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ABSTRACT

Recombination decreases the association of linked nucleotide sites and can influence levels of poly-
morphism in natural populations. When coupled with selection, recombination may relax potential conflict
among linked genes, a concept that has played a central role in research on the evolution of recombination.
The sex determination locus (SDL) of the honeybee is an informative example for exploring the combined
forces of recombination, selection, and linkage on sequence evolution. Balancing selection at SDL is very
strong and homozygous individuals at SDL are eliminated by worker bees. The recombination rate is
increased up to four times that of the genomewide average in the region surrounding SDL. Analysis of
nucleotide diversity () reveals a sevenfold increase of polymorphism within the sex determination gene
complementary sex determiner (csd) that rapidly declines within 45 kb to levels of genomewide estimates. Al-
though no recombination was observed within SDL, which contains ¢sd, analyses of heterogeneity, shared
polymorphic sites, and linkage disequilibrium (LD) show that recombination has contributed to the evolu-
tion of the 5" part of some ¢sd sequences. Gene conversion, however, has not obviously contributed to the
evolution of ¢sd sequences. The local control of recombination appears to be related to SDL function and
mode of selection. The homogenizing force of recombination is reduced within SDL, which preserves allelic
differences and specificity, while the increase of recombination activity around SDL relaxes conflict between

SDL and linked genes.

ECOMBINATION generates novel genomic var-
iants through the rearrangement of existing ones
and thus contributes to the evolution of new gene activity
and function (PATTHY 1996; TODD et al. 2001; Posapa
et al. 2002; ZHANG et al. 2004). In addition, recombina-
tion decreases the association of linked nucleotide sites
and thus reduces interference among selected sites
(FELSENSTEIN 1974). The latter concept has played a
central role in research on the level of polymorphism in
natural populations (BEGuN and AqQuaDprRO 1992;
CHARLESWORTH e¢f al. 1993), as well as that on the origin
and activity of recombination (OTTO and LENORMAND
2002; Rice 2002). When coupled with selection, re-
combination may influence the process of adaptation
and have profound effects on the level and pattern of
polymorphism at linked sites (MAYNARD SMITH and
HaicH 1974; BEGUN and AQUADRO 1992; ANDOLFATTO
2001; MEIKLEJORN et al. 2004). The latter may also prove
a useful tool to locate genes that have experienced
selection in the past (KiM and STEPHAN 2003; NACHMAN
et al. 2003; SCHLOTTERER 2003).
The sex determination locus (SDL) of the honeybee
is an informative example for exploring the combined
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forces of recombination, linkage, and selection and
their effects on the evolution of DNA sequences. Balanc-
ing selection operates strongly among sex-determining
alleles. Homozygotes at SDL develop into diploid males
that do not reproduce while heterozygotes at SDL dif-
ferentiate into fertile females. As in all hymenopteran
insects, males arise from hemizygous, unfertilized eggs.
The great advantage of heterozygotes results in strong
balancing selection at this locus. Rare alleles benefit
from their increased representation in viable heterozy-
gotes, while more common alleles have a selective dis-
advantage as they are present more often in nonviable
homozygotes (KiMmura and Crow 1964; YokoyAaMA and
NEr 1979). The sex determination function within SDL
is encoded by the complementary sex determiner (csd) gene
(see Figure 1A for exon structure) (BEYE el al 2003;
HasseLMANN and BEvYEe 2004).

Previous genetic and physical mapping suggested a
higher recombination rate in the genomic region sur-
rounding SDL relative to genomewide average (BEYE
et al. 1999). This elevated rate may have adaptive sig-
nificance (BEYE et al. 1999); however, the low resolution
of this study (a 360-kb fragment that composes SDL was
analyzed) does not distinguish whether the recombina-
tion rate is elevated over the entire fragment, in close
proximity to SDL, or whether it rises within SDL. An in-
crease in recombination rate in the vicinity of SDL could
reduce the association and potential selective conflicts
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between SDL and linked genes (BEYE et al. 1999). Alter-
natively, recombination activity within the gene could
mix existing variation in a combinatorial fashion to con-
tribute to the rise of novel alleles. Such a mechanism has
been suggested to explain the evolution of shared clus-
ters among major histocompatibility complex (MHC)
alleles (HUGHES et al. 1993; YUHKI and O’BRIEN 1994;
ZANGENBERG et al. 1995) and alleles of the gametophytic
self-incompatibility (S) locus (AwWADALLA and CHARLES-
WORTH 1999; VIEIRA et al. 2003). Recombination within
the gene may also have an advantage if it increases the
effectiveness with which deleterious mutations are elimi-
nated (KoNprRasHOV 1984; RICE 2002). Such an effect may
be most relevant among interacting genes (Rice 1998) or
among sex-determining alleles (BEYE et al. 1999).

The complete isolation of SDL and its linked genomic
sequences provides us with the power to determine the
local recombination activity and the levels of polymor-
phism within SDL and its linked genomic regions.
Recombination activity that increases with decreasing
distance from SDL may be taken as evidence that re-
combination reduces the potential conflict between
SDL and linked sites. Levels of polymorphism that dec-
line with increasing distances from SDL may be a result
of the combined forces of balancing selection at SDL,
linkage, and recombination. Polymorphism differences
among csd alleles could provide evidence of whether re-
combination has influenced sequence evolution within
SDL (BEYE et al. 2003), which is under strong balancing
selection (CHARLESWORTH 2004; HASSELMANN and
Beye 2004). Heterogeneity of nucleotide differences
across ¢sd sequences or a decay of linkage disequilibrium
(LD) with physical distance may be taken as evidence
of recombination, while shared clusters of polymorphic
sites may indicate the occurrence of gene conversion
resulting from recombination.

