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Abstract: Saliva houses over 2000 proteins and peptides with poorly clarified functions, including
proline-rich proteins, statherin, P-B peptides, histatins, cystatins, and amylases. Their genes are
poorly conserved across related species, reflecting an evolutionary adaptation. We searched the
nucleotide substitutions fixed in these salivary proteins’ gene loci in modern humans compared with
ancient hominins. We mapped 3472 sequence variants/nucleotide substitutions in coding, noncoding,
and 5'-3' untranslated regions. Despite most of the detected variations being within noncoding
regions, the frequency of coding variations was far higher than the general rate found throughout
the genome. Among the various missense substitutions, specific substitutions detected in PRBI and
PRB2 genes were responsible for the introduction/abrogation of consensus sequences recognized
by convertase enzymes that cleave the protein precursors. Overall, these changes that occurred
during the recent human evolution might have generated novel functional features and/or different
expression ratios among the various components of the salivary proteome. This may have influenced
the homeostasis of the oral cavity environment, possibly conditioning the eating habits of modern
humans. However, fixed nucleotide changes in modern humans represented only 7.3% of all the
substitutions reported in this study, and no signs of evolutionary pressure or adaptative introgression
from archaic hominins were found on the tested genes.

Keywords: salivary proteins; nucleotide substitutions; evolution

1. Introduction

Saliva is a multifaceted bodily fluid that contains enzymes (amylases, lysozymes, and
lipases), proteins, peptides and glycoproteins, lipids (hormones such as testosterone and
progesterone), and proteases, along with a high concentration of inorganic ions [1]. To
date, more than 2000 proteins and peptides have been identified in saliva [2]. They are
mainly involved in the homeostasis of the oral cavity, the digestion process, and the innate
immune response [3]. Ninety percent of the salivary proteins and peptides derive from
the secretion of the three major salivary glands (parotid, submandibular, and sublingual
glands), while the remaining 10% are secreted by minor salivary glands or derive from
exfoliated cells and leucocytes present in the gingival-crevicular fluid [4] from plasma
exudate, plus some contributions from the oral microbial flora. During their transit in the
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secretory pathway, salivary proteins undergo a series of post-translational modifications
(PTMSs), including phosphorylation, N-terminal acetylation, glycosylation, sulfation, and
proteolytic cleavages. Further changes in proteins and peptides also occur after secretion in
the oral cavity, through the action of exogenous (microflora) and endogenous enzymes [1].

The main contribution to the composition of the human salivary proteome derives
from a few protein families. In particular, proline-rich proteins (PRPs), statherin (STATH),
P-B peptide, histatins (HTN), cystatins (CST), and amylases (AMY) altogether represent
more than 95% (w/w) of all proteins found in saliva to date [5]. PRPs represent the major
fraction of the salivary proteome in Homo sapiens (nearly 70% of the total protein content;
>50% in weight) and include basic (bPRPs), acidic (aPRPs), and basic glycosylated (gPRPs)
PRPs. They share a high abundance of proline, glycine, and glutamine residues, which
represent 70-80% of the entire amino acid sequence [6,7]. bPRPs include eleven parent
peptides/proteins and more than six parent glycosylated proteins (gPRPs), plus several
proteoforms derived from gene polymorphisms and PTMs [8-10] (Figure 1). PRPs are
encoded by genes belonging to the PRP multigene family, located within the PRB locus
mapping on 12p13.2. The locus includes six tandemly linked genes: PRB2-PRB1-PRB4-
PRH2-PRB3-PRH1, in the 5'-to-3’ direction, and is highly polymorphic as it contains
internally repetitive DNA sequences, leading to frequent recombinational events [11,12].
At least four alleles (S, small; M, medium; L, large; and VL, very large) are present in the
Western population of Homo sapiens at PRB1 and PRB3 loci and three (S, M, L) at PRB2 and
PRB4 loci [8] (Figure 1). Except for the protein encoded by the PRB3 locus that gives rise
to gPRPs, all the bPRP pro-proteins are cleaved completely by pro-protein convertases,
generating smaller peptides/proteins, before granule maturation [9] (Figure 1). aPRPs are
expressed in two loci, PRHI and PRH2, mapping on chromosome 12p13. Single amino acid
substitution and repeat insertion generate three PRH1 alleles, encoding parotid isoelectric-
focusing slow isoform (PIF-s), the parotid acidic protein (Pa)—both 150 residues long—and
the double band isoform slow (Db-s)—171 amino acid residues long [10] (Figure 2A). A
single nucleotide substitution generates two PHR?2 alleles, encoding the PRP-1 and PRP2
isoforms [11] (Figure 2A). A pro-protein convertase partially cleaves PRP-1, PRP2 and PIF-s
in 3 N-terminal fragments of 106 residues, called PRP3, PRP4, PIF-f (PRP3 type), and a
common C-terminal fragment of 44 amino acids, called P-C peptide. Db-s is cleaved at
position 127 generating two peptides: Db-f (f stands for fast) and the P-C peptide (same as
above) [12] (Figure 2A). The Pa isoform not carrying the convertase sequence generates a
dimeric form through a disulfide bond [13] (Figure 2A). STATH is encoded by the STATH
gene located in chromosome 4q13-19 [13,14]. Several STATH proteoforms are detectable
in saliva due to phosphorylation, cyclization by transglutaminase 2, and proteolysis by
amino-/carboxy-peptidases and convertase action [13,15,16]. P-B is a proline-rich small
peptide encoded by the SMR3B gene, mapping on chromosome 4q13.3 [17], near the STATH
gene, possibly sharing epigenetic control and /or the DNA replication timeframe [13,15,16].
HTN are small cationic histidine-rich peptides encoded by the HTN1 and HTN3 genes on
chromosome 4q13. Despite their high sequence homology, HTN1 and HTN3 have different
maturation pathways and biological activities [17-19].

CST are inhibitory cysteine proteases involved in the innate immune response [20].
CSTA and CSTB are encoded by CSTA and CSTB genes, respectively, whereas CST-SN, CST-
SA, CST-C, CST-S, and CST-D are encoded by CST1-CST5 genes (Figure 2B). Several PTMs
occur in CST proteins, including N-acetylation, proteolytic cleavages, phosphorylation,
and M-, W-, and C-oxidation, causing different final protein structures detectable in human
saliva [21]. Also, two isoforms generated by single amino acid substitutions of cystatin D
and cystatin SN are present in saliva [21] (Figure 2B).

The amylase alpha 1A (AMY1A) gene, on chromosome 1p21.1, is responsible for the
expression of AMY, which accounts for about 20% of the weight of salivary proteins and is
the most abundant protein of the whole saliva of Homo sapiens.
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Figure 1. Schematic representation of basic proline-rich genes and encoded proteins: PRB1 (A),
PRB2 (B), PRB3 (C), PRB4 (D). For each protein, the genetic allelic variants (S, small; M, medium; L,
large; and VL, very large) are shown on the left-sided column; the resulting alternative proteoforms
are shown on the right-sided column as blocks, with the corresponding symbol on top. Vertical
dashed lines indicate the pro-protein convertase cleavage sites with corresponding Arg (R) residues’

positions. The P enclosed in a circle denotes phosphorylation sites; aminoacidic substitutions are
shown for selected isoforms. See text for additional details.
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Figure 2. Schematic representation of acidic proline-rich proteins (A) and cystatins (B). For each
protein, the genetic allelic variants (S, small; M, medium; L, large; and VL, very large) are shown on
the left-sided column; the resulting alternative proteoforms are shown on the right-sided column
as blocks with corresponding symbols on top. All cystatin alternative proteoforms feature two
disulfide bridges (indicated by brackets between Cys), oxidation (0x), and phosphorylation (P) sites.
Vertical dashed lines indicate the pro-protein convertase cleavage sites with corresponding Arg (R)
residues’ positions. The P enclosed in a circle denotes phosphorylation sites; ox: oxidation sites; p-E:
N-terminal pyroglutamic acid; aminoacidic substitutions are shown for selected isoforms. See text for
additional details.

Several comparative studies have shown that the human salivary proteome differs
from other species due to genetic divergences that are possible due to environmental
factors, including diet and pathogens [22-25]. A recent study reported the results obtained
from the comparison of the salivary proteomes of Homo sapiens sapiens (modern humans)
with our closest extant evolutionary relatives, chimpanzees, and gorillas [26]. The authors
demonstrated that the salivary protein composition is unique to each species despite their
close sequence homology, which likely reflects an evolutionary adaptation [26]. Despite
this initial observation, the evolution of human loci-encoding salivary proteins has not
been studied to date. Nowadays, the increasing amount of genomic data obtained through
sequencing of preserved skeletal remains of extinct hominins, such as Homo neanderthalensis
(Neanderthals) and Homo Denisova (Denisovans), can reveal the extent of diversity that has
emerged at the genomic level during more recent human evolution.
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In this study, we aimed to identify the sequence changes that have been fixed during
the recent human evolution in the gene loci encoded for the most abundant salivary pro-
teins (namely, PRPs, statherin, P-B peptide, histatins, cystatins, and amylases) to gather
possible functional indications regarding their evolutionary path and their contribution to
oral homeostasis and salivary functions. Eating habits may be indeed mutually implicated
with salivary proteins’ biology since these are implicated in the modulation of the micro-
biome of the oral cavity and the entire gastrointestinal tract [26]. To achieve this, we have
interrogated the publicly available sequence databases of Neanderthals and Denisovans
and compared them with modern human genome sequence data. This allowed us to
identify several nucleotide substitutions in the loci coding for the most relevant human
salivary protein families.

2. Results

By comparing the genomic sequences of salivary gene loci in modern humans with
those of Altai Neanderthals, Chagyrskaya Neanderthals, Vindija Neanderthasl, and Deniso-
vans, we identified an overall number of 3472 sequence variants/nucleotide substitutions
across the 17 tested salivary genes in coding, noncoding, 5'-3" untranslated (UTRs), and
regulatory regions. The nucleotide substitutions observed in the 17 salivary-tested genes
were summarized in Figure 3. Of the 3472 changed nucleotides, only 428 were in coding
regions, and 121 were annotated as synonymous (Figure 3). The remaining 307 nucleotide
variations were nonsynonymous (Figure 3), which are known to be subjected to a higher
evolutionary pressure and are frequently exposed to natural selection [27,28]. We have,
therefore, attempted a functional interpretation of nonsynonymous variations, which is
inherently speculative and deserves future functional studies. The potential impact of
nonsynonymous variants on salivary proteins’ function of Neanderthals and Denisovans
was predicted by a SIFT (sorting intolerant from tolerant) analysis (see Tables 1-3), which
enables predicting amino acid substitutions that may exert a deleterious effect. The refer-
ence single nucleotide polymorphism (SNP) number (rs) and the corresponding frequencies
of the 107 missense changes in coding regions were also reported in Tables 1-3. Of note,
even though the nucleotide changes located in noncoding regions should not affect the
primary structure of the encoded protein, they could affect regulatory elements that may
modify the splicing and/or the binding of epigenetic modulators and /or chromatin fold-
ing/looping. The variants fixed at 100% in modern humans compared to ancient hominines
were highlighted in light orange in Tables 1-3 and Tables S51-517.

307

3044

B synonymous nt substitutions in coding regions
@ non-synonymous nt substitutions in coding regions

O nt substitutions in noncoding regions

Figure 3. Nucleotide substitutions in salivary protein genes. The pie chart shows the type and number
of 3472 nucleotide substitutions across the 17 tested salivary genes. In particular, the 428 substitutions
found in coding regions included 307 nonsynonymous changes across all the 17 genes tested. See text
for additional details.
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Table 1. Neanderthal and Denisovan nucleotide substitutions and the corresponding SIFT results on PRB1, PRB2, PRB3, and PRB4 gene loci.
Chron}().some . Modern Neaﬁ(lit::thal C;:;i)g:ﬁ;);? NeZilI::l(lig:hal Denis.ovan Codon—Amino . SNP Total SIFT Results
P((;lsglilgo)n Gene Region Human (Variant (Variant (Variant Fré:ﬁ:ﬁ?; a) Acid SNPid Fr(il;;;‘)c y (Score)
Frequency ?) Frequency ?) Frequency ?)
PRBI (reverse reading, chromosome 12)

11,507,477 E(>I<Ior21)2 CTT CTT(100%)  TTT (13%) TIT (7%)*  CTT (100%) g’ﬁﬁjﬁig na na Dagg%;“g
11,507,464 E(>I<Ior21)2 AGG AGG (100%)  AGG (100%)  AAG (12%)  AGG (100%) SSE:E‘; 151173856027 A =0% T(’(I()‘*;aztfd
11,506,888 E(’I‘Iorz‘f GGG GGG (100%) GGG (100%)  GAG (12%) GGG (100%) ggg:lii na na To(l(%agfd
11,506,856 E(’I‘Ior2‘)3 GGG GGG (100%)  AGG (11%) GGG (100%) GGG (100%) Sgg:gi: 15762910991 A =0.003% T"(lo‘frl";t)ed
11,506,853 E(’I‘Ior2‘)3 GGT TGT (3%) * GGT (100%) AGT (15%) GGT (100%) Sgﬁjgiz 15745726339 A=0% Da“(‘g)gmg
11,506,852 E(>I<Ior21)3 GGT GGT (100%)  GGT (100%) GAT (11%) GGT (100%) ggijﬁz na na Dangg)gmg
11,506,804 F‘(’I‘frz‘)g’ GTT GAT (61%)  GAT(63%)  GAT(60%)  GTT (100%) Eﬁ‘::%z na na T"(l()frzegfd
11,506,801 E(’I‘?rz‘)‘o’ CCT CCT (100%) CTT (11%) CTT (5%) * CCT (100%) giﬁjg:; na na Da(rggfing
11,506,790 E(’I‘I°r2‘)3 GTT GTT (100%) ATT (11%) ATT (6%) * GTT (100%) SQAA:SS; 151409612167 A=0% Da“t‘ggsitr(‘)i due
11,506,784 E(’I‘f’g)s CTG CTG (100%)  CTG (100%) TTG (13%) CTG (100%) gﬁg:ﬁzz r$554211998 T=0% To(lo‘f’;a;)ed
11,506,774 E(’I‘frz‘f GCT GTT (13%) GTT (8%) * GTT (6%) * GTT (9%) * gfﬁ:g?z 15202083397 T =10.6% To(loe.g)ed
11,506,766 E(’I‘Iorz‘f GCT GCT (100%)  GCT (100%) ACT (12%) GCT (100%) ggAAjSIZ; 15766131639 A =0% Dar‘t‘giﬁi due
11,506,730 %’ﬁ;’gf GTT GTT (100%) ATT (16%) GTT (100%)  GTT (100%) Sﬁ::s%; na na Da“t‘giitr(‘)i due




