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ABSTRACT Among the many genes involved in the metabolism of therapeutic drugs, human arylamine
N-acetyltransferases (NATs) genes have been extensively studied, due to their medical importance
both in pharmacogenetics and disease epidemiology. One member of this small gene family, NAT2,
is established as the locus of the classic human acetylation polymorphism in drug metabolism. Current
hypotheses hold that selective processes favoring haplotypes conferring lower NAT2 activity have been
operating in modern humans’ recent history as an adaptation to local chemical and dietary environments.
To shed new light on such hypotheses, we investigated the genetic diversity of the three members of the
NAT gene family in seven hominid species, including modern humans, Neanderthals and Denisovans. Little
polymorphism sharing was found among hominids, yet all species displayed high NAT diversity, but dis-
tributed in an opposite fashion in chimpanzees and bonobos (Pan genus) compared to modern humans, with
higher diversity in Pan species at NATT and lower at NAT2, while the reverse is observed in humans. This
pattern was also reflected in the results returned by selective neutrality tests, which suggest, in agreement
with the predicted functional impact of mutations detected in non-human primates, stronger directional
selection, presumably purifying selection, at NAT1 in modern humans, and at NAT2 in chimpanzees. Over-
all, the results point to the evolution of divergent functions of these highly homologous genes in the
different primate species, possibly related to their specific chemical/dietary environment (exposome) and
we hypothesize that this is likely linked to the emergence of controlled fire use in the human lineage.
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Hominid species, the so-called “great apes”, share a recent common
history that makes the genomic diversity of our closest relatives highly
informative in evolutionary studies on our own species and more
broadly on all great apes. This potential to answer evolutionary ques-
tions regarding all hominid species, including our own, is extensively
exploited, and notably so in the last half decade thanks to the accelera-
ted pace at which whole genome sequences are generated (Kuhlwilm
et al. 2016). As foreseen by Olson and Varki (2003), analyzing genetic
and genomic diversity in the great apes is also providing novel in-
sights of medical interest (e.g., (Enard et al. 2002; Bergfeld et al. 2017;

-=.G3:Genes| Genomes | Genetics

Solis-Moruno et al. 2017). Indeed, physiological differences between
species, whether they emerged through demographic processes or
as adaptive responses might offer insights into present-day ques-
tions regarding human health and disease (Olson and Varki 2003;
O’Bleness et al. 2012).

Arylamine N-acetyltransferases (NATs) genes are members of a
small multigene family coding for enzymes that biotransform numer-
ous compounds. In humans, its two functional members, NATI and
NAT2, show differences in expression patterns and substrate speci-
ficity, while the third member (NATP) is a pseudogene. While the
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NAT2 isoenzyme has a major role in the metabolism of xenobiotics,
including therapeutic drugs and carcinogens, growing evidence sup-
ports an additional role for NAT1 in physiological processes (notably
folate and methionine metabolism) and cancer cell biology. The three
NAT genes reside in a 200 Kb region on the short arm of chromosome
8, and each of the two functional genes has a single, uninterrupted,
870 bp-long coding exon that produces a protein of 290 amino acids
(Blomeke and Lichter 2018; Sim and Laurieri 2018). Phylogenetic
analyses of NAT sequences point to multiple episodes of NAT gene
duplication or gene loss during vertebrate evolution (Sabbagh et al.
2013). However, in Simiiformes (monkeys and apes, including
humans) the evidence suggests the occurrence of a single duplica-
tion event prior to their divergence, leading to the NATI and NAT2
paralogs, whereas a subsequent duplication of NAT2, which probably
occurred in the common ancestor to Catarrhini (African and Eurasian
monkeys and apes, including humans), gave rise to the NATP pseu-
dogene. Nucleotide sequence identity between the three NAT paral-
ogs in humans is high: there is 81% homology between NATI and
NAT2 coding exons, and 79% with the NATP pseudogene, while
protein sequence identity between the two NAT enzymes is at 87%
(Sabbagh et al. 2013). Homology between orthologous nucleotide
sequences of humans, chimpanzees and gorillas is also high, about
98-99% for NAT1 and NAT2, and 96-97% for NATP, according to the
human (GRCh37/hgl9, (Lander et al. 2001)), chimpanzee (panTro4,
(The Chimpanzee Sequencing and Analysis Consortium 2005)) and
gorilla (gorGor4, (Scally et al. 2012)) reference genomes, with no clear
distinction between these three great ape species. Indeed, identity at
NATI between the human and chimpanzee reference sequences
is 98.5%, compared to 99% between human and gorilla, and 98.5%
between chimpanzee and gorilla; at NAT2 it is 98.6% between human
and chimpanzee, 98.8% between human and gorilla, and 98.9%
between chimpanzee and gorilla; and at NATP it is 96.8% between
human and chimpanzee, 95.8% between human and gorilla, and 96.1%
between chimpanzee and gorilla. These occurrences of apparent in-
complete lineage sorting (although based on very slight differences)
are not surprising since it is estimated that about a third of the gorilla
genome is more similar to that of humans or chimpanzees than the
human and chimpanzee genomes are to each other (Scally et al. 2012;
Kronenberg et al. 2018). It highlights the complex speciation history
of great apes, which possibly included several admixture events, such
as those recently evidenced between bonobos and the ancestors of
Central and Eastern chimpanzees (de Manuel et al. 2016).

