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ABSTRACT
Duplications of genes are widely considered to be a driving force in the evolutionary process. The fate
of such duplicated genes (paralogs) depends mainly on the early stages of their evolution. Therefore, the
study of duplications that have already started to diverge is useful to better understand their evolution. We
present here the example of a 2-million-year-old segmental duplication at the origin of the Lgals4 and
Lgals6 genes in the mouse genome. We analyzed the distribution of these genes in samples from 110 wild
individuals and wild-derived inbred strains belonging to eight mouse species from Mus (Coelomys) pahari to
M. musculus and 28 laboratory strains. Using a maximum-likelihood method, we show that the sequence of
the Lgals6 gene has evolved under the influence of strong positive selection that is likely to result in its neo-
functionalization. Surprisingly, despite this selection pressure, the Lgals6 gene is present in some mouse
species, but not all. Furthermore, even within the species and populations where it is present, the Lgals6 gene
is never fixed. To explain this paradox, we propose different hypotheses such as balanced selection and
neutral retention of ancient polymophism and we discuss this unexpected result with regard to known

galectin properties and response to infections by pathogens.

INCE the pioneering work of OuNo (1970), it is
widely admitted that genome evolution proceeds

by amplification of preexisting genomic material, from
unicellular organisms to animals and plants. This can
involve whole genome duplications (WGD), frequently
followed by subsequent reduction of the new genome’s
size, chromosome duplications, or even shorter region
(segmental) duplications (LONG et al. 2003, for review).
All these duplication events provide a primary source of
genetic material for mutation, drift, and selection to act
upon, and this creates new evolutionary and adaptive
opportunities. The numerous genome sequencing proj-
ects developed during the last decade have given us
access to dozens of bacterial and eukaryotic genomes and
thus provided us with the opportunity to demonstrate
the validity of this model and the prevalence and im-
portance of gene duplications. These projects have also
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shown that segmental duplications have been generated
steadily. For example, in vertebrate lineage, segmental
duplications have emerged over the last few million years
in human (BAILEY et al 2002), mouse (BAILEY et al.
2004), and rat (TuzuN et al. 2004) genomes.

Because of their importance in genome evolution
and adaptation, understanding the factors that influ-
ence the evolution of gene duplicates is an important
issue. Over the years, a number of models that integrate
some of these factors have been proposed (reviewed in
OT1T10 and YoNG 2002; ZHANG 2003; TAYLOR and RAES
2004; N1 2005, among others). After gene duplication,
evolution of a paralog can result in its loss due to null
mutations (pseudogenization). As a consequence of re-
dundancy, relaxation of selection constraints on pa-
ralogs can affect both of them simultaneously. Each
paralog may accumulate slightly damaging mutations to
the point where both are necessary to perform the orig-
inal function (subfunctionalization, FORCE ef al. 1999).
An alternative consequence of redundancy is that only
one of the duplicates is relieved from some of its func-
tional constraints and allowed to accumulate mutations.
Such a gene can acquire a new function (neofunction-
alization, OHNO 1970). In some cases, positive Darwin-
ian selection is a major evolutionary force in the process
of the neofunctionalization of paralogs (LEVASSEUR et al.
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2006; LyncH 2007), causing an asymmetrical evolution of
the two sister copies. The fate of a duplicate depends
mainly on the early steps of its evolution. Therefore, the
study of the most recent duplications that have already
diverged is necessary to better understand paralog
evolution.

Over the last few years, the advent of genome-scanning
technologies has made it possible to reveal an unexpect-
edly wide structural diversity (such as duplications) not
only between the genomes of different species, but also
between the genomes of individuals belonging to the
same species, in humans (see IAFRATE et al. 2004; SEBAT
et al. 2004; FEUK et al. 2006; FREEMAN ef al. 2006 among
others) aswell as in mice (L1 et al. 2004; ADAMS et al. 2005;
SNIJDERS el al. 2005) for the best-studied examples. These
variations in copy numbers are now referred to as copy-
number variants (CNV) (FEUK et al. 2006; FREEMAN et al.
2006). The link between some CNVs and phenotypes as
diverse as resistance to drugs and susceptibility to in-
fections and disease has now been demonstrated (see
BuckLAND 2003; GONZALEZ et al. 2005; AITMAN et al. 2006
for examples). In mice, which is one of the laboratory
models most suited to experimental and genetic analysis,
only a few clear cases of phenotypes associated with CNVs
have been documented so far (see BisHopr et al. 1998;
GrROWNEY and DieTricH 2000; GUENET 2005 for exam-
ples) and more examples are needed. Beyond just their
impact on phenotypic variation and adaptation, the study
of CNVs will help reveal some of the factors that in-
fluence the fate of paralogs shortly after a duplication, as
suggested by GAYRAL et al. 2007.

In this article, we describe the properties of the mouse
genes Lgals4 and Lgals6, which encode the galectins-4/
-6 proteins and appeared by a tandem duplication of
the Lgals4 gene after the mouse and rat diverged (GITT
et al. 1998a,b; HOUZELSTEIN et al. 2004). Because this
duplication is not very old, the traces of the factors that
have influenced the fate of each paralog are still visi-
ble. We show that the evolution of the Lgals6 gene has
been shaped by a sustained positive selection. Despite
the fact that positive selection should have increased
the chances that the Lgals6 gene would reach fixation,
present-day wild mice populations studied to date are
still polymorphic for the Lgals6 presence/absence char-
acter in natura making the Lgals6 gene a good example
of divergent and atypical CNV.

MATERIALS AND METHODS

Animals: Three different kinds of mice were used in this
study:

1. “Wild-caught animals” are individuals trapped in the
wild from which a large amount of DNA was directly pre-
pared. They came from the DNA collection of the Mont-
pellier group (http:/www.genetix.univ-montp2.fr/souris.
htm).

2. “Wild-derived mouse strains” were initially obtained by the
breeding of a small number of wild mice from a given
species or subspecies caught from a single location and
subsequently maintained by full sibcrossing. They came
from the genetic repository of the Montpellier group
(http:/www.genetix.univ-montp2.fr/souris.htm).

3. “Mouse laboratory strains” (obtained from Charles River,
France) designate the classical laboratory strains that are
known to result from the admixture of several Mus musculus
(M. m.) subspecies (mostly M. m. musculus, M. m. domesticus,
and M. m. castaneus).

