
Tissue Antigens ISSN 0001-2815

B R I E F C O M M U N I C A T I O N

A simple multiplex polymerase chain reaction to determine
ABO blood types of rhesus macaques (Macaca mulatta)
A. Premasuthan1, S. Kanthaswamy1,2, J. Satkoski1 & D. G. Smith1,3

1 Department of Anthropology, University of California, Davis, CA, USA
2 Department of Environmental Toxicology and the California National Primate Research Center, University of California, Davis, CA, USA
3 California National Primate Research Center, University of California, Davis, CA, USA

Key words

ABO; blood type; multiplex polymerase
chain reaction; rhesus macaque

Correspondence

Dr Sree Kanthaswamy
203 Young Hall
University of California
One Shields Avenue
Davis
CA 95616
USA
Tel: +1 530 219 2017
Fax: +1 530 752 8885
e-mail: skanthaswamy@ucdavis.edu

Received 28 August 2010; revised 12
October 2010; accepted 8 November 2010

doi: 10.1111/j.1399-0039.2010.01602.x

Abstract

Rhesus macaques are the most common nonhuman primate model organism used in
biomedical research. Their increasingly frequent use as subjects in studies involving
transplantation requires that blood and other tissue antigens of donors and recipients
be compatible. We report here an easy and rapid multiplex polymerase chain reaction
(PCR) to determine the ABO blood group phenotypes of rhesus macaques that can
be performed with only small amounts of DNA. We phenotyped 78 individuals and
found this species to exhibit the A, B and AB phenotypes in frequencies that vary by
geographic region. The probability of randomly pairing rhesus macaque donors and
recipients that exhibit major ABO phenotype incompatibility is approximately 0.35
and 0.45 for Indian and Chinese rhesus macaques, respectively.

Rhesus macaques (Macaca mulatta) provide the most fre-
quently used nonhuman primate (NHP) models in biomedical
research (1). Macaques and humans share common ancestors
that lived 20–25 million years ago (2, 3), exhibiting close
similarity in their physiology, neurobiology and susceptibility
to infectious and metabolic diseases, and their genomes are
93% identical (1). Stem-cell and transplantation studies are
rapidly expanding areas of biomedical research that require
knowledge of selected blood types including the ABO cell
surface antigen phenotypes of both the donor and recipient (4)
to prevent fatal immunological reactions during transplanta-
tion (5, 6). Currently, the methods for ABO blood typing of
human samples consist of forward and reverse typing aggluti-
nation tests (7) of red blood cell (RBC) surface antigens and
corresponding naturally occurring serum antibodies, respec-
tively. In NHPs, the A, B and O (H) antigens are absent in
RBCs, precluding forward typing of ABO phenotypes, but
are found in secretions such as saliva and epithelial cells.
Because the secretor gene is fixed in rhesus macaque (8),
phenotypes can be identified using the saliva inhibition test
(SIT) (3). Reverse typing of their serum or plasma, that, as in

humans, contains naturally occurring antibodies correspond-
ing to the ABO, can also provide reliable results using human
test RBCs expressing the A and B antigens (3). In an earlier
study (9) Moor-Jankowski and colleagues reported the near
fixation of blood group B in rhesus macaques. While the
sample number was small, these results suggest that ABO
incompatibility is rare in rhesus macaques. Unfortunately,
the geographic range of macaque species is very large and
genetically subdivided and the provenance of samples stud-
ied is often not reported. In a study of ABO phenotypes of
both rhesus and cynomolgus (Macaca fascicularis) macaques
originating where their ranges overlap in Thailand and using
reverse typing, Malaivijitnond and colleagues (10) reported
approximately equal frequencies of all four ABO phenotypes
in rhesus macaques and high frequencies of phenotypes B and
AB in cynomolgus macaques. It is not clear to what extent
the discrepancies reported for rhesus macaques result from
variation in ABO phenotype frequencies within their natural
geographic ranges. However, both reverse typing and the SIT
require fresh blood or saliva and neither can directly identify
the mutations responsible for the A and B alleles. Hence, a
reliable DNA-based blood typing method that requires only
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small amounts of DNA extracted from any source, including
archival tissue, is needed. The A and B antigens result from
specific mutations, single nucleotide polymorphisms (SNPs),
in exon 7 of the ABO locus on chromosomes 9 and 15 in
humans and macaques, respectively (11). While SNPs that
identify the O allele in macaques with the O blood group
phenotype are reportedly found in exon 6 (11), the functional
mutations responsible for the phenotype, which in humans cre-
ate a stop codon that prevents the addition of polysaccharides
to the H antigen (3, 9), have not been identified. Doxiadis
et al. (12) have shown that in rhesus macaques the ABO phe-
notypes A, B and AB identified by sequencing the region
containing their diagnostic mutations correspond with those
based on reverse typing (but not necessarily those based on
the SIT, presumably because of the insensitivity of the latter
test to small amounts of antigen) but did not include the O
phenotype in their study.

