Journal of Genetics (2021)100:16
https://doi.org/10.1007/s12041-021-01266-6

Ó Indian Academy of Sciences
(0123456789().,-volV)
(0123456789().,-volV)

RESEARCH ARTICLE

Population genetic variation of SLC6A4 gene, associated with
neurophysiological development
SHYAMALA H. HANDE1 , SWATHY M. KRISHNA2, KOMALROOP KAUR SAHOTE3, NIROSHA DEV3,
TING PEI ERL3, KOVINDRAAM RAMAKRISHNA3, RENUKA RAVIDHRAN3 and RANAJIT DAS2*
1Department

of Anatomy, Melaka Manipal Medical College, Manipal Campus, Manipal Academy of Higher
Education, Manipal 576 104, India
2Yenepoya Research Centre, Yenepoya (Deemed to be University), University Road, Deralakatte, Mangalore 575 018,
India
3Melaka Manipal Medical College, Manipal Campus, Manipal Academy of Higher Education, Manipal 576 104,
India
*For correspondence. E-mail: das.ranajit@gmail.com.
Received 9 June 2020; revised 6 October 2020; accepted 19 October 2020
Abstract. The serotonin transporter 5-HTT is encoded by a single gene SLC6A4. Polymorphisms in SLC6A4 has been associated with a
wide variety of neurological and psychiatric disorders including increased risk of posttraumatic stress disorder, higher likelihood for
depression, obsessive–compulsive disorder (OCD), increased hostility and criminal behaviour. Genes associated with complex diseases
often exhibit strong signatures of purifying selection compared to others. Further, discernible population speciﬁc variation in the signature
of natural selection have been observed for several complex disease-related genes. In this project we aimed to investigate the population
genetic variation of the serotonin transporter gene (SLC6A4), focussing on the single nucleotide polymorphisms (SNPs). To this end, we
employed 2504 individuals around the globe available in 1000 Genome project Phase III data and classiﬁed them into ﬁve ethnic groups:
Americans (AMR), Europeans (EUR), Africans (AFR), East Asians (EAS) and South Asians (SAS). Principal component analysis (PCA)
performed on all annotated SNPs of SLC6A4 depicted clear clustering between Africans and the rest of the world along PC1, and East
Asians and other non-African populations along PC2. Further, these SNPs were found to be under strong selection pressure especially
among East Asian populations with signiﬁcantly high positive cross-population extended haplotype homozygosity scores compared to
Africans, indicating that SLC6A4 has likely undergone a strong selective sweep among the East Asians in the recent past. Our study can
potentially explain the association between polymorphisms in SLC6A4, and major depression and suicidal tendencies among people of East
Asian ancestry and the absence of such associations among people of European ancestry.
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Introduction
The serotonergic pathway, including the neurotransmitter
serotonin and its cognate transporter protein (5-HTT), is
known to inﬂuence a wide range of individual behavioural
traits and cognitive abilities (Lesch et al. 1996; Lucki 1998;
Canli and Lesch 2007). The serotonin transporter 5-HTT is
encoded by a single gene SLC6A4. Several studies over last
two decades have reported that the transcriptional activity of
Shyamala H. Hande and Swathy M. Krishna contributed equally to this
work.

