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Abstract The arginine vasopressin V1a receptor gene

(AVPR1A) has been implicated in increased partner pref-

erence and pair bonding behavior in mammalian lineages.

This observation is of considerable importance for studies

of social monogamy, which only appears in a small subset

of primate taxa, including the Argentinean owl monkey

(Aotus azarai). Thus, to investigate the possible influence

of AVPR1A on the evolution of social behavior in owl

monkeys, we sequenced this locus in a wild population

from the Gran Chaco. We also assessed the interspecific

variation of AVPR1A in platyrrhine species that represent a

set of phylogenetically and behaviorally disparate taxa.

The resulting data revealed A. azarai to have a unique

genic structure for AVPR1A that varies in coding sequence

and microsatellite repeat content relative to other primate

and mammalian species. Specifically, one repetitive region

that has been the focus in studies of human AVPR1A

diversity, ‘‘RS3,’’ is completely absent in A. azarai and all

other platyrrhines examined. This finding suggests that, if

AVPR1A modulates behavior in owl monkeys and other

neotropical primates, it does so independent of this region.

These observations have also provided clues about the

process by which the range of social behavior in the Order

Primates evolved through lineage-specific neurogenetic

variation.
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Introduction

Primate species exhibit an extensive range of social

behaviors and, as a result, display considerable diversity in

their social organization and reproductive strategies,

including social monogamy. Owl monkeys (Aotus spp.),

saki monkeys (Pithecia spp.), and titi monkeys (Callicebus

spp.) exemplify the minority of primate species living in

small social groups (Kleiman 1977; Wright 1994; Van

Schaik and Kappeler 2003). These particular platyrrhines,

or New World monkeys, along with other taxa such as the

indris, fat-tailed dwarf lemurs, callitrichids, and gibbons,

are traditionally defined as possessing prolonged and

essentially exclusive mating relationship between one male

and one female, which comprise the basic social unit

(Kleiman 1977; Mock and Fujioka 1990; Palombit 1994).

Such monogamous social systems are rare among primates,

but are widely distributed across the order, indicating that

they have arisen independently multiple times (van Shaik

and van Hoof 1983; van Schaik and Dunbar 1990).

Although ‘‘monogamy’’ necessarily involves many differ-

ent complex behaviors (Mendoza et al. 2002; Moller 2003),

this scenario raises an important question: are the social

behaviors of primates controlled by the same genes in

different species? By comparing genetic regions that are

related to these behaviors across primate taxa, one can

begin to determine whether the evolution of complex social

behavior occurs through conserved molecular mechanisms.

Current research on voles (Microtus spp.) and other

mammals suggests that variation at key neurogenetic loci

likely played an important role in the evolution of social
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behavior at both inter- and intraspecific levels (Lim et al.

2004a). In voles and other rodents, the hormone arginine

vasopressin (AVP) and the V1a receptor protein (V1aR,

encoded by the gene AVPR1A) are implicated in the vari-

able expression of pair bonding in both sexes. This is a

necessary behavioral component for the manifestation of

monogamous social systems (Young et al. 1999; Hammock

and Young 2002; Turner et al. 2010). However, AVP has

directly been linked to a variety of crucial processes in

mammals, ranging from the regulation of circadian

rhythms, fluid retention, and the vasoconstriction of blood

vessels (Thibonnier et al. 1996). The fact that AVP is

pleiotropic in its effects complicates efforts to link

sequence variation at this locus to behavioral phenotypes.

Variation in the expression and localization of V1aR

proteins also influences the manifestation of pair bonding

in mammalian species. The differential neuroanatomical

distribution of V1aR G-protein-coupled receptor (GPCR)

proteins functionally distinguishes monogamous prairie

voles (Microtus ochrogaster) from their polygynous rela-

tives (Pitkow et al. 2001). In addition, viral vector-medi-

ated transfers of the AVPR1A gene into the ventral

forebrain of polygynous meadow voles (Microtus penn-

sylvanicus) demonstrated a significant increase in their

likelihood to exhibit a partner preference (Lim et al. 2004a,

b), whereas a separate study using in vitro expression

assays have revealed that inter- and intraspecific differ-

ences in short tandem repeat (STR) length influence

AVPR1A expression (Hammock and Young 2004, 2005).

Differences in V1aR density and localization in the brains

of different mammalian taxa are also associated with spe-

cific lengths of microsatellite STRs found in the 50

upstream promoter region AVPR1A, and are positively

correlated with the expression of the gene in a tissue-spe-

cific manner (Hammock and Young 2002, 2004, 2005;

Hammock et al. 2005; Young et al. 2005; Young and

Hammock 2007). Overall, these studies demonstrate that

the distribution of V1aR in the brain directly influences

social behavior.

They further suggest that the evolution of regulatory

sequences drives the expression of the gene, and may be

responsible for emergence of different social structures in

different species. However, STR patterns are not the only

component responsible for differences in brain expression

of AVPR1A. As noted by Fink et al. (2006), this pattern is

more of a phylogenetic oddity than a consistent pattern

related to monogamy versus polygamy. Instead, amino acid

changes in the coding region of AVPR1A may explain so-

ciobehavioral differences across species (Fink et al. 2007;

Phelps et al. 2009; Turner et al. 2010).

In this regard, recent work tracing the sequence evolu-

tion of AVPR1A in catarrhine and hominoid primates has

revealed both intra- and interspecific levels of molecular

variation (Donaldson et al. 2008; Rosso et al. 2008). These

differences consist of numerous amino acid changes that

have accumulated in different taxa, as well as lineage-

specific STR motifs and length distributions (Fig. 1). It has

been suggested that different aspects of these variable

components in or surrounding AVPR1A have been involved

in the evolution of different primate social systems (Don-

aldson et al. 2008; Rosso et al. 2008). However, despite the

diversity of social behaviors observed in platyrrhine pri-

mates, including the apparent enrichment of monogamous

social systems, there have been no studies of AVPR1A

sequence variation in these species.

For this reason, we began exploring the molecular evo-

lution of AVPR1A in New World primates to clarify its

possible role in the evolution of their mating behavior and

social organization. We initially sequenced the entire

AVPR1A locus in a wild population of monogamous owl

monkeys (Aotus azarai) to characterize the genetic variation

present in the 50 promoter and coding region at the intra-

specific level. We then sequenced AVPR1A in several plat-

yrrhine taxa exhibiting a range of mating systems to assess

interspecific levels of genetic variation. We anticipated that

the AVPR1A gene of owl monkeys and other platyrrhines

would exhibit species-specific coding region substitutions

relative to other primate taxa, and that these variants could

lead to novel structural characteristics of their V1aR pro-

teins. In addition, intraspecific variation of STRs present in

the 50 region of the owl monkey AVPR1A were expected to

exhibit a range of allele sizes that would be commensurate

with those seen in previous genotyping surveys of primate

populations (Donaldson et al. 2008; Rosso et al. 2008).

