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Abstract

The National Primate Research Centers (NPRCs) established Working

Groups (WGs) for developing resources and mechanisms to facilitate col-

laborations among non-human primate (NHP) researchers. Here we report

the progress of the Genome Banking and the Genetics and Genomics WGs

in developing resources to advance the exchange, analysis and comparison

of NHP genetic and genomic data across the NPRCs.

The Genome Banking WG has established a National NHP DNA bank

comprising 1250 DNA samples from unrelated animals and family trios

from the 10 NHP species housed within the NPRC system. The Genetics

and Genomics WG is developing SNP arrays that will provide a uniform,

highly informative, efficient and low-cost method for rhesus and long-tailed

macaque genotyping across the eight NPRCs. This WG is also establishing

a Biomedical Informatics Research Network-based portal for shared bioin-

formatics resources including vital statistics, genotype and population data

and information on the National NHP DNA bank.
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Introduction

In late 2007 six Working Groups (WGs) were estab-

lished under the sponsorship of the National Center for

Research Resources (NCRR) at the National Institutes

of Health (NIH); these are the Breeding Colony Man-

agement, Genetics and Genomics, Genome Banking,

Behavioral Management, Training, and Pathology

WGs. The purpose of the WGs is to promote efficiency

and productivity for the enhanced management and use

of captive rhesus macaques and other non-human pri-

mate (NHP) species as a national research resource

among the California (CNPRC), New England

(NENPRC), Oregon (ONPRC), Southwest (SNPRC),

Tulane (TNPRC), Washington (WNPRC), Wisconsin

(WNPRC), and Yerkes (YNPRC) – eight National Pri-

mate Research Centers (NPRCs). Each WG comprises

one to three representatives from each NPRC who inter-

act via web conference call once or twice per month to

identify immediate needs and develop new resources to

facilitate research at all eight NPRCs.

This article outlines the goals and progress of the

Genetics and Genomics and Genome Banking Work-

ing Groups, which were established to identify and ful-

fill the needs for archiving and sharing genetic

materials and genetic information between NPRCs and

within the NHP research community (see Table 1 for

the complete membership of both WGs). The immedi-

ate goals of the Genetics and Genomics WG are (i) to

develop and make available to the eight NPRCs uni-

form genetic characterization protocols for parentage

testing, ancestry determination and population genetic

assessments based on a standardized set of single

nucleotide polymorphism (SNP) based markers and

tools so that consistent and comparable cross-center

genetic data can be generated, and (ii) to develop

improved software for storing, sharing and analyzing

genetic data and information on vital statistics (includ-

ing animal ID, birth date, parentage, sex, date and

cause of death/mortality, acquisition, date and reason

for removal, demography/ancestry, etc.) across the

NPRCs. The immediate goal of the Genome Banking

WG is to improve storage and sharing of genetic mate-

rials by establishing center-based DNA banks with

centralized information access.

Genetics and Genomics WG’s goal 1

Create novel genetic assays for standardized testing

including parentage determination, ancestry estimation

and population genetic assessment at the eight

NPRCs.

An assessment by the Genetics and Genomics WG

revealed that genetic testing for rhesus macaque par-

entage and/or ancestry determination is not consistent

and comparable across the NPRCs, and that the

assays employed by the various centers cannot be com-

bined or integrated to produce a broad overall picture

of genetic composition or variability across the NPRC

program. Some centers employ services for testing

functional biomarkers and genetic variants within the

MHC gene cluster, such as allele-specific PCR, short

tandem repeat polymorphisms (STRs) or A01/B01 im-

munotyping [12]. In some cases these assays have been

multiplexed with parentage testing assays.

Any of the various parentage STR panels currently

in use can provide reliable parentage identification/

confirmation and pedigree determination. However,

genotype information based on a standardized panel

of multiple loci will facilitate genetic assessments of

captive colonies by combining efforts to monitor

genetic variation, gene flow and kinship coefficients

across generations and among colonies [6]. The combi-

nation of relational databases for storing genotype

information and allowing estimation of genetic varia-

tion within colonies and testing with a standardized

core set of genetic markers will aid in the collective

organization of database queries, reports and analyses

that can be shared among colonies [3]. A unified sys-

tem for storing and analyzing genetic information will

generate opportunities for multiple centers holding or

breeding rhesus macaques and other NHPs to compare

the genetic characteristics of their animals, share and/

or combine data for various purposes, exchange useful

Table 1 Members of the Genetics and Genomics Working Group

and the Genome Banking Working Group

NCRR/NPRCs

Genetics and Genomics

Working Group

Genome Banking

Working Group

CNPRC D. Smith

S. Kanthaswamy

J. Capitanio

L. Lyons

NENPRC G. Miller

W. Johnson

E. Vallender

G. Miller

E. Vallender

ONPRC B. Ferguson

C. Dubay

B. Ferguson (Chair)

SNPRC J. Rogers (Chair) T. Folks

TNPRC M. Kubisch M. Kubisch

WaNPRC J. Ha

M. Katze

R. Palermo

C. Hotchkiss

WNPRC D. O’Connor

R. Wiseman

D. O’Connor

R. Wiseman

S. Lank

YNPRC L. Kean L. Kean

Z. Johnson
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and comparable genetic information about individuals

or sets of individuals and ultimately manage the

genetic breeding population of these animals as a sin-

gle integrated cohort of active and potential breeders.

