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Abstract To improve the results gained by serotyping
rhesus macaque major histocompatibility complex (MHC)
antigens, molecular typing techniques have been estab-
lished for class I and II genes. Like the rhesus macaque
Mamu-DRB loci, the Mamu-A and -B are not only poly-
morphic but also polygenic. As a consequence, sequence-
based typing of these genes is time-consuming. Therefore,
eight MHC-linked microsatellites, or short tandem repeats
(STRs), were evaluated for their use in haplotype char-
acterization. Polymorphism analyses in rhesus macaques of
Indian and Chinese origin showed high STR allelic di-
versity in both populations but different patterns of allele
frequency distribution between the groups. Pedigree data
for class I and II loci and the eight STRs allowed us to
determine extended MHC haplotypes in rhesus macaque
breeding groups. STR sequencing and comparisons with
the complete rhesus macaque MHC genomic map allowed
the exact positioning of the markers. Strong linkage dis-
equilibria were observed between Mamu-DR and -DQ loci
and adjacent STRs. Microsatellite typing provides an ef-
ficient, robust, and quick method of genotyping and deriv-
ing MHC haplotypes for rhesus macaques regardless of
their geographical origin. The incorporation of MHC-linked
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STRs into routine genetic tests will contribute to efforts to
improve the genetic characterization of the rhesus macaque
for biomedical research and can provide comparative in-
formation about the evolution of the MHC region.
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Introduction

Rhesus macaques are widely used as preclinical models for
human infectious and autoimmune diseases, of which HIV
and multiple sclerosis are examples, as well as for trans-
plantation and vaccine development research (Evans et al.
1999; Brok et al. 2001; Horton et al. 2001; Wood et al. 2001;
Muhl et al. 2002; Newberg et al. 2002; Mothe et al. 2003;
O’Connor et al. 2003; Friedrich et al. 2004; Knechtle and
Burlingham 2004; Lee et al. 2004; Torrealba et al. 2004).
Gene products of the major histocompatibility complex
(MHC) play a key role in adaptive immunology, and a
prominent feature of most of the genes in this region is their
high degree of polymorphism. A well-characterized rhesus
macaque (Mamu) MHC is a prerequisite for various aspects
of biomedical research. By active immunization of rhesus
macaques, mainly of Indian origin, 14 Mamu-A and 16 -B
serotypes were defined (Bontrop et al. 1995; Otting et al.
2005). However, serological typing for non-Indian animals,
such as those originating from China or Southeast Asia, is
compromised by the lack of well-defined, specific antisera.
Thus, comprehensive molecular typing methods, such as
sequence-based or allele-specific amplification, have to be
established for the Mamu system of rhesus macaques from
different geographic sources.

In humans, class I genes HLA-A, -B, and -C and class 11
genes HLA-DPAI, -DPBI, -DQAI, -DQBI, and -DRB1 ex-
hibit a high degree of allelic variation. In the rhesus ma-
caque, most of these loci are also present and known to be
polymorphic. Mamu-DQAI and -DQB] are highly variable
and segregate as stable DQA1/DQB]I haplotypes (Khazand
et al. 1999; Doxiadis et al. 2001). The most striking dif-



ference, however, can be observed for the class I -4 and -B
loci. Whereas in humans there is only one HLA-A and one -B
locus per chromosome, each with a high degree of poly-
morphism, in cynomolgous and rhesus macaques there are
multiple expressed Mamu-A and -B like loci on a single
haplotype (Boyson et al. 1996; Erlich et al. 1996; Uda et al.
2004). Moreover, Mamu-A and -B region configurations
display diversity with regard to the number and combination
of'loci transcribed per chromosome (Otting et al. 2005). The
Mamu-DRB region is comparable to the class I, since more
than 30 -DRB region configurations have been described
that vary in loci number and content (Doxiadis et al. 2000,
2001). Each Mamu-DRB region configuration is composed
of one to three transcribed -DRB genes, and up to five
pseudogenes per chromosome. Contradictory chromosomal
assignments have been published for the rhesus macaque
MHC, first to Chr. 2 and later to Chr. 5 (Garver et al. 1980;
Hirai et al. 1991). Recently, fluorescence in situ hybridiza-
tion mapping of six rhesus macaque cosmid clones localized
the MHC on the long arm of Chromosome 6 in 6q24, the
orthologous region to human 6p21.3 (Huber et al. 2003).

The recent completion of the rhesus macaque MHC
sequence (Daza-Vamenta et al. 2004) confirmed previous
findings of variation in number and content for class I and I1
genes and revealed an overall similarity of organization
with the human orthologue. This conserved organization
was offset by internal expansions, most notably of Mamu-A
and Mamu-B genes, which explained the difference in
length of the region of 5.3 Mb in rhesus macaque and about
3.7 Mb in human.

Because the molecular typing of class I and II genes is
complicated and time-consuming, an analysis of poly-
morphic microsatellites or short tandem repeats (STRs)
spanning the MHC provides an alternative method for rapid
and accurate characterization of the region. Such an ap-
proach has been used for MHC typing in humans for tissue
matching and donor screening (Carrington and Wade 1996;
Foissac et al. 2001). Hundreds of STRs are situated on
human Chr. 6, and lists of markers mapping within or near
the HLA region have been compiled and updated (Tamiya
etal. 1999; Foissac et al. 2000; Matsuzaka et al. 2000, 2001;
Cullen et al. 2003). Because STRs tend to be conserved
among closely related species, especially between Old World
monkeys and hominoids (Rubinsztein etal. 1995; Coote and
Bruford 1996; Clisson et al. 2000; Rogers et al. 2000), HLA-
linked STRs provide an abundant source of potential markers
for use in rhesus macaques.

Among 37 STRs screened for robust amplification and
polymorphism in rhesus macaque, eight markers, D65291,
D6S2741,D652876, DRA-CA, MICA, MOG-CA, D6S1691,
and D6S276, were selected that spanned the HLA region
(Martin et al. 1998; Foissac et al. 2000; Cullen et al. 2002,
2003). The remaining 29 markers were excluded, mainly
because the human primers failed to amplify rhesus macaque
DNA. This study sought to characterize the polymorphism
of the eight STRs in rhesus macaques of Indian and Chinese
origin and to evaluate the association of STR variants with
alleles of the MHC class I and II genes. The ability to derive
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extended haplotypes for the MHC region provides addi-
tional relevant information that can be applied to experi-
mental designs in biomedical, population, evolution, and
cell biology research.