Our results reveal novel patterns of genetic variation

among platyrrhine primates, and show that this variation

distinguishes them from their Old World relatives. These

findings suggest that if monogamy has indeed evolved

independently in primates on both sides of the Atlantic,

then it may have done so through different molecular

mechanisms.

Methods

Study Population

Azara’s owl monkeys, A. azarai, inhabit the gallery forests

and the patchy forest-islands interspersed throughout the

savannahs of northeastern Argentina. Their social groups

are small (two to six individuals), being comprised of an

adult heterosexual pair, one infant, and one or two juve-

niles, and occasionally a subadult (Rotundo et al. 2005;

Fernandez-Duque 2009). The adult male in the group is

heavily involved in the care of the young, and carries the

infant most of the time (84%) after the first week of life
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(Rotundo et al. 2005). This pattern of social monogamy

and paternal care distinguishes owl monkey males from

those of the majority of other primate species.

Samples

We assembled a panel of 24 A. azarai individuals for the

analysis of intraspecific variation of AVPR1A regulatory

and coding sequences (Table 1). Upon capture, each of the

20 wild individuals underwent a thorough physical exam

(Fernandez-Duque and Rotundo 2003) during which we

obtained biological samples for use in genetic analyses. In

addition, we collected four samples from captive individ-

uals at the Saenz-Peña Municipal Zoo, which is located

250 km away from the study area in the city of Saenz-

Peña, Chaco Province. The exact geographic origin of

these animals is unknown.

We isolated DNA from blood and tissue samples using

QIAamp purification columns (Qiagen). All extracted

samples were assayed on the NanoDrop ND-1000 spec-

trophotometer (Thermo Scientific) for quality and quantity,

and the DNAs diluted with ddH2O to a working concen-

tration of 5 ng/ll. The Aotus individuals used in this study

represented the most disparate mtDNA (maternal) haplo-

types in the wild study population (Babb et al., unpublished

data).

In addition, we analyzed samples from several other

platyrrhine taxa. These included two individuals each from

titi (Callicebus donacophilus), saki (Pithecia pithecia), and

squirrel (Saimiri sciureus) monkeys (Table 1). Like owl

monkeys, titi and saki monkeys exhibit socially monoga-

mous behavior, whereas squirrel monkeys are known to

live in multimale–multifemale groups that vary in their

tenure and complexity (Di Fiore and Rendell 1994; Boinski

Fig. 1 A phylogenetic representation of the genic structure at the

AVPR1A locus in different mammalian species. Monogamous voles

are known to possess a singular repeat motif known as Repeat

Sequence 1 (RS1) of CATA/GAGA that is located roughly 600

nucleotides upstream of the TSS (Hammock and Young 2005). In

mice and rats, this changes to a CAGAC/GACAG repeat pattern, and

rats even have a slight duplication of the region further upstream

(Murasawa et al. 1995; Insel 2003). Although sequence conservation

of the AVPR1A 50 flanking region on the nucleotide level diminishes

with phylogenetic distance, this overall pattern persists in and among

primate species. Marmosets exhibit a GACA repeat, and Old World

primates possess a GATA repeat at the RS1 location. In Old World

monkeys, additional repeat motifs have accumulated, such as the

GT25 (DupA) repeat motif in macaques and baboons. Meanwhile, the

hominoid apes, such as chimps, bonobos, orangutans, and humans,

have further developed a duplication of this GT25, denoted in the

literature as RS3 (DupB), which is a more complex variable

nucleotide tandem repeat pattern. For example, humans have three

repetitive sequences in the AVPR1A 50 flanking region: a (GATA)14 at

RS1, a (GT)25 dinucleotide repeat, and a complex (CT)4–TT–(CT)8–

(GT)24 repeat at RS3. (Figure compiled and adapted from Thibonnier

et al. 1996; Hammock and Young 2002, 2005; Insel 2003; Rosso

et al. 2008; Hammock et al. 2005; Donaldson et al. 2008;

Walum et al. 2008). The different taxa compared here are displayed

on shaded backgrounds corresponding to their phylogenetic place-

ment. Yellow large bodied apes, gold small bodied apes, orange Old

World monkeys, green New World monkeys, blue rodents (Color

figure online)
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1999; Rendell and Di Fiore 2007). The DNAs from these

species were generously provided by Dr. Oliver Ryder

from the Zoological Society of San Diego.

We also conducted searches of the NCBI GenBank

database and the University of California-Santa Cruz

Genome Browser (UCSC GB) for fully annotated primate

and mammalian AVPR1A sequences (complete CDS) for

use as taxonomic outgroups (Kent et al. 2002; Karolchik

et al. 2008). These searches yielded 15 AVPR1A protein

coding sequences representing 13 species (Table 2). In

addition, we retrieved more than 40 AVPR1A regulatory/50

microsatellite sequences from an additional 20 primate taxa

for STR motif comparisons.

Sequencing

To investigate population-level variation at the AVPR1A

locus, we targeted the 1.5 kb coding region of the AVPR1A

gene and 10.5 kb of adjacent non-coding sequence

(Murasawa et al. 1995; Thibonnier et al. 1996; Kent et al.

2002). This region encompassed both of the exons that encode

the AVPR1A protein (1.5 kb), the 1 kb intronic region sepa-

rating them, 1.9 kb of the 50 untranslated region (UTR), 1.0 kb

of the 30UTR, and 6.6 kb of the 50 flanking sequence upstream

of the transcriptional start site (TSS) (Fig. 2).

We generated an inter-species AVPR1A contig from the

sequence files retrieved from GenBank and the UCSC GB

using Sequencher, v4.9 (Gene Codes). From the consensus

sequence of this assembly, we designed four pairs of

AVPR1A primers to bind in regions exhibiting high levels

of sequence conservation across all taxa, using the oligo

software programs NetPrimer (Premier BioSoft) and Pri-

mer3 (SourceForge.net). These primers amplified four

overlapping fragments of *2000 bp in length, with alter-

nate primers situated within amplicons to facilitate

sequencing (Table 3).

