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Gene conversions are frequent but not under positive selection
in the Siglec gene families of primates
Mouldi Zid and Guy Drouin

Abstract: Siglecs are cell surface proteins that belong to the immunoglobulin superfamily and which bind sialic acids. They are
composed of two groups, the conserved Siglecs and the CD33-related Siglecs. Previous studies have reported the occurrence of
gene conversions between human CD33-related Siglecs and suggested that these conversions are adaptive because they increase
the diversity of these immunoglobulin-related genes. Here, we analyze the Siglec genes of five primate species and show that
gene conversions are not observed between conserved Siglec genes but that they are frequent between primate CD33-related
Siglecs. The gene conversions between CD33-related Siglec genes only occur between similar genes and equally frequently in
sialic acid binding and nonbinding domains. Furthermore, dN/dS ratio tests show that most of the Ig-like V-type 1 and the Ig-like
C2-type 1 domains of Siglec genes evolve either neutrally or under purifying selection and that gene conversions were not
responsible for the positively selected regions detected in the Ig-like V-typel domain of the human SIGLEC7 and SIGLEC9 genes.
Our results suggest that the frequent gene conversions between CD33-related Siglec genes are simply a consequence of the high
degree of sequence similarity of these genes and that they are not adaptive.

Key words: gene conversion, Siglec genes, positive selection, selective constraints, purifying selection.

Résumé : Les Siglecs sont des protéines qui lient les acides sialiques et appartiennent a la superfamille des immunoglobulines.
Elles sont constituées de deux groupes, les Siglecs conservées et les Siglecs de type CD33. Des études antérieures ont suggéré que
les conversions entres Siglecs de type CD33 des humains étaient adaptatives car elles augmentaient leur diversité. Ici, nous
analysons les conversions géniques chez les génes Siglec de cinq especes de primates. Elles sont absentes entre les génes Siglec
conservés, mais elles sont fréquentes entre les génes Siglec de type CD33. Ces conversions ne se produisent qu’entre genes
similaires et elles se produisent aussi souvent dans les régions qui lient les acides sialiques que dans celles qui ne les lient pas.
Des tests de rapports dN/dS démontrent que la plupart des régions des génes Siglec évoluent soit de facon neutre ou soit sous
sélection purificatrice. Les génes humains SIGLEC7 et SIGLEC9 contiennent des régions sélectionnées positivement, mais ces
régions ne sont pas dues a des conversions géniques. Nos résultats suggérent que la haute fréquence des conversions géniques
entre les genes Siglec de type CD33 est simplement une conséquence de la forte similarité de leurs séquences et que ces conversions
ne sont pas adaptatives.

Mots-clés : conversion génique, genes Siglec, sélection positive, contraintes sélectives, sélection purificatrice.

Introduction

Sialic acids binding immunoglobulin-like lectins (Siglecs) are a
family of cell surface proteins belonging to the immunoglobulin
superfamily. Siglecs are thought to be involved in cell-cell inter-
actions and signalling functions such as self-recognition (Crocker
2002; Varki 2010). Siglecs are characterized by the presence of one
or two N-terminal V-like immunoglobulin domain(s) followed by
varying numbers of C2-set domains, a transmembrane domain,
and a cytoplasmic domain (Crocker et al. 2007; Varki 2009; Fig. 1).
Siglecs are subdivided into two groups based upon sequence sim-
ilarity and evolutionary relatedness. The first group is called the
conserved Siglecs because they are found in rodent and primate
species. This group is composed of four genes: SIGLECI (sialoadhe-
sin, located on human chromosome 20p13), SIGLEC2 (CD22, lo-
cated on human chromosome 19q13.1), SIGLEC4 (myelin-associated
glycoprotein (MAG), located on human chromosome 19q13.1), and
SIGLEC15 (located on human chromosome 18q12.3, Fig. 1; Angata
et al. 2004). Sialoadhesin is restricted to macrophages, CD22 to

B cells and mast cells, MAG to glial cells, and SIGLEC15 to macro-
phages, monocytes, and dendritic cells (Fig. 1). Members of this
group are quite distantly related, sharing only about 25%-30% se-
quence similarity in their protein sequences (supplementary data,
Table S1). The second group is called the CD33-related Siglecs
(CD33rSiglecs) because they are similar to SIGLEC3 (CD33). Mem-
bers of this group are not conserved in all species (Angata et al.
2004). In humans, 11 hCD33rSiglec genes have been characterized.
They are clustered on chromosome 19q13.3-13.4 and include SIGLEC3,
SIGLEC5-SIGLEC12, SIGLEC14, and SIGLEC16 (Fig. 2). In comparison,
there are 12 CD33rSiglec genes in the chimpanzee genome and
only 8 in the rhesus monkey genome (Fig. 2). Furthermore,
SIGLEC13 is present in the chimpanzee genome but not in the
human genome (Angata et al. 2004). SIGLEC12, SIGLEC14, and
SIGLEC16 are partially pseudogenized in the human population
(Angata et al. 2004; Cao et al. 2008; Wang et al. 2012). The protein
sequences of human CD33rSiglecs share about 41%-88% identity,
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Fig. 1. Structure and tissue expression of Hominid Siglecs. Most of the information contained in this figure was obtained from Crocker and

Varki (2001) and Jandus et al. (2011).
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with the greatest similarity being in their extracellular region
(Fig. 3; supplementary data, Table S1).