Due to their involvement in inter-individual variation in response to
therapeutic treatments, the molecular diversity of NAT genes in human
populations has been intensively studied (Sabbagh et al. 2018). In par-
ticular, the NAT2 encoded enzyme, mainly expressed in the liver, small
intestine and colon, is involved in the metabolic breakdown of several
clinically relevant compounds (Hein 2002), including isoniazid, a first-
line antibiotic included in anti-tuberculosis therapies since the 1950s
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(Zumla et al. 2013). Yet, it is safe to assume that none of these com-
pounds have had any evolutionary impact on human NAT2 evolution.
The single coding exon of NAT2 is highly polymorphic in humans,
and it has been shown that the efficacy and/or toxicity of several
clinically important drugs are associated with variation in enzymatic
activity conferred by different NAT2 variants (Meyer 2004; Agundez
2008a; McDonagh et al. 2014). This, together with the involvement of
the enzyme in the detoxification (N, O or N,O-acetylation) of numer-
ous carcinogens, motivated numerous studies on the evolution of the
diversity of NAT2 in human populations. Current hypotheses hold that
geographically- or culturally-restricted selective processes favoring one
or several haplotypes conferring lower NAT?2 activity (as adaptations to
specific chemical environments or dietary habits) have been operating
in the recent history of human populations (Patin et al. 2006a; Patin
et al. 2006b; Fuselli et al. 2007; Luca et al. 2008; Magalon et al. 2008;
Sabbagh et al. 2008; Mortensen et al. 2011; Sabbagh et al. 2011; Patillon
et al. 2014; Podgorna et al. 2015; Valente et al. 2015; Bisso-Machado
et al. 2016); see also (Sabbagh et al. 2018) for a review). Interestingly,
the discovery of a strong association of decreased insulin sensitivity
with a non-synonymous polymorphism in NAT2 (Knowles et al. 2016)
brings indirect support to the hypothesis of dietary-linked selective
pressures exerted on the evolution of this gene. NAT1 is also involved
in N-acetylation reactions of numerous compounds, and it is mainly
expressed in the liver. Moreover, as shown in the AceView browser
(Thierry-Mieg and Thierry-Mieg 2006), it is also expressed in kidneys,
lung, and blood cells, particularly in humans, and less so in chimpan-
zees. However, in contrast to NAT2, NATI is substantially less poly-
morphic in humans, and it is currently held that the accumulation of
molecular variation in the NATI coding exon, in particular non-
synonymous variation, has been hampered by relatively strong pu-
rifying selection acting on the gene (Patin et al. 2006a; Mortensen
et al. 2011; Sabbagh et al. 2018). NATP, the third identified member
of this family of genes in the human genome bears several loss-of-
function mutations and transcriptome studies indicate that it is barely
if ever transcribed (as shown in the EBI Gene Expression Atlas, entry
ENSG00000253937 at www.ebi.ac.uk/gxa/home).