The requirements evaluation by the Genetics and

Genomics Working Group also identified the need for

new genetic management tools such as an improved

genetic testing system that would help the NPRCs in

their efforts to minimize inbreeding and maximize

genetic diversity in the overall rhesus macaque popula-

tion. A standardized system for genetic characteriza-

tion of rhesus macaques would be beneficial for the

efficient management of breeding colonies sponsored

by the NCRR, whose common mission is to breed rhe-

sus macaques and other primate species for use as ani-

mal models for biomedical research. This standardized

approach to genetic testing would also facilitate the

characterization of other clinically important pheno-

types, including MHC type, and should be cost effi-

cient with high throughput testing capability. The test

assay should be amenable to processing at different

NPRCs or at a centralized facility and will generate

data that is comparable across testing sites.

To facilitate improved genetic testing and the gener-

ation of comparable genetic data for rhesus macaques

across the NPRC program, as well as to assist in the

development of a federated genetic database for these

animals, the Genetics and Genomics Working Group

concluded that the new system for the genotyping and

characterization of these animals would use single

nucleotide polymorphisms (SNPs). SNPs are more

ubiquitous than STRs (there are approximately 0.3–

1 SNP/kb throughout the human genome), they are

present in coding and non-coding regions, exhibit

much lower mutation rates, are subject to fewer geno-

typing errors (estimated to have approximately 10% of

STR typing errors), and can be simultaneously geno-

typed in large numbers cost-efficiently using high-

throughput platforms [1]. For example, the Affymetrix

human 5.0 SNP genotyping array (Affymetrix Corpo-

ration, Santa Clara, CA, USA) can identify up to one

million SNP alleles in the human genome. SNP-based

typing is easily automated and requires less verification

by individual inspection than STR-typing and ensures

much better inter-laboratory comparability of geno-

type data than STRs.

A panel of highly informative SNPs is useful for

estimating cross-generational intra- and inter-popula-

tion genetic parameters useful for colony genetic man-

agement such as observed (Ho) and expected (He)

heterozygosities, and genetic differentiation [13, 14]

with lower intra- and inter-locus variances than stan-

dard STR panels. For example 96 highly informative

unlinked SNPs can be used to monitor genetic varia-

tion across generations and within colonies and to

design strategies to conserve maximal genetic variabil-

ity. Gill [5] has demonstrated that 50–100 relatively

high frequency SNPs would provide the discriminating

power of approximately 20 highly polymorphic human

STR loci, whose average heterozygosity is comparable

to that of most existing panels for genotyping rhesus

macaques and other primates, including the 13 STR

CODIS markers currently employed in human forensic

analysis to achieve very high paternity exclusion prob-

abilities. An inter-generational decline in the level of

heterozygosity across loci can be used to detect loss of

variability in genes encoding targeted biomedically

relevant phenotypes. Errors in estimating retention of

genetic variation are sometimes reflected by significant

discrepancies between actual genetic variation and that

expected under equilibrium conditions. These errors

can stem from erroneous assumptions about variance

in genetic diversity (e.g. intra-locus sources of variance

are often ignored; [11]), from linkage among alleles

used to calculate these parameters, or from incorrect

estimates of null and rare allele frequencies. These

variances can be reduced by increasing the number of

unlinked loci assayed by the polymorphic markers and

selecting loci with values of He that are high (above

0.75 for STRs and above 0.4 for SNPs) with an effec-

tive number of alleles that is also high relative to their

corresponding observed number of alleles [1, 8].

The differences among geographically distributed

wild populations in allele frequencies at some SNP loci

also attest to the inter-population genetic diversity of

rhesus macaques, and such alleles are thus useful for

tracing the ancestral origins of founder animals or

their descendents [4, 14]. Correspondingly, the geo-

graphic region of origin (e.g. Indian or Chinese) of

rhesus macaques influences their suitability as animal

models in biomedical research, because differences in

allele frequencies due to variable ancestry can be corre-

lated with phenotypic differences under study. There-

fore, the SNP markers included in the panel will

distinguish between rhesus macaques of Indian and

Chinese ancestry.

