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Urea transporter evolution: deep 2
conservation, recent adaptation

in mammals, and maintenance of the Jka/Jkb
polymorphism in the past ~ 110,000 years
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Abstract

Urea is a central metabolite and many organisms encode membrane integral urea transporters (UTs). Here, we
combined motif homology searches, phylogenetics, and molecular evolution with paleogenomics to investigate
the evolutionary dynamics of UTs from prokaryotes to human populations. We discovered previously unknown
combinations of UT domains with other functional modules in metazoa, protists, and bacteria, suggesting a wider
range of functions and regulatory mechanisms for UTs than previously understood. The early origin of UT domains
allowed the identification of specific residues that have remained conserved across billions of years. Contestually,
we found evidence that UT-B was a target of positive selection in mammals. In particular, selection targeted UT-B in
bats, primates and rodents, possibly as the result of a pressure exerted by blood pathogens. In human populations,
a single variant (Asp280Asn) in the UT-B protein is responsible for the common Kidd blood group antigens. Here
we provide direct evidence for the temporal stability of the Asp280Asn polymorphism over ~ 110,000 years in
Europe and Asia. While we previously proposed this variant to be under balancing selection, this study is the

first to use ancient DNA to track its allele frequency through deep time. This novel application of paleogenomics
confirms that the polymorphism was maintained at stable frequencies over time, in different European sub-regions,
and across continents. Our data show how paleogenomics can provide information on the selective processes in
humans, not only limited to directional selection, but also to balancing selection.
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Introduction

Urea is the main end product of protein metabolism in
animals and, for many bacteria, it is an important nitro-
gen source. Urea also functions as an essential osmolyte
for many aquatic vertebrates and a cryoprotectant in
some hibernating species [1]. To facilitate its transport
across membranes, many organisms encode urea trans-
porters (UTs). UTs are membrane integral proteins that
mediate the rapid transmembrane permeation of urea.
The majority of UTs share a common structure, with 10
transmembrane domains that allow urea transport with a
channel-like mechanism [1]. Both in metazoa and in bac-
teria, UTs are homomultimers (dimers or trimers) with a
pore in each subunit, and the overall three dimensional
structure is conserved [2].

In vertebrates, where the urea transport system has
been intensely investigated, distinct species encode a dif-
ferent repertoire of UTs, which are likely to derive from
duplications of an ancestral gene [1]. The most notable
expansion occurred in fishes, whereas mammals pos-
sess only two UTs, usually referred to as UT-A (encoded
by the human SLCI4A2 gene) and UT-B (encoded by
SLCI14AI). The gene product of SLCI4Al contains a
single UT domain and is expressed in the kidneys and
bladder, as well as in a number of other tissues includ-
ing erythrocytes, heart, colon, and the brain [1]. In con-
trast, SLC14A2 encodes two UT domains in tandem, and
produces a variety of isoforms via alternative splicing
(UT-A1 to -A6) [3]. The expression of UT-A isoforms is
narrower compared to UT-B and mainly limited to ure-
ogenic tissues. In line with this differential expression,
mice that are genetically deficient for UT-A1/A3 exhibit
strong urine-concentrating defects, whereas the deficit
is much less evident in animals lacking UT-B [3, 4]. In
contrast, UT-B null mice were shown to present extra-
renal phenotypes such as exacerbated heart problems
with aging, depression-like behavior, and earlier sexual
maturation in males [5]. In humans, individuals geneti-
cally deficient for UT-B reach a frequency higher than
1% in some areas of Polynesia [6]. This is known because
the protein product of SLC14A1 is responsible for one of
the human blood group systems, namely the Kidd blood
group. A single variant (Asp280Asn, rs1058396) in the
UT-B protein is responsible for the common Jka/Jkb anti-
gens, whereas different alleles (the most common one in
Polynesia being a splice site mutation) account for Kidd-
null phenotypes [6]. Jk(a—b-) individuals are healthy and
suffer from minor urine concentration defects, but are at
risk of hemolytic reaction after transfusion and hemo-
lytic disease of the newborn [6].

