5'-UTRs (Fig. 4). Intercluster conversion tracts create
high variation among allelic classes but homogeneity
within each class. The >240-bp intercluster conversion
tract results in 46% divergence between the three con-
verted and the three nonconverted hsp70Aa alleles in the
worldwide sample. Otherwise, the 3’ flanks are homo-
geneous, without the shared single nucleotide polymor-
phisms (SNPs) characteristic of the 5’ flanks. The inter-
cluster-converted region varies at only one site.
Similarly, the 3’ flanks of the remaining isp70Aa alleles
and all the Asp70Ab alleles are virtually identical for 198
bp (Fig. 4). The greater within-class homogeneity of the
3’ flanking sequences in this region is consistent with
more stringent constraint, higher-frequency conversion,
or both. Three of the hsp70Aa PA alleles share a 13-bp
region that is divergent at seven sites. This strongly af-
fects D, which is now positive (0.89181). In this case,
escaping conversion causes the strong change in the site
frequency spectrum: the other five alleles are homose-
quential in this region and diverge from hsp70Ab at only
two sites.

In contrast to 87A7, the 5'-UTRs of all three 87C1
hsp70 genes are virtually identical, displaying the high
degree of homogeneity and shared polymorphism con-
sistent with intracluster conversion (Fig. 5). All three
87C1 hsp70 genes share a 7-bp indel and linked SNPs
(black bars in Fig. 5). In the PA sample, only
hsp70Ba®*1%° bears the indel and a linked SNP, while all
others differ only at one singleton SNP; predictably, D is
negative (—1.44751; n.s.). Otherwise, both the 5'- and the
3'-UTRs of all three 87C1 hsp70 genes are highly ho-
mogenized in the PA sample.

The levels of both homogeneity and shared polymor-
phism in the above cases suggest frequent intracluster
conversion that extends beyond the CDSs well into both
the 5" and the 3’ flanking sequences. Both the nature and
the frequency of indel polymorphisms in these flanking
sequences are indicative of conversion event boundaries
(see Discussion).
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conversion should be frequent between hsp70 par-
alogues. Finally, as most shared SNPs are silent (e.g., at

87A7, 15 shared silent SNPs, 1 shared replacement SNP

The Interaction of Selection and Conversion Shapes

hsp70 Molecular Evolution

available for transfer; see Table 3), recombination or
conversion events should be neutral and drift should gov-
ern the change in frequency of converted vs noncon-

Hypotheses Regarding Intracluster Conversion and Se-

lection. In conversion between the virtually identical par-
alogues at either cluster (as they exist today), tracts

should be evident only from shared polymorphic sites, as

verted alleles. Thus in a population at equilibrium intra-

cluster conversion should both accelerate the elimination
of deleterious mutations and maintain neutral shared
polymorphisms [an extension of the well-documented

fixed differences are completely absent and gene-

specific polymorphism low. Furthermore, as conversion

rate is negatively correlated with heterozygosity
(Stephan and Langley 1992; Nassif and Engels 1993),

Hill-Robertson effect of recombination rate on selection
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Table 1. Intracluster shared single-nucleotide polymorphisms®
hsp70Aa and hsp70Ba and hsp70Ba and hsp70Bb and
hsp70Ab hsp70Bb hsp70Bc hsp70Bc
N 1836.15 2087.46 2087.46 2091.2
MNs 78 72 72 108
Shared SNPs 16 11 2 6
p value® <0.000001 <0.000001 0.016415 0.000048

# N, total number of silent (noncoding) and synonymous (coding) sites. mg, total number of silent (noncoding) and synonymous (coding) mutations.

Alleles bearing intercluster conversion tracts excluded.
® Based on the hypergeometric distribution.

Table 2. Nucleotide diversity in Pennsylvanian D. melanogaster hsp70 genes®
Gene Region n N mn ™ g NS 0 D
hsp70Aa 5 232 5 5 0.00539 0.00831 —-1.59524
CDS 1926 15 15 0.00204 0.00800 0.00017 0.00300 —1.64202
3 225 10 11 0.02222 0.01886 0.89181
hsp70Ab 5 225 41 43 0.04984 0.07371 -1.73567"
CDS 1926 11 11 0.00143 0.00598 0.00000 0.00220 -1.75686°
3 235 1 1 0.00108 0.00167 —1.05482
hsp70Ba 5 207 3 3 0.00362 0.00559 —1.44751
CDS 1923 7 7 0.00136 0.00274 0.00093 0.00140 —-0.16319
3’ 385 3 3 0.00195 0.00301 —1.44751
hsp70Bb 5 214 0 0 0.00000 0.00000 n/a
CDS 1923 7 7 0.00106 0.00337 0.00034 0.00140 —1.12898
3 386 3 3 0.00241 0.00300 —0.81245
hsp70Bc 5 215 1 1 0.00117 0.00180 —1.05482
CDS 1923 18 18 0.00321 0.00838 0.00161 0.00361 —-0.56930
3 64 0 0 0.00000 0.00000 n/a

“n, number of sites; S, number of segregating sites; m, total number of mutations; , nucleotide diversity; g, silent nucleotide diversity; mys,
nonsilent (replacement) nucleotide diversity; 6, nucleotide diversity; D, Tajima’s D statistic. CDS, coding sequence.

