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Abstract The relaxin/insulin-like (RLN/INSL) gene fam-

ily comprises a group of signaling molecules that perform

physiological roles related mostly to reproduction and

neuroendocrine regulation. They are found on three dif-

ferent locations in the mammalian genome, which have

been called relaxin family locus (RFL) A, B, and C. Early

in placental mammalian evolution, the ancestral proto-RLN

gene at the RFLB locus underwent successive rounds of

small-scale duplications resulting in variable number of

paralogous genes in different placental lineages. Most

placental mammals harbor copies of the RLN2 and INSL6

paralogs in the RFLB. However, the origin of an additional

paralog, INSL4 (also known as placentin), has been con-

troversial as its phyletic distribution does not converge

with its phylogenetic position. In principle, by searching

for INSL4 genes in representative species of all major

groups of mammals we can gain insights into when the

gene originated and better reconstruct its evolutionary

history. Here we identified INSL4 pseudogenes in two

laurasiatherian, (alpaca and dolphin) and one xenarthran

(armadillo) species. Phylogenetic and synteny analyses

confirmed that the identified pseudogenes are orthologs of

INSL4. According to these results, the proto-RLN gene in

the RFLB underwent two successive tandem duplications

which gave rise the INSL6 and INSL4 paralogs in the last

common ancestor of placental mammals. The INSL4 gene

was subsequently inactivated or lost from the genome in all

placentals other than catarrhine primates, where its product

became functionally relevant. Our results highlight the

contribution of relatively old gene duplicates to the gene

complement of extant species.
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Introduction

The relaxin (RLN)/insulin-like (INSL) family of peptides

is related to insulin and INSL growth factors, and includes

signaling molecules that perform a variety of physiological

roles mostly related to reproduction and neuroendocrine

regulation (Bathgate et al. 2003; Sherwood 2004; Park

et al. 2005; McGowan et al. 2008). Recent analyses

revealed that the two whole genome duplications that

occurred early in vertebrate evolution are linked to the

initial expansion of this group of genes (Hoffmann and

Opazo 2011; Yegorov and Good 2012). Members of this

gene family are found on three different genomic locations

in mammals, which have been called relaxin family locus

(RFL) A, B, and C (Park et al. 2008). The number and
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nature of genes at these three loci are well conserved in

most mammalian groups, with the exception of the RFLB

locus (Fig. 1; Park et al. 2008; Hoffmann and Opazo 2011;

Arroyo et al. 2012a, b). This locus underwent successive

small-scale duplications such that its gene repertoire is

variable among mammalian lineages. A duplication event

of the proto-RLN gene in the eutherian ancestor gave rise to

the INSL6 gene, located upstream from RLN2 (Fig. 1); and

two additional genes have also been identified in primates.

The INSL4 gene, also known as placentin, is found in

tarsier and anthropoids (haplorhines), and an additional

paralog of RLN2, RLN1 is present in apes (Fig. 1; Arroyo

et al. 2012a, b). Previously, and because apes are the only

group with copies of both RLN1 and RLN2, these genes

were thought to have derived from a duplication event in

the last common ancestor of the group. More comprehen-

sive phylogenies, however, suggested that the duplication

event that gave rise to these genes predates the radiation of

anthropoids (apes, New World monkeys, and Old World

monkeys; Arroyo et al. 2012a). The evolutionary history of

the INSL4 gene is also complex, it was first identified in

catarrhines, the group that includes apes and Old World

monkeys, and so its origin was traced back to the common

ancestor of catarrhines (Bieche et al. 2003; Park et al.

