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A B S T R A C T

Polymorphisms within the promoter region of the TNF-a gene have been associated with altered

expression of TNF-a and susceptibility to a variety of diseases in humans. Although macaques (Macaca

spp.) are frequently used as models to study human diseases, little is known about the extent of genetic

variation at the TNF-a locus and its consequences for disease susceptibility in these species. The TNF-a
promoter region was sequenced in a sample of 40 macaques including five M. mulatta of Chinese and

Indian ancestry and 35 M. fascicularis of Malaysian, Mauritian, Indonesian, and Philippine ancestry. These

groups were chosen because they exhibit differences in their susceptibilities to severe malaria upon

infection with Plasmodium parasites. Sequence analysis revealed a total of 14 single nucleotide

polymorphisms (SNPs), five of which are newly described, and 20 unique haplotypes. In addition, the

TFSEARCH program was used to investigate the potential of these polymorphisms to influence

transcription factor binding. While both species exhibited a similarly high degree of genetic variability at

the TNF-a promoter, AMOVA analysis and FST values indicated that most of the variation is shared

between species and among populations. However, two of the most common haplotypes, describing

31.7% of the observed variation, and three potentially functional polymorphisms at positions -781, -535,

and -10, were exclusive to M. fascicularis. Polymorphisms in the human ortholog of the TNF-a promoter

which are known to be associated with malaria susceptibility in humans were not shared with

macaques.

� 2009 Published by Elsevier B.V.
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1. Introduction

The proinflammatory cytokine tumor necrosis factor-alpha
(TNF-a) exhibits a pleiotropic role within the body, and genetic
variation within the TNF-a locus has been associated with
susceptibility to a variety of infectious diseases (Bayley et al.,
2004; Knight and Kwiatkowski, 1999), autoimmune disorders
(Bayley et al., 2004; Hirankarn et al., 2007; Nemec et al., 2008;
Serrano et al., 2006), and several types of cancer (Bel Hadj Jrad
et al., 2007; Gaudet et al., 2007; Kohaar et al., 2007; Zhang et al.,
2008). Polymorphisms in the TNF-a promoter are known to affect
the binding of transcription factors to this region, resulting in
altered TNF-a transcription and a modification of the host immune
response to pathogens such as malaria (Aidoo et al., 2001; Baseggio
§ Note: Nucleotide sequence data reported in this paper are available in the
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et al., 2004; Hohjoh and Tokunaga, 2001; Knight et al., 1999;
Kroeger et al., 1997; McGuire et al., 1994; Wilson et al., 1997).
Indeed, several TNF-a promoter polymorphisms have been
associated with the severity of malarial infection in humans
(Aidoo et al., 2001; Hananantachai et al., 2007; Knight and
Kwiatkowski, 1999; McGuire et al., 1994, 1999; Migot-Nabias
et al., 2000; Ubalee et al., 2001). While macaques (Macaca spp.) are
widely used as models for humans in immunology, pathology, and
biomedical research, and are frequently employed in studies of
malaria pathogenesis, it is presently unknown whether they
exhibit polymorphisms of similar functional relevance at the TNF-
a locus. Although one study has recently identified 11 SNPs within
the promoter region of TNF-a in the rhesus macaque, M. mulatta

(Singh and Schmidtke, 2005), the TNF-a locus remains largely
unexplored in macaques. The identification of novel polymorph-
isms with potential functional relevance will provide a framework
for fine tuned research linking disease association (in humans) to
comparative pathology involving experimental manipulation of
animals of known genotype. Therefore, the primary objective of the
present study was to characterize genetic variation at the TNF-a
promoter region in several populations of M. fascicularis from
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broadly distributed geographic locations with varying exposure to
malarial parasites in addition to a sample of M. mulatta. Given that
M. mulatta and M. fascicularis exhibit a parapatric distribution
(Fooden, 1980) and that M. mulatta diverged from an M.

fascicularis-like ancestor more than one million years ago
(Hayasaka et al., 1996, 1988), we expected to detect species-
specific patterns of genetic variation within the TNF-a promoter. In
addition, we hypothesized that genetic variation among popula-
tions will demonstrate geographic clustering.

A secondary objective of the study was to evaluate the
distribution of haplotypes in relation to the geographic distribu-
tion of malaria. Like humans, macaques exhibit differences in their
susceptibility to severe malaria upon infection with Plasmodium

parasites (Matsumoto et al., 2000; Migot-Nabias et al., 1999;
Schmidt et al., 1977). In particular, the parasites P. knowlesi and P.

coatneyi produce acute fulminating infections in M. mulatta that
are often fatal (Collins, 1974; Praba-Egge et al., 2002; Schmidt
et al., 1977), while they induce only mild chronic infections in their
natural host M. fascicularis (Matsumoto et al., 2000; Migot-Nabias
et al., 1999; Schmidt et al., 1977). However, M. fascicularis also
demonstrates intra-specific variability in its susceptibility to
severe disease upon infection with these parasites. For example,
M. fascicularis from the Philippines develop mild chronic infections,
whereas M. fascicularis from Mauritius develop severe malaria
(Collins et al., 1992; Migot-Nabias et al., 1999; Schmidt et al.,
1977). This is an interesting pattern considering that P. knowlesi

and P. coatneyi are geographically distributed in Malaysia and the
Philippines and are not found in Mauritius (Fooden, 1994). While
the mechanisms responsible for this phenomenon are currently
unknown, it is possible that differences in susceptibility to severe
malaria exhibited by macaques are linked to variation at the TNF-a
locus, given the role of TNF-a in malaria pathogenesis.