SLC6A4 is regulated by a repeat-length variation at the
5-HTT-linked polymorphic region (5-HTTLPR) within its
putative promoter region (Lesch et al. 1996; Canli and Lesch
2007; Kilpatrick et al. 2007). The short allele of this repeat
region (S) likely correlates with reduced transcription levels
and is a potential causative of certain anxiety-related personality traits. Individual’s homozygous (SS) or heterozygous (LS) for the short allele tend to exhibit higher
neuroticism, reduced ‘agreeableness’ (Lesch et al. 1996;
Canli and Lesch 2007), increased risk of posttraumatic stress
disorder, and higher likelihood for depression (Caspi et al.
2003; Kilpatrick et al. 2007), obsessive–compulsive disorder
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(OCD) (Zhang et al. 2019), increased hostility (Retz et al.
2004), panic disorder (Mizzo et al. 2020), and criminal
behaviour (Liao et al. 2004), compared to those homozygous
for the long allele (LL). The SS and LS genotypes have also
shown to be associated with a higher risk of developing
antisocial traits characterized by aggression, impulsivity, and
psychoactive substance abuse (Hallikainen et al. 1999; Gerra
et al. 2004; Cao et al. 2013). Additionally, a study on the
Russian population revealed that the frequency of ss genotype is discernibly higher among the combat sportsmen
practicing Judo, Sambo, and Greco-Roman compared to the
controls (Butovskaya et al. 2015; Cherepkova et al. 2018).
Further, serotonin transporter intronic VNTR enhancer
(Stin2) located in intron 2 of 5-HTT gene contains 9, 10, or
12 repeats. It has been found that the allele with 12 tandem
repeats is more functional in relation to the serotonergic
transmission, compared to the 9-repeat or 10-repeat variants
(Murphy et al. 2004). The drug abusers with the 10-repeat
and/or 9-repeat VNTR polymorphism were found to be
extremely at high risk of developing the antisocial personality disorder compared to their 12-repeat counterparts
(Vormfelde et al. 2006; Wang et al. 2012; Moul et al. 2013).
On similar lines, the 10-repeat variant was found to be less
common among the Canadian children with extremal,
stable and pervasive aggression, indirectly indicating its
potential role in developing personality disorders (Davidge
et al. 2004). Further, a recent study on South African population has shown that the STin2 variants may be important
in differentiating between appetitive and reactive aggression
(Hemmings et al. 2018).
In addition, the occurrence of an A/G single nucleotide
polymorphism (SNP) (rs25531) within the putative promoter
region of SLC6A4 has been found to alter the transcriptional
output of the long allele (L) such that the resultant allele (LG)
functions is somewhat similar to the short allele (Wendland
et al. 2006).
All diseases associated with SLC6A4 are complex disorders, caused by the interplay of various genetic and environmental factors. It has been shown that genes associated
with complex diseases exhibit strong signatures of purifying
selection compared to nondisease-causing genes (Maher
et al. 2012). Purifying selection, in several cases, is associated with background selection, where alongside the deleterious alleles, the linked neutral (or even slightly beneﬁcial)
alleles are purged away from the genome. The majority of
the genetic variations are rare, arose recently, and are highly
ancestry-speciﬁc (Gravel et al. 2011; Tennessen et al. 2012;
Fu et al. 2013; Genomes Project et al. 2015). Discernible
population speciﬁc variation in the signature of natural
selection have been observed for several complex diseaserelated genes such as those associated with blood pressure
(Zhang et al. 2013), systemic lupus erythematosus (SLE)
(Yang et al. 2013; Zhang et al. 2013), type 2 diabetes (T2D)
(Yang et al. 2013; Zhang et al. 2013), coronary heart disease
(CHD) (Sandhu et al. 2008; Willer et al. 2008; Zhang et al.
2013), prostate cancer (Paiss et al. 2003; Stajich and Hahn

2005), breast cancer (Sun et al. 2011). To this end, signiﬁcant variation in minor allele frequencies between Africans
and East Asians have been observed for several disease
associated genes such as THADA and LAMA5 (reviewed in
Saeb and Al-Naqeb 2016). There are several likely possibilities behind population speciﬁc variation in the signature
of natural selection including lifestyle changes (ancient vs
modern, regional variation), diet (high vs low starch), local
adaptations and introgression of Neanderthal genomes
(highest among East Asians, none in Africans).
In this study, we aimed to investigate the population
genetic variation of SLC6A4, focussing on the SNPs. We
further aimed to assess whether any modern-day human
population show strong signature of natural selection for
SLC6A4 and has signiﬁcantly differentiated from the rest of
the world for this gene, employing 2504 individuals around
the globe available in 1000 Genome project Phase III data.