Because of the inbreeding, any individual from a given wild-
derived or laboratory strain can be considered representative
of the entire strain. For this reason, one individual per strain
was assessed in this study (WADE et al. 2002; SAKATI et al. 2005;
see also GUENET and BoNHOMME 2003; WADE and DALy 2005
for reviews).

GenBank accession numbers of published sequences:

Lgals4 genomic sequences: Mus musculus chromosome 7
genomic contig, strain C57BL/6]: NT_039413.

Lgals6 genomic sequences, strain 129sv: exons 01 and 02,
AF026796; exon 03, AF026797; exons 04-06, AF026798;
exons 07 and 08, AF026799 (from GITT ef al. 1998b).

Lgals4 cDNA sequences: BALB/c, AY044870; 129sv, AF026795
(GITT et al. 1998a). The C57BL/6] sequence was deduced
from sequences retrieved from the mouse genome sequenc-
ing consortium, FVB/N: NM_010706; Rattus norvegicus (Rn)
Lgals4, NM_012975; Homo sapiens (Hs) Lgals4, NM_006149.

Lgals6 cDNA sequence: 129sv: NM_010707.

Presence/absence of the Lgals# and Lgals6 genes in the
mouse genome: Primer pair 1 (see Figure 1 and Table 1) am-
plified a 305-bp fragment from the Lgals4 gene and an
82-bp fragment from the Lgals6 gene. Primer pair 2 amplified
a 142-bp fragment from the Lgals6 gene (the Lgals4 1937-bp
fragment was too large to be amplified in these PCR conditions
and the annealing of the 2f primer to the Lgals4 sequence was
likely to be destabilized by two internal mismatches).

Radiation hybrid mapping: The mouse-hamster radiation
hybrid (RH) panel was used according to the supplier’s in-
structions (Research Genetics, Birmingham, AL). The primer
pair 1 was used to amplify fragments specific to both Lgals4
and Lgals6 in the same reaction. Maps and extensive infor-
mation on mouse RH can be found at The Jackson Laboratory
RH database site (http:/www.jax.org/resources/documents/
cmdata/rhmap/).

Intronic sequence amplification, cloning, and sequencing:
Genomic DNA prepared from individuals belonging to differ-
ent wild-derived and laboratory mouse strains were used to
produce two independent amplicons for both Lgals4 and
Lgals6 (Bio-Rad, Iproof high fidelity DNA polymerase 172-
5302 SO4). Primer pair 3.1 (primers 3f and 3.1r, Table 1) gave
an amplicon ~2.0 kb long containing the 3’ of the Lgals4
intron 03, exon 04, and 5’ of intron 04. Primer pair 3.2
(primers 3f and 3.2r) gave an amplicon ~1.8 kb long contain-
ing the 3" of the Lgals6intron 03, exon 04, and 5’ of intron 04.
These amplicons were cloned (zero Blunt TOPO cloning Kkit,
Invitrogen, Carlsbad, CA) and sequenced (Genome Express,
Meylan, France). Accession numbers are as follows:

Lgals4 3" of intron 03, exon 04, 5’ of intron 04: M. (Coelomys)
pahari (PAH):, EF494094; M. cervicolor (CRV), EF494095; M.
macedonicus (XBS), EF494097; M. spicilegus (ZRU), EF494098;
M. spretus (SEG), EF494099; M. m. musculus (MBT), EF494100;
M. m. musculus (MAI), EF494101; M. m. domesticus (WLA),
EF494102; M. m. domesticus (DGA), EF494103; M. m. domesticus
(WMP), EF494104; M. m. domesticus (22MO), EF494105; M. m.
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castaneus (CAST), EF494106; 129sv (129sv), EF494107; M.
spretus (STF), EF494108.

Lgals6 3" of intron 03, exon 04, 5’ of intron 04: M. m. castaneus
(CAST), EF494109; M. m. musculus (MAI), EF494110; M. m.
domesticus (22MO), EF494111; M. m. domesticus (WMP),
EF494112; 129sv, EF494113.

cDNAs amplification, cloning, and sequencing: Colon sam-
ples were dissected out of adult females from CAST, SEG, STF,
and WLA wild-derived inbred strains (a kind gift from Jean
Jaubert, Institut Pasteur, Paris). RNAs were prepared with the
Rneasy fibrous tissue mini kit (Invitrogen). One microgram
total RNA was used to prepare ¢cDNA (first strand cDNA
synthesis kit for RT-PCR (AMV), Roche, Indianapolis). One-
twentieth of the reaction per PCR was used to produce two
independent amplicons for both Lgals4 and Lgals6 (Iproof
high fidelity DNA polymerase, Bio-Rad, Hercules, CA): primer
pair 4 gave a 1013-bp fragment containing the 5’ of the Lgais4
cDNA (from exon 01 to the junction between exon 08 and 09,
see Table 1). Primer pair 5 amplified a 522-bp fragment con-
taining the 3’ of the Lgals4 cDNA (from exon 06 to exon 10).
Both fragments overlap over a length of 165 bp. Primer pair 6
amplified a 954-bp fragment containing the 5’ of the Lgals6
cDNA (from exon 01 to the beginning of exon 09). Primer pair
7 amplified a 505-bp fragment containing the 3’ of the Lgals6
c¢DNA (from the junction between exon 04 and 07 to exon 10).
These amplicons were cloned (zero Blunt TOPO cloning kit,
Invitrogen) and then sequenced (Genome Express): CAST Lgals4
cDNA (GenBank acc. no. EF017938), CAST Lgals6 cDNA
(GenBank acc. no. EF017942), WLA Lgals4 cDNA (GenBank
acc. no. EF017939), SEG Lgals4 ¢cDNA (GenBank acc. no.
EF017940), and STF Lgals4 cDNA (GenBank acc. no. EF017941).

Sequence alignments and tree reconstruction: Genomic
sequences, covering the 3’ of the intron 03 and the 5’ of intron
04 of the Lgals4 (rat, mouse, and human sequences) and mouse
Lgals6genes (see Figure 1), were aligned with DIALIGN version
2.2.1 (MORGENSTERN 1999) and the exonic part of this align-
ment was masked. This alignment was adjusted by hand with
SEAVIEW (GALTIER ef al. 1996) and refined by the program
Gblocks using a stringent parameter setting (CASTRESANA
2000). A maximum-likelihood phylogenetic tree was produced
by PhyML (GuiNDON and GAscUEL 2003) (input tree generated
by BIONJ; HKY model including a I'-correction with four
categories of sites and ts:tv ratio estimated from the data).
One thousand PhyML bootstrap trees were constructed using
the same parameters.

