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Association between serotonin-mediated behaviors and gene 
expression within the SLC6A4 gene promoter region in rhesus 
macaques (Macaca mulatta) has been reported. We propose that 
a relationship exists between the methylation within the CpG 
island upstream to the promoter region of the SLC6A4 gene, and 
male rhesus macaque age and social rank. We used a method 
involving sodium bisulfite treatment followed by restriction 
digest and qPCR amplification to quantify the amount of CpG 
methylation upstream to the SLC6A4 transcriptional start site. A 
methylation range between 0 and 10% of the CpG block 
upstream to the SLC6A4 gene promoter region were detected in 
a majority of individuals. Consistent with previous studies, the 
results indicate that CpG methylation is present only in very low 
amounts in the region upstream to the rhesus macaque SLC6A4 
gene. CpG methylation is not significantly associated with male 
rhesus macaque age or social rank. Journal of Nature and Science, 
1(4):e72, 2015 
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Introduction  
Observable changes in gene expression are frequently associated 
with chemical modification of DNA. These modifications occur 
upon a given genetic sequence without altering the sequence itself. 
The study of such heritable modifications is known as epigenetics 
[10]. One such chemical process is DNA methylation, which 
involves the conversion of cytosine to 5-methylcytosine in a DNA 
sequence.  The presence of this modification occurs more 
frequently at cytosines that are next to guanines in the genome. 
Spans of CG-rich sequences are found in many gene promoters, 
although DNA methylation is sparser in these promoter regions 
than within CpGs in gene bodies [10]. Despite this fact, 
methylation patterning in gene promoters has been implicated in 
different disease outcomes. Bianco-Miotto et al. [4] found that 
promoter methylation at the ABO locus in human patients 
corresponded to a loss of ABO allelic expression. Patients with 
Russell-Silver Syndrome exhibit significantly different methylation 
patterns at the H19 promoter [23]. Diagnosis of Prader-Willi, 
Angelman, and Beckwith-Wiedemann syndromes can involve 
testing the respective imprinted genes for differences in 
methylation [31, 16]. Analysis of both cancer patients’ and healthy 
individuals’ genes indicates significant methylation of tumor 
suppressor and metastasis genes as hallmarks of circulating tumor 
cells; this implicates methylation in a gene-silencing role [6].  
Animal models also exhibit methylation related health- and 
stress-related outcomes. For example, differential methylation 
patterning in immune related gene regulatory regions in leukocytes 
has been linked with social rank [28]. Kinnally et al. [13, 14] found 
that among rhesus macaque (Macaca mulatta) infants, higher CpG 
methylation levels in a potential serotonin transporter gene 
regulatory region in leukocyte DNA were related to behavioral 
stress reactivity in infants that experienced early life stress.  

The solute carrier family 6 (neurotransmitter transporter), 
member 4 gene or SLC6A4, also known as serotonin transporter 
gene (SERT) or 5-hydroxytryptamine transporter gene (5HTT), 
encodes the serotonin transporter protein, which is involved in the 
transport and metabolism of serotonin or 5-hydroxytryptamine 
(5HT) and has moderating effects on the development of diseases 

such as depression and anxiety in humans [27]. There is a variable 
number tandem repeat locus found within the promoter region of 
SLC6A4, called the 5-HTT-linked polymorphic region 
(5-HTTLPR), which has both long (l) and short (s) polymorphisms 
associated with SLC6A4 gene expression [27]. The s allele is 
associated with decreased transcription efficiency and is correlated 
with the development of depression and anxiety. Rhesus macaques 
also exhibit these effects, as well as other behavioral symptoms 
[27]. The UCSC Genome Browser [12, 7] indicates that the 
SLC6A4 gene has a CpG island that overlaps with its transcription 
start site in humans. Among rhesus macaques, this CpG sequence 
is around 800 base pairs in length and located on the reverse strand 
roughly 13kb upstream to the transcriptional start site. Lesch et al. 
[17] reported that the 5-HTTLPR is consistently located about 1kb 
upstream to the SLC6A4 transcription initiation site, thus the CpG 
island does not overlap the 5-HTTLPR [17]. Kinnally et al. [13] 
studied the relationship between behavior, methylation status on 
the forward strand of the CpG island, and gene expression using an 
experimental model of early life stress in infant rhesus macaques. 
Assessment of rhesus macaques at any given age will further our 
understanding of the relationship between the methylation of the 
CpG island upstream to the SLC6A4 gene promoter region and 
primate behavior.  