2008). Similar to the case of the RLN1 and RLN2 paralogs

in apes, phylogenetic reconstructions of INSL4 indicate an

older evolutionary origin as all INSL4 genes were placed in

a monophyletic group sister to laurasiatherian RLN2

sequences (Hoffmann and Opazo 2011). The identification

of INSL4 pseudogenes in a New World monkey and tarsier

species, which are not catarrhine primates, provided inde-

pendent confirmation, and together these results push back

the origin of INSL4 to at least the last common ancestor of

haplorhines (Arroyo et al. 2012a). Although a strict rec-

onciliation of the INSL4 gene tree with the organismal

phylogeny would suggest that the origin of INSL4 actually

Fig. 1 Genomic structure of the RFLB in mammals. Diagonal

slashes indicate that the gene was identified in different genomic

pieces. The orientation of the clusters is from 50 (on the left) to 30 (on

the right). Phylogenetic relationships are based on a loose consensus

of recent studies (Van Rheede et al. 2003; Hallstrom and Janke 2010;

Nery et al. 2012)
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predates the origin of primates, it was not possible to reach

a conclusive answer (Arroyo et al. 2012a). Accordingly,

the main aim of this study was to exhaustively search for

traces of INSL4 genes in representative mammals in order

to reconstruct the duplication history of the INSL4 gene and

test competing evolutionary scenarios regarding its origin.

Through bioinformatic searches we were able to identify

INSL4 pseudogenes in three non-primate mammals: two

laurasiatherian species, alpaca and dolphin, and one xen-

arthran, nine-banded armadillo (Fig. 1). In the alpaca

(Vicugna pacos), we identified both exons of the INSL4

pseudogene, which were characterized by the presence of

nucleotide insertions and multiple stop codons. Synteny is

also well conserved as the RLFB locus in alpaca is flanked

by janus kinase 2 (JAK2), RNA terminal phosphate

cyclase-like 1 (RCL1) and adenylate kinase 3 (AK3) on the

50 side, and by the chromosome 9 open reading frame 46

(C9Orf46), CD274 molecule (CD274), and programmed

cell death 1 ligand 2 (PDCD1LG2) on the 30 end (Sup-

plementary Fig. 1). In dolphin (Tursiops truncatus), we

were only able to identify traces of the second exon which

was found between the INSL6 and RLN2 genes as expected

for an INSL4 sequence (Fig. 1), and is also characterized

by the presence of multiple stop codons. In this case,

synteny is also well conserved, as genes found up- and

downstream are conserved relative to other mammals

(Supplementary Fig. 1). Finally, in the nine-banded arma-

dillo (Dasypus novemcinctus), we identified traces of the

first exon and a partial match to the second exon at the 50

side of a RLN2 pseudogene, as expected for an INSL4

sequence (Fig. 1), and, as in the other two cases, it pos-

sesses multiple stop codons and indels. However, given the

fragmentary nature of the genomic data, we were not able

to assess synteny conservation in this species.

We then conducted phylogenetic analysis to resolve

orthologous relationships between the INSL4 pseudogenes

found in the two laurasiatherian and one xenarthran species

and the different genes found at the RFLB locus in other

mammalian species (Fig. 2). The tree topologies obtained

are generally concordant with the evolutionary history

proposed for the genes located on the RFLB locus (Fig. 2).

As previously, the monophyletic clade containing all

INSL6 orthologs was recovered as sister to the clade that

includes the INSL4, RLN2, and RLN1 genes of placental

mammals (Fig. 2; Hoffmann and Opazo 2011; Arroyo et al.

2012a, b). With regard to the INSL4 genes, maximum

likelihood and Bayesian phylogenies placed all INSL4

sequences in a monophyletic clade that includes the laur-

asiatherian and xenarthran pseudogenes (Fig. 2). The

pseudogenes identified in alpaca and dolphin were placed

sister to the clade containing all primate INSL4 sequences

with strong support, whereas the nine-banded armadillo

INSL4 pseudogene was placed as sister to all the other

INSL4 sequences with moderate support (Fig. 2). In

agreement with its phyletic distribution, which now

includes all main groups of placental mammals (Euarch-

ontoglires, Laurasiatheria, and Atlantogenata), the INSL4

clade was recovered as sister to the clade that includes all

RLN2 and RLN1 sequences from placental mammals other

than the RLN2 gene from cape hyrax (Fig. 2).