We developed a multiplex polymerase chain reaction (PCR)
method based on sequence-specific priming (SSP) to deter-
mine the ABO blood types of rhesus macaques using DNA
samples by the identification of mutations responsible for the
A and B antigens. The O phenotype, while potentially use-
ful as a universal donor, is moot for transplantation research
owing to its reported rarity in macaques and the recessive con-
dition of the O allele in heterozygotes. Primers were designed
to target the SNPs in exon 7 of the ABO locus specific to
the A and B antigens and SNPs in exon 6 associated with the
O allele, and DNA samples of rhesus macaques were geno-
typed to characterize the distribution of the ABO phenotypes
in two regional populations, India and China. Blood samples
from rhesus macaques, whose species and geographic origin
are given in Table 1, were analyzed. DNA was extracted from
the samples using the QIAmp DNA Blood Mini Kit (250)
following the manufacturer’s protocol. Primers for exons
6 and 7 that amplify approximately 150 and 700 bp ampli-
cons, respectively, shown in Table 2, were designed from
the National Center for Biotechnology Information (NCBI;
www.ncbi.nlm.nih.gov) rhesus macaque reference assembly
of the ABO gene (NC_007872.1).

The exon 7 PCR amplification was performed in a 12.5 μl
volume containing 0.25 μl dNTP mix (10 mM), 1.25 μl 10 ×

Table 1 Origin, sample size, number of individuals with each blood type,
and the estimates of probability of incompatible donor/recipient pairs (IC)
among rhesus macaques

Number of individuals
with A, B, AB, and O

phenotypes

Species Origin
Sample

size A B AB O IC χ2-value

Macaca mulatta
India 31 3 16 12 0 0.34 0.001
China 47 13 24 10 0 0.45 2.83

Total number of individuals 78 16 40 22 0 0.42 2.01
Allele frequency 0.21 0.51 0.28 0

PCR buffer, 0.35 μl of MgCl2 (50 mM), 0.25 μl of each for-
ward and reverse primer (10 μM), 0.06 μl of Platinum Taq
Polymerase (Invitrogen, Carlsbad, CA), 8.09 μl of distilled
water and 2 μl of DNA sample (20 ng/μl). Thermal cycler
parameters were initial hold/temperature 95◦C for 3 min fol-
lowed by 45 cycles of 20 s at 95◦C, 10 s at 60◦C and 40 s
at 72◦C with a final hold/temperature for 5 min at 72◦C.
PCR product was electrophoresed on 6% polyacrylamide gels
(Bio-Rad Laboratories, Hercules, CA), along with size stan-
dards, to confirm the presence of amplified product of the
appropriate (700 bp) length. Electrophoresis was conducted
in Bio-Rad Mini PROTEAN Tetra Cell at 160V for approx-
imately 45 min. Gels were stained in a ∼2 μg/ml ethidium
bromide (EtBr) solution (Amresco, Solon, OH) for 3 min and
visualized on a UV transilluminator (Alpha Innotech Corp.,
San Leandro, CA). Except for the inclusion of 0.65 μl of
MgCl2 (50 mM) and 7.79 μl of distilled water, the PCR mix-
ture for exon 6 was identical to that for exon 7. The PCR
product was electrophoresed, stained and visualized following
similar protocol as for exon 7.