There are several different methods commonly used to test for 
methylation. Bisulfite modification is often an initial step. This 
process converts all non-methylated cytosine in DNA to uracil, 
leaving the 5-methylcytosines unmodified [24].  PCR 
amplification of the treated DNA is followed by a restriction digest 
using enzymes with recognition sites, which may be sensitive to 
any cytosine modification or lack thereof [24].  
Methylation-specific PCR also requires bisulfite modification and 
gives sensitive and specific results for any CpG sites in a given 
CpG island using sets of primers specific for methylated and 
unmethylated sequences [8]. Pyrosequencing the gene of interest 
following bisulfite treatment and amplification is another option for 
methylation analysis which gives further specificity [13]. However, 
these methods are often expensive and do not allow for analysis of 
a significant number of samples. Therefore, there is a need for a 
quick and accurate protocol to ascertain the methylation status for a 
gene of interest. 

The purpose of using a simple restriction enzyme digest on the 
PCR product (amplicon) of bisulfite modified rhesus macaque 
DNA is to determine which CpGs in the sequence exhibit any 
degree of methylation across all samples through the comparison 
within and between samples. Methylated CpGs will be retained 
following bisulfite modification and will be cut by enzymes that 
utilize the internal CpG as part of their recognition site. Fragment 
sizes will be compared with expected restriction digest maps 
created for each restriction enzyme. The presence or absence of 
specific fragment sizes is deterministic for the methylation status of  
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the sequence of interest. However, because each cell potentially 
exhibits different DNA methylation patterns, the proportion of cells 
that contain DNA with methylation at a given cut site will 
determine assay signal. In other words, our designation of 
methylation status depends on the appearance of a fragment that is 
very likely to be less than 100% of the sample. If the degree of 
methylation across cells is low, as is the case in most promoter 
regions, this assay may not be sufficiently sensitive. The advantage 
of this low-cost assay, however, is that could potentially detect high 
levels of methylation within a given site. 

Using an experimentally constructed social hierarchy of female 
rhesus macaques, Tung et al. [28], found that methylation data 
from rank differentially methylated regions discriminated between 
high and low ranking female rhesus macaques. These data also 
differentiated rank associated genes from non-rank associated 
genes. While the role of methylation in the association between 
dominance rank and gene expression was explored among female 
rhesus macaques, this relationship needs to be further examined 
among male rhesus macaques.  Dominance status and rank among 
males is not stable over a lifetime, compared to female rhesus 
macaques. According to Bercovitch [3], dominant males tend to 
exhibit rank for an average of two years. Because males tend to 
inherit the rank of their mothers [19, 3], and because of the 
interaction between rank and age in male reproductive success [11], 
it is hypothesized that methylation of this region may be correlated 
with both male rank and age.  

Barr et al. [1] designed a quantitative real time PCR (qPCR) 
assay to efficiently determine species of origin and to quantify the 
species-specific template DNA of a rhesus macaque biological 
sample. It is proposed that methylation is detectable at the CpG 
island located within the promoter region of the SLC6A4 gene in 
rhesus macaques. The presence and location of consistent 
methylation will be significant for adapting a quantitative real time 
PCR assay design to efficiently predict methylation status for the 
SLC6A4 region in a given rhesus macaque sample.  

The benefits of such an application include the use of a fast, 
reliable, inexpensive method for sensitive methylation detection at 
the SLC6A4 gene of a given rhesus macaque DNA sample. The role 
of methylation in the serotonin transporter promoter region is 
significant, not only within the purview of rhesus macaque 
dominance ranking and social relationships, but also in the 
development of anxiety or depressive disorders among humans 
[27].  