MATERIALS AND METHODS

Mapping procedures: Mapping was conducted on 1000
female progeny of an inbred cross (BEYE et al. 2003). Marker
information of Q, Z, MEFAp-25, GF3MHi, and MKFHi-52 has
been previously described (BEYE and MoriTz 1994; HUNT and
PAaGE 1994; HASSELMANN et al. 2001; BEYE et al. 2003), while
markers A, B, and R were newly designed on the basis of
sequence information from the honeybee genome assembly
(the oligonucleotides used for A were 5'-AAGTGTACTTC
ATTGCAAAACAGGAG-3" and 5-TGTACTGTAACTAATCGT
AACGCATCG-3'; for B, 5'-ACATAACTTGCATAATTCTCA AG
GACG-3" and 5'-CACTTAGGCAACGATAAACAATATTCG-3';
for R, 5"~ ACACGTCCATTCGGAATTCGA-3" and 5'-ACTGCC
AGGATCTTCTGATTTAGATG-3") (http:/www.ensembl.org/
Apis_mellifera/) according to procedures described else-
where (HASSELMANN et al. 2001). Recombination frequencies
were converted into mapping distances by the Kosambi map-
ping function (Kosams1 1944). The estimate of the genomewide
recombination rate (19 cM/Mb) is based on the cumulative
genetic distance data of two independent maps (5000 cM;
(SoLIGNAC et al. 2004; G. HUNT, personal communication) and a
genome size of 240 Mb (genome assembly version 2.0).

Sequence and statistical analysis: Fragments of loci DF37,
DF33, HF63, KF, and KF22 that show linkage to SDL and loci of
high (loci RR 21, RR11, RR17, RR28, RR7, and RR14) and low
(loci RR 22, RR25, RR8, RR9, RR23, and RR19) recombining
regions that show no linkage to SDL were amplified using stan-
dard protocols (HASSELMANN et al. 2001) from a population
sample of 10 chromosomes (haploid drones) collected in
Davis, California. Estimates of local recombination rates were
derived from genetic mapping and sequence data (BEYE
et al. 2006). Mean nucleotide differences (w) (NE1 1987)
and standard deviations were calculated using the DnaSP
3.5.3 program (Rozas and Rozas 1999). Sequences were
initially aligned using the ClustalX (THOMPSON et al. 1997)
program and then manually edited by eye using the BioEdit
program (HaLL 1999). Gaps were excluded from the analy-
sis. Sequence information from a chromosomal walk (BEYE
et al. 2003) was used to design oligonucleotides that amplify
fragments of linked loci: DF37, 5-TACGATTGGCAGAC
ACGAAGG-3" and 5'-CTGTGAAAGCAACACAAGTCC-3';
DF33, 5-AGAATTGAATCTGTCACATCTGG-3" and 5'-TTAC
CAATCGCCATTG AAATTC-3; HF63, 5'-CGTGTTCGTCAAA
TAATCGC-3" and 5'-GCATACATGTTGAG AATCGAT-3; KF,
5'-TATTCGAAATAGAGAATCTTCACCG-3 and 5-GATCGAAT
GTC CAAACTCGACG-3'; and KF22, 5'-TTGACACGTGCCTG
AAGAAACAT-3" and 5'-CGATGGTTGCTTGTCGACTGACA-3'.
Sequence information from the honeybee genome was used to
design oligonucleotides that amplify loci of high and low re-
combining regions (available from the authors upon request).

Distances between loci 3 of ¢sd rely on complete sequence
information (for KF and KF22) and the restriction map (BEYE
et al. 2003). Specific PCR reaction conditions are 94° for 160
sec, followed by 35 cycles of 94° for 30 sec, 52° for 30 sec for
primer combination DF33, or 55° for primers HF63 or 60°
for primers DF37, KF, and KF22, followed by a final step of 72°
for 30 sec. Amplified fragments were resolved on 1.3% agarose
gels (HASSELMANN et al. 2001), eluted, and cloned into the
PGEM-T vector (Promega, Madison, WI). Sequencing was per-
formed by MWG Biotech AG (Ebersberg, Germany).

Sequence characteristics, such as simple repeats, low-
complexity DNA, and guanine—cytosine (GC) content of high
and low recombining regions, were analyzed using the pro-
gram Repeatmasker version 3.0.8 (http:/repeatmasker.
genome.washington.edu). Sequences were derived from con-
tigs NW 629957.1; NW 627483.1, and NW 623616.1 of the
honeybee genome.

Analyses of allelic ¢sdsequences were performed only on the
cDNA sequences of the type I class (HASSELMANN and BEYE
2004), as they show signatures of balancing selection. Hetero-
geneity across exon 2-3, exon 4-5, and exon 6-9 sequences
(BEYE et al. 2003; HAsseLMANN and BEYE 2004) was calculated
separately for the number of nonsynonymous (d,) and syn-
onymous (d;) differences per site (Kimura 1980). Genetic dis-
tances were measured using Kimura’s two-parameter model
and used to construct a neighborjoining tree implemented by
the MEGA 2.1 program (KuMAR et al. 2001). Bootstrap re-
sampling of 1000 replications was applied. LD, R?, and D’ were
estimated using the R2 program (http:/www.daimi.au.dk/
~compbio/r2). To test whether R* or D' correlate with dis-
tance, levels of significance were determined from 5000 per-
mutations that include either all polymorphic sites or only
synonymous sites that have a frequency >10% (R2 program;
http:/www.daimi.au.dk/~compbio/r2). The Stephens test
(STEPHENS 1985), Sawyer’s test (SAWYER 1989) (which is im-
plemented in the GENECONV 1.81 program; http: /www.math.
wustl.edu/~sawyer), and a maximum-composite-likelihood
method (implemented in the MAXHAP program) were ap-
plied to identify the impact of short clusters of shared polymor-
phism among alleles on the overall variation. The Stephens
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test examines whether a collection of shared polymorphisms is
consistent with a model of building two groups of sequences.
Levels of significance were evaluated under the null hypoth-
esis of a random distribution of sites. Sawyer’s test identifies
shared clusters of sites in pairwise alignments and evaluates
their significance in the overall alignment by 10,000 random
permutations of all polymorphic sites. Mismatches within the
cluster of shared polymorphic sites were allowed and scaled by
setting g at 2. The maximum-composite-likelihood method
(Hupson 2001) estimates a gene conversion rate parameter
(f), which is the ratio of gene conversion to crossing-over rate.
The gene conversion model assumes different tract lengths
(denoted as L in base pairs) while sites with more than two
alleles are ignored. Analysis were performed by setting /= 0
(no gene conversion) and f > 0 (crossing over with gene
conversion). Under the gene conversion model, values are
obtained that maximize the composite likelihood over the set
of fvalues (fin = 0.1 to fihax = 10).