One approach to examine hypotheses of recent adaptation in
acetylation activity in humans is to investigate the diversity of NAT
genes in humans’ closest relatives. To this aim, we Sanger sequenced
the three members of the NAT gene family in 84 great ape DNA sam-
ples, including 68 chimpanzees of the Pan troglodytes verus sub-species
(Western chimpanzees). We completed this dataset with 231 NAT
sequence genotypes produced with NextGen technology by the Great
Ape Genome Project (GAGP) (Prado-Martinez et al. 2013). We also
examined NAT sequence variation in reference genomes of ancient
hominins (i.e., Homo sapiens from Ust-Ishim, Neanderthal and
Denisova). Similarly to humans, we found high levels of nucleotide
and haplotype diversity in non-human primates, but distributed dif-
ferently in Pan, such that diversity is higher at NATI and lower at
NAT?2, whereas the opposite is observed in humans. Hence we hy-
pothesize that the highly homologous NATI and NAT2 genes evolved
some divergence in functionality between species in the course of
hominid history, and we discuss this hypothesis in relation to changes
in the chemical or dietary environment, i.e., the exposome (Wild
2012) in which humans and chimpanzees have evolved.

MATERIALS AND METHODS

Great ape DNA samples
Eighty-four DNA samples of great apes were analyzed in this study. These
comprised DNA from 68 Pan troglodytes verus (Western chimpanzee)
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individuals, one P. t. troglodytes (Central chimpanzee) female, one
P. t. schweinfurthii (Eastern chimpanzee) female, one P. paniscus
(bonobo) male, five Gorilla gorilla and eight Pongo abelii (Sumatran
orangutan) individuals. Among the 68 P. t. verus samples, 40 were
from members of the Biomedical Primate Research Centre (BPRC)
colony, 26 from the Center for Academic Research and Training in
Anthropogeny (CARTA) and two from the Basel zoo (Supplementary
Figure S1). These samples and their corresponding collections are
described in Supplementary File SI.

Sanger sequencing of NAT genes

We sequenced the three segments in the NAT region that include the
single coding exons of NATI and NAT2 and the homologous DNA
stretch of NATP in the 84 DNA samples of great apes available for this
study. Supplementary Table S1 lists the primers used in this study both
for PCR amplification and forward and reverse sequencing of each
of the three NAT loci in great apes. PCR conditions are provided in
Supplementary File S1. Sanger sequencing was outsourced to Retrogen
(San Diego, California, USA) and Macrogen (Seoul, South Korea).
Supplementary Table S2 lists the available information on all non-
human samples considered in this study, including those retrieved
from the GAGP (see below).

Alignment of NAT sequences

All NAT sequences obtained were aligned on the homologs from the
reference or draft reference assemblies of Homo sapiens (GRCh37/hgl9,
February 2009), Pan troglodytes verus (panTro4, February 2011), Pan
paniscus (panPanl, May 2012), Gorilla gorilla gorilla (gorGor4,
December 2014, as well as gorGor3 for verification, since these two
reference sequences are not identical) and Pongo pygmaeus abelii
(ponAbe2, July 2007), respectively, all downloaded from the UCSC
Genome Browser (Kent ef al. 2002, genome.ucsc.edu). Alignment was
performed blind of the known relationships between individuals.

Retrieval of NAT sequences or polymorphic positions
from public repositories

For comparison purposes, we retrieved NAT genotypes from the pub-
lished unphased genomes of 79 great apes generated in the GAGP by
NGS (Prado-Martinez et al. 2013), namely from 25 chimpanzees (includ-
ing a hybrid P. t. verus/troglodytes individual), 13 bonobos, 31 gorillas
and 10 orangutans. Two individuals, Harriet (P. t. schweinfurthii) and
Boscoe (P. t. verus, Supplementary Figure S1), were in common in the
GAGP and CARTA datasets, thus allowing a control of Sanger and NGS
sequencing results. We extracted the relevant part of the available VCF
files. Further details are provided in Supplementary File S1. All detected
polymorphic positions in the Sanger sequenced samples of this study
and retrieved from the GAGP VCEF files are detailed in Supplementary
Tables S3, $4 and S5, for NATI, NAT2 and NATP, respectively.

To allow comparison of segregating sites at the NAT genes among
all hominids (i.e., all great apes, including humans), we recorded all human
polymorphisms reported by the consensus gene nomenclature of human
NAT alleles (http://nat.mbg.duth.gr/, accessed in August 2015), com-
plemented with haplotype data from 1000 Genomes Phase 1 (The
Genomes Project Consortium 2012) and published data (Patin et al.
2006a; Sabbagh et al. 2008; Mortensen et al. 2011; Podgorna et al.
2015). These are also reported in Supplementary Tables S3, S4 and S5.