Because of the central relevance of urea metabolism
across the domains of life and given the extremely diverse
metabolic and homeostatic requirements among organ-
isms, we aimed to perform a comprehensive evolutionary
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analysis of UT genes across different timeframes. We
thus combined domain searches, phylogenetics, molecu-
lar evolution analysis, and ancient human DNA data to
resolve the evolutionary dynamics of these transporters
across time scales.

Materials and methods

Identification of the urea transporter domain

The profile of the urea transporter domain (PFAM
PF03253) was retrieved from the InterPro website (ht
tps://www.ebi.ac.uk/interpro/) and searched against the
UniProt  database (https://www.uniprot.org/, last
accessed August 5, 2025) using hmmsearch (ver-
sion 2.39.0) [7]. In order to reduce false positives, we
have applied stringent filters: we selected hits having
an E-value < 1.107%, in proteins longer than 150 amino
acids and in which the identified domain was longer
than 100 amino acids. Finally, using Uniprot annotation,
we removed all proteins annotated as “fragment”. In the
event that the same gene appeared more than once (e.g.:
isoforms), the longest one was selected.

Proteins were screened using hmmscan [7] against the
Pfam-A database [8] to identify all possible domains. The
analysis was performed with default parameters, and
results with an E-value lower than 1 x 10 were consid-
ered significant.

UT domains were aligned using MAFFT v7.475 with
default parameters [9] and the resulting alignment was
used to build a maximum likelihood phylogenetic tree
with the IQ-TREE software (version 3.0.1) [10]. Mod-
elFinder [11] identified as the best substitution model
the Pfam-derived empirical substitution matrix with
observed amino acid frequencies, and a four-category
discrete gamma distribution to account for variation
among-sites. Finally, branch support was evaluated using
1,000 ultrafast bootstraps [12]. The final tree was visual-
ized using FigTree v1.4.4 (https://tree.bio.ed.ac.uk/softwa
re/figtree/).

Tree representatives were aligned using MAFFT, and
the identity of each amino acid position was estimated.
Archaea domains were merged and considered as a single
unit.

Protein three dimensional structures were modeled
using the AlphaFold server [13] with default parameters.
The models with the highest predicted local distance dif-
ference test scores were selected for further analyses and
visualized using Pymol [14]. Amino acid conservation of
the UT domain was plotted on the predicted structure of
the trimeric form of human UT-B using Pymol.

Molecular evolution analyses

Coding sequences of SLCI4A1 and SLCI4A2 were
retrieved from the National Center for Biotechnol-
ogy Information database (http://www.ncbi.nlm.nih.
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gov, last accessed September 23, 2025). In particular, we
retrieved sequence information for species belonging to
the five most populous orders: Primates, Rodentia, Chi-
roptera, Carnivora, and Artiodactyla. Sequences having
low sequence coverage were excluded. A list of species is
reported in Table S1.

The RevTrans 2.0 utility was used to generate multiple
sequence alignments (MSAs) using MAFFT v6.240 as an
aligner [15]. Phylogenetic trees were reconstructed using
the phyML program (version 3.1) with a General Time
Reversible (GTR) model plus gamma-distributed rates
and 4 substitution rate categories with a fixed propor-
tion of invariable sites [16]. Each resulting alignment was
manually inspected and was analyzed for the presence of
recombination signals using GARD (Genetic Algorithm
Recombination Detection) [17]. GARD is a Genetic Algo-
rithm implemented in the HYPHY suite (version 2.2.4),
which uses phylogenetic incongruence among segments
in the alignment to detect the best-fit number and loca-
tion of recombination breakpoints.