Our revised model for the evolution of the RFLB in

placental mammals is graphically depicted in Fig. 3.

According to this model, two successive duplications of a

proto-RLN gene gave rise to the INSL6 and INSL4 genes in

the last common ancestor of placental mammals, estimated

at 104.7–176.1 mya (Kumar and Hedges 2011), after they

diverged from marsupials. Our reconstruction of the RFLB

in the last common ancestor of placental mammals indi-

cates the presence of three different paralogs, INSL6–

INSL4–RLN2, a scenario slightly more complex than the

one proposed by Yegorov and Good (2012), in which only

two genes (INSL6 and RLN2) were present. After that, we

find that the INSL4 gene was either secondarily inactivated

or altogether lost from the genomes of all placentals other

than catarrhine primates. In the last common ancestor of

anthropoid primates a proto-RLN gene gave rise to the

RLN1 and RLN2 genes. Although the two-gene arrange-

ment was present in the last common ancestor of anthro-

poid primates, only apes appear to have retained both

copies, whereas New and Old World monkeys indepen-

dently retained the RLN2 paralog (Arroyo et al. 2012a).

The INSL6 gene has remained as a single-copy gene in

most placental mammals.

It is interesting to note that although in catarrhine pri-

mates the INSL4 product performs essential physiological

roles, mostly related to fetal and placental growth and

development, and bone formation (Laurent et al. 1998;

Millar et al. 2005), in all other placental species this gene

appears not to be indispensable. It is possible that during its

early evolution the product of INSL4 had a redundant

physiological role, and that its retention in catarrhines was

a matter of chance. However, the possession of multiples

gene copies may provide opportunities for physiological

innovation because it allows duplicated genes to acquire

new functions. In support of this scenario, Wilkinson

et al. (2005) estimated an event of positive Darwinian

selection in the branch leading to the INSL4 clade of

catarrhine primates, which is probably related to the novel

role this gene acquired in this group. According to the

primate tree of life, this evolutionary event occurred after

the divergence of catarrhines and New World monkeys

(ca. 45 mya) but before the catarrhine radiation (ca.

30 mya).

More in general our results illustrate the evolutionary

potential of the differential retention of relatively old

duplicates in shaping genome complement, as both the
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duplicate RLN1 and RLN2 paralogs of apes, and the INSL4

genes of primates derive from duplications that are much

older than what their phyletic distributions suggest. In both

cases, the resulting genes have been lost in most species,

but may have acquired functionally important roles in those

lineages that have retained them.

Fig. 2 Maximum likelihood phylogram depicting phylogenetic rela-

tionships among the RFLB genes in mammals. The INSL4 pseudo-

genes identified in laurasiatherians and xenarthrans are in bold.

Number above the nodes correspond to maximum likelihood boot-

strap support values, and numbers below the nodes correspond to

Bayesian posterior probabilities. Sequences from the chicken (Gallus
gallus), western clawed frog (Xenopus tropicalis), fugu (Takifugu
rubripes), medaka (Oryzias latipes), pufferfish (Tetraodon nigrovir-
idis), and stickleback (Gasterosteus aculeatus) were used as

outgroups
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Materials and Methods

