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ABSTRACT Sialic acids are nine carbon sugars ubiquitously found on the surfaces of vertebrate cells and are
involved in various immune response-related processes. In humans, at least 58 genes spanning diverse functions,
from biosynthesis and activation to recycling and degradation, are involved in sialic acid biology. Because of their role
in immunity, sialic acid biology genes have been hypothesized to exhibit elevated rates of evolutionary change.
Consistent with this hypothesis, several genes involved in sialic acid biology have experienced higher rates of non-
synonymous substitutions in the human lineage than their counterparts in other great apes, perhaps in response to
ancient pathogens that infected hominins millions of years ago (paleopathogens). To test whether sialic acid biology
genes have also experienced more recent positive selection during the evolution of the modern human lineage,
reflecting adaptation to contemporary cosmopolitan or geographically-restricted pathogens, we examined whether
their protein-coding regions showed evidence of recent hard and soft selective sweeps. This examination involved the
calculation of four measures that quantify changes in allele frequency spectra, extent of population differentiation, and
haplotype homozygosity caused by recent hard and soft selective sweeps for 55 sialic acid biology genes using
publicly available whole genome sequencing data from 1,668 humans from three ethnic groups. To disentangle
evidence for selection from confounding demographic effects, we compared the observed patterns in sialic acid
biology genes to simulated sequences of the same length under a model of neutral evolution that takes into account
human demographic history. We found that the patterns of genetic variation of most sialic acid biology genes did not
significantly deviate from neutral expectations and were not significantly different among genes belonging to
different functional categories. Those few sialic acid biology genes that significantly deviated from neutrality either
experienced soft sweeps or population-specific hard sweeps. Interestingly, while most hard sweeps occurred on
genes involved in sialic acid recognition, most soft sweeps involved genes associated with recycling, degradation and
activation, transport, and transfer functions. We propose that the lack of signatures of recent positive selection for the
majority of the sialic acid biology genes is consistent with the view that these genes regulate immune responses
against ancient rather than contemporary cosmopolitan or geographically restricted pathogens.
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Sialic acidsarenine carbonsugars that are commonly foundon theendsof
glycoconjugates in deuterostome animals (Schauer 1982; Varki 2007).
These molecules are involved in several biological processes, such as
intercellular adhesion and signaling (Kelm and Schauer 1997; Varki
and Varki 2007), and play important roles in the modulation of various
aspects of the host immune system (Pilatte et al. 1993; Varki and Gag-
neux 2012) including activation of immune responses, leukocyte traffick-
ing, complement pathway activation, and microbial attachment.
Modification of sialic acid molecules during their biosynthesis and sub-
sequent attachments to underlying sugars via different linkages give rise
to a diverse repertoire of sialic acids (Angata and Varki 2002; Varki and
Varki 2007; Cohen and Varki 2010; Hayakawa and Varki 2011).

More than 50 genes are known to be involved in various aspects of
sialic acid biology in humans, and they fall into five broad functional
categories (Altheide et al. 2006): 1) biosynthesis, 2) activation, trans-
port, and transfer, 3) modification, 4) recognition, and 5) recycling and
degradation (Figure 1). Biosynthesis genes are involved in assembling
sialic acids from precursor molecules in the cytosol, while genes in-
volved in the second category activate the sialic acids by attaching
cytidine monophosphate to them, transport the activated sialic acids
to the Golgi for attachment to glycoconjugates via multiple forms of a
linkages, and transfer them to the cell surface. Activated sialic acids that
are linked to the underlying sugar can be further modified by incorpo-
ration of additional molecules before the sialylated glycoconjugate is
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transferred to the cell surface. At the cell surface, sialic acids are recog-
nized