 
Materials and Methods 
Sampling and Bisulfite Conversion 
All experiments were conducted at the Molecular Anthropology 
Laboratory, University of California, Davis. The rhesus macaque 
samples originated from animals housed at the California National 
Primate Research Center. For this preliminary study, DNA from 
rhesus macaques of different ages and several tissue types were 
sampled. Protocol optimization required DNA from peripheral 
blood mononuclear cells (PBMCs) of eight rhesus macaques (age 
range three years, 339 days to six years, 288 days). DNA extraction 
from the PBMCs occurred in 2010, before the start of this 
experiment. The storage temperature for the extracted DNA 
samples was -20°C.  

This research adhered to the American Society of Primatologists 
principles for the ethical treatment of nonhuman primates. These 
animals were managed in compliance with Institutional Animal 
Care and Use Committee (IACUC) regulations or in accordance 
with the National Institutes of Health guidelines or the US 
Department of Agriculture regulations prescribing the humane care 
and use of laboratory animals.  
  
Tissue Sampling 
This experiment also utilized samples from the Kinnally et al. [13] 
analysis of SLC6A4-linked methylation. Twenty DNA samples 
from rhesus macaque PBMCs (age range 90-120 days) facilitated a 
comparative analysis between the methods of the previous study by 

Kinnally et al. [13] and the restriction fragment analysis methods of 
this experiment.   

We also compared methylation patterns of ventromedial 
prefrontal cortex (BA10) and brainstem regions of eight infant 
rhesus macaques (age range 119-133 days). At four months of age 
(range 119-133 days), animals were sedated and sacrificed by 
injecting an overdose of sodium pentobarbital in accordance with 
Institutional Animal Care and Use Committee ethical standards to 
minimize the pain and distress experienced by the animal. Animals 
were perfused with cold saline. Brains were quickly removed, 
dissected into sixteen to twenty 4 mm coronal sections on ice, and 
each section flash frozen at -30º C in isopentane (Sigma, St. Louis, 
MO). Brainstem was sectioned in five (4 mm) transverse sections. 
The two superior sections of the brainstem that include the raphe 
nuclei were bisected along the midline and the left portions were 
homogenized for methylation analysis. A 2 mm3 block of the most 
posterior aspect of BA10 (ventromedial PFC) was dissected from 
coronal sections according to Paxinos et al. [22].  

The California National Primate Research Center also provided 
DNA from whole blood of 25 high ranking (age range three years, 
225 days to twenty-one years, 103 days) and 25 low ranking (age 
range one year, 22 days to three years, 50 days) male rhesus 
macaques to test for an association between social ranking among 
male rhesus macaque and methylation status at the SLC6A4 
promoter. 

The EZ DNA Methylation-Lightning Kit (Zymo Research 
Corporation, Irvine, CA) requires a range of input DNA from 200 
ng to 500ng. Thus, all samples were quantified and normalized 
such that the initial input amount for a DNA sample was 200 ng.  
The exception was the brain tissue set, which used 500 ng of initial 
input DNA for the bisulfite conversion of each sample. 
 
PCR amplification 
Primers were designed to amplify the region encompassing the 
CpG island upstream to the SLC6A4 gene in rhesus macaques. This 
region did not include the 5-HTTLPR [27, 13]. Two sets of primers 
were overlapping, but all four sets of primers were not contiguous. 
Four sets of primers were designed using Meth Primer and Primer3 
to be complementary to the bisulfite converted DNA forward 
strand (5’ to 3’) [18, 29].  
Forward primers:  
Sodium Bisulfite Primer 1 (SBP1): 
 5’ GGGGGTTTTTAAGAGGTTGTAAA 3’;  
SBP2: 5’ TTTATTTGTAGGGTTGTGTTAGGAG 3’;  
SBP3: 5’ GTTGTGTTAGGAGGTTGGTTT 3’;  
SBP4: 5’ GTTAAAGAGTTTTTGAAGAATTTTTG 3’.   
 