The coding sequences from the Lgals4 and Lgals6 genes
were translated and aligned using CLUSTALW (THOMPSON
et al. 1994). The amino acid alignment was transposed back to
nucleotide sequences with the Clustal2Dna program to gain a
codon-based alignment (http:/wwwabi.snv.jussieu.fr/public/
Clustal2Dna).

Analysis of selection: The number of synonymous substitu-
tions per synonymous site (ds) and the number of non-
synonymous substitutions per nonsynonymous site (dy) were
compared with the original method of NEI and GOJOBORI
(1986) for pairs of coding sequences. To detect positive
Darwinian selection, the null hypothesis dy = ds was tested
by estimating the difference D = dy — ds and its variance by
the bootstrap method (NEr and Kumar 2000). Since we were
interested in dy > ds, a one-tailed ztest was performed. Since
100 tests were carried out, a Bonferroni correction was used.

To identify the branches of the Lgals4—Lgals6 tree on which
the positive Darwinian selection has acted, as well as the posi-
tively selected sites, the branch-site method (YANG and NIELSEN
2002; ZHANG et al. 2005) of the PAML software package version
3.15 (YANG 1997) was used. This analysis was carried out with the
maximum-likelihood tree, modified to keep only the taxa for

which the CDSs were sequenced, and the well-resolved nodes
(bootstraps >900). In the branch-site method, branches of the
tree are divided a priori into foreground and background line-
ages and a likelihood-ratio test (LRT) is performed by compar-
ing a model that allows positive selection (w = dy/ds > 1) on
the foreground lineages with a model that does not allow such a
positive selection. The model A assumes the existence of four
classes of sites. Site class 0 includes codons that are conserved
throughout the tree with 0 < wy < 1 estimated. Site class 1
includes codons that are evolving neutrally throughout the tree
with w7 = 1. Site classes 2a and 2b include codons that are
conserved or neutral on the background branches, but come
under positive selection on the foreground branches with
wy > 1, estimated from the data. In the tests, the null hypothesis
is the neutral model M1a (which assumes that there are two site
classes with 0 < wy < 1 and w; = 1 forall branches) or the model
A with wy =1 fixed (allows sites evolving under negative selec-
tion on the background lineages to be released from constraint
and to evolve neutrally on the foreground lineages). We also
applied the Bayes empirical Bayes approach (BEB) to calculate
the posterior probability for each codon to be under positive
selection (YANG et al. 2005).

To check that the values of ® > 1 do indeed result from
positive selection on protein rather than from selection on
synonymous mutations, substitution rates between mouse
Lgals4 and Lgals6 coding sequences were compared with rat
and human Lgals4 as the outgroup with relative-rate tests (L1
and BousQUET 1992; ROBINSON et al. 1998) implemented in
RRTree (RoBinsoN-REcHAVI and HucHoN 2000).

RESULTS

The Lgals6 gene is detectable only in a subset of
laboratory strains: The Lgals#and Lgals6 genes both en-
code galectins with two carbohydrate recognition do-
mains (bi-CRD) and their exon/intron organizations are
very similar to each other (Figure la and HOUZELSTEIN
et al. 2004). To determine whether one or both genes
were present in the mouse genome, we designed primers
that make use of certain differences between these two
genes to amplify fragments of different sizes from the
Lgals4 and Lgals6 genes. In both genes, the first CRD
(N-terminal or F4) was encoded from exons 02—04 and
the second CRD (C-terminal or F3) from exons 08-10.
Exons 05-07 encoded the linker region. The main dif-
ference between the Lgals4 and Lgals6 genes was a 1.8-kb
deletion in Lgals6 that encompasses the region of Lgals4
exons 05 and 06 (shaded in Figure 1a). Once this dele-
tion is excluded, both genes are 92% identical over their
length (GITT et al. 1998b and our unpublished data), the
difference being due to substitutions and small indels.
Because the two exon deletions did not create any
frameshift, the linker region in the galectin-6 protein
was 24 amino acids shorter than that of galectin-4.

Primer pair 1 (Table 1) amplified an 82-bp fragment
from Lgals6 and a 305-bp fragment from Lgals4. It en-
abled us to detect both Lgals4 and Lgals6in the genome
of 129Sv mice (Figure 1b). Data obtained with pair 2,
which amplified a 142-bp fragment from Lgals6, and
with a third pair (data not shown) confirmed these
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F16URE 1.—Comparison of Lgals4 and
Lgals6 genomic organization. (a) Geno-

mic organization of the Lgals4 (top) and
Lgals6 (bottom) genes. Exons are repre-
sented as boxes, numbered from 01 to
10. Note that, for clarity, we ascribe
the same reference number to homolo-
gous exons in Lgals4 and Lgals6, i.e., the
exons of both genes are numbered from
01 to 10 with exons 05 and 06 (shaded
on Lgals¥) missing from the Lgals6
gene. Scale bar is in base pairs. The
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results and therefore corroborated the observations
published by GITT ef al. (1998a,b).

We used our set of primers to screen for the presence
of Lgals4 and Lgals6 in 28 commonly used laboratory
strains. Whereas Lgals4 was detected in all the strains
tested, Lgals6 could be detected in only 11 of them
(Table 2). Therefore, laboratory strains differ in the

Lgals4 and Lgals6 genes differ by a 1.8-
kb deletion in Lgals6 shown here as an
open triangle. The primer pair 1f1r
(numbered 1) amplifies a 305-bp frag-
ment specific for the Lgals4 gene and
an 82-bp fragment specific for the
Lgals6 gene. The primer pair 2f2r
(numbered 2) amplifies a 142-bp frag-
ment specific for the Lgals6 gene. The
fragment containing the intronic se-
quences that were cloned and se-
quenced to build the phylogenetic
tree is shown as a solid line (numbered
3.1 in Lgals4 and 3.2 in Lgals6, respec-
tively). (b) Ethidium bromide-stained
gel showing bands amplified from the
primer pair 1f-1r (numbered 1) and
2f-2r (numbered 2) from 129sv genomic
DNA. L, DNA ladder.

presence or absence of Lgals6. Unfortunately, the gene-
alogy of laboratory strains is at once too incomplete and
too intricate (BECK et al. 2000) for it to be possible to
correlate the presence of Lgals6 with a given subgroup
of laboratory strains; whether or not a given strain
contains the Lgals6 gene needs to be experimentally
assessed.