Int. J. Mol. Sci. 2023, 24, 15010 7 of 41
Table 1. Cont.
Altai Chagyrskaya Vindija .
Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon— Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(he19) Human (Variant (Variant (Variant Frequency ) Acid (ALFA) (Score)
& Frequency ?) Frequency ?) Frequency ?) 9 y
11,506,723 %’;:r;;’ CCA CCA (100%) CTA (12%) CTA (3%)*  CCA (100%) gfﬁ::g“ 1534597111 T=0% NS
. 14
Exon 3 o o o o CCA—P3, ho
11,506,669 (Po.2) GGT GTT (39%) GTT (36%) GTT (55%) GTT (26%) CAAOL 1772365043 C=0% NS
11,506,618 li;gr;)?; CCT CCT (100%) CTT (17%) CTT (3%) * CCT (100%) gif;jg” na na NS
_ 49
11,506,612 Ii;‘s’r;)“o’ GGG GGG (100%)  GAG (11%) GGG (100%) GGG (100%) gggjfl na na NS
"~ 51
11,506,577 %1;)%)3 GGA GGA (100%)  AGA (13%)  GGA (100%)  GGA (100%) Sg%:gz na na NS
- 2
11,506,514 %‘é’rg GGA GGA (100%)  AGA (6%)* AGA (11%)  GGA (100%) 8%811;23 na na NS
- 23
Exon 3 5 o o o CCA—P3
11,506,492 (B.6) GGT GGT (100%)  GGT (100%) GAT (13%) GGT (100%) CUAST na na NS
11,506,490 Iﬁ‘gréf GGG AGG (5%) * AGG (18%) AGG (8%)* GGG (100%) 82%:231 na na NS
- 31
11,506,486 ]”i;‘];’réf GGT GGT (100%)  GGT (100%) GTT (18%) GGT (100%) gfﬁ:g” 1755622101 T=13% NS
- 32
11,506,473 E(;Zr;)s TTC TTG(100%)  TTG(83%)**  TTG(100%)**  TTG(75%) ** QQS:EW 161930109 G=721% NS
= 37
11,506,403 E(Iﬁ:r;;’ AGG GGG (50%) * GGG (50%)* AGG (100%)* GGG (100%) ggg:lf” i o NS
= 59
11,506,370 h&‘,:r;)?’ GGG GGG (100%) GGG (100%)  AGG (21%) GGG (100%) Sgg:gm rs774158904 A= 0% NS
_ 70
Exon 3 o o o o CCC—Pyy _ o
11,506,369 (Po2) GGG GGG (93%) GGG (100%)  GAG (16%) GGG (100%) cUC—1 1$369001998 A =0.007% NS
Exon 3 o o/ % o o CCC—Pg;
11,506,339 (Po2) GGG GGG (97%) GAG (5%) GAG (23%) GGG (100%) CUC Loy na na NS
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Table 1. Cont.
Chromosome Mod N A‘litai Chagyrskaya Vindija Denisovan SNP Total
Position Gene Region odern eanderthal Neanderthal Neanderthal R Codon— Amino . ota
(hg19) & Human (Variant (Variant (Variant (Variant a Acid SNPid Frequency SIF(’;:I({:rzs?lts
Frequency ?) Frequency ?) Frequency ?) Frequency?) (ALFA) ¢
Exon 3
11,506,333 GGA GGA (100%)  GAA(5%)*  GAA (11% GG CCU—Pg3
_ AL A=l o L\ o o A 00
(Ps-2) (5%) AA (11%) GA (100%) CUU—Las n.a na NS
Exon 3
11,506,309 (Ps-2) GGT GAT@%)*  GAT(%)*  GAT(7%)  GGT(00%) ot na na Damaging
. ; CUU—Lg; ' ) (0.01)
11,506, xon 0 0 . :
303 (Ps-2) GGT GIT(3%)*  GIT(13%)  GGT(100%)  GGT (100%) ggi:gzz 1s201682460 T=28% Dan(‘g)gmg
Exon 3
11,506,301 (Ps-2) GTT ATT (4%)*  GTT (100%) ATT (15%) GTT (100%) ~ Can—Qu na n Damaging due
UAA—stop ' 4 to stop
Exon 3
11,506,285 GGA GGA (100%)  GGA(100%)  GAA(14%) GG CCU—Pg Damagi
~ G. G. o G. o A A (100% amagin
(Ps-2) ) AA (14%) GA (100%) CUU—Log n.a n.a (0.051;) )
Exon 3
11,506,283 Fo2) GTT GTT(100%)  ATT(14%)  ATT(13%)  GTT(100%)  —oh Qo na n Damaging due
UAA—stop ' a to stop
Exon 3
11,506,250 (Ps-2) GGT GGT (100%) ** GGT (100%) AGT (14%) GGT (100%) CCA—P111 na na Tolerated
(02 UCA—S11; (0.08)
11,506, xon 0 0 0
249 (Pe2) GGT GGT (100%) *  GGT (100%) GAT (13%) GGT (100%) gﬁiiiiﬁ 51208300501 A 0% To(lggagt)ed
Exon 3 GGG (100%) .
11,506,246 S o 0 0 ) i
(Ps-2) GGG - GAG (18%) GGG (100%) GGG (100%) (C:ngiﬁi rs1303924609 A =0% Da(‘gggng
Exon 3 .
11,506,2 0 0 0 0 ~
41 (Ps-2) GTT GIT(100%)*  GIT(100%)  ATT(14%)  GIT(100%)  ax Stgg 15751826141 A-py  Damagingduc
0S Op
Exon 3
11,506,21 0 0 0 0
’ (1B-6) CGG  GGGE™)™ GGGUTW™  GGGES%  CGGU0%)  Coc p®  r77ielsms  G-ooan o
Exon 3
11,506,154 (IB-6) GGG GGG (100%) AGG (17%) AGG (4%) * GGG (100%) CCC—Pgy na na Tolerated
. ; UCC—Sg) ' ) (0.15)
11,506,1 xon 0 0 . ;
06,150 56 GGT GGT (100%)  GAT(14%)  GGT(100%)  GAT (6%)* ggﬁjﬁz 15747444571 A= 0% Da(félgg;ng
Exon 3 :
11,506,079 (B GGA GGA (100%)  GGA (100%)  AGA(13%)  GGA (100%)  —SU—=Puwr na na Tolerated
UCU—5107 (0.06)




Int. J. Mol. Sci. 2023, 24, 15010 9 of 41
Table 1. Cont.
Chron?o.some . Modern Neaﬁ(lit:jthal CN};?;::;;};? NeZilI:i(iigtahal Denis.ovan Codon—Amino . SNP Total SIFT Results
P((;lsglilgo)n Gene Region Human (Variant (Variant (Variant Fré:ﬁ:ﬁ?}t’ a) Acid SNPid Fr(;q;;;;: y (Score)
Frequency ?) Frequency ?) Frequency ?)
11,506,075 %‘]‘3’%)3 GGA GGA (100%)  GGA (100%)  GAA (13%)  GGA (100%) ggﬂ:igz n.a na Da(rgg%mg
11,506,070 %‘é’ré)g’ ccc CCC(100%)  CCC(100%)  TCC(12%)  CCC (100%) igg:gﬁg na na T"l(%fg;ed
11,506,057 %‘gré)‘o’ AGG AGG (100%)  AAG (11%) AAG (5%)*  AGG (100%) gggjiﬁi na na Da(rggging
11,506,052 %‘gg;’ GGA GGA (100%)  AGA (10%)*  AGA (18%)  GGA (100%) Sg%:gﬁz 11372423355 A =0% T(’(l()fr()a()t)ed
PRB2 (reverse reading, chromosome 12)

11,548,429 (];;‘g"r?a%) CGG CGG (100%)  CAG (3%)* CAG (13%) CGG (100%) ggg:éﬁfzg 151415819382 A =0% Da“(‘g)gmg
11,547,429 %‘gqf CCT TCT (4%) * CCT (100%) TCT (12%) CCT (100%) igi:%: n.a na Dar(gzg)mg
11,546,899 %‘é’q;’ CCT CCT (100%) CTT (11%) CCT (100%)  CCT (100%) giﬁ:%; 15188924826 T =0.007% TOl(gfi‘)ted
11,546,894 %‘é’q;’ GGG GGG (100%)  AGG(14%) GGG (100%) GGG (100%) ggg:gii na na T"(l()fggt;’d
11,546,872 %‘gq;’ GGA GGA (100%)  GGA (100%)  GAA (11%)  GGA (100%) gggji; 15748769813 A=0% To(loe.ﬁ)ed
11,546,830 %‘gq;’ GGG GGG (100%)  GAG (9%) * GAG (17%) GGG (100%) gggjii na na TOl(Efi)ted
11,546,828 %;)11)3 GGT AGT (3%)*  GGT (100%) AGT (17%) GGT (100%) 8%::1;‘4*2 1755161117 A =0.007% T"(I()’f’;ag)ed
11,546,825 }%?1;’2)3 GTT GTT (97%) GTT (100%) ATT (17%) GTT (100%) Sﬁﬁ:s%; na na Da"t‘giitr(‘)i due
11,546,810 }%}‘gqf GGA GGA (100%)  GGA (100%)  AGA (13%)  GGA (100%) fgé:gii 151347881375 A =0% To(lo‘fga;fd
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11,546,809 %‘gr};’ GGA GGA (100%)  GAA (6%) * GAA (12%)  GGA (100%) SSE:EZ na na TOl(ffg)ted
11,546,807 %‘é’q;’ GTT GTT (97%) ATT (11%) ATT (11%) GTT (100%) S::jgg; na na Da“t‘giitr(‘)i due
11,546,792 %‘gq)‘o’ GGA GGA (100%)  AGA (18%)  GGA (100%)  GGA (100%) Sgg:giz na na T(’(l()f;f;’d
11,546,780 %‘gq;’ GGT GGT (100%)  GGT (100%) AGT (12%) GGT (100%) S(égj;:i na na To(loeﬁ)ed
11,546,770 %;)11)3 GGT GGT (100%)  GGT (100%) GAT (13%) GGT (100%) gg‘:f;zz na na TOl'ii‘ted
11,546,764 %‘é’?; GGT GGT (100%)  GGT(96%)  GAT(12%)  GGT (100%) gfﬁjgii 1201994479 T = 0.008% To(lgg)ed
11,546,732 %‘gqf GGA GGA (100%)  GGA (100%)  AGA (13%)  GGA (100%) [CJEE:I;ZZ na na To(lo‘fgfd
11,546,716 Iﬁ‘gqf GIT GAT (4%) * GAT (14%) GTT (97%) GTT (100%) gﬁﬁ:%:; na na T"(l()fgztfd
11,546,686 %‘é’qf GCT GTT (42%) GTT (39%) GTT (51%) GTT (29%) gﬁﬁ:&i 176832300 na T"l(gf;)ted
11,546,677 %‘é’qf GCT GCT (100%)  GCT (100%)  GCT (100%) GTT (24%) gﬁ:jgzz 15201144571 T = 0.08% To(loez;tfd
11,546,647 E("If_?f’ GGG GGG (100%) GGG (100%)  GAG(15%) GGG (100%) ggg:ig n.a na T"(l()frli:fd
11,546,642 E(XI?_II‘)3 GTT GTT (100%) GTT (100%) ATT (17%) GTT (100%) Sﬁ::s%; na na Da“t‘ggsitr(‘)i due
11,546,627 E("I?_rl‘f’ GGA AGA (3%) * AGA (11%) AGA (5%)*  GGA (100%) S(C:gjgi; na na T(’(l()fzzt;’d
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11,546,618 E("Ifrl‘f’ GGA GGA (100%)  GGA (93%) AGA (17%)  GGA (100%) Sg[é:gm na na To(loeg"ltfd
- 20 .
11,546,617 E(XI?II‘)3 GGA GGA(100%) ~ GGA(100%)  GAA(I7%)  GGA(00%)  cou_ 2 rs780517289 A=0% T"(loeg)ed
- 20 .
11,546,615 E(XI?II‘)‘o’ GGT GGT (100%) AGT (12%) AGT (8%)*  GGT (100%) g(é‘::gﬂ na na To(loegg)ed
. 21 .
11,546,614 E(XPOII‘)“?’ GGT GGT (100%) GAT (11%) GGT (100%)  GGT (100%) ggg:iﬂ na na To(loerz";t)ed
. 21 .
Exon 3 N o o o CCC—Ps3 Tolerated
11,546,585 ) GGG GGG (100%) GGG (100%)  AGG (13%) GGG (100%) UCC—s na na 053)
11,546,581 E(lerl‘)3 GGT GTT (6%) * GIT(13%)  GGT(100%)  GGT (100%) gi‘:j 532 na na Da(ré‘gging
. 32 .
11,546,566 E(ler]‘)3 TTT TCT (8%) * TCT (12%) TTT (100%) TTT (100%) ‘:éﬁ:lé” 15746515947 C=0% TOl‘z‘;‘ted
. 37
11,546,462 5)1(3025 GGG GGG (100%)  AGG (13%) GGG (100%) GGG (100%) S(é(é:? rs201392419 A = 0% To(lggztfd
i . _
11,546,395 ](51’]‘30;‘5 GGT GTT (16%) GTT (10%) * GTT (13%) GTT (4%) * ggi‘:g“ rs11054277 T =0.01% Dangg)gmg
- 31
11,546,380 1(51)1(3035 TIT TCT (17%) TCT (14%) TCT (6%) * TTT (100%) ﬁéi:gy 1511054276 C=001% TOI?;‘)“ed
- 37
11,546,381 g;oga“;’ TTT TTT (100%) CTT (100%) TTT (100%) GTT (13%) éﬁ:jgy 15201455726 G=02% To(l(';fzt)ed
- 37 .
11,546,369 g’g’g‘a‘;’ GGG GGG (100%)  AGG(12%) GGG (100%) GGG (100%) Sgg;’g‘” rs1238238576 A= 0% T"(loefzt)ed
! 41 .
Exon 3 o/ % o/ % o o CAA—Qug Tolerated
11,546,347 (IB-8a) GIT GAT (6%) GAT (4%) GAT (15%) GIT (100%) CUA—Lyg na na (0.32)
Exon 3 o o o o CCA—Py Tolerated
11,546,342 (B.83) GGT GGT (100%)  GGT (100%) AGT (18%) GGT (100%) UCA—Sey na na 0.41)
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11,546,327 fxon 3 CTG CTG(100%)  TTG(11%)  TTIG(18%)  CTG100%) oS 7Ds . Tolerated
11,546,314 ngia; GTT GCT (87%)  GCT(77%)  GCT (67%) GCT((94°/ )) 222:2: 34:5575 C . 9 T‘:grzi)ed
11,546,309 ngia;’ CGG GGG (12%) GGG (13%) GGG (18%) GGG (5% ) - (C;Eé:i: 1ﬂ5201308939 = Tijied
11,546,305 ngia;’ GCT GIT(3%)*  GCT(100%)  GIT(11%)  GCT (10(? %) ggi:iz rsl99748368 TG = Tif::ed
et - = 1157 < o T o C %o =0.07%