Reverse primers:  
SBP1: 5’ CCTCCTAACACAACCCTACAAATAA 3’;  
SBP2: 5’ TAAAAATCAAACCATATAAAAAACC 3’;   
SBP3: 5’ CAAAAATTCTTCAAAAACTCTTTAAC 3’;  
SBP4: 5’ CCCTACCCTACCCTACCTACTACTC 3’.   
Each PCR reaction included 10 mM dNTPs, 1X EpiMark Hotstart 
Taq Reaction Buffer (New England BioLabs, Ipswich, MA), 10 
µM primers (Integrated DNA Technologies, San Diego, CA), and 
5U/µL Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA). 
Non-bisulfite converted DNA served as a test for potential 
mis-priming with these primer sets. Water was used as the negative 
control for the PCR reactions. PCR reactions were performed in a 
total volume of 25 µL, consisting of 1 µL of bisulfite-treated DNA 
and 24 µL of reaction mix. Excluding the annealing temperature, 
the PCR run conditions were similar to Shen et al. [25]. The PCR 
cycling conditions began with an initial hold at 95ºC for 5 min, 
then 50 cycles at 95ºC for 30 seconds, followed by a 45 second 
annealing stage optimized to 56.5ºC for SBP2 and 58.1ºC for SBP1, 
SBP3 and SBP4. The extension time was 72ºC for 45 seconds with 
a final hold at 72ºC for 4 minutes. Bisulfite converted PCR 
products (amplicons) were run in a 6% acrylamide gel, alongside a 
25 bp ladder (Invitrogen, Carlsbad, CA) as reference ladder, and 
visualized with ethidium bromide under UV light. 
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Figure 1. PCR product sizes and cut sites using TaqαI (A), and BstUI (B). SBP1 was omitted from future analyses. The program NEBcutter [30] generated 
expected cut sites and fragmentation sizes for each amplicon. 
 

 
Figure 2. Examples of digests at CpG recognition sites. (A) Positive control restriction digests on 6% acrylamide gel. Lanes 1, 3-7: TaqαI digests SBP2 amplicon, 
cuts at 65bp and 85 bp, respectively. Lanes 8-11: TaqαI digests SBP3 amplicon, cuts at 53 bp and 122 bp, respectively. Lanes 12-15: BstUI digests SBP3 
amplicon, cuts at 46/47bp and 62bp, respectively. Excess amplicon observed in all lanes at 150bp (SBP2) and 175 bp (SBP3). (B)  BstUI digest of SBP2 
amplicon, from high and low ranking male Macaca mulatta, all negative for CpG presence following bisulfite treatment. Lane 12: positive control, cuts at 46bp 
and 59 bp, respectively. (C) Positive Control Dilution PCR with SB Primer 3, digested with TaqαI. (D) SBP3 digest with TaqαI. Digest fragments observed at 53 
bp in lane 1; and at 122 bp for lanes 1-3, 5-7. From left, lanes 1-3, 5-6:  Male Macaca mulatta with low social ranking. Lanes 7-11: Male Macaca mulatta with 
high social ranking. Lane 12: positive control sample, fragments observed at 53 bp and 122 bp respectively.  
 
 
Restriction enzymes 
The restriction endonucleases BstUI and TaqαI (New England 
BioLabs, Ipswich, MA) were used to digest the confirmed 
amplicons. NEBcutter [30] generated restriction maps for the 
expected amplicon cut sites demonstrated in Figure 1A and 1B. 
BstUI recognizes CG’CG and TaqαI recognizes TC’GA. Only 
amplicons that retained these recognition sites were expected to be 
cut. The run conditions were performed in a total volume of 10 µL, 
using 3 µL of amplicon. All additional reagents were added such that 
final concentrations met the manufacturer’s recommendations (New 
England Biolabs, Ipswich, MA). The digests with TaqαI were 
incubated at 37ºC and BstUI at 65ºC.  All digests were incubated 

for 12 hours and the digest products were visualized using ethidium 
bromide and 6% acrylamide gels.  
 