The CD33rSiglecs are widely distributed throughout in various
cell types in the immune system of primates (Angata et al. 2004;
Fig. 1). SIGLEC3 and SIGLEC5-SIGLEC11 are expressed on monocytes,
NK cells, granulocytes cells, mast cells, dendritic cells, T cells, B cells,
and macrophages (Crocker et al. 2007). SIGLEC14, SIGLEC15, and
SIGLEC16 have been discovered only recently, and their functions
are poorly understood. In humans, SIGLEC12 has lost its lectin activity
(Jandus et al. 2011).

Gene conversions are the nonreciprocal exchange of genetic
information between two genes. They have been observed is a
wide variety of eukaryotes, from yeasts to mammals, and usually
occur between sequences sharing a high degree of sequence sim-
ilarity (Benovoy et al. 2005; Chen et al. 2007; McGrath et al. 2009).
Although some gene conversions are known to be responsible for
some human genetic diseases, most deleterious gene conversions
are eliminated by purifying selection (Chen et al. 2007, 2010;
Petronella and Drouin 2011 and references therein). Therefore,
most gene conversions are selectively neutral, i.e., they are not
eliminated by purifying selection because they represent selec-
tively neutral events.

Previous studies have shown that gene conversions occur be-
tween some human CD33rSiglec genes. For example, Hayakawa
et al. (2005) showed that a 2 kb long region, including exons 1-5, of
the human SIGLEC11 gene was converted by the human SIGLEC16
pseudogene and these authors argued that this gene conversion
was evolutionarily significant. Here, to address the evolutionary
significance of gene conversions between Siglec genes, we studied
the presence, location, and characteristics of the gene conversions
that occurred between the Siglec genes of five primate species
(human, chimpanzee, Sumatran orangutan, northern white-cheeked
gibbon, and rhesus monkey). We found 33 gene conversion events
between CD33rSiglec genes but none between conserved Siglec
genes. Furthermore, all the conversions occurring in the coding
regions of the CD33rSiglec genes occur only in the extracellular
domain of these proteins. However, they occur equally frequently
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in the sialic acid binding and nonbinding domains of the proteins
encoded by these genes and the length of the conversions is
strongly correlated with sequence similarity. Our results there-
fore suggest that the high frequency of gene conversions between
CD33-related Siglec genes is simply a consequence of their high
degree of sequence similarity and is not the result of positive or
diversifying selection.

Materials and methods

Gene sequences and their analyses

Sequences of five primate species were obtained from NCBI
(http:/fwww.ncbi.nlm.nih.gov/) and Ensembl (http:/fwww.ensembl.
org/). The list of sequences used, and their accession numbers, is
shown in the supplementary data, Table S2. A zipped (*.zip) file con-
taining the FASTA formatted sequences used is also available as
supplementary data. Sequence alignments were performed using
MUSCLE v3.8.31 (Edgar 2004) and then verified and refined using
BioEdit v7.0.5.3 (Hall 1999). Sequence similarities were calculated
using MEGAS (Tamura et al. 2011). GC contents were calculated using
Seqool (http:/fwww.biossc.de). Standard deviations and t test were
calculated using Excel 2010. Spearman rank correlations tests were
calculated using R version 2.15 (R Development Core Team 2006).

Detection of gene conversion events

The GENECONYV v.1.81 (Sawyer 1989) computer program was used
to identify gene conversions. This method was chosen because it has
one of the highest probabilities of correctly inferring gene conver-
sions when they are present (Posada and Crandall 2001). The
GENECONYV program computes global and pairwise p values and
allows mismatches within converted regions. Global and pairwise
p values are calculated using two methods. The first method is
based on 10 000 permutations of the original data, and the second
is based on a method similar to that used by the BLAST database
searching algorithm. Here, we only used p values from permuta-
tions because they are more conservative (Sawyer 1989). We also
only considered p values (p < 0.05) from global inner fragments
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Fig. 2. Organisation of CD33rSiglec genes and gene conversions in five primate species. Arrows indicate gene conversions and their direction.
Note that, in humans, the Siglec16 locus contains either a functional gene (Siglec16) or a pseudogene (Siglec16P).
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because their p values are corrected for multiple comparisons,
whereas the p values of pairwise fragments are not corrected for
multiple comparisons. Given that gene conversions occur between
the sequences of a given species, analyses were performed inde-
pendently on the coding sequences of each species. These analyses
were also performed using the g2 parameter, to allow mismatches
within converted fragments and to take into account that substi-
tutions do occur after conversions have occurred (Drouin 2002).

The directions of the conversions, i.e., from the donor gene to
the acceptor gene, were determined based on the patterns of nu-
cleotide variation inside and outside of the converted regions
when compared with nonconverted sequences from closely re-
lated species. For example, if there was a gene conversion from
nucleotides 4 to 7 between genes 1 and 2 of species A, with se-
quences CATCGGCTGT and AGCCGGCTAG, respectively, and that
a related gene from a closely related species has the sequence
CATCGGCTGT, or AGCTATATAG, then it is gene 1 of species A that
converted gene 2 of species A and not the reverse.