Based on this information, we hypothesized that the Philippine
population would exhibit less diversity at the TNF-a locus than
other populations, because this population has demonstrated
resistance to severe malaria, and positive selection would be
expected to have reduced diversity at the TNF-a locus by favoring
variants that confer resistance to severe malaria. Furthermore, we
expected the Philippine population to demonstrate a high frequency
of at least one specific haplotype that was absent or at a low
frequency in populations that develop severe disease when infected
with the parasites P. knowlesi and P. coatneyi (M. mulatta and M.

fascicularis of Mauritian origin). Such findings would suggest a link
between specific TNF-a promoter variants and the partial malaria
resistance observed in Philippine populations of M. fascicularis.

Alternatively, mutations within the TNF-a promoter may up-
regulate expression of this cytokine and cause enhanced suscept-
ibility to severe malaria, as documented in humans (Hajeer and
Hutchinson, 2001; Knight and Kwiatkowski, 1999; Knight et al.,
1999; Kroeger et al., 1997; Wilson et al., 1997). If this is the case,
identification of at least one haplotype uniquely associated with
populations that develop severe disease when infected with the
parasites P. knowlesi and P. coatneyi (M. mulatta and Mauritian M.

fascicularis) would suggest an association between specific TNF-a
promoter variants and malaria susceptibility in macaques. There-
fore we expected populations susceptible to severe malaria (M.

mulatta and Mauritian M. fascicularis) to exhibit a moderate to high
Table 1
Primers for amplification of the TNF-a promoter region in M. fascicularis and M. mulat

Forward primer Sequence Reverse

TNFA6-F GCAAAGGAGAAGCTCAGAAGACAAAG TNFA4-

TNFA4-F TGGCTCTGAGGAATGGGTTA TNFA-R

TNFA6-F GCAAAGGAGAAGCTCAGAAGACAAAG TNFAC-

TNFAC-F CCTGCATCCTGTCTGGAAAT TNFA-4
frequency of at least one specific haplotype that was at a low
frequency or absent in the Philippine population.

2. Materials and methods

2.1. Samples

We generated sequence data for a sample of 40 animals
comprising 35 long tailed macaques (M. fascicularis) originating
from Indonesia (7), Malaysia (6), Mauritius (12), and the Phillipines
(10), as well as five rhesus macaques (M. mulatta) of Chinese (4) and
Indian (1) origin. Samples were obtained from various primate
research facilities, and consisted of whole blood extracted DNA from
animals of known provenience in captive breeding colonies. Samples
of M. fascicularis from Mauritius were obtained from the Covance
Primate Facility (Alice, TX) and the New England National Primate
Research Center (Southborough, MA). M. fascicularis samples of
Philippine origin were obtained from the New Iberia Primate
Research Center (New Iberia, LA) and Covance Primate Facility.
Samples of M. fascicularis from Malaysia were obtained from the
Wake Forest University (formerly Bowman Gray) Medical School
(Winston-Salem, NC) and the California National Primate Research
Center (Davis, CA) provided samples of M. fascicularis from Indonesia
and samples of M. mulatta. Samples were organized into five groups,
and included four M. fascicularis groups categorized by country of
origin and one population of six M. mulatta, which included a
reference sequence (GenBank accession number AY486430).

2.2. Primer design, amplification, and sequencing

We used the TNF-a promoter sequence for the rhesus macaque
(GenBank accession number AY486430) to identify a �3 kb region
on chromosome 4 encompassing the TNF-a promoter. This
sequence was used to design primers for amplification of the
994 bp TNF-a promoter region in our samples. Several combina-
tions of primers, described in Table 1 below, were used to generate
overlapping fragments that were subsequently sequenced and
aligned to the reference sequence to yield the full 994 bp product.
This strategy was necessary because the length of the sequence, as
well as duplications and secondary structures within primer
binding regions, hindered the consistent amplification and
sequencing of a full-length product.

Polymerase chain reaction (PCR) was carried out in 12.5 mL
volume reactions consisting of 1.25� PCR Gold Buffer ((Applied
Biosystems Incorporated, Foster City, CA), 1 mM MgSO4, 0.2 mM
primers (each), 0.2 mM dNTPs, and 0.3 U AmpliTaq Gold Taq
polymerase (Applied Biosystems). Thermal cycling began with an
initial denaturation step of 94 8C for 3 min followed by 60 cycles of
denaturation at 94 8C for 15 s, annealing between 58 and 60 8C for
30 s, and extension at 72 8C for 60 s, with a final elongation step at
72 8C for 4 min. All PCR products were assessed for amplification
quality and appropriate size by electrophoresis on 2% agarose gels
containing ethidium bromide, and were subsequently purified using
ExoSAP-IT reagent and purification protocol (USB Corporation,
Cleveland, OH). Cycle sequencing reactions were performed using
the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) according to the manufacturers’ suggested protocol.
ta.

primer Sequence Amplicon size (bp)