The 700-bp exon 7 PCR products for four rhesus macaques
were cloned using QIAGEN PCR Cloning Kits following
the manufacturer’s protocol. DNA was extracted from cloned
cells (using QIAGEN PCR Cloningplus Kits, Qiagen Inc.,
Valencia, CA) and PCR performed using identical thermal
cycler parameters as cited above for exon 7. The PCR
mixture prepared was the same as that cited above except
6 μl of DNA and 4.09 μl of water were included. The
presence of the 700-bp PCR products was confirmed using
6% polyacrylamide gels with size standards and then treated
with Exo-SAP IT (USB Corp., Cleveland, OH) following the
manufacturer’s protocol.

PCR for exon 6 produced multiple bands. The band of inter-
est (150 bp) was selected using PCR CheckIT gels (Elchrom

Table 2 Forward and reverse primers used for singleplex and multiplex
PCR analysis

Primer Sequence

Exon 6 forward
primer

5′-ATG TGA CCC CAC GTC TCT CT-3′

Exon 6 reverse
primer

5′-CCG ATG GTG GTG TTC TGG AGC C-3′

Exon 7 forward
primer

5′-CCT GCC TTG CAG ATA CGT G-3′

Exon 7 reverse
primer

5′-CAG CTG ATC ACG GGT TCC-3′

Forward primer for A
polymorphism

5′-TGG ACG TGG ACA TGG AGT TCC GT-3′

Forward primer for B
polymorphism

5′-GGA GAT CCT GAC TCC GCT CTT-3′

Common AB reverse
primer

5′-CCC TGG TGA GCC GCT GCA CCT CC-3′

PCR, polymerase chain reaction.
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Scientific USA Inc., New Hyde Park, NY) following the man-
ufacturer’s protocol and suspended in 10 μl of NE Buffer 2
(New England BioLabs Inc., Ipswich, MA). This solution was
cloned using QIAGEN PCR Cloningplus kits following the
manufacturer’s protocol. Cloned cells with the DNA of inter-
est (white colonies) underwent similar steps as for exon 7
to obtain sequence data. The forward and reverse sequences
were generated from 1 μl of the exons 6 and 7 products from
each of the four macaques on an ABI 3130 Genetic Analyzer
using the BigDye XTerminator run module and POP7 polymer
(Applied Biosystems, Foster City, CA) following the manu-
facturer’s protocol. Sequences obtained from the exons were
aligned with lab-generated and reference sequences of exons
6 and 7 from rhesus and cynomolgus macaques and complete
human and rhesus ABO genes on Seaview 4.0 (13). Refer-
ence sequences of rhesus macaques were taken from GenBank
accession numbers AF094693.1, AF052084.1, AF052086.1,
AF052085.1 and AF052080.1, and the rhesus ABO Gene-
RefSeqs from annotated genome build 1.1; cynomolgus refer-
ence sequences were those published for Cy*A101, Cy*A102,
Cy*A103, Cy*O101, Cy*B101 and Cy*B102 (14) and human
reference sequences used were those from human ABO Gene-
RefSeqs from annotated genome build 37.1.

The portion of sequence containing the SNPs that define
the A and B alleles in exon 7, shown in Figure 1, were used
to design the two forward primers shown in Table 2. The for-
ward primer 5′-TGGACGTGGACATGGAGTTCCGT defin-
ing the A allele begins and ends at two T→C SNPs unique to
the A allele [nucleotide positions (nps) 5367901 and 536923]
while that defining the B allele, 5′-GGAGATCCTGACTCCG
CTCTT, encompasses the G→A and C→G SNPs (nps
5367953 and 5367956, respectively) unique to the B allele
and anneals to np 5367938 in exon 7. A reverse primer (AB
reverse primer), 5′-CCCTGGTGAGCCGCTGCACCTCC,
was designed from a region further downstream at np 5368120
in exon 7. As such, the A and B allele primers described here
target a region approximately 166 and 129 bases upstream,
respectively, from nucleotide sequences which correspond to
A and B specific amino acid residues 266 and 268 (12). Apart
from these sites polymorphisms exist at other sites that were
not suitable for primer design. A multiplex PCR mixture