Phylogenetic analyses

Phylogenetic trees were built using the maximum likelihood
method implemented in the PhyML v3.0 program, using the
Blosum62 model of amino acid substitutions (Guindon and Gascuel

100 Kb

2003). Trees were visualized using the TreeView program (Page
1996). These trees were used to visualise the relationships between
the human SIGLEC sequences and to map the gene conversion we
detected. Since some Siglecs genes undergo frequent gene conver-
sions (see below), the branch length of these trees do not neces-
sarily reflect the actual divergence times between some of these
duplicated genes. However, they do represent the degree of se-
quence similarity between them.

Tests of selection

To measure the selective pressures acting on different gene
regions, the number of nonsynonymous substitutions per non-
synonymous site (dN) and the number of synonymous substitu-
tions per synonymous site (dS) of Ig-like V-type 1 and Ig-like
C2-type 1 domains were calculated using the maximum likelihood
method implemented in the codeml program of the PAML soft-
ware package version 4.5 (Yang 2007). These values were calcu-
lated using the options seqtype = 1, runmode = -2, CodonFreq = 2,
and fix_omega = 0 in the codeml.ctl files of this package. We
calculated dN and dS values between human, chimpanzee, and
Sumatran orangutan sequences because these three genomes share
the largest number of orthologous genes and that such ortholo-
gous genes are necessary to obtain meaningful dN and dS values.
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Fig. 3. Phylogenetic tree of human Siglecs proteins. The scale bar represents 10% difference. Percent (%) values indicate the percentage
sequence identity of the DNA sequences between the genes indicated by arrows. Arrows indicate gene conversions and their direction.

Numbers at the nodes are bootstrap values.

Siglec12
78% ¢

(STgIecQ
SiglecT-

Siglec1

Conserved Siglecs
(51-57% similarity)

We tested whether the dN/dS ratios we obtained were signifi-
cantly different from 1by calculating the likelihood of these ratios
being equal to 1and performing a likelihood ratio test against a x?
distribution with one degree of freedom. The values used for these
likelihood ratio tests were calculated as twice the difference be-
tween the log likelihood of the calculated dN/dS ratios and the log
likelihood of these ratios being equal to 1.

Results

Number, lengths, and polarity of gene conversions

We detected 33 statistically significant gene conversion events
in the five species we analyzed: 11in human, 9 in chimpanzee, 4 in
Sumatran orangutan, 5 in northern white-cheeked gibbon, and
4 in rhesus monkey (Table 1). FASTA formatted sequence files of
these converted regions are available as supplementary data. All
of these conversions are between CD33rSiglec genes and none are
between conserved Siglec genes. A few of these conversions are
found in more than one species. For example, a conversion of
about 200 bp is found in the region coding for the C2-type 1 do-
main of the human, chimpanzee, and rhesus monkey SIGLEC3
and SIGLEC6 genes. In all three cases, SIGLEC3 converted SIGLEC6
(Table 1; Fig. 2). Furthermore, a conversion ranging from 503 to
1060 bp, and starting in exon 1, is found between the SIGLEC5 and
SIGLEC14 genes of all five species (Table 1). Unfortunately, the high
degree of sequence similarity of these two genes in these regions,
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both within and between species, makes it impossible to deter-
mine the polarity of these conversions (Table 1; Fig. 2; further
results not shown). We also analyzed whether there were gene
conversions between the 15 human Siglec pseudogenes (SIGLEC16P-
SIGLEC30P) or between these pseudogenes and functional human
Siglec genes. The fact that we did not detect any such conversion
is likely due to the fact that these pseudogene sequences are very
different from one another and from functional Siglec genes (re-
sults not shown).

The average length (* standard deviation) of all conversions is
590.21 + 429.34 nucleotides and they range from 100 to 2286 nucleo-
tides long. Of these 33 gene conversions, 12 started at an exon and
ended at another exon (average size = 822.17 * 671.55 nucleotides),
7 started at an intron and ended at another intron (average size =
185.43 + 53.79 nucleotides), and 14 started at an intron and ended at
exon, or vice versa (average size = 593.78 * 279.07 nucleotides).