To detect positive selection, the codon-based codem!
program implemented in the PAML (Phylogenetic Anal-
ysis by Maximum Likelihood, v4.9) suite was applied
[18]. Using F3 x 4 codon frequencies model (codon fre-
quencies estimated from the nucleotide frequencies in
the data at each codon site) [18, 19], a model (M8, posi-
tive selection model) that allows a class of sites to evolve
with dN/dS > 1 was compared to two models (M7 and
M8a, neutral models) that do not allow dN/dS > 1. To
assess statistical significance, twice the difference of the
likelihood (AInL) for the models (M8a vs. M8 and M7 vs.
M8) was compared to a x2 distribution (1 or 2 degrees
of freedom for M8a vs. M8 and M7 vs. M8 comparisons,
respectively). To be conservative and to obtain robust
results, we called a gene as a target of positive selection
only if it was detected by both comparisons.

In order to identify specific sites subject to positive
selection, we applied four different methods: (1) the
Bayes Empirical Bayes (BEB) analysis (with a cutoff of
0.90), which calculates the posterior probability that each
codon is from the positive selection site class (under M8
model) [20]; (2) Fast Unbiased Bayesian AppRoximation
(FUBAR) (with a cutoff of 0.90), an approximate hierar-
chical Bayesian method that generates an unconstrained
distribution of selection parameters to estimate the pos-
terior probability of positive diversifying selection at each
site in a given alignment [21]; (3) Mixed Effects Model of
Evolution (MEME) (with a p-value cutoff < 0.1), which
allows the distribution of dN/dS to vary from site to site
and from branch to branch at a site [22]; (4) Fixed Effects
Likelihood (FEL) (with a p-value cutoff < 0.1), a maxi-
mum-likelihood (ML) approach to infer dN/dS on a per-
site basis, assuming that the selection pressure for each
site is constant along the entire phylogeny [23]. Again,
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to be conservative and to limit false positives, only sites
detected using at least two methods were considered as
positive selection targets.

GARD, FEL, FUBAR, and MEME analyses were run
locally through the HyPhy suite [24].

Primate polymorphism data

Polymorphis data for chimpanzee (Pan troglodytes), rhe-
sus macaque (Macaca mulatta), crab-eating macaque
(Macaca fascicularis), olive baboon (Papio anubis), and
marmoset (Callithrix jacchus) were derived from the
Genome variation Map [25] (https://ngdc.cncb.ac.cn/
gvm/home). Only missense variants with a frequency
higher than 0.10 were included.

Ancient DNA data analysis

To analyze the frequency of the rs1058396 derived
allele over time, we used a compilation of ancient DNA
genome data made available from the Allen Ancient DNA
Resource (AADR, V54.1.p1, Dataverse 8.0, March 6 2023)
[26]. Because ancient DNA sequences often have a very
low coverage and a relatively high genotyping error rate,
data are pseudohaploidized by sampling one allele per
variant site. Individuals were assigned to continents and
countries based on geographic coordinates or informa-
tion on the country of sampling. The boundary between
Europe and Asia was set at a longitude of 45°. Due to the
sample size, only data from Asia and Europe were ana-
lyzed. Individuals from the Middle East (Israel, Lebanon,
Jordan, and Syria) were excluded for these analyses.

To compare the average derived allele frequency (DAF)
and standard deviation (SD) of the study variant with
those of other SNPs and to obtain the quantile values, we
retrieved all variants that are polymorphic in the Euro-
pean (number of variants=1,094,500) and Asian (num-
ber of variants = 1,094,523) samples for which the derived
allele could be inferred from comparison with chimpan-
zee positions (as available in the AADR).

For geographic representation, European regions were
defined following the EuroVoc classification of sub-
regions (Central and Eastern Europe, Southern Europe,
Northern Europe, and Western Europe) (https://op.euro
pa.eu/en/web/eu-vocabularies/concept-scheme/-/resour
ce?uri=http://eurovoc.europa.eu/100277). Allele frequen
cies were calculated over time intervals and sub-regions.