Table 1 Samples investigated

at the AVPR1A locus

Note: Core study area is located

in Formosa Province, Argentina

(Lat. = 25�, 59.4 min South;

Long. = 58�, 11.0 min West)

ID Species Common name Sex Locale

AA008 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA014 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA015 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA021 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA032 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA034 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA037 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA053 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA057 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA063 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA067 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA071 A. azarai Azara’s owl monkey M Downstream, Formosa, AR

AA082 A. azarai Azara’s owl monkey M Downstream, Formosa, AR

AA087 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA092 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA108 A. azarai Azara’s owl monkey F Upstream, Formosa, AR

AA109 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AA114 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA122 A. azarai Azara’s owl monkey F Core area, Formosa, AR

AA123 A. azarai Azara’s owl monkey M Core area, Formosa, AR

AAF1 A. azarai Azara’s owl monkey F Saenz-Pena Zoo, AR

AAF1B A. azarai Azara’s owl monkey F Saenz-Pena Zoo, AR

AAF2 A. azarai Azara’s owl monkey F Saenz-Pena Zoo, AR

AAM2 A. azarai Azara’s owl monkey M Saenz-Pena Zoo, AR

CD01 C. donacophilus White-eared titi monkey M San Diego Zoo/CRES

CD02 C. donacophilus White-eared titi monkey M San Diego Zoo/CRES

PP01 P. pithecia White-faced saki monkey P San Diego Zoo/CRES

PP02 P. pithecia White-faced saki monkey P San Diego Zoo/CRES

SS01 S. sciureus Common squirrel monkey M San Diego Zoo/CRES

SS02 S. sciureus Common squirrel monkey F San Diego Zoo/CRES
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All owl monkey AVPR1A sequence templates were PCR

amplified in ABI 9700 Thermocyclers (Applied Biosys-

tems), and visualized through agarose (1% TBE) gel

electrophoresis. The amplicons were purified through SAP/

Exo I digestion (New England BioLabs), and then cycle

sequenced using Big DyeTM v3.1 (Applied Biosystems).

Excess dye terminators were removed with the BigDye

X-TerminatorTM purification kit (Applied Biosystems), and

DNA sequences were read on a 3130xl Gene Analyzer

(Applied Biosystems). We assessed read quality for each

sequence using ABI Sequencing Analysis v5.4 (Applied

Biosystems) and aligned them using Sequencher v4.9

(Gene Codes). This approach generated [10.5 kb of reli-

able AVPR1A genic sequence for each individual.

Table 2 Comparative samples used in AVPR1A sequence analyses

ID Species Common name Chromosomal

location of AVPR1A
Accession number/

genome assembly

BT01 Bos taurus Cow 5 bosTau4a

CF01 Canis lupus familiaris Dog 10 canFam2a

CJ01 C. jacchus Marmoset 10 (partial) calJac1a

HS01 H. sapiens Human 12 hg18a

MC01 Macaca mulatta Rhesus Macaque 11 rheMac2a

MiM01 Microtus montanus Montane Vole ? EU175984.1b

MiO01 M. ochrogaster Prairie Vole ? EU175983.1b

MiP01 Microtus pinetorum Woodland Vole ? EU175985.1b

MiP02 Microtus pinetorum Woodland Vole ? EU175986.1b

MiS01 Microtus socialis Social Vole ? EU175981.1b

MiS02 Microtus socialis Social Vole ? EU175982.1b

MM01 Mus musculus Mouse 10 mm9a

PA01 Pongo albeii Orangutan 12 ponAbe2a

PT01 Pan troglodytes Chimpanzee 12 panTro2a

RN01 Rattus norvegicus Rat 7 rn4a

a UCSC Genome Browser (Kent et al. 2002; Karolchik et al. 2008)
b Fink et al. 2007

Fig. 2 A schematic diagram of

the AVPR1A gene in humans.

Notable architectural landmarks

of this gene are depicted on a

scale beneath the figure

(Thibonnier et al. 1996). The

locations of the oligonucleotide

primers used in this study for

PCR amplification are shown in

their approximate positions

given the diagrammatic scale, as

well as the coverage achieved

by using different primer

pairings for DNA amplification,

sequencing, and fragment

analysis
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Using the methods described above, we also generated

AVPR1A genic sequences from two titi monkeys (C. dona-

cophilus), two saki monkeys (P. pithecia), and two squirrel

monkeys (S. sciureus). These sequences were used for

phylogenetic (interspecific) comparisons of AVPR1A vari-

ation in primate species.

Sequence Alignments and Repeat Motif Identification

For each individual, we assembled full AVPR1A genic

sequences by aligning the overlapping forward and reverse

fragments using strict ([90%) agreement thresholds. To

investigate the different types of variation that could be

present at the AVPR1A locus, we constructed separate

coding region and 50 regulatory sequence matrices to

examine the nucleotide diversity in both the coding and

non-coding regions of the gene for all individuals. In total,

we obtained [1500 bp of AVPR1A coding region (inclu-

sive of exons 1 and 2) and [10500 bp of regulatory

sequences from the A. azarai individuals.

To ensure the amplification and identification of repeat

motifs in the AVPR1A 50 upstream region known to exist in

other mammals, we designed several additional PCR and

sequencing protocols. These involved alternative primer

combinations (e.g., 1F-2R), touchdown PCR cycling con-

ditions with increased extension times, and direct gel

excision and purification techniques (Don et al. 1991;

Korbie and Mattick 2008). Upon excision, specific ampli-

fied PCR fragments were purified and sequenced as

described above.

To confirm the sizes of different alleles, putative STR

bands were initially observed through gel electrophoresis

and then subjected to capillary-based fragment analyses.

The fragment analyses utilized ABI AmpliTaq Gold for

PCR amplification with a separate set of 6-FAM fluorescent

forward primers and the original non-fluorescent reverse

oligonucleotide primers used in PCR reactions (Sigma

Genosys) (Table 3). Amplicons were visualized through gel

electrophoresis using high-resolution 3% NuSieve agarose

(Lonza). Allelic sizes were visually and digitally assessed

using the CCD-paired Kodak Molecular Imaging (MI)

Software v4.5.1 on the Kodak Gel Logic 200 Imaging Sta-

tion (Carestream Health). Aliquots (1–2 ll) of each PCR

amplicon were subsequently combined with 0.3 ll LIZ500

allelic marker standard (Applied Biosystems) and HiDi

formamide (Applied Biosystems) to make a 10-ll final

reaction volume. Reactions were denatured at 95�C for

3 min and then placed on ice for 3 min. All reactions were

then run on a 3130xl Gene Analyzer (Applied Biosystems)

for fragment analysis, and alleles were read using GeneM-

apper ID v4.1 software (Applied Biosystems).