Confirming the PCR products 
It was necessary to develop a positive control so that the samples of 
unknown methylation status may be compared to post-restriction 
digest products of known fragment size on a gel. This was 
performed with the use of the methyltransferase enzyme, M.SssI 
(Zymo Research Corp., Irvine, CA). The eight DNA samples 
utilized during initial protocol optimization were further needed to 
develop this comparative material.  None of these eight samples 
were found to have cuts at the sites established in silico for  
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Table 1. Summary of successful PCR by sample type and primer. 

DNA Sample Origin Total Number of samples Number of samples with successful PCR by Primer 
  SBP2 SBP3 SBP4 
Rhesus macaque PBMCs 8 8 8 8 
Rhesus macaque PBMCs 2010 experiment 20 19 18 19 
Infant rhesus macaque Brainstem tissue 8 6 5 4 
Infant rhesus macaque BA10 tissue 8 7 8 8 
Male rhesus macaque of High Social Rank 25 24 25 25 
Male rhesus macaque of Low Social Rank 25 22 25 22 

 
 
Table 2. Summary of CpG methylation in the region by primer and enzyme. Of the successful PCRs for each sample (Table 1), the total number of samples 
indicative of CpG methylation following successful digest with either TaqαI or BstUI.  

DNA Sample Origin Number of samples indicative of CpG methylation by Primer and Enzyme 
  SBP2-TaqαI SBP2-BstUI SBP3-TaqαI SBP3-BstUI SBP4-TaqαI SBP4-BstUI
Rhesus macaque PBMCs 0 0 0 0 0 0 
Rhesus macaque PBMCs 2010 experiment 0 0 0 0 0 0 
Infant rhesus macaque Brainstem tissue 2 2 2 2 0 0 
Infant rhesus macaque BA10 tissue 0 0 0 0 0 0 
Male rhesus macaque of High Social Rank 1 1 4 0 0 0 
Male rhesus macaque of Low Social Rank 1 2 8 0 0 0 

 
 
methylation. This protocol required 400 ng of input DNA for the 
subsequent addition of a methyl group to all previously 
unmethylated “CG” cytosines via M.SssI (Zymo Research 
Corporation, Irvine, CA). Dilution of M. SssI treated samples 
preceded the bisulfite reaction step to provide additional support to 
the positive control samples as comparative references. Therefore, 
the input DNA for diluted positive control samples was estimable to 
200 ng (the input DNA amount used for the majority of the unknown 
samples).  Post-bisulfite reaction positive control samples required 
the same PCR run conditions.  Sequencing of post-PCR amplicons 
for six of the positive control samples utilizing the ABI 3130xl 
Genetic Analyzer (Applied Biosystems, Carlsbad CA) followed. 
Sequencing amplicons ensured that primers amplified the 
bisulfite-converted sequence of interest. Sequencher version 5.1 
(Gene Codes Corp., Ann Arbor, MI) aligned SBP2, SBP3, and SBP4 
amplicons with the bisulfite-converted sequence of interest. SBP1 
did not align and thus was omitted from future analyses (Figure 1A 
and 1B).  After the sequencing confirmation, TaqαI and BstUI 
digested the positive control amplicons. Compared to the original 
samples subjected to methylation analysis using restriction enzymes, 
all of the samples treated with methyltransferase enzyme M. SssI 
gave digest products at the expected cut sites (Figure 2A and 2B give 
examples of several positive controls). 