® Significant at p < 0.05.

efficacy (see Begun and Aquadro 1992; Aguade and
Langley 1994; Aquadro et al. 1994)]. Importantly, in an
autosomal region of normal recombination rate, linkage
between shared polymorphic sites should be low. The
data are consistent with some, but not all, of these ex-
pectations.

Linkage Disequilibrium is High Among High-
Frequency Shared SNPs at 87A7. At both hsp70 clusters,
paralogues possess no fixed differences, gene-specific
(unique) polymorphisms are rare, and most haplotypes
are shared; in essence, paralogues behave as a single
gene. Accordingly, to examine linkage at shared SNPs,
paralogous sequences were paired (hsp70Aa/Ab,
hsp70Ba/Bb, hsp70Bb/Bc) and the analysis restricted to
shared SNPs that display statistically significant linkage.
At 87A7, hsp70Aa and hsp70Ab share 12 SNPs in their
CDSs (black bars in Fig. 3). In contrast to expectation,
significant linkage disequilibrium exists in the Pennsyl-
vanian population at several of these shared sites (Fig. 6).
Two large linkage groups can explain all the observed
disequilibrium, suggesting the existence of two conver-

sion tracts (numbers 1 and 2 in Fig. 3). In group 1,
linkage disequilibrium is complete and one haplotype is
preserved at both hsp70Aa and hsp70Ab on seven of
eight chromosomes. Recombination has slightly dis-
rupted group two in four alleles, but again, one haplotype
is at high frequency (six of eight chromosomes). As ex-
pected, intracluster conversion is maintaining shared
polymorphism. Disequilibrium is high and particular
haplotypes occur at a high frequency, however, two re-
sults which are inconsistent with the neutral expectation
of shared and unique silent SNPs (above).

In contrast to 87A7, linkage is weak between shared
sites at 87C1. hsp70Ba and hsp70Bb share eight SNPs
in their CDSs, but only one linkage group is recov-
ered (number 3 in Fig. 3). hsp70Bb and hsp70Bc share
four SNPs in their CDSs, three of which are contained
in the single recovered linkage group (number 4 in
Fig. 3). Unlike at 87A7, numerous shared-site recom-
binant alleles of all three 87C1 hsp70 genes segregate
in the PA sample (Fig. 3). Reduced levels of conver-
sion at 87C1 could explain the low level of linkage
at shared sites in 87C1, compared to 87A7 (see below).



position
87C1
5’-UTRs

hsp70Ba™
hsp70Ba*”®
hsp70Ba®™?
hsp70Ba’™
hsp70Ba*?*
hsp70Ba™*®
hsp70Ba™?¢
hsp70Ba™?
hsp70Ba™°!
hsp70Ba®®®
hsp70Ba™®!
hsp70Ba™*
hsp70Ba™?
hsp70Bb™
hsp70Bb*"¢
hsp70Bb**™?
hsp70Bb”™
hsp70Bb™®
hsp70Bb®**
hsp70Bb***°
hsp70Bb™**®
hsp70Bb™*2¢
hsp70Bb™*7
hsp70Bb™*!
hsp70Bb™%°
hsp70Bb™%!
hsp70Bb™%
hsp70Bb™?
hsp70Bc™
hsp70Bc*Ys
hsp70Bc*™?
hsp70Bc™™
hsp70Bc®?®
hsp70Bc™®
hsp70Bc™?¢
hsp70Bc™*7
hsp70Bc*?
hsp70Bc™#
hsp70Bc™®!
hsp70Bc™*
hsp70Bc™?

111111 11111
2457256666 77777
7708711789 01239

position

1111123333
87C1 111111112 3333337778 5667941599
3’_-UTRs 7234567890 1234560393 3182765645

hsp70Ba™ C-mmmmm -
hsp70Ba®”  ..........
hsp70Ba®™t ..., ..
hsp70Ba’™  ..........
hsp70Ba*® .. ........
hsp70Ba™”® ... .....
hsp70Ba™?¢ .. ........
hsp70Ba™"  ..........
hsp70Ba™® .. ........
hsp70Ba™®  ..........
hsp70Ba™® .. ........
hsp70Ba™* ... .......
hsp70Ba™  ..........
hsp70Bb™ TTAAAACTAA
hsp70Bb*™ ... ..., ..
hsp70Bb*™1 ...,
hsp70Bb’™™ .. ........
hsp70Bb™® . .........
hsp70Bb™® ... ......
hsp70Bb®®°  ..........
hsp70Bb™® L ........
hsp70BBPZS ...
hsp70Bb™Y7 ... ... ..
hsp70Bb™*T ... ...
hsp70Bb™¢ ... ......
hsp70Bb™* L. ...
hsp70Bb™* ... ..
hsp70Bb™ .. .......

hsp70Bc

Only one 3’-UTR variant in
this sample: C->A singleton
on hsp70Bc#™ at
nucleotide position 84.

(no. sites = 86)
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Fig. 5. Nucleotide polymorphism and divergence in D. melanogaster 87C1 hsp70 5'- and 3'-UTRs. 5'-UTRs end on the last nucleotide before
the start codon. 3'-UTRs begin on the stop codon. Sites/tracts labeled and shaded as in Fig. 3.

