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Rapid change in red cell blood
group systems after the main Out
of Africa of Homo sapiens

Stéphane Maziéres'™, Silvana Condemi?, Wassim El Nemer%?2 & Jacques Chiaroni%2

Despite the advances in paleogenomics, red cell blood group systems in ancient human populations
remain scarcely known. Pioneer attempts showed that Neandertal and Denisova, two archaic hominid
populations inhabiting Eurasia, expressed blood groups currently found in sub-Saharans and a rare
“rhesus”, part of which is found in Oceanians. Herein we fully pictured the blood group genetic
diversity of 22 Homo sapiens and 14 Neandertals from Eurasia living between 120,000 and 20,000
years before present (yBP). From the ABO, Rh, Kell, Duffy, Kidd, MNS, Diego, H, secretor and Indian
systems, we noted that the blood group allele diversity in the Neandertals remained unchanged

since 120,000 yBP, while H. sapiens conquered Eurasia with blood group alleles presently exclusive

to non-African populations, suggesting they may have differentiated right after the Out of Africa,
between 70,000 and 45,000 yBP. Notably, Ust’Ishim possessed unknown alleles that may illustrate
the lost genetic heritage of the early Eurasians. Lastly, Neandertals shared a unique Rh haplotype
from which we updated the current RHD phylogeny. The contribution of this study is twofold. It
enlightens the expansion patterns of H sapiens and recalls the anthropological effectiveness of genetic
polymorphisms currently being surveyed for transfusion safety and pregnancy monitoring.

Keywords blood group systems, Upper Paleolithic, Homo sapiens, Neandertal, Out of Africa

The encounter of Homo sapiens with Neandertal and Denisova, two archaic populations inhabiting Eurasia since
400,000 yBP (years before present), has led to a major cultural and biological disruption'. Despite few forays
outside of Africa before 200,000 yBP?3, Homo sapiens recurrently met with Neandertal since 100,000 yBP in the
Levant and Zagros mountains, and have mated with them almost immediately®°. Material and paleoecological
evidence also revealed that Homo sapiens successfully conquered the Arabian Peninsula as early as 125,000
yBP, indicating that Homo sapiens went East first and fast, then North®. In particular, Homo sapiens had already
penetrated Australia 20,000 km away from the Levant since 60,000 yBP?, while it did not reach Northwestern
Europe by 3,500 km until around 45,000 yBP®. Lastly, the expansion of Homo sapiens in Eurasia coincides
with the disappearance of several archaic hominid populations, marking the end of the Middle Paleolithic ca.
45— 35,000 yBP.

In the context of the biological and cultural transition that occurred during the Upper Paleolithic (UP),
the contribution of paleogenomics has been outstanding. One remarkable achievement is the deduction of
the social structure of a Neandertal group®'’. On a wider scale, paleogenomics highlighted a schism of gene
diversity between the archaic and Homo sapiens populations. On the one hand, the heterozygosity of the late
Neandertals and Denisova was up 5 times lower than the one of modern-day populations, reflecting inbreeding
and declining demography'!. On the other hand, the H. sapiens of the early stages of UP segregated into distinct
genetic clusters depicting a higher gene diversity than the previous inhabitants of Eurasia'>!3. Before extinction,
Denisova and the Late Neandertals have passed a part of their gene pool down to H. sapiens, visible in phenotype
traits, including red cell blood group systems!*1°.

Red cell polymorphisms comprise the biological variation in three areas: the cell interior (hemoglobin,
enzymes), membrane components (membrane skeleton, water and ion exchange channels) and membrane
surface (blood group antigens). For several decades, they constituted the classical genetic markers that initiated
the description of human variability in the mid-20th century'®. However, the emergence of molecular biology
in the 1980s and the screening of mitochondrial DNA, the Y chromosome and short and long interspersed
repetitive elements relegated blood group systems to their main application, blood transfusion!”. It was the
advent of genomic sequencing that restored the anthropological and evolutionary interests in all red blood cell
genetic polymorphisms.