Using this collection of sequences and STR alleles, we

searched for any polymorphic mutations and putative

transcription factor binding sites (TFBS) in the upstream

promoter the AVPR1A gene in A. azarai relative to other

primate species. This study was conducted using the Mat-

Inspector software package (GenoMatix Software, GmbH),

with parameters being set for transcription factors present

in mammalian neuronal cellular tissues as derived from

human and mouse consensus databases.

Table 3 Primer sequences for AVPR1A amplification and sequencing

Genetic region Primer name Strand Oligonucleotide sequence (50–30)

50 Upstream region (RS3) pcr1-Fa Forwarde AGG CAC AGT GGC TCA TAC CT

pcr1-Ra Reverse GCA AAA CTG CTG ACC ATG AA

50 Upstream region (RS2) pcr2-Fa Forwarde AAC CAT TTA AGT CCC TTC C

pcr2-Ra Reverse GGT TTT TGG GTA TGC ATT GTG

Coding region (50UTR/exon 1/intron) pcr3-Fa Forwarde AGG ACA AAC ACC GAC GTA GG

pcr3-Ra Reverse GCC TAC GTG ACC TGG ATG AC

Coding region (exon 1/intron/exon 2) pcr4-Fa Forwarde CCG CAG TAC TTC GTC TTC TC

pcr4-Ra Reverse TCT TCC AAG TCC ATC AAA TTC A

Dinucleotide region (RS2/3) Dinucleotide-Fb,c Forwarde GTA TTG CCA CAA ATA GAC CAA CG

Dinucleotide-Rb,c Reverse GTA AGG ATG ACA GGC GTT ACT G

Tetranucleotide region (RS1) Tetranucleotide-Fd Forwarde TAA TAC GAC TCA CTA TAG GG

Tetranucleotide-Rd Reverse CGC AAG CTT GGC ACT GCG TGC AGC TCT GCT CTG C

a This study
b Thibonnier et al. (2000)
c Hammock and Young (2005)
d Kim et al. (2002)
e 6-FAM fluorescent versions of each forward primer were also utilized in fragment analysis of AVPR1A microsatellite regions
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Population Genetic Analysis

Summary statistics, including gene (p) and haplotype

(h) diversity, were calculated for AVPR1A coding sequences

using programs available in Arlequin v3.11 (Excoffier et al.

2005) and DnaSP v4.50 (Rozas et al. 2003). We also cal-

culated the neutrality indexes of Tajima’s D (Tajima 1989a,

b) and Fu’s Fs (Fu 1997) to explore the demographic and

evolutionary forces acting on the coding region of AVPR1A

in our study population. Transversions were weighted higher

(10) than transitions (1) in all statistical calculations to

account for the molecular probability for either occurring

across evolutionary time (Bandelt et al. 1995, 1999, 2000,

2002).

Phylogenetic Analyses

Data Alignment for Phylogenetic Analyses

For phylogenetic analyses of AVPR1A coding sequences

from platyrrhine and other primate species, we restricted

the number of A. azarai sequences used in the analyses to

the most frequent haplotype identified in our study popu-

lation. This decision was made to avoid biasing the range

of sequence variation toward the species A. azarai.

We aligned the A. azarai coding sequence with the 15

mammalian AVPR1A coding sequences obtained from

GenBank and UCSC GB, as well as with the sequences

from Callicebus, Pithecia, and Saimiri. The resulting

matrix of 22 sequences (17 species) was pruned to 563

bases to avoid the ambiguous characters (N) found within

many of the GenBank sequences. Of the 563 characters in

the AVPR1A coding region that could be reliably read in all

22 sequences, 374 characters were constant, 55 were

phylogenetically uninformative, and 134 were phyloge-

netically informative.

The resulting AVPR1A matrices were then imported into

MacClade (Maddison and Maddison 2003) for character

and taxonomic organization, weight designation, and

appropriate command-block formatting for phylogenetic

tree calculations in PAUP* 4.0b10 (Swofford 2002),

PAML/codeML (Yang 2007), and MrBayes (Huelsenbeck

and Ronquist 2001; Ronquist and Huelsenbeck 2003). The

output files from these analyses were imported back into

MacClade as well as FigTrees v1.2.3 (A. Rambaut,

http://beast.bio.ed.ac.uk/FigTree) for tree visualization and

phylogram generation.

Network Analysis

We generated multistate median joining (MJ) and binary

reduced median (RM) networks from all A. a. azarai

AVPR1A sequences using Network v4.5.02 (Bandelt et al.

1995, 1999, 2000, 2008). Both types of networks were

constructed to assess the consistency of the observed

relationships among AVPR1A haplotypes, and test the

effect of removing terminal reticulations from the phylo-

genetic branches (Bandelt et al. 1999). Here, we used 987

sites from the coding region for this intraspecific analysis,

with 10 of them being polymorphic in the 24 individuals.

We again employed a 1:10 transition-to-transversion

(TI:TV) weighting scheme (Bandelt et al. 1995, 1999,

2000) with slight modifications for the construction of

networks in order to reduce the phylogenetic reticulations

caused by homoplasies and hypervariable characters.

We similarly produced MJ and RM networks for the

coding region sequences of AVPR1A from comparative

primate and mammalian taxa to explore the degree of

nucleotide variation in the gene across broader evolution-

ary distances. In this case, we used the 563 bp sequences

available for all species.

Phylogenetic Model Selection

To select the most appropriate model for our phylogenetic

analyses, we ran the program jModelTest v0.1.1 (Guindon

and Gascuel 2003; Felsenstein 2005; Posada 2008) using

11 substitutions patterns to survey 88 models of nucleotide

substitution (?F base frequencies, rate variation of ?I and

?G with nCat = 4). We implemented the modified Akaike

Information Criterion (AICc) setting due to the small size

of comparative nucleotide characters (563 bp), and con-

ducted parallel searches using Bayesian Information Cri-

terion (BIC) and performance-based decision theory (DT).

The base tree for our likelihood calculations was optimized

for maximum likelihood (ML) phylogenetic analysis.

ML and Bayesian Inference Analyses

We conducted ML analysis in PAUP* 4.0b10 (Swofford

2002) to estimate the most likely evolutionary tree based

on the alignments of AVPR1A nucleotides and amino acid

codons and using the nucleotide model specified by our

jModelTest runs. For ML analysis, we estimated bootstrap

values based on a set of 10,000 replicates.

To find the phylogenetic tree or set of trees that maxi-

mizes the probability of obtaining our data given a speci-

fied model of evolution, we undertook Bayesian inference

analysis (BI) with the software program MrBayes version

3.1.2 (Huelsenbeck and Ronquist 2001; Huelsenbeck et al.