Materials and methods
Data collection

The lists of SNPs, present in SLC6A4, were curated from
SNPedia (https://www.snpedia.com/index.php/SNPedia) and
UCSC genome browser (http://genome.ucsc.edu/). Twentyﬁve SLC6A4 SNPs associated with several neuropsychological disorders were obtained from SNPedia and all the
147 annotated SNPs of SLC6A4 were obtained from UCSC
genome browser. Whole genome data in the form of VCF
ﬁles were obtained for 2504 individuals around the world
from 1000 Genomes Project database (https://www.
internationalgenome.org/data/). Populations were broadly
classiﬁed into ﬁve ethnic groups: Americans (AMR), Europeans (EUR), Africans (AFR), East Asians (EAS) and South
Asians (SAS). File conversions and manipulations were
performed using VCFtools v.0.1.13 (Danecek et al. 2011)
(http://vcftools.sourceforge.net/downloads.html),
PLINK
v1.9 (Purcell et al. 2007) (https://www.cog-genomics.org/
plink/1.9/) and EIGENSOFT v7.2.1 (Patterson et al. 2006;
Price et al. 2006).
Clustering of populations based on SLC6A4 SNPs

The ﬁne population structure of the modern-day humans
obtained from 1000 Genomes, based on SLC6A4 SNPs was
delineated using PCA implemented in PLINK v1.9 using –
pca command. The two most informative PCs are discussed
and plotted in R v3.5.1.
Detection of signature of natural selection on SLC6A4

Cross population extended haplotype homozygosity (XPEHH) algorithm (Pickrell et al. 2009) (http://hgdp.
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uchicago.edu/Software/) was used for detecting the genetic
imprint of recent positive selection by analysing long-range
haplotypes in global human populations obtained from
1000 Genomes. XP-EHH tests whether a given SNP is
homozygous in one population but polymorphic in another
population (Ma et al. 2014). Negative XP-EHH score
suggests that selection arise in reference population (here
Africans) and positive XP-EHH score suggests that selection arise in observed population (the other four populations). To note, XP-EHH is highly powerful in detecting
approximately ﬁxed or ﬁxed selected loci with selective
sweep of above 80% frequency (Pickrell et al. 2009; Ma
et al. 2014). However, due to unavailability of updated
genetic map information pertaining to the distance between
two loci (in centimorgan, cM) and recombination rate for
each locus (cM/Mb) for Human Genome Assembly
GRCh38, we could not employ all SNPs for XP-EHH
analysis. Of the 25 disease-relevant SNPs and all annotated
147 SNPs of SLC6A4, 20 and 38 SNPs, respectively, could
be used for XP-EHH analysis.
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statistic implemented in PLINK v.1.9 employing all 147
SNPs of SLC6A4.
Control experiment

To assess whether all genes associated with SLC6A4 through
various signalling pathways, are under selection, we ﬁrst
detected the proteins that are directly associated with
SLC6A4 in upstream/downstream signalling pathways using
STRING functional protein network ﬁnder (Szklarczyk et al.
2015) (https://string-db.org/). We obtained 10 genes to be
directly associated with SLC6A4: HTR7, HTR2C, HTR2A,
HTR1A, HTR1B, COMT, MAOA, TPH1, TPH2, and
SLC18A2. We next curated the list of all annotated SNPs of
these genes from UCSC genome browser (n=3016) and
further performed PCA, XP-EHH and IBD analyses on these
SNPs. For XP-EHH analysis, 580 SNPs could be employed
because of the unavailability of updated genetic map information for the rest.