As shown in Fig. 2, of the 11 CD33rSiglec genes involved in gene
conversion events, 4 are donor only (SIGLEC3, SIGLECS, SIGLEC10, and
SIGLEC12), 2 are acceptor only (SIGLEC6 and SIGLEC?), and 4 are both
acceptor and donor (SIGLEC9, SIGLEC11, SIGLEC16, and SIGLEC16P).
The SIGLEC13 gene is only found in the chimpanzee genome and it
was never involved in gene conversions. Interestingly, gene con-
versions occur between both adjacent genes and distant genes
(Fig. 2). In fact, in humans, there is no correlation between the
distance between genes and the frequency of conversions (Spear-
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Table 1. Gene conversions, and their location, in the CD33rSiglec genes of five primate species.
Location
Genomic DNA (bp) Protein (domains)
Donor (D) and acceptor Length
Species (A) genes (bp) From To From To
Homo sapiens (Human) Siglec-11 (A) [Siglec-16P* (D) 2286 Exon1 (134) Exon7 (2420) Signal peptide  C2-type 3
Siglec-11 (D) /Siglec-16 (A) 1628 Exonl1 (92) Exon5 (1720) Signal peptide  C2-type 2
Siglec-10 (D) [Siglec-16P* (A) 847 Exon2 (708) Intron4 (1555)  V-type 1 C2-type 1
694 Intron4 (1684) Exon6 (2378) C2-type 3 C2-type 3
Siglec-10 (D) [Siglec-16 (A) 235 Exon2 (703) Intron2 (938) V-type 1 V-type 1
427 Exon5 (1819) Intron6 (2246)  C2-type 2 C2-type 3
Siglec-11 (A) [Siglec-10 (D) 852 Exon2 (611) Intron4 (1463)  C2-type 1 C2-type 1
1236 Exon5 (1599) Exon8 (2835)  C2-type 3 C2-type 3
Siglec-14 (?) [Siglec-5 (?) 1060 Exon1 (121) Intron3 (1181) Signal peptide  C2-type 1
Siglec-6 (A) [Siglec-3 (D) 208 Exon3 (960) Exon3 (1168) C2-type 1 C2-type 1
Siglec-7 (A) [Siglec-9 (D) 145 Intron1 (1985) Exon2 (2130) C2-type 1 C2-type 1
Pan troglodytes (Chimpanzee) Siglec-11 (A) /Siglec-16 (D) 2168 Exon1 (281) Exon7 (2449) Signal peptide  C2-type 3
Siglec-10 (D) /Siglec-16 (A) 644 Exon6 (2085) Exon8 (2729) C2-type 2 C2-type 3
Siglec-11 (A) [Siglec-10 (D) 685 Exon5 (1611) Exon7 (2296) C2-type 2 C2-type 3
417 Exon7 (2461) Intron8 (2878)  C2-type 3 C2-type 3
Siglec-6 (A) [Siglec-3 (D) 192 Exon3 (1017) Intron3 (1209)  C2-type 1 C2-type 1
Siglec-9 (A) [Siglec-12 (D) 200 Intron5 (4691) Intron5 (4891) NA NA
Siglec-7 (A) [Siglec-12 (D) 131 Intron3 (4274) Intron3 (4405) NA NA
Siglec-5 (?) [Siglec-14 (?) 503 Exon1 (126) Intron2 (629) Signal peptide  V-type 1/C2-type 1
Siglec-6 (A) [Siglec-5 (D) 199 Exon5 (1905) Exon5 (2104) C2-type 2 C2-type 2
Macaca mulatta (Rhesus Siglec-9 (D) [Siglec-11 (A) 137 Intron6 (6623)  Intron6 (6760) NA NA
monkey) Siglec-6 (A) [Siglec-3 (D) 235 Exon4 (1034) Exon4 (1269) C2-type 1 C2-type 1
Siglec-14 (?) [Siglec-5 (?) 1022 Exon1 (21) Intron5 (1043)  Signal peptide  V-type 1/C2-type 1
Siglec-9 (A) [Siglec-3 (D) 100 Intron6 (6447) Intron6 (6547) NA NA
Pongo abelii (Sumatran Siglec-14 (D) /Siglec-5 (A) 1029 Exon1 (115) Intron3 (1144) Signal peptide  C2-type 1
orangutan) Siglec-6 (A) [Siglec-5 (D) 116 Exon5 (1864) Exon5 (1980) C2-type 2 C2-type 2
Siglec-7 (A) [Siglec-9 (D) 209 Intron1 (2451) Intron1 (2660) NA NA
Siglec-7 (A) [Siglec-12 (D) 268 Intron4 (10243) Intron4 (10511) NA NA
Nomascus leucogenys (Northern  Siglec-10 (D) [Siglec-11 (A) 296 Exon2 (544) Exon3 (840) C2-type 1 C2-type 1
white-cheeked gibbon) 284 Exon5 (1543) Intron5 (1827)  C2-type 2 C2-type 3
Siglec-5 (?) [Siglec-14 (?) 606 Exon1 (245) Intron2 (851) Signal peptide  C2-type 1
Siglec-5 (D) [Siglec-6 (A) 165 Exon4 (2348) Exon4 (2513) C2-type 2 C2-type 2
Siglec-7 (A) [Siglec-8 (D) 253 Intron5 (4808) Intron5 (5061) NA NA

Note: NA, not applicable. Asterisks (*) indicate that this sequence is a pseudogene. Interrogation points (?) indicate conversions for which the polarity could not be

determined.

man’s rank correlation test, p=-0.16, p=0.23). The same is true for
the other four species (results not shown). However, there is a
weak, but significant, correlation between the distance between
genes and the frequency of conversions when considering the
data from all species (Spearman’s rank correlation test, p = -0.15,
p = 0.03). The proximity of genes therefore only explains some 2%
of the variation in gene conversion frequency.

Sequence similarities and GC content of converted and
nonconverted regions

For the primate CD33rSiglec genes, there is a strong and signif-
icant correlation between the length of the converted regions and
the sequence similarity of the converted regions (r = 0.52, p = 0.002).
Furthermore, the average similarity (+ standard deviation) be-
tween the converted regions (94.85% * 3.27%) is also significantly
higher than the average similarity between the nonconverted re-
gions (61.09% * 13.74%, t test, p = 8.68 x 1071¢). Moreover, there is
also a significant difference in GC content between converted and
nonconverted regions. The average GC content (+ standard devia-
tion) of the converted regions is 61.4% + 3.18% whereas that of the
nonconverted regions is 50% + 4.17% (t test, p = 2.08 x 108).