Results

Evolutionary conservation and diversification of the UT
modaule in the three domains of life

Because urea transportation is thought to have origi-
nated early in evolution [1], we searched for the presence
of UTs in all three domains of life, meaning Eukary-
otes, Archaea, and Bacteria. Using the UT Pfam profile
we scanned the UniProt database and, after filtering,
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we found more than 1330 proteins showing at least one
UT domain (Table S2). As expected [1], multiple spe-
cies exhibited gene duplications (Table S2): bony fish
represented the most prominent group, showing both
the largest number of species and the highest frequency
of duplication events. Given the large number of UT
module-containing proteins we obtained, we set out to
explore their diversity in terms of domain architecture.
We thus searched for domain information in these pro-
teins. In vertebrates, no additional domains were iden-
tified in UTs, with the exclusion of a few fish proteins
that display galactosyltransferase or immunoglobulin
modules (Table S3). Conversely, in invertebrates, unicel-
lular eukaryotes, and bacteria, UT domains were found
to occur with other modules, the most common being
ankyrin repeats (rotifers, arthropods, and protists), EF-
hand domains (protists and bacteria), and M23 peptidase
domains (bacteria) (Table S3). Most of these domains are
located C-terminal to the UT (see Fig. 1A for represen-
tative structures). Thus, despite its overall conservation
across the tree of life, the UT domain may contribute
diverse functions or undergo specific regulation in some
eukaryotic and prokaryotic species.

To better understand the evolutionary and phylo-
genetic relationships among UTs from different taxa,
we next extracted the UT domain(s) from each protein
sequence and constructed a phylogenetic tree (Fig. 1B).
Results showed a clear separation between vertebrates
and all other groups, whereas most non-vertebrate spe-
cies did not clearly cluster based on taxonomy (Fig. 1B).
The evolution and separation of fish domains (UT-C and
UT-D) from all other vertebrate species was also clearly
evident (Fig. 1B). Another noteworthy aspect is the posi-
tioning of Archaea domains. We found 9 Archaea genes
carrying at least 2 UT modules, six having 3 of them. A
closer inspection revealed that these domains are much
shorter compared to the Bacteria/Eukaryotic ones, prob-
ably due to the splitting of the ancestral sequence.

Despite the lack of clear phylogenetic separation
among taxa, we sought to evaluate the sequence con-
servation of the UT modules, with the aim to identify
highly conserved positions or regions. For doing that,
we selected a few representatives from the tree and we
generated a multiple sequence alignment (Fig. S1). Due
to their being split, Archaea domains were considered
as a single unit. Despite the huge phylogenetic distances
among the taxa, results showed a good general conserva-
tion, with 24 amino acids (8%) being conserved in more
than 80% of the sequences. To evaluate the three-dimen-
sional position of the conserved sites, we generated a
model of the human UT-B domain (Fig. 1C). We found
that most of the conserved residues are buried in the
structure and define the channel-like pore responsible for
urea transport.
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Overall, these results indicate that the evolution of UTs
has been dynamic, with frequent gene gains and losses,
and acquisition of different domain architectures. None-
theless, at the sequence level, a remarkable conservation
of relevant amino acids is evident.

Positive selection drove the evolution of UT-B gene in
specific mammalian orders

We next aimed to analyze the evolutionary history of
UT genes in a more recent timeframe, namely during
the evolution of mammals. We thus retrieved sequence
information of the coding sequences of SLC14A1 and
SLCI14A2 orthologs from public databases, and we
retained the five more populous orders: Primates, Car-
nivora, Chiroptera, Rodentia, and Artiodactyla (Table
S1). To test whether positive selection has been driving
the evolution of these genes, we applied likelihood ratio
tests (LRTs) implemented in the PAML suite. Before
running the LRTs, in order to avoid false inferences, we
tested for recombination, which was not detected. LRT
results indicated significant evidence of positive selec-
tion in Primates, Chiroptera, and Rodentia for SLC14A1,
whereas no selection signature was found for SLC14A2
(Table S4, Fig. 2A).