11,546,300 gf"ia;’ GGA GGA (100% 9 0 Eﬁg:g:j - chl()vsft)ed
56, (15-50) G GGA(I00%) — AGA(I3%)  GGA(I00%)  GGA(00%) [ e rs7ss71se na 046)
11,546,294 g’é"gs cCT CCT(100%)  TCT(13%)  CCT(100%)  CCT (100%) igﬁ:ﬁ:z na na Da(ré‘gging
11,546,279 EIX‘_’“ 3 GGT AGT(2%)*  GGT(100%)  AGT(13%)  GGT(100%)  CSA—Pn _ . Tolerated
11,546,278 %fz(_’;} GGT GAT (2%)*  GGT (100%) GAT (13%) GGT (100%) ggi:iz rs76:418532 : : T‘fif;{?d
11,546,246 ](51’]‘30;‘5 GGG GGG (100%) GGG (100%)  AGG (14%) GGG (100%) (Czlcjéj 15221 151440556057 A =0 '0004% chl()éf:t)ted
11,546,245 Exon 3 GGG GGG (97%)  GAG(7%)*  GAG(26%)  GAG (7%)* ggg:iz 1262267049 | T‘)(gj;)ed

11,546,213 gf‘;ia; - - 0 - - — SCJE:I;SZ - S — o
546, gfoia; GGG GGG(100%) — AGG(%)*  AGG@S%)  GGG00%) o .  rsl408969762 na. T"(l()frzagfd
11,546,187 (15-5a) GTT GTIT (96%)  GIC(10%)*  GTC(12%)  GTC (4%)* gié:%g; na na T"(l()frzgt)ed
Exon 3 o o , . CAA
11,546,161 gfoia; GIT GAT (21%)  GIT(100%)  GAT(30%)  GITT (100%) Cclé ijj;llg na na T(’(l()fzéilt)ed
11,546,089 o5 GGG GGG (100%) ~ GAG(7%)™  GAG(7%)  GGG00%)  ue ™ na na T(’(l()fze‘lt)ed
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11,546,084 E(’I‘,OE)B’ GTT GTT (100%)  GTT (100%) ATT (15%) GTT (100%) Sﬁﬁjgé; na na Da“t‘ggsi;i due
11,546,059 E(’;‘f;)‘?’ GGG GGG (100%)  GAG(7%)*  GAG(@1%) GGG (100%) ggg:lzig na na T"(l()frlz"gt)ed
11,546,050 E(’;,Og)‘o’ GGA GTA (4%) * GTA (13%) GGA (100%)  GTA (7%) * 85535@ na na T(’(l()fgf;’d
11,546,027 E(’l‘f;‘)?’ GGG GGG (100%)  AGG (11%) AGG (7%)* GGG (100%) Sgg:g: 1$1201001162 na. T(’(l()fzf*lt)ed
11,546,023 E(’l‘,"g)?’ GGT GGT (100%) GTT (5%) * GTT (13%) GTT (4%) * ggijgfz 1201391404 T =0.059% Da(rggging
11,546,009 E(>1(302)3 TTT TTT (100%) TTT (100%) TTT (95%) GTT (12%) éﬁﬁ:gﬁ na na To(loe_fg)ed
11,545,975 }3(’1‘30;‘)3 GIT GAT (2%) * GAT (16%) GAT (33%) GTT (100%) gﬁ‘::%: na na To(lo‘fgaltfd
11,545,964 E(’I‘,"rF‘)3 GGT GGT (100%) CGT (20%) CGT (22%) CGT (19%) ggijiill na na T"(l()fgztfd
11,545,904 %’1;";‘[)3 GGG GGG (100%)  AGG (3%) * AGG (11%) GGG (100%) Sg(é:gig na na T"l(gfg)ted
11,545,868 ]?’1;0;‘1)3 GGA GGA (100%)  GGA (100%)  AGA (13%)  GGA (100%) Sggjgii na na To(loez;tfd
11,545,814 Pi;";;’ GTC GTC (100%) ATC (4%) * ATC (12%) GTC (100%) [(J::g::thé(})) n.a na Da“t‘ggsi;i due
11,545,802 h;;";‘l)?’ GCG GCG(100%)  GCG(100%)  ACG(11%)  GCG (100%) Sgg:%ﬁ 1s748815572 A= 0% T"(l()ff)z’;t)ed
11,545,793 h;;";‘l)?’ GTT GTT (100%) ATT (12%) GTT (100%) GTT (100%) Sﬁﬁjgg; na na Darrtlga‘;sitrcl)i due
11,545,790 %;0;)3 CcCC CCC (100%)  CCC (100%) TCC (13%) CCC (100%) iggj}g:: na na TOl(Ef;‘)ted
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PRB3 (reverse reading, chromosome 12)
11,422,578 (g?g"r?a}) CGG CGG (100%) CAG (14%) CAG (3%)*  CGG (100%) ggg:é:zg 11337927316 na. To(lg’éag)ed
11,421,578 I?é‘l’r;)z AGG AGG (100%)  AAG (11%) AAG (11%)  AGG (100%) 58(5:15%‘; na na To(loegfd
11,421,002 }?é(l’r;f GGG GGG (100%)  AGG (11%) AGG (4%)* GGG (100%) S(ég:gi: 1533382585 na Da(réfgiing
11,420,989 If(’ifl’r;f CCG CCG (100%) CTG (14%) CTG (5%) * CCG (96%) gig:giz na na Dangg)gmg
11,420,975 %é‘l’r;f CCA TCA (2%) * TCA (17%) CCA (100%)  CCA (100%) ig%:g:f rs1197023343 na. T"(lo‘frl"‘zt)ed
11,420,974 ]?écl’r;;’ CCA CCA (100%) CTA (8%) * CTA (21%) CCA (100%) gigjgii n.a na T‘)(l()frl‘;tfd
11,420,971 h;é‘l’r;;’ GGG GGG (100%) GGG (100%)  GAG(11%) GGG (100%) gﬁﬁfﬁii na na Da(rggg)mg
11,420,956 h;é?rg)g’ CCT CCT (98%) CCT (100%) CTT (14%) CCT (100%) giﬁjg:g 15745804122 T=0% T(’(l()ff)ag;’d
11,420,945 h;é?rg)‘o’ CCT CCT (100%)  CCT (100%) TCT (14%) TCT (4%) * iggjﬁz 15781151188 T=0% Da(rggging
11,420,939 I?é‘f;’ GGG GGG (100%)  AGG (11%)*  AGG (11%) GGG (100%) ggg:gzz na na Da(rggiing
11,420,927 b;é‘l’rg)s CCT CCT (100%)  CCT (100%) TCT (11%) CCT (100%) igi:%g na na Da“(‘gfing
11,420,926 I?é‘l’r;f CCT CCT (100%)  CCT(100%)  CTT(16%)  CCT (100%) giﬁ:g;g na na Dan(‘g)gi“g
11,420,906 }?é(l’r;f GGT GGT (100%)  GGT (100%) AGT (12%) GGT (100%) [Cj%:jg;; na na Da(rggiing
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Exon 3 o o o o CGU—Ryg _ o Tolerated
11,420,899 (GL-5) GCA GTA (73%) GCA (100%) GTA (65%) GTA (80%) CAU—sHy rs769836435 T=0.02% (0.59)
Exon 3 o o o o CCG—DPg Tolerated
11,420,896 (G1-5) GGC GGC (100%) GGC (100%) GAC (13%) GGC (100%) CUG—Lgg na n.a (0.09)
Exon 3 o/ % o/ % o/ % o CGU—Rqq Tolerated
11,420,836 (G1-5) GCA GTA (7%) GTA (5%) GTA (9%) GTA (22%) CAU—Hyp n.a n.a (0.24)
Exon 3 o o o o CCA—Pqo7 o Tolerated
11,420,815 (GL-5) GGT GTT (18%) GGT (100%) GGT (96%) GGT (100%) CAA—Q1q7 rs201963893 T=0% (0.45)
Exon 3 N o o N GGA—-Gi1p Tolerated
11,420,803 (GL-5) CCT CCT (100%) CCT (100%) CIT (15%) CCT (100%) GAA—Ep; n.a n.a (0.41)
Exon 3 o o o o GGA—-Gypp Damaging
11,420,800 (GL-5) CCT CCT (97%) CCT (100%) CIT (11%) CCT (100%) GAA—E 1) n.a n.a (0.01)
Exon 3 o o 5 o CCG—P119 Damaging
11,420,780 (GI-5) GGC GGC (100%) AGC (11%) GGC (100%) GGC (100%) UCG—Sy10 n.a n.a (0.04)
Exon 3 o/ % o/ % o o CCG—P1y9 Damaging
11,420,779 (GI-5) GGC GAC (4%) GAC (6%) GAC (35%) GGC (100%) CUG— L1 n.a na (0.03)
Exon 3 o/ % o o o UCC—5136 Damaging
11,420,728 (GI-5) AGG AAG (4%) AGG (100%) AAG (11%) AGG (100%) UUC—Fyse n.a na (0.04)
Exon 3 o/ % o o o CCG—Pyy Tolerated
11,420,716 (GI-5) GGC GAC (4%) GGC (100%) GAC (17%) GGC (100%) CUG—Lygg n.a na (0.12)
Exon 3 o o o o CCC—Pq59 Tolerated
11,420,687 (GI-5) GGG GGG (98%) AGG (15%) GGG (100%) GGG (100%) UCC—812 n.a n.a (0.15)
Exon 3 o o/ % o o CCC—Pq59 Tolerated
11,420,686 (G1-5) GGG GGG (98%) GAG (8%) GAG (18%) GGG (100%) CUC—Lyng na n.a (0.15)
11,420,614 Exon 3 CCT CCT (100%) CCT (100%) CTT (11%) CCT (100%) GGA=Gis 15768625455 na NS
(Gl-2) GAA—E
- 132
Exon 3 5 o o o GGU—Gy33 Tolerated
11,420,597 (Gl-2) CCA CCA (100%) CCA (100%) TCA (13%) CCA (100%) AGU—S 3 rs780713977 n.a. 0.09)
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11,420,588 ]?é‘i“;;’ GGA AGA (4%)*  AGA (10%)*  AGA (16%)  GGA (100%) [nggjgiﬁ n.a na T‘”(l()f;agtfd
11,420,495 h;é?r;)?’ GGT AGT (12%) AGT (3%) * AGT (6%) * AGT (14%) 8%‘2:1;;; na na T"(l()frlzt;’d
11,420,308 ?é?r;)‘l GGG GGG (100%)  AGG(17%) GGG (100%) GGG (100%) ggg:gigi rs760324380 A = 0.0008% T(’(l()fge‘gt;’d
11,420,307 h;é‘fr;)‘* GGG GGG (100%)  GAG (12%) GGG (100%) GGG (100%) gﬁgilﬁﬁi na na Dagg?;“g
11,420,304 I?é‘l’g)‘l GGT GGT (100%) GAT (12%) GGT (100%)  GGT (100%) Sﬁiﬁii na na Da(rg?)%;“g
11,420,281 I?é‘l’r;;l GCA GCA (100%)  ACA (13%)  ACA (10%)*  GCA (100%) chgg:gﬁ 15758570507 A =0% Da(ré‘_gging
11,420,278 }?é‘l’r;)‘l GGG GGG (100%) GGG (100%)  AGG (11%) GGG (100%) [nggigiﬁ na na To(lgrza;fd
11,420,182 Ifgl’r;)‘* GGT GGT (100%)  GGT (100%) AGT (11%) GGT (100%) [Cj(éi:giz 15755939114 A =0% T"(l()fgagfd
11,420,170 }?écl’r;)‘l cCC CCC (100%)  CCC (100%) TCC (11%) CCC (100%) iggj%:g na na T"(l()fga;fd
11,420,161 ]?écl’r;f GGT GGT (100%)  GGT (100%) AGT (13%) GGT (100%) 8%2:2:; n.a na T‘)(l()frz‘iltfd
11,420,160 ]?é‘f;f GGT GGT (100%)  GGT (100%) GAT (19%) GGT (100%) ggﬁ:ﬁz na na T"(l()ff);"gtfd
11,420,154 ?é‘l’r;f TCT TTT (3%) * TCT (100%) TTT (11%) TCT (100%) ﬁgﬁjgz na na T"(loeg;’d
PRB#4 (reverse reading, chromosome 12)
11,463,280 }(Eggx TCA TGA (100%)  TGA (100%) TGA (97%) TGA (100%) ﬁgg:% na na T(’(l()fg‘a?,tfd
11,461,801 ?ggg GCT GCT (98%) GCT (97%) GTT (13%) GCT (100%) gii:gi na na T"(l()fga;fd
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11,461,772 ](”:I’jgrg’ GCA GCA (100%)  GCA (96%) ACA (12%)  GCA (100%) Sggiéz 1s77775235 A=0% T‘)(l()ff)ztfd
11,461,769 ﬁ’,‘gg GGG TGG (5%)*  TGGO%)*  TGG(%)*  TGG (13%) gggj%i 15144658455 T=0% T"(l()fggt)ed
11,461,745 f;‘gg;’ GTT CTT (8%) * CTT (8%) * CTT (5%) * CTT (12%) E‘;‘Z:%ﬁ 1576859544 C=6.8% TOleé‘;‘ted
11,461,742 ﬁi‘g&? CCT TCT (10%) * TCT (27%) TCT (11%) TCT (7%) * igﬁ:ﬁg 1776943151 T =0.05% T(’(l()fzaSt)ed
11,461,706 151;(8;1;) GGG TGG (14%) TGG (23%) TGG (13%) TGG (20%) ggg:?z rs12308381 T=21.6% To(lo‘frlazt)ed
11,461,675 ?ggi? GCT GGT (1%) * GGT (2%) * GGT (2%) * GGT (28%) ggijﬁ:;’ 175743553 G=0% To(l()‘*?zt)ed
11,461,673 ﬁfg;? GGG GGG (99%) AGG (13%) AGG 2%)* GGG (100%) Sgg:gzz 11332850459 A =0% To(lo‘fr;;fd
11,461,580 Ié’,‘gr;? TGG GGG (65%) GGG (52%) GGG (24%) GGG (54%) égg:g;’; na na T"(l()fg?’ltfd
11,461,570 ﬁfg&? GGA GTA (51%) GTA (54%) GTA (8%) * GTA (47%) gggj;ll%% na na T"(l()frsztfd
11,461,553 ﬁfgg TCT CCT (13%) CCT (15%) TCT (100%) CCT (24%) ég:::gigz na na T‘)(l()fgztfd
11,461,550 ](”:I’jgx’ GGT GGT (100%) AGT (17%) GGT (100%)  GGT (100%) Sgﬁ:gig; n.a na T"(l()frs;’gfd
11,461,549 ﬁ’,‘g&;’ GGT GCT (13%) GCT (6%) * GGT (100%) GCT (13%) ggi:&g; na na T"l(gf;‘)ted
11,461,525 ?1);8;1? AGG AGG (100%)  AAG (100%)  AAG (100%)  AGG (100%) gggjiﬁz na na Da(‘é‘;i)mg
11,461,513 f;‘gi;’ GGT GGT (100%)  GAT (10%) * GAT (11%) GGT (100%) gﬁiiﬁﬁ na na Da(rggiing
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Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon—Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(hg19) Human (Variant (Variant (Variant Frequency %) Acid (ALFA) (Score)
Frequency ?) Frequency ?) Frequency ?)
Exon 3 o o/ % o o GGU—Gy33 Tolerated
11,461,471 (PGA) CCA CCA (100%) CTA (4%) CTA (14%) CCA (100%) GAU—Dy33 n.a n.a (0.46)
Exon 3 o o/ % o/ % o CCC—Pq59 Tolerated
11,461,421 (PGA) GGG GGG (100%) AGG (5%) AGG (6%) AGG (100%) UCC—S15 na na (0.18)
Exon 3 o o 5 o CCC—Pq59 Tolerated
11,461,420 (PGA) GGG GGG (100%) GAG (11%) GGG (100%) GGG (100%) CUC—Lyz na na 0.1)
Exon 3 o o o 5 GAA—Eis; Tolerated
11,461,412 (PGA) CIT CTT (100%) TTT (14%) CTT (100%) CTT (100%) AAA—Kms n.a na (0.85)
Exon 4 o o/ % o N CCU—Py3 Tolerated
11,461,319 (P-D P32A) GGA GGA (97%) AGA (9%) AGA (11%) GGA (100%) UCU—Sys n.a n.a (0.55)
Exon 4 Y o o o CCA—Py Damaging
11,461,309 (P-D P32A) GGT GGT (100%) GGT (100%) GAT (11%) GGT (100%) CUA— Ly, n.a n.a (0.01)
Exon 4 5 o o/ % 5 CCU—Psy Tolerated
11,461,229 (P-D P324) GGA GGA (100%) AGA (13%) AGA (4%) GGA (100%) UCU—S5, n.a. n.a. (0.13)
2: Frequency of the substitution (highlighted bases) in the ancient hominin species, as reported in IGV considering the depth (coverage) of the reads displayed at the corresponding locus;
* frequency < 10% and ** counts < 10; n.a.: not available; NS: not scored. The variants fixed at 100% in modern humans compared with ancient hominines are highlighted in light orange.
The genomic variants whose frequencies show a different geographic distribution among humans are in red text.
Table 2. Neanderthal and Denisovan nucleotide substitutions and the corresponding SIFT results on PRH2, HTN1, HTN3, AMY1A, STATH, and SMR3B gene loci.
Altai Chagyrskaya Vindija .
Chron}o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon—Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(he19) Human (Variant (Variant (Variant Frequency ) Acid (ALFA) (Score)
8 Frequency ?) Frequency ?) Frequency ?) 9 y
PRH2 (direct reading, chromosome 12)
Exon 2 o/ % o o/ % o GUU—=Vyy o
11,082,885 (PRP-1) GTT ATT (2%) ATT (12%) ATT (4%) GTT (100%) AUUS I, 15776898585 A=0% N.S
Exon 2 o o o/ % o GUA—Vy5 Tolerated
11,082,894 (PRP-1) GTA GTA (100%) ATA (12%) ATA (10%) GTA (100%) AUA—1;5 n.a n.a (0.26)
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Table 2. Cont.
Chron?o.some . Modern Neaﬁ(lit:jthal CN};?;::;;};? NeZilI:i(iigtahal Denis.ovan Codon—Amino . SNP Total SIFT Results
P((;lsglilgo)n Gene Region Human (Variant (Variant (Variant Fré:ﬁ:ﬁ?}t’ a) Acid SNPid Fr(;q;;;;: y (Score)
Frequency ?) Frequency ?) Frequency ?)