M.SssI treated DNA (expected positive) was combined with 
non-treated DNA (expected negative) of the same rhesus macaque 
individual to create a dilution series. Sodium bisulfite treatment 
followed the dilution set up and, as recommended by the 
manufacturer, the protocol required a minimum of 200ng initial 
input DNA within a starting volume of 20uL  (Zymo Corp., Irvine, 
CA).  For this dilution standard, 0% signified an initial input 
amount of 200 ng of DNA from a known negative sample alone, 
50% signified a 1:1 ratio of negative to positive sample (maximum 
200 ng) in a final volume of 20 μL, and 100% signified 200 ng of 
DNA from a positive control sample in a final volume of 20 μL. 
Figure 2C exhibits the results of the positive control dilution when 
the SBP3 amplicon is digested with TaqαI. Expected amplicon size 
using SBP3 is 175 bp with subsequent expected restriction digest 
product sizes at 53 bp and 122 bp. This dilution digest series 
indicated that with the addition of 10% positive control to the 
negative sample, the digest products are visible. At approximately 
75% positive control, the original amplicon becomes negligible by 
comparison.  
 
Results 
Application of the protocol to the eight rhesus macaque samples 
used in the original protocol optimization did not result in cutting by 
TaqαI or BstUI at the projected methylation sites (see Table 1 and 2, 
respectively). Of the 20 PBMCs derived from the Kinnally et al. [13] 

project, one sample failed at the PCR level, thus BstUI and TaqαI 
digested 19 samples. None of these individuals had cuts at the 
expected sites.  
 The DNA samples originating from infant rhesus macaque brain 
tissue did not amplify well. While successful amplification occurred 
across all primer sets with BA10 derived DNA, amplification of the 
same eight individuals’ DNA from brainstem tissue failed across 
several samples despite multiple attempts. This limited the 
post-restriction digest analyses of the brain stem derived samples as 
a whole. Table 1 illustrates the PCR success rate of the different 
brain tissue types. At the SBP2 amplicon, TaqαI and BstUI both cut 
brainstem from one individual, indicating CpG methylation across 
the SBP2 amplicon, and two additional samples each. Across the 
SBP3 amplicon, TaqαI and BstUI both cut in two individuals. Table 
2 summarizes the total number of samples for each primer by 
restriction enzyme, not taking into account overlap between 
samples. 
 Table 1 demonstrates the generally positive PCR amplification 
results from the male rhesus macaques of known social rank. During 
the restriction analysis portion of the experiment, few individuals 
exhibited any fragments suggestive of CpG methylation. Very little 
overlap existed between samples: few samples cut by TaqαI were 
also cut by BstUI, with only one individual each from the rhesus 
macaques of low social ranking (age 2 years, 33 days) and high 
social ranking (age 8 years, 197 days), exhibiting both cuts (SBP2 
amplicons only). Table 2 summarizes this data.  
 No samples were observed having enzymatic cuts in the SBP4 
amplicon and many of the post-PCR restriction digests of these 
bisulfite treated samples showed high levels of primer dimer. 
Overall, the SBP3 primer set was more successful at the PCR level 
compared to SBP2 and SBP4; SBP3 also gave the most post-PCR 
restriction digest products positive for CpG methylation. Of the two 
enzymes with C’G recognition sites, TaqαI gave the most cuts 
overall. The most successful restriction enzyme and amplicon 
combination was the digest of TaqαI for the SBP3 amplicon among 
male rhesus macaques of low social rank (age range 1 year, 22 days 
to 2 years, 152 days) and high social rank (age range 8 years, 135 
days to 19 years, 155 days) alike. A X2 analysis was performed for 
the results of the TaqαI digest of the SBP3 amplicon for socially 
ranked males to determine whether a significant association exists 
between CpG methylation at this cut site and social rank status. The 
X2 analysis gave a value of 1.75, which is well outside the 5% 
significance level.  Therefore these results indicate no differences 
in CpG methylation between male rhesus macaques of high versus 
low social ranking for this particular cut site in the CpG island. 
Figure 2D exhibits several positive results with the SBP3 primer set 
digested with TaqαI. The percent methylation for all digest products 
suggests a very low range, from zero to ten percent. The digest 
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product results for a sample also corresponded to the earlier success 
of PCR amplification for those samples. With this confounding 
factor in place, it was not possible to designate a true percent 
methylation range for the experimental samples and comparison to 
the dilution series developed was used only as a rough qualitative 
assessment. 
 