R ATCATGCTTTCCGTGCTCATG 1252

TTTTCAGTTGGGGTCTGGAG 1042

R GTGTGTGGGACTCTGGAGGT 779

R ATCATGCTTTCCGTGCTCATG 592



Fig. 1. Electropherogram depicting a double peak in an otherwise robust sequence.
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Cycle sequencing products were purified by sodium acetate, ethanol
precipitation. Forward and reverse strands were sequenced using
the ABI 3130 Genetic Analyzer (Applied Biosystems). Consensus
sequences were obtained by combining forward and reverse strands
for each amplicon and aligning them to the reference sequence
(accession number AY486430). We used Sequencher version 4.7
(Gene Codes Corporation, Ann Arbor, MI) to edit and assess the
quality of sequence data, and to generate the final consensus
sequence for each sample. Template that produced low quality or
ambiguous sequence data was re-amplified and re-sequenced.
Ambiguous base calls (e.g., double peaks) occurring in otherwise
robust sequence data, as depicted in Fig. 1 below, were treated as
heterozygous states. In this way we obtained diplotype sequences
for each individual animal (a total of 41 sequences, including the
reference sequence) that represented both maternal and paternal
chromosomes. We used the program PHASE (Stephens et al., 2001)
to estimate haplotype data from the diplotype sequences and thus
obtained two sequences for each animal (a total of 82 sequences).
Consensus sequences were aligned using Mesquite version 1.12
DNA analysis software (Maddison and Maddison, 2005).

2.3. Data analysis

We were unable to generate quality sequence data at the five
prime and three prime ends of the TNF-a promoter in 23 of our
samples. Therefore summary statistics were calculated for both a
data set of full-length sequences incorporating missing data, and a
data set in which all sequences were trimmed to the length of the
shortest sequence (881 bp). A chi-square comparison of genetic
diversity estimates for the full-length and trimmed data sets
revealed that these values were not significantly different
(p� 0.1) and therefore sequences from the trimmed data set
were used in all subsequent analyses. In addition, six samples were
randomly selected from each group of animals in order to generate
a stratified data set (N = 30) that controlled for sampling bias.

Summary statistics, including nucleotide diversity (p), gene
diversity, number of pairwise differences, number of transitions,
and number of transversions were calculated for each population
and species using ARLEQUIN version 3.01 (Excoffier et al., 2005).
The stratified data set was used to calculate population specific
estimates of genetic diversity. Species-specific estimates of genetic
diversity were calculated for both the full data set (M. fascicu-

laris = 35) and a data set of six randomly selected M. fascicularis. In
addition, we used a jacknife procedure to estimate nucleotide
diversity for populations of six randomly selected M. fascicularis.
Species-specific values of genetic diversity for both data sets are
given in Table 3.

Pairwise FST values were calculated from the stratified data set
in order to obtain a measure of population differentiation and an
Analysis of Molecular Variance (AMOVA) was carried out using
ARLEQUIN version 3.01; (Excoffier et al., 2005). Although the
AMOVA analysis was also applied to the stratified data set, the
reference sequence was removed from the analysis (N = 58) due to
the unknown geographic origin of this animal. In addition, Tajima’s
test of selective neutrality (Tajima, 1989) was applied to each
population within the stratified data set in order to detect potential
signatures of natural selection.

The program TFSEARCH (http://www.cbrc.jp/research/db/
TFSEARCH.html; Akiyama, 1998) was used to identify transcription
factor binding sites within the vicinity of single nucleotide
polymorphisms. TFSEARCH searches highly correlated sequence
fragments against the TFMATRIX transcription factor binding site
profile database in the TRANSFAC databases (Heinemeyer et al.,
1998). Although it is possible that this program could potentially
produce spurious results due to the non-coding nature of the
sequence data, because the TNF-a promoter serves a regulatory
function, it is likely that transcription factor binding sites occur
within this region. To further control for any program error, a
threshold of 85% was used so that only those transcription factors
with a binding probability of >85% were identified, according to
the method of Singh and Schmidtke (2005). We only report the
transcription factor with the highest binding probability.

Searches were conducted with the full-length reference
sequence and with 21 bp sequence fragments surrounding each
polymorphic site (10 bp upstream and 10 bp downstream). A
length of 21 bp was chosen based on an initial search of the
reference sequence that identified potential binding sites to be
�15 bp in length. For each SNP, two sequences were searched (one
for each allele) and changes in transcription factor binding were
noted. We defined ‘‘functional polymorphisms’’ as those sites in
which a specific allele changed the sequence fragment qualita-
tively so that a new transcription factor-binding site was generated
or removed. In a similar manner, we refer to different haplotypes
that exhibited the same pattern of transcription factor binding
sites as members of the same ‘‘functional haplotype.’’

3. Results

Diversity estimates summarizing genetic variation at the TNF-a
promoter in each population are given in Table 2. Estimates of

http://www.cbrc.jp/research/db/TFSEARCH.html
http://www.cbrc.jp/research/db/TFSEARCH.html


Table 2
Distribution of mutations and estimates of mean pairwise differences at the TNF-a promoter locus in populations of M. mulatta and M. fascicularis (total N = 60: population

N = 12).

M. mulatta M. fascicularis (Indonesian) M. fascicularis (Mauritian) M. fascicularis (Malaysian) M. fascicularis (Philippine)

# Transitions (TS) 7 0 9 8 7

# Transversions (TV) 2 1 2 0 1

Mean pairwise differences 4.2 � 2.23 0.53 � 0.473 3.9 � 2.11 3.1 � 1.72 4.0 � 2.13

Nucleotide diversity (p) 0.0047 � 0.00286 0.00060 � 0.000606 0.0044 � 0.00269 0.0035 � 0.00220 0.0045 � 0.00272

Gene diversity 1.0 � 0.0340 1.0 � 0.0340 1.0 � 0.0341 1.0 � 0.0342 1.0 � 0.0343
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species-wide diversity for the full data set and a reduced data set of
six randomly selected M. fascicularis are described in Table 3.