1Aix Marseille Univ, CNRS, EFS, ADES, Marseille, France. Etablissement Francais du Sang PACA Corse, Marseille,
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Indeed, the molecular approach of red blood cell polymorphisms allowed to exemplify all evolutionary forces
behind human genetic diversity. Genetic drift and migration are explained by the allele distribution of the DI
(Diego) system!'®!. Selection, either positive and purifying, are represented by the FY (Duffy), MNS and ER
systems?®~22, and KX deficiency? respectively. Balanced selection is represented by two types of compromise. The
firstis the advantage of the heterozygote carrying a deleterious allele in an environment unfavorable to the healthy
homozygote: hemoglobin S and band 3 deficiency**?. The second is the maintenance of genetic polymorphism
by fluctuating actions due to different pathogens, favoring one or another phenotype in turn: this is the case of
the ABO system?. Lastly, admixture with archaic populations is illustrated by the RH (named “rhesus” by the
broad audience) system!. Besides, genomics has made it possible to outline the evolutionary history of red
blood cell polymorphisms. For instance, although the A and B antigens of the ABO system are common amongst
Primates®, the A antigen in humans originates from an ABO*A allele that would have re-emerged recently, in
the early H. sapiens times ca. 260,000 yBP, from the fusion of ABO*B with ABO*O, themselves derived from an
ABO*A allele that probably vanished 2 Ma ago?”. As far as the RH system is concerned, the ancestral haplotypes
linked the RHCE alleles coding for the Rhc and Rhe antigens with RHD alleles coding for weak and incomplete
D antigens, and are mostly found in Sub-Saharan populations and Neandertal'>?. The complete D antigen arose
later to constitute the Dce haplotype, also called R0 and notably carried by Denisova, from which the seven other
DCe, DcE, DCE, dce, dCe, dcE and dCE (or R1, R2, RZ, 1, 1’ r” and ry) haplotypes derive. Moreover, some of
these which are exclusive to non-African populations'>?°.

To date, there are 47 systems in the red blood cell, but around ten are responsible for transfusion accidents
and severe hemolytic diseases of the fetus and the newborn (HDFN) (retrieved from the International Society of
Blood Transfusion, ISBT, website http://www.isbtweb.org). Recently, these ten blood group systems have entered
the debate on understanding the evolutionary history of Neanderthals and Denisovans and the present-day
blood group system diversity'*!>21223% These pioneer studies on archaic populations have revealed that the sub-
Saharan gene diversity extended as far as Siberia 100,000yBP. Noticeable is the variation at the ABO locus, the
existence of non-secretor alleles presently advantageous, a rare RH haplotype likely introgressed in the ancestors
of modern Oceanians, and a RHD-RHCE haplotype causing today’s severe HDFN!415,

In the present study, we aimed to picture the oldest blood group system variability available so far, with two
goals in mind: to test whether the Neandertal blood group diversity was specific to the archaic populations
or shared with contemporaneous H. sapiens populations from the initial Upper Paleolithic and to sketch the
evolutionary history of the archaic and H. sapiens lineages from blood group systems. For this, we completed the
blood group panorama obtained previously for four high-quality archaic individuals'> with 23 Eurasian Homo
sapiens and 14 Neandertals living between 120,000 and 20,000 yBP.

Results

Description of the blood group systems in Upper Paleolithic individuals

Allele counts, genotypes and comparison with present-day YRI, CHB and CEU allele frequencies are
presented in Supplementary Material 1, Tables S5 and S6. At the ABO locus, we detected polymorphism for
both Neandertals and H. sapiens. The genetic background of the O01 blood group (inactive transferase due
to ¢.261delG, ABO*0.01 alleles) was the most frequently observed. Moreover, noteworthy is the occurrence
of the non-deletional ABO*0.02.01 allele (c.53G>T, c.220C>T, c.261G, ¢.297A > G, ¢.526C> G, c.802G> A)
in the related Sunghir2 and Sunghir3, as well as two Neandertals, ChagyrskayaD and GoyetQ56-1. Presently
this allele codes for the O03 blood group, an ambiguous O phenotype found in less than 5% of the populations
from Western Europe®!~3>. Two ABO*B alleles were found in Siberian and East Asian individuals, respectively
Yana2, and AR33K. For the FUT1 and FUT2 loci that code for precursor structure of the ABO antigens onto red
cells and their secretion in body fluids, two FUT1*01.02 (c.35C>T) alleles were found in two H. sapiens, Ust’-
Ishim and GoyetQ116-1. FUT2*01 (c.390 C>T) was encountered in high frequency in H. sapiens and Ust' Ishim
carried an unknown FUTI*01 c.564 C>T without functional consequence (p.His188=). Interestingly, three
individuals, Ust'Tshim, AR33K and Bacho Kiro BK1653 carry an unknown secretor allele, FUT2*0I (¢.390 C>T,
¢.896 C>T), for which the estimated function might be damaged (CADD C-score: 21.1)**%”. Remarkably, non-
secretor alleles are exclusive to the Neandertals understudied. Amongst these, we once again found FUT2*01N.04
(c.604 C>T, p.Arg202ter) in Vindija87, previously described in Vindija33.19, Chagyrskaya8, and Denisova3'®,
and exclusive to Asian and Oceanian populations®*3°.