Inference of NAT haplotypes in the genus Pan

Diploid haplotypes were inferred for all Pan individuals (but not for
the other great ape samples, see Supplementary File S1) using PHASE
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version 2.1.1 (Stephens et al. 2001; Stephens and Scheet 2005). The
program uses a Bayesian statistical method based on an approximate
coalescent model for reconstructing haplotypes from genotype data.
PHASE implements a recombination method (the -MR option), which
allows specifying the relative physical location of each SNP and
accounts for the decay in linkage disequilibrium with distance.

Constitution of two samples of Pan troglodytes verus
unrelated individuals

We considered separately two samples of unrelated individuals from
the Western (P. t. verus) chimpanzee sub-species, BPRC and San
Diego (Supplementary File S1), notably due to significant differenti-
ation between these two samples at the NATP pseudogene (Supple-
mentary Table S6, see results).

NAT haplotypes in humans

A dataset of NAT haplotypes’ frequency distributions in human
population samples was assembled with published NAT sequences
of same length as those of Pan, obtained through a comprehensive
literature search at the time of the study. Only populations repre-
sented by samples including at least 15 individuals (30 chromosomes)
were considered. We thus used published data samples from Mortensen
et al. (2011) and from Sabbagh et al. (2008). We also extracted NATI,
NAT2 and NATP phased genotypes from the 1000 Genomes Phase
1 dataset (The Genomes Project Consortium 2012), see Supplementary
File S1. In total, the human dataset consists of 20, 18 and 18 samples
of unrelated individuals, from human populations distributed on four
continents (Sub-Saharan Africa, Europe, East Asia and America), for
NATI, NAT2 and NATP, respectively (Supplementary Table S7).

NAT polymorphisms in ancient genomes of hominins

Variant calls in the homologous NAT sequences of ancient genomes
of the genus Homo, namely Neanderthal, Altai and the composite
genome of three individuals from Vindija, (Green et al. 2010; Priifer
et al. 2014), Denisova (Meyer et al. 2012), and those from the most
ancient modern human sequenced genome, Ust’-Ishim (Fu et al.
2014), were examined in both the UCSC Genome Browser (https://
genome.ucsc.edu/) and the ancient genome browser at the Max Planck
Institute for Evolutionary Anthropology (http://www.eva.mpg.de/
neandertal/index.html), the latter including the recently published
high-coverage Vindija Neanderthal genome (Priifer et al. 2017). For
each of the two functional genes, we screened 2 Kb of the reference
human genome sequence (Hgl9/GRCh37) encompassing the coding
exon (positions 18°079°000 to 18°081°000 for NAT1, and 18’257°000 to
18'259°000 for NAT2). For the NATP pseudogene, we screened 2 Kb
of homologous sequence (18'227°600 to 18°229’600).

Analysis of diversity of NAT genes in the genus Pan and
comparison with humans and other great apes

Frequency distributions of NAT haplotypes in the Pan and human
population samples were used to test for possible deviations from Hardy
Weinberg equilibrium, to estimate expected heterozygosity, (h, equiva-
lent to Nei’s gene diversity, (Nei 1987)) and nucleotide diversity (), to
estimate levels of population differentiation (Pgr statistics), and to test
for possible departure from selective neutrality and demographic equi-
librium (Ewens-Watterson homozygosity test, Tajima’s D test and Fu’s Fg
test,), with the program Arlequin ver. 3.5 (Excoffier and Lischer 2010).
Each of these three latter tests relies on different summaries of diversity
(homozygosity for the Ewens-Watterson test, number of polymorphic
sites and nucleotide diversity for Tajima’s D, and number of different
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haplotypes and nucleotide diversity for Fu’s F;), and only Tajima’s D
and Fu’s F; tests explicitly account for the mutational events distin-
guishing haplotypes. Statistical significance was assessed by generating
100°000 random samples under the null conditions of no selection and
constant population size. For all tests that revealed at least one signif-
icant departure from the null hypothesis in one population (species,
sub-species, or collection in the case of P. t. verus), the Holm correction
method implemented in R (R Core Team 2013) was applied to control
for type I error rate (Holm 1979), so as to obtain adjusted P-values.
Arlequin was also used to infer population pairwise ®gy values (between
species, sub-species, or collections) under the AMOVA framework, and
their statistical significance was assessed with 100’000 permutations.
The parameters used to estimate @ values were obtained with MEGA
ver. 7 (Kumar et al. 2016). These parameters are: the molecular model
(Tamura’s distance for all three NAT loci), the gamma parameter (no
gamma correction for NATI and NAT2, gamma = 0.05 for NATP) and
the transition to transversion ratio (2.67, 2.0 and 2.5 for NATI, NAT2
and NATP, respectively). The program Network ver. 5.0 (Bandelt
et al. 1999) was used to construct median-joining networks of NAT
haplotypes in Pan.