Biased distribution of converted regions

Except for SIGLEC12, all CD33rSiglec genes contain a single
Ig-like V-type 1 domain followed by 1-16 Ig-like C2-type domains
(Fig. 1). These two types of domains constitute the extracellular
portion of these proteins, the rest being made up of a transmem-

brane and a cytoplasmic domain. Interestingly, all of the conver-
sions affecting the protein coding regions are only found in the
gene regions coding for the extracellular part of these proteins
(Table 1; Fig. 4). This suggests that the conversions that are present
in the extracellular part of these proteins are not deleterious. The
absence of conversions in the regions coding for the transmem-
brane and cytoplasmic domains of these proteins is likely due to
the low degree of sequence similarity in these regions (see below).

Tests of selection

Table 2 shows the dN and dS values in the Ig-like V-type 1 do-
main and Ig-like C2-type 1 domain in the conserved Siglec genes
and in the CD33rSiglecs genes. The unusually large dN and dS
values observed for the comparisons involving the chimpanzee
SIGLEC4 sequence are likely the result of the fact that this GenBank
sequence contains sequencing or annotation mistakes.

All but two of the statistically significant dN/dS ratios of the
Ig-like V-type 1 and Ig-like C2-type 1 domains are smaller than 1
(Table 2). This suggests that, in most Siglecs, both these domains
evolve either neutrally (when dN/dS ratios are not significantly
different from 1) or by purifying (negative) selection (when dN/dS
ratios are significantly smaller than 1). The two ratios that are
significantly greater than 1, that of the human and chimpanzee
SIGLEC? Ig-like V-type 1domains and that of the human and orang-
utan SIGLECY Ig-like V-type 1 domains, suggest that they evolve by
positive selection. However, these two positively selected regions
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Fig. 4. Schematic representation of the structure of CD33rSiglec proteins and location of the gene conversions detected between the
CD33rSiglec genes of five primate species. The different domains of the proteins are indicated by boxes. Boxes with a full line represent
domains found in all Siglec proteins whereas those with a dashed line represent domains found only in some Siglec proteins (see Fig. 1). The
range of lengths of these different domains, in amino acids, is indicated below each box. Only conversions affecting protein coding regions
are indicated.
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were not generated by gene conversions because gene conver-
sions did not occur in their Ig-like V-type 1 domains. The human
SIGLEC?7 conversion occurred in the Ig-like C2-type 1 domain re-
gion, and the V-type 1 domain of the five primate SIGLECY genes
was never converted (Table 1).

Discussion

Our results show that gene conversions are frequent between
CD33rSiglecs genes but that they are not observed between con-
served Siglec genes (Table 1). This suggests that gene conversions
do not occur between the conserved genes or that, if they do
occur, they are removed by purifying selection. Of these two pos-
sibilities, the former is likely responsible for the absence of gene
conversions between conserved Siglec genes. As can be seen in
Fig. 3, the sequences of the conserved Siglecs are much more
divergent from one another than those of CD33rSiglecs. In fact, at
the protein level, the conserved Siglecs share only an average of
21% similarity between one another (supplementary data, Table S1).
At the DNA level, the conserved Siglecs share only an average of
53% similarity between one another (Fig. 3). Since gene conver-
sions are more frequent between more similar genes, and that
gene conversions are very infrequent between genes sharing less
than 80% nucleotide sequence similarity, the low similarity be-
tween conserved Siglec genes, and between conserved Siglec and
CD33rSiglec genes, is likely responsible for the absence of gene
conversions in conserved Siglec genes (Benovoy et al. 2005; Chen
et al. 2007; Benovoy and Drouin 2009). This suggestion is also
consistent with the pattern of gene conversions observed between
CD33rSiglec genes where gene conversions occur almost exclu-
sively between related genes. For example, in humans, the eight
conversions between CD33rSiglec genes occur exclusively be-
tween closely related genes, i.e., the SIGLEC7 and SIGLECY genes,
the SIGLEC3 and SIGLEC6 genes, the SIGLEC5 and SIGLEC14 genes,
and the SIGLEC10, SIGLEC11, and SIGLEC16 genes (Table 1; Fig. 3).
Apart from the 199-bp conversion between the SIGLEC5 and SIGLEC6
genes of chimpanzee, the same pattern is observed for the
gene conversions between chimpanzee genes; gene conversions
occur exclusively between closely related genes. Therefore, gene
conversion are limited to very similar genes that are part of the

- Sumatran orang-utan - Northern white-cheeked gibbon

same CD33rSiglec subfamilies. This is supported by the fact that
there is a strong positive correlation between the length of the
conversions and the similarity of the converted regions (r = 0.52,
p=0.002).