Table 3. Constraint on shared polymorphisms and fixed differences®

Conversion-mediated polymorphisms

Unique Fixed
polymorphisms Intercluster Intracluster differences
Gene Syn Repl Syn Repl Syn Repl Syn Repl
hsp70Aa 1 2 15 1 11 1 53 9
hsp70Ab 4 7 0 0 11 1 53 9
hsp70Ba 3 4 23 4 5 4 53 9
hsp70Bb 3 2 21 5 8 4 53 9
hsp70Bc 8 6 0 0 4 0 54 9

* Syn, synonymous mutations; repl, replacement mutations. The typeface indicates the significance level of G tests of independence: italics, p < 0.05;
boldface, p < 0.001. A G test could not be performed on /sp70Bc intracluster shared polymorphisms.

Reduction of Nucleotide Variation at Non-
Conversion-Mediated Sites in the Pennsylvania Popula-
tion Suggests Selection on hsp70Ab and hsp70Bb. A
strong reduction in nucleotide variability in regions of
normal recombination and rarity of variant haplotypes

can be caused by background selection or hitchhiking
under positive selection (Andolfatto and Przeworski
2000; Begun and Whitley 2000). To determine whether
either process affects the hsp70 genes, we examined the
pattern and frequency of hsp70 nucleotide variation
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O
hsp70da \%@6

9 hisp70Ba
hsp70A4b O hsp70Bb
Fig. 6. Polymorphism and linkage disequilibria at conversion-

mediated sites in the Pennsylvanian sample. The horizontal white bar
represents Asp70 CDS, drawn roughly to the size indicated by the black
scale bar. Ticks mark positions of sites involved in intracluster con-
version, with the line color/style indicating the gene pair examined:
light gray/dashed, hsp70Aa/hsp70Ab; gray, hsp70Ba/hsp70Bb; black,
hsp70Bb/hsp70Bc. Only informative sites were considered. Triangular

within the PA population. Nucleotide variability is dra-
matically reduced at the PA hsp70Ab and hsp70Bb genes
with the exception of conversion-mediated shared poly-
morphisms. The PA hsp70Ab sample contains only one
nonshared silent SNP in the CDS, and the 3'-UTR is
invariant. Interestingly, the 5'-UTR possesses significant
variation on two chromosomes, including an intercluster
conversion tract and a small tract of divergent sequence.
hsp70Bb is strikingly homogenized in the PA sample: the
only nonshared varying site is a singleton SNP in the
3'-UTR. Clearly, both genes participate in conversion, as
they vary at conversion-mediated sites. However, in gen-
eral, and especially for hsp70Ab, one haplotype domi-
nates at these sites (discussed above; also note the sig-
nificantly low D in Table 2). If conversion rates are
heterozygosity dependent, perhaps these two genes have
experienced a cyclical reduction of variability and in-
creased rates of conversion in their history. This seems
unlikely, however; their paralogues do not display the
same pattern despite extremely close physical linkage.
In contrast to hsp70Ab and hsp70Bb, their nearby par-
alogues vary. hsp70Aa bears three unique SNPs and
moderate divergence in the 3'-UTR; hsp70Bc bears 11
unique SNPs. Why these gene copies are more variable
than their neighbors is not obviously due to a difference
in the degree of intragenic crossing-over. If conversion
rates are extremely sensitive to these single-nucleotide
changes, then perhaps these genes experience less con-
version. Furthermore, while Asp70Bb and hsp70Bc are
only ~1 kb apart from one another, their tandem arrange-
ment may be less conducive to conversion than the in-

hsp70Bb
hsp70Bc

matrices represent the statistical significance determined by Fisher’s
exact test (uncorrected for multiple tests); white, p = 0.05; light gray,
p < 0.05; dark gray, p < 0.01. Dashed lines connect polymorphic sites
to corresponding matrix columns. Gray triangles to the right of matri-
ces indicate shared polymorphic sites participating in intracluster con-
version.

verted pair arrangement at 87A7. Some models of gene
conversion in Drosophila posit that an inverted pair ar-
rangement facilitates the process (Leigh Brown and Ish-
Horowicz 1981; Wang et al. 1999). Regardless, the re-
duction of variability at non-conversion-mediated sites at
both the hsp70Ab and the hsp70Bb PA alleles relative to
their nearby paralogues is striking. In contrast to the
pattern at nonshared sites, both hsp70Ab and hsp70Bb in
the PA sample vary to no greater or lesser extent than
their paralogues at conversion-mediated sites; gene con-
version is clearly participating in the strong reduction of
nucleotide variability at hsp70Ab and hsp70Bb. The
question remains, What reduced the “standing crop of
variation” at these genes in the first place? Selection
and/or hitchhiking are intriguing candidate explanations
(see Discussion).

Conversion and Selection Act Differently on Unique
vs Multigenic Substitutions, in Accordance with Theory.
If gene conversion is frequent, any variant that rises in
frequency at one gene due to drift or selection should
soon either become shared among genes or be eliminated
(Ohta and Dover 1984; Ohta 1989). Additionally, con-
version ought to accelerate selection against deleterious
mutations (see Hypotheses Regarding Intracluster Con-
version and Selection, above). Thus, variants unique to
any one gene should be rare. The Asp70 genes at both
87A7 and 87Cl1 display such a bias. At 87A7, hsp70Aa
and hsp70Ab share all 12 nonsingleton SNPs (excluding
intercluster tracts on hsp70Aa’??) involved in intracluster
conversion (Fig. 3). In contrast, 15 singleton SNPs are in



our 87A7 sample. At 87C1, polymorphisms not involved
in conversion are again usually singletons: the 87Cl1
hsp70 CDSs exhibit 13 shared (conversion-mediated)
and 26 unique SNPs (Fig. 3).