Material and methods
Animals

For haplotype analyses with STRs, class I, and class II loci,
118 rhesus macaques from the self-sustaining colony of the
Biomedical Primate Research Centre (BPRC), with a breed-
ing history of more than five generations, were tested. Most
of the founder animals were from India, but animals from
China and Burma were also present. The animals belonged
to six breeding groups, each consisting of one alpha male,
several females, and their offspring. The smallest group
comprised three females and six offspring and the largest six
females and 25 offspring. Four of these breeding groups had
founders of Indian origin. One group of animals was of
Burmese origin and all females of the last group originated
in India, whereas the male was an Indian/Chinese crossbred
macaque (Doxiadis et al. 2003).

Polymorphism of STR loci was analyzed in two groups of
unrelated rhesus macaques from the breeding colony of the
California National Primate Research Center (CNPRC),
University of California, Davis, Calif., USA. These groups
represented animals originating in India (n=51) and China
(n=44). DNA samples were obtained from the archive of
the Veterinary Genetics Laboratory (VGL), University of
California.

For linkage analyses of STR markers, genotype data for
seven paternal half- and full-sib families from the CNPRC
colony with a total of 331 offspring—dam pairs were ob-
tained from VGL’s database.

Serological MHC typing

The BPRC rhesus macaques were serologically typed for
MHC class I antigens, and 14 Mamu-A and 16 Mamu-B
serotypes were defined. Serological assays were performed
by a cytotoxicity test using specific antibodies produced by
the active immunization of mainly Indian rhesus macaques
(Bontrop et al. 1995).

DNA isolation and direct sequencing of -DQA1,
-DQOBI, and -DPBI

Genomic DNA was extracted from EDTA blood samples or
from immortalized B lymphocytes by a standard salting out
procedure. Partial sequences of exon 2 for -DQAI, -DOBI,
and -DPBI were obtained by direct sequencing of PCR
products according to procedures previously described
(Doxiadis et al. 2003).



200

Cloning and sequencing of -DRB

Cloning and sequencing of -DRB exon 2 were performed as
described earlier (Doxiadis et al. 2003) with the following
modifications: The PCR program included a final step of 30
min at 72°C to produce a 3'-end extension by 7ag poly-
merase, and the InsT/Aclone cloning kit (Fermentas, St.
Leon-Roth, Germany) was used for direct cloning of PCR
products. The PCR products were purified and ligated into
the vector pTZ57R, which had been pre-cleaved by Eco321.
After transformation in Escherichia coli Xl-blue, plasmid
clones containing inserts were used to prepare DNA for
cycle sequencing with the ABI Prism BigDye Terminator
Cycle Sequencing Ready Reaction kit v3.1 (Applied Bio-
systems, Foster City, Calif., USA). Sequencing reactions
were run on the ABI 3100 genetic analyzer (Applied Bio-
systems) and data analyzed using the Sequence Navigator
program (Applied Biosystems) as previously described (de
Groot et al. 2004).

STR genotyping

The STRs used were D65291, D6S2741 (alias G2.56412),
D6S2876 (alias G51152), DRA-CA (alias D6S2883), MICA,
MOG-CA (alias D652972), D65276, and D6S1691. Primer
sequences, concentration in PCR reactions, fluorescence
labels, and source references are shown in Table 1. The
cycling parameters in PTC100 thermal cyclers (MJ Re-
search, Waltham, Mass., USA) consisted of an initial de-
naturation for 5 min at 90°C of a mixture containing only
DNA template and primers. After this step, the remaining
reagents were added, and the program continued with four
cycles of I min at 94°C, 30 s at 58°C, 30 s at 72°C, followed

by 25 cycles of 45 s at 94°C, 30 s at 58°C, 30 s at 72°C. A
final elongation step at 72°C was performed for 30 min.
Multiplex PCR mixtures in a total volume of 12.5 ul con-
tained 2.5 mM MgCl,, 0.20 mM of each ANTP, PCR buffer
I, and 0.5 U AmpliTaq polymerase (Applied Biosystems).
PCR products were run on ABI PRISM 377 DNA se-
quencers (Applied Biosystems), and genotypes were deter-
mined using GeneScan-350 ROX size standard (Applied
Biosystems) and the STRand computer software for frag-
ment size analysis (available at http://www.vgl.ucdavis.
edu/informatics/Strand/). Allele sizes were rounded to the
nearest integer number.

Cloning and sequencing of STRs

Rhesus macaque sequences for each of the STRs were
obtained by cloning PCR products from each of two hetero-
zygous animals using a TOPO TA cloning kit and accord-
ing to the manufacturer’s recommendations (Invitrogen,
Carlsbad, Calif.,, USA). To avoid sequencing of stutter
bands, 12-18 colonies for each STR were first screened
with fluorescence-labeled primers to select plasmid clones
containing inserts corresponding to the alleles defined by
the genotype of each animal. Sequencing of two to four
alleles for each STR was done by cycle sequencing with an
ABI Prism BigDye Terminator Cycle Sequencing Ready
Reaction kit, version 3.1 (Applied Biosystems). Sequenc-
ing reactions were run on ABI Prism 377 DNA sequencers
(Applied Biosystems), and sequences were analyzed using
the SeqMan module of the DNASTAR software suite
(DNASTAR, Madison, Wis., USA). A representative se-
quence for each STR was deposited in GenBank (accession
numbers AY786541-AY786548).