For the RH system, the Neandertals share the key substitutions of the peculiar haplotype formerly described
in the Altai (Denisova5), Chagyrskaya8 and Vindija33.19 Neandertals at the homozygous state (Supplementary
Material 2, File S1)'°. This haplotype, made of RHD*03.04 (c.186G > T, c.410C > T, c.455A > C) plus ¢.602C > G
and ¢.733G > C in cis with RHCE*01.05 (RHCE*ceEK, c.48G > C, c.712A> G, c.787A> G, c.800T > A), encode
for partial RhD, Rhc and Rhe antigens, involved in blood transfusion and pregnancy issues (HDFN). We also
suspect one RHCE*01.04 (a.k.a. RHCE*ceAR: c.48G>C, c.712A>G, ¢.733C>G, c.787A> G, c.800T>A) in
Vindija87. Nowadays, this allele is involved in delayed hemolytic transfusion reaction and mild HDFN and
is found in Sub-Saharan-origin populations®®. Amongst H. sapiens, all readable tracts match with RHD*01,
RHCE*01 and RHCE*03 in three of the most ancient Eurasia H. sapiens, Kostenkil4, Sunghir IV and Ust-
Ishim. Today, these alleles encode for complete RhD, Rhc, Rhe and RhE antigens. Lastly, Ust'Ishim has one
RHD*01 (c.165 C> T, p.Thr55=, without the c.1213 C> G transversion of the RHD*01 W.68 weak D allele), rare
in modern-day populations (< 0.08%)3*3>3,

About the KEL system, KEL*02 is predominant. GoyetQ56-1, the sole Neandertal with readable alleles of the
Jsa/Jsb antigens, carries a KEL*02.06 like Altai Neandertal, Vindija33.19 and Chagyrskaya8'®, while all ancient
H. sapiens possess KEL*02.07. Note that Ust-Ishim and Sunghir2 are positive for c.1680 A>C (p.Pro560=),
a substitution presently encountered with ¢.1339 C>T or ¢.2107G>C in two uncommon KEL*0I alleles
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responsible for a weak expression of KEL antigens in Eurasia, KEL*01M.03 and KEL*01M.06%>*. The two latter
substitutions are absent in our data.

About the FY, JK and MNS systems, while the ancestral FY*02 and GYPB*04 are detected in both H. sapiens
and archaic individuals, the derived FY*01 and GYPB*03 would be restrictive to H. sapiens. Similarly, JK*01
is shared by Neandertal, Denisova and H. sapiens while JK*02 is found in H. sapiens only. The GYPB*04 allele
was often observed with ¢.251 C> G, and once ¢.230T and ¢.251G in the Les Cottés Neandertal, but without
¢.208G>T and ¢.270+5 g>t. Presently, the MNS alleles combining ¢.208T, ¢.230T, ¢.251G and ¢.270+5 g>t
are usually found in the null alleles coding for the S-U + " phenotype, exclusive of Sub-Saharan populations*!.
Note that GYPB in Kostenkil4, with ¢.143 C>T, ¢.230 C> T, and ¢.251 C> G but without ¢.208G > T, may be on
his way to becoming GYPB*03N.

Lastly, two Band3 Memphis alleles (Diego blood group system) have been observed in one archaic and one H.
sapiens from Siberia, Denisovall and Yanal. Also, two astounding alleles of the Diego and Indian blood group
systems may have been detected: DI*01 in AR33K (Supplementary Material 2, Fig S1) and IN*02 ¢.137G>A
(p-Arg46GIn) in the Neandertal from the Caucasus, Mezmaiskaya2 (Table S5). The former, which did not receive
statistical approval here, may have appeared in South Siberia before migrating to the Americas and Central
Asia'®1°, The latter is almost non-existent in modern humans (1/730,000)° but occurs at the same locus as the
IN*01 allele (c.137G > C, p.Arg46Pro) with a different nucleotide substitution.

Discussion

In the present study, we have supplemented the attempt of'> with several H. sapiens and late Neanderthals to
picture the red cell blood group gene diversity in Eurasia when three hominids inhabited almost simultaneously.
The most striking pattern is that blood group gene diversity appears partitioned according to the hominid
lineages (Fig. 1).