Selection against unique replacements may be re-
duced in redundant gene families, facilitating adaptive
divergence (Basten and Ohta 1992; Nowak et al. 1997;
Wagner 2000). Any deleterious replacement polymor-
phisms, even those kept rare by conversion-accelerated
selection (see above), that spread among genes via con-
version should face even stronger selection and be elimi-
nated. Thus, compared to polymorphism unique to any
one gene and/or fixed differences between intercluster
paralogues, conversion-mediated polymorphism should
be skewed toward silent variation. In 4 of 10 cases of
conversion-mediated polymorphism, the hsp70 genes
display such a bias (Table 3). This result is according to
G tests of independence of the synonymous:replacement
ratios of unique polymorphisms to shared polymor-
phisms, with intracluster and intercluster conversion-
mediated sites considered separately. In all five compari-
sons, synonymous changes predominate among the
intercluster fixed differences (Table 3).

The hsp70 Genes of D. simulans Resemble Those of D.
melanogaster in Patterns of Concerted Evolution and
Reveal Recent Concerted Change in Both Species

The hsp70 gene sequences of D. simulans may reveal the
generality of and provide comparison to results from D.
melanogaster. The hsp70 3' flanking regions, which di-
verge between genes/clusters in D. melanogaster [see
above and Torok et al. (1982)], display parallel orthology
in D. simulans (Fig. 7). On average, the 3’ flank of each
D. simulans hsp70 gene is 10% divergent from its puta-
tive D. melanogaster orthologue. According to the ho-
mology of their 3'-UTRs, D. simulans hsp70Bb is or-
thologous to D. melanogaster hsp70Bc. The remaining
three D. simulans hsp70 genes are orthologous with their
similarly named genes in D. melanogaster, in agreement
with Leigh Brown and Ish-Horowicz (1981).

Relative to the 3’ flanking sequences, which diverge
between the two species, the four hsp70 CDSs of D.
simulans are more similar to their orthologues in D. me-
lanogaster (Fig. 8). The mean CDS nucleotide identity
between orthologues is 98.4%. Because the 87A7/87C1
duplication predates the melanogaster/simulans split
(Konstantopoulou et al. 1998), the two species share
seven 87A7/87C1 informative sites (excluding interclus-
ter-converted alleles).

Orthologues are not identical; both 87A7 and 87C1
display concerted divergence between the two species.
Note that the chromosomal positions of the D. simulans
hsp70 clusters have been mapped only to minor-band
resolution [i.e., 87A and 87C (see Leigh Brown and Ish-
Horowicz 1981)] but, for simplicity, are reported here as
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position
1111 1112222222 2
1156891344 5590011112 3
3455988923 1463702357 0
DsimAal  CAGC-GAGC- GGTTGCCATT T
DsimAa® ... .. ... .
DmelAa®3° GTATACCAAA TA--AGTTCA G
position
11111 1122222222 2
168913445 5900001133 3
5459889231 4704560902 5
DsimAb'  AAC-GAGC-G GTTTAAATTT -
DsimAb?  .......... .G.- - .
DmelAb™3° GTTACCAAAT AGA----- GC G
position
111 1111122222 22222
1223399011 2367900000 11112
1022334704 7471246789 01236
DsimBa®  AGGTAGTTAA CCATAT---- ---- G
DSimBa? .. i

DmelBa®™3® TATGCACATT AGTATGCAGG GAGTA

position

1222223356 66667
0345790355 67890

DsimBc!  ACAGTCTAA- —--—--
DsimBc? . ......... ...

DmelBcP*3® T———o—- CTG TGCCA

Fig. 7. Nucleotide polymorphism in D. simulans hsp70 3'-UTRs and
divergence from D. melanogaster. Sites labeled as in Fig. 3. Gene
names abbreviated according to species, gene, and allele, i.e., DsimAb’
= D. simulans hsp70Ab’ and DmelBc™3° = D. melanogaster
hsp70Bc™4%,

87A7 and 87Cl1. The D. simulans 87A7T hsp70 genes
differ from the D. melanogaster 87TAT genes at 51 sites
and two indels (excluding the converted Dsimhsp70Ab4).
At 87C1, the orthologues are divergent at 59 sites and
one indel (excluding the converted Dsimhsp70Bb?).
These unique cluster-specific changes, and 11 substitu-
tions found in all four D. simulans genes but absent in the
D. melanogaster genes, are consistent with concerted
evolution after speciation. The rate and nature of this
change are described under Discussion.