2001; Ronquist and Huelsenbeck 2003). In this analysis,

we used the ML function and employed six substitution

types (nst = 6) with the specific nucleotide substitution

model as suggested by jModelTest. The Markov Chain

Monte Carlo (MCMC) search was run with four chains

for 100,000 generations, with trees sampled every 100
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generations. Using the average standard deviation in split

frequencies among the four chains, we were able to assess

the level of convergence (chain deviation \ 0.05) denoting

an acceptable level of post-convergence tree likelihoods

that influence the accuracy of our consensus Bayesian tree.

The first 1000 trees were discarded as ‘‘burn-in’’ to remove

extraneous pre-convergence probability values that can

skew the values of a given consensus Bayesian tree

(Altekar et al. 2004).

We also employed maximum parsimony (MP) and

minimum evolutionary distance with neighbor-joining

(ME/NJ) tree-building methods to identify any incongru-

ence between the different algorithms. We estimated

bootstrap values for MP and ME/NJ trees based on a set of

10,000 replicates.

Analysis of Adaptive Evolution

To identify the level of AVPR1A codon variation in our

samples, we examined the synonymous-to-non-synon-

ymous amino acid substitution ratio (dN/dS) in the first 561

nucleotides of AVPR1A exon 1, which represents codons

1–187 in all 22 sequences. Applying the ML tree (identified

through likelihood analysis in PAUP*) to the codeML

program within PAML (Yang 2007), we calculated the

relative rates of amino acid changes along the different

phylogenetic branches. This analysis was undertaken to

detect any possible signatures of adaptive evolution and

directional selection, such as an excess of non-synonymous

mutations along a particular taxonomic lineage. We ran

codeML twice to produce two phylogenetic models (M0

and M1), which were then subjected to a likelihood ratio

test (LRT) to assess the significance of estimating indi-

vidual dN/dS ratios (variable) versus estimating one ratio

(homogeneous) for the entire tree.

Bayesian Coalescent Estimation

To check for the presence of AVPR1A mutation rate vari-

ation among the 17 species, and to assess the impact that a

relaxed molecular rate of evolution would have on age

estimations for hypothetical ancestral AVPR1A gene

sequences, we analyzed our coding region matrix in the

software program BEAST v1.5.3 (Drummond et al. 2006;

Drummond and Rambaut 2007). This program takes into

account the potential errors associated with a fixed mutation

rate through Bayesian MCMC calculation of aligned

molecular sequences (Ho et al. 2005), and generates a

normalized range of coalescent events based on prior

knowledge of calibrated paleontological events (Drum-

mond et al. 2002; Drummond and Rambaut 2007). We used

the companion software program BEAUti v1.5.3 (Drum-

mond et al. 2006; Drummond and Rambaut 2007) to apply

the time points of 31.5 mya (SD 10.0 mya) for the platyr-

rhine-catarrhine time to most common ancestor (TMRCA),

and 20.0 mya (SD 7.5 mya) for the TMRCA of Aotus,

Saimiri, and Callithrix (Babb et al., unpublished data).

By implementing the Yule speciation process parame-

ters in BEAST, we specified the abovementioned time

points as normally distributed priors applied to the appro-

priate taxon designations. We used the relaxed-clock log-

normal molecular clock and ran the software using the

nucleotide model specified by our jModelTest runs.

BEAST was run for 2,000,000 generations, echoing on-

screen every 10,000 and logging every 200.

The Bayesian coalescent results generated in BEAST

were analyzed with the companion software in TRACER

v1.5 (Rambaut and Drummond 2007) to view the distri-

bution of coalescent time points for our prior specified

monophyletic taxonomic groups. The 10,001 trees retained

from the BEAST run were summarized in TreeAnnotator

v1.5.3, and displayed in the program FigTrees v1.2.3.

Genomic Comparisons

To investigate transcriptional control of expression of

AVPR1A in primates, we compared our aligned sequences

and repeat motifs to those in the marmoset genome (Cal-

lithrix jacchus) on UCSC Genome Browser (Kent et al.

2002; Karolchik et al. 2008). We noted that the region

overlapped several architectural contigs of the marmoset

(calJac1) genome, Due to these architectural gaps, we

subsequently broadened our comparison to encompass

additional genomes, using the Homo sapiens (hg18) gen-

ome as a reference track. In addition, we applied the most

recent annotation of these regions using the Database of

Genomic Variants (DGV) (Iafrate et al. 2004) analytical

track on UCSC GB.

Results

AVPR1A Sequence Diversity in Aotus

Our analysis of 24 owl monkeys shows a notable level of

diversity in the 1556 bp coding region of the AVPR1A

gene. A total of 31 polymorphic sites (TIs, TVs, and

insertion–deletion substitutions) defining eight distinct

haplotypes were present in the coding region (Table 4).

The TI:TV ratio was relatively high (13:19 for 32 segre-

gating sites), but both types of mutations were, as expected,

proportionally more frequent at the third position. Along

the same lines, Nei’s gene diversity estimate (p) was 0.004,

and the haplotype diversity value was 0.561 among all A.

azarai individuals. These findings coincide with levels of

intraspecific sequence diversity observed in other studies of
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the AVPR1A coding region in mammalian taxa (Fink et al.

2006, 2007; Phelps et al. 2009; Turner et al. 2010).

To investigate the selective neutrality of the AVPR1A

locus in A. azarai, we calculated Fu’s FS and Tajima’s

D statistics for the 24 sequences. This analysis revealed a

Tajima’s D value of 27.702 (P [ 0.7) and Fu’s FS value of

-3.66 (P \ 0.001) (Table 4). The high positive value of

Tajima’s D indicated that an excess of intermediate fre-

quency alleles was present in our data set, and suggested

the possibility of balancing selection of heterozygosity (in

the form of nucleotide diversity) at the AVPR1A locus

within A. azarai. The negative value of Fu’s FS generally

confirmed this interpretation.

Interestingly, our analysis of the 50 upstream region of

the AVPR1A gene of A. azarai revealed a novel STR pat-

tern that distinguished owl monkeys, both in sequence and

repeat number, from other primate taxa (Fig. 3). A. azarai

individuals possessed a GACA repeat pattern similar to

that of the marmoset at the RS1 location (Fig. 1). However,

no GT25 or RS3 sequence motifs were observed in any of

the owl monkey individuals. On the other hand, we did

encounter a palindromic GTATATAC94 repeat roughly

4,000 nucleotides upstream of the A. azarai AVPR1A start

site (ATG). Unfortunately, this region was denoted by 712

‘‘N’’s in the annotated C. jacchus genome sequence (cal-

Jac1) on the UCSC GB, thereby preventing us from con-

firming the presence of this repeat in marmosets. We were

also not able to obtain the sequence containing the GTA-

TATAC repeat in Callicebus, Pithecia, or Saimiri to check

for its presence in other platyrrhines.