Table 1 Characteristics of major histocompatibility complex (MHC)-linked short tandem repeat (STR) markers and details for multiplex

PCR amplification with fluorescence labeled primers

Locus Label Forward Primer Reverse Primer Repeat Number Size Multiplexed Primer Reference
Unit (bp) markers (uM)
D6S2741 VIC  AGACTAGATGTAG CTGCACTTGGCTA  (CT) 18 249-289 1 0.163 Cullen
GGCTAGC TCTCAAC et al. 2003
D652876  FAM  GGTAAAATTCCTG GACAGCTCTTCTIT (CA) 14 196-248 1 0.054 Mignot
ACTGGCC AACCTGC et al. 1997
DRA-CA NED TGGAATCTCATCA ACATTTGTATGCTT (CA) 19 234-280 1 1.350 Cullen
AGGTCAG CAGATG et al. 2003
MICA NED CCTTTTTTTCAGG CCTTACCATCTCCA (GCT) 5 191-206 1 0.096 Mizuki
GAAAGTGC GAAACTGC et al. 1997
MOG-CA FAM GAAATGTGAGAAT GATAAAGGGGAAC (CA) 5 117-129 1 0.890 Roth
AAAGGAGA TACTACA et al. 1995
D6S276 NED TTCCAGTGTATAC GGGTGCAACTTGT (CA) 14 211-243 2 0.085 Weissenbach
ATCAATCAAATCA TCCTCCT* et al. 1992*
D6S291  VIC  CTCAGAGGATGCC GGGGATGACGAA  (CA) 12 196-224 2 0.037 Gyapay
ATGTCTAAAATA TTATTCACTAACT et al. 1994
D6S1691 FAM  AGGACAGAATTT  GCTGCTCCTGTATA (CA) 16 177221 2 0.047 Dib et al.
TGCCTC AGTAATAAAC 1996

aSource of forward primer, reverse primer designed from rhesus sequence


http://www.vgl.ucdavis.edu/informatics/Strand/
http://www.vgl.ucdavis.edu/informatics/Strand/

STR polymorphism and linkage analyses

Animals from CNPRC representing unrelated Indian- and
Chinese-origin rhesus macaques were used to character-
ize the polymorphism of STR loci. The computer program
GENEPOP, version 3.1b (Raymond and Rousset 1995),
was used to estimate allele frequencies and heterozygos-
ities, and to test conformity to Hardy—Weinberg expecta-
tions (HWE). Polymorphism information content (PIC) was
calculated according to Botstein et al. (1980).

Linkage analyses were performed with CRIMAP (Green
et al. 1990), and the BUILD function with a LOD threshold
of 3 was used to construct a map of the region based on
genotype data of the eight STRs for seven paternal half-sib
families.

Results and discussion
Characteristics of MHC-linked STRs

BLAST comparisons of rhesus macaque STR sequences
with the GenBank database revealed high similarity to the
human orthologues for D6S276, D65291, and D6S1691
(data not shown). These sequences were not represented
in the published rhesus macaque MHC sequence (Daza-
Vamenta et al. 2004) but, in agreement with predictions
from the human genome map, we assumed that these STRs
flank the MHC region of rhesus macaques, with D6S291
located at the centromeric end and D6S276/D6S1691 at the
telomeric end. Sequences for D6S2741, D6S2876, DRA-
CA, MICA, and MOG-CA had high similarity to sequences
in rhesus macaques MHC bacterial artificial chromosome
(BAC) clones, as well as to the human orthologues (data not
shown).

Allele frequencies in Indian and Chinese rhesus ma-
caques for the eight STRs are given in Table 2. The number
of alleles per locus ranged from five (MICA) to 21 (DRA-
CA). Chinese animals showed overall greater allelic diver-
sity with a total number of alleles (TNA) of 102 and average
heterozygosity of 0.82, whereas in Indian monkeys, TNA
was 89 and average heterozygosity was 0.77. These results
were in agreement with findings of higher allelic diversity
and average heterozygosity in Chinese than in Indian rhesus
macaques for other autosomal STRs (Morin et al. 1997).
Differences between the two groups were characterized by
distinct allele frequency distributions rather than by the
presence of population-specific alleles in either group. Ex-
cept for MOG-CA and MICA, all markers were as variable in
the rhesus macaques as in humans, and some appeared to be
even more polymorphic (Foissac et al. 2000).

The presence of a null allele in D652741 and D652876
in Indian and Chinese monkeys was identified through use
of these markers for parentage analysis of CNPRC mon-
keys. A null allele for D652741 was also identified among
BPRC animals. Null alleles, caused by sequence ampli-
fication failure because of a mismatch in primer binding
sequences, are more likely to occur when heterologous
primers are used for PCR amplification. Therefore, this
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finding is not unexpected. Some of the animals included in
the population samples were known to have a null allele at
these loci, and this allowed us to obtain a minimum estimate
of'its frequency.

Genotypic distributions were in agreement with HWE
except for D652876 in Chinese rhesus monkeys, which
showed statistically significant deviation (P<0.01 after cor-
rection for multiple tests) explained by heterozygote defi-
ciency. This result is most likely accounted for by undetected
null alleles among the Chinese animals, which would cause
an apparent deficit of heterozygous genotypes. The PIC
values estimated for the eight markers (range 0.50-0.91)
indicate that all loci will be highly informative for linkage-
or association-based studies. The presence of null alleles in
D6S2741 and D6S2876 justifies the development of thesus
macaques-specific primers for these markers to improve
amplification of alleles in these loci.

MHC haplotypes

Haplotype analysis was done based on segregation of
Mamu-A and -B serotypes; class II genotypes for -DQAI,
-DQOBI, and -DRB loci; and the eight STRs. The animals
used for this analysis were members of BPRC breeding
groups in which one alpha male was housed together with
several females. Because each female had at least two oft-
spring, extended parental MHC haplotypes could be de-
fined for both parents as shown in Table 3.

Among 58 parental chromosomes, 44 distinct, extended
haplotypes were identified. Only animals related to the
same founder shared identical extended haplotypes, and this
accounted for the remaining 15 chromosomes. The ancestor
haplotypes are depicted in Table 3 with the same color.
Among Indian rhesus macaques, STR typing provided ad-
ditional information regarding configurations of the MHC
region that might not be evident from comparisons of more
limited typing of class I and class II genes. For example,
ancestor haplotypes A2777 (purple) and haplotype B2957
(orange) share the same class I and class I1 -DOBI, -DQA I,
and -DRB alleles but differ for -DPBI and D6S2741.

In contrast to the haplotype definition of Indian monkeys,
MHC typing of non-Indian rhesus macaques is less de-
veloped. First, serotyping yields ambiguous results for lack
of well-defined, specific antisera; second, molecular typing
methods of MHC class I alleles are time consuming. Se-
quence-based class II typing, although informative and
accurate, does not reflect the whole MHC. Therefore, STR
typing provides a suitable method for the definition of
extended haplotypes of non-Indian monkeys, as shown for
Burmese animals of group 5 in Table 3. Haplotypes ¢ and i
of animals 4064 and 4050, for example, share the same
Mamu-DQAI-DQOBI, and -DRB alleles, whereas four STRs
differentiate the two haplotypes. Another example is given
by the haplotype d of monkey 4064 and e of monkey 4065,
which can be distinguished only by two STR markers.