Results
Identical by descent (IBD) analysis
PCA

DNA segments with identical nucleotide sequences in
two or more individuals are considered to be identical by
state (IBS). If an IBS segment in two or more individuals has been inherited from a common ancestor without
recombination, i.e. has the same ancestral origin among
these individuals is considered to be identical by descent
(IBD). Natural selection tends to promote the increase
IBD segments among individuals in a population. Thus,
the populations that have higher IBD sharing for a particular DNA segment can be considered to be under
strong and recent selection pressure for that genomic
area. Here, IBD sharing was calculated using Pi-Hat

For 25 disease-relevant SNPs of SLC6A4, PCA depicted
clear clustering between Africans (red dots of ﬁgure 1) and
the rest of the world along PC1. Moderate separation was
observed among non-Africans along PC2, East Asians being
isolated from the rest of the world. However, PCA performed on all 147 SNPs of SLC6A4 depicted clear and more
distinct clustering between Africans (red dots) and the rest of
the world along PC1 (ﬁgure 1). Additionally, discernible
separation among non-Africans was observed along PC2.
East Asians (green dots) were found to be present in distinct
cluster from other non-African populations (ﬁgure 1).

Figure 1. PCA of 2504 human genomes obtained from 1000 Genome Project employing all 147 annotated SNPs of SLC6A4 obtained
from UCSC genome browser. Populations are grouped by ancestry. Red, gold, green, blue and violet dots represent populations of African,
Native American, East Asian, European and South Asian ancestry, respectively. PC1 and PC2 explains 27.1% and 14.4% variance of the
data, respectively.
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Detection of signature of natural selection on SLC6A4

For disease-relevant SNPs of SLC6A4, long areas of positive
XP-EHH scores was observed among the non-African populations suggesting a recent selective sweep. The highest
XP-EHH scores were found among East Asians indicating
SLC6A4 is under strong positive selection among people
belonging to this ethnic group. Similar to the disease-associated SNPs of SLC6A4, the rest of the SNPs were also
found to be under strong positive selection especially among
East Asian populations with signiﬁcantly high positive XPEHH scores compared to Africans (ﬁgure 2). Overall, the
XP-EHH analysis indicated that SLC6A4 has likely undergone a strong selective sweep among the East Asians in the
recent past.
IBD analysis

Based on the XP-EHH results, the maximum number of
individuals with the highest IBD sharing (Pi-Hat=1) belonged to East Asians (53.4%), distantly followed by the native
Americans (18.7%). The IBD analysis corroborated that
SLC6A4 has likely undergone a strong recent selective
sweep among the East Asians (ﬁgure 3).

SLC6A4 has undergone strong selective sweep in a pathway
independent manner

PCA performed with the SNPs of the 10 genes that are
directly associated with SLC6A4 revealed distinct clustering
between Africans (red dots) and the rest of the world along
PC1, but it failed to portray clear separation among nonAfricans along PC2 (ﬁgure 4).

Figure 3. IBD analysis of 2504 human genomes obtained from
1000 Genome Project employing all annotated SNPs of SLC6A4
obtained from UCSC genome browser. Red, yellow, green, blue
and violet sheds represent populations of African, Native American,
East Asian, European and South Asian ancestry, respectively. The
pie chart indicates that the East Asians have the maximum number
of highest IBD scores (Pi-Hat=1) (53.4%), followed by the Native
Americans (18.7%).

IBD analysis revealed that unlike SLC6A4, the maximum
number of individuals with the highest IBD sharing (PiHat=1) were found to be Europeans (42.2%) (ﬁgure 5). It
indicates that unlike SLC6A4, other genes, though in direct
association, have not likely undergone selective sweep
among the East Asians. SLC6A4 is under strong selection
pressure among East Asians uniquely and pathway
independently.
Similar to IBD analysis, the highest number of positive
XP-EHH scores were observed among Europeans (Tukey’s
Posthoc test; P\0.001) (ﬁgure 6). XP-EHH analysis

Figure 2. XP-EHH analysis of non-African genomes obtained from 1000 Genome Project with respect to African genomes employing 38
SNPs of SLC6A4 obtained from UCSC genome browser. Yellow, green, blue and violet lines represent populations of Native American,
East Asian, European and South Asian ancestry, respectively. The black arrows indicate the candidate SNPs, speculated to be associated
with neurophysiological disorders. (a) East Asians were found to be under strong purifying selection with signiﬁcantly high positive XPEHH scores in respect to Africans. (b) Heat map showing distribution of XP-EHH scores among different populations.
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Figure 4. PCA of 2504 human genomes obtained from 1000 Genome Project employing 3016 annotated SNPs of the 10 genes directly
associated with SLC6A4 obtained from UCSC genome browser. Red, yellow, green, blue and pink dots represent populations of African,
Native American, East Asian, European and South Asian ancestry, respectively. PC1 and PC2 explains 18.2% and 11% variance of the data
respectively.