Intercluster Conversion Reduces D. simulans 87A7/
87C1 Divergence. Large intercluster conversion tracts in
the D. simulans hsp70Ab* and hsp70Bb’ almost com-
pletely eliminate the 87A7/87C1 sequence divergence
(gray bars in Fig. 9). Including these alleles, one 87A7/
87C1 difference is fixed and five polymorphisms are
shared; without them, 57 differences are fixed and zero
polymorphisms are shared. While DNASP identifies two
large contiguous conversion tracts on Dsimhsp70Bb’, the
number of 87C1-type changes contained within the tracts
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hsp70Aa
position 111111111 1111111111
1111223333 3333344666 7777888889 9001112223 3455556666
4589564455 6669917367 0112145666 7354677885 8326990012
1675272514 4560944902 8143063476 5208435781 9113092913

Syn 55=5=55588 =55S85SS $85=588SS8S
Repl ==R=R===== RRR: ===R

DsimAa’ GCGCTTAATA GTAGTTTAAA TCCGTCTTGT CAGCTAGTTG GTCGGCTCGA
DmelAa™" CTATGCGGCG ACCACCCTCG CTTCCTCCAC TGCGCGACGA ACGATAAAAG

pos 1111111111 1111111222 2222222222 222222
6667778888 8889999000 0000011111 111111
5890344445 5554489235 7778823344 445666
6682492890 1235677100 1453685924 579234

NC ========== ===IIII=II II=II==III IIII==

Syn =SS ===

Repl R

DsimAa’ = TCACTCGCGG AGCCAGC-GA GC-GGTTGCC ATTT--

DmelAa™® ATCTGTT--- --- GTATACC AAATA--AGT TCAGGG

hsp70Ba

position 111111111

1111122 2222233333 3344455667 8388888999 9001234556

5682444911 3477800235 5635739230 1266899015 6078422890
7949147539 1603336861 4450424292 3247514059 6235892409

Syn

Repl

DsimBa' AGCTGCCCTT CAGGTCACCC AGCCACTGAA GCTGGCACAC TTGGCATGGC

DmelBa™® GTTCCTTTCA TGATGGGATT GATTCTCATG ATCAATCTGA CCACTCAATA

pos 11111311111 1111111111 1111222222 2222222222 22222
6666667788 8888888899 9999000000 0011111111 11111
1334671204 4444455724 4566223345 6902333333 44456
7281259561 2345647200 9112236936 3601356789 01251

NC =zazz==z== ====I IITIIITIIT ITIII===== ===IT
Syn 5SS= =
Repl

DsimBa' CCTGATCCCC GGGAGTACGA GGTAGTTAAC CATAT----- --- GA
DmelBa™® TACAGCATT- ----- GTTAT ATGCACATTA GTATGCAGGG AGTAG
Fig. 8.

is high (40). Alternative interpretations of this allele are
multiple smaller tracts and/or recombination and conver-
sion with unconverted alleles.

Same-Cluster Paralogues Are Homogenized. There
are no fixed nucleotide differences between the
Dsimhsp70Aa and Dsimhsp70Ab CDSs, and one between
Dsimhsp70Ba and Dsimhsp70Bb (Fig. 9). The D. simu-
lans hsp70 genes possess numerous unique replace-
ments, more than in D. melanogaster (Fig. 9). As all D.
simulans alleles were amplified from one laboratory
strain, however, this information is of limited value. We
thus measure population genetic parameters only in the
natural D. melanogaster PA population.

In contrast to the D. melanogaster genes, D. simulans
same-cluster paralogues share no polymorphisms (ex-
cluding those in Dsimhsp70Ab* and Dsimhsp70Bb’), im-
plying less frequent intracluster conversion, Addition-
ally, the D. simulans hsp70 3'-UTRs are nearly invariant
(only two polymorphic sites, in Dsimhsp70Ab; data not
shown). The failure to observe shared polymorphisms
among same-cluster paralogues may thus reflect these
sites’ fixation or near invariance in the DSR strain. In-
deed, in D. melanogaster, only interstrain comparison
reveals many clusters of shared polymorphisms, and in
the PA sample most variant haplotypes are rare (e.g., the
intracluster conversion tracts at 87A7; see Fig. 3).

hsp70Ab
position 1111111111 1111111111

111233333 3333446667 7778888899 0011122234 5555666666
6459544556 6699173670 1121456667 3546778883 2629001258
4165225144 5609449028 1430634765 2084357891 1303291366

Syn =585=5558= ==S5S555SS $5=58SS == = = =8
Repl R===R====R RR======== =zR======= =RR====R== ==R=====R=
DsimAb'  GGCCTAATAG TAGTTTAAAT CCGTCTTGTC AGCTAGTTGT CGGCTCGATC
DmelAb™® ACTTGGGCGA CCACCCTCGC TTCCTCCACT GCGCGACGAC GATAAAAGAT
pos 1111111111 1111222222 2222222222 2

6777885888 8999000000 0011111111 1

9034444444 5349235777 8823333356 6

8249256789 0767100145 3692678912 4
NC z==w=z=z===== =III=IIII= IIII=====1 T
Syn s88S =
Repl ===z=z==z==z= =z==z=z= 2mz= =Zm=====z=== =
DsimAb' ACTCGAGCCG GAAC-GAGC- GGTTTAAATT T
DmelAb™® CTGTT----- -GTTACCAAA TAGA----- G

hsp70Bb / hsp70Bc
position 1111111

1111122 2222222333 3333444556 6778888888 9993566667
5682444901 1134778002 3556357393 7021266899 0152813371
7949147540 3916033368 6144504249 2293247514 0599472859