TABLE 1

Primer sequence and localization

Primer Primer Amplification
pair name Sequence Localization product
Pair 1 1f tcagaaagtgagataagaaaagacaagc Lgals4 and Lgals6 intron 4 Lgals4, 305 bp
1r gccccagtgaccaaggtattaage Lgals4 and Lgals6 intron 4 Lgalso, 82 bp
Pair 2 2f acataggacccagtgtctgagaagg Lgals6 intron 4 Lgals6, 142 bp
2r atccaacatgtcttcatccctttce Lgals6 intron 4
Pair 3 3f taagatttcacttctttgcccaaactgtce Lgals4 and Lgals6 intron 3 Lgals4, ~2000 bp
3.1r tcacagagatccacttgcctctagttctce Lgals4 intron 4 Lgals6, ~1800 bp
3.2r atccaacatgtcttcatccctttcccaacc Lgals6 intron 4
Pair 4 4f gttacatagcgtgtggggtcagg Lgals4 5'-UTR Lgals4, 1013 bp
4r agttgatgacaaagttcctggetgt Lgals4 exon 8-9’s junction
Pair 5 5f ggtacaaccctccacagatgaacac Lgals4 exon 6 Lgals4, 522 bp
5r aactcggggatctttctgettee Lgals4 and Lgals6 3'-UTR
Pair 6 6f gttcagacattcctgtggectage Lgals4 and Lgals6 5'-UTR Lgals6, 954 bp
6r ggaagatcccaccctgaagttgat 5" of Lgals6 exon 9
Pair 7 7t gaaaccaaatatccggecatga Lgals6 exon 4-7’s junction Lgals6, 505 bp

7r cattttattaggagcttagatggaactcg

Lgals4 and Lgals6 3'-UTR




Evolution of the Mouse Lgals6 Gene 1537

TABLE 2

Presence (Lgals6" strains)/absence (Lgals6~ strains) of the
Lgals6 gene in common laboratory strains of mouse

Lgals6™ strains Lgals6" strains

A/j C3H
AKR CBA
Balb/c CT/sv
BDP DDK/pas
C57Bl/ 6 LT/sv
CB17 NZB
CB20 NZW
DBA/1 OFI
DBA/2 SJL
FVB/N Swr
LG 129sv
NOD

NMRI1

P1/j

PRM

Sm/j

STR

The Lgals6 gene is detectable only in a subset of
wild-derived mice: To determine whether the Lgals6
presence/absence polymorphism appeared in the lab-
oratory strains, we screened for the presence of Lgalsé
in samples from individuals belonging to some recently
established wild-derived inbred strains, as well as indi-
viduals caught in the wild (WADE et al. 2002; SAKATI et al.
2005; see also GUENET and BoNHOMME 2003; WADE and
DarLy 2005 for reviews). Our results are summarized in
Figures 2 and 3 (and detailed in supplemental Table
S1). As in the laboratory strains, we detected the pres-
ence of Lgals4 in all the individuals tested, but Lgals6
was present only in a subset of them. It was detected only
in strains derived from individuals belonging to the M.
musculus species and not detected in individuals from
the M. spicilegus, M. macedonicus, M. spretus, M. cypriacus,
M. famulus, M. cervicolo, or M. pahari species (14 indi-
viduals tested).

The M. musculus species is classically divided into five
peripheral subspecies: M. musculus (M. m.) domesticus, M.
m. musculus, M. m. castaneus, M. m. molossinus, plus some
as yet unassigned central populations sometimes re-
ferred to as M. musculus subspecies (M. m. ssp.; GUENET
and BoNnHOMME 2003). Surprisingly, the Lgals6 gene was
detected in only some individuals belonging to the M. m.
domesticus, M. m. musculus, and M .m. castaneus subspecies
(2 of 5 M. m. domesticus, 6 of 10 M. m. musculus, 26 of 37
M. m. castaneus, and 3 of 6 M. m. ssp.) and we could not
detect any obvious correlation between the presence/
absence of Lgals6 and the geographic origin of the in-
dividuals tested (Figure 3 and supplemental Table S1).

Our results show that this presence/absence poly-
morphism observed in laboratory mice reflects the
heterogeneity observed in wild mice and that the Lgals6

Million years ago

54321 nj of samples Lgals6+

M.m. domesticus 51| 2

M.m. musculus 10| 6

M.m. molossinus 110

M.m. castaneus 37| 26

M.m. ssp 6 |3

M. spretus 410

M. spicilegus 3(0

u «E M. cypriacus 110
M. macedonicus 310

———— M. famulus 110
M. cervicolor 110

M. (Coelomys) pahari 1 | 0

FIGURE 2.—Presence/absence of the Lgals6 gene in Mus
species and subspecies from which the wild-derived inbred
strains were derived. n;, number of individuals from a given
species or subspecies for which the presence of the Lgals6
gene was tested. Lgals6*, number of individuals from a given
species or subspecies in which the Lgals6 gene has been de-
tected. The Mus musculus ssp. branch regroups individuals
of strains of still unsettled taxonomic status. The evolutionary
tree has been modified from GUENET and BoNHOMME (2003).

gene is not restricted to certain subspecies, but wide-
spread throughout the entire M. musculus species.

Localization of Lgals4 and Lgals6 in the mouse genome:
The Lgals6 gene is absent from the C57BL/6] mouse
strain, which is the laboratory strain that was used by the
mouse genome consortium to generate the mouse ge-
nome sequence (http:/www.ensembl.org/Mus_musculus/
index.html). To determine the localization of Lgals6, we
used the mouse-hamster radiation hybrid (RH) panel to
map both Lgals4 and Lgals6 on the genome of the 129sv
laboratory strain. We localized Lgals4 and Lgals6 next to
each other on mouse chromosome 7 between markers
D7Mit210 and D7Mit246, which are very close to the Echl
gene. Therefore these two genes are likely to be located in
between the Echl and Lgals7 genes as is Lgals4 in the
C57BL/6] genome. The fine structure of the locus is
presently under investigation in 129sv.