Variability estimates indicate that both M. mulatta and M.

fascicularis exhibit a similarly high degree of genetic diversity at
the TNF-a promoter locus. As shown, values for the mean number
of pairwise differences, nucleotide diversity (p), and gene diversity
were almost exactly equal for M. mulatta and M. fascicularis in the
species wide comparison, regardless of sampling effect. The
jacknife procedure confirmed this result, estimating the mean
number of pairwise differences at 4.1 � 2.19, a nucleotide diversity
of 0.0047 � 0.00281 for M. fascicularis. Furthermore, chi-square tests
confirmed that genetic diversity estimates were not significantly
different between groups (p� 0.05), indicating that sampling did not
bias these results. The highest diversity estimates were exhibited by
the M. mulatta population, and were very similar to the values for the
Philippine population of M. fascicularis, while the M. fascicularis

population from Indonesia demonstrated the lowest amount of
diversity. Estimates of gene diversity were equal across all popula-
tions (see Table 2).

FST values for each population comparison are summarized in
Table 4. The highest FST values were observed for the Malay-
sian � Philippine (0.11) and the Mauritian � Philippine (0.12)
comparisons, and were greater than all interspecies comparisons.
The Mauritian �Malaysian population comparison exhibited the
lowest FST value (0.018), while the M. mulatta �Mauritian and M.

mulatta �Malaysian population comparisons produced identical
Table 3
Species wide estimates of distributions of mutations, mean pairwise differences and nucle

fascicularis.

M. mulatta (N = 12)

# Transitions (TS) 7

#Transversions (TV) 2

Mean pairwise differences 4.2 � 2.23

Nucleotide diversity (p) 0.0047 � 0.00286

Gene diversity 1.0 � 0.0340

a These values represent Jackknife estimates based on sampling 12 among the 70 M. fa

diversity.

Table 4
Average pairwise FST values for haplotypes (N = 60) between regional populations of M

M. fascicularis (Philippine) M. fascicularis (Mauritian)

M. mulatta 0.021 0.075

M. fascicularis (Indonesian) 0.022 0.096

M. fascicularis (Malaysian) 0.11 0.018

M. fascicularis (Mauritian) 0.12

Table 5
Polymorphic sites within the TNF-a promoter locus in M. mulatta and M. fascicularis (N

Position -859 -823 -812 -781 -667 -561 -

SNP indel (C) T/C C/T** G/A** C/T** A/C C

a Positions are numbered relative to the transcription start of the TNF-a gene. Previou
FST values of 0.075. In summary, FST values were �0.1 for all
comparisons, indicating that differentiation at this locus is
minimal between populations. Results of the AMOVA analysis
support this conclusion, indicating that more than 93% of the
genetic variation occurred within populations (p = 0.0). Further-
more, Tajima’s tests of selective neutrality did not reveal any
statistically significant results (p� 0.05).

3.1. Single nucleotide polymorphisms

Our analysis of the TNF-a promoter region in 41 macaques
(6 M. mulatta and 35 M. fascicularis) revealed a total of 14
single nucleotide polymorphisms (SNPs) which are shown in
Table 5. Eight of these SNPs have been previously described in
M. mulatta (Singh and Schmidtke, 2005), and our data indicate
these are shared between species. We also discovered a total of
six novel SNPs at this locus (highlighted in Table 5), five of which
(-812 C/T, -781 G/A, -667 C/T, -535 C/T, and -10 T/C) are unique
to M. fascicularis and one (-456 T/C) which is shared between
species.

Using the TFSEARCH program, we identified potential tran-
scription factor binding sites within the vicinity of eight SNPs
(-823 T/C, -781 G/A, -561 A/C, -535 C/T, -456 T/C, -442 T/C, -262 A/
G, -10 T/C). We considered seven of these SNPs to be putative
functional polymorphisms because specific alleles were asso-
ciated with qualitative changes in transcription factor binding.
otide diversity among haplotypes at the TNF-a promoter locus for M. mulatta and M.

M. fascicularisa (N = 12) M. fascicularis (N = 70)

7 11

1 2

4.1 � 2.19 3.8 � 1.95

0.0047 � 0.00281 0.0043 � 0.00245

1.0 � 0.0340 0.9 � 0.0238

scicularis chromosomes to eliminate the effect of sample size on estimates of genetic

. mulatta and M. fascicularis.

M. fascicularis (Malaysian) M. fascicularis (Indonesian) M. fascicularis (Total)

0.075 0.088 0.092

0.070

= 82)a.

535 -497 -456 -442 -331 -262 -260 -10

/T** A/G T/C T/C C/T A/G A/T T/C**

sly unreported SNPs are indicated in bold and ** denotes SNPs unique to M. fascicularis.



Table 6
Allelic frequencies for putative functional polymorphisms found within the TNF-a promoter region of M. mulatta and M. fascicularis (N = 82).