Another interesting result is that, in CD33rSiglec genes, all gene
conversions that span exon sequences are found exclusively in the
extracellular region of the protein coded by these genes, and
never in their transmembrane or cytoplasmic regions (Table 1;
Fig. 4). Again, this bias is most readily explained by the fact that
gene conversions only occur between sequences sharing at least
80% similarity (see above). Since the similarity (and standard de-
viation) of the transmembrane and cytoplasmic regions (35.7% +
19.6%) is significantly smaller than that of extracellular regions
(56.4% +13.4%, t test, p = 4.2 x 10~°), gene conversions are unlikely
to occur in transmembrane and cytoplasmic regions (supplemen-
tary data, Table S1). Furthermore, the frequent conversions be-
tween the extracellular region of the SIGLEC5 and SIGLEC14 genes,
and the long conversions between the extracellular regions of the
SIGLEC11 and SIGLEC16 genes, are likely simply the result of the fact
that the extracellular regions of these two pairs of genes are
96% identical at the protein level, and 95% similar at the DNA level
(supplementary data, Table S1; Table 1; Fig. 3). The effect of se-
quence similarity on the occurrence of gene conversions is also
evident when one compares the human CD33rSiglec genes that
converted one another with those that did not. At the protein
level, the average similarity (+ standard deviation) between the
extracellular regions of the genes that did convert one another
(i.e., the SIGLEC3 and SIGLEC6, SIGLEC5 and SIGLEC14, SIGLEC7 and
SIGLECY, SIGLEC10 and SIGLEC11, SIGLEC10 and SIGLEC16, and
SIGLEC11 and SIGLEC16 gene pairs, 83.7% * 11.2%) is significantly
higher than the average similarity of the extracellular regions
between the genes that did not convert one another (i.e., all other
gene pairs, 54.4% * 11.3%, t test, p = 0.0007; supplementary data,
Table S1).

Our data also suggest that the higher similarity caused by con-
versions favours the occurrence of more conversions. This sugges-
tion, that gene conversions have occurred repeatedly during the
evolution of the extracellular domain of CD33rSiglecs, is sup-
ported by the fact the GC content of the converted regions is
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Table 2. dN and dS values for Ig-like V-type 1 and Ig-like C2-type 1 domains.
Ig-like V-type 1 domain Ig-like C2-type 1 domain
Genes Pairwise species dN ds dN/dS dN ds dN/dS
Conserved Siglecs
Siglec1 Human/Chimpanzee 0.0068 0.0217 0.31 0.0045 0.0200 0.28
Human/Orangutan 0.0216 0.1332 0.16™ 0.0138 0.0198 0.70
Chimpanzee/Orangutan 0.0212 0.1116 0.19* 0.0092 0.0396 0.24
Siglec2 Human/Chimpanzee 0.0138 0.0001 138 0 0 0
Human/Orangutan 0.0188 0.0371 0.51 0.0371 0.0132 2.81
Chimpanzee/Orangutan 0.0181 0.0423 0.43 0.0371 0.0132 2.81
Siglec4 Human/Chimpanzee 0.1565 0.4614 0.34* 0.99 93.4478 0.01*
Human/Orangutan 0.0045 0.1238 0.03"** 0.0041 0.2132 0.02***
Chimpanzee/Orangutan 0.1618 0.6644 0.24** 1.0124 87.4077 0.01**
Siglec15 Human/Chimpanzee 0.0068 0.0001 68 0.0101 0.0409 0.25
Human/Orangutan 0.0067 0.04 0.17 0.0203 0.1167 0.17*
Chimpanzee/Orangutan 0 0.0479 0** 0.0204 0.1189 0.17*
CD33rSiglecs
Siglec3 Human/Chimpanzee 0.0324 0.0109 2.97 0.0106 0.0167 0.63
Human/Orangutan 0.0414 0.0432 0.96 0.0326 0.0166 1.96
Chimpanzee/Orangutan 0.0544 0.0319 170 0.0213 0.0002 106.5
Siglec5 Human/Chimpanzee 0.0394 0.0116 3.40 0.0158 0.0171 0.92
Human/Orangutan 0.1003 0.0686 1.46 0.0209 0.0562 0.37
Chimpanzee/Orangutan 0.0913 0.0828 110 0.0156 0.0373 0.42
Siglec6 Human/Chimpanzee 0.0053 0.0001 53 0.005 0.0674 0.07*
Human/Orangutan 0.0649 0.0752 0.86 0.0422 0.1076 0.39
Chimpanzee/Orangutan 0.0707 0.0743 0.95 0.0367 0.0825 0.44
Siglec7 Human/Chimpanzee 0.0277 0.0148 1.87** 0 0.0224 0.001
Human/Orangutan 0.0279 0.0295 0.95 0 0.0224 0.001
Chimpanzee/Orangutan 0.0276 0.0456 0.61™* 0 0 0.06
Siglec8 Human/Chimpanzee 0.0056 0.0001 56 0.0210 0.0353 0.59
Human/Orangutan 0.0155 0.0193 0.80 0.0322 0.0919 0.35
Chimpanzee/Orangutan 0.0212 0.0181 117 0.0318 0.0543 0.59
Siglec9 Human/Chimpanzee 0.0285 0.0003 95 0.0060 0.0623 0.10
Human/Orangutan 0.1146 0.0162 7.07* 0.0220 0.0840 0.26
Chimpanzee/Orangutan 0.0867 0.0169 513 0.0291 0.0780 0.37
Siglec10 Human/Chimpanzee 0.0047 0.0247 0.19 0.0146 0.0207 0.71
Human/Orangutan 0.0172 0.0764 0.23** 0.0151 0.0384 0.39
Chimpanzee/Orangutan 0.0218 0.0752 0.29"* 0.0100 0.0184 0.55
Siglec11 Human/Chimpanzee 0.0119 0.037 0.32 0.005 0.0566 0.09*
Human/Orangutan 0.0357 0.0561 0.64 0.0155 0.0559 0.28
Chimpanzee/Orangutan 0.043 0.0477 0.90 0.0204 0.0382 0.53
Siglec12 Human/Chimpanzee 0.0116 0.0001 116 0.0199 0.0665 0.30
Human/Orangutan 0.0418 0.0551 0.76 0.0253 0.1569 0.16™
Chimpanzee/Orangutan 0.0382 0.0533 0.72 0.0257 0.1264 0.20*
Siglec14 Human/Chimpanzee 0.0394 0.0116 3.40 0.0104 0.0175 0.60
Human/Orangutan 0.0924 0.081 1.14 0.0103 0.077 0.13*
Chimpanzee/Orangutan 0.0834 0.0949 0.88 0.0104 0.0934 0.11*
Siglec16 Human/Chimpanzee 0.0073 0.0587 0.12** 0.0101 0.0374 0.27