Figure 5. IBD analysis of 2504 human genomes obtained from
1000 Genome Project employing 3016 annotated SNPs of the 10
genes directly associated with SLC6A4 obtained from UCSC
genome browser. Red, yellow, green, blue and violet sheds
represent populations of African, Native American, East Asian,
European and South Asian ancestry, respectively. The pie
chart indicates that the Europeans have the maximum number of
highest IBD scores (Pi-Hat=1) (42%), followed by the East Asians
(31%).

supported that SLC6A4 has likely undergone a unique
selective sweep among the East Asians in the recent past in a
pathway-independent manner.

Discussion
For decades, variations and polymorphisms in SLC6A4 has
been shown to be associated with various psychological and
neurophysiological disorders. However, the association
between SLC6A4 and neurophysiological disorders may not
be universal. Recently, Muench et al. (2019) did not ﬁnd any

association between increased methylation in its promoter
region and alcohol dependence among Caucasians living in
USA (Muench et al. 2019). Sieminska et al. (2008) concluded that serotonin transporter promoter polymorphism (5HTTLPR) may not be associated with increased smoking
among Polish people (Sieminska et al. 2008). Similarly, the
association between 5-HTTLPR genotype and panic disorder
(Blaya et al. 2007), and depressive symptoms (Yohannes
et al. 2019) has also been refuted. On the contrary, several
studies have shown the association between polymorphisms
in SLC6A4 (such as rs25531, rs6354 and STin2), and major
depression and suicidal tendencies among Chinese and
Vietnamese people (Su et al. 2009; Wang et al. 2009; Ho
et al. 2013) and among Mexicans (Camarena et al. 2019).
These results indicate that there is potentially an ancestry
speciﬁc variation in association between SLC6A4 and neurophysiological disorders. Genes associated with complex
disorders such as neurophysiological disorders often exhibit
strong signatures of purifying selection (Maher et al. 2012).
Thus, if there is an ancestry component in the association
between SLC6A4 and neurophysiological disorders, populations that exhibits these disorders at higher frequency (such
as East Asians) should be under stronger selection pressure
compared to the ones that does not (such as Caucasians).
In this study we aimed to assess the ancestry speciﬁc
variation of signatures of natural selection on SLC6A4. To
this end, we obtained the whole genome data of 2504 individuals around the world available at 1000 Genomes Project
database. We grouped these 2504 individuals into ﬁve broad
ancestry categories: Native Americans (AMR), Europeans
(EUR), Africans (AFR), East Asians (EAS) and South
Asians (SAS). We found that SLC6A4 has likely undergone a
strong selective sweep among East Asians in the recent past
(ﬁgure 2). East Asians also had the highest IBD sharing for
SLC6A4, further indicating to be under strong and resent
selection pressure for this genomic area (ﬁgure 3).
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Figure 6. XP-EHH analysis of 2504 human genomes obtained from 1000 Genome Project employing 580 annotated SNPs of the 10 genes
directly associated with SLC6A4 obtained from UCSC genome browser. The violin plot shows that the highest number of positive XP-EHH
scores were observed among Europeans in respect to Africans compared to the other three non-African populations (P\0.001).