Functional SNPs Transcription factor Allelic frequency

M. mulatta M. fascicularis

Mauritian

M. fascicularis

Indonesian

M. fascicularis

Malaysian

M. fascicularis

Philippine

Total

-823 T p300 0.67 0.42 0.07 0.83 0.55 0.49

C E2F 0.33 0.58 0.93 0.17 0.45 0.51

-781 G None 1 1 1 1 0.75 0.94

Aa cdxA – – – – 0.25 0.06

-535 C SP1 1 0.79 1 1 1 0.94

Ta MZF-1 – 0.21 – – – 0.06

-456 T None 0.33 0.54 0.93 0.25 0.45 0.51

C AML-1a 0.67 0.46 0.07 0.75 0.55 0.49

-442 T GATA-3 0.42 0.13 – 0.67 0.55 0.32

C AML-1a 0.87 1 0.33 0.45 0.68

-262 A AP-1 0.8 0.75 1 0.92 1 0.89

G None 0.2 0.25 – 0.08 – 0.11

-10 T SRY 1 0.79 1 0.92 1 0.93

C None 0 0.21 – 0.08 – 0.07

Functional polymorphisms are defined as those in which specific alleles exhibit qualitative differences in transcription factor binding.
a Denotes private alleles.
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Allelic frequencies of putative functional SNPs and their asso-
ciated transcription factors are summarized in Table 6. Although
the -535 C/T SNP is located within a potential transcription factor
binding site, we did not consider this polymorphism as
functionally relevant because both the C and T alleles were
associated with binding to the same transcription factor, GATA-1.
No transcription factor binding sites were associated with the
remaining six SNPs.

Polymorphisms -781 G/A, -535 C/T, and -10 T/C were unique to
M. fascicularis. We also identified private alleles in the Philippine
(-781A) and the Mauritian (-535T) populations. The -10C allele was
largely restricted to the Mauritian population at a frequency of
0.21, but was also found at a low frequency (0.08) in the Malaysian
population. The remaining functional polymorphisms were shared
between M. fascicularis and M. mulatta. The -262G allele was absent
in the Indonesian and Philippine populations and present at a low
frequency (0.08) in the Malaysian population, whereas it was
found a much higher frequency in the Mauritian (0.25) and M.

mulatta (0.21) populations.
Table 7
TNF-a promoter haplotypes observed in M. mulatta (N = 12) and M. fascicularis (N = 70

Haplotype Functional haplotype Sequence Nucleotide

-823

1 A -CCGCCCATCCAAT E2F

2 A -CCGCACATCCAAT E2F

3 B CTCGCCCGCTTAAT p300

4 A CCCGCCCATCCAAT E2F

5 C CTCGCCCACCCAAT p300

6 D CTCATCCGCTTAAT p300

7 E CTTGCCTACCCGTC p300

8 B CTCGCCCACTTAAT p300

9 B CTTGCCCGCTTAAT p300

10 A CCCGCACATCCAAT E2F

11 B CTCGCCCGCTCAAT p300

12 C CTCGCCCACCTAAT p300

13 F CTCGCCCATCCAAT p300

14 G CTCGCCCGCTCGTT p300

15 G CTTGCCCGCTCGTT p300

16 H CTTGCCCGCCCGAC p300

17 I CTTGCCTACCCGTT p300

18 J -CCGCCCACCCGTC E2F

19 A -CCGCACATCTAAT E2F

20 B CTCGTCCGCTTAAT p300
3.2. Haplotype analysis

A total of 20 haplotypes were identified, and many of these
haplotypes, although distinct in sequence, appeared to exhibit the
same transcription factor binding sites and could be further
characterized by functional relevance as shown in Table 7. Indeed,
while there are 20 unique haplotype sequences within the study
population, there are only 10 functional haplotypes as determined
by the pattern of transcription factor binding sites. Furthermore,
two of the 10 functional haplotypes comprised half of the 20
haplotypes identified. Functional haplotype A, representing the
largest number of individuals, is characterized by haplotypes 1, 2,
4, 10, and 19 because they exhibit the same pattern of transcription
factor binding sites, and haplotypes 3, 8, 9, 11, and 20 represent
functional haplotype B.

Population frequencies for the most common haplotypes are
summarized in Table 8. Eleven haplotypes describe 83% of the
observed variation, and the remaining nine haplotypes represent
singletons. While the M. mulatta population consisted of only six
) and associated transcription factor binding sites.

position

-781 -535 -456 -442 -262 -10

– SP1 – AML-1a AP-1 SRY

– SP1 – AML-1a AP-1 SRY

– SP1 AML-1a GATA-3 AP-1 SRY

– SP1 – AML-1a AP-1 SRY

– SP1 AML-1a AML-1a AP-1 SRY

cdxA SP1 AML-1a GATA-3 AP-1 SRY

– MZF-1 AML-1a AML-1a – –

– SP1 AML-1a GATA-3 AP-1 SRY

– SP1 AML-1a GATA-3 AP-1 SRY

– SP1 – AML-1a AP-1 SRY

– SP1 AML-1a GATA-3 AP-1 SRY

– SP1 AML-1a AML-1a AP-1 SRY

– SP1 – AML-1a AP-1 SRY

– SP1 AML-1a GATA-3 – SRY

– SP1 AML-1a GATA-3 – SRY

– SP1 AML-1a AML-1a – –

– MZF-1 AML-1a AML-1a – SRY

– SP1 AML-1a AML-1a – –

– SP1 – AML-1a AP-1 SRY

– SP1 AML-1a GATA-3 AP-1 SRY



Table 8
Population frequencies of common (i.e., non-singleton) TNF-a promoter haplotypes (N = 82).