The extended haplotypes derived for BPRC animals
indicated that, even in the absence of gene-specific typing,
STR typing can be used to distinguish haplotypes that are
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Table 3 Extended MHC haplotypes of rhesus macaques

203

Monkey Haplotype D6S291 DPBI* D6S2741 D6S2876 DQOBI DQAI DRB DRA-CA _MICA Serol.B_SerolA MOG-CA D6S276 D6S1691 Hapl.
Gr.1
Cc6 sire a 204 03 265 196 1811 2602 1#0406, 5+0301 256 191 B32 A28 123 235 197 C/D2838
Cc6 b 206 01 271 208 0601 0104 1%0309, 6%0101, W201 260 194 B14 AS 123 235 197 B3441
9056  dam c 206 06 259 220 1801 2601 10303, 1*1007 234 200 BI8 A3 125 233 197 A2808
9056 d 208 04 279 244 1808 2402 1*%0403, *W501 254 191 B32 Al0 123 235 197 B2774
IDL  dam e
1DL f 206 07 261 216 0605 0102 1%0306, 1*1003 248 194 B11 A33 127 233 203 C2414
IRY  dam g 206 10 283 204 1502 2401 1#0313, *W604, *W605(8) 268 200 B- A5 125 235 203 C/D3159
1IRY h 206 13 261 196 1811 2602 1#0406, 5%0301 256 194 B1l Al19 121 235 207 A2794
IKX  dam i 206 13 261 210 1802 2301 6%0114, *W303, *W4012? 256 194 B11 A6 123 225 197 D2837
IKX ] 208 04 279 244 1808 2402 1#0403, *W501 2547 191 B32 Al0 123 235 197 B2774
1QK  dam k 206 04 273 220 1801 2601 1%0406, 5+0301 256 200 B26 A22 123 225 199 C3005
1QK 1 206 10 267 196 1810 2401 3*0403, *W305 254 200 B26 Al9 121 231 197 A2777
Gr.3
BB66  sire a 204 07? 279 220 1801 2601 1%0303, 1*1007 234 200 BI13 Al0 123 225 197 D3617
BB66 b 206 [ 275 196 1811 2602 6*0112, *W2501, 266 200 B24 A22 123 233 197 A3070
8609  dam c 206 04 275 220 1801 2601 1*%0303, 1*1007 234 200 B26 Al0 123 233 197 B1435
8609 d 206 10 0 208 0601 0104 1%0309, 6%0101, *W201 260 200 B24 A6 123 235 203 A600
1IVA  dam g
1VA h 206 11 257 208 0602 01051 6*0111, *W606, *W2104, *W2603 236 200 B13 A9 127 215 197 B3026
D10  dam i 206 10 267 196 1810 2401 3%0403, *W305 254 200 B26 A19 121 225 197 A2777
D10 i 206 10 285 208 0601 0104 1%0309, 6*0101, *W201 260 200 B26 Al0 123 233 197 C3136
Gr.4
D55 sire a 206 10 267 196 1810 2401 3%0403, *W305 254 200 B26 A19 121 225 197 A2771
D55 b 216 07 271 206 1501 2603 3%0411 “, *W314 ¢ 254 203 B- A- 121 213 193 C3946
8669B  dam e 212 06 259 220 1801 2601 1%0303, 1*1007 234 203 B17 A6 123 225 197 DYusa
8669B f 206 07 259 196 1809 2602 1#0306, 1*1003 248 200 B2 Al0 123 225 199 D3837
8727  dam c 206 11 257 220 1801 2601 1*0306, 1*%1007 248 200 B2 Al0 123 233 197 A2957
8727 d 208 04 279 244 1808 2402 1#0403, *W501 254 191 B32 Al0 123 235 197 B2774
TA  dam g 206 122 2597 208 0601 0104 1#0309, 6*0101, *W201 260 200 B24 A6 123 235 203 A600
TA h 206 12 269 220 1804 2302 1#0310, *W101, *W602, *W609 244 200 B34 A10 123 223 203 C2455
Gr.5
4049 sire a 202 12 285 208 0601 0104 1%0321, 1%0323 262 191 n.d. nd. 125 215 205 A4049
4049 b 200 14 287 210 1801 2601 1#0309, *W2507 268 200 n.d. nd. 127 225 195 B4049
4064 dam c 206 14 287 208 0601 0104 10321, 10322 262 194 nd. nd. 123 225 205 C4064
4064 d 214 10 271 244 1808 2402 1%0403, *W502 254 200 n.d. nd. 123 225 195 D4064
4065  dam e 214 10 271 244 1808 2402 1%0403, *W502 254 200 n.d. nd. 125 215 195 C4065
4065 f 210 10?2 259 208 0602 01051 1#07032, 1%0306, *W2603 234 191 nd. nd. 123 223 203 D4065
4074 dam g 218 14 287 210 1801 2601 1%0309, *W2507 268 200 nd. nd. 127 235 197 C4074
4074 h 214 14? 259 204 1710 2603 1#0407, 3%0409, 6*New 254 200 nd. nd. 123 223 207 D4074
4050  dam i 214 14 287 208 0601 0104 1%0321, 10322 262 194 n.d. nd. 125 227 195 C4050
4050 i 206 13 261 244 1503 0502 6*0111, *W606, *W2104, *W2603 246 200 n.d. n.d. 123 231 197 D4050
Gr.7
C68 sire a 204 03 265 248 1501 2603 1%0701, 3*0405, 5%0303 270 194 B14 Al 121 233 203 B2775
C68 b 206 [ 275 196 1811 2602 *W2501, 6%0112 266 200 B24 A22 123 233 197 A3070
9017  dam c 208 13 261 220 1801 2601 1%0303, 1*1007 234 200 B29 A6 123 215 203 D2989
9017 d 206 [ 275 196 1811 2602 6*0112, *W2501 266 200 B24 A22 123 233 197 A3070
9078  dam e 206 03 265 196 1811 2602 1*%0406 ,5%0301 256 194 Bl4 A3 127 235 197 C494
9078 f 206 07 261 216 0605 0102 1%*306, 1*1003 248 194 BI1 A33 127 233 203 C2414
9119  dam k 204 10 275 208 0601 0104 1%0309, 6%0101,*W201 260 194 BI1 A6 123 225 209 D584
9119 1 206 10 281 208 0601 0104 1%0309, 6%0101,*W201 260 200 B26 A9 127 231 197 AH34
9125  dam m 206 10 0 208 0601 0104 1#0309, 6*0101, *W201 260 200 B24 A6 123 235 203 A600
9125 n 206 12 273 208 0602 01051 6%0111, *W606, *W2104, *W2603 236 194 Bl11 Al19 123 233 199 B3836
2CP  dam o 204 10 279 208 0601 0104 1%0309, 6*0101, *W201 260 194 BI1 Al19 127 225 197 A2774
2cp P 206 04 273 196 1811 2602 1%0406, 50301 256 194 B26 A28 121 235 191 C2679
2CV  dam h 206 10 0 208 0601 0104 1#0309, 6*0101, *W201 260 200 B24 A6 123 233 203 A600
2CV g 206 07 261 216 0605 0102 1#0306, 1*1003 248 194 BIl1 A33 127 235 203 C2414
Gr.8
8769  sire a 206 04 279 196 1810 2401 3*0403, *W305 254 200 B26 Al19 121 225 197 B2957
8769 b 206 08 267 206 1803 2301 1#0405, 5#0304 270 194 BI1 A27 123 235 197 D1472
IOL  dam c 214 06 277 220 1801 2601 1#0303, 1%1007 234 200 B26 Al19 123 233 197 C3029
10L d 206 1 277 208 0601 0104 1#0309, 60101, *W201 260 200 B24 A21 123 211 197 A3441
2CK  dam e=a 206 04 279 196 1810 2401 3%0403, *W305 254 200 B26 Al19 121 225 197 B2957
2CK f 206 11 257 220 1801 2601 1*0306, 1*1007 248 200 B2 Al0 123 233 197 A2957