Prediction of functional impact of specific mutations in
Pan haplotypes at the NAT1 and NAT2 loci

Phenotypic predictions of the functional impact of specific mutations
in Pan NATI and NAT?2 haplotypes were performed with three online
software tools (analysis done in May 2017): PolyPhen (Adzhubei et al.
2010), SIFT (Sim et al. 2012) and the PANTHER cSNP Scoring tool
(Tang and Thomas 2016). These three tools are able to predict the effect
of a single nonsynonymous substitution on a protein sequence (Sup-
plementary File S1). To investigate and compare the results returned
by these methods, we first applied the three tools on human haplo-
types of known phenotypes (Supplementary File S1). For the analysis
of Pan haplotypes, we ran all three prediction tools with the default
options, searching the UniProtKB/TrEMBL protein database (release
2010_09) with SIFT, and specifying Pan troglodytes as reference
organism in PANTHER ¢SNP Scoring.

Data availability

File S1 contains detailed descriptions of the protocols used for DNA
amplification, PCR product purification and sequencing of great ape
samples, retrieval of unphased NAT polymorphic positions from the
Great Ape Genome Project (GAGP), inference of Pan NAT haplotypes,
and retrieval of phased human NAT haplotypes from the 1000 Genomes
Project. Table S1 lists the PCR and sequencing primers used for Sanger
sequencing of NAT genes in non-human great ape DNA samples, and
available information on these samples is provided in Table S2. Hominid
polymorphic positions detected in NAT1, NAT2, and NATP are listed in
Tables S3, $4, and S5, respectively. Table S6 reports estimates of differ-
entiation levels between Pan (sub-)species. Table S7 lists the human
population samples included in the modern human dataset, with
associated diversity estimates and results of Hardy-Weinberg equi-
librium tests. Supplementary information on results is also provided
in File S1. All supplementary material has been uploaded to figshare.
The 247 NAT sequenced genotypes obtained in this study are avail-
able in GenBank with accession numbers MK244999-MK245288 and
MK245291-MK245459. Supplemental material available at FigShare:
https://doi.org/10.25387/g3.7928192.

RESULTS
In this study, we Sanger sequenced approximately 1 Kb of homol-
ogous sequence in each of the three members of the arylamine
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N-acetyltransferase (NAT) gene family, NAT1, NAT2 and the NATP
pseudogene, in 84 great ape samples, of which 68 are chimpanzees of
the Pan troglodytes verus sub-species. Out of the 84 DNA samples of
great apes available, we obtained 248 NAT genotypes (83, 81 and
83 NATI, NAT2 and NATP genotypes, respectively, Supplementary
File S1). We extended our dataset with 231 NAT genotypes from
79 individuals belonging to six great ape (sub-)species retrieved
from the GAGP (Prado-Martinez et al. 2013). As reported in Tables 1
and 2, the total dataset assembled for analysis thus included 93 geno-
types from four Pan troglodytes (common chimpanzee) sub-species for
NATI and NAT2 (96 for NATP), 14 genotypes from Pan paniscus
(bonobo) for each of the 3 NAT genes, 35 genotypes from two Gorilla
species for NAT2 and NATP (36 for NATI), and 17 genotypes from
two Pongo (orangutan) species for NATI and NAT2 (18 for NATP).
For comparative analysis purposes, we also assembled a human NAT
dataset totalizing 1’159 to 1’240 unrelated individuals from 18 to
20 populations distributed on four continents.

In spite of the high level of known homology between the three
NAT genes, approximately 8% nucleotide positions in NAT1 (76 out
of 903 bp), 10% in NAT2 (117 out of 1’115 bp), and 15% in NATP
(151 out of 1’002 bp) are segregating positions in hominids, that were
found to either be divergent between species, polymorphic within a
species, or both (Supplementary Tables S3, S4, and S5). Among them,
21 (28%) substitutions in NAT1, 38 (32%) in NAT2, and 77 (51%) in
NATP correspond to inter-species divergence.