11,083,305 (%?1? 13) CCA CCA (98%) TCA (14%) TCA (14%) CCA (100%) Sgi:gi na na T‘”(l()ff);’;tfd
11,083,318 (%;{OI? 13) GGA GGA (100%)  GAA (14%)  GGA (100%)  GGA (100%) giﬁ:%; na na T"(l()ff)z’;t)ed
11,083,323 g)’;{olf‘ 13) CAA CAA (100%)  TAA (8%)* TAA (12%) CAA (100%) S:::S%; na na Dant‘gftrc‘)i due
11,083,426 (I;:jlflgf‘ 13) GGA GGA (100%)  GGA (100%) GAA (11%)  GGA (100%) (G;iﬁjgzs na na Dagg%;“g
11,083,431 (I;zjl‘{’lf 13) CCA CCA (100%) TCA (13%) TCA (8%) * TCA (6%) * g%:jg;g na na To(lo’fg)ed
11,083,452 (%1‘{’; 13) GGA GGA (100%)  AGA (6%)*  AGA (14%)  GGA (100%) igﬁ:ﬁ:; na na Da(ré‘.g%“g
11,083,455 (};);{01? 13) GGC GGC (100%)  AGC(17%)  GGC (100%)  GGC (100%) igg:gs: n.a na N.S.
11,083,488 (Ifj;{olf‘ 13) GGA GGA (100%)  GGA (100%)  AGA (11%)  GGA (100%) igﬁ:%: na na Da&giing
11,083,531 (];:j;{olﬁ‘ 13) AGG AGG (100%)  AGG (100%)  AAG (18%)  AGG (100%) g\ig:zgz na na N.S.
11,083,536 (];:j;{ol? 13) CAA CAA (100%)  TAA(11%)  CAA(100%)  CAA (100%) Sﬁﬁjggpo na na N.S.
11,083,545 (];:jl‘{o; 13) CcCC CCC (100%) TCC (12%) TCC (6%) * CCC (100%) Sccjg:l;g 151289206423 T=0% N.S.
11,083,551 (%;{01? 13) CAG CAG (97%) CAG (100%) TAG (13%) CAG (100%) %ﬁg:gg; na na N.S.
11,083,570 g)’;{olf‘ 13) GGT GGT (100%) GAT (18%) GGT (100%)  GGT (100%) gig:gii na na N.S.
11,083,575 (%1?1? 13) ccC CCC (96%) TCC (8%) * TCC (15%) CCC (100%) Sgg:gﬁz na. na NS.




Int. J. Mol. Sci. 2023, 24, 15010 20 of 41
Table 2. Cont.
Altai Chagyrskaya Vindija .
Chrorr}().some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon—Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(he19) Human (Variant (Variant (Variant Frequency ) Acid (ALFA) (Score)
& Frequency ?) Frequency ?) Frequency ?) 9 y
Exon 3 o o o/ % o CCU—Pqp5
11,083,581 (PRP-1) CCT CCT (100%) TCT (20%) TCT (8%) CCT (100%) UCU—S1s n.a n.a. N.S.
Exon 3 o o 0/ % o CCU—P1p5
11,083,582 (PRP-1) CCT CCT (100%) CTT (13%) CTT (8%) CCT (100%) CUUS Ly na na. N.S.
Exon 3 o o o o CCA—P33 Mo
11,083,605 (PRP-1) CCA CCA (100%) TCA (11%) CCA (100%) CCA (100%) UCA—S133 rs1343870622 T=0% N.S.
Exon 3 o o o o GGG—Gy37
11,083,618 (PRP-1) GGG GGG (100%) GAG (11%) GGG (100%) GGG (100%) GAG—Eyr n.a n.a. N.S.
Exon 3 o o o o CCU—Pyg3
11,083,635 (PRP-1) CCT CCT (100%) CCT (100%) TCT (16%) CCT (100%) UCU—S143 n.a n.a. N.S.
Exon 3 o o o o CCU—>P143
11,083,636 (PRP-1) CCT CCT (100%) CCT (100%) CTT (11%) CCT (100%) CUU— Ly n.a n.a. N.S.
Exon 3 o 0, 0, 0, UCU—>8152(rem)
11,083,663 (C-term TCT TCT (100%) TCT (100%) TTIT (17%) TCT (100%) F 1rs746351335 n.a. N.S.
removal) UUU—Fi5p(rem)
HTNI1 (direct reading, chromosome 4)
CAU—H;js Tolerated
O, o, * 0, 0,
70,920,165 Exon 4 CAT CAT (100%) TAT (2%) TAT (13%) CAT (100%) UAU—Y1s n.a na (0.37)
o, o, o o GAA—>E16
70,921,215 Exon 5 GAA GAA (100%) AAA (3%)* AAA (11%) GAA (100%) AAA—K n.a n.a. N.S
16
o, o, 0, CGA—>R32 o,
70,921,234 Exon 5 CGA CAA (2%)* CAA (58%) CAA (3%)* CGA (100%) CAA—Q rs375127098 A =0.014% N.S
32
HTN3 (direct reading, chromosome 4)
Exon 2 o o o o AUG—Mygp)
70,896,460 (Signal) ATG ATG (100%) ATA (11%) ATG (100%) ATG (100%) AUA— Ty n.a n.a N.S
Exon 3 0 o %) * oy CCADGrrep)
70,897,696 (Signal) GGA GGA (100%) AGA (12%) AGA (4%) GGA (100%) AGA—Ry7(p rs1254624179 na. N.S
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Altai Chagyrskaya Vindija .
Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon— Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(hg19) Human (Variant (Variant (Variant Frequency %) Acid (ALFA) (Score)
Frequency ?) Frequency ?) Frequency ?)
AMYI1A (reverse reading, chromosome 1)
Exon 2 5 o o o UGG— Wy Damaging due
104,238,248 (Signal) ACC ACC (100%) ACC (100%) ATC (15%) ACC (100%) UAG—sstop n.a n.a to stop
o o o)\ % o CGA—Ryg Damaging due
104,238,189 Exon 2 GCT GCT (100%) ACT (13%) ACT (20%) GCT (100%) UGA—sstop n.a n.a to stop
104,237,696 Exon 3 ACC ACC (100%)  ACC (100%) ATC (17%) ACC 100%) ~ UGG—Ws na na Damaging due
UAG—stop to stop
o o o o CAA—Qgq3 Damaging due
104,237,685 Exon 3 GTT GTT (100%) GTT (100%) ATT (14%) GTT (100%) UAA—sstop n.a n.a to stop
o o o o AUG—Mg, Damaging
104,237,626 Exon 3 TAC TAC (100%) TAC (100%) TAT (15%) TAC (100%) AUA—Ig) n.a n.a (0.01)
CGU—Rgp .
104,236,795 Exon 4 GCA GCA (100%) GCA (100%) ACA (13%) GCA (100%) UGU_C n.a n.a Damaging (0)
92
o o o o GAU—Ds35 Tolerated
104,236,666 Exon 4 CTA CTA (100%) CTA (100%) TTA (11%) CTA (100%) AAU—Ny3s n.a n.a (0.08)
0, 0, o, 0, GGU;)G139
104,236,654 Exon 4 CCA CCA (100%) TCA (5%) * TCA (11%) CCA (100%) n.a na Tolerated (0.6)
AGU—Sq39
o o o o GUC—Vy57 Tolerated
104,236,152 Exon 5 CAG CAG (100%) TAG (15%) TAG (20%) CAG (100%) AUC— 157 n.a n.a 0.17)
0, o, o, o, GAU%D159
104,236,146 Exon 5 CTA CTA (100%) TTA (8%) * TTA (12%) CTA (100%) n.a n.a Tolerated (1)
AAU—Nj59
CGU—=Ry¢1 Damaging
[») * 0, * 0, 0,
104,236,139 Exon 5 GCA GTA (4%) GTA (7%) GTA (12%) GCA (100%) CAU—Hgy n.a n.a 0.01)
o o o 5 GAA—Eg Tolerated
104,236,080 Exon 5 CTT CTT (100%) CTT (100%) TTT (13%) CTT (100%) AAA—K g n.a n.a (0.11)
o o o o GCA—Ayy Tolerated
104,235,996 Exon 5 CGT CGT (96%) CGT (100%) TGT (13%) CGT (100%) ACA— T n.a n.a 0.27)
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Altai Chagyrskaya Vindija .
Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon— Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(hg19) Human (Variant (Variant (Variant Frequency %) Acid (ALFA) (Score)
Frequency ?) Frequency ?) Frequency ?)
o o o o GAG—Eyy Damaging
104,235,164 Exon 6 CTC CTC (100%) CTC (100%) TTC (11%) CTC (100%) AAG—Kayo n.a na (0.01)
o . o . AGU—Sy5 Tolerated
104,235,148 Exon 6 TCA TCA (100%) TCA (100%) TTA (18%) TCA (100%) AAU—Nogs n.a n.a (0.52)
104,235,083 Exon 6 GCG ACG (3%)*  ACG (6%)*  ACG(12%)  GCG100%) &R na na Damaging (0)
! ! - - - - - UGC—>C267
0, 0, o, o, GGA*)GZSl .
104,234,224 Exon 7 CCT CCT (100%) CCT (100%) CTT (13%) CCT (100%) GAAE n.a na Damaging (0)
281
. o o Y GGU—Gyg3 Tolerated
104,234,218 Exon 7 CCA CCA (100%) CTA (13%) CTA (15%) CCA (100%) GAU—Dogs n.a n.a 0.25)
CUU%L313 .
104,234,129 Exon 7 GAA GAA (100%) AAA (13%) GAA (100%) GAA (100%) UUUF n.a n.a Damaging (0)
313
ACC—)T314 .
104,234,125 Exon 7 TGG TGG (100%) TAG (17%) TGG (100%) TGG (100%) AUCT n.a n.a Damaging (0)
314
5 o o 5 CCU—Ps3p Damaging
104,233,978 Exon 8 GGA GGA (100%) AGA (13%) AGA (11%) GGA (100%) UCU—S3my n.a n.a (0.05)
0, o, o, 0, CCU_>P332 :
104,233,977 Exon 8 GGA GGA (100%) GAA (6%) * GAA (11%) GGA (100%) CUUSL n.a n.a Damaging (0)
332
104,233,963 Exon 8 GCT GCT (100%)  GCT (100%) ACT (14%) GCT (100%) CGA—=Rss; 1s19955486 A=008%  Damagingdue
UGA—stop to stop
104,231,858 Exon 9 ACA ACA (100%)  ACA (100%) ATA (11%) ACA (100%) UGU—=Cyrg n.a na Damaging (0)
4 ’ o - - ° - © - ° - ° UAU%Y378 ’ sing
104,231,680 Exon 10 CAC CAC (100%) TAC (4%) * TAC (20%) CAC (100%) GUG—Vann na na Damaging (0)
i ! - - - - - AUG—>M401 gmng
GGG—Gy3 Damaging
0, 0, * 0, 0,
104,231,643 Exon 10 CCC CCC (100%) CTC (5%) CTC (11%) CCC (100%) GAG—Eqs n.a na 0.02)
o o o o GGG—Gyyp Tolerated
104,231,622 Exon 10 CCC CCC (100%) CCC (100%) CTC (13%) CCC (100%) GAG—Eqgp n.a na (0.08)
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Altai Chagyrskaya Vindija .
Chrorr}().some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon—Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(hg19) Human (Variant (Variant (Variant Frequency %) Acid (ALFA) (Score)
Frequency ?) Frequency ?) Frequency ?)
104,230,237 Exon 11 TGA TGA (100%) TGA (100%) TAA (13%) TGA (100%) ACU=Tupy n.a na Damaging (0)
AUU—>I442
o . o o UCU—Sy78 Tolerated
104,230,129 Exon 11 AGA AGA(100%)  AGA(100%) — AAA(I3%)  AGA(00%) g g na na 0.62)
STATH (direct reading, chromosome 4)
70,866,583 Exon 5 GGG GGG (100%) AGG (13%) AGG (3%) * GGG (100%) CGG—=Gry n.a n.a N.A.
AGG—Ryy
CCA—)Pzg
70,866,616 Exon 5 CCA CCA (98%) CCA (100%) TCA (11%) TCA (3%) * n.a n.a N.A.
UCA—Syg
0, o o o, CCA—)P?)l
70,866,626 Exon 5 CCA CCA (100%) CTA (15%) CCA (100%) CCA (96%) na na N.A.
CUA—L3
70,866,628 Exon 5 CAA CAA (100%) TAA (15%) CAA (100%)  CAA (100%)  CAA—Qx n.a na Damaging due
UAA—stop to stop
SMR3B (direct reading, chromosome 4)
71,255,405 Exon 3 AGG AGG (100%)  AGG (100%) AAG (12%) AGG (100%) ﬁﬁg:% 15777831757 A=0% NS
5
71,255,444 Exon 3 CCT CCT (100%) CTT (12%) CTIT (3%) * CCT (100%) CCU=Pyg n.a n.a NS
CUU—Lqg
71,255,495 Exon 3 GGG GGG (100%) GGG (94%) GAG (17%) GGG (100%) GGG—Gss n.a. n.a NS
GAG%E35