Furthermore, we observed surprisingly little variation in

this 50 upstream region in the owl monkey DNAs. More

specifically, we observed 94 repeats of the GTATATAC in

all A. azarai individuals (Fig. 3). The sequence of this entire

repeat appeared to be fixed, even in individuals from widely

disparate mtDNA lineages, or, in the case of four zoo ani-

mals, from individuals originating over 250 km away. This

lack of STR variation in A. azarai individuals markedly

differs from the comparable AVPR1A 50 upstream variation

seen in monogamous voles with regard to the RS1 repeat, as

well as that observed in humans and chimps, which vary at

the RS3 microsatellite (Fig. 1).

Table 4 Summary statistics for AVPR1A sequences in A. azarai

A. azarai

Coding region 50 Upstream

Summary statistics

# Individuals (n) 24 24

Nucleotides (bp) 1556 10862

Informative sites 1549 9801

Polymorphic sites 31 53

Transitions (ts) 13 36

Transversions (tv) 19 17

Segregating sites (S) 32 53

Insertion/deletions (indels) 4 1

Haplotypic diversity

# Haplotypes 8 18

# Singletons 6 15

Haplotype diversity (h) 0.562 0.957

Nucleotide diversity

Nei’s gene diversity (p) 0.0435 0.0038

Sequence diversity

Mean # pairwise differences 67.4022 37.5833

Selective neutrality

Tajima’s D (1000 simul.) 27.702 6.5791

P (D simul \ D obs) 0.783 0.002

Fu’s FS (1000 simul.) -3.6624 -6.1619

P (sim_FS B obs_FS) 0.001 0

Fig. 3 The structure of the

AVPR1A locus in A. azarai. The

localization of putative TFBS is

identified by the boxed area,

which is located upstream of the

AVPR1A coding sequence. Over

100 consecutive TATA-like

transcription factor-binding

sites were identified in

MatInspector (GenoMatix

Software, GmbH)
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AVPR1A Sequence Diversity Among Platyrrhines

The AVPR1A protein coding sequences from Callicebus,

Pithecia, and Saimiri genera were essentially identical

relative to the other individual sequenced from the same

species (Table 5). However, each platyrrhine species pos-

sessed lineage-specific nucleotide changes that distin-

guished it from the other genera. In addition, all of the

platyrrhine taxa we examined possessed a GACA micro-

satellite repeat sequence motif. This pattern distinguishes

the platyrrhines from their catarrhine and hominoid rela-

tives, all of which possess a GATA motif in same RS1

location (Donaldson et al. 2008; Rosso et al. 2008). The

distinction of RS1 region in each of these platyrrhine lin-

eages, all of which are assumed to have derived from a

common ancestor that colonized the South American

continent over 30 million years ago (Poux et al. 2006;

Tejedor et al. 2006; Hodgson et al. 2009), may point to the

existence of a specific New World motif of the AVPR1A

gene promoter.

Phylogenetic Analysis of AVPR1A

Network Analysis

The network of A. azarai AVPR1A coding sequences

revealed one distinct clade that consisted of a central

haplotype, which occurred at high frequencies in the pop-

ulation, and six unique derivative haplotypes extending

from it (Fig. 4a). This star-like pattern is indicative of a

population expansion and subsequent diversification

(Bandelt et al. 1995, 1999; Forster et al. 1996).

We also created networks for the comparison of

AVPR1A coding sequences from mammalian and primate

species. In these networks, the Aotus sequence was sepa-

rated from Callicebus, Pithecia, and Saimiri (Fig. 4b).

Among platyrrhine taxa, Callicebus and Pithecia were

clearly distinguished from each other, and both were quite

distant from Saimiri, whereas Aotus showed genetic affin-

ities with Callithrix. In addition, a dramatic number of

coding region changes separated the New World primates

from the Old World monkeys and apes, with the latter

showing considerably less mutational substructure than the

platyrrhines.

Phylogenetic Model Selection

All three searches (AICc, BIC, DT) that we ran in jMod-

eltest selected the HKY model (Hasegawa et al. 1985) for

the phylogenetic model, with respective likelihood scores

(-ln L) of 2399.09, 2401.31, and 2401.38. Although AICc

and BIC selection processes suggested the use of the HKY

model plus invariant sites only (?I), the DT search sug-

gested the additional consideration of gamma (?G) dis-

tribution for use in our phylogenetic calculations.

ML and Bayesian Inference Analyses

Using the ML phylogenetic algorithm available in *PAUP,

we investigated taxonomic relationships of 17 mammalian

species based on nucleotide variation in the AVPR1A

coding sequence. In agreement with the network analysis,

the ML tree (Fig. 5a) exhibited a similar breakdown of

known taxonomic relationships of species based on genetic

Table 5 Summary statistics for AVPR1A sequences in comparative platyrrhine species

C. donacophilus P. pithecia S. sciureus

Coding region 50 Upstream Coding region 50 Upstream Coding region 50 Upstream

Summary statistics

# Individuals (n) 2 2 2 2 2 2

Nucleotides (bp) 563 267 563 267 563 267

Informative sites 563 261 562 266 563 267

Polymorphic sites 1 1 0 1 0 0

Transitions (ts) 0 0 0 1 0 0

Transversions (tv) 1 1 0 0 0 0

Segregating sites (S) 1 1 0 1 0 0

Insertion/deletions (indels) 1 0 0 0 0 0

Selective neutrality

Tajima’s D (1000 simul.) 0 0 0 0 0 0

P (D simul \ D obs) 1 1 1 1 1 1

Fu’s FS (1000 simul.) 2.3026 2.3026 0/1 0 0/1 0/1

P (sim_FS B obs_FS) 0.107 0.032 1 0.08 1 1

All statistics are based on the number of variants in a given analytical set
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data (Hodgson et al. 2009), although the exact phylogenetic

relationships that exist between platyrrhine genera is still an

issue of considerable debate. Nevertheless, the majority of

phylogenetic relationships among these species remained

consistent across the different analyses we performed, with

the exception of Saimiri, whose placement within the

platyrrhines was dependent on the algorithm employed,

mimicking the discrepancies noted by previous phyloge-

netic studies of platyrrhines (Opazo et al. 2006; Poux et al.

2006; Hodgson et al. 2009; Wildman et al. 2009).