To this end, the Genetics and Genomics WG has

evaluated a large set of candidate SNPs for standard-

ized testing of rhesus macaques. At the CNPRC, candi-

date SNPs were identified across the rhesus genome

using the 454 pyrosequencing approach [10], while San-

ger sequencing was used to identify gene-based SNPs

[4] at the ONPRC. From the preliminary screenings of

SNPs discovered at both centers, 192 candidate popula-

tion genetics and parentage SNPs were selected for test-

ing based on the criteria of a minimum estimate of 0.25
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minor allele frequency (MAF) [1] in both Chinese and

Indian rhesus macaques. The expectation is that SNPs

with high levels of heterozygosity (e.g. between 0.4 and

0.5) can provide robust estimates of parameters useful

for genetic management such as gene diversity, genetic

subdivision and the average inbreeding coefficient [2].

Based on preliminary studies, half of these SNPs will be

selected for further consideration for inclusion in a

panel of 96 SNPs for conducting parentage analysis

and estimating population genetics parameters. A sepa-

rate set of 192 SNPs that were shown to be specific, or

nearly so, to either the Chinese or Indian rhesus maca-

que populations were evaluated for their effectiveness

as candidate ancestry informative markers (AIMs) and

will be reduced to comprise another panel of a 96 SNP

for ancestry/geographic origin determination. As

defined by the Genetics and Genomics WG, population

specific SNPs are those that exhibit either 0, or near 0,

MAF in Chinese rhesus macaques and >0.25 MAF in

Indian rhesus macaques or 0, or near 0, MAF in Indian

rhesus macaques and >0.25 MAF in Chinese rhesus

macaques. This AIMs panel will also enable researchers

to detect hybrid rhesus macaques among the study sub-

jects with the capability of discerning animals with at

least 25% Chinese or Indian ancestry.

Although the initial validation of these panels will

use the Illumina genotyping platform, both SNP pan-

els can be developed for multiple assay platforms.

These prototype panels will be validated by testing in

a sample set of 480 animals consisting of DNA sam-

ples from pure blood unrelated Indian and Chinese

rhesus macaques and trio family sets of Indian rhesus

macaques from the CNPRC, NENPRC, ONPRC,

TNPRC, WNPRC, and YNPRC. Samples of Chinese/

Indian hybrids with 12.5%, 25%, 50%, and 75% Chi-

nese ancestry will also be included to validate the util-

ity of the AIMS panel for detecting hybrid animals.

As a high percentage of rhesus SNPs have also been

found to be polymorphic in long-tailed (cynomolgus)

macaques (M. fascicularis) [9, 15], the SNP panels are

being evaluated for use in both species. Long-tailed

macaques from Malaysia, Mauritius, Indonesia, Indo-

china (Vietnam and Cambodia) and the Philippines

will be included among the 480 animals genotyped in

the SNP evaluation. Thus the SNP panels could be

used to inform the parentage, population structure and

ancestry of rhesus and perhaps long-tail macaques.

Figure 1 summarizes the SNP discovery activities of

the Genetics and Genomics Working Group.

The new SNP-based standardized testing panels will

provide colony managers, veterinarians, and research-

ers with information that can be used for the genetic

management of research colonies over the long-term.

Both the 96 SNP panel for parentage determination/

genetic population parameter estimation and the 96

SNP panel for initial evaluations of ancestry testing

are anticipated to be completed by September 2009.

This will be an initial panel of parentage markers and

aims, and the WG anticipates that the specific SNPs

included may change somewhat over time as more

informative SNPs are discovered.

Genetics and Genomics WG’s goal 2

Develop improved software for archiving, sharing, and

analyzing genetic data and vital statistics information

across the NPRCs.

An assessment by the Genetics and Genomics WG

indicated that vital statistics information is not stored,

used, archived, and analyzed uniformly at all eight

NPRCs. The existing information systems and software

programs that are currently employed by the various

NPRCs for storage and analysis of genetic data also

vary. The WG has concluded that it would be beneficial

for pedigree, demographic, genetic, and other vital sta-

tistics data from all NPRCs to be federated such that it

could be viewed and used in a compatible and consis-

tent manner. To address this, the WG plans to make

new genetics and colony management information sys-

tems accessible to researchers and colony managers.

Improvement of information systems and implemen-

tation of common software components for storing

and analyzing genetic data will facilitate the develop-

ment of a federated database environment for storing

all genetic information across NPRCs. Federating data

across NPRCs with the Biomedical Informatics

Research Network (BIRN) platform provides a single

common view into all data through the BIRN portal,

while allowing individual centers to control and man-

age their own local data and systems. Standardized

genetic analysis protocols that support the sharing

of methods, software, and data among researchers

and colony managers will also enhance colony genetic

management techniques. Based on comprehensive

cross-colony genetic and vital statistics information,

long-term strategies for uniform genetic characteriza-

tion could go forward. This would also help colony

managers in their efforts to equalize founder represen-

tation, maximize effective population size, manage

gene flow and minimize genetic subdivision [6–8].