On one hand, amongst the Late Neandertals, the present study showed the prevalence of ancestral alleles
and that the blood group allele diversity remained unchanged during their last 80,000 years of existence.
For two blood group systems, RH and KEL, the Neandertal alleles are almost exclusively found in modern
populations from Sub-Saharan Africa. We also corroborated the richness of non-secretor alleles (FUT2). The
non-secretor trait in Primate species, that is the absence of soluble ABO antigens in body fluids (saliva, breast
milk...), is unique to humans and it may have been fixed since the Neolithic by positive selection after gut viral
infestation*>~*4, However, the origin of FUT2 alleles altering the protein function in pre-Neolithic times remains
unresolved. As far as the Denisovans are considered, it is harsh to extrapolate but Denisova3 shares two derived
and non-Neandertal blood group alleles with H. sapiens, RHD*01 and KEL*02.07. Similarly, the Band3 Mempbhis
variant was already polymorphic in the three Homo lineages.

On the other hand, the oldest genomes available (UstIshim, Bacho Kiro, Zlaty Kun, Tianyan, Oasel,
Kostenkil4, 36-45 ka) show that H. sapiens entered in Eurasia with a set of functional alleles absent in
Neandertals and Denisova, and already derived from their ancestral state: ABO*0.01.02, FY*01, RHD*01
in cis with RHCE*03 forming the DcE (R2) haplotype, KEL*02.07, FUT1*01.02 ¢.35C>T, GYPA*04 and
GYPA*04 c.251C> G. Presently, some of these blood group alleles are only found in non-African populations®'.

Ky BP Late Neandertals Upper Paleolithic Denisovans
H. sapiens
120
* Deletional O
00 RHD*03 0, * RHD*01, *03.04 (c.19G,
Late phase % 6026, . .733lc ¢.929G and without c.455C)

of O0A ... + RHCE*01 (c.48C)
| 60 « KEL*02, *02.07

FY*02

Persian | - .
incubation . JK*02
20 - GYPB*04
* DI*02, non-Memphis

0 * RHD*01 (c.165T) * FUTI*01

* KEL*02 (c.1680C) * FUT2*01, *0IN (c.747A)
*  FUT1*01 (c.564C>T) * IN*02

¢ Deletional O, A & B transferase

* RHD*03.04, c.602G, c.733C

* RHCE*01 (c.48C), *01.04, *01.05 * Deletional O, leletional O, A & B transf

e KEL*02, *02.06 * RHD*01, RHCE*01, RHCE*03

* FY*02 * KEL*02, KEL*02.07

* JK*01 * FY*01, *02

*  GYPB*04, *04 (c.251G), *04 (c.230T, c.251G) = JK*01, *02

* DI*02, Band 3 Mempbhis, non-Memphis *  GYPA*02, GYPB*03, *03 (c.230T),*04, *04 (c.251G)

* FUT1*01 * DI*02, Band 3 Memphis, non-Memphis

e FUT2*01, *02.01, *0IN.04, *0IN (c.85T), * FUT1*01, FUT*01.02,

*01N (c.223T), *01 (c.686A), *01N (c.691T) * FUT2*01, *01 (c.390T), *01.02, *01 (c.390T, c.896T)
* IN*01 (c.137A) * IN*02

Fig. 1. Neighbor-Joining tree of red cell blood group alleles in Upper Paleolithic H. sapiens, Neandertals and
Denisova. Each branch received 100% of 1,000 bootstraps iterations. Bold black, H. sapiens characteristic
alleles; blue: Neandertal characteristic alleles, red: Denisova characteristic alleles. Arrow: probable
introgression event detected by!'>. OoA: Out of Africa. https://d-maps.com.
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Additionally, we detected three unknown non-functional alleles (RHD*01 ¢.165C > T, FUTI1*01 c¢.564C > T, and
KEL*02.07 c.1680A > C) in Ust-Ishim. Maybe these alleles were part of the dead-end H. sapiens lineage whose
genetic ancestry did not contribute to the present-day Eurasian populations!4>46,