To gain further insight into the evolution of SLCI4A1
in mammals, we identified positively selected sites in
the distinct orders where selection was detected (see
methods). Several positively selected sites were identi-
fied in primates and bats, whereas only one was found
in rodents (Table S4, Fig. 2A). Interestingly, some sites
showed independent evidence of selection in more than
one order (position 332 in rodents and humans, posi-
tions 204 and 283 in primates and bats), and additional
sites were very close to each other, suggesting recurrent
selective pressures acting on specific sites or regions. In
general, positively selected sites were more abundant
in the extracellular loops or transmembrane domains
compared to the cytoplasmic region, with the exclusion
of a cluster of three sites (Cys25, GIn26, and Gly27) in
the intrinsically disordered intracellular N-terminal tail
(Fig. 2A). One of these (Cys25) was previously shown to
contribute to membrane localization [27]. Interestingly,
some of the positively selected sites directly flanked posi-
tions that have instead been conserved for billions of
years, as determined by our analysis across the domains
of life, highlighting the different selective forces acting on
this protein (Fig. 2A). Mapping of the selection signals
onto the 3D structure of UT-B confirmed that several of
them are located in the flexible extracellular loops, one
of which carries the Asp280Asn that specifies the Kidd
blood group antigens (Fig. 2A and B).
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Fig. 1 Urea transporter conservation in the three domains of life (A) Structural model prediction of proteins that carry functional domains associated
with the UT domain (deep teal); three representative proteins are shown (peptidase M23, UniProt ID: AOA399T3G1; EF-hand, UniProt ID:AOA261KJD6;
ankyrin repeat, UniProt ID: AOA814UYH3). (B) Phylogenetic tree for the UT domain in Eukaryotes, Bacteria, and Archaea. Species were coloured as shown
in the inset legend to better highlight the conservation and distribution of the domain. The vertebrate repertoire of UTs is also shown. Tree nodes with

a bootstrap support higher than 80 are indicated with a black dot. (C) Structural model of the human UT-B domain trimer colored based on amino acid
conservation in different taxa
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ter/) based on Chi et al. data [2]. (B) Crystal structure of human SLC14A1 (UT-B, PDB ID: 8BLP). Positively selected sites are shown as sticks and highlighted

as in panel (A); conserved amino acids are in blue

Ongoing selection at the SLC14A1 gene in primate
populations

Because of the abundant signatures of fast evolution in
the primate SLCI4A1 gene, and due to the previously
suggested action of balancing selection acting on the
human Asp280Asn variant (see below) [28], we sought
to determine whether polymorphic nonsynonymous
substitutions are maintained in non-human primate

populations. We thus interrogated the Genome varia-
tion Map database and retrieved nonsynonymous vari-
ants with a frequency higher than 0.10 in chimpanzee,
macaque (rhesus and crab-eating), baboon, and marmo-
set populations. We detected common variants in all of
them (Table S5). In the case of chimpanzees and mar-
moset two of the polymorphic positions (Ala200Gly and
Met167Val, respectively) correspond to sites that were
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Fig.3 Temporal dynamics of the Asp280Asn variant in Europe. (A) Present-day allele frequency of the rs1058396 variant in 54 human populations of the
Human Genome Diversity Project [60] (B) Frequency of the derived allele (280Asn) over seven time intervals covering a time transect from the Paleolithic
to the near past (contemporary samples are not included). The number of individuals is reported above each data point. (C) Density plot of the mean DAF
and SD for ~ 1 million variants. For visualization purposes, the data space was divided into hexagonal bins that are color-coded according to SNP count.
The rs1058396 SNP is represented as a red dot. (D) Frequency of the derived allele over different time periods in four European sub-regions: Central and

Eastern Europe, Southern Europe, Northern Europe, and Western Europe

targeted by positive selection during primate evolution,
suggesting ongoing selection (Fig. 2A). Interestingly, in
rhesus macaques and crab-eating macaques, the same
position (Phe376 in the human protein) is polymorphic
and two distinct amino acids are found in the latter, due
to changes in the first or second codon position. This
suggests that the 376 residue, located in the intracellu-
lar C-terminal loop, is subject to diversifying selection in
macaque populations.