Syn ss =888 SS= =
Repl ===R: ==R:
DsimBb'  AGCTGCCCAT TTCAGGTCAC CCAGCCACTA AATGCTGGCA CACAGCCTTC

DmelBb™* GTTCCTTTGC CATGATGGGA TTGATTCTCT .GCATCAATC TGACATACCA
DmelBc™® GTTCCTTTGC CATGATGGGA TTGAATCTCT GGCATCAATC TGACATGCCA
pos 1111111111 1111111111 1111111111 1222222222 2222222222
7888888888 8899999999 9999999999 9000000000 0000000000
2044444455 7913455555 5688889999 9000000011 1122223333
5623456747 2579023458 9224680458 9045678901 2825670124

NC ========== ===II===== =JIII=III= ==III===== =IITIIIIIII
Syn

Repl =R

DsimBb' CCGGGAGCTA CCGAACAGTC TACAA-GAG- --TAGAAAA- -CTCCATATG

DmelBb™® TT------ GT TGC.T..... .CATTTTGTT AAACC....G AAAAATATAT

DmelBc™® TT------ GT TGCT.----- “C.Teiin .

Nucleotide divergence between D. simulans and D. melanogaster hsp70 coding sequences. Sites labeled as in Fig. 3.

Discussion

Gene Conversion Plays Dual Roles: Homogenization
and Diversification

Homogenization. On a broad scale, the net effect of con-
version on the Asp70 genes is homogenization, especially
in coding regions. Examination of the 3’ flanking se-
quences of D. simulans confirms that gene conversion,
rather than selection alone, drives homogenization: at
several sites where the two species diverge, same-cluster
paralogues are identical (Fig. 7). The preservation of
redundant and functional copies, rather than their degen-
eration or divergence as in D. mauritiana, suggests that
the hsp70 genes are of critical functional importance
(Bettencourt and Feder 2001).

Whether the bias toward low-frequency variation at
the Asp70 genes results from a mechanism (gene conver-
sion) or a population-level process (drift, selection) and/
or departs from neutrality remains untestable. Empirical
detection and analysis of gene conversion—in single
genes—have received a fair amount of recent attention,
and some investigators now assign conversion a major
role in generating sequence diversity (Berry and Barba-
dilla 2000). However, molecular evolutionary theory of
gene conversion is at a nascent stage: modeling of the
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Nucleotide polymorphism and divergence in the hsp70 coding regions of D. simulans. Sites/tracts labeled as in Fig. 3.
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Table 4. McDonald—Kreitman tests of neutrality at D. melanogaster
and D. simulans hsp70 genes®

Gene Type of change  Fixed Polymorphic  p (G)°
hsp70Aa  Syn 42(38) 11(28)

Rep 909 13 (14) #% (ns)
hsp70Ab  Syn 41 (24) 16(63)

Rep 9(5) 8 (17) ns (ns)
hsp70Ba  Syn 55 (45) 8 (1)

Rep 5@4) 14 (20) stk (oK)
hsp70Bb  Syn 58 (40) 10(43)

Rep 6 (4) 11 (22) skeor (Gkow)
hsp70Bc ~ Syn 58(50) 13 (26)

Rep 6(4) 18 (24) stk (oot

# Syn, synonymous; rep, replacement. Values when alleles bearing in-
tercluster conversion tracts are excluded are listed first. Values for all
alleles follow, in parentheses.
® Asterisks indicate the significance level of G tests of independence:
sk, p < 0.01; s, p < 0.001.

coalescent with conversion remains restricted to single
genes and has not yet been extended to molecular models
or data (Wiuf and Hein 2000). Clearly, in this multigene/
cluster family, predictions concerning the frequency dis-
tribution of neutral variants with gene conversion versus
without gene conversion cannot be formalized and/or
tested until the molecular evolution of duplicate genes
undergoing conversion is better understood. Further-
more, our broad sampling scheme may overestimate the
number of rare variants in D. melanogaster. Yet almost
all unique polymorphisms are singletons, while almost
all polymorphisms shared among genes occur at a high
frequency, consistent with frequent gene conversion.
Within the PA population, most unique polymorphisms
are similarly rare. Moreover, polymorphism in D. simu-
lans, sampled in one strain, displays a similarly strong
bias toward rare variants.

Although the frequency of polymorphisms may be of
limited informative value, their nature (replacement or
silent substitutions) is more revealing. Purifying selec-
tion appears to act on the Asp70 genes collectively; while
unique replacement polymorphisms are relatively com-
mon, few replacements are either shared among genes or
fixed between clusters. A serious problem arises when
conducting McDonald—Kreitman-type tests on par-
alogues, however (Table 3). These types of tests require
that each locus under comparison have an independent
evolutionary history, something which the hsp70 genes
clearly lack. Inasmuch as point mutation and gene con-
version are independent processes, partitioning the varia-
tion as in Table 3 is a partial fix. Another approach is to
compare the divergence between D. melanogaster and D.
simulans orthologues and exclude intercluster conver-
sion tracts (Table 4). These tests reveal a strong differ-
ence between largely silent divergence and an excess of
replacement polymorphisms. This excess may be inter-
preted as the presence of deleterious alleles in the DSR
strain (Nachman 1998); further sampling beyond this
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strain we analyzed will determine the frequencies of such
alleles in other D. simulans populations. Nonetheless,
both of the above results are consistent with paralogous
buffering of unique replacements, with very few replace-
ments becoming multicopy shared polymorphisms or
fixed differences. Thus, each hsp70 gene may be rela-
tively free to evolve individually, but only neutral or
beneficial changes may become shared among genes via
conversion or duplication.