 
Discussion 
We have demonstrated the feasibility of a restriction enzyme 
digestion assay to determine methylation status in a potential 
SLC6A4 regulatory region. Samples treated with M.SssI, which 
should be 100% methylated, showed fragment sizes that 
corresponded to what was expected if sites were methylated. 
However, in biological samples, there were very few samples with 
fragments at the expected cut sites to suggest any CpG methylation. 
Those samples showing positive results only exhibited partial 
digestion, signifying a low degree of methylation occurrence at the 
cut site for a particular individual. Only three of the brain tissue 
samples showed CpG methylation using the restriction analysis 
methods described above. At these low levels, no significant 
relationships were found between age, social rank, and methylation 
status among any of the male rhesus macaque samples examined. 
These data may suggest that a restriction assay for methylation 
status may be best used when expected methylation levels at a 
given promoter site are high, as in diseases associated with 
imprinted genes. 

The results indicate a majority of individuals with virtually 
unmethylated cytosines at CpG cut sites. A factor that may account 
for this observation is the nature of the original sample type. 
Throughout the course of the experiment the intensity of the 
amplicon intercalated on the acrylamide gel  also corresponded to 
the clarity and concentration of the post restriction analysis 
fragments with either TaqαI or BstUI. The bands indicating 
successful PCR (wherein more of the amplicon was created) had 
post-restriction digest products of greater brightness and intensity; 
this was observed across all samples that gave positive digest 
products. Due to this potentially confounding factor, the positive 
control dilution series (Figure 2C) was used only in a preliminary 
comparative sense; an actual estimate of percent methylation was 
not assigned. Several factors account for a more successful PCR 
run, including amount of input DNA and quality of the sample. 
While the input concentration for all samples was expected to be 
high—the bisulfite reaction required a minimum of 200 ng and all 
samples of brain tissue origin were quantified at 500ng—some of 
these samples had been in storage for more than a year as DNA. 
This may not have as many implications for a typical PCR run, but 
for a single sample with a potentially low degree of methylation, 
sample quality is paramount. This is especially important when 
considering that the first stage of analysis requires a highly 
degrading treatment with bisulfite [15].  

Sample quality considerations may also have contributed to the 
difficulties in providing a successful amplicon from the brain 
tissue-derived DNA samples. Now that baseline parameters for 
SLC6A4 promoter region restriction analysis methylation studies 
are established, data acquired from more recently collected samples 
may provide important comparative information about how sample 
quality factors into methylation studies involving bisulfite 
conversion as the medium for study. 

It is possible that many samples that provided negative results 
may actually exhibit very low quantities of methylation at those 
specific sites, consistent with previous studies [13]. The purpose of 
the methyltransferase enzyme M.SssI is to ensure that all CG site 
cytosines exhibit full methylation throughout the sample. Figure 2C 
indicates that at around ten percent methylation, it is possible for 
TaqαI to cut at the expected C’G sites for SBP3, though the amount 
of fragmentation is low in comparison to the amount of uncut 
amplicon remaining. Studies utilizing restriction analysis methods 
could be spent on developing a very precise gradient for each 
primer set using the positive control to better isolate the percent 
methylation present to degrees below ten percent. This would be a 

useful tool as long as PCR factors discussed above are accounted 
for. 

The samples that we compared with results from a previous 
pyrosequencing study [13] showed no evidence of methylation at 
the sites we interrogated. As that study demonstrated that average 
methylation in this region ranged from 0 -10%. [13], we suggest 
that the detection level of our assay may be lower than 10%. 
Pyrosequencing, as a broadly penetrative technique, is sensitive 
enough to detect even low levels of CpG methylation. The few that 
did indicate methylation were probably methylated at very low 
levels because the proportion of methylation fragment signal to 
non-methylation fragment signal was just at the detectable limit. 
Restriction analysis, while a sensitive technique [15], is limited by 
the existence of nucleotide sequences that align with a chosen 
enzyme and is generally not quantitative in nature. If combined 
bisulfite restriction analysis methods are to be further explored for 
the SLC6A4 region among rhesus macaques, it is necessary to note 
that this is one significant limitation to the experimental design. 