We searched for traces of RLN/INSL genes in the RFLB

locus in representative species of all main groups of pla-

cental mammals (Euarchontoglires, Laurasiatheria, and

Atlantogenata) for which good quality data was available

(Supplementary Table 1). This strategy was designed based

on previous research which indicates that INSL4 most

probably derives from the differential retention of a gene

that was originated during the radiation of placental

mammals, rather than an evolutionary innovation of ha-

plorhine primates (Hoffmann and Opazo 2011; Arroyo

et al. 2012a, b). In support of this claim, other groups have

failed to find traces of INSL4 outside placental mammals

(Park et al. 2008). However, to err on the safe side, we also

included sequences from other vertebrate groups (marsu-

pials, monotremes, birds, amphibians, and fish), to improve

our phylogenetic design to accurately infer homology

relationships (Supplementary Table 1). We manually

identified RLN/INSL-like genes by comparing annotated

exon sequences to unannotated genomic sequences, using

the program Blast2seq (Tatusova and Madden 1999)

available from NCBI. Putatively functional genes were

characterized by an intact open reading frame with the

canonical two exon/one intron structure typical of verte-

brate RLN/INSL-like genes, whereas pseudogenes were

identifiable because of their high sequence similarity to

functional orthologs and the presence of inactivating

mutations, and/or the lack of exons. To distinguish among

tandemly arrayed genes copies, we index each gene-copy

with the symbol T followed by a number that corresponds

to the linkage order in the 50 to 30 orientation, thus, the first

gene in the cluster is labeled T1, the second T2, and so

forth.

Sequences were aligned using the L-INS-i strategy from

Mafft v.6 (Katoh et al. 2009). We estimated phylogenetic

relationships among the different RFLB locus genes in all

major groups of mammals (monotremes, marsupials, and

Fig. 3 An evolutionary model for the evolution of the RFLB in

placental mammals. According to this model, two successive

duplications of a proto-RLN gene gave rise to the INSL6 and INSL4

genes in the last common ancestor of placental mammals, estimated at

104.7–176.1 mya (Kumar and Hedges 2011), after they diverged from

marsupials. Our reconstruction of the RFLB in the last common

ancestor of placental mammals indicates the presence of three

different paralogs, INSL6–INSL4–RLN2, a scenario slightly more

complex than the one proposed by Yegorov and Good (2012), in

which only two genes (INSL6 and RLN2) were present. After that, we

find that the INSL4 gene was either secondarily inactivated or

altogether lost from the genomes of all eutherians other than

catarrhine primates. In the last common ancestor of anthropoid

primates a proto-RLN gene gave rise to the RLN1 and RLN2 genes,

although the two-gene arrangement was present in the last common

ancestor of anthropoid primates, only apes appear to have retained

both copies, whereas New and Old World monkeys independently

retained the RLN2 paralog (Arroyo et al. 2012a). The INSL6 gene has

remained as a single-copy gene in most placental mammals
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placentals), using sequences from chicken (Gallus gallus),

western clawed frog (Xenopus tropicalis), fugu (Takifugu

rubripes), medaka (Oryzias latipes), pufferfish (Tetraodon

nigroviridis), and stickleback (Gasterosteus aculeatus) as

outgroup. We used a maximum likelihood and a Bayesian

approach, as implemented in the program Treefinder ver-

sion March 2011 (Jobb et al. 2004) and Mr.Bayes v3.1.2

(Ronquist and Huelsenbeck 2003), respectively. The dif-

ferent domains of the RLN/INSL-like genes probably

evolve under somewhat different evolutionary regimes. To

accommodate this, each of the domains (signal peptide, and

peptides B, C, and A), were set as independent partitions

and were allowed to have and independent model of

nucleotide substitution. For each of these partitions, the

best fitting model of nucleotide substitution was estimated

separately using the ‘‘propose model’’ routine from Tree-

finder version March 2011. In the case of maximum like-

lihood, we estimated the best tree under the selected

models, and assessed support for the nodes with 1,000

bootstrap pseudoreplicates. In Bayesian analysis, two

simultaneous independent runs were performed for

30 9 106 iterations of a Markov Chain Monte Carlo

algorithm, with six simultaneous chains sampling trees

every 1,000 generations. Support for the nodes and

parameter estimates were derived from a majority rule

consensus of the last 15,000 trees sampled after conver-

gence. The average standard deviation of split frequencies

remained 0.01 after the burn-in threshold.
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