Given the wide distribution of the derived alleles amongst the earliest H.sapiens of Eurasia coupled with
their total absence in Africa, a first scenario could assume that these alleles have emerged in African H. sapiens
before the Out of Africa, spread in Eurasia, then disappeared in Africa only. It would be tempting to point to
natural selection, but the joint disappearance of independent alleles coding for phenotypes of a wide variety of
susceptibility to natural selection?’ is unlikely. Moreover, given that the highest gene diversity is found in Africa
and that the expansion of H.sapiens is characterized by an initial founder effect?*, these alleles should be found
in African populations. An alternative could be an outbreak of red cell blood group alleles outside Africa right
before the conquest of Eurasia. Genetic, lithic and paleoecological evidence from the Initial Upper Paleolithic
indicated that the late phase of H. sapiens expansion outside Africa circa 70 — 60,000 years ago was followed by
a standstill of at least 15,000 yBP in the Persian Plateau®. Analogously to the Beringian occupation ca. 20,000
yBP during which the Beringian populations paused several millennia and differentiated before entering the
Americas with genetic polymorphisms shared by Native Americans only*’, H. sapiens could have resided long
enough in the Persian Plateau to differentiate’!. This view makes Western Asia a good candidate for the place of
incubation of the functional ABO*0.01.02, FY*01, RHCE*03, KEL*02.07, FUT1*01.02 ¢.35 C>T, and GYPB*04
before expansion towards East (Tianyaun), North (Zlaty kin, Ust'Ishim) and Western Eurasia (Oasel, Bacho
Kiro) more than 45ky ago. Interestingly, this time frame coincides with the arrival from Africa of two basal
haplogroup: the FT haplogroup of the Y-chromosome and the L3 mtDNA lineage®>->*. Later on, both FT and
L3 eventually diversified outside of Africa around 47,000 and 55,000 yBP into respectively the male NO and
female R Eurasian haplogroup before settling in Southern Siberia 45,000 years ago (Ust-Ishim). Hence, the
diversification of the FT Y-chromosomes and L3 mtDNAs could have occurred concomitantly with non-African
blood group alleles, between the Levant and Southern Siberia. The emergence and fixation of independent genes
after a long-term halt insinuates that demography has primarily accounted for the red cell genetic variation of
the first Eurasian H. sapiens. However, this is restrictive and omits the evolutionary models for living beings
that combine neutral and non-neutral events, heterogeneous mutation rates and temporal variation of selective
forces®>%0. Particularly, fluctuating selection may explicate that the non-secretor alleles (FUT2), present in
Upper Paleolithic populations but advantageous from the Neolithic, were part of the standing genetic variation
before the onset of a selection pressure. A second impulse of H. sapiens populations from the Persian Plateau
would have expanded circa 38 ka to lead to Kostenkil4, Yana, Goyet116-1 and Sunghir Eurasians’!, but could
not detected from red cell blood group functional alleles. Note that the distribution of ¢.251 C>G in the GYPB
gene (MNS blood group system) in Neandertal, Denisova and Paleolithic H. sapiens from Siberia and present-
day Sub-Saharan populations suggests that the c.251 C> G allele could have diversified earlier, in Africa, where
it has matured in H. sapiens to GYPB*03N.01 coding for the present-day S-U +** phenotype?!©!.

In East Asia, AR33K indicates that before 30ky the Diego blood group might have already taken shape,
before settling the Americas and comigrating with the nomads of the Mongolian steppes'®!°. Unfortunately,
we could not corroborate any other DI*0I in Siberian individuals dating from the initial colonization of the
Americas (AfontovaGora2, USRI in Alaska, 12ky, Supplementary material 2, Fig S1). So far, the earliest DI*01
carrier might be NEO239, a 7,500-year individual from the Yana Rhinoceros Horn Site (Supp Fig. 1)®2. We also
searched for putative IN*0I alleles (Indian blood group system) in 1236 ancient genomes from Caucasus and
Middle Eastern®3-% surrounding the area of Mezmaiskaya2, but the only individuals with readable data carried
the reference allele, IN*02 (c.137G, p.46Arg). So far, both IN*01 and DI*01 alleles remain enigmatic as to when
and where they first emerged.