2: Frequency of the substitution (highlighted bases) in the ancient hominin species, as reported in IGV considering the depth (coverage) of the reads displayed at the corresponding locus;
* frequency < 10% and ** counts < 10; n.a.: not available; NS: not scored.
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Table 3. Neanderthal and Denisovan nucleotide substitutions and the corresponding SIFT results on CST1, CST2, CST3, CST4, CST5, CSTA, and CSTB gene loci.

Altai Chagyrskaya Vindija

Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon— Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(hg19) Human (Variant (Variant (Variant Frequency %) Acid (ALFA) (Score)
Frequency ?) Frequency ?) Frequency ?)
CST1 (reverse reading, chromosome 20)

Exon 1 o o 5 o UAU—=Y3sp) _ o Tolerated

23,731,494 (Signal) ATA GTA (100%) GTA (95%) GTA (100%) GTA (100%) CAU—Hagp) rs6076122 G=711% ©0.11)
Exon 1 o/ % o o/ % o ACC—Ty3p) Tolerated

23,731,463 (Signal) TGG TAG (2%) TAG (13%) TAG (5%) TGG (100%) AUC— 113, n.a n.a (0.39)
Exon 1 5 o o o GUG—Vig(sp) Tolerated

23,731,455 (Signal) CAC CAC (100%) CAC (100%) TAC (16%) CAC (100%) AUG—Miqep) n.a. n.a (0.23)
Exon 1 o o o o GCC—Aqg(sp) _ o Damaging

23,731,446 (Signal) CGG CGG (100%) CGG (100%) TGG (11%) CGG (100%) ACC—Tro(ep) rs1425228752 T =0.001% (0.01)
AGC—S, Tolerated

0, 0, * 0, 0,

23,731,439 Exon 1 TCG TCG (100%) TTG (6%) TTG (14%) TCG (100%) AAC—N, n.a n.a (0.15)
o o o o GAG—Eq _ o Tolerated

23,731,428 Exon 1 CTC CTC (100%) CTC (100%) TTC (21%) CTC (100%) AAG—K, rs1292698911 T =0.0004% (0.66)
o o o o GCA—Ay7 Tolerated

23,731,394 Exon 1 CGT CGT (100%) CAT (13%) CGT (100%) CGT (100%) GUA— V1 n.a n.a (0.25)
GAG—Egy Tolerated

o, * O, 0, o, * —_ 0,

23,731,344 Exon 1 CTC TTC (3%) CTC (100%) TTC (11%) TTC (3%) AAG—Kay r$368203290 T =0.008% (0.07)
23,731,307 Exon 1 GCA GCA (100%) GTA (14%) GCA (100%) GTA (6%) * COU—R4g rs758187154 T=0% Damaging
e = = = = = CAU—Hyg (0.01)

o o o Y CAA—Qs5 Damaging due
23,731,281 Exon 1 GIT GTT (100%) GTT (100%) ATT (13%) GTT (100%) UAA—sstop n.a n.a to stop

GGG—Gsg Tolerated

0, 0, 0, 0,
23,729,759 Exon 2 CccC CCC (100%) CCC (100%) CGC (26%) CCC (100%) GCG— Asg n.a n.a 1)

o o o o CCC—Py Tolerated
23,729,700 Exon 2 GGG GGG (100%) GGG (100%) AGG (11%) GGG (100%) UCC—S n.a n.a (0.38)

o o/ % o o CCC—Pyg o Tolerated
23,729,699 Exon 2 GGG GGG (100%) GAG (3%) GAG (11%) GGG (100%) CUC— Ly rs756782667 A =0% (0.06)
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Altai Chagyrskaya Vindija .
Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon— Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(he19) Human (Variant (Variant (Variant Frequency ) Acid (ALFA) (Score)
& Frequency ?) Frequency ?) Frequency ?) 9 y
ACC—Tgs Damaging
O, 0, 0, * 0O,
23,729,687 Exon 2 TGG TGG (100%) TAG (16%) TAG (4%) TGG (100%) AUCL, n.a. na 0.09
23,728,503 Exon 3 GGG GGG (100%)  AGG(11%)  AGG(%)* GGG (100%) S(ng:gl% rs754531104 A = 0.004% T"(loeg"gt)ed
106 .
Exon 3 o/ % o o o/ % AAC—Nip9 _ o Tolerated
23,728,494 (CyssN) TIG CTG (10%) CTG (11%) CTG (14%) CTG (4%) GACDoy rs3188319 C = 0.004% O
o/ % o o N AGA—R119 Tolerated
23,728,490 Exon 3 TCT TTT (2%) TTT (14%) TCT (100%) TCT(100%) o p e na na @
N o o/ % N AGG—Ri11 o Tolerated
23,728,487 Exon 3 TCC TCC (100%) TTC (13%) TTC (7%) TCC(100%) X Gk 1s3188320 T=0% (0.85)
CST2 (reverse reading, chromosome 20)
23,807,260 Exon 1 CGG CGG (100%)  CGG (100%) CAG (14%) CGG (100%)  SCCTAR6P 11411653443 A = 0.007 Damaging
O (Signal) = = ? = ? = ? = ? GUC—Vip(sp) e (0.02)
Exon 1 o o o o ACC—Tr3p) Tolerated
23,807,257 (Signal) TGG TGG (100%) TAG (14%) TGG (100%)  TGG (100%) AUC— T na na 0.43)
Exon 1 o o o o GCC—Aq7(sp) Tolerated
23,807,245 (Signal) CGG CGG (100%) CAG (14%) CGG (100%)  CGG(100%) v na na 01)
23,807,231 Exon 1 GGG GGG (100%)  AGG (14%) AGG (8%)* GGG (100%) CCC—Py na. na Tolerated
UCC—S; (1)
23,807,162 Exon 1 GCA ACA (95%) ACA (100%)  ACA (100%)  ACA (8%)* 838:?26 15111349461 A =0.06% Diré‘gging
26 °
23,807,138 Exon 1 C1C TIC(3%)*  TTC(12%)  TTC(6%)*  CTC (100%) fﬁg’:?‘* rs541427772 T =0.017% To(lgga;)ed
34 .
23,807,102 Exon 1 GCG ACG (3%)*  GCG (100%) ACG (11%) GCG (100%) ggg:g‘% 15112783512 A =0.019% To(l(;*f)a;)ed
46 .
23,807,093 Exon 1 GCC GCC (100%) ACC (4%) ACC (20%) GCC (100%) CGG—Ryg 155860552 A =0.12% Damaging