Without support from informatics and computer-based

technology, the vast amounts of information on genet-

ics and demography cannot be feasibly accessed and

used to improve efficiency of colony management and

animal production. These analysis tools and decision-

making aids are needed to compatibly align components
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of colony management with genetic management

objectives, and will enable development of strategies to

improve between-colony information sharing and

research collaboration.

Investigation by the Genetics and Genomics WG

has identified a number of systems available publicly

for the management and analysis of genetic and demo-

graphic data. However, many of these software

resources may not be suitable for our current informa-

tion systems infrastructure (e.g. they were written for

old operating systems or in disused programming lan-

guages), may not provide exactly what is needed for

primate colony purposes (e.g. they were designed for

zoo population or mouse colony management) and

therefore may require updates and modernization for

NHP colony management.

Among the steps for assessing the needs of the NPRC

program, the Genetics and Genomics WG is currently

conducting a cross-NPRC survey of existing informatics

resources and tools. The WG is also compiling an

inventory of resources that are already available in the

genome, genetics, comparative medicine, veterinary,

and translational research communities. We recognize

that new technologies and new data are now available

for the genetic management of rhesus macaques includ-

ing a published genome, SNP markers and databases

[e.g. dbSNP at NIH, monkeySNP at ONPRC, mam-

usnp.ucdavis.edu at UC Davis, Primate Genetics and

Genomics Database at SNPRC (http://baboon.sfbrge-

netics.org), etc.], new SNP genotyping platforms and

other resources. Based on a gap analysis between exist-

ing and desired information system and analysis needs

for the NPRCs, the WG is developing a requirements

document for constructing a prototype NHP Genetics

portal, which will be implemented using the BIRN as

the enabling infrastructure environment; the Genetics

and Genomics WG has already begun deploying ele-

ments of this initially through a BIRN Wiki site for its

activities. The portal will comprise a subset of required

functionalities including SNP databases, data acquisi-

tion and federation processes, integrated analysis tools

(e.g. for the processing of the new SNP-based parentage

testing/population genetics and AIMs test panels), secu-

rity controls, and query capabilities.

Fig. 1 Flow chart for the design of the

rhesus and long-tailed macaque SNP arrays.

Kanthaswamy et al. Resources for genetic management and genomics on non-human primates

J Med Primatol 38 (Suppl. 1) (2009) 17–23

ª 2009 John Wiley & Sons A / S 21



Genome Banking WG’s goal

Implement improved storage and sharing of genetic

materials by establishing the National NHP DNA

Bank, a center-based DNA bank with centralized

information access.

The increasing demand for genetic materials from

NHPs makes it desirable to establish a centralized

genetic resource to facilitate sharing of genetic materi-

als. Thus, the objective of the Genome Banking WG

was to create a representative repository of DNAs/tis-

sues from the 10 NHP species throughout the NPRC

system that is readily accessible to the biomedical

research community. As part of its efforts to increase

sharing of NHP DNA/tissue across NPRCs, this WG

has established standardized DNA resources across all

NPRCs and developed a centralized, web-accessible

database for identifying and obtaining NHP DNA

samples. The National NHP DNA Bank will facilitate

colony demographic comparisons, cross species com-

parisons (e.g. identification of relevant research find-

ings in different NHP species) and technology

development.

As of April 2009, this goal for DNA collection and

documentation has been completed by the Genome

Banking WG. Up to 50 unrelated animals and 10

family trio sets per species at each NPRC have been

established for each of the following species: rhesus

macaque (Macaca mulatta), Japanese macaque

(Macaca fuscata), long-tailed or cynomolgus macaque

(Macaca fascicularis), pig-tailed macaque (Macaca

nemestrina), baboon (Papio anubis), chimpanzee (Pan

troglodytes), marmoset (Callithrix jacchus), vervet

(Chlorocebus aethiops), sooty mangabey (Cercocebus

atys) and titi monkey (Callicebus cupreus). The con-

tents of the National NHP DNA Bank are presented

in the Table 2. Additional information on accessing

the National NHP DNA Bank will be available

through the Research Resources section of the Primate

Info Net (http://pin.primate.wisc.edu/research/).

Continuing development of genetic management and

genomics research resources guarantees the prominence

of the rhesus macaque as a premier animal model in

biomedical research. Research that employs the tools

and resources delivered by the Genetics and Genomics

and Genome Banking WGs will continue identifying

and mapping genes and unraveling their functional

and control mechanisms, and will in turn help the

development and implementation of even newer geno-

mic tools. These resources enhance our ability to fully

maximize the genetic potential of all NHP models in

biomedical and comparative research, including neuro-

biological and behavioral studies, and the understand-

ing of AIDS and other infectious and non-infectious

diseases.
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