In contrast with human studies that have demonstrated a link 
between SLC6A4 CpG methylation and behavior [26, 2], but 
consistent with some other studies [21], we observed no significant 
relationship between the low levels of CpG methylation at this 
location and social rank in rhesus macaques. Park, et al. [21], for 
example, found no significant differences in SLC6A4 promoter 
methylation in patients with alcohol dependence and the control 
subjects. The study reviewed quantitative CpG methylation of 
several CpG positions located in the SLC6A4 promoter region in 
humans, as the SLC6A4 gene is one of a number of genes studied 
for a potential epigenetic relationship with alcohol dependence [21]. 
We did observe, however, that in the SBP3-TaqαI assay, 8 of the 
25 low ranking subjects showed a methylation fragment compared 
to 4 of 25 high ranking subjects, which may suggest that more low 
ranked animals showed some degree of methylation at this site than 
high ranked animals. Future studies using more quantitative 
techniques may further investigate the link between social rank and 
SLC6A4 methylation status in rhesus macaques.  

One potential limitation of this study is that the forward strand of 
the SLC6A4 promoter region was interrogated, while the SLC6A4 
gene lies on the reverse strand. The design for this study only 
accounted for one strand, the designated forward strand, with the 
expectation that methylation is correspondent between strands 
across the CpG island located in the SLC6A4 promoter region. 
Methylation patterning, in some cases, is concordant between 
complementary strands in CG rich regions [5]. However, this may 
not always be the case. Jain et al. [9] found that methylation on the 
coding strand of the APC gene was specific for the disease 
outcome of hepatocelluar carcinoma, to the point wherein CpG 
methylation on the coding strand may be considered as a biomarker 
for the disease. Luo et al. [20] and Zhou et al. [32] reported 
asymmetric methylation, or hemimethylation, in regards to plant 
material. An important factor discussed by Laird [15] is that the 
bisulfination process involves denaturation and conversion of all 
unmethylated cytosines to uracil, the once-complementary strands 
cannot re-anneal. It is possible that there may be significant 
differences, and that the true relationship or association between 
SLC6A4 promoter CpG methylation and rank are to be found on the 
opposite strand. Future studies exploring this area include primer 
design for the opposite strand and the same experimental 
optimization process utilizing bisulfite treatment, PCR, and 
restriction digest techniques.  

The results for this study indicate that CpG methylation is 
present only in very low amounts in the CpG island located 
upstream to the serotonin transporter gene in rhesus macaques and 
is not associated with age or social rank. In the absence of 
significant associations, the necessity to develop an efficient assay 
for sensitive methylation detection in the SLC6A4 promoter region 
of rhesus macaques is greatly reduced. However, several mitigating 
factors were discussed, including confounding associations of 
sample quality and amplification success, limitations to detection 
using restriction analysis methods, and the potential differences of 
strand-specific methylation patterns; all of which may have 
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impacted the results of this particular study. One final reason 
postulated was that there are no statistically significant 
relationships to be found between CpG methylation and social 
ranking in rhesus macaques. Before this final explanation is 
accepted, the aforementioned experimental factors need to be 
further tested or developed. The relationships between genes, the 
environment and individual health are highly complex and require 
cautious scrutiny. This study was an attempt to utilize an 
economical method to analyze a well-characterized CpG island 
complementary to the serotonin transporter promoter region; the 
fact that so much of the data was non-significant highlights that 
gene regulatory regions and their complements display very low 
levels of DNA methylation, perhaps especially in blood. Our data 

may further suggest alternative uses for restriction fragment assays 
in determining methylation status. Our assay was most sensitive to 
100% methylated samples, suggesting that the assay may be best 
applied to genomic regions where methylation is anticipated to be 
high. 
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