Analysis of Adaptive Evolution

Using the ML tree calculations, we predicted the relative

rates of AVPR1A amino acid changes along the different

phylogenetic branches in disparate mammalian taxa to

detect any signatures of adaptive evolution. The resulting

dN/dS ratio values for the majority of the branches were quite

varied, likely reflecting processes of balancing selection at

the codon level across mammals (Yang 2007) (Fig. 5b). We

noted stronger positive selection signals (dN [ dS) on

branches leading to the taxonomic outgroups, with these

being further heightened when comparing the pure dN tree to

the pure dS arrangement. The LRT indicated that the M1

(variable) model was more likely (ln L = -2343.8922)

than M0 (homogenous) model (-ln L = -2360.8002),

although this result was non-significant (P [ 0.7796).

Therefore, we decided that individual branch values would

more accurately describe our data with regard to the adaptive

evolution of AVPR1A and directional selection in primates.

Bayesian Coalescent Estimation

The BEAST analysis produced a highly resolved phylo-

genetic chronogram of primate and mammalian species

with AVPR1A coalescent time points for each branch of the

tree. Its topology presented a taxonomic arrangement of

these species that was very similar to that produced by both

the ML and median network analyses (Fig. 6). In addition,

through this Bayesian analysis, we were able to visualize

the changes in mutation rate that occurred along different

evolutionary branches, as well as generate age estimations

at each phylogenetic node. The TMRCA estimations and

their associated error ranges were consistent with those in

other recent studies of molecular data (Hodgson et al.

2009). These conditions strengthened our confidence in the

evolutionary scenario for AVPR1A among the A. azarai and

platyrrhine primates that we propose below.

Discussion

AVPR1A Evolution in A. azarai

The individuals from our owl monkey population exhibit

considerable coding region diversity for the AVPR1A gene. In

addition, the repetitive motifs present in the 50 upstream

sequence of AVPR1A are conserved in all individuals that we

examined. In fact, A. azarai individuals exhibit complete

uniformity in the putative repeat sequences (both RS1

[GACA] and GTATATAC94) present in the putative AVPR1A

regulatory region. Thus, there appears to be a lineage specific

pattern of sequence diversity at this locus in this species.

One scenario that would explain these data is that

varying levels of selection are taking place at the repeat

motifs and at the coding region. Selection occurring at the

regulatory region could serve the purpose of altering

functional gene expression, whereas that acting upon the

coding region could either conserve or generate novel

protein structures. The coding region mutations observed in

Fig. 4 a A MJ network of AVPR1A coding region sequences from A.
azarai individuals. Node size is relative to the number of individuals

that share a particular sequence. b A MJ network of AVPR1A coding

region sequences from 17 mammalian and primate species. The

branches leading to the different clades are proportional to their actual

mutation distances, but have been shortened for the full representation

of AVPR1A diversity in this network. As before, node size is relative

to the number of individuals that share a particular sequence motif
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Aotus (Fig. 7a), relative to AVPR1A coding sequences

identified in other taxa, imply that such structural altera-

tions have taken place at the ligand and G-protein binding

domains in the mature AVPR1A protein (Fig. 7b). These

non-synonymous changes could affect the functional

activity of AVP receptor neurons, and ultimately influence

the manifestation of the sociobehavioral phenotype of

long-term partner preference.

In primates, we see a wide range of variation in the

AVPR1A coding region, and many species exhibit allelic

variation outside of the gene in the 50 upstream region

(Fig. 8). However, the repetitive GACA and GTATATAC

sequences situated in the 50 region are invariant in our A.

azarai population. This finding could imply that selection

has acted on the regulatory and coding regions of this gene

in different ways in owl monkeys. Alternatively, the unique

evolutionary history of the owl monkey genome may have

shaped the pattern of molecular diversity that we observe.

Although direct transcriptional assays would be prefera-

ble, our ability to detect the binding of transcription factors

to this homogeneous GTATATAC repeat in silico also

points to another level of functional evolution. This analysis

identified an entire suite of palindromic repeats which would

potentially allow for over 100 TATA-like transcription

factors to uninterruptedly bind upstream of the AVPR1A TSS

(Fig. 3). If this motif is, indeed, related to owl monkey

AVPR1A expression, then it could mean that, given the

presence of these general-tissue TATA-like factors, any of

the three classes of RNA polymerase could be recruited to

the area and initiate transcription (Bell et al. 2001). In this

Fig. 6 A chronogram depicting the Bayesian coalescence age

estimation of AVPR1A coding region sequences, as calculated in

BEAST v1.5.3. Age estimates for each node are italicized and

positioned to the right of them. Posterior probabilities are indicated

above each branch. Mutation rate of AVPR1A along the different

evolutionary lineages is displayed as a red–green color gradient

across taxa. The different taxa compared here are displayed on shaded
backgrounds corresponding to their phylogenetic placement. Yellow
large bodied apes, gold small bodied apes, orange Old World

monkeys, green New World monkeys, blue rodents, red other

Eutherian mammals (i.e., neither rodent nor primate) (Color figure

online)

Fig. 5 a A consensus phylogram representing the agreement of our

ML and BI phylogenetic arrangements of 22 AVPR1A coding region

sequences representing 17 different mammalian species. Branch

lengths display the relative number of mutational differences detected

for each different taxonomic group. The dN/dS values are shown

above each branch, whereas ML bootstrap values (of 10,000

replicates) appear below them. For the BI analysis, two MCMC

chains were run in parallel across 500,000 generations, with trees

sampled every 100 generations. A total of 5,001 trees were retained

and sampled for a 50% majority consensus tree, after a 1,000 tree

burn-in. Posterior probabilities of the phylogenetic arrangement are

displayed as a color gradient across taxa. b Oppositional phylogram

representing the different phylogenetic patterns and branch lengths

based on AVPR1A coding sequence variation and exhibited by dN and

dS trees

b
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manner, the presence of such an element could act to

enhance or insulate AVPR1A transcriptional activity in owl

monkeys. Regardless of its functional outcome, the presence

of this GTATATAC repeat upstream of the RS1 implies that

different promoter motifs exist among primates. Further-

more, if its sequence does influence the evolution of different

social behaviors, then it is not simply an issue of whether

these kinds of repeats are present or absent in a given species.

Based on these findings, it is likely that the function of the

AVPR1A locus in A. azarai is influenced by variation that

occurs at the coding, expression, and structural levels. This is a

very different scenario than would be expected for the evo-

lution of other GPCR-class proteins which, in the recent

comparison of six mammalian genomes, were denoted as a

class of conserved, positively selected genes (Kosiol et al.