Loci/markers are listed according to their localization on the chromosome. Identical ancestor haplotypes are highlighted by the same colour. Pink colour indicates a possible crossover.
Mamu-DRB alleles were deposited in GenBank (accession numbers AJ867581 and AJ867582; Mamu-DRB1+%0313 = Mamu-DRB1*0318).
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identical by descent and provide information about the
MHC region useful in the selection of experimental animals
or analysis of experimental data.

Linkage disequilibrium

Linkage disequilibrium (LD) describes the non-random
association of alleles at nearby loci more often than would
be expected if the loci were segregating independently in a
population (Ardlie et al. 2002; Wall and Pritchard 2003).
LD association analyses have become increasingly useful to
map disease genes and phenotypes to provide insight into
the biology of meiotic recombination and the evolution
of MHC haplotypes in humans (Carrington 1999; Huttley
et al. 1999). LD association studies in rhesus macaques,
particularly with genes and markers in the MHC region,
could provide critical information relating to several aspects
of biomedical research and comparative data regarding the
biology and evolution of the MHC in that species.

Blast comparisons of STR sequences that we obtained
against the BAC clone data used to construct the complete
rhesus macaque MHC sequence (Daza-Vamenta et al. 2004)

MOGCA
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placed D652741 in clones 118HS and 038L.02 near Mamu-
DPBI; D65S2876 in clones 281E18, 63B15 and 007H18
near Mamu-DOB/DOADRA-CA in clones 3700021 and
240D05, near Mamu-DRAMICA in clones 24N14 and
188J04 near MICI; and MOG-CA in clone 268P23 necar
MOG. Moreover, comparisons with other rhesus macaque
sequences in GenBank confirmed that the MICA STR is
located in exon 5 of MIC1, as it is in humans (Mizuki et al.
1997). These comparisons allowed the exact positioning of
five markers on the genomic map of the rhesus macaque
MHC (Fig. 1). The close proximity of these loci prompted
us to investigate whether there were associations between
Mamu alleles and adjacent STR markers that would be sug-
gestive of LD.

Inspection of haplotypes showed association of alleles
spanning the region D652876 to DRA-CA, such as the
blocks defined by [D652876-220, DOBI*1801/DQAI*
2601; DRBI*0303,DRBI*1007, DRA-CA-234] and
[D6S2876-208; DOBI1*0601/DQA1*0104;, DRBI*0309,
DRB6*0101,DRB*W201; DRA-CA-260] found in Indian
monkeys (Table 4). Mamu-DRA is polymorphic and alleles
of this locus are associated with certain DRB region con-
figurations (de Groot et al. 2004). The apparent LD between
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Fig. 1 Localization of short tandem repeat (STR) markers on the rhe-
sus macaque major histocompatibility complex (MHC). The sche-
matic map is drawn according to Daza-Vamenta et al. 2004, with the
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scale. The markers D6S291, D6S276, and D6S1691 are localized
outside the core MHC region. MHC class I and II regions are partly
enlarged above or below the original scale, respectively
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Table 4 Linkage disequilibria between rhesus macaque class II alleles and adjacent STR markers

Monkey Origin D65291 DPBI1* D652741 D652876 DQBI DQAI DRB DRA-CA MICA Serol.B Serol.A MOG-CA D6S276 D651691
D55 Ch 216 07 271 206 1501 2603 3*0411, *W314 254 203 B- A- 121 213 193
Co68 In 206 0l 275 196 1811 2602 6%0112, *W2501 266 200 B24 A22 123 233 197
9125 In 206 12 273 208 0602 01051 |6*0111, *W606,*W2104, *W1603 236 194  BIlI Al9 123 233 199
4065 Bu 210 102 259 208 0602 01051 1*07032, 1*0306, *W2603 234 191  nd. n.d. 123 223 203
9017 In 208 13 261 220 1801 2601 1*%0303, 1*1007 234 200  B29 A6 123 215 203
8609 In 206 04 275 220 1801 2601 1*0303, 1*1007 234 200 B26 Al0 123 233 197