was prepared with 0.40 μl of dNTP (10 mM), 2.0 μl 10 ×
PCR buffer, 0.35 μl of MgCl2 (50 mM), 5.50 μl of primer
mix (20 μM); 1.50 μl B forward primer, 1.25 μl A forward
primer, 2.75 μl of the ABO reverse primer, 0.25 μl of Plat-
inum Taq Polymerase (Invitrogen, Carlsbad, CA), 9.50 μl of
distilled water and 2 μl of DNA. The A and B fragments
were amplified for all 78 macaque DNA samples using the
following multiplex PCR parameters: an initial hold of 95◦C
for 3 min followed by 45 cycles of 30 s at 94◦C, 30 s at
50.4◦C, 45 s at 72◦C and a final hold for 5 min at 72◦C. The
size of each amplicon was determined after running on a 6%
polyacrylamide gel with size standards. Sequences of PCR
products from the multiplex primers designed were generated
using the same procedure described above and compared with,
and found to be identical to, those of the reference A and B
rhesus macaque sequences from GenBank using nucleotide-
BLAST from NCBI.

Phenotypes were assigned to each sample based on the pres-
ence or absence of fragment sizes associated with the A and
B alleles, respectively. The probability of donor/recipient pair
exhibiting major incompatibility (IC), based on the assumption
of random pairing, was computed for each regional population
as IC = 2 (fAfB) + fAB(fA + fB) + fO(fA + fB + fAB), where
fA, fB, fAB and fO are the frequencies of the phenotypes A,
B, AB and O, respectively.

While previous studies have reported mutations for the O
allele to be present in exon 6 (11), our study did not show any
SNPs within the exon 6 region in the aligned reference and
lab-generated sequences. The exon 7 primers for the B allele
also amplify the O allele in rhesus macaques. Because all 78
samples exhibited at least one A and/or one B allele and no
SNPs were detected in exon 6, the O phenotype was assumed
to be absent among all samples.

The forward primer for the A and B alleles generated a frag-
ment of 219 and 182 bp long, respectively, with the common
ABO reverse primer. Animals assigned the AB (heterozygous)
phenotype exhibited two bands, each one representing 219 and
182 bp fragments. The band lengths were concordant with the
size of the amplicon expected using primer blast in NCBI. The
results of the four animals sequenced agreed with the blood

Figure 1 A section of the sequences in exon 7 generated from clones and reference A, B and O rhesus and cynomolgus macaques. The brown color
denotes polymorphisms and the arrows show the annealing position of the primers and their sequences.
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Figure 2 Banding patterns for AB, B and A blood phenotypes in rhesus
macaques.

type generated by the multiplex PCR. Figure 2 shows band-
ing patterns of the three different phenotypes observed, and
the frequencies of ABO phenotypes in regional populations
of rhesus macaques are shown in Table 1. All three popula-
tions were tested for Hardy-Weinberg (HW) equilibrium using
a chi-squared test of the observed and expected numbers of
B phenotypes (with a single degree of freedom) corrected for
continuity (15) and assuming the absence of the O allele. The
observed phenotypes of neither population differed from those
expected under HW equilibrium conditions at the 0.05 level
of probability.

The most common blood group was B (0.51), followed by
blood group AB (0.28) and blood group A (0.21). Blood group
A was more common in Chinese (0.28) than in Indian (0.10)
rhesus macaques. The proportion of donor/recipient pairs
expected to exhibit major ABO blood group incompatibility,
provided in Table 1, exhibited a relatively narrow range, being
higher in Chinese rhesus macaques (0.45) and lower in Indian
rhesus macaques (0.34). When the phenotype frequencies of
the two regional populations are combined, 42% of all random
pairs of donor/recipient rhesus macaques are expected to have
(major) incompatible ABO phenotypes.