RESULTS

Recombination rate is reduced within SDL but in-
creased in the flanking fragments: Local recombination
rates were estimated (Figure 1B) from various frag-
ments at distances ranging from 5 to 213 kb upstream
and 1 to 53 kb downstream of SDL (Figure 1C). Homo-
zygosity of genetic markers in 1000 females reflects
recombination between markers and SDL [all females
are heterozygous for SDL (BEYE et al. 2003)]. These re-
combination fractions were used to calculate genetic
distances (Kosamsr 1944) (Figure 1C) and the local
recombination rate of fragments. The recombination
rate steadily increases approaching SDL from upstream
flanking regions, from an average of 30 cM/Mb (213-
15 kb from SDL) to 77 cM/Mb (fragment BR, 10-0 kb
from SDL; Figure 1B). Similarly, the recombination rate
steadily increases when approaching SDL from down-
stream flanking regions, from 10 cM/Mb (25-50 kb
downstream of SDL) to 50 cM/Mb (fragment GK, 0-10
kb downstream of SDL). When the number of recom-
bination events in SDL flanking regions (BR and GK)
are combined, they deviate from the numbers expected
under the genome average rate of 19 cM/Mb (x* = 4.03,
P = 0.04). When a correction of small sample size of
recombined genotypes is taken into account, the differ-
ences are marginally significant (Yates-corrected x* =
3.1, P=0.08). In contrast to the finding of an elevated
recombination activity in flanking regions, no recombi-
nation event was observed within a genomic region of
~36 kb that encompasses SDL. This result is not ex-
pected under the genomewide recombination rate
(x? = 6.02, P = 0.01; Yates-corrected x* = 4.18, P =
0.04) or under the recombination rate of the flanking
regions (28.3 cM/Mb; x* = 8.03, P = 0.005; Yates-
corrected x* = 6.2, P= 0.01), suggesting that recombi-
nation is reduced, or even suppressed, within SDL. An
alternative explanation of this finding is that recom-
bination within SDL results in nonfunctional sex-
determining alleles that ensure male development

(BEYE et al. 2003). Eggs that develop into diploid males
are not included in the analysis as they are eaten by
worker bees shortly after they hatch (MACKENSEN 1955).
This is an unlikely scenario, however, as the gene that
initiates female development by heterozygous allelic
composition, ¢sd, is confined to only a part of the whole
SDL region (9 of 36 kb), while recombination events are
expected to occur, on average, every 3 kb, given the local
recombination rate. We were not able to detect any se-
quence characteristics (simple repeats, low-complexity
DNA, increased GC content) specifically associated with
the high recombination rate in closest proximity to SDL
(0-10 kb) when compared to regions of more distant
sequences (50-150 kb) using sequence analysis software
(data not shown). We detected two putative chi-like
motifs (CGACCACC) (CHENG and SMiTH 1984), which
are not present in the more distant sequences of 50-150
kb, as potential crossover instigators in the region of
high recombination rate. This finding does not favor a
simple, direct mechanistic interpretation that the local
increase of recombination rate is solely based on distinct
sequence differences. Even if differences in sequence
composition or number of instigator motifs are mech-
anistically responsible for a higher recombination activ-
ity, the heterogeneity of potential facilitators across this
sequence demands an explanation. Moreover, the find-
ing that recombination rate steadily and independently
increases on both sites of SDL in combination with re-
combination activity being reduced or even suppressed
within SDL suggests a local control of recombination
activity that is related to SDL function and to being a
target of balancing selection.

Nucleotide diversity decreases with increasing dis-
tance from SDL: To examine whether balancing selec-
tion and recombination leave their signatures at
nucleotide sites linked to SDL, nucleotide diversity
() was estimated at 5 linked and 12 unlinked loci that
were compared to exon data of ¢sd (Table 1). Linked loci
are located at distances of 1.5, 2, 12, 28, and 45 kb
downstream of ¢sd, the gene under balancing selection.
The unlinked loci were chosen to include regions of
both high and low recombination. The loci themselves
are assumed to not be direct targets of selection (z.e.,
neutral markers), as homology searches indicated no
similarity to genes or regulatory elements (data not
shown). Although several primer combinations were
tested, not all chromosomes were amplified. The most
plausible explanation is mismatches of primers to the
designated binding sites in some haplotypes, but not in
others, which is consistent with the finding that the
number of nonisolated fragments increases with the
number of nucleotide differences (see Table 1). When
loci downstream of ¢sd are compared, nucleotide di-
versity () sharply declines from 0.09 at exon 6/7 within
the first 5 kb of distance (Figure 1D), but flattens within
the subsequent 30 kb. KF22, a locus just 1.5 kb from the
3’-end of the c¢sd gene, is 14 times higher when
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F1GURE 1.—Local recombination rates, nucleotide diversity () of the SDL, the flanking genomic regions, and csd. (A) Genomic
organization of ¢sd (redrawn after BEYE et al. 2003). The start (exon 2) and the stop (in exon 9) of the ORF are shown. (B) Es-
timates of local recombination rate (in centimorgans per megabase) of genomic fragments as defined in C. The dashed line marks
the average genomewide recombination rate of the honeybee. (C) Physical and genetic map of SDL and flanking regions. The
number of recombination events between SDL and the genetic markers, which were estimated on the basis of 1000 meioses, are
shown. Distances between markers were obtained from sequence and clone mapping data. Distance data on the right have been
published previously (BEYE et al. 2003). (D) Mean nucleotide diversity () and SD (shown as vertical bars) of up to eight chro-
mosomes and of five loci (DF37; DF33; HF63; KF, and KF22) that have various distances (in kilobases) to the 3’-end of ¢sd. Es-
timates of  within SDL (Ex2/3, Ex4/5, and Ex6,/7) are based on silent sites within the ORF of ¢sd (HaAssELMANN and BEYE 2004),
which excludes the type II sequence (see also Table 1). The clustering of exons reflects their genomic association as shown in A.
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TABLE 1
Nucleotide differences (7 = SD) of linked and unlinked loci to the SDL