Taking advantage of the well-defined RHD phylogeny and the accuracy of the RHD archaic sequences, we
attempted to complement the current RHD phylogeny with the Neandertal and Denisova RHD haplotypes
(Fig. 2, Supplementary Material 2, File S2). The RHD gene is one of the most screened loci of the red cell
blood group systems, as it encodes for a clinically significant blood group antigen, the D antigen®’. Four main
clusters compose the phylogeny of RHD: DIV, weak D type 4, DAU and Eurasian D with RHD*0I as defined
as a reference?®%%, With 6 iterations from Siberia, Caucasus, Balkans and Meuse Basin, we confirmed the
exclusiveness of the RHD-RHCE haplotype amongst the Late Neandertal'®. The combined occurrence of ¢.186T,
¢.410T, and c¢.455 C in the Late Neandertals indicate that the Neandertal RHD belong to the DIVa cluster. We
added an introgression event to lead to the Oceanian DIII type 4 (RHD*03.04)'>7°. The Denisova allele, with
the ancestral ¢.186C>T and ¢.410C>T but derived c.455C> A and ¢.1048C> G in cis is ideal to embody an
intermediate branch right after the DIVa cluster, onto which we added the original c¢.19C>G and ¢.929A>G
substitutions. Once the Neandertal and Denisova RHD incorporated, we could infer the sequential occurrence
of the five substitutions leading to the non-DIVa cluster?, c.186T > G, c.410TC, c.455C> A, and ¢.1048C> G.
Excluding the RHCE exon7 hybrid, the c.1048C > G substitution distinguished the most ancestral branches Pan
and DIV type 1.0 from the rest of the tree. We hence assumed that ¢.1048C> G occurred first. To explain its
presence in the DIII type 4 and Neandertal haplotype, we used the crossing-over conveniently drawn between
the Eurasian D cluster to the DIII type 4 allele?®%. Denisova3, dated by 52-76ky BP and carrier of c.455C> A
¢.186T>G and c.410T > C, indicates that these three substitutions occurred secondly, before 76ky, to lead to
the weak D, DAU and Eurasian D clusters to which the other Denisova allele and Ust’-Ishim ones, RHD*01 and
RHD*01 (c.165T), belong.

To reinforce our assumption, we attempted to root the main functional blood group system substitutions
and RHD branch nodes with the Human Genome Dating tool (https://human.genome.dating’’, Supplementary
Material 1, Table S7). Nevertheless, three reasons prevented this approach. First, in numerous cases, the alternate
nucleotide used for the date estimates is not the actual derived one. Second, numerous major substitutions
are lacking, notably for the RH blood group system. Third and more importantly, we found numerous date
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Fig. 2. Updated phylogenetic tree of the RHD gene.

inconsistencies with archaeological evidence. For instance, rs150073306 (c.733G>C, p.Val245Leu) which
belongs to the peculiar Neandertal-Oceanian RHD haplotype, is thought to have emerged 8,3ky ago”".

Lastly, we proposed introgression to be the mechanism behind the Neandertal RHD haplotype in modern
Oceanians, because we previously described this haplotype in one Papuan and one Aboriginal individual
and demonstrated that a 15,700 base pairs (bp) segment of this haplotype was likely introgressed'>. However,
Incomplete Sorting Lineage (ILS) could also explain why modern Oceanians share an archaic haplotype with
Neandertals’?. A proper test to distinguish introgression from ILS for every blood group allele shared with
Neandertal and Denisova is beyond the topic of the present paper. Nevertheless, a foretaste could be to calculate
the probability that a 15,700 bp haplotype shared through ILS remains untruncated by recombination. For this,
we replicated the Gamma calculations performed by”?, using the genome-wide recombination rate obtained
specifically for Papuans and Aborigines’* (See Supplementary Material 2, File S2 for the detailed procedure).
We found that the length of haplotype acquired through ILS in Papuans and Aborigines is estimated to be
around 3,100 bp and 2,700 bp respectively. Hence, the likelihood of retention of a 15,700 bp archaic fragment in
modern Oceanians since the divergence with Neandertal is low, estimated at P=0.037 (Papuans) and P=0.019
(Aborigines). But overall, similarly as’> have noticed for EPASI, if ILS had occurred, the Neandertal RHD
haplotype would have been found in numerous other modern human populations besides Oceanians, including
those from Africa. Today, the database of RHD genetic variations is densely nourished and yet, the Neanderthal
haplotype is limited to Oceanians. Hence, the length of the haplotype — more than 5x longer than expected under
ILS - and its geographic repartition makes ILS unlikely.