8669B  In 212 06 259 220 1801 2601 1%0303, 1*1007 234 203  B17 A6 123 225 197
10L In 214 06 277 220 1801 2601 1%0303, 1*1007 234 200 B26 Al9 123 233 197
9056 In 206 06 259 220 1801 2601 1*0303, 1*1007 234 200 B8 A3 125 233 197
BB66 In 204 07? 279 220 1801 2601 1*0303, 1*1007 234 200 BI13 Al0 123 225 197
8669B  In 206 07 259 196 1809 2602 1*0306, 1*1003 248 200 B2 Al0 123 225 199
9078 In 206 07 261 216 0605 0102 1%0306,1%1003 248 194  BIlI A33 127 233 203
8727 In 206 11 257 220 1801 2601 1*0306, 1*1007 248 200 B2 Al0 123 233 197
4049 Bu 200 14 287 210 1801 2601 1*0309, *W2507 268 200 nd. n.d. 127 225 195
4074 Bu 218 14 287 210 1801 2601 1*0309, *W2507 268 200 nd. n.d. 127 235 197
10L In 206 11 277 208 0601 0104 1%0309, 6%0101, *W201 260 200 B24 A2l 123 211 197
Co In 206 0l 271 208 0601 0104 1%0309, 6%0101, *W201 260 194  Bl4 AS 123 235 197
9119 In 204 10 275 208 0601 0104 1%0309, 6*0101, *W201 260 194  BIl A6 123 225 209
9119 In 206 10 281 208 0601 0104 1*0309, 6*0101, *W201 260 200 B26 A9 127 231 197
9125 In 206 10 0 208 0601 0104 1%0309, 6%0101, *W201 260 200 B24 A6 123 235 203
2Cp In 204 10 279 208 0601 0104 1%0309, 6%0101, *W201 260 194  BIlI Al9 127 225 197
D10 In 206 10 285 208 0601 0104 1*0309, 6*0101, *W201 260 200 B26 Al0 123 233 197
4064 Bu 206 14 287 208 0601 0104 1*0321, 1*%0322 262 194  nd. n.d. 123 225 205
4050 Bu 214 14 287 208 0601 0104 1*0321, 1*%0322 262 194  nd. n.d. 125 227 195
4049 Bu 202 12 285 208 0601 0104 1%0321, 1*0323 262 191  nd. n.d. 125 215 205
TA In 206 12 269 220 1804 2302  1%0310, *W101, *W602, *W609 244 200 B34 Al0 123 223 203
IRY In 206 10 283 204 1502 2401 1*0313, *W604, *W605(8) 268 200 B- A5 125 235 203
8727 In 208 04 279 244 1808 2402 1*0403, *W501 254 191 B32 Al0 123 235 197
4064 Bu 214 10 271 244 1808 2402 1*0403, *W502 254 200 nd. n.d. 123 225 195
4065 Bu 214 10 271 244 1808 2402 1%0403, *W502 254 200  nd. n.d. 125 215 195
1KX In 206 13 261 210 1802 2301 6*0114, *W303, *W4012? 256 194 BIl1 A6 123 225 197
8769 In 206 08 267 206 1803 2301 1*0405, 5%0304 270 194  Bl1 A27 123 235 197
2CP In 206 04 273 196 1811 2602 1*0406, 5*%0301 256 194  B26 A28 121 235 191
IVA In 204 06 269 196 1811 2602 1*0406, 5%0301 256 200 BI13 A6 123 235 213
9078 In 206 03 265 196 1811 2602 1#0406, 5+0301 256 194  Bl4 A3 127 235 197
C6 In 204 03 265 196 1811 2602 1*0406, 5%0301 256 191 B32 A28 123 235 197
IRY In 206 13 261 196 1811 2602 1#0406, 5+0301 256 194  BIl Al9 121 235 207
1QK In 206 04 273 220 1801 2601 1#0406, 5*0301 256 200 B26 A22 123 225 199
4074 Bu 214 147 259 204 1710 2603 1%0407, 3*%0409, 6*New 254 200 nd. n.d. 123 223 207
C68 In 204 03 265 248 1501 2603 1*0701, 3*0405, 5%0303 270 194 Bl4 Al 121 233 203
D10 In 206 10 267 196 1810 2401 3*%0403, *W305 254 200 B26 Al9 121 225 197
2CK In 206 04 279 196 1810 2401 3%0403, *W305 254 200 B26 Al9 121 225 197
1VA In 206 11 257 208 0602 01051 6*0111, *W606, *W2104, *W2603 236 200 BI3 A9 127 215 197
4050 Bu 206 13 261 244 1503 0502 6*0111, *W606, *W2104, *W2603 246 200 nd. n.d. 123 231 197

DR/DRA-CA and/or DQA1/DQB1/D652876 pairs are blocked, exceptions are marked yellow. DPB1*10/D652741 combinations are highlighted in light blue, and the
DPBI1%*14/D652741-287 pair is highlighted in light green. Ch = China, Bu = Burma, In = India

DRA-CA and DRB alleles reflects these associations. In
Burmese monkeys, however, [D652876-208; DOBI1*0601/
DQAI* 0104] was associated with another -DRB region
configuration/DRA-CA allele, consistent with findings of
specific Mamu haplotypes associated with the geographic
origin of rhesus macaques (Doxiadis et al. 2003).

In contrast to the associations between DQ, DQ, DR,
D6S2876, and DRA-CA alleles, strong LD could not be ob-
served for all Mamu-DPBI1 and D652741 alleles (Table 4).
DPBI*14, an allele that to our knowledge has been found
only in Burmese rhesus macaques, was exclusively as-
sociated with D6S2741-287 (Table 4, light green). DPBI*
10, the most frequent allele in Indian monkeys, however,
was observed with various D652741 alleles (Table 4, light
blue). These observations are remarkable because of the
close proximity of D6S2741 to the DPBI locus in rhesus
macaques. Although far more haplotypes need to be ana-
lyzed, one possible explanation for the lack of allelic asso-
ciation in Indian rhesus macaques could be the presence of a
recombination hotspot between the -DPBI and the marker,
as has been observed in humans (Cullen et al. 2002).

Alternatively, a higher mutation rate for D6S2741 could also
be a factor in breaking down LD with DPB]. Further in-
vestigation is needed to determine whether such a hotspot
exists in Indian but not in Burmese rhesus macaques, or
whether D6S2741-287 is a more recent mutation that arose
on a DPBI*14 chromosome.

No evidence of LD was found between serotypes of
Mamu-A, -B and nearby STRs MOG-CA and MICA, re-
spectively. This might be explained by the fact that only two
STRs, localized in the more stable part of the MHC class I
region, were analyzed. Additionally, these two STRs had
the lowest level of allelic diversity and each contained one
allele with frequency >0.50. These factors would make it
difficult to detect allelic associations.