()
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Altai Chagyrskaya Vindija .
Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon— Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(he19) Human (Variant (Variant (Variant Frequency ) Acid (ALFA) (Score)
& Frequency ?) Frequency ?) Frequency ?) 9 y
CGA—Rsp Damaging due
23,807,084 Exon 1 GCT GCT (100%) ACT (5%) * ACT (15%) GCT (100%) rs568411970 A =0%
UGA—stop to stop
. o o o AGG—Rsy Tolerated
23,807,077 Exon 1 TCC TCC (100%) TCC (100%) TTC (13%) TCC (100%) AAG K na na 034)
N o o o GAG—Ess Tolerated
23,807,075 Exon 1 CTC CTC (100%) TTC (12%) TTC (12%) CTC (100%) AAG—Kss n.a n.a (1)
23,805,930 Exon 2 TAT CAT (7%) * CAT (5%) * CAT (14%) CAT (4%) * AUA=Te7 15199856966 C = 0.004% Tolerated
GUA—>V67 (1)
23,805,917 Exon 2 GCT GTT (2%) * GTT (13%) GTT (5%) * GTT (2%) * CGA=Rn 15150428155 T = 0.008% Damaging
s = S = ? S5 e CAA—Qy TR (0.01)
o o o o UGU—Cgy Damaging
23,805,878 Exon 2 ACA ACA (100%) ACA (97%) ATA (14%) ACA (100%) UAU—Yo, na na 0
GCC—Ags Tolerated
0, 0, O, * O,
23,805,875 Exon 2 CGG CGG (100%) CAG (15%) CAG (2%) CGG (100%) GUC— Vs n.a n.a (0.06)
UGC—Cogg Damaging
0, 0, * 0, 0,
23,804,730 Exon 3 ACG ACG (100%) ATG (7%) ATG (11%) ACG (100%) UAC—Yog n.a n.a 0)
23,804,702 Exon 3 ACC ACC (100%) ACT (12%) ACC(100%)  ACC(100%)  2CS7Wir 1380400803 na. Damaging due
UGA—stop to stop
AUG—Mj11 Tolerated
0, o, * 0, * 0, Q — 0,
23,804,691 Exon 3 TAC TCC (13%) TCC (10%) TCC (9%) TAC (100%) AGC— R 1$202150666 C=0.01% 031)
CST3 (reverse reading, chromosome 20)
Exon 1 o o/ % o . CUC—>L8(SP) Damaging
23,618,472 (Signal) GAG GAG (100%) AAG (8%) AAG (15%) GAG (100%) Uu C_>F8(sp) rs1285248919 n.a. )
o o o GGG (100%) CCC—Poysp) Tolerated
23,618,433 Exon 1 GGG GGG (100%) GGG (100%) AGG (13%) ™ UCC—Sppy n.a. n.a 0.5)
5 o o o GUG—Vyg Tolerated
23,618,370 Exon 1 CAC CAC (100%) CAC (100%) TAC (13%) CAC (100%) AUG—Mis n.a n.a (0.11)
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Altai Chagyrskaya Vindija .
Chrorr}().some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon—Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(he19) Human (Variant (Variant (Variant Frequency ) Acid (ALFA) (Score)
& Frequency ?) Frequency ?) Frequency ?) 9 y
GGU—Gyy Tolerated
0, o, o, * O,
23,618,358 Exon 1 CCA CCA (100%) TCA (22%) TCA (4%) CCA (100%) AGU—Sy n.a n.a (0.48)
. o o . GGU—Gypy Tolerated
23,618,357 Exon 1 CCA CCA (100%) CTA (11%) CCA (100%) CCA (100%) GAU—Dy na n.a (0.56)
Y o o Y CAC—Hys Tolerated
23,618,295 Exon 1 GTG GTG (100%) GTG (100%) ATG (13%) GTG (100%) UAC—Yas n.a n.a 1)
GGG—Gsg Damaging
O, * O, 0, 0,
23,615,994 Exon 2 CcC CTC (3%) CCC (100%) CTC (13%) CCC (100%) GAG—Eaq n.a n.a (0.01)
N o o Y CAG—Qq1g Damaging due
23,614,564 Exon 3 GTC GTC (100%) GTC (100%) ATC (13%) GTC (100%) UAG—sstop n.a n.a to stop
CST4 (reverse reading, chromosome 20)
Exon 1 o o/ % o o ACC—Tr3p) Tolerated
23,669,566 (Signal) TGG TGG (100%) TAG (7%) TAG (11%) TGG (100%) AUC— 115 rs770415022 n.a (0.37)
Exon 1 o o o o GCU—A15(5p) Tolerated
23,669,561 (Signal) CGA CGA (100%) CGA (100%) CGA (100%) AGA (100%) UCU—S1510p na n.a (0.39)
UCC—S3 Tolerated
O, O, * O, 0,
23,669,539 Exon 1 AGG AGG (100%) AAG (5%) AAG (13%) AGG (100%) UUC—F; na n.a (0.08)
N o o o CGU—Ryq _ o Tolerated
23,669,470 Exon 1 GCA GCA (100%) GTA (15%) GCA (100%) GTA (17%) CAU—>Ha, rs201273557 T=0.01% (0.08)
Y o o . CAC—Hpyy Tolerated
23,669,462 Exon 1 GTG GTG (100%) GTG (100%) ATG (18%) GTG (100%) UAC—Yas n.a n.a 0.06)
o o Y o CCG—Pyy Tolerated
23,669,408 Exon 1 GGC GGC (100%) AGC (12%) GGC (100%) GGC (100%) UCG—S4 n.a n.a (0.06)
UUU—Fsg
23,667,835 Exon 2 AAA CAA (97%) CAA (100%) CAA (90%) AAA (100%) GUU—V rs145608577 C=0.2% Tolerated (1)
58
GGG—>G60 .
23,667,828 Exon 2 CcC CCC (100%) CTIC (18%) CCC (100%) CCC (100%) rs144556333 T =0.007% Damaging (0)
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Altai Chagyrskaya Vindija .
Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon—Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(hg19) Human (Variant (Variant (Variant Frequency %) Acid (ALFA) (Score)
Frequency ?) Frequency ?) Frequency ?)
GUG— Vg Tolerated
O, O, * 0, 0,
23,667,826 Exon 2 CAC CAC (100%) TAC (10%) TAC (27%) CAC (100%) AUG—Mey n.a n.a (0.24)
GUA—Vg, Tolerated
0, 0, 0, 0, * j— 0,
23,667,808 Exon 2 CAT CAT (100%) TAT (13%) CAT (100%) TAT (4%) AUA—Ig rs774067751 T =0.007% (0.23)
o o o o ACC—Typp .
23,667,792 Exon 2 TGG TGG (100%) TAG (13%) TGG (100%) TGG (100%) AUC—T n.a n.a Damaging (0)
72
o o o o ACC—Tys o Damaging
23,667,783 Exon 2 TGG TGG (100%) TGG (95%) TAG (15%) TGG (100%) rs760057501 A =0%
AUC—1y5 (0.01)
0 0 o 0 AUG—Miq; o Tolerated
23,666,565 Exon 3 TAC TCC (88%) TCC (14%) TCC (80%) TAC (100%) AGG—Ri1; 1rs779547810 C=0% (0.87)
CST5 (reverse reading, chromosome 20)
UCG—Sy Tolerated
O, * O, o, O, * Q — o,
23,860,243 Exon 1 AGC AAC (3%) AGC (100%) AAC (11%) AAC (5%) UUG—Ly rs145031249 A =0.011% (0.27)
CAU—>H1 5
23,860,211 Exon 1 GTA GTA (100%) GTA (100%) ATA (12%) GTA (100%) na n.a Tolerated (1)
UAU—>Y15
Y o o N CUC—Lyg ho Tolerated
23,860,199 Exon 1 GAG GAG (100%) AAG (11%) GAG (100%) GAG (100%) UUC—Fyo rs370924959 A=0% (0.66)
o, o, o, 0, UGU— C26 o,
23,860,178 Exon 1 ACA GCA (93%) GCA (100%) GCA (95%) GCA (100%) CGU—s R rs1799841 G =432% Tolerated (1)
26
o o o o GCC—Ayy Tolerated
23,860,174 Exon 1 CGG CGG (100%) CGG (100%) CAG (11%) CGG (100%) GUC—Vyy n.a n.a (0.18)
GAU—Dy, Tolerated
O, O, o, 0,
23,860,130 Exon 1 CTA CTA (100%) CTA (100%) TTA (14%) CTA (100%) AAU—Nip rs1257216384 n.a (0.11)
o o o o GCC—Asy Tolerated
23,860,093 Exon 1 CGG CGG (100%) CGG (100%) CAG (11%) CGG (100%) GUC—Vay n.a n.a (0.11)
23,858,200 Exon 2 TGG TGG (100%) TAG (22%) TGG (100%) TGG (100%) ACC=T76 rs41282292 A =0.061% Damaging (0)
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Altai Chagyrskaya Vindija .
Chron?o.some . Modern Neanderthal Neanderthal Neanderthal Denls.ovan Codon— Amino . SNP Total SIFT Results
Position Gene Region . . . (Variant . SNP id Frequency
(he19) Human (Variant (Variant (Variant Frequency ) Acid (ALFA) (Score)
& Frequency ?) Frequency ?) Frequency ?) 9 y
CSTA (direct reading, chromosome 3)
GUU—Vy Tolerated
0, O, O, 0, — O,
122,044,197 Exon 1 GIT GTT (100%) ATT (11%) GTT (100%) GTT (100%) AUU—1 1rs778366890 A=0% (0.23)
5 o o o CCA—Pys Tolerated
122,056,400 Exon 2 CCA CCA (100%) CCA (100%) TCA (12%) CCA (100%) UCA—>Sos n.a n.a (0.74)
CUU%LgZ .
122,060,361 Exon 3 CIT CTT (100%) CTT (100%) TTT (16%) CTT (100%) n.a n.a Damaging (0)
UUU*}ng
122,060,373 Exon 3 CAG CAG (100%)  CAG (100%) TAG (12%) CAG (100%) CAG—Qs6 na na Damaging due
UAG—stop to stop
CSTB (reverse reading, chromosome 21)
45,194,562 Exon 2 CGC TGC (2%) * TGC (11%) CGC (100%) CGC (100%) GAEE:?"@ rs559906825 T =0.007% Damaging (0)
49
o o o Y ACC—Tg Tolerated
45,194,138 Exon 3 TGG TGG (98%) TCG (13%) TGG (95%) TGG (100%) AGC—Sg1 n.a na 0.65)
UCU—>583
45,194,132 Exon 3 AGA AGA (100%) AGA (100%) AAA (15%) AGA (100%) UUU-E n.a. n.a. Tolerated (0.1)
83

2: Frequency of the substitution (highlighted bases) in the ancient hominin species, as reported in IGV considering the depth (coverage) of the reads displayed at the corresponding locus;
* frequency < 10% and ** counts < 10; n.a.: not available. The variants fixed at 100% in modern humans compared with ancient hominines are highlighted in light orange. The genomic
variants whose frequencies show a different geographic distribution among humans are in red text.
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In the following subparagraphs, the results were detailed considering one locus at a
time. Note that given the extreme structure heterogeneity of the tested genes with multiple
alleles and different lengths, the nucleotide variations were indicated according to their
genomic coordinates (see Section 4 for details).

2.1. Nucleotide Variations in the Gene Loci Encoding Basic Proline-Rich Proteins
2.1.1. PRB1 Gene

The genomic alignment allowed us to identify 130 nucleotide changes in the PRB1
gene in ancient hominines compared with modern humans (Tables 1 and S1). Fifty-five
of these were detected within coding exons and included ten synonymous and forty-
five nonsynonymous nucleotide substitutions. Among the nonsynonymous nucleotide
substitutions, 20 corresponded to SNPs annotated in modern humans (Table 1). SIFT
prediction indicated that 46% of these missense variants have a significant effect on protein
function based on sequence homology and the physical properties of the involved amino
acids (Table 1). The T-C transition, which occurred in modern humans at position 11,506,774,
causing the substitution of Ry, with a Q in the II-2 isoform (Table 1 and Figure 4a), may
have an impact on post-translational protein processing. Indeed, the modern human
Ry, residue is part of the R7,SPRy5 consensus sequence recognized by the pro-protein
convertase responsible for the cleavage between II-2 and P-E peptides. Therefore, we
may hypothesize that in archaic species, the PRB-1-encoded protein was a fused peptide
spanning 136 amino acids, which integrates the modern II-2 and P-E (Table 1 and Figure 4a).
The sequences of the peptides and the resulting putative archaic protein primary structures
(named PRB-1 salivary archaic fusion 1 peptide, PRB-1 SAF-1) are reported in Figure 4a.
The remaining seventy-five nucleotide changes identified in the PRB1 locus were found to
fall within noncoding regions, namely fifty-four in introns, six in upstream regions, one in
the 5 UTR, 1 in the 3'UTR, and thirteen in downstream regions (Table S1).

PRB1 salivary archaic fusion peptide (PRB1 SAF-1 peptide Rw:Q)

Neanderthal (13%), Chagyrskava (8%),Vindija (&%)and
Denisovan (9%)

1 gNLNEDVSQE ESPSLIAGNE QGPSPOGGNK PQGPPPPPGK PQGPPPQGGN KPQGPPPPGK
61 PQGPPPQGDE SQSPRSPPGK PQGFPPQGGN QPQGPPPPPG KPQGFPPQGG NREQGPPFEPG
121 KPQGPPPOGD KSRSPR

PRB2 salivary archaic fusion peptide (PRB2 SAF-2 peptide Ry3Q)
Neanderthal (61%), Chagyrskayva (63%),Vindija (60%)and
Denisovan (100%))and ReeQ (Neanderthal (100%), Chagyrskaya (100%)
Vindija (100%)and Deniscvan {(24%)

1 gNLNEDVSQE ESPSLIAGNP QGAPPQGGNK PQGPPSPPGK PQGPPPQGGN QPOGEPPPPG
61 KPQGPPPQGG NKPQGPPPPG KPQGPPEQGD KSQSPQSPPG KPQGPPPQGE NQPQGPEEPPR
121 GKPQCPPPQG GNEPQGPPPP GKPOGPPPQG DNKSRSS

C

PRB2 salivary archaic cleavage-1l peptide (PRB2 SAC-1) {IB-8a Conl QssR)
Neanderthal (87%), Chagyrskaya (77%),Vindija (67%)and
Denisovan (94%)

1 SPPGKPQGPP PQGGNQPQGP PPPPGKPQGP PPQGGNKPQG PPPPGKPQGE PPQGDNKSR
61 & (R)
PRB2 salivary archaic cleavage-2 peptide (PRBZ SAC-2)

1 SPPGEPQGPP PQGGNQPQGP PPPPGKPOGP PPQRGGNKPQG PPPPGEPQGP PPQGGSKSRS
61 S(R)

Figure 4. Predicted archaic hominins” PRB-1 (panel (a)) and PRB-2 (panels (b—d)) protein variants.
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2.1.2. PRB2 Gene

One hundred and thirty-six nucleotide substitutions were detected in the PRB2 locus
in ancient hominines compared with modern humans (Tables 1 and S2). Thirty-seven
of these were identified in introns, ten in upstream regions, one in the 3'UTR, and eight
in downstream regions. The remaining eighty variations were found in coding regions,
namely two in exon 1 (corresponding to the signal peptide), one in exon 2, and the remaining
in exon 3 (Tables 1 and S2). Of note, the modern human sequence reported in the UniProtKB
database corresponded to the L allele coding for the common isoforms IB-8a Conl™ and
P-H Sy, the first one with a P residue instead of an S at position 100, the second one
with an S residue instead of an A at position 1 [8]. Of the 80 sequence variants found in
coding exons, 64 were nonsynonymous, causing amino acid substitutions. SIFT prediction
indicated that 19% of these missense variants have a significant effect on protein function
based on sequence homology and the physical properties of the involved amino acids
(Table 1). Twenty-six out of the sixty-four nonsynonymous substitutions were annotated as
common variants (SNPs) in modern humans (Table 1). In particular, two changes occurring
at 11,546,686 bp and 11,546,677 bp caused the substitution of the Ro3 and Rgg with Q within
the ancient IB-1 isoform. The two archaic residues were found in all four species, (Table 1).
This implied that the archaic hominins” Rog3SPRgs consensus sequence, recognized by the
pro-protein convertase, apparently lacked two key arginine residues, thus disabling the
post-translational cleavage. Therefore, the ancient saliva composition should feature a
protein deriving from the fusion of IB-1 and P-] peptides, spanning 157 amino acids (named
the PRB-2 salivary archaic fusion 2 peptide, PRB-2 SAF-2 peptide, in Figure 4b). Conversely,
the presence of a C nucleotide at 11,546,314 bp in Neanderthals and Denisovans, instead of
T in modern humans, led to the introduction of an R instead of the Qsg (Q217 in pro-protein)
of the IB-8a Conl1" isoform. This archaic primary structure would then include an additional
pro-protein convertase consensus sequence, Rs9SARgy, causing the cleavage of the IB-8a
Conl protein into two smaller peptides. According to the usual removal of the C-terminal
arginine residue observed for almost all the bPRPs, both peptides should be 61 aminoacidic
residues long (Figure 4c). These putative archaic hominins’ PRB-2 variants are named by
us the PRB-2 salivary archaic cleavage 1 peptide (PRB-2 SAC-1 peptide) and the PRB-2
salivary archaic cleavage 2 peptide (PRB-2 SAC-2 peptide) and are shown in Figure 4c.
Of note, the sequence of the PRB-2 SAC-1 peptide exactly corresponds to the sequence of
the modern human P-J peptide with an alanine (A4;) instead of a serine in the last amino
acid residue. The sequence of the PRB-2 SAC-2 peptide exactly corresponds to the modern
human P-F peptide with a serine (S¢;) instead of an alanine in the last amino acid residue
(Figure 4d and [9]). The variation at 11,546,395 bp indicated that in archaic hominins, the
P3; (P1g9 of pro-protein) residue was replaced by a Q in the IB-8a Conl; this change results
probably in a deleterious effect on protein function, as predicted by SIFT analysis.