Ancient DNA data support the maintenance of the

SLC14A1 Asp280Asn variant as a balanced polymorphism
in Europe

As introduced above, the SLC14A1 Asp280Asn variant
(rs1058396) determines the Jka/Jkb antigens of the Kidd
blood group system. Residue 280 is located on an extra-
cellular loop close to a site that was positively selected
in bats and primates (Fig. 2A). In contemporary human
populations, the derived allele (280Asn) is very common
in Europe and Asia (~ 50% frequency or higher), while
its frequency is around 25% in Africa (Fig. 3). We have
previously shown that the variant has been maintained
in human populations for at least two million years as
a result of long-standing balancing selection [28]. The
latter refers to different evolutionary processes that
maintain polymorphisms in a population. Thus, balanc-
ing selection may result from heterozygote advantage,
frequency-dependent selection, variable environmen-
tal conditions across time or space, or other forces [29].
However, balancing selection is often transient in time,
raising the possibility that the signatures we detected
were the results of selective events that occurred in a dis-
tant past. Also, the increased genetic diversity that is a
hallmark of balancing selection can in principle also be
caused by population structure [29]. It has thus been sug-
gested that temporally sampled data are ideally suited to
detect or confirm evidence of balancing selection, as the
frequency of alleles evolving under this selective regime
is expected to be relatively stable over time [30]. None-
theless, this expectation has never been tested using real-
world human genetic data.

To explore the dynamics of the rs1058396 variant
through time, we took advantage of the fact that it is cov-
ered in genotype data from a large collection of ancient
DNA samples. Most of such samples derive from indi-
viduals who lived in Europe and we thus initially focused
on this continent [26]. From 6,480 ancient European

genomes in the Allen Ancient DNA Repository [26],
3,457 genomes had genotype calls at the position of inter-
est. In the time frame ranging from ~ 110,000 to 12,000
years before present (BP), data are sparse, with only 30
individuals having information for the rs1058396 vari-
ant. Starting from 12,000 years BP, information is more
abundant. Thus, to analyze the temporal dynamics of
rs1058396, we divided the genomes based on their esti-
mated dating into 7 time periods (2,000 years each,
except for the oldest, ranging from ~ 110,000 to 12,000
years BP), allowing analysis of allele frequencies over a
time transect from the Paleolithic to present days. Results
indicated that the frequency of the derived 280Asn allele
(rs1058396-A) has remained remarkably stable across
time periods in the past ~ 110,000 years. To compare the
trajectory of the rs1058396 variant with those of other
SNPs genotyped in the dataset, we calculated the mean
and standard deviation (SD) of the derived allele fre-
quency (DAF) across the seven time periods. The same
calculation was performed for more than 1 million vari-
ant positions where the derived allele could be inferred
based on the chimpanzee allele status (see methods).
Results showed a tendency for variants with intermedi-
ate average DAF to have higher standard deviations than
variants at the extremes of the DAF spectrum. Despite
its intermediate DAF (mean over time periods = 0.439),
the SD of rs1058396 was very low (SD = 0.028). In order
to determine whether, given its average DAF, the SD of
the variant is indeed lower than expected by chance, we
applied an empirical approach. Specifically, we binned all
variants in 1,000 average DAF intervals and we calculated
the SDs in each bin. We then calculated the quantile cor-
responding to the SD of rs1058396, which resulted equal
to 0.0086. This result clearly indicates that the DAF of the
variant under study has remained unexpectedly stable
over the time transect.