Note: Siglec13 is not present in the human genome. Siglec16 is only present in the human and chimpanzee genomes. *, p < 0.5; **, p < 0.1; **, p < 0.01.

significantly higher than that of nonconverted regions. Several
studies have shown that increased recombination, such as gene
conversions, leads to increases in GC content (Galtier et al. 2001;
Birdsell 2002; Meunier and Duret 2004; Benovoy et al. 2005).
Therefore, the fact that converted regions have significantly higher
GC contents than nonconverted regions (61.4% versus 49.4%,
p = 3.95 x 10718), suggests that repeated recombination events oc-
curred in the converted regions.

Our results show that gene conversions are indeed very fre-
quent between CD33rSiglecs. Given that we observed 11 conver-
sions in humans, 9 in chimpanzees, 4 in Sumatran orangutan,
4 in rhesus monkey, and 5 in northern white-cheeked gibbon
(Table 1) and that these species have, respectively, 11, 12, 10, 7, and
8 CD33rSiglec genes (Fig. 2), the frequency of gene conversions
between the CD33rSiglec genes of these respective species, calcu-
lated as number of conversions per number of gene pairs com-
pared, is therefore 20%, 14%, 9%, 19%, and 18%. This is much higher
than the average frequency of gene conversion events between

human genes, which we calculated to be 0.88% using the same
methodology as we used in this study (Benovoy and Drouin 2009).

As mentioned above, Hayakawa et al. (2005) previously observed
the ~2 kb long gene conversion present between the human
SIGLEC11 gene and the SIGLEC16P pseudogene and they suggested
that this conversion was potentially adaptive (Table 1). Note that
this conversion is not present in other primate species because the
SIGLEC16P pseudogene (allele) is only found in human genomes
(Fig. 2). Wang et al. (2012) also recently suggested that this conver-
sion is evolutionary significant, but they suggested that this con-
version was in fact made up of two tandem gene conversions. Our
results support both the presence of a conversion between these
two sequences and the fact that it might be composed of two
tandem gene conversions (Table 1; further results not shown). In
fact, although the genomic DNA (i.e., including exons and introns)
of the coding regions of these two sequences are only 70% similar,
the 2286 bp contained in the converted region are 99% similar and
this region is followed by a region of 490 bp with 88% similarity
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between these two sequences. This second region of high similar-
ity might therefore represent the remnants of an older conver-
sion. Our results also complement those of previous studies by
showing that gene conversions are not limited to those between
the human SIGLEC11 and SIGLEC16P sequences. In fact, in both
humans and chimpanzees, gene conversions also occurred be-
tween the SIGLEC10 and SIGLEC11, the SIGLEC10 and SIGLEC16, and
the SIGLEC11 and SIGLEC16 gene pairs (Table 1).

The conversion between the 5'-end of the SIGLEC5 and SIGLEC14
genes has previously been detected in five primate species (Angata
et al. 2006). We extend this finding by showing that it is also
present in the northern white-cheeked gibbon (Table 1; Fig. 2).
Again, given that this conversion is found in the same region in all
species, it likely occurred in their common ancestor. However,
given that the increased similarity brought about by this initial
gene conversion event facilitates further conversion events, and,
as discussed above, that converted regions have significantly higher
GC content, suggests that multiple subsequent conversion events
occurred independently in the same region in some or all these
species. The conversion between the SIGLEC10 and SIGLEC11 genes
of human and chimpanzee was also previously reported in hu-
mans (Angata et al. 2002; Cao and Crocker 2011; Table 1).

Positive selection

Are the frequent gene conversions present in the extracellular
region of CD33rSiglec genes positively selected (adaptive) or not?
Since the extracellular region of CD33rSiglecs is exposed outside
the cells, previous studies have suggested that the gene conver-
sions occurring in this region were subject to positive selection
(Angata et al. 2004; Crocker et al. 2007; Varki 2010). Furthermore,
since the V-type 1Ig domain binds sialic acid, it has been suggested
that positive selection should act on V-type 1Ig domains and not
the adjacent C2-type 1Ig domains (Altheide et al. 2006; Fig. 1). This
prediction has been convincingly confirmed for the SIGLEC9 gene
(Sonnenburg et al. 2004). Therefore, if the gene conversions ob-
served between CD33rSiglec genes were selected to increase se-
quence diversity, we would expect them to occur between the
most divergent gene sequences. We would also expect them to be
more frequent within V-type 1 domains than within the adjacent
C2-type 1domains. As discussed above, our results show that there
is a strong correlation between sequence similarity and the length
of the converted regions. In other words, gene conversions only
occur between very similar sequences. Furthermore, gene conver-
sions are not more frequent within V-type 1 Ig domains than
within the adjacent C2-type 1 Ig domains. In fact, if we consider
the data for all primate species, there are 10 gene conversions
within V-type 1 domains and 12 within the adjacent C2-type 1
domains (Table 1; Fig. 4). These observations therefore do not
support the hypothesis that diversifying selection is responsible
for gene conversions observed between CD33rSiglec genes. Since
we cannot reject the neutral hypothesis that gene conversions
have no selective impact on the evolution of CD33rSiglec genes,
our results suggest that the gene conversions observed between
them are selectively neutral.