Diversification. While conversion clearly homog-
enizes the hsp70 genes, in so doing it also creates broad
allelic classes and a mosaic of variability that is shared
across genes and gene clusters (Fig. 10). This mosaic
structure is especially evident in recent tracts, where
variation within the converted region is nonexistent
(e.g., hsp70Aa 122 type 3'-UTR). In the coding re-
gions, most conversion tracts transmit 87A7/87C1 dif-
ferences and thus contribute largely silent polymor-
phism. Intracluster conversion also mediates mainly
silent shared polymorphism, with few shared replace-
ments (discussed above, also see hsp70Ba and hsp70Bb
from the 28°C populations in Fig. 3). Overall, conversion
in the CDSs is generally restricted to a homogenizing
role; however, the process can dramatically diversify the
flanking regions.

Diversifying conversion in the 4sp70 CDSs yields by-
products with potential functional consequences: indels
in the 5" and 3’ flanking sequences. Small (3- to 15-bp)
indels, both shared and unique, make up a significant
component of variation in the 5'- and 3’'-UTRs of all five
hsp70 genes (see above and Fig. 10). These indels likely
demarcate the boundaries of conversion events between
hsp70 CDSs. Gene conversion is an imperfect process;
nonhomologous sequences such as indels often flank
conversion tracts (Davies 1992; Liang et al. 1998). The
indels occur at a high frequency (with conserved lengths)
at different genes, supporting their role in conversion
(see Figs. 4 and 6). Also, the abundance of shared SNPs
indicates that the flanks themselves participate in con-
version (see Results). The shared SNPs and indels only
occasionally display linkage as perfect markers of con-
version tracts, unlike in the CDS. This is not surprising
if, as described earlier, recombination outpaces selection
or drift; as converted alleles rise in frequency they will
have numerous opportunities to recombine with uncon-
verted alleles. This makes the observed linkage among
CDS shared SNPs in the Pennsylvanian population all
the more interesting (discussed below). Furthermore,
apart from the conversion-mediated indels and SNPs, the
sequences of the 5'- and 3'-UTRs are conserved at both
87A7 and 87C1 (see Figs. 4 and 6). This suggests that
conversion, rather than relaxation of selective constraint
and/or deletion bias (Petrov and Hartl 1998), creates the
pattern of variation.

In a more extreme example of the effects of conver-
sion on flanking sequence variability, several hsp70 al-
leles share intercluster conversion tracts throughout their
entire 5'- and/or 3’-UTRs (Fig. 10). Petersen and
Lindquist (1989) found that the 3’-UTR is critical for
hsp70 mRNA degradation following heat shock. Inter-
estingly, the divergent 87A7 and 87C1 3'-UTRs drive
different tissue- and time-specific patterns of hsp70 ex-
pression (Prasanth and Lakhotia 1999). Thus, the com-
plete replacement of some hsp70Aa 3'-UTRs with 87C1-
derived sequences may have organismal consequences.

Natural Selection Acts on hsp70 Genes

Selection on Individual Genes. As expected given their
participation in conversion, nucleotide variability in the
hsp70 CDSs is low, whether comparing across or within
the single PA population. Clearly, purifying selection
also plays some role in reducing variation (see above);
this can be seen by the strong skew toward synonymous
changes between both hsp70 paralogues and hsp70 or-
thologues. However, the observation of strong linkage
disequilibrium and biased representation of haplotypes at
the largely synonymous shared polymorphic sites is un-
usual because the expectation under frequent conversion
and recombination would be low linkage, even under
purifying selection, and there is no evidence that particu-
lar haplotypes are favorable. Founder effects and drift
could cause for the low variation and strong linkage, if,
for example, the PA lines do not represent a good sample
of a natural population, but ongoing analyses of other
genes in these lines suggests that they are (A.G. Clark,
personal communication; also see Lazzaro and Clark
2001). Could other forms of selection cause the strong
reduction in nucleotide and haplotype diversity? Since
selection on Hsp70 expression in nature is strong (Feder
et al. 1997, Roberts and Feder 1999), one explanation for
the reduction in nucleotide and haplotype diversity in the
hsp70Ab and hsp70Bb genes could be a selective sweep.
Recently, Langley and co-workers (2000) found a pattern
of variation similar to that described in this study in two
X-linked Drosophila genes, su(s) and su(w(a)), and
raised the same hypothesis. A key distinction is that un-
like su(s) and su(w(a)), which are on the tip of the X
chromosome, the Asp70s are located in the central region
of the right arm of the third chromosome and should thus
not experience a strong reduction in recombination rates
(Hudson and Kaplan 1995). Therefore reduced recombi-
nation can be eliminated as a cause of reducing variation
prior to or after the history of conversion began. This
study echoes the same question raised by Langley et al.
(2000): Assuming that conversion is ongoing and in-
creases in frequency with homogeneity, what reduced the
standing crop of variation to begin with? The main im-
pediment to answering the question in both studies re-
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mains—one cannot disentangle the relative contributions
of conversion vs selection via statistical means without a
theoretical model of multigene coalescents with conver-
sion (see above). An alternative approach is to examine

A28/B28; 122 and 56H8, 122 and 56H8 genomic clones. Indels indi-
cated by triangles (numbers give size in base pairs). Intracluster con-
version tracts in coding regions are noted only when all internal infor-
mative sites are linked.

whether silent (presumably neutral) sites in nearby
genes, which would not participate in conversion be-
tween the hsp70s, also show a reduction in variability
due to hitchhiking (ongoing).
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Selection on Multiple Genes. At the level of the whole
gene family, could conversion’s homogenizing role fuel
“molecular drive” (Ohta and Dover 1984)? Selection
against multicopy (presumably deleterious) replacements
is effective (see above). Do advantageous mutations, on
the other hand, become shared features of the entire gene
family?