Recombination Distance to Length  Polymorphic
rate (cM/Mb) 3’-end of ¢sd (kb)  Fragments (bp) sites m * SD
Loci linked to SDL

Ex2/3 -7.3 14 456 27 0.0200 = 0.0064
Ex4/5 —4.7 14 201 10 0.0135 = 0.0099
Ex6/7 -0.5 14 288 51 0.0918 = 0.021
KF22 50 1.5 3 372 13 0.0233 = 0.0074
KF2 50 2 4 294 7 0.0136 = 0.0038
HF63 25 12 8 298 8 0.0108 = 0.0029
DF33 10 28 5 268 4 0.0067 = 0.0023
DF37 10 45 7 338 2 0.0017 = 0.0007

Recombination Length  Polymorphic

Loci unlinked to SDL rate (cM/Mb) Fragments (bp) sites m = SD

RR22 0 7 473 2 0.0012 = 0.0008
RR25 7 7 503 4 0.0023 = 0.0006
RR8 12 10 325 7 0.0092 = 0.0024
RR9 19 9 699 9 0.0045 = 0.0017
RR23 22 10 783 14 0.0062 = 0.0012
RR19 25 10 532 2 0.0016 = 0.0003
RR21 34 10 622 11 0.0045 = 0.0012
RR17 51 9 482 4 0.0024 = 0.0006
RR28 52 10 485 20 0.0173 = 0.0021
RR7 56 10 416 14 0.0095 = 0.0025
RR11 53 10 590 10 0.0051 = 0.0007
RR14 72 10 884 7 0.0027 = 0.0004

Average nucleotide
diversity of unlinked loci

0.0055 = 0.0044

The number of polymorphic sites and 7 are obtained from the sequence alignment that exclude gaps and a chromosome sam-
ple of up to 10 sequences (see text). Synonymous sites of the ¢sd coding sequence were used for calculations at Ex2/3, Ex4/5, and
Ex6/7 and distances are calculated from the 3’-end of ¢sd. Recombination rates for loci linked to SDL are based on mapping data
(see Figure 1). For loci unlinked to SDL, recombination rates were estimated in 125-kb windows by a genomewide analysis of the
honeybee sequence assembly 2.1. Putatively neutral loci were chosen on the basis of the region corresponding to those windows in

the annotated genome.

compared to DF37, a locus 43.5 kb downstream [m =
0.0233 vs. m = 0.00169 (Table 1); Ztest, Z = 2.9; two-
tailed: P < 0.01)] that is 4 times higher than our ge-
nomewide average estimate [7 = 0.0233 vs. m = 0.0055
(Table 1); Ztest, Z = 2.1; two-tailed: P < 0.05], sug-
gesting that linkage to ¢sd has a strong influence on
sequence evolution. The severalfold increase of nucle-
otide diversity at linked downstream sites cannot be
explained by the higher local recombination rate as di-
versity in regions of high recombination rates (51-72
cM/Mb) is still several magnitudes lower (Table 1). Al-
though balancing selection substantially increases di-
versity at closely linked sites (<20 kb), this does not
extend to larger distances. Within 45 kb, levels of poly-
morphism decline to the genomewide average estimate.

The analysis of w at synonymous sites within c¢sd
(Figure 1A) shows a similar but weaker decline with
distance (Figure 1D). The highest diversity is found in
exon 6/7, which is 4 times higher than that of KF22 [ =
0.0918 vs. m = 0.0233 (Table 1); Ztest, Z = 3.1; two-
tailed: P<< 0.01)], 7 times higher than that of exon 4/5

[7=0.0918 vs. m = 0.0135 (Table 1); Z-test, Z= 3.4; two
tailed: P< 0.01], and 17 times higher than our estimate
of the genomewide average [ = 0.0918 vs. m = 0.0055
(Table 1); Z-test, Z = 4.0; two tailed: P < 0.01]. The
striking differences suggest that exon 6/7 is a strong
target of balancing selection within the csd gene.

Signatures of intragenic recombination among csd
sequences: No recombination was observed within the
region of SDL containing the sex determination gene
csd (Figure 1B). To explore whether recombination has
contributed to the evolution of sex-determining alleles
in the past, we searched for signatures of recombination
in the coding sequences of csd.

Signatures of recombination in long segments of the
sequence: Tests of heterogeneity were performed on the
combined exons, exon 2+3, exon 4+5, and exons 6-9.
These combined sequences represent the specific clus-
tering of exons in the genome (Figure 1A). The ratio-
nale of combining these exon sequences is that they are
separated by large introns, which enhances the potential
to detect signatures of recombination. Heterogeneity of
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nucleotide differences across exons was explored using
the neighborjoining method (Figure 2). Differences in
the lengths of terminal branches illustrate that some
alleles are more similar when differences in exon 2+3
and 4+5 sequences are compared (Figure 2, A and B;
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indicated by a shaded bar), but are more diverged when
exon 6-9 sequences are examined (Figure 2C).