Recombination in the MHC region
Recombination in the MHC region was evaluated in two

data sets. First, linkage analyses were performed with seven
paternal families from the CNPRC colony with a total of
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Table 5 Recombinations observed in rhesus macaque breeding groups

Monk Haplotype D6S291 DPBI* D652741 D652876 DQBI DQAI DRB DRA-CA MICA Serol.B Serol.AVOG-CAD6S276 D651691
Gr.1
Co6 sire a 204 03 265 196 1811 2602 1%0406, 5%0301 256 191 B32 A28 123 235 197
Cc6 b 206 01 271 208 0601 0104 1%0309, 6*%0101, W201 260 194 B14 AS 123 235 197
9056 dam c 206 06 259 220 1801 2601 1#0303, 1*1007 234 200 BI8 A3 125 233 197
9056 d 208 04 279 244 1808 2402 1%0403, *W501 254 191 B32 Al0 123 235 197
r01074 offspring b 206 01 271 208 0601 0104 1%0309, 60101, *W201 260 194 B14 AS 123 235 197
101074 d 208 04 279 244 1808 2402 1#0403, *W501 254 191 B32 Al0 123 235 197
R00056 offspring a 204 03 265 196 1811 2602 1#0406, 5*%0301 256 191 B32 A28 123 235 197
R00056 c 206 06 259 220 1801 2601 1*0303, 1*1007 234 200 BI8 A3 125 233 197
98039 offspring a 204 03 265 196 1811 2602 1*0406, 5%0301 256 191 B32 A28 123 235 197
98039 dic 208 04 279 244 1808 2402 1*0403, *W501 254 200 BI8 A3 125 233 197
Gr4

D55 sire
D55

8669B  dam e 212 06 259 220 1801 2601 1%0303, 1*1007 234 203 B17 A6 123 225 197
8669B f 206 07 259 196 1809 2602 1%0306, 1*1003 248 200 B2 A10 123 225 199
199007 offspring

199007 e 212 06 259 220 1801 2601 1%0303, 1%1007 234 203 B17 A6 123 225 197
100035  offspring 254 [[200 B26 AI9 121 225 197 |
00035 206 07 259 196 1809 2602 10306, 1*1003 248 200 B2 A10 123 225 199
98004 offspring

98004 e/f 212 06 259 220 1801 2601 1%0303, 1*1007 234 200 B2 Al0 123 225 199
Gr.5

4049 sire
4049

4050 dam i 214 14 287 208 0601 0104 1*%0321, 1%0322 262 194 n.d. n.d. 125 227 195
4050 j 206 13 261 244 1503 0502 5*0111, *W606, *W2104, *W2603 246 200 nd. nd. 123 231 197
98022 offspring a 202 12 285 208 nd. nd. 1%0321, 1%0323 262 191  nd. nd. 125 215 205
98022 i 214 14 287 208 n.d. n.d. 1%0321, 1%0322 262 194 n.d. n.d. 125 227 195
94018 offspring a 202 12 285 208 n.d. n.d. 1%0321, 1%0323 262 191 n.d. n.d. 125 215 205
94018 i 214 14 287 208 nd.  nd 1%0321, 1*0322 262 194  nd. nd. 125 227 195
97030 offspring
97030 jhi 206 14 287 208 n.d. n.d. 1%0321, 1%0322 262 194 n.d. n.d. 125 227 195
96090 offspring
96090 j 206 13 261 244 1503 0502 5*0111, *W606, *W2104, *W2603 246 200 nd. n.d. 123 231 197
Gr.5
4049 sire a 202 12 285 208 0601 0104 1%0321, 1%0323 262 191 nd. nd. 125 215 205
4049 b 200 14 287 210 1801 2601 1*0309, *W2507 268 200 n.d. n.d. 127 225 195
4065 dam e 214 10 271 244 1808 2402 1*0403, *W502 254 200 n.d. n.d. 125 215 195
4065 f 210 ? 259 208 0602 01051 1%07032, 1%0306, *W2603 234 191 nd. nd. 123 223 203
9312 offspring a 202 12 285 208 0601 0104 1%0321, 1%0323 262 191 nd. nd. 125 215 205
9312 e 214 10 271 244 1808 2402 1%0403, *W502 254 200 n.d. n.d. 125 215 195
95005 offspring b 200 14 287 210 1801 2601 1%0309, *W2507 268 200 n.d. n.d. 127 225 195
95005 fle 210 10 271 244 1808 2402 10403, *W502 254 200  nd. nd. 125 215 195
97042 offspring b 200 4 287 210 1801 2601 1%0309, *W2507 268 200  nd. n.d. 127 225 195
97042 fle 210 ? 259 208 nd._ 01051 1*07032, 1*0306, *W2603 234 191 n.d. n.d. 123 215 195
Gr.7
C68 sire a 204 03 265 248 1501 2603 1#0701, 3%0405, 5+0303 270 194 B14 Al 121 233 203
C68 b 206 i 275 196 1811 2602 *W2501, 6%0112 266 200 B24  A22 123 233 197
9078 dam e 206 03 265 196 1811 2602 10406, 50301 256 194 Bl4 A3 127 235 197
9078 f 206 07 261 216 0605 0102 1%306, 1*1003 248 194 Bl A33 127 233 203
199020 offspring a 204 03 265 248 1501 2603 1%0701, 3%0405, 5%0303 270 194  Bl4 Al 121 233 203
199020 @ 206 03 265 196 1811 2602 1*%0406, 50301 256 194 B14 A3 127 235 197
97044 offspring b 206 01 275 196 1811 2602 *W2501, 6*0112 266 200 B24 A22 123 233 197
97044 f 206 07 261 216 0605 0102 1%306,1%1003 248 194  BIl A33 127 233 203
97012 offspring a 204 03 265 248 1501 2603 1%0701, 3%0405, 5%0303 270 194  BIl A33 121 233 203
97012 e/f 206 03 265 196 1811 2602 1*%0406, 5*0301 256 194 B14 A3 127 233 203
Gr.7
C68 sire a 204 03 265 248 1501 2603 1%0701, 3%0405, 50303 270 194 B14 Al 121 233 203
C68 b 206 01 275 196 1811 2602 6%0112, *W2501 266 200 B24  A22 123 233 197
2CV dam g 206 10 261 216 0605 0102 1%0306, 1*1003 248 194 BIL A33 127 235 203
2CV h 206 07 0 208 0601 0104 1%0309, 6%0101, *W201 260 200 B24 A6 123 233 203
98030 offspring a 204 03 265 248 1501 2603 1#0701, 3%0405, 5+0303 270 194 B14 Al 121 233 203
98030 g 206 10 261 216 0605 0102 1%0306, 11003 248 194 BIL A33 127 235 203
97038 offspring b 206 [ 275 196 1811 2602 *W2501, 6%0112 266 200 B24 A22 123 233 197
97038 h 206 07 0 208 0601 0104 1%0309, 6%0101, *W201 260 200 B24 A6 123 233 203
99016 offspring a 204 03 265 248 1501 2603 10701, 3%0405, 5+0303 270 194  Bl4 Al 121 233 203
99016 h/g 206 07 0 208 0601 0104 1*0309, 6%0101, *W201 260 200 B24 A6 123 235 203