To conclude, the present foray into the molecular polymorphisms of blood group systems mirrors the
previous genetic inferences about the pattern of arrival of H. sapiens in Eurasia. The data showed that numerous
derived alleles were unique to H. sapiens. Notably, the RH and Dufty systems show a clearcut repartition between
in and out of Africa, allocated to the main Out of Africa expansion of H. sapiens circa 60-70ky. Indeed, whilst
Neandertal stored since 120 ka ancestral and presently sub-Saharan functional blood group alleles, H. sapiens
who had just left Africa underwent an allele diversification before expanding throughout Eurasia, which explains
why some red cell blood group antigens are presently present outside of Africa. The lost H. sapiens lineage,
notably embodied by Ust-Ishim, carried blood group alleles not found in any other H. sapiens. Lastly, the
present study recalls the anthropological effectiveness of genetic polymorphisms currently being surveyed for
transfusion safety and pregnancy monitoring. The present study highlighted numerous alleles presently found
in modern humans, shared with Neandertal and Denisova. In the future, deciphering introgression versus ILS
would considerably enlighten the evolutionary history of the red cell genetic polymorphisms.

Materials and methods

Sample choice and genotype readability

Initially, we selected 61 Eurasians dating from 120 to 16.5ky including 22 medium and low-coverage archaic
hominids (Supplementary Material 1, Table S1). Low coverage will eventually lead to unavailable genotypes,
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and a pertinent approach to prevent from is imputation’>. However, imputation relies on a reference panel,
which assumes that the imputed genotype will be of Neandertal or modern human ancestry, depending on the
reference panel used. Moreover, imputation would prevent the description of unkown alleles whose MAF is
close to zero, such as the authentic RH haplotype and non-secretor alleles of Altai (Denisova5), Chagyrskaya8
and Vindija33.19 Neandertals and Denisova3 '°. In the present study, where the Denisova, Neandertal and H.
sapiens lineages are confronted based on the variation of blood group systems, we are concerned that imputation
with a determined reference panel might bias the comparison. Hence, blood group alleles were annotated as they
appeared, regardless of the ancestry of the carriers.

Furthermore, because red cell blood group loci are scarcely represented in the Allen Ancient DNA Resource
1240k dataset’® (Supplementary Material 1, Table S2) and allele designation for the RH, H and secretor blood
group systems requires the examination of the entire exons, we chose only whole-genome sequences. To evaluate
the readability of the genotypes, we gathered the mean coverage, base and map qualities of the codons of interest
(Supplementary Materiall, Tables S3 and S4). The individuals of the Adriatic shore, the three clusters defined by
(Fu!'?>%) as Véstonice, Goyet, and El Miron, the Mal'ta individual, several low-coverage Neandertals of Western
Europe and Chagyrskaya-Okladnikov caves could not be properly called for red cell blood group alleles. Hence, the
present results rely on the genetic picture provided by 34 Upper Paleolithic individuals (Supplementary Material
1, Table S5 and S6). We ended up with 36 readable samples: 14 Neandertals, 22 H.sapiens and one offspring of
Neandertal and Denisova. Their name, lineage, geographical location, age in ky, mean coverage, bibliographic
reference and nuclear DNA European Nucleotide Archive access number are listed in Supplementary Material
1, Table S1.

Exploration procedure for blood group alleles

We focused on ten blood group systems of anthropological and medical interest, that is a set of genetic markers
that enable both the tracing of ancient human migration, natural selection and archaic admixture, together with
the safety of blood transfusion, transplants and pregnancy monitoring®”””: ABO, MNS, Rh (RH), KEL, Duffy
(FY), Kidd (JK), Diego (DI), H (FUT1 gene), H secretor (FUT2 gene) and Indian (IN). For these blood group
systems, we searched the genotype at the functional single nucleotide substitutions listed by the ISBT.

For the ABO, MNS, KEL, FY, JK, DI and IN systems, we searched for the main functional single nucleotide
substitutions in relation to the conventional transcripts (International Society of Blood Transfusion, ISBT,
https://www.isbtweb.org; UCSC Genome’®). For each, we called the genotype using the Integrative Genome
Viewer (IGV)”, the samtools, vcftools and tabix commands®®8!. For the ABO system, we focused on the five
single-nucleotide substitutions responsible of the A and B enzymes bringing the A and B antigens onto the red
cells, as well as their absence (O blood group)®2. We added 18 substitutions to characterize the two other main
O alleles, ABO*0.01.02, ABO*0.02.01 as well as ABO*0.01.11, predominant in Native American populations,
that may have arisen right before the initial peopling of the Americas, in Beringia or Siberia®. For the RH and
H systems, we rebuilt the RHD, RHCE and FUT2 coding sequences and aligned to the conventional reference
using Clustal Omega tool at EMBL-EBI?”. We paid specific attention to polymorphisms responsible for partial,
weak, and negative RH variants as well as stop codons in the FUT2 gene.