NAT polymorphisms in hominids and polymorphism
sharing among species

Despite the high numbers of segregating sites detected at the three
NAT genes in hominids, little polymorphism was found to be shared
between humans, gorillas, orangutans and Pan: two SNPs at NATI,
four at NAT2 and six at the NATP pseudogene (Table 1).

No polymorphic position was found shared between the genus Pan
and the other great ape species at the NAT1I gene (Table 1 and Supple-
mentary Table S3). Nonetheless, the proportion of non-synonymous
SNPs in Pan (60%) is similar to that observed in humans (59%) and
orangutans (56%), while it is lower in gorillas (25%).

Humans and orangutans were found to share two NATI SNPs,
i.e., non-synonymous A/G at human cds position 445 (rs4987076)
and synonymous G/A at 459 (rs4986990), the former being also ob-
served in gorillas. These two polymorphisms, found at low frequen-
cies in humans today, along with a third one not observed in gorillas
or orangutans (non-synonymous 640 G/T, rs4986783), were never-
theless detected in the ancient genome of 45’000 years old Homo
sapiens from Ust’-Ishim, and were found to diverge between Nean-
derthals and Denisova (Table 1 and Supplementary Table S8). Inter-
estingly, ancient Neanderthal genomes apparently carry the same allele
(A) as Pan at rs4987076 whereas the alternative allele (G) was found
for Denisova, and the opposite pattern is observed at rs4986990 (both
Pan and Denisova carry G, while ancient Neanderthal genomes carry
A). Thus, both the 445 A/G (rs4987076) and the 459 G/A (rs4986990)
polymorphisms could potentially either pre-date the divergence among
hominids or represent a case of independent parallel mutation(s) in
hominins and in other great ape lineages. In turn, at position 640 G/T
(rs4986783), all great apes and Neanderthals were found to carry G,
whereas the alternative allele (T) was only observed in Denisova. In
humans today, the derived alleles (respectively A, A and G) at these
three SNPs (respectively, rs4987076, rs4986990 and rs4986783) char-
acterize human haplotypes NATI*11A and NATI*11B. A previous
study estimated that the coalescence of NATI*11A with other major
human NATI haplotypes (NATI*3, NAT1*4, and NATI*10) dates
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back to 2 million years ago, leading the authors to suggest that some
NATI diversity in the genome of modern humans may have persisted
from a structured ancestral population (Patin et al. 2006a). Since
SNPs 445 A/G and 459 G/A are shared between humans and orang-
utans (SNP 445 A/G being also shared with gorillas), their coalescence
times could be even older and likely pre-date the divergence among
hominids. When considered together, the three SNPs define three
major combinations in hominids, GGT, AGG, and AAG. The most
frequent combination in humans, GGT, which characterizes most
human haplotypes (except those of the NATI*11 series and NAT1*30),
was not observed in the other great apes. Instead, all haplotypes in
chimpanzees and bonobos carry the AGG combination, which has an
estimated frequency of 70% in gorillas, and at least 55% in orangu-
tans, but has not been reported so far in human populations. Such
observations could suggest that the AGG haplotype was present in the
ancestors of hominids (the reference sequences of rhesus (Macaca
mulatta) and cynomolgus (M. fascicularis) macaques, rheMac8 and
macFas5, also carry the AGG combination), and was lost at some
point in the human lineage, possibly after the divergence from Deni-
sova and Neanderthal. Indeed, Denisova’s ancient genome is defined
as GGT, while the Altai and Vindija Neanderthal genomes are re-
ported with the AAG combination, and the genome of 45’000 years
old Homo sapiens from Ust’-Ishim is heterozygous at the three
positions (Supplementary Table S8). Nowadays, the human reference
haplotype NAT1*4, together with other haplotypes carrying GGT at
the three SNPs (e.g., human NAT1*3 and NATI*10), have an average
cumulated frequency of 95% in all human populations studied so
far, whereas haplotypes with AAG (the human NATI1*11 series) are
observed at very low frequencies in populations from Africa, Asia,
Europe and New Guinea (Patin et al. 2006a; Mortensen et al. 2011).

NAT?2 stands in sharp contrast with NATI, mainly because of the
high levels of NAT2 polymorphism in humans (Supplementary Table
$4, 55 polymorphic positions recorded for humans at NAT2, which
represents twice as many compared to NAT1). The proportio