Phylogenetic analysis of the duplication at the origin
of the Lgals4/Lgals6 genes: The similar exon/intron
organization and proximity of Lgals4 and Lgals6 in the
mouse genome both suggest that these two genes come
from a tandem duplication. The fact that the mouse Lgals4
and Lgals6 genes are more similar to each other than to
the rat Lgals4 gene also suggests that this duplication
might have occurred after the divergence of these two
lineages (GITT et al. 1998a; HOUZELSTEIN et al. 2004).

To find out when this duplication occurred, we de-
cided to investigate the phylogenetic relationships be-
tween the Lgals4 and Lgals6 genes. For this purpose, we
cloned and sequenced intronic regions covering the 3’
of their intron 03 and the 5’ of their intron 04 (Figure
1), which are more likely to evolve neutrally than exons,
from individuals belonging to different mouse species
and subspecies. Fragments ranging from 1611 bp to
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F1GURE 3.—Geographical origin of the different individuals in which the presence of the Lgals6 gene was tested. Symbols shown
as a line group individuals belonging to the same population. Lgals6*, an individual from a given species or subspecies in which the
Lgals6 gene has been detected (shaded). Lgals6~, an individual from a given species or subspecies in which the Lgals6 is absent

(solid).

1966 bp were aligned (supplemental file S1.fst). Poorly
aligned regions were subsequently eliminated since they
might not have been homologous. The remaining 1234
informative sites were used to build a maximum-likeli-
hood phylogenetic tree (Figure 4).

The tree topology for the Lgals4 intronic sequences
fits our current knowledge of the mouse species rela-
tionships well (Figure 2, reviewed in GUENET and
BonaoMME 2003; Suzuxki et al. 2004). The M. musculus
sequences from both wild-derived and laboratory strains
group together. With the Lgals4 sequences from M.
macedonicus, M. spicilegus, and M. spretus, they form a
larger group, referred to as the Palearctic clade, before
grouping with more divergent species such as M. famulus,
M. cervicolor; and M. ( Coelomys) pahanri.

As expected, the Lgals6 sequences form a group well
supported by the bootstrap value. Moreover, the tree
topology argues in favor of the hypothesis that the
duplication (D in Figure 4) at the origin of the Lgals4
and Lgals6 genes occurred after the divergence of
M. famulus and the species of the Palearctic clade men-
tioned above. This timing is also supported by the pres-
ence of a short interspersed nuclear element (SINE)
B2/B4, detected with the RepeatMasker Web site

(A. F. A. Smrt, R. HUBLEY and P. GREEN, unpublished
data; RepeatMasker Open-3.0, 1996-2004; http:/www.
repeatmasker.org), in the intron 04 of the Lgals4 genes
isolated from the species of the Palearctic clade (aster-
isks in Figure 4 and supplemental file S1). This SINE
is absent from both the intron 04 of the Lgals6 gene
and from the intron 04 of the Lgals4 gene of the more
divergent species [i.e., M. famulus, M. cervicolor, and
M. (Coelomys) pahari]. This strongly suggests that the
insertion (I in Figure 4) of this element took place after
the Lgals4/ Lgals6 duplication.

Our results all strongly suggest that the duplication at
the origin of the Lgals4 and Lgals6 genes occurred after
the divergence of ancestors of M. famulus and the
Palearctic clade but before the radiation of the Palearc-
tic clade species; this would mean ~2 MYA, according to
the standard Mus phylogeny.

Positive selection on the Lgals6 gene: To better
understand how the Lgals4 and Lgals6 genes evolve,
we cloned and sequenced the Lgals4 and Lgals6 cDNAs
from wild-derived mouse strains: both Lgals4 and Lgals6
from CAST (M. m. castaneus) and Lgals4from three wild-
derived strains lacking Lgals6 [WLA (M. m. domesticus),
SEG, and STF (M. spretus)]. We aligned the translated
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coding part of these sequences with the published
Lgals4 sequences from the mouse laboratory strains
129sv and C57BL/6], as well as Lgals6 sequences from
129sv and orthologs from rat and human (Figure 5).
Galectin-6 has a shorter linker than galectin-4. The
mean percentage of identity between these two proteins,
once the linker and other gaps had been excluded, was
~86%, whereas the mouse galectin4 proteins were
identical. Hence, the galectin-4 proteins of Lgals6 con-
taining mouse strains are very similar to the galectin-4
proteins of mouse strains lacking Lgals6. To investigate
the evolutionary forces involved in the diversification of
the mouse Lgals4/Lgals6 genes, pairwise comparisons
of the coding sequences were done (supplemental Table
S2). In all comparisons between a mouse Lgals4 gene
and amouse Lgals6 gene, the number of nonsynonymous
substitutions per nonsynonymous site (dy) was higher
than the number of synonymous substitutions per syn-
onymous site (ds) (w = dy/ds > 1; P<0.05). This excess
of nonsynonymous substitutions compared to synony-
mous substitutions seemed to be greater on the part of
the CDS coding for the F3-CRD. Because w > 1 values can
be explained by either a selection for the conservation of

synonymous sites (ds decrease, CHAMARY et al. 2006) or a
positive selection which favored the fixation of non-
synonymous mutations (dy increase), relative-rate tests
were performed to discriminate between these two hy-
potheses. The nonsynonymous and synonymous substi-
tution rates in mouse Lgals4 and Lgals6 sequences were
compared using the tree topology shown in Figure 4 with
the rat and human Lgals4sequences as outgroup. Results
were similar whether nodes with a low bootstrap value
(<<900) were ignored or not. The mean rates of synon-
ymous substitutions of these two genes did not signifi-
cantly differ from one another (Lgals4, 0.444; Lgalso,
0.433; SD = 0.017; P= 0.535). Hence, the o > 1 values
are not the result of selective constraints on synonymous
mutations, because synonymous substitutions accumu-
late in both lineages atsimilar rates. The mean rate of non-
synonymous substitutions in the Lgals6lineage (0.126) was
higher than in the Lgals4 lineage (0.089; SD = 0.010;
P < 0.001). Therefore, the excess of nonsynonymous
substitutions per site in the Lgals6 lineage must be
caused by some positive Darwinian selection which has
increased the amino acid diversity of the protein. It is
noteworthy that a lysine to glutamate substitution in the
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F1GURE 5.—Comparison of amino acid sequences of galectin-4 and galectin-6 sequences. Dashes represent gaps introduced for
alignment: a genomic deletion in the Lgals6 gene removed two exons (05 and 06; see Figure 1), coding for part of the linker.
Residues identical to those of the corresponding C57BL/6] galectin-4 are indicated by dots. Horizontal filled bars correspond
to the F4- and F3-carbohydrate recognition domains (HOUZELSTEIN et al. 2004). The horizontal open bar corresponds to the linker
region that is shorter in galectin-6 (G6) because of the deletion. Asterisks at the bottom of the sequences and corresponding
shaded vertical bars mark the position of residues that interact with carbohydrates (LoBsaNovV et al. 1993). Open boxes indicate
the B-strands. Vertical bars below the alignment show the Bayesian posterior probability of w > 1 for each site. Arrows under

vertical bars indicate sites with p(w >1) > 0.95.