Warnings about the reference sequence

While calling genotypes, we paid four specific attentions to the hg19 reference allele. First, as shown previously'>,
the genomic sequence of six loci (ABO, KEL, GYPB, RHCE, SLC4A1 and FUT1I) need to be reverse-complemented
to 5’-3’ Second, although genotype calling is mapped with hg19 (GRCh37), herein we referred to the conventional
nomenclature sequence of the ISBT. Hence, caution has to be taken because the genomic sequence may differ
from the mRNA%. Noteworthy are ABO and RHD%. The conventional coding alleles are respectively ABO*A1
(NM_020469.3, uc004cda.1) and RHD*01 (NM_016124.6, uc001bjz.3), while the genomic sequence of hg19 has
5 substitutions of ABO*0.01.02 (NC_000009.11: c.106G>T, c.188G> A, c.189 C>T, ¢.220 C>T, ¢.261delG)
and the ¢.1136 C>T of RHD*10.00 RHD*DAUO plus the ¢.1154-31 C>T of RHD*DEL37 (NC_000001.10).
Third, the ISBT stated recently that the initiation codon of FUT2 is henceforth the first ATG at the beginning of
exon 2 (GRCh37, 19: 49,206,214), which involves rectifying the previous amino acid and nucleotide numbering
by +11 and + 33 respectively (see the ISBT 018 H track of changes by v6.1 31-MAR-2023). Fourth, we defined
the ancestral allele according to previous phylogenetic attempts (ABO, ACKRI1, FUTI, FUT2, SLC4A1, RHD,
RHCE?1:27:28:558687 comparison with Pan (KEL, SLC14A1, CD44, UCSC Genome Browser on Chimp Jan. 2018,
Clint_PTRv2/panTro6 and Bonobo May 2020, Mhudiblu_PPA_v0/panPan3 ®, or contrasted allele frequency
between sub-Saharan and non-African populations (GYPA, GYPB; KEL)!631:6167,

One-allele genotypes and false homozygous

Low-coverage sequences are prone to omit all available alleles which leads to false homozygous calls. Solutions
for genotype imputation in low-coverage sequences exist but these assume the population to be strictly biallelic
(e.g¥)., yet for some blood group nucleotide substitutions more than 2 alleles exist (e.g. for RHD, ¢.697G > A or
C). In addition to being restrictive, the use of genotype imputation from low-coverage sequences would prevent
from the detection of novel haplotypes and alleles, like RHD*03.04+ c.602 C> G+ ¢.733G > C and FUT2*0IN
(c.747T>A) in Neandertals!®. Hence, when one allele was encountered, no zygosity has been imposed.
Nevertheless, although low coverage cannot fully establish the likelihood of a genotype at the individual level,
the repeated observation of an allele among several individuals gives greater confidence in its existence.

Genotypes in admixed H. sapiens
Previously, Neandertal-ancestry DNA segments have been finely mapped in Oasel, Ust’-Ishim, Kostenkil4,
Tianyuan and the four Bacho Kiro individuals (~ 35-45ky)*>. For the loci successively covered, we wondered
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if the genes of red cell blood group systems were authentically of H. sapiens-ancestry. For this, we superimposed
the coordinates of the genes with the spatial distribution of Neanderthal DNA tracts>0.2 ¢cM in length. Only
ABO in BK_BB7_240 fall within a Neandertal tract (Supplementary Material 1, Table S4).

Genetic relationships between H. sapiens, Neandertal and Denisova lineages

Based on the genotypes listed in Supplementary Material 1, Tables S5 and S6, we calculated the blood group allele
frequencies of in each lineage. Obviously, the Denisova lineage suffers from its sample size (N=2, Denisova3 and
Denisovall, the Neandertal-Denisova offspring). Operating PHYLIP version 3.698 °!, we then generated 1,000
data sets, calculated the Nei’s genetic distance®? for each matrix and built a consensus Neighbor Joining tree of
the 1,000 bootstrap reiterations.

Data availability

The datasets analyzed during the current study are publicly available in the ancient genomes project of the
Max Planck Institute for Evolutionary Anthropology (https://www.eva.mpg.de/genetics/genome-projects/) and
the European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home). Access codes for each sample are
provided in this published article as well as in the present supplementary information files. The reference blood
group alleles are listed in the Working Parties of the International Society of Blood Transfusion (https://www.is
btweg.org). Conventional cDNA transcripts are presented at the UCSC Genome browser (https://genome.ucsc.
edu). Data is provided within the manuscript and supplementary information files.
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