This preliminary analysis leads us to a closer exami-
nation of pairwise differences among silent, synony-
mous and nonsynonymous sites. When one region
shows less divergence than expected based on other
regions, this was taken as evidence of recombination.
This analysis supports our preliminary findings. Pair-
wise differences of exon 2+3 sequences that are more
similar in the above analysis (the so-called “similar”
exon 2+3 group, which is marked by a shaded bar in
Figure 2A: D1-22, D1-18, D2-38, S2-31, A5, A1-18, and
S7-5) are significantly less diverged than sequences of
exons 6-9, irrespective of whether synonymous or non-
synonymous sites are compared (see lines 1-8 in Table 2
for representative examples). Tests of heterogeneity
that involve exon 2+3 sequences of the so-called
“diverged” group (nonmarked alleles of Figure 2A: S2-
33, A1-28, S7-16, B1-4, B2-25, D1-16, and A2-8) show an
inconsistent pattern. Most sequences show no hetero-
geneity, irrespective of whether they are compared to
sequences of the “similar” or the “diverged” group
(representative examples lines 9-15 and lines 16-18,
respectively; Table 2). Although a lack of heterogeneity
is a trend for these groups of sequences, ~30% of com-
parisons demonstrate heterogeneity, which again do
not depend on whether synonymous or nonsynony-
mous sites are analyzed (e.g., B2-25 and D2-38; example
15 in Table 2), indicating a miscellaneous relation of
these sequences. Heterogeneity is less frequent in exon
4+5 when compared to exon 2+3 comparisons (Table
2, lines 4 and 7). Other exon 4+5 sequences, however,
are very similar to exon 2+3 sequences (see the shaded
bars in Figure 2B and representative examples in Table
2, lines 1 and 6). Taken together, these analyses suggest
that a considerable fraction of alleles share a more re-
centancestral exon 2+ 3 sequence, an occurrence thatis
less frequently detected among exon 4+5 sequences.
This finding is consistent with sporadic recombination,
the likelihood of which increases with larger distances
from exons 6-9, where balancing selection operates
most strongly.

LD of polymorphic sites among csd alleles was eval-
uated using R* and D’ estimates. The more distant two
segregating sites are, the greater the probability that
recombination has occurred. Under this model, we

FIGURE 2.—Genealogies of exon 2+3 (A), exon 4+5 (B),
and exon 6-9 (C) sequences of c¢sd and type II (B2-17).
The genealogy is based on a neighbor-joining analysis of dif-
ferences calculated by the Kimura 2-parameter distance
model. Bootstrap percentages >60 are indicated. Gaps in
the overall sequence alignment were completely excluded
in the analysis as they comprise ambiguous similarities. Se-
quences that are separated by short branch distances are ap-
parently more related and marked with shaded bars (for
further analysis see Table 2). The scale bar indicates nucleo-
tide differences per site.
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TABLE 2

1475

Examples of pairwise differences of exon 2+3, 4+5, and 6-9 sequences and tests of heterogeneity

Exon 2+3 Exon 4+5 Exons 6-9
Allele pair dy dy d dy d dy

1 D122 D2-38 0.0 = 0.0%* 0.0056 = 0.004** 0.0 = 0.0%* 0.0 = 0.0%* 0.0698 = 0.0267 0.0711 = 0.015
2 A-b S7-5 0.0102 = 0.0102* 0.0028 = 0.0028%* 0.0 £ 0.0%* 0.0197+.0.0114**  0.0656 = 0.026 0.0564 = 0.0132
3 S2-31  S7-5 0.0102 = 0.0102**  0.0028 = 0.0028**  0.0231 = 0.023* 0.0197 =0.0114* 0.0967 = 0.0319 0.0534 = 0.0132
4 D122 Al-18 0.0 = 0.0%* 0.0028 = 0.0028**  0.0233 = 0.023** 0.0331 = 0.0149 0.0869 = 0.0303 0.0564 = 0.0132
5 A5 S2-31 0.0 = 0.0* 0.0 £ 0.0%* 0.0229 = 0.023 0.0 = 0.0%* 0.0505 = 0.0261 0.0421 = 0.0113
6 D1-18 S2-31 0.0102 £ 0.0102** 0.0 £ 0.0%* 0.0 = 0.0%* 0.0 = 0.0%* 0.0706 = 0.027 0.033 = 0.01

7 D2-38 Al-18 0.0 £ 0.0% 0.0028 = 0.0028**  0.0233 = 0.023 0.0331 = 0.0149 0.0546 = 0.0235 0.0502 = 0.0125
8 D2-38  S2-31 0.0 = 0.0%** 0.0028 = 0.0028** 0.0115 = 0.016 0.0098 = 0 008 0.0096 = 0.0096 0.0301 = 0.0096
9 S2-33  DI1-18 0.0312 * 0.0181 0.017 = 0.0069 0.0229 = 0.023* 0.0 = 0.0%* 0.07 = 0.027 0.0362 = 0.0105
10 Bl4 D122 0.0205 = 0.0146 0.0227 = 0.008 0.0 = 0.0%* 0.0263 = 0.0132 0.0543 = 0.0234 0.0164 = 0.007
11 DI1-16 DI1-22 0.0415 = 0.0209 0.0199 *= 0.0075 0.0115 = 0.0162 0.0098 = 0.008%* 0.0594 = 0.0245 0.0332 = 0.01
12 A28 S7-16 0.042 £ 0.0212 0.0198 *= 0.0075 0.023 = 0.023 0.0198 = 0.0114* 0.0642 = 0.0255 0.041 = 0.0112
13 S7-16 DI1-16 0.0637 = 0.0263 0.0227 = 0.008 0.023 = 0.023 0.0 = 0.0%* 0.0492 = 0.022 0.021 = 0.008
14 DI1-16 S2-31 0.0415 = 0.0209 0.017 = 0.007 0.0 = 0.0%* 0.0 £ 0.0%* 0.07 = 0.027 0.0301 = 0.0096
15 B225 D2-38 0.0205 = 0.0145* 0.0227 = 0.008%** 0.0 = 0.0%* 0.0332 = 0.0149 0.0952 = 0.0314 0.0601 * 0.0137
16 DI1-16 Bl4 0.0416 = 0.021 0.0141 = 0.0063 0.0231 = 0.023 0.0197 = 0.0114 0.024 £ 0.015 0.023 = 0.008
17 Bl4 A2-8 0.0206 = 0.0146 0.017 *= 0.0069 0.0232 = 0.023 0.0131 = 0.0093 0.0688 = 0.0263 0.021 = 0.008
18 S2-33 DI1-16 0.0205 = 0.0146 0.0141 = 0.0063 0.0229 = 0.023 0.0 £0.0 0.0488 + 0.022 0.021 = 0.008