The multiplex PCR analysis of DNA is more straightfor-
ward and less subject to typing errors than the serological
methods used in earlier studies. While Yamamoto et al. (11)
reported an O blood mutation causing stop-codon mutations
within exon 6 in humans, none of the previous studies have
reported the O blood group causing mutations to be present in
exon 6 in macaques. We did not find any mutations specific
to the O blood type within exons 6 and 7 (12, 14) despite our
larger sampling of geographically representative individuals.
We conclude that the absence of the O blood group in our
sample of 78 rhesus macaques can be attributed to its low
frequency in rhesus macaques. The absence of an O group
could also be because of a posttranscriptional modification
that genotyping does not detect or a mutation elsewhere within

the coding region. Our multiplex PCR enables the detection of
the presence of A and B antigens and, hence, incompatibility
between a prospective donor/recipient pair and is uninfluenced
by the potential presence of O alleles in heterozygous animals.

While previous studies reported that rhesus macaques were
monomorphic, or nearly so, for blood group B (9, 16), the
present study shows that populations of rhesus macaques from
both India and China are polymorphic at the ABO blood group
locus (Table 1). This study confirms the presence of a high
incidence of the B phenotype, but not its fixation, in rhesus
populations of India and China. The discrepancy between the
frequencies of blood group B in rhesus macaques reported in
the present and earlier studies might result from sampling or
typing errors, as both earlier studies cited above used sero-
logical methods rather than DNA genotyping, and only small
samples were studied. The frequency of blood group B in both
Indian and Chinese rhesus macaques in our study exceeded
that in Thai rhesus macaques reported by Malaivijitnond et al.
(2007) that were based on reverse typing of sera. Thai rhesus
macaques were reported to exhibit frequencies of blood groups
A and AB that are intermediate between those we found in
Indian and Chinese rhesus macaques and a frequency of blood
group O, missing in both Indian and Chinese rhesus macaques,
of almost 10%.

While other studies (17–19) have reported genetic differ-
entiation between the Indian and Chinese rhesus macaques at
many loci, the two regional populations of rhesus macaques
share similar ABO blood group phenotype frequencies, with
Indian rhesus macaques exhibiting a somewhat lower fre-
quency of A and a higher frequency of AB than Chinese
rhesus macaques. The average probabilities of incompatible
parings of donor and recipients were 0.34 and 0.45, respec-
tively, in the two populations, with a combined overall prob-
ability in all samples of 0.42, and advise careful matching
of the phenotypes of donors and recipients in transplanta-
tion research using rhesus macaques. Studies of transfusion
and transplantation involving rhesus macaques should ensure
compatibility of ABO phenotypes of donor and recipient for
this locus. The multiplex system described above is a rapid,
reliable and inexpensive method for doing this. Our conclu-
sions regarding regional variation in phenotype frequencies
need to be confirmed using larger population samples of rhesus
macaques and other species commonly used in transplantation
research such as the cynomolgus macaque. We are currently
adapting our multiplex PCR method for use on cynomolgus
macaques and baboons and searching for sites of mutation
causing the O blood type in both taxa.

Acknowledgments

We would like to thank four anonymous reviewers for their
helpful comments that have significantly improved this article.
We are grateful to all the facilities listed in Kanthaswamy et al.
(2008) that have contributed samples used in this study. We

© 2011 John Wiley & Sons A/S · Tissue Antigens 77, 584–588 587



DNA-based ABO blood types of rhesus macaques A. Premasuthan et al.

also thank the Genomic Variation Laboratory at UC Davis for
their support extended in sharing the use of thermal cyclers
for timely completion of the study. This study was supported
by National Institutes of Health grants R24RR005090 and
R24RR025871 to DGS and National Institute of Justice grant
2008-DN-BX-K288 to SK.