The fact that gene conversions occur equally frequently in
the Ig-like V-type 1 and the Ig-like C2-type 1 domains of CD33rSiglec
genes suggests that both these regions evolve under similar selec-
tive constraints. We therefore tested the claim that the Ig-like
V-type 1 domains of Siglec genes evolve under positive selection
and that the Ig-like C2-type 1 domains do not. Our results clearly
show that, except for the Ig-like V-type 1 domain of the SIGLEC7
and SIGLECY genes, both the Ig-like V-type 1 and the Ig-like C2-type
1 domains of Siglec genes do not evolve under positive selection
because the dN/dS ratios of these domains are either not signifi-
cantly different than 1 or are significantly smaller than 1 (Table 2).
Furthermore, the conversion between the human SIGLEC7 and
SIGLECY genes involved the conversion of the C2-type 1 domain of
the SIGLEC7 gene by the C2-type 1 domain of the SIGLEC9 gene
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(Table 1). This conversion was therefore not involved in generating
the positively selected V-type 1 domain of the human and chim-
panzee SIGLEC7 genes (Table 1). Similarly, the positively selected
V-type 1 domain of SIGLEC9 was also not generated by a gene
conversion because the SIGLEC9 gene was not converted by any
other gene (Tables 1 and 2). This suggests that the regions that
were converted evolve neutrally or under purifying selection.
These results are contrary to those of previous studies that sug-
gested that gene conversions between Siglec genes are adaptive
(Angata et al. 2004; Altheide et al. 2006; Varki 2010; Jandus et al.
2011). This discrepancy is mainly the result of the fact that previ-
ous studies did not perform detailed gene conversion analyses to
address whether gene conversions where creating positively se-
lected regions. Previous studies also sometimes did not assess the
statistical significance of the dN/dS ratios they calculated, used inap-
propriate methodologies to calculate these ratios, concatenated nu-
merous sequences, and mistakenly interpreted higher dN/dS ratios
smaller than 1 as representing positive selection rather than re-
laxed purifying selection.

Although our results suggest that gene conversions are not gen-
erating positively selected regions, we cannot rule out that a few
sites within these regions are under positive selection. Since our
dN/dS ratio analyses are performed on domains ranging in size
from 84 to 124 codons (Fig. 4), these analyses would not detect
positive selection of a few sites within a region composed mainly
of sites evolving under purifying selection. However, since most of
the gene conversions we detected span all or most of the V-type 1
and C2-type 1 domains our analyses should have detected positive
selection generated by gene conversions because these conver-
sions would have affected all or most sites within these regions
(Table 1; Fig. 4).

In conclusion, our results suggest that the evolution of Siglec
genes is different from the currently accepted view, which posits
that gene conversions between Siglec genes are adaptive (Angata
et al. 2004; Altheide et al. 2006; Varki 2010; Jandus et al. 2011). If
the gene conversion we detected were adaptive, one would expect
that there would be conversions between the conserved Siglec
genes. The fact that there are none suggests that it is not adaptive.
We suggest that the absence of gene conversions is simply the
result of the fact that these genes are too different from one another,
and from the CD33rSiglec genes, to convert them or be converted
by them. Conversely, the fact that conversions are frequent be-
tween closely related CD33rSilec genes is likely the result of the
fact that they are very similar to one another. This suggestion is
supported by the fact that conversions occur almost exclusively
between CD33rSiglec genes having similar sequences (supple-
mentary data, Table S1; Table 1; Fig. 3). It is also supported by the
fact that gene conversions only occur in highly similar regions of
CD33rSiglecs (supplementary data, Table S1; Table 1; Fig. 3). Fur-
thermore, the fact that gene conversions are not more frequent
within V-type 1 Ig domains than within the adjacent C2-type 11g
domains suggest that these conversions are not subject to positive
selection. Finally, the positive selection we detected in the Ig-like
V-typeldomains of the human SIGLEC7 and SIGLEC9 genes (Table 2)
was not generated by gene conversions because the conversions
between these genes occurred outside the Ig-like V-typel domains
(Table 1). Therefore, the frequent conversions observed between
primate CD33rSiglec genes likely represent neutral events that
are not selected against. This conclusion is consistent with our
recent analyses of the carcinoembryonic antigen family of five
primate species (Zid and Drouin 2013). This study reported that
the frequent conversions between these genes of the immuno-
globulin superfamily also did not generate positively selected re-
gions and were not involved in increasing sequence diversity.
They therefore also likely represent selectively neutral events be-
tween genes having similar sequences and functions.
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