Mean pairwise differences were separately calculated for synonymous (d;) and nonsynonymous (d,) sites along with their stan-
dard errors. Heterogeneity of differences across these groups of exons was analyzed by the Ztest. Representative examples of the
heterogeneity test are the following: lines 1-8 are examples of differences between sequences that have the most similar 5’-ends in
the explorative data analysis (marked with a shaded bar in Figure 2A); lines 9-15 are examples of pairwise comparisons between
the two groups that have more similar and more diverged exon 2+3 sequences in the genealogy analysis (shaded bar sequences vs.
nonmarked sequences of Figure 2A). The final lines (16-18) are comparisons among the sequences that have diverged exon 2+3
sequences in the genealogy (nonmarked sequences of Figure 2A). Test of the hypothesis that d or d,, of exon 2+3 or exon 4+5

equals the corresponding value for exons 6-9; *P < 0.05 and **P < 0.01.

would expect to find a decay of LD with increasing dis-
tance between sites. The analysis (Table 3) was con-
ducted on variants with a frequency of >10%, for all
sites, and on synonymous and silent sites separately.
When all sites are included, LD slightly decreases with
physical distance for R* (r= —0.13, P < 0.001), which is
only marginally significant for D' (r= —0.08, P < 0.08).
If the analysis is restricted to only synonymous sites, a
correlation is supported only for D' (r=—0.4, P<0.01).
A previous study (INNAN and NORDBORG 2002) argued
that heterogeneity across a sequence can mimic a
decline of LD with distance. Thus, we analyzed exons

2-5 and exons 6-9 separately, as heterogeneity has been
identified in these sequences (HasSELMANN and BEYE
2004). LD strongly decays with physical distance in exon
2-5 sequences when all differences are included (r =
—0.5 for R? and D', P < 0.001). The four synonymous
sites follow the strong negative trend, but are too few to
support the finding. There is support for a weak decline
of R* with distance in exon 6-9 sequences when all sites
are included (r= —0.18, P< 0.001), although this is not
supported by D' (r=—0.09, P<<0.1). LD decreases even
more strongly in exons 6-9 when only synonymous sites
are analyzed (r= —0.37, P < 0.05 for R? and r= —0.56,

TABLE 3

Pearson correlation coefficient (r) of LD, R?, and D' and distances of sites

r (Pearson correlation coefficient)

Region Sites No. R D'
Exons 2-9 Polymorphic 51 —0.13%** —0.08
Synonymous 13 —0.06 —0.4%%
Exons 2-5 Polymorphic 17 —0. 5% —0.5%#*
Synonymous 4 —0.7% —-0.97
Exons 6-9 Polymorphic 34 —0.18%** —0.09
Synonymous 7 —0.37* —0.56%*

The analysis was performed on polymorphic and synonymous sites and on different parts of the sequence
(coding sequence of exons 2-9, exons 2-5, exons 6-9). Only polymorphic sites that have a frequency >10%
were included in the analysis. The significance of r was determined on the basis of 5000 random permutations
of polymorphic sites. The type II sequence was not included in the analysis. ¥*P < 0.05, ¥¥*P < 0.01, ***P < 0.001.
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TABLE 4
Clusters of shared polymorphic sites (Stephens test)

Deduced
codons Majority/
Nucleotide (majority/ minority
Cluster position minority) alleles P
1 815-819 AGA GAA/AAT TCT 95 <0.0001
2 908, 910 ATT AAT/AAT TAT 8:6 <0.005
3 20 AGT/AAT 9:5 <0.05

70 GAA/A AA
120 CGT/CGC

Sites of the majority and minority motifs are shown in italics
within their inferred codons. Synonymous sites within clusters
are underlined. Positions of sites are assigned according to
the overall sequence alignment.

P < 0.01 for D'); however, this estimate is based on only
seven sites. Combined with the former results of the
heterogeneity test, the LD analysis supports the opera-
tion of recombination among exon 2-5 sequences.
Signatures of recombination in short segments of the se-
quence: We applied three tests: the Stephens test
(STEPHENS 1985), Sawyer’s test (SAWYER 1999), and a
maximum-composite-likelihood method (HupsonN
2001) to examine whether short clusters of polymor-
phisms are shared among alleles more often than ex-
pected. This would indicate potential gene conversion
as a result of recombination. No clusters were detected
in the Sawyer’s test. The Stephens test, however, iden-
tified three clusters of shared polymorphic sites of exons
6-9 (clusters 1 and 2) and exon 2+3 (cluster 3). The
specific sites are shown in italics within their inferred
codons (Table 4). The rationale behind this test is to
determine whether a collection of shared polymorphic
sites is consistent with a model of building two groups of
sequences, the majority and minority groups. Nine al-
leles share the majority motif of cluster 1, which consists
of five nucleotides (position 815-819), while five alleles
have the minority motif. Cluster 2 includes two poly-
morphic sites (908, 910) that are shared among eight
and six alleles. Cluster 3 consists of three more distant
sites (positions 20, 70, and 120) that are present in nine
and five sequences. In total, 80% of shared polymorphic
sites code for amino acid differences (noncoding sites
are underlined in Table 4). The Stephens testindicates a
minor role for gene conversion in sequence evolution as
only 10% of all polymorphic were detected. Further-
more, we tested whether the three clusters are randomly
associated across alleles. Table 5 shows the amino acids
encoded by the clusters and their associations. Associ-
ations did not deviate from that expected at random
(x? = 0.14, P= 0.7). Given that the clusters are not the
result of recurrent mutations, but rather of a single
event of gene conversion, random association of these
clusters is a further sign that recombination has oper-
ated among alleles. The minor, if any, contribution of