References

1. Gibbs RA, Rogers J, Katze MG et al. Evolutionary and
biomedical insights from the rhesus macaque genome. Science
2007: 316: 222–34.

2. Kumar S, Hedges SB. A molecular timescale for vertebrate
evolution. Nature 1998: 392: 917–20.

3. Socha WW, Ruffie J. Monographs in Primatology 3, Blood
Groups of Primates: Theory, Practice, Evolutionary Meaning.
New York : Alan R. Liss, Inc, 1983 : 40–150 .

4. Sullivan PT, Duggleby CR, Blystad C, Stone WH.
Immunogenetic studies of rhesus monkeys. Immunogenetics
1976: 3: 473–9.

5. Williamson LM, Lowe S, Love EM et al. Serious hazards of
transfusion (SHOT) initiative: analysis of the first two annual
reports. BMJ 1999: 319: 16–9.

6. Williamson L, Cohen H, Love E, Jones H, Todd A, Soldan K.
The serious hazards of transfusion (SHOT) initiative: the UK
approach to haemovigilance. CME Bull Hematol 2000: 3:
35–8.

7. Daniels G, Bromilov I. Techniques used in blood typing. In:
Khan M, ed. Essential Guide to Blood Groups, Massachusetts :
Blackwell publishing, Inc., 2007 , 4–5 .

8. Blancher A, Socha WW. The ABO, Hh and Lewis blood
groups in human and non-human primates. In: Blancher A,
Klein J, Socha WW, eds. Molecular Biology and Evolution of
Blood Group and MHC Antigens in Primates, Germany :
Springer, Heidelberg, 1997 , 30–92 .

9. Moor-Jankowski J, Socha WW. Blood groups of macaques: a
comparative study. J Med Primatol 1978: 7: 136–45.

10. Malaivijitnond S, Sae-Low W, Hamada Y. The human-ABO
blood groups of free-ranging long-tailed macaques (Macaca
fascicularis) and parapatric rhesus macaques (M. mulatta) in
Thailand. J Med Primatol 2008: 37: 31–7.

11. Yamamoto F, Clausen H, White T, Marken J, Hakmoori S.
Molecular genetic basis of the histo-blood group ABO system.
Nature 1990: 345: 229–33.

12. Doxiadis GGM, Otting N, Antunes SGM et al.
Characterization of the ABO blood group genes in macaques:
evidence for convergent evolution. Tissue Antigens 1998: 51:
321–6.

13. Gouy M, Guindon S, Gascuel O. SeaView version 4: a
multiplatform graphical user interface for sequence alignment
and phylogenetic tree building. Mol Biol Evol 2010: 27:
221–224.

14. Kermerrac N, Roubinet F, Apoil P, Blancher A. Comparison
of allele O sequences of the human and non-human primate
ABO system. Immunogenetics 1999: 49: 517–26.

15. Cassens BJ. Preventive medicine and public health. In:
Cassens BJ, ed. Statistics, Lippincott Williams and Wilkins,
2009 , 64–65 .

16. Fooden J. Primates obtained in peninsular Thailand June–July,
1973, with notes on the distribution of continental Southeast
Asian leaf-monkeys (Presbytis). Primates 1976: 17: 95–118.

17. Smith DG, Kanthaswamy S, Viray J, Cody L. Additional
highly polymorphic microsatellite (STR) loci for estimating
kinship in rhesus macaques (Macaca mulatta). Am J Primatol
2000: 50: 1–7.

18. Smith DG, McDonough J. Mitochondrial DNA variation in
Chinese and Indian rhesus macaques (Macaca mulatta). Am
J Primatol 2005: 65: 1–25.

19. Viray J, Rolfs B, Smith DG. Comparison of the frequencies of
major histocompatibility (MHC) class-II DQA1 and DQB1
alleles in Indian and Chinese rhesus macaques (Macaca
mulatta). Comp Med 2001: 51: 555–61.

588 © 2011 John Wiley & Sons A/S · Tissue Antigens 77, 584–588