S6b B-strand of the F4-CRD modifies a residue that is
directly involved in ligand binding and therefore likely
to have an impact on protein function.

To confirm the presence of a possible positive Darwin-
ian selection driving the evolution of Lgals6 after the
duplication, different models were tested with PAML
(Table 3) and the phylogenetic tree (Figure 4). In our
first test, we compared site models that allow the w-ratio
to vary among sites i.e., codons (NIELSEN and YANG 1998;
YaNG and NieLseN 2000). No site appeared to be
positively selected in all the lineages, since likelihoods
of Mla (nearly neutral) and M2a (positive selection)
were identical. Branch-site models were then tested (see
MATERIAL AND METHODS and Table 3). For this test,
branch fof the tree (Figure 4) tested for positive selection
was labeled as foreground branch. Hence, the Lgals6

sequences were chosen as foreground lineages and
Lgals4 sequences as background lineages. The model
that allows positive selection on the foreground lineages
(Model A with we > 1) is the alternative hypothesis for
the two following tests. In the first LRI, the null
hypothesis (the neutral-site model Mla) was rejected
(2A1=25.98; d.f. = 2; P < 0.0001). The significance of
the test could be due to either relaxed selective constraint
or positive selection along the foreground branch
(ZHANG et al. 2005). The second test was a direct test
for positive selection on the foreground branch and the
null hypothesis was the model A with ws fixed. This null
hypothesis was also rejected (2A7 = 9.28; d.f. =1; P =
0.0023). We also compared other branch-site models
where the foreground lineages were all the mouse se-
quences (Lgals4 plus Lgals6) or all the murine sequences
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TABLE 3

Likelihood-ratio test statistics

Model ny* Likelihood Parameters estimates” Positively selected sites
MO 1 —2660.10 ® = 0.249 None
Site-specific models
MIla (nearly neutral) 2 —2630.37 [3(, = 0.696, ,’51 = 0.304 Not allowed
®) =0.044, 0, =1
Branch-site models‘
Model A wg =1 3 —2622.02 o =0.345, p =0.115 Not allowed
(fi + s = 0.54)
(I)() = 004270)1 = 1,(,02 =1
Model A @ =1 4 —2617.38 ho = 0.582, ﬁl =0.184 For foreground lineage:

(fo + fis) = 0.234
G = 0.045, 0, = 1,0y = 8.17

152, 196, 230, 250, 266,
296, 308

“Number of free parameters.
*w, dn/ds ratio; p, proportion of sites.

‘The foreground lineage corresponds to the Lgals6 lineage (see Figure 4); the positively selected sites were
determined with the posterior probabilities of the Bayesian empirical Bayes procedure.

(mouse sequences plus the rat Lgals4). The model that
allows positive selection along only the Lgals6é branch
fitted the data better (Table 3 and data not shown).
Furthermore, parameter estimates suggested that a high
percentage of sites (23.4%) were under positive selection
with wg = 8.17. The positively selected residues, deduced
from the Model A and the BEB procedure, localized in
the linker region and the F3-CRD (Figure 5 and supple-
mental Table S3), which confirms the results obtained
with the method of Nei and Gojobori.

DISCUSSION

Galectin-encoding gene duplications have been a
common occurrence throughout vertebrate history
(HOUZELSTEIN et al. 2004). In the present work, we have
been investigating the properties of the Lgals4/Lgals6
gene duplication in the mouse genome. We present
evidence suggesting that the Lgals4 and Lgals6 genes
result from a “recent” (~2 million years old) duplica-
tion in the mouse genome. We also show that the Lgals6
gene evolution has been affected by strong positive selec-
tion leading to a significant sequence divergence be-
tween the Lgals4 and Lgals6 genes. Finally, we show that,
contrary to the Lgals4 gene, which is detected in the ge-
nome of every vertebrate species tested so far, the Lgals6
gene can be detected only in the genome of some, but
not all, laboratory and wild-derived mouse strains.

Positive selection on the Lgals6 gene: The Lgals4 and
Lgals6 genes come from a tandem duplication. One of
the duplicates is almost identical to the orthologous
Lgals4 sequences and is therefore referred to as Lgals4,
whereas the other duplicate, Lgals6, has been affected
by a 1.8-kb deletion resulting in the elimination of two
exons encoding 24 amino acids of the linker. This
deletion might have been important in two ways: first, it
is likely to have reduced the chance of conversion be-

tween the two duplicate genes by introducing a rupture
of sequence similarity in the middle of the gene; and
second, the deletion of part of the linker region might
also have modified the galectin-6 protein, generating
“new” properties for selection to act upon. In functional
analyses of members of the galectin family, the bi-CRD
galectin linker region has often been ignored to focus
on the more significant ligand binding CRDs. Neverthe-
less, this linker region might also have some impact on
the protein function, as suggested by the existence of
alternative transcripts that specifically differ in this
linker region for several bi-CRD encoding genes (BIDON-
WAGNER and LE PENNEC 2004 for review). In the case of
galectin-6, it is noteworthy that several substitutions di-
rectly flank the deleted linker region and might have been
selected as a consequence of a conformational change
induced by the deletion of the two exons.

We show here that a strong positive selection has been
acting on the Lgals6 gene in the lineage leading to
laboratory strain 129sv as well as in the wild-derived
strain CAST (M. m. castaneus). We conclude that the
positive selection that we observe is due to selection that
occurred in the wild rather than in the laboratory.
Therefore, the situation described here is different
from the description of the CNR/ Pcdha gene on which
positive selection seems to have been acting in the lab
during inbreeding (TacucHI et al. 2005).