gene conversion is further supported by the maximum-
composite-likelihood analysis (Hupson 2001). The
maximum composite likelihood of exons 2-5 with the
model of no gene conversion (f= 0) and the most likely
gene conversion model (10% gene conversion: f=0.1),
bution of sites can be explained either by recombination
alone or by recombination plus a small contribution
of gene conversion, irrespective of the various trace
lengths of the gene conversion model (L = 50, 100, and
500 bp). Similar results were obtained for exons 6-9,
although the contribution of recombination was far
less dominant (L, = —2955.35). Taken together, these
analyses suggest that gene conversion has not played an
important role in the sequence evolution of ¢sd alleles.

DISCUSSION

Recombination reduces association of linked sites:
The decline of nucleotide diversity with increasing dis-
tance from SDL (Figure 1D) suggests that linkage to
SDL is the driving force maintaining higher levels of
nucleotide polymorphism at closely linked sites. An
alternative explanation that a higher recombination
rate (LERCHER and HursT 2002) in proximity of SDL
results in a higher mutation rate is an unlikely scenario.
Regions unlinked to SDL that have the same high rate
still show a fivefold lower nucleotide diversity than
linked loci, indicating that recombination alone cannot
explain this difference. In addition, nucleotide diversity
is higher within SDL, although the recombination rate
is substantially reduced at this locus. The most plausible
explanation is that loci linked to ¢sd have been main-
tained over extended periods of time as a consequence
of'balancing selection operating at this locus. As a result,
linked loci have accumulated more differences over
time in comparison to nonlinked, neutral variants
(HasseLmMaNN and Beye 2004). Consistent with this
hypothesis, nucleotide differences at linked loci do not
exceed the polymorphism levels found within c¢sd. How-
ever, with increasing distance from SDL, recombination
decouples and relaxes the impact of balancing selec-
tion, leading to a rapid decline of polymorphism within
the first 45 kb downstream. Similar effects of a decline of
nucleotide polymorphism at linked neutral sites have
been documented at the HLA-B locus, a gene of the
MHC complex that is under balancing selection
(O’HUIGIN et al. 2000). This decay is consistent with the
predictions of population genetics models that describe
levels of polymorphism at linked sites of the MHC locus
with respect to recombination rates (TAKAHATA and
SaTTa 1998b). Nucleotide polymorphism also declines
within the ¢sd gene with increasing distance to exon 6/7,
butat alower rate. More than fourfold more differences
are found in exon 6/7 when compared to other parts of
the ¢sd. This suggests that this part has been maintained
over an extended period of time compared to other
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TABLE 5

Association of the Stephens clusters (the deduced amino acids are shown) across 14 csd haplotypes

Stephens test cluster 3

Stephens test cluster 1 Stephens test cluster 2

csd type I sequence  Amino acid position: 7 24 40 272 273 303 304
B2-25 N K R N S N Y
A2-8 N K R N S 1 N
B 14 N K R N S I N
S2-33 N K R R E 1 N
D1-16 N K R R E I N
S7-16 N E R R E N Y
Al1-28 N E R R E N Y
Al-18 N E R R E N Y
D2-38 N E R R E N Y
A-b N E R R E 1 N
S2-31 N E R R E I N
DI-18 N E R R E N Y
S7-5 N E R N S I N
D1-22 N E R N S 1 N

Amino acids of the majority motif are in italics. Positions of the amino acids are assigned according to the protein alignment

with gaps excluded.

exons. Balancing selection operates most strongly in
this region, leading to the maintenance of polymor-
phism. Recombination relaxes linkage to exon 6/7,
leading to a decline in silent differences when moving
toward the 5’ part of the ¢sd gene.

We have estimated local recombination activity within
and around SDL on the basis of a large mapping pop-
ulation and defined physical fragments. The recombi-
nation rate increases from 2.5-5 times higher on both
sides of SDL within a distance of 50-215 kb. This local
increase is even more dramatic when the unobserved
recombination within SDL and the high genomewide
rates of recombination (HUNT and PAGE 1995; SOLIGNAC
et al. 2004) are taken into account. These defined and
pronounced differences suggest a position-specific con-

TABLE 6

Maximum-composite-likelihood analysis of exon 2-5 and
exon 6-9 sequences without and with gene
conversion models

Region L (bp) f Ly,
Exons 2-5 — 0 —722.33
50 0.1 —722.74
100 0.1 —722.91
500 0.1 —722.67
Exons 6-9 — 0 —2955.35
50 0.1 —2955.46
100 0.1 —2955.41
500 0.1 —2955.38

Models of crossing over without (f= 0; no track length, L)
and with gene conversion (f> 0; L = 50, 100, 500 bp) were
applied. fvalues that maximize the composite likelihood are
shown. Polymorphic sites with more than two alleles were ig-
nored in the analysis.

trol of recombination and demand an explanation
related to SDL function and balancing mode of selection.
Mechanistic explanations such as repair (BERNSTEIN et al.
1981) or the stabilization of chromosome segregation
(BARER et al. 1976; HAwLEy and THEURKAUF 1993)
cannot explain these distinct differences within several
kilobases. No obvious sequence characteristics associated
with the severalfold recombination differences have been
detected, which would support a direct mechanistic
interpretation of recombination activity. The strength of
selection at SDL (Yokovyama and NEr 1979) combined
with the finding that rates of recombination can change
in response to selection (MicHOD and LeviN 1988; OTTO
and BarToN 2001) suggests instead an evolutionary ex-
planation. Recombination could be selectively favored
to reduce interference between SDL and linked sites or
genes. On average, linked genes likely experience selec-
tive pressures other than balancing selection. Recombi-
nation reduces conflicts by relaxing linkage between SDL
and flanking genes, which in turn may improve the
response to selection.