Haplotype Total

(n = 82)

M. mulatta

(n = 12)

M. fascicularis

Mauritian (n = 24)

M. fascicularis

Indonesian (n = 14)

M. fascicularis

Malaysian (n = 12)

M. fascicularis

Philippine (n = 20)

M. fascicularis

Total (n = 70)

1 15 (18.3%) 0 5 (20.8%) 7 (50.0%) 2 (16.7%) 1 (5.0%) 15 (21.4%)

2 15 (18.3%) 4 (33.3%) 0 5 (35.7%) 0 6 (30.0%) 11 (15.7%)

3 11 (13.4%) 0 2 (8.3%) 0 4 (33.3%) 5 (25.0%) 11 (15.7%)

4 7 (8.5%) 0 6 (25.0%) 0 0 0 6 (8.6%)

5 5 (6.1%) 3 (25.0%) 2 (8.3%) 0 0 0 2 (2.9%)

6 5 (6.1%) 0 0 0 0 5 (25.0%) 5 (7.1%)

7 4 (4.9%) 0 4 (16.7%) 0 0 0 4 (5.7%)

8 3 (3.7%) 0 1 (4.2%) 0 2 (16.7%) 0 3 (4.2%)

9 3 (3.7%) 3 (25.0%) 0 0 0 0 0

10 3 (3.7%) 0 2 (8.3%) 0 0 1 (5.0%) 3 (4.2%)

11 2 (2.4%) 0 0 0 2 (16.7%) 0 2 (2.9%)

Haplotype frequencies are reported as percentages of haplotypes in the total population and as percentages of the haplotypes in individual populations. Number in

parentheses indicates the number (N) of chromosomes with that haplotype.
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animals (including the reference sequence), it exhibited a total of
five haplotypes, illustrating that the high diversity of the TNF-a
locus was not limited to the M fascicularis population which
included 35 animals and exhibited a proportional 17 haplotypes.

4. Discussion

4.1. Genetic diversity within and between species

Overall, genetic diversity estimates (TS, TV, p, etc.) indicate that
the TNF-a promoter is highly variable in M. mulatta and M.

fascicularis, exhibiting 20 haplotypes defined by 14 SNPs, half of
which are of potential functional relevance. This is intriguing, as
one might expect a promoter sequence to exhibit less variability,
given its regulatory function. While our estimates of genetic
variability were similar for both M. mulatta and M. fascicularis, it is
possible that genetic diversity is underestimated for the M. mulatta

population due to inadequate sampling, even though random
sampling of only six M. fascicularis individuals for comparison with
the six M. mulatta individuals failed to detect a statistically
significant difference in genetic heterogeneity between the two
species. Furthermore, the fact that M. mulatta exhibits a continuous
geographic distribution while M. fascicularis is discretely distrib-
uted in island populations suggests that different levels of
population substructuring between species may confound diver-
sity estimates. Therefore a greater number of animals from more
diverse locations are needed to obtain more accurate estimates of
species-specific diversity.

AMOVA analysis and FST values indicate that genetic variation
at the TNF-a promoter locus is shared between species and among
populations. AMOVA analysis revealed that nearly all of the
variation at this locus (>93%) occurs within populations. A similar
conclusion can be drawn from the FST values which are close to 0.1
for all comparisons, suggesting that population differentiation at
this locus is minimal. Interestingly, the highest FST values were
exhibited within species rather than between species as might be
expected, with the Philippine population being most differentiated
from the Mauritian and Malaysian populations (FST = 0.12 and
0.11 respectively). In contrast, the lowest FST values were those
differentiating the Philippine population from the Indonesian
(0.22) and M. mulatta (021) populations, and that differentiating
the Mauritian and Malaysian populations (0.018).

Although the AMOVA analysis and FST values indicated that
genetic variation at the TNF-a promoter locus is shared between
species and among populations, a closer inspection of the data
revealed some noteworthy species differences. A previous study of
the TNF-a promoter locus in 29 samples of M. mulatta discovered a
total of 11 SNPs in this species (Singh and Schmidtke, 2005), and
our data indicate that eight of these SNPs are shared between
species. The results of our study coupled with those of Singh and
Schmidtke (2005) indicate that both species exhibit unique
polymorphisms with the potential to affect transcriptional
regulation of TNF-a. Specifically, three SNPs previously reported
in M. mulatta, -785 G/T, -666 C/A, and -495 C/T (Singh and
Schmidtke, 2005), were not polymorphic in our data set,
suggesting that these three SNPs are unique to M. mulatta.
Furthermore, although the -785G and -666G alleles were fixed in
our sample and not associated with transcription factors, the -785T
and the -666A alleles reported in M. mulatta are associated with the
transcription factors MZF-1and CREB, respectively (Singh and
Schmidtke, 2005).

In addition, TFSEARCH results revealed three potentially
functional polymorphisms unique to M. fascicularis (-781 G/A -
535 C/T and -10 T/C). Interestingly, the -781A allele generated a
putative binding site for the transcription factor cdxA and was
restricted to the Philippine population. Similarly, the -535C allele
created a potential binding site for transcription factor SP1, and
was found only in the Mauritian population. We consider these to
be putative functional polymorphisms because of their potential to
bind transcription factors and alter regulation of TNF-a transcrip-
tion. It should be noted however that due to their close proximity,
the SNPs identified in this study are very likely to exhibit linkage
disequilibrium and therefore should not be considered indepen-
dent of each other. Nevertheless, these polymorphisms could
contribute to phenotypic differences in TNF-a expression between
species and thus may be potential targets of natural selection in
macaques.