We have pinpointed seven nonsynonymous substitu-
tions that have a >95% chance of being positively
selected, five of which are localized in the F3-CRD. They
do not modify the residues directly involved in lactose
binding, but they may affect the overall conformation of
the CRD. As opposed to the F3-CRD, the F4-CRD does
not contain any nonsynonymous substitutions that have
a >95% probability of being positively selected. Never-
theless, some of the nonsynonymous substitutions
observed in the F4-CRD might also be functionally
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relevant, since one of them affects a residue directly
involved in ligand binding.

Galectin-6 is not the only galectin to evolve under the
influence of positive selection. In the fish Conger myriaster,
this is also the case for the galectin-l-related protein
congerin-I. Since this protein is expressed in the fish’s
skin mucus cells, where it can recognize bacteria such as
Vibrio anguillarum, it has been proposed that it might be
involved in innate or acquired immunity through its
agglutinating activity (OGawA et al. 2004). In rats, the
Lgals5 gene derives from a recent duplication of the
Lgals9 gene (HOUZELSTEIN et al. 2004). As for the Lgals?/
Lgals6 genes, the deletion of a large part of one of the
duplicates (i.e., Lgals5) seems to be associated with sub-
sequent asymmetrical divergence (LENSCH et al. 2006)
aswell as a positive dy/ ds (our unpublished data). These
data suggest that positive selection has also been in-
volved in their evolution. Therefore, positive-selection-
driven evolution might have been involved in the
diversification of several galectins.

Our results show that, after the duplication of an
ancestral Lgals4 gene, the speed of evolution of one of
the two duplicates (i.e., Lgals6) was increased by positive
selection, one of the consequences being that both
genes are now only 86% identical at the protein level.
The fate of duplicates depends primarily on the short-
term factors affecting them and positive selection acting
on one duplicate increases the probability that both of
them will be conserved in the population by favoring the
process of neofunctionalization. The apparition of new
functions increases the probability that a gene will spread
within a population or species, and genes that have been
evolving under the influence of positive selection are
usually quickly fixed (NGUYEN et al. 2006). Therefore it is
surprising that this is not the case for the Lgals6 gene.

A polymorphic locus in the mouse genome: Modern
laboratory mouse strains have been obtained by breed-
ing a limited pool of progenitors of various origins that
have been trapped in the wild or purchased from mouse
fanciers (SILVER 1995; GUENET and BoNHOMME 2003;
WaDE and DaLy 2005 for reviews). As a consequence,
the genome of inbred laboratory strains is a mosaic of
regions with origins in the different Mus musculus sub-
species, e, M. m. musculus, M. m. domesticus, M. m.
castaneus, and M. m. molossinus (WADE et al. 2002). Our
results suggest that the presence of the Lgals6 gene in
some but not all laboratory strains could be the con-
sequence of gene sampling in the limited number of
ancestors at the origin of most of these strains.

To determine whether the Lgals6 presence/absence
polymorphism was restricted to laboratory strains, we
analyzed DNA samples from individuals of wild-derived
strains as well as individuals directly caught in the wild.
Our results show that the presence/absence polymor-
phism observed in laboratory mice reflects heterogene-
ity already present in wild mice. They also show that the
Lgals6 gene seems to be restricted to the species M.

musculus and that there is no obvious correlation be-
tween the geographic origin of the samples and the
presence of the gene. Individuals with and without the
Lgals6 gene have been trapped in regions ranging from
Central Europe and Africa to the easternmost part of
Asia. In particular, we assessed the presence/absence
of Lgals6 in 12 M. m. castaneus individuals belonging
to a single population (Pathumtani, Thailand) in
which the Lgals6 gene could be detected in only half
of the samples. This result suggests that the Lgals4/
Lgals6 locus is polymorphic even within a single mouse
population.

Therefore, some individuals have only the Lgals4
gene, whereas others have both Lgals4 and Lgals6. Such
a difference in gene copy number is not unheard of.
Copy number variants seem to be a common feature at
least in human and murine genomes in which they are
likely to play important roles in variability and adapt-
ability (L1 et al. 2004; NGUYEN et al. 2006). In the case of a
CNV, individuals differ from each other in the number
of copies of a given DNA (FEUK ¢t al. 2006; FREEMAN ef al.
2006). We describe here a duplication of the Lgals4 gene
in the mouse. Like in CNVs, individuals differ one from
another in a DNA fragment copy number, but the Lgals4
and Lgals6 genes are, above all, a clear example of how
CNVs can diverge by adaptive evolution.

A paradox between positive selection and persistent
presence/absence polymorphism: Our phylogenetic
analysis of the Lgals4 and Lgals6 sequences strongly
suggests that the duplication at their origin happened
2-3 MYA, after the divergence of the ancestors of the M.
Jfamulus species and the species of Palearctic clade, but
before the radiation of the species of this clade. The
Lgals6 gene has been detected, however, in only some,
not all, individuals belonging to the M. musculus species
(M. m. musculus, M. m. domesticus, and M. m. castaneus)
demonstrating the existence of both inter- and intra-
specific presence/absence polymorphisms. The ab-
sence of the Lgals6 gene in the non-M. musculus mice
of the Palearctic clade (M. macedonicus, M. spicilegus, and
M. spretus) analyzed so far, and the widespread presence/
absence polymorphism observed in M. musculus are sur-
prising especially given the accumulation of positively
selected substitutions in the Lgals6 gene.

Two main scenarios can be formulated to explain the
distribution of the Lgals6 gene in the various mouse
species and subspecies. In the first scenario, the Lgals6
gene would have been transmitted only “vertically” after
it appeared by duplication in a common ancestor of the
species of the Palearctic clade. This scenario supposes
that some species (M. spretus, M. macedonicus, M. spicilegus,
and M. cypriacus) have subsequently lost the Lgals6 gene.
An alternative scenario is one in which the duplication
would have occurred in an unknown species that di-
verged from the other species between the emergence of
M. famulus and the radiation of the species of the
Palearctic clade. This gene segment would have intro-
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gressed secondarily into the ancestor of the M. musculus
species (the putative donor species remains, however, to
be identified). This latter scenario concords with the
recent proposal according to which introgressions have
contributed to ~13% of the genome of the different M.
musculus subspecies (YANG et al. 2007).