We next asked whether the frequency of the
Asp280Asn variant has also remained stable over dif-
ferent geographic locations in Europe. We thus divided
the genomic data based on time periods and European
subregions (see methods). Calculation of the average
subregion-wise DAFs indicated limited differences, with
the DAF always being within the 0.25-0.53 range. This
analysis should be regarded as qualitative, as the sample
size is limited and different in the distinct subregion/
time groups. Overall, these results are consistent with
balancing selection having maintained the rs1058396 at
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Fig. 4 Temporal dynamics of the Asp280Asn variant in Asia. (A) Frequency of the derived allele (280Asn) over five time intervals covering a time transect
from the Paleolithic to the near past (contemporary samples are not included). The number of individuals is reported above each data point. (B) Density
plot of the mean DAF and SD for ~ 1 million variants. Visualization is as described in the legend of Fig. 3. The rs1058396 SNP is represented as a red dot

intermediate frequency across Europe from the Paleo-
lithic to the present.

Evidence of balancing selection acting on rs1058396 in
Asia

We next sought to determine whether the Asp280Asn
variant has also evolved under a balancing selection
regime in Asia, the second continent where ancient DNA
data are most aboundant. In the Allen Ancient DNA
Repository, Asian 1,211 genomes had genotype calls for
rs1058396. In the time period ranging from ~ 110,000
to 8,000 years BP, only 36 genotypes were available, thus
these time intervals were merged. Calculation of the
average DAF over the 5 time periods showed a general
stability, with only a slight initial increase (Fig. 4).

As in the case of the European data, we analyzed the
across-interval average frequency and SD of the variant
together with those of ~1 million polymorphic SNPs
in samples from this continent with available ancestral
state information. We obtained similar results as in the
European samples, with variants with intermediate aver-
age DAF tending to have higher SDs (Fig. 4). The SD of
rs1058396 was in the low range given its DAF and bin-
ning into DAF classes indicated that it corresponds to the
0.087 quantile.

In summary, both in Europe and in Asia, the 280Asn
allele has remained significantly more stable in frequency
than the majority of variants in its DAF class. The obser-
vation of the same pattern in two independent sets of

data samples from different continents strongly supports
the view that the stability of the Asp280Asn variant is not
due to drift but rather to its having been a target of bal-
ancing selection in the past 110,000 years.

Discussion

Our study unveils key aspects of the molecular evolution
of UTs at different time scales, highlighting deep conser-
vation across the three domains of life, but also positive
selection in mammals, as well as balancing selection of
the Kidd antigen variant in human populations along a
time transect from the Paleolithic to the present.

Because a comprehensive analysis of the representa-
tion and domain architecture of UT proteins was miss-
ing, we systematically searched for UT modules across
the three domains of life. We found a wide diversity of
UT domains in prokaryotic proteins and some protist
UT domains clustered with bacterial ones, possibly sug-
gesting recent horizontal transfer events. A notable find-
ing of the UT module search across the tree of life was
the identification of diverse domain architectures. These
were particularly common in invertebrates, protists, and
bacteria and most likely resulted from domain shuffling,
which is a major driver of protein evolution [31]. For
instance, all UT-containing proteins in rotifers also pres-
ent ankyrin domains, and EF-hand modules are common
in stramenopiles (protists). Ankyrin repeats were shown
to modulate the activity of metazoan ion channels of
the transient receptor potential family [32—34], whereas
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EF-hand motifs can regulate the activation/inactivation
of some calcium channels [35, 36]. These observations
suggest that, in some species, UTs may be regulated in
their function by Ca++ or other stimuli.