2008). Instead, different genic components could independently

Fig. 7 a A stacked histogram

displaying the number of non-

synonymous amino acid

changes of the AVPR1A coding

sequence in 17 different species,

relative to a translated

consensus DNA sequence

(assessed by plurality, [50%

majority rule]). Black bars
represent the location of these

changes in A. azarai, whereas

grey bars represent

transcriptional changes in the

other taxa examined. The

interspecific clustering of these

changes would indicate the

localization of amino acid

variation at putatively

functional portions of the

mature AVPR1A mRNA. The x-

axis represents the location of

those changes along the first

exon of AVPR1A, with the ATG

situated at the graph’s origin

(0). b A two-dimensional

projection of non-synonymous

amino acid changes specific to

A. azarai AVPR1A coding

sequence, as derived from the

codon position variance

histogram (a) and simulated in

Topo2 (adapted from Fink et al.

2007) (Color figure online)
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experience different degrees of sequence conservation or

plasticity in different evolutionary lineages, depending on

finely tuned selective processes acting upon those organisms

in different ecological contexts. In fact, recent work on

AVPR1A coding variation in deer mice (Peromyscus spp.)

suggests that different portions of the amino acid sequences

are less conserved than others (Turner et al. 2010). This

observation was also made in studies of voles (Fink et al.

2007) with regard to the N-terminus of the mature V1a

receptor protein, and is reflected in our own examination of

owl monkey AVPR1A coding region sequence diversity.

AVPR1A Evolution in Platyrrhines

Platyrrhine primate species have accumulated many syn-

onymous and non-synonymous mutations in the coding

sequence of AVPR1A when compared to Old World mon-

keys and hominoid primates. Each of the five platyrrhine

genera examined in this study (Aotus, Callicebus, Calli-

thrix, Pithecia, and Saimiri) exhibits a number of lineage-

specific mutations that distinguishes their AVPR1A coding

sequences from those of any other taxon being investi-

gated. In addition, all platyrrhines share 24 nucleotide

changes (of the 563 nucleotides in our interspecies com-

parison) that separate their clade from that of other pri-

mates (Figs. 4b, 5a). Although the AVPR1A coding

diversity observed in platyrrhines is undoubtedly a result of

the colonization of the New World by proto-platyrrhines

some 30 million years ago (Poux et al. 2006; Hodgson et al.

2009), it may also reflect the consequences of selection

acting upon this locus, especially given the enrichment of

monogamous social systems among New World species

(Di Fiore and Rendell 1994; Rendell and Di Fiore 2007).

That selection may be at work at this locus is indicated

by the statistical analysis of AVPR1A coding sequences in

A. azarai. The high positive value of Tajima’s D and

negative value of Fu’s FS values reveals an excess of

intermediate frequency alleles, which, in turn, suggests that

the observed variation has been shaped by balancing

selection. However, these same values could reflect a

demographic subdivision in a population’s recent history,

rather than selection itself. The latter hypothesis is refuted

by our analysis of mtDNA diversity of this same popula-

tion, which indicates that it has remained constant in size

over time (Babb et al., unpublished data). Thus, selection

appears to have shaped diversity at this locus in A. azarai,

although it is unclear whether the coding region is the

specific target of selection.

While searching for more information on the transcrip-

tional control of expression of AVPR1A in primates, we

compared our aligned sequences with the genomes of other

mammalian species on UCSC GB (Kent et al. 2002; Ka-

rolchik et al. 2008). Our genomic comparison of structural

variation at the chromosomal level revealed the conservation

of the AVPR1A gene in all species being compared, as well as

the fact that, in many species, chromosomal rearrangements

have apparently reshuffled the regulatory regions upstream

of the gene (hg18, chr12: 61826483–61832857) (Fig. 9). In

addition, when surveying this region using the DGV (Iafrate

et al. 2004) track on UCSC GB, we noted that humans,

chimps, and rhesus macaques display copy number variants

(CNVs) in large sections of the entire region. Thus, a large

degree of transcriptional plasticity and differential gene

dosages may occur at this locus in primate species.

Along the same lines, the AVPR1A 50 regulatory region

has been shown to be highly variable, even in closely

Fig. 8 The frequency of non-

synonymous amino acid

changes in the AVPR1A gene, as

calculated from the consensus

translation (by plurality) of 17

mammalian and primate

sequences
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related taxa (Kim et al. 2002; Hammock and Young 2005;

Donaldson et al. 2008; Rosso et al. 2008). Our data for 50

AVPR1A microsatellite variation in Aotus, Saimiri, Cal-

licebus, and Pithecia clearly support these findings. Since

this region has been empirically linked to the functional

expression of the AVPR1A gene, as well as the density and

distribution of V1a receptors in the brain, this putative

regulatory sequence may, in fact, be the molecular element

under selective pressure in mammalian taxa, rather than

simply the coding region itself.

Role of AVPR1A in the Evolution of Primate Sociality

Ecological conditions may be a strong selective influence

on the evolution of primate social behavior, and molecular

sequence changes could serve as a means of adapting to

these ecological challenges. Regulatory regions provide

additional locations for mutations to accumulate, and, in

some cases, could facilitate quick adaptive responses (by

the way of gene transcriptional regulation) to environ-

mental change. Therefore, a certain level of plasticity in

these regions might be allowed to exist within populations.

Moreover, primates may, indeed, possess noteworthy lev-

els of inter- and intraspecific variation in their AVPR1A

coding regions.

Many molecular mechanisms can reshape genetic

sequences and potentially alter gene dosage and function.

CNVs and STRs are present throughout the AVPR1A

region in mammals (Kent et al. 2002; Karolchik et al.

2008), and could facilitate changes in gene expression in

different species or even individuals (Gökçümen and Lee

2009; Conrad et al. 2010; Park et al. 2010). Therefore, the

careful investigation of both coding and non-coding

regions for signatures of selection may be essential for

elucidating the evolution of partner preference and pair

bonding in extant primate species.

Fig. 9 Genomic structural variation near the AVPR1A gene in

different mammalian species. The particular chromosomal location

of the gene has changed multiple times throughout mammalian

evolution, as shown by the chromosome maps on the lower portion of

the figure (adapted from UCSC GB [Kent et al. 2002; Karolchik et al.

2008])
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In conclusion, we have characterized the molecular fea-

tures of AVPR1A in A. azarai and other platyrrhines, and

demonstrated that its sequence differs from that seen at this

locus in cerocopithecine and hominoid species. These data

provide new clues into the possible basis of pair bonding in

New World species, and may help to explain the sporadic

appearance of monogamy in this infraorder. This study also

reinforces the notion that primates have experienced sig-

nificant neurogenetic variation during their evolution, and

suggests that monogamy has arisen multiple times in the

primate order through different molecular mechanisms.
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