The conflict of selection could be rather strong at ¢sd
as genetic drift, which generates more frequent and
more rare sex-determining alleles, is a dominant evolu-
tionary force in honeybees. Rates of genetic drift are
dependent on the effective size of a population. Honey-
bees have small local breeding populations (the queen
is the only reproductive female) when compared to non-
social insects (CRoOzIER 1979; PamirLo and CROZIER
1997). Several identified genes in close linkage (data
notshown), upstream and downstream of ¢sd, could be a
source of selective conflicts.

In agreement with the evolutionary interpretation of
an increase of recombination activity to decrease the
selective interference among loci that have different
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selection regimes, several hot spots of recombination
have been identified in the human MHC class II gene
cluster (CULLEN et al. 2002). Recombination activity
increases up to 100 times the genomewide average in
several regions of this gene complex. In contrast to SDL,
the increase of activity is found in different parts of the
MHC gene cluster and is confined to small genomic
regions of only several kilobases (JEFFREYS et al. 2001).
The evolutionary interpretation of the MHC study is
obviously more complex, as several genes of the MHC
are under balancing selection while others are not (the
MHOC class II complex comprises >15 genes) (GARRIGAN
and EDwARDS 1999; BEck and TRowsDALE 2000) and the
strength of balancing selection differs among genes
(MEYER and THOMSON 2001).

No recombination activity was detected within SDL,
suggesting that recombination is reduced or even sup-
pressed. This finding contradicts a previous hypothesis
(BEYE et al. 1999) that an increase of recombination
activity among SDL alleles could improve the effective-
ness of removing deleterious mutations (KONDRASHOV
1984; RicE 2002). A reduction or even a suppression of
recombination will preserve allelic differences, specific-
ity, and function as recombination is a homogenizing
force that will generate more similar sex-determining
alleles over time. An unanswered question is, Why is the
suppression of recombination not precisely restricted to
the 9-kb genomic region of ¢sd, the initial signal of
complementary sex determination that is under balanc-
ing selection, but is also found in an additional 27 kb of
genomic sequence?

Signatures of intragenic recombination in csd
sequences: Although we have no direct evidence of
recombination activity within SDL, we have detected
signatures of recombination among some 14 csd se-
quences. Tests of heterogeneity identified eight alleles
most similar in exon 2+3 that extend in similarity to
exon 4+5 for some allelic combinations. This is consis-
tent with sporadic recombination that is more fre-
quently detected with larger distances between exons.
Concerted evolution and recurrent mutation could also
lead to heterogeneity across haplotypes, although they
are unlikely forces on the basis of the number of dif-
ferences that were analyzed. In addition, weaker di-
versifying selection and stronger selective constraint on
exon 2-5 sequences are unlikely alternative explana-
tions as (i) silent sites show the same pattern; (ii) het-
erogeneity is absent in several alleles (e.g., Table 2, lines
16-18), arguing against a ubiquitous selective force but
favoring a random process such as recombination; and
(iii) the decline of LD with physical distance strength-
ens a model of recombination, but is not a plausible
explanation under various models of selection. GC
content or codon bias could homogenize sequences
(HuGHES et al. 1993), but should effect all alleles
similarly. In contrast to exon 2+3 and exon 4+5 se-
quences, there is only weak support for recombination

within exon 6-9 sequences; all exon 6-9 sequences are
highly diverged. There is, however, support for a decay
of LD with distance in some tests, which indicates a
potential weak role of recombination within exons 6-9.

The Sawyer’s test, the Stephens test, and the maximum-
composite-likelihood analysis provide little evidence
that gene conversion has substantially contributed to
the evolution of ¢sd alleles. The contribution is rather
small, if any, comprising <10% of nucleotide differ-
ences as shown in the Stephens test analysis. In contrast
to SDL, gene conversion has contributed substantially to
the evolution of MHC (HUGHES et al. 1993; OnTta 1997;
TARAHATA and SATTA 1998a; HOGSTRAND and BOHME
1999) and selfincompatibility alleles (Salleles) (Kusapa
et al. 1997, WANG et al. 2001). For example, almost all
variation of HLA-DPBI haplotypes in humans (MOONSAMY
et al. 1992; ZANGENBERG et al. 1995) is confined to short
clusters that are possibly the result of gene conversion.
Statistical analysis of mouse MHC class I genes using
the Sawyer’s and the Stephens test identified 25 clusters
that could be the products of gene conversion (KUHNER
et al. 1990). Even though signatures of gene conversion
in these sequences are quite common, the question of
whether gene conversion has adaptive significance in
the rise of new, functional allelic MHC variants, or is
instead the consequence of the basic genetic process
of recombination, is not yet settled (MARTINSOHN et al.
1999).

In summary, the analyses of heterogeneity, LD, and
shared sites suggest that recombination has contributed
to the evolution of exon 2-5, but not exon 6-9 se-
quences. The finding that not all alleles are affected
supports a suppression of recombination within SDL so
that recombination operates only sporadically. Hence,
recombination is not a dominant evolutionary force in
the short term, but has contributed to the sequence
evolution of some c¢sd alleles in the long term. This
interpretation is in agreement with functional consid-
erations that higher levels of recombination are a strong
homogenizing force that makes alleles more similar and
thus less functional, or even nonfunctional. Exons 6-9
show no signatures of recombination that would favor
the idea that this region encodes the allelic specificity,
while the exon 2-5 sequences are less constrained.
Although very few signatures of gene conversion have
been detected, these clusters are randomly associated
across alleles (Table 5 shows the associations and the
different amino acids that the clusters encode) and
could be a potential source of allelic differentiation.
Further molecular studies could test whether these
clusters contribute to the specificity and functioning
of sex- determining alleles.
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