The protein name, the modifications with respect to modern humans, and the corre-
sponding frequencies found in Neanderthals, Chagyrskayas, Vindijas and/or Denisovans
are reported for each archaic protein. The positions of each substitution are also reported in
the primary sequences (residues in bold characters). q: pyroglutamic acid; S: phosphory-
lated serine.

2.1.3. PRB3 Gene

We have identified 163 nucleotide variations in the PRB3 locus in ancient hominines
compared with modern humans (Tables 1 and S3). Of these, 53 were detected in coding
regions and 110 in noncoding regions (71 within introns, 14 in upstream regions, 2 in the
3'UTR, and 23 in downstream regions; Table S3). The archaic sequences were compared
with the allele GI-2 (or PRP-3M) of modern humans. Fourteen variations identified in
coding exons were synonymous, whereas thirty-nine changes were missense variants.
Twelve out of the thirty-nine nonsynonymous substitutions corresponded to annotated
common variants in modern humans (Table 1). PRP3 protein contains eight N-glycosylated
Asp residues falling into the NXS/pS sequon; among the substitutions found in the PRB3
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gene, only those at position 11,420,728 fall within the consensus sequence (Si34F), and
deleterious results for the protein function were predicted by SIFT (Table 1). Overall, 37.5%
of the substitutions were found to be deleterious on the protein function (Table 1). The
noncoding variant found at position 11,420,458 could probably affect the splicing process
of PRB3 transcripts in ancient hominins since it fell within the GU consensus site (splice
donor site) at 5’ end of intron 3 (Table S3).

2.1.4. PRB4 Gene

For the PRB4 locus, we detected 129 nucleotide substitutions in ancient hominines
compared with modern humans (Tables 1 and S4). Of these, 27 were found in coding
exons, including 4 synonymous and 23 nonsynonymous (Table 1), and 102 in noncoding
regions (Table 54). The archaic sequence was compared with the small allele of the modern
human locus coding for P-D peptides and glycosylated protein A (PGA). The 23 missense
variants were all found within coding regions for the glycosylated protein A, while none
of the identified variations would affect the P-D variant (see Table 1 for details). These
variations had no consequence on the consensus sequence of pro-protein convertase or
on the sequence of the glycosylation sites. It is interesting to observe that all the archaic
sequences reported a code for the P-D P3, A variant. Overall, seven out of the twenty-three
nonsynonymous in the PRB4 locus corresponded to annotated common variants in modern
humans, and only 13% were found to be deleterious on the protein function (Table 1).

2.2. Nucleotide Variations in the Gene Locus Encoding the a-PRP

One hundred and sixty-three nucleotide substitutions have been annotated in the
PRH?2 gene locus in ancient hominines compared with modern humans (Tables 2 and S5),
of which thirty fell within coding exons, including seven synonymous and twenty-three
nonsynonymous. Four of these latter corresponded to annotated common variants in
modern humans (Table 2). Sixty-six nucleotide substitutions were identified in introns,
seven in upstream regions, three in the 5’UTR, forty-nine in the 3'UTR, and eight in
downstream regions (Table S5). The archaic DNA sequences reported in the sequence
database used in this study (see Section 4 for details) corresponded to the PRP-1 protein of
the PRH2 alleles, thus having a N5, residue. The nucleotide variations reported in Table 1
generated two synonymous substitutions at Dg and Py35.

2.3. Nucleotide Variations in the HTN Gene Loci

A total of 188 and 175 nucleotide substitutions were identified in the HTN1 and HTN3
genes, respectively (Table 2, Tables S6 and S7). The nucleotide substitutions reported
in HTNT1 are distributed as follows: 4 fell within coding exons, includingl synonymous
and 3 nonsynonymous, and 184 fell in noncoding regions, including146 within introns,
6 in upstream regions, 3 in the 5'UTR, 9 in the 3'UTR, and 20 in downstream regions
(Tables 2 and S6). Regarding HTN3, 3 nucleotide changes were reported in coding exons
(1 synonymous and 2 nonsynonymous), whereas 172 fell in noncoding regions (145 within
introns, 9 in upstream regions, 3 in the 5’UTR, 5 in the 3'UTR, and 10 in downstream
regions) (Tables 2 and S7). One missense variant for HI'N1 and one for HTN3 found in
ancient hominins were also reported as SNPs in modern humans (Table 2).

2.4. Nucleotide Variations in the AMY1A Gene Locus

Two hundred and twelve nucleotide substitutions have been annotated in the AMY1A
gene locus in Neanderthals and Denisovans compared with modern humans (Tables 2 and S8).
Forty changes fell within coding exons, of which eleven were synonymous and twenty-
nine were nonsynonymous. Only one of the nonsynonymous substitutions corresponded
to an annotated common variant in modern humans (Table 2). One hundred forty-four
nucleotide substitutions were identified in introns, four in upstream regions, nine in the
5'UTR, and fifteen in downstream regions (Table S8).
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2.5. Nucleotide Variations in the STATH and P-B Gene Loci

One hundred fifty-nine nucleotide substitutions have been annotated in the STATH gene
locus in Neanderthals and Denisovans compared with modern humans (Tables 2 and S9).
Six changes fell within coding exons, of which two were synonymous and four were
nonsynonymous (Table 2). One hundred fifty-three nucleotide substitutions were detected
in introns and regulatory regions (Table S9).

One hundred eighty-seven nucleotide substitutions were detected in the SMR3B locus
in Neanderthals and Denisovans compared with modern humans (Tables 2 and 510). Of
these, 5 were found in coding exons (2 synonymous and 3 nonsynonymous), 155 were in
introns, 3 in upstream regions, 3 in 5'UTRs, 10 in 3'UTR, and 11 in downstream regions
(Tables 2 and S10). One missense variant was reported as an SNP in modern humans
(Table S10).

2.6. Nucleotide Variations in the CST Gene Loci
2.6.1. CST1 Gene

We have annotated 227 nucleotide substitutions in the CST1 locus in Neanderthals
and Denisovans compared with modern humans (Tables 3 and S11). Of these, 128 were
found in introns, 19 in upstream regions, 7 in the 5'UTR, 12 in the 3'UTR, 32 in downstream
regions (Table S11), and 29 in coding regions, including 11 synonymous and 18 missense
variations (Table 3). The nucleotide variation at 23,731,494 bp caused the substitution of the
Ys(sp) with an H, affecting the third amino acid residue of the signal peptide. This should
not impact the function of the protein, although it may have affected the speed of protein
translation and/or the correct processing and trafficking. Four substitutions out of eighteen
could have a negative impact on protein function, as predicted by SIFT. Overall, nine
nonsynonymous nucleotide substitutions corresponded to annotated common variants in
modern humans (Table S11).

2.6.2. CST2 Gene

We detected 167 nucleotide changes in the CST2 locus in Neanderthals and Denisovans
compared with modern humans (Tables 3 and 512). Of these, 103 were in introns, 15
in upstream regions, 8 in the 3'UTR, 17 in downstream noncoding regions (Table S12),
and 24 in coding regions (Table 2). The latter included six synonymous and nineteen
nonsynonymous variations, eight of which were predicted to have a deleterious effect on
protein function (SIFT score < 0.05). Ten out of the eighteen nonsynonymous substitutions
corresponded to annotated common variants in modern humans (Table 2). Interestingly;,
the nucleotide change at 23,804,691 bp fell into the canonical DNA-binding motif for the
NR3C1 (nuclear receptor subfamily 3 group C member 1) transcription factor, as reported
in the UCSC Genome Browser. This variation could most likely affect the affinity of this
factor for the regulatory region and thus the expression of the CST2 gene.

2.6.3. CST3 Gene

In the CST3 locus, we have identified 452 nucleotide variations in Neanderthals and
Denisovans compared with modern humans (Tables 3 and S13). Of these, 329 were in
introns, 18 in upstream regions, 9 in 5'UTR, 50 in 3'UTR, 29 in downstream noncoding re-
gions (Table S513), and 17 in coding regions, including 9 synonymous and 8 nonsynonymous
variations (Table 2). One nucleotide substitution corresponded to an annotated common
variant in modern humans (Table 2).

2.6.4. CST4 Gene

Two hundred and sixty-three nucleotide substitutions were detected in the C5T4 locus
in Neanderthals and Denisovans compared with modern humans (Tables 3 and S14). These
included 130 changes in introns, 42 in upstream regions, 4 in the 5’UTR, 20 in the 3'UTR, 43
in downstream noncoding regions (Table S14), and 24 in coding exons (11 synonymous and
13 missense variations; Table 3). Seven variations in this locus corresponded to annotated
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common variants in modern humans (Table 3). The change at 23,666,565 bp caused the
substitution of the My1; with an R in the corresponding Neanderthal peptide structure.
Even if it causes the substitution of an uncharged amino acid with a charged one, the SIFT
analysis did not predict a deleterious effect of this variant on the function of the archaic
protein compared to modern humans.

2.6.5. CST5 Gene

One hundred ninety-three nucleotide substitutions were annotated in the CST5 locus
in Neanderthals and Denisovans compared with modern humans (Tables 3 and 515).
Sixteen changes were mapped in the coding region, including eight synonymous and eight
nonsynonymous (Table 3). Of the 177 nucleotide substitutions located in noncoding regions,
118 were in introns, 24 in upstream regions, 18 in 3'UTR, and 17 in downstream regions
(Table S15). The exonic nucleotide variation generated the codon for an R in both archaic
hominins instead of Cyg. This represented a common variant also found in modern humans
(rs1799841). The cystatin D variant with the Ry¢ is frequently detected in the soluble fraction
of human saliva, probably because is more soluble than the Cps-containing isoform [19].
Moreover, the opposite substitution (RysC) was detectable with high frequency at the
same amino acid residue in the cystatin SA gene of Neanderthals. Five out of the eight
nonsynonymous nucleotide substitutions corresponded to annotated common variants in
modern humans (Table 3).

2.6.6. CSTA and CSTB Genes

Finally, 394 and 134 nucleotide substitutions were identified in CSTA and CSTB loci, re-
spectively, in Neanderthals and Denisovans compared with modern humans
(Tables 3, 516 and S17). The nucleotide substitutions reported in CSTA were distributed as
follows: 6 fell in coding exons, including 2 synonymous and 4 nonsynonymous, and 388 fell
in noncoding regions, including 346 in introns, 10 in upstream regions, 5 in the 5UTR, 10
in the 3'UTR, and 17 in downstream regions (Tables 3 and S16). Among these changes,
the variation at 122,044,848-122,044,850 positions of CSTA was a CTT deletion, observed
exclusively in Denisovans (Table S16). This fell within the canonical DNA-binding motif for
the Spi-1 proto-oncogene transcription factor (source: UCSC Genome Browser); therefore,
it could probably affect the expression of the CSTA gene in the ancient hominin. Regarding
CSTB, 9 nucleotide changes were reported in coding exons (6 synonymous and 3 nonsyn-
onymous), whereas 125 fell in noncoding regions (55 within introns, 27 in upstream regions,
5 in the 5UTR, 15 in the 3'UTR, and 23 in downstream regions) (Tables 3 and S17). One
missense variant for CSTA and 1 for CSTB found in ancient hominins were also reported as
an SNP in modern humans (Table 3).

2.7. Geographic Distribution of Genetic Variants in Modern Humans

Of note, the salivary protein genes tested resulted polymorphic in humans. The fre-
quency of specific coding nonsynonymous genetic variants also changed between different
populations, as reported in the Geography of Genetic Variants Browser (https://popgen.
uchicago.edu/ggv; accessed on 22 July 2022) (File S1) [29]. In particular, 20 genetic variants
(three in the PRBI gene, six in PRB2, one in PRB3, two in CST1, four in CST2, three in
CST5, and one in CSTB; highlighted in red in Tables 1-3) displayed a different geographic
distribution and specifically; rs554211998, rs201994479, rs34305575, rs6076122, rs111349461,
rs55860552, rs568411970, rs145031249, and rs1799841 showed a peculiar allele frequency in
African populations (File S1).

2.8. Evolutionary Pressure of Salivary Protein Genes

To investigate if some of the salivary protein genes studied showed evidence of positive
selection in anatomically modern humans, we performed a population branch statistics
(PBS) analysis [30]. Our results showed no signal of recent selective pressure for the genes
analysed, attesting that variants on these genes did not affect individual fitness (File S2).
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We also implemented the Tajima test as an additional evolutionary analysis to evaluate the
selective effects of each observed substation. Tajima’s D values show comparable variance
among the genes analysed. The D values were prevalently slightly negative or positive
(ranging from —0.698 to 3.359) (File S3), confirming the absence of a selective sweep [31],
which was already suggested by the PBS test.