In regard to population estimates of genetic diversity, we found
it interesting that the two island populations (from the Philippines
and Mauritius) exhibited some of the highest estimates of genetic
diversity. This is surprising given that genetic drift is expected to
operate more strongly in island populations. Although this data
refutes our original hypothesis that natural selection has reduced
diversity at the TNF-a locus in the Philippine population, a possible
explanation of this intriguing observation is that balancing
selection may be counteracting the effects of drift and maintaining
diversity at the TNF-a locus in this population.

By contrast, the Indonesian population demonstrated the
lowest genetic diversity of all populations in terms of raw
variability estimates (mean pairwise differences = 0.53 � 0.473,
p = 6.0 � 10�3 � 6.06 � 10�3, TS = 0, TV = 1), total number of haplo-
types (4) and number of functional polymorphisms (2). Furthermore,
the -823C and -456T alleles, both at positions judged to be
functionally significant, are near fixation in this population (both
at a frequency of 0.93). This pattern of reduced diversity is not likely
to be due to demographic factors, as M. fascicularis from Indonesia
exhibit a higher degree of genetic diversity at neutral microsatellite
loci when compared with other regional populations of M. fascicularis
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(Kanthaswamy et al., 2008). Although it is possible that genetic drift is
responsible for the low variability observed in the Indonesian
population, the high diversity found within the island populations
of Mauritius and the Philippines, coupled with the notion that the
Mauritian population was originally founded by Indonesian animals
(Akiyama, 1998; Kawamoto et al., 2008; Sussman and Tattersall,
1986; Tosi and Coke, 2007), suggest that either natural selection or
sampling error is a more likely candidate.

In addition to raw variability estimates, we identified a total of
20 haplotypes within the study population. While 50% of the
variation observed was described by only three haplotypes
(haplotypes 1, 2, and 3), a close inspection of the distribution of
haplotypes revealed some interesting species differences.
Although haplotypes 1 and 2 occurred at an equal frequency of
18.3% and haplotype 3 was slightly less common at a frequency of
13.4%, only haplotype 2 was shared between species, and therefore
likely to be the ancestral form, while haplotypes 1 and 3 were
exclusive to M. fascicularis. Furthermore, three of the five
haplotypes observed in the M. mulatta population (haplotypes 9,
14, and 17) were unique to this population and described 41.6% of
the variation in this species. While haplotypes 14 and 17 were
singletons, accounting for only 3.7% of the variation within the
total study population, interestingly haplotype 9 described 25% of
the variation within the M. mulatta population. In addition, 50% of
the variation within the M. mulatta population was described by
haplotypes 5 and 9, which were almost completely exclusive to
this species. The exception here is that haplotype 5 was shared
with the Mauritian population of M. fascicularis, although it was
absent from all other M. fascicularis populations. Indeed, while
haplotype 5 described 25% of the variation within the M. mulatta

population and approximately 8% of the variation in the Mauritian
population of M. fascicularis, it only accounted for 3% of the total
variation within the M. facicularis population as a whole.

Surprisingly, the Mauritian population of M. fascicularis was the
most diverse, exhibiting 9 of the 20 haplotypes. In comparison, the
Philippine and Malaysian populations demonstrated a similar level
of allelic diversity, exhibiting a total of 7 and 8 haplotypes
respectively. Although the Mauritian population exhibited the
highest diversity in terms of the total number of haplotypes,
haplotypes 4 and 7 contributed 41.7% of the variation observed in
this population. In addition, the Mauritian population was also
very unique, as four of its haplotypes (haplotypes 4, 7, 17, and 18)
were exclusive to Mauritian animals with one exception.
Haplotype 4 occurred once in an Indonesian animal but was
otherwise restricted to the Mauritian population. This observation
is not surprising given that the Mauritian population is believed to
have been originally colonized by animals of Indonesian origin
(Akiyama, 1998; Kawamoto et al., 2008; Sussman and Tattersall,
1986; Tosi and Coke, 2007), but is not consistent with the higher
level of differentiation of the Mauritian population from the
Indonesian population (FST = 0.096) than from the Malaysian
(FST = 0.018) population.

Interestingly, the Indonesian population exhibited the lowest
haplotype diversity with more than 85% of the variation described
by haplotypes 1 and 2. The striking contrast between the
Indonesian and Mauritian populations is intriguing for at least
two reasons. First, based on demographic factors alone the
Mauritian population is expected to exhibit a lower diversity
simply because it is an island population founded by a small
number of animals. Secondly, if the Mauritian population were
indeed founded by animals of Indonesian origin as legend asserts,
one would expect a much lower diversity at the TNF-a locus, given
the observation that the Indonesian population itself exhibits the
lowest diversity of all other populations at this locus. Furthermore,
Indonesian animals exhibit a higher diversity than Mauritian
animals at neutral markers (Kanthaswamy et al., in press), lending
further support to the notion that demographics are not the driving
force behind their diversity at the TNF-alpha locus. At this juncture
one can only speculate what mechanisms are responsible for this
phenomenon, but relaxed selection pressure in the Mauritian
population as compared to its parent population from Indonesia is
a plausible interpretation of their contrasting levels of diversity at
this locus.