Comparison of the D. melanogaster hsp70 genes with
those of D. simulans reveals the nature of whole-family
evolution. Since the 87A7/87C1 duplication predates D.
melanogaster/simulans speciation, orthologues ought to
be more similar to one another than paralogues if the
hsp70 genes were evolving in the typical pattern of du-
plicate genes diverging with time. In several regions,
however, paralogous CDSs are more similar to one an-
other than are orthologous CDSs, reflecting lineage-
differential concerted change of all the hsp70 genes.
Comparing 87A7/87C1 divergence within D. melano-
gaster and D. simulans vs divergence of the entire gene
family between the two species in a “sliding window”
diagram reveals regions of the gene/protein displaying
this rapid concerted evolution (Fig. 11). Many substitu-
tions are fixed between the two species’ hsp70 CDSs
(see Results); interspecies divergence often equals or ex-
ceeds intercluster divergence, despite the duplication
having predated speciation. Furthermore, a few complex
mutations (replaced or indel codons) are also fixed be-
tween species. Notably, multiple concerted changes
mark the C-terminal region, including indels and both
silent and replacement substitutions (see Fig. 11). This
poorly defined “regulatory domain” is dispensable for
Hsp70 function, except for the conserved C-terminal
“EEVD” motif (Freeman et al. 1995); these concerted
changes may be neutral. However, species-specific con-
certed change is also evident in sp70’s ATPase domain,
which is highly conserved (Hughes 1993). For example,
two silent substitutions are fixed between all D. melano-
gaster and all D. simulans hsp70 sequences. And, strik-
ingly, positions 364-367 read ACC (threonine) in all D.
melanogaster sequences, while the same codon differs
greatly in D. simulans: GTA (valine) in the 87A7 genes

Fig. 11.  Sliding-window diagram of
Polyrmrphism nucleotide divergence, K, across the hsp70
. coding region. Light gray line, mean
— Div (Paralogs)

polymorphism in the five D. melanogaster
hsp70 genes; dark gray line, mean
divergence between hsp70 paralogues in

D. melanogaster; heavy black line, mean
divergence between orthologous

D. melanogaster and D. simulans hsp70
genes. Asterisks mark positions of elevated
between-species divergence described under
Discussion. The triangle marks the
indel-rich region (positions 1842-1851).

- Div (Species )

and GCC (alanine) in the 87C1 genes (excluding inter-
cluster-converted alleles). Additionally, 69 substitutions
distinguish gene clusters between species (e.g., melano-
gaster 8TA7 vs simulans 87TA7T), reflecting concerted
evolution within clusters.

Clearly, concerted evolution shapes each of the 87A7
and 87C1 gene clusters and all five hsp70 genes collec-
tively. Diversification fuels selection, and homogeniza-
tion under purifying selection transmits neutral or ben-
eficial changes among the genes. Whether or not the
hsp70 genes’ evolution is truly adaptive remains to be
tested. A functional approach that directly examines the
expression of naturally occurring Asp70 variants will be
necessary (Feder and Hofmann 1999), as few statistical
approaches are yet applicable to multigene families.
Moreover, recent sequencing of entire genomes reveals
gene families to be very common [e.g. ~40% of C. el-
egans genes are duplicated (see Semple and Wolfe
1999)]. Furthering our understanding of adaptive mo-
lecular evolution in general will thus require both the
extension of statistical approaches beyond single-gene
models and the increased utilization of functional tech-
niques in evolutionary contexts (e.g., transgenes, labora-
tory selection, expression arrays).

Conclusions

The evolutionary dynamics of the isp70 genes are novel
in two ways. First, these ancient genes undergo frequent
conversion, with no a priori functional reason to suspect
so (see the Introduction). Second, gene conversion’s nor-
mally contrasting roles of diversification and homogeni-
zation both interact with selection to shape the gene
family’s concerted evolution. This mode of evolution
may in fact be common if/when gene copies are redun-
dant, and it certainly appears to be powerful: duplicate
copies allow greater evolutionary “exploration” of mu-
tational space while buffering against deleterious
changes, and the interaction of selection and conversion
ensures that only neutral or beneficial mutations spread



among genes and/or fix throughout the whole family.
The duplicate hsp70s do not follow the roles that would
be assigned them by the “birth—death” model of dupli-
cate gene evolution (Nei and Hughes 1992). They neither
degenerate into pseudogenes nor diverge from one an-
other. However, the Drosophila hsp70 genes are clearly
not “steady state” (Ohta 1990); they have evolved rap-
idly and concertedly in a lineage- and cluster-specific
fashion. Models of duplicate gene evolution may need
expansion to account for dynamic concerted evolution
via both diversifying and homogenizing conversion.
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