Compared to modern humans, Neanderthal and Denisovan genomes showed evidence
of ancient interbreed [32], leading to an uneven distribution of introgressed chromosomal
regions because of natural selection [33]. To investigate if some of the salivary protein gene
variants studied might be due to interbreeding, we used two databases of archaic intro-
gression based on a comparison with modern genomes from the 1000 genomes project [34]
and the Estonian Biocentre collection [35], which also reported data from previous stud-
ies [33,36]. However, the considered genes were not encompassed within the chromosomal
regions highlighted in the databases and, therefore, did not show an apparent sign of
adaptative introgression from archaic hominins.

3. Discussion

The different dietary habits of archaic hominins and modern humans have been mostly
attributed to the changes in the availability of natural food resources, the oral bacterial
community (microbiota), and climatic conditions [37,38]. A role for salivary proteins can be
also inferred, as they are known to be implicated in the modulation of the microbiome of the
oral cavity, the entire gastrointestinal tract, and taste perception [39]. aPRPs can promote
the attachment of several important bacteria, such as Actinomyces viscosus, Bacteroides
gingival, and some strains of Streptococcus mutans. Moreover, both aPRPs and statherin
promote the colonization of oral surfaces by Porfiromonas gingivalis [40]. It was reported
that the salivary proteins may modulate oral health and homeostasis, maintain a stable
ecosystem, and inhibit the growth of cariogenic bacteria [41,42]. Recently, 258 salivary
proteins were found differentially expressed between the caries-free and caries-active
children [43]. They are also involved in taste perception. In particular, the salivary bPRPs II-
2 and Ps-1 contribute to bitter taste sensitivity [44]. Also, some salivary peptides belonging
to the bPRPs and the histatin families can bind polyphenols in tannin-rich foods, thus
evoking the typical astringent sensation [44]. Salivary proteins play an important role
in affecting sweet [45], salt [46], and umami [47] tastes, along with fat, salt, and bitter
acceptance [48,49]. Also, cystatins are supposed to affect taste perception, as lower salivary
levels of these peptides may enhance proteolysis, which would affect the mucosal pellicle
lining of the oral cavity, thereby increasing the accessibility of tastants to taste receptors [49].
Interestingly, most of these proteins have been shown to be modulated in pathological
conditions, including tumors and inflammation, suggesting that they play a role as clinically
relevant biomarkers [5].

Therefore, a hypothesis has been raising that the evolutionary changes occurred in
the structure of these proteins could be associated with the different dietary habits of
archaic hominins. In this regard, mutations in different bitter taste receptor genes (namely
TAS2R62, TAS2R64, and TAS2R38) and the masticatory myosin gene MYH16, along with
the duplication of the salivary amylase gene AMY1 that has occurred in recent human
evolution, have been associated with variations in taste sensitivity and the shift toward the
food cooking habits of modern humans [50].

Based on this emerging background, in this study, we identified and inferred the
functional consequences of the nucleotide substitutions fixed in the gene loci coding for
the main salivary proteins in modern humans compared to ancient hominins species
(Neanderthals and Denisovans).

By mapping over 3400 nucleotide substitutions, we have shown that the majority
(87.7%) of changes are detectable in the genes expressing the most important salivary
proteins (proline-rich proteins, statherin, P-B peptides, histatins, cystatins, and amylases)
of modern humans, compared with Neanderthals and Denisovans, mapped within non-
coding regions.
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Quite unexpectedly, our data also showed the presence of nucleotide variations af-
fecting the coding sequence of all 17 gene loci analysed. Overall, the frequency of coding
variations in these genomic loci is far higher than the general rate found throughout the
genome since previous studies highlighted that relatively few amino acid changes have
become fixed in recent human evolution to date [51,52]. To the best of our knowledge, this
study provides the first original description of coding nucleotide changes that occurred in
salivary protein genes during the recent evolutionary shift of modern humans from Nean-
derthal and Denisovan species. Focusing on these missense variations, we hypothesized
the possible functional effects they could have played in protein structure, processing, and
function. Of the 307 missense changes found in the coding regions of the tested genes,
92 were predicted to have a potentially deleterious effect on protein function.

The changes identified in the PRBI and PRB2 genes are worth particular attention
and could be interpreted in light of the extant knowledge of the biology of the encoded
proteins. As already mentioned, the PRB protein family is highly polymorphic and, de-
spite being common to all mammals, the proteins belonging to this family feature have
significant structural differences among species. For instance, the peptides generated by
the convertase cleavage span 50 to 90 amino acids in length in humans and 10 to 40 in
pigs, with sensible variations in the peptide sequences [53]. Therefore, bPRPs appear to be
non-conserved across species, probably because they are mostly implicated in taste percep-
tion and underwent a deep transformation during evolution due to the changing habits
and habitats of the species [44]. Interestingly, our results showed that three nucleotide
substitutions annotated in the archaic hominins” PRB1 and PRB2 genes affect specific argi-
nine residues within the consensus sequences of the polypeptide, which are recognized
by the pro-protein convertases responsible for their cleavage. These changes could have
determined the presence of fused proteins in the archaic hominins’ proteome. The putative
“PRB1 salivary archaic fusion 1 peptide” and “PRB2 salivary archaic fusion 2 peptide”
could have been possibly associated with additional and/or alternative functions that able
to influence the eating habits of extinct hominins. In addition, we have also identified a
sequence change in the PRB2 gene that instead generates a new pro-protein convertase
consensus sequence in the encoded peptide. As a result, ancient hominins could have
expressed two smaller peptides, the “PRB2 salivary archaic cleavage 1 peptide” and the
“PRB2 salivary archaic cleavage 2 peptide”, possibly exerting alternative functions, which
deserve further functional studies.

The missense nucleotide substitutions annotated in the remaining salivary protein
genes described in this study (aPRPs, histatins, amylases, statherin, P-B peptide, and
cystatins) could be interpreted, at least in part, considering the putative changes that they
can cause in post-translational protein processing, sorting, localization, and trafficking
toward secretion. In addition, all the missense variations that introduce or remove a
cysteine residue on the archaic cystatins, most likely affecting the conserved sequences
involved in the protein-protein binding [53], could also influence protein function.

We also annotated the nucleotide variations fixed within the noncoding regions of
modern humans of the tested genes, given these could reasonably affect the expression
levels of salivary proteins by changing the affinity of transcriptional regulators for promot-
ers, enhancer and/or silencer elements, and/or the splicing, in addition to changing splice
site consensus sequences and leading to the formation of alternative coding transcripts.
Also, they could affect post-transcriptional regulation mechanisms, such as the binding
of the noncoding regulatory RNAs, leading to varying protein types and amounts that
emerged during the recent evolution. Specifically, two nucleotide substitutions found in
the CST2 and CSTA gene loci appear to fall within the canonical DNA-binding motifs for
specific transcriptional factors, which could most likely intervene in the modulation of
their expression. We also annotated 216 changes in the 3’ untranslated regions in 16 of
the 17 genes analysed (in all but AMY1A). These substitutions might instead condition
the binding of specific microRNA-targeting salivary protein transcripts, modulating their
stability and the translation process.
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Lastly, 34.9% of the nonsynonymous nucleotide substitutions identified in this study
appear to be frequent in the modern human genome, where they are annotated as single nu-
cleotide polymorphisms (SNPs). In addition, some of these coding genetic variants display
a different geographic distribution in humans. This observation reduces the evolutionary
significance of such changes, which are to be considered in light of the polymorphic nature
of these genomic loci. However, taken together, variants showing alternative nucleotide
fixation in modern vs. archaic humans represent 7.3% of all the nucleotide substitutions
reported in the study.

Also, our results do not suggest any significant evolutionary pressure or sign of
adaptative introgression from archaic hominins on the tested genes.

4. Materials and Methods
4.1. Nucleotide Variants Annotation

In order to annotate all the nucleotide variants within the gene loci of the salivary
proteins of interest, we compared modern human sequences with Altai Neanderthals (down-
loaded from http://cdna.eva.mpg.de/Neanderthal/altai/AltaiNeanderthal /bam/, accessed
on 2 May 2020), Chagyrskaya Neanderthals (Index of /neandertal /Chagyrskaya/BAM (mpg.
de), accessed on 9 December 2022), Vindija Neanderthals (Index of /neandertal / Vindija/bam/
Pruefer_etal 2017/ Vindija33.19 (mpg.de), accessed on 9 December 2022), and Denisova se-
quences (http://cdna.eva.mpg.de/denisova/alignments/, accessed on 2 May 2020) [54,55].
The fossil remains, aged between 50,000 and 30,000 years, come from two distinct geo-
graphical areas. The female Neanderthal sample from Vindija (Croatia), in the Western
Balkans, yielded a 30 x genome coverage [56]. The other samples came from two different
sites in the Altai Mountains in Siberia (Russia): the genomic data of a female Neanderthal
(at 52 x coverage) [57] and a juvenile female Denisovan individual (at 30x coverage) [55]
came from the Denisova cave, and another female sample came from the Chagyrskaya
cave, located about 100 km westward, and yielded a genome of 27x coverage [58]. In
particular, we aligned the sequences of modern humans and ancient hominines by means of
the Integrative Genomics Viewer (IGV) tool (2.3.72 version) [59-61]. Note that the reference
genomes annotated in this database are set on the hgl9 genome assembly coordinates.
We annotated all the nucleotide substitutions with a frequency greater than 10% and a
coverage of a minimum of 10 counts in both coding, noncoding, and regulatory sequences
(i.e., 5" and 3’ untranslated and flanking upstream and downstream regulatory regions)
for each gene of interest to consider the possible damage and fragmentation to which
the ancient hominin DNA was subjected. Of note, the variant frequency indicated the
percentage of frequency of that substitution in ancient hominines, as reported by the IGV
tool, considering the depth (coverage) of the reads displayed at each locus. For each tested
gene, a region of approximately 500 bp upstream and downstream of the first and last
exons was, respectively, considered and screened to annotate nucleotide substitutions
within regulatory regions able to affect the gene expression rate. The precise hgl9 genomic
coordinates for each tested gene locus were as follows: PRB1 locus 11,509,000-11,504,200
on chromosome 12; PRB2 locus 11,549,000-11,544,000 on chromosome 12; PRB3 locus
11,423,140-11,418,300 on chromosome 12; PRB4 locus 11,463,900-11,459,500 on chromosome
12; PRH2 locus 11,081,500-11,087,950 on chromosome 12; HTN1 locus 70,915,750-70,925,000
on chromosome 4; HTN3 locus 70,893,670-70,902,700 on chromosome 4; AMY1A locus
104,239,500-104,229,500 on chromosome 1; STATH locus 70,861,200-70,868,790 on chro-
mosome 4; SMR3B locus 71,248,550-71,256,400 on chromosome 4; CST1 locus 23,732,000—
23,727,600 on chromosome 20; CST2 locus 23,807,800-23,803,900 on chromosome 20; CST3
locus 23,619,100-23,606,800 on chromosome 20; CST4 locus 23,670,200-23,665,700 on chro-
mosome 20; CST5 locus 23,860,900-23,856,000 on chromosome 20; CSTA locus 122,043,600—
122,061,300 on chromosome 3; and CSTB locus 45,196,800-45,193,000 on chromosome 21.

The annotation with the corresponding frequency of all variations in present-day
human populations was collected by integrating information from both the dbSNP (Sin-
gle Nucleotide Polymorphism Database; https://www.ncbinlm.nih.gov/snp, accessed
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on 15 July 2020) and the Ensembl (http://www.ensembl.org/index.html, accessed on
15 July 2020) databases. In particular, the frequency was reported as the Allele Frequency
Aggregator (ALFA New). The analysis of regulatory regions in the gene loci analysed
was assessed by implementing the information available on the UCSC Genome Browser
database (https://genome.ucsc.edu, accessed on 15 July 2020).

The coding sequences of salivary proteins were extracted from the publicly avail-
able UniProtKB database (https://www.uniprot.org/, accessed on 15 July 2020): PRB1,
primary accession number: P04280; PRB2: P02812; PRB3: Q04118; PRB4: P10163; PRH2:
P02810; HTN1: P15515; HTN3: P15516; STATH: P02808; AMY1A: PODUB6; P-B: P02814,
CST1: P01037; CST2: P09228; CST3: P01034; CST4: P01036; CST5: P28325, CSTA: P01040,
CSTB: P04080.

4.2. Protein Data Analysis

The potential impact of the amino acid substitution on salivary protein function was
predicted by SIFT (sorting intolerant from tolerant) version 5.1.1 using the Genome tool
(SIFT nonsynonymous single nucleotide variants (genome-scale), available at the SIFT
website (http://sift;jcvi.org/, accessed on 20 June 2022). The SIFT algorithm is based on
the degree of conservation of amino acid residues in sequence alignments derived from
closely related sequences, collected through PSI-BLAST [62]. SIFT results with a score
< 0.05 indicate amino acids deleterious on protein function.

4.3. Selective Pressure Analysis

To detect any possible trace of selective pressure, PBS has been applied. PBS is a
statistical three-population test based on the FST fixation index, and it has proven to be one
of the best methods of detecting signs of recent natural selection on genomes [31]. Regarding
the choice of the three populations, we used three distant populations worldwide (CEU for
Europe, CHB for Asia, and YRI for Africa), which are the most commonly used [63,64] and
are among the first populations released by the 1000 Genomes, Phase 1 [64].

FST among three possible populations pairs (CEU, CHB, and YRI) has been calculated
by VCFtools v0.1.16 [65] using VCF files of each gene under scrutiny. The genes were
previously filtrated with Plink 1.9 [66] to keep only the variants with MAF > 0.05. Then,
PBS and relative plots were performed with R Studio software (R Core Team 2021, https:
/ /www.R-project.org, accessed on 2 December 2022).

5. Conclusions

In conclusion, the nucleotide substitutions that have putatively affected the amino
acid composition, the post-translational modification, and/or the gene expression levels of
salivary proteins described in this study might have generated novel functional features and
a different expression ratio among the several components of the salivary proteome. Given
the largely unknown functional roles of most salivary proteins, we may only speculate
that these changes could have ultimately modified the entire homeostasis of the oral cavity
environment, possibly conditioning the eating habit lifestyle of modern humans. Our
data may pave the way to unravelling evolutionary processes that have occurred through
changes of salivary composition in the oral cavity homeostasis. This knowledge could
provide additional novel cues toward a better understanding of the ability of different
species to adapt to different and changing environments.
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