4.2. Variation at the TNF-a promoter and malaria susceptibility in

humans and macaques

Like humans, macaques exhibit variability in their suscept-
ibility to severe malaria. If genetic variation within the TNF-a
promoter were involved in the phenotypic differences in suscept-
ibility observed in these populations of macaques, one would
expect to find variants in the susceptible populations (particularly
M. mulatta and Mauritian M. fascicularis) that are absent in
populations regularly exposed to P. knowlesi and P. coatneyi

parasites (the Philippine population of M. fascicularis) and/or vice
versa.

Consistent with this expectation, haplotypes 5 and 9 occured at
a high frequency within the M. mulatta population. Interestingly,
haplotype 5 is functionally distinct from nearly all other
haplotypes except that it shares the same pattern of transcription
factor-binding sites with haplotype 12, which only appeared once
in an Indonesian animal. Furthermore, although haplotype 5 was
shared with the Mauritian population of M. fascicularis, neither of
these haplotypes was found in any of the populations of M.

fascicularis that overlap with the geographical range of these
Plasmodium parasites. A similar pattern was observed for the
distribution of the -262 G allele which occurred at a 20% and 25%
frequency in the M. mulatta and Mauritian populations respec-
tively, and at an 8% frequency in the Malaysian population
(Table 6). Given this information along with the role of TNF-a in
malaria pathogenesis, the hypothesis that one or both of these
haplotypes and/or the -262G allele may be associated with
susceptibility to severe malaria in macaques warrants further
investigation.

Inversely, the presence of a unique haplotype at high frequency
within the Philippine population would lend support to the notion
that the Philippine population harbors TNF-a promoter variants
that may be associated with resistance to severe malaria. Indeed,
although it accounted for only 6% of the variation within the total
study population, haplotype 6 was restricted to the Philippine
population, where it occurred at a high frequency of 25%.
Furthermore, this haplotype is also functionally unique in that it
is the only haplotype that exhibits a binding site for transcription
factor cdxA at position -781. While this data is consistent with the
hypothesis that haplotype 6, alone or in combination with another
haplotype, could be responsible for the resistance observed in the
Philippine population, experimental studies are needed to
determine if this haplotype is associated with the outcome of
malaria infections in this species.

A comparison of our data set with the human TNF-a promoter
ortholog suggests that polymorphisms associated with malaria
susceptibility in humans are not shared with macaques. Although
polymorphisms -863 C/A, -857 C/T, and -376 G/A, and -308 G/A
within the human TNF-a promoter ortholog have been associated
with altered TNF-a expression and malaria susceptibility in
humans (Aidoo et al., 2001; Baseggio et al., 2004; Hohjoh and
Tokunaga, 2001; Knight et al., 1999; Kroeger et al., 1997; McGuire
et al., 1994; Ubalee et al., 2001; Wilson et al., 1997), these SNPs
were not observed in the present study when macaque sequences
were aligned with a reference (accession number NT007592) for
the human TNF-a promoter ortholog. Specifically, polymorphisms
-863A, -857T, and -376A exhibit allele-specific binding to the
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transcription factor Oct-1 (Baseggio et al., 2004; Hohjoh and
Tokunaga, 2001; Knight et al., 1999), and binding of Oct-1 to the -
376A allele results in altered transcription of TNF-a and a four fold
increase in susceptibility to severe malaria (Knight et al., 1999).
While our data reveal that macaques do have an A at the position
corresponding to -376 in the human TNF-a promoter ortholog, a
systematic search of our dataset using TFSEARCH did not return
any binding sites for Oct-1. Similarly, the -308A allele has been
associated with increased production of TNF-a and susceptibility
to a variety of diseases including severe malaria in humans
(Abraham and Kroeger, 1999; Aidoo et al., 2001; El-Harith el, 2004;
Kroeger et al., 1997; Ubalee et al., 2001; Wilson et al., 1997). All of
the macaque samples are monomorphic for G at the position
corresponding to -308 in the human TNF-a promoter ortholog,
indicating that this susceptibility allele is absent in our data set.
These results suggest that there are differences between humans
and macaques in the mechanisms regulating TNF-a transcription.
Such differences, which could correspond to differences in
mechanisms of disease susceptibility, warrant caution when
macaques are employed as models to study disease pathogenesis
and susceptibility.

5. Conclusion

M. mulatta and M. fascicularis exhibit a similarly high degree of
genetic variability at the TNF-a promoter locus. While much of
this variation is shared between species, both M. mulatta and M.

fascicularis exhibit unique haplotypes and polymorphisms of
potential functional relevance. Furthermore, some haplotypes
are restricted, or nearly so, to certain regional populations of M.

fascicularis. Whether these differences are due to genetic drift or
natural selection remains to be determined. However, the
patterns of diversity found in populations of M. fascicularis

dramatically conflict with studies of neutral markers, indicating
that genetic variation at the TNF-a promoter cannot be
explained by demographic factors alone. Interestingly, maca-
ques and humans do not share polymorphisms at the TNF-a
promoter that are known to be associated with disease
susceptibility in humans, which is somewhat surprising given
their genetic similarity and susceptibility to infection with some
of the same species of Plasmodium parasites, including P.

knowlesi. Further studies are needed to determine whether or
not variation within the TNF-a promoter in macaques is
associated with transcriptional regulation and/or disease sus-
ceptibility.
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