The early origin of UT domains also allowed the iden-
tification of specific residues that have remained con-
served across billions of years of evolution. At the same
time, though, we found evidence that UT-B has under-
gone rapid evolution at specific sites as the result of
positive selection in mammals. Some such sites impinge
on the same region where highly conserved residues
are located, highlighting the co-occurrence of different
selective forces at nearby sites. We found a considerable
number of sites targeted by selection in primates and chi-
roptera. It is clearly difficult to speculate on the possible
selective forces underlying the signatures we detected in
these mammalian orders. Because UT-B is expressed on
the erythrocyte membrane, one possibility is that selec-
tion operated as a response to protozoan blood para-
sites (orders Haemosporida and Piroplasmida). Bats and
primates were shown to host a wide diversity of hae-
mosporidians [37-43], whereas piroplasms are widely
distributed in mammals, including humans, with the
seroprevalence for Babesia spp. being around 2% in the
general population in Europe [44—46]. In fact, piroplasms
and haemosporidians were previously suggested to have
represented a strong selective pressure in mammals
[47]. Unfortunately, little is known about the molecu-
lar mechanisms that these parasites use to invade blood
cells, but adhesion to surface molecules such as UT-B,
may have a role. Likewise, plasma membrane proteins or
alterations in the intracellular concentration of urea may
impact the ability of bacteria such as those in the Bar-
tonella and Anaplasma genera to establish intraerythro-
cytic bacteraemia. In this respect, it is worth noting that
bats contributed to the radiation of mammal-associated
Bartonella species and display a long-standing associa-
tion with these pathogens [48]. Experimental investiga-
tions will be necessary to determine whether SLC14A1
functions as a receptor for blood pathogens and if the
positively selected sites impact its functionality in terms
of intracellular urea concentration or erythrocyte mem-
brane structure.

In this work, we also provide direct evidence for the
temporal stability of Jka/Jkb polymorphism over approxi-
mately 110,000 years in Europe and Asia. While we previ-
ously showed that this variant was a target of balancing
selection [28], we here use ancient DNA data to track its
allele frequency through deep time. This novel applica-
tion of paleogenomics confirms that the polymorphism
was maintained at stable intermediate frequencies and
that this is unlikely due to chance alone. Specifically,
we compared the allele frequency trajectory to those of
more than 1 million variants from the same time-binned
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intervals, which provided the background empirical dis-
tribution. Whereas this approach does not adjust for
temporal shifts in ancestry composition or population
replacements, which were common in Eurasia [49], it
relies on the concept that demographic changes affect the
whole genome and that a large number of variants can
provide a neutral expectation. Moreover, the stability of
rs1058396 frequency over time, European sub-regions,
and across continents is compelling. In this respect, we
wish to mention that the boundary between Europe
and Asia was set at 45° longitude, an arbitrary divide.
Whereas this is common practice to compare allele tra-
jectories between continents (e.g [50, 51]), using a fixed
geographic split does not account for the complex pat-
terns of genetic and cultural overlap across Eurasia. This
represents a limitation of our study, although we con-
sider that the use of empirical distributions may allevi-
ate potential biases. Another limitation of our approach,
which is inherent to paleogenomic analyses, is the use
of pseudohaploid data, which clearly hamper analyses
based on heterozygosity and thus affects interpretations
of balancing selection. In terms of limitations, we should
also add that, with only 30 European individuals and the
merged early Asian intervals, the oldest time period esti-
mates may carry large uncertainty. However, the later
Holocene bins have larger sample sizes and stability
across these intervals is reproducible.

Whereas these results are clearly consistent with a role
for balancing selection in maintaining the Asp280Asn
variant at intermediate frequency, the underlying selec-
tive pressure remains unknown. The amino acid change
occurs in an extracellular loop that also carries a site
that was positively selected independently in bats and
primates, as well as some highly conserved residues. No
human phenotype has been associated with Jka or Jkb
carriers and even Jk-null individuals only suffer minor
urine concentration defects [6]. However variants in
SLCI4A1 have been associated with urinary bladder can-
cer, reticulocyte count, mean corpuscular hemoglobin
concentration, and other hematological traits [52-59].
Whereas cancer is an unlikely driver of the selection sig-
nals we detected, due to its usual onset after reproductive
age, changes in erythrocyte-related traits might confer
differential susceptibility to blood pathogens, includ-
ing the ones we mentioned above. The testing of these
hypotheses will need epidemiological and/or experimen-
tal analysis. Despite the missing underlying causative
explanation, our data show how paleogenomics can pro-
vide information on the selective processes in humans,
not only limited to positive, directional selection, but also
to other selective regimes, including balancing selection.
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