Recently, Lam et al. (2018) identiﬁed ﬁve SNPs in
SLC6A4 (rs140700, rs4251417, rs6354, rs25528 and
rs25531) that are likely associated with depression (Lam
et al. 2018). However, likely because of the ancestry of the
participants (French), they only found nominally signiﬁcant
association between these variants and depression. Our XPEHH results indicated minimal selection pressure on populations of European ancestry compared to East Asians. The
XP-EHH scores for the candidate SNPs for depression
(rs140700, rs4251417, rs6354 and rs25528) was found to be
signiﬁcantly higher among East Asians (1.49, 0.61, 1.42 and
1.37, respectively) compared to Europeans (0.69, –0.17,
0.59 and 0.54, respectively) (ﬁgure 2). Our results indicate
that the candidate SNPs for depression are under strong
selection pressure among East Asians. Murdoch et al. (2013)
identiﬁed selective sweep among East Asian beginning at
the 5’ end of SLC6A4 on the TG haplotype at rs1050565–
rs7214248 that showed an increase in effect toward the 3’
end around the TT haplotype at rs140701–rs3794808
(Murdoch et al. 2013). Similar to their ﬁnding, we found the
strongest selection peak in SLC6A4 between rs140701 and
rs3794808 (ﬁgure 2a). While this peak was found to be the
strongest for the East Asians, South Asians also showed
discernible variation from the rest of the world (ﬁgure 2a).
Another strong peak was observed at rs6355 (ﬁgure 2a), for
which it has been shown that the C allele (G56A) is largely
restricted to Europe and west Siberia (Murdoch et al. 2013).
Murdoch et al. (2013) did not ﬁnd any evidence of selection
among African across SLC6A4. This probably explains why
only small fractions of African genomes show high IBD
(PiHat =1) for SLC6A4 (ﬁgure 3). Strong recent selection
pressure on SLC6A4 has also been identiﬁed using a hidden
Markov model (HMM) based approach (Chen et al. 2015).
The evolutionary constraint on SLC6A4 is highly ancestry
speciﬁc and likely appeared after the divergence between

East Asians and Europeans *41,000 years ago (Tateno et al.
2014).
The second highest IBD sharing was found among Native
Americans with 19% pairs sharing the optimum Pi-Hat score
of 1. It indicates that selection pressure on SLC6A4 may
have appeared before 25,000 years ago when the ancestors
of Native Americans split from Siberians and East Asians,
and entered the now mostly drowned landmass of Beringia,
bridging Russia and North America (Wade 2018). This
timeline coincides with that of Taub and Page (2016), who
speculated that the positive selection on SLC6A4 initiated
*20,000–25,000 years ago in East Asia. This can potentially explain the association between low activity alleles of
SLC6A4 and ﬂuoxetine nonresponse among Mexican
patients with severe depression (Camarena et al. 2019).
The major limitation of our study was the unavailability of
updated genetic map for Human Genome Assembly 38
(GRCh38). We could employ only 38 SNPs (of the possible
147 SNPs) for XP-EHH analysis. As a consequence, the
assessment of the effect of natural selection on SLC6A4
remained incomplete. We would like to reiterate here that in
silico predictive association does not imply causality. Proper
functional studies need to be performed to conﬁrm the
association between certain genetic polymorphism and
associated trait/disorder.
Despite not generating any additional genotyping data,
our study can help greatly to extend the current knowledge
about the association between SLC6A4 and several neurophysiological disorders. Our study indicates that East
Asians, likely because of strong selection pressure on their
SLC6A4 gene, have higher genetic propensity for clinical
depression and other neurophysiological disorders. The
same has been speculated in a previous study investigating
the sequence variation of SLC6A4 among human and
chimpanzees (Claw et al. 2010). These authors predicted that

SLC6A4 and neurophysiological development

*60% of the Southeast Asian populations can likely
experience clinical depression compared to only 1% northern Europeans.
Our study clearly indicated the importance of employing
proper subjects during association studies. Since most
complex disorders are intrinsically associated with our
ancestry, proper knowledge of ancestry can be monumental
while recruiting subjects for association studies. Recruitment
of subjects from populations with low or minimal susceptibility for certain trait/disorder may generate misleading
results. This is what is likely happening in case of SLC6A4,
since most association studies on SLC6A4 were based on
Caucasoid populations of European ancestry, they produced
mixed results.
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