Paternal haplotypes involved in a recombination are marked blue/red, maternal haplotypes yellow/light green. Orange color indicates that the location of the crossover before or after
the marker could not be determined. At least two offspring without a crossover are shown to verify the extended haplotype



331 offspring—dam pairs to obtain recombination distance
for the STR markers. The average number of phase known,
informative meioses was 171+49. The sex-averaged map
constructed was D6S291—3.3 cM-D6S2741—1.2 cM-
D6S52876—1.5 cM—DRA-CA—0.7 cM-MICA—0.5 cM—
MOGCA—2.5 cM-D6S276—0.4 cM-D6S1691. These
analyses allowed us to obtain the distance of the flanking
markers D65291, D6S276, and D6S1691 relative to the core
MHC STRs. Approximate estimates for location of the core
MHC STRs, based on position in BAC clones and the
Mamu region (Daza-Vamenta et al. 2004), placed D6S2741
at ~4,980 kb (based on the position on BAC clone 118H5),
D6S52876 at ~4,680 kb (based on the position on BAC clone
281E18), DRA-CA at ~4,380 kb, MICA at ~3,320 kb, and
MOG-CA at ~380 kb (Fig. 1). The distances between mark-
ers suggested recombination rates of about 0.005 cM/kb
in the class Il region between D6S2741 and DRACA, 0.0007
cM/kb between DRA-CA and MICA, and 0.0002 cM/kb
between MICA and MOG-CA. The average rate across a
4,600-kb span between D6S2741 and MOG-CA was
0.0009 cM/kb. Although these estimates are based on few
markers and preliminary, the pattern of recombination dis-
tribution may be comparable to that found in humans
(Cullen et al. 2002). However, the lower recombination
rates determined in the Mamu class I in comparison to the
class II region may be related to the lower informativeness
of, and longer physical distance between, the two markers
in the class I region (MICA and MOG-CA). The complete
rhesus macaque MHC genomic map will provide ample
source of markers for use in more rigorous studies of re-
combination across the region and comparison with what is
known for humans.

To obtain additional information regarding recombina-
tion in the MHC, we also analyzed segregation data for the
BPRC pedigrees. A total of nine recombinants were ob-
served (Table 5) within and adjacent to a core MHC region
of about 4.7 Mb spanning DPBI to MOG-CA (Daza-
Vamenta et al. 2004). Two of these were localized between
DRA-CA and MICA, a DNA segment of about 1.1 Mb sep-
arating class I and class II genes (Table 5, offspring 98004,
group 4 and 98039, group 1). A third recombinant mapped
between the DR loci and MICA (Table 5, offspring 100035,
group 4). Since the DRA-CA allele was not informative in
this offspring, positioning of the crossover before or after
this marker was not possible. Because of the strong LD
between this STR and the -DRB loci, the break most prob-
ably occurred between DRA-CA and MICA. Three recom-
binants separated marker D65291 from DPBI (Table 5,
offspring 97030, 96090, and 95005, group 5). Three cross-
overs were observed telomeric of the class I region. One of
these separated Mamu-A from D6S276/D6S1691 (Table 5,
offspring 97012, group 7) but was not informative for MOG-
CA. Two crossovers separated MOG-CA from D6S276/
D6S1691 (Table 5, offspring 97042, group 5, and 99016,
group 7). Similar to the results obtained for CNPRC fam-
ilies, the crossover events identified in the BPRC families
occurred primarily at the ends of the MHC region. No re-
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combinants were observed in the region spanning DQO-DRA
loci, except perhaps for the one questionable case for which
DRA-CA was not informative.

Conclusions

In this report, we characterized the polymorphism of eight
STRs within or near the MHC and mapped their location
in the rhesus macaque genomic sequence. Comparison of
allelic diversity and frequency in Indian- and Chinese-ori-
gin rhesus macaques provided additional evidence of pop-
ulation differentiation that has been documented in the
literature for STRs not linked to the MHC, blood proteins,
and MHC class II genes. The observed differences for
MHC-linked STRs between different rhesus macaque pop-
ulations most likely underlie biological variation in adap-
tive and innate immunity and further justify efforts for more
detailed characterization of the MHC region in this species.
We also showed that these highly polymorphic markers
were useful to help define extended haplotypes across the
MHC, to identify haplotypes that were identical by descent,
and to differentiate chromosome configurations that would
otherwise appear identical, or nearly so, on the basis of lim-
ited gene-specific typing.

Segregation analyses suggested variable recombination
rates across the MHC region in a pattern similar to that
of humans. Because large pedigrees can be obtained from
breeding colonies, more-detailed studies of recombination
in rhesus macaques are possible and could provide com-
parative data regarding the evolution of the MHC within
and between related species. The apparent LD between class
II genes and adjacent STRs spanning the DQ-DR region
suggested that inclusion of these and additional markers
surrounding this region may be useful to define haplotypic
blocks and may help in mapping genes or chromosomal
segments associated with disease.

Genetic testing is increasingly used to establish or vali-
date pedigree records and to manage breeding colonies of
captive animals in primate centers around the world. The
incorporation of MHC-linked STR typing as part of this
routine will enhance the genetic characterization of captive-
bred rhesus macaques and will help in the production and
careful selection of experimental animals, particularly with
respect to such an important genomic region as the MHC.
The complete MHC sequence for rhesus macaques will
make it possible to identify a plethora of other markers,
STRs, or single nucleotide polymorphisms, that will further
contribute to understanding the role of different MHC re-
gions in immune-related processes.
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