If these scenarios explain why some species possess
the Lgals6 gene and others do not, the presence/
absence polymorphism observed in the different M.
musculus subspecies remains to be explained. The first
possible hypothesis consists in the neutral retention of
an ancestral polymorphism (as proposed for some
sequence polymorphisms by SALCEDO et al. 2007). In
our phylogenetic tree of the intronic sequences of
Lgals4 and Lgals6 (Figure 4), the Lgals4 sequences of
M. m. domesticus and M. m. musculus are not reciprocally
monophyletic, a result that one would expect if com-
mon ancestral sequence polymorphisms are retained.
We observed, however, conversion events between the
Lgals4and Lgals6 intronic sequences (see supplemental
Table S4) and these might blur the phylogenetic signal
between the M. musculus Lgals4 sequences. For exam-
ple, MAI individuals, which possess both the Lgals4 and
Lgals6 genes, can be subject to gene conversion whereas
MBT individuals, possessing the Lgals4 gene only,
obviously cannot. This might explain why the Lgals4
sequences from M. m. musculus and M. m. domesticus are
not reciprocally monophyletic without requiring the
retention of an ancestral polymorphism. Furthermore,
five nucleotide substitutions differentiate the M. m. domes-
ticus intronic sequences from the Lgals6 sequences
of M. m. musculus and M. m. castaneus (see positions
1012, 1478, 1501, 2292, and 2293 in supplemental file
S1.fst). How did this M. m. domesticus clade fix new
mutations by neutral evolution without losing (or
fixing) the neighboring Lgals6 gene at the same time?
The retention of ancestral polymorphism as the only
explanation for the presence/absence polymorphism
observed to date is even more unlikely, if the Lgals6 gene
had been transmitted vertically ever since the Lgals4/
Lgals6 duplication. Indeed, the SINE inserted into the
Lgals4 gene after the duplication seems fixed as it is now
found in the Lgals4 gene of all the species of the
Palearctic clade (asterisks in Figure 4). If the SINE
insertion in the Lgals4 gene had been fixed by drift, why
has the nearby Lgals6 gene not been fixed (or lost) at the
same time? In any case, this retention is difficult to
imagine if the positive selection is still acting on the
Lgals6 gene. Nevertheless, although our data show
clearly that an episode of positive selection happened
at some time in the history of the Lgals6 gene, they do
not show whether this locus is still evolving under the
influence of positive selection. The only argument,
albeit weak, suggesting that positive selection might still
be active is the fact that the two M. musculus Lgals6
coding sequences that we describe differ in three sites,
two of which are nonsynonymous (data not shown).

If positive selection still drives the evolution of the
Lguals6 gene, it should have enhanced the probability for
the Lgals6 gene to be fixed. In this case, a second
hypothesis can be envisaged as an alternative to the
retention of ancestral polymorphism, that of a balanced
presence/absence polymorphism, according to which
the presence of the Lgals6 gene would be beneficial at
certain times and costly at others. This might be the
signature of a response to intermittent selective pressures
such as those exerted by certain kinds of pathogens.
Indeed, a presence/absence polymorphism maintained,
within a species, for millions of years because of a fitness
cost of pathogen resistance has already been observed in
plants (T1aN et al. 2003; ISIDORE et al. 2005).

In conclusion, the data available so far do not allow us
to establish with certainty why this widespread presence/
absence polymorphism is maintained and, therefore,
both hypotheses (retention of ancestral polymorphism
and balanced selection) remain plausible and indeed
might not be mutually exclusive.

Any clue from the function? Mammalian galectins
are involved in a wide variety of biological activities.
They function both extracellularly, by interacting with
cell-surface and extracellular matrix glycoproteins and
glycolipids, and intracellularly, by interacting with cyto-
plasmic and nuclear proteins to modulate many signal-
ing pathways (see LEFFLER ef al. 2004 and reviews in the
same special issue on galectin; Liu and RABINOVICH
2005; DumMmic et al. 2006 for recent reviews).

Galectin-4 and galectin-6, when present, are abun-
dantly expressed in the digestive tract from the glandu-
lar stomach to the rectum, their expression being
especially intense in the large intestine (GITT et al.
1998a; N10 et al. 2005). In the enterocyte brush border,
galectin-4 has been implicated in both the intracellular
clustering and apical delivery of lipid rafts (DELACOUR
et al. 2005). Once at the outer surface of the cytoplasmic
membrane, galectin4 is also involved in raft stabiliza-
tion (Braccia et al. 2003; DANIELSEN and HANSEN
2006). These rafts are suspected to be key players in
nutrient adsorption and the main gateway for entry of
pathogens into the cells. Therefore, galectin-4 is prob-
ably not essential for viability, but might instead be
involved in processes such as dietary or pathogen-
resistance adaptation. The genes involved in such path-
ways have also frequently been shown to evolve under
positive selection (see VALLENDER and LAHN 2004 for
review). Because of the similarities between the expres-
sion patterns and structures of galectin-4 and galectin-6
and because galectin-6 evolves under strong positive
selection, it is possible that galectin-6 might also be
involved in lipid raft function, where it could complete
or extend some aspects of galectin-4 function.

Some of the properties of the galectin-4/galectin-6
duplicate pair are similar to those that have been
described for two mouse members of the intelectin
family, intelectin-1 and intelectin-2. The Intelectinl and 2
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genes, as Lgals4 and Lgalso6, are expressed in the diges-
tive tract (PEMBERTON et al. 2004; WRACKMEYER et al.
2006). Unlike Intelectinl which has been detected in
the four mouse strains tested (C57BL/6], C57BL/10,
129S6/SvEv, and BALB/ ¢), Intelectin2has been detected
in only two of them (129S6/SvEv and BALB/c). When
the Intelectin2 gene is present, its expression is normally
detected in the ileum only, but in response to infection
with the nematode Trichinella spiralis, its expression is
rapidly induced throughout the small intestine where it
might have a protective role in the innate response to
parasite infection (PEMBERTON et al. 2004, reviewed in
DAaNN and EckMaNN 2007). Intelectins might also pro-
tect the brush border glycolipids from acting as patho-
gen receptors or, as is the case for galectin-4, be able to
cross-link lipid and protein glycoconjugates and, doing
so, contribute to the formation of stable microdomains
such as superrafts (WRACKMEYER et al. 2006).

The presence/absence polymorphism observed in
both the mouse intelectin-1/2 and galectin-4/6 pairs as
well as their colocalization in the lipid rafts of the in-
testinal brush border are noteworthy. Hence, it is rea-
sonable to propose that galectin-4 and -6 might also be
involved in some aspects of the innate defense of the
intestinal surface. Such an assumption would be a good
starting point for subsequent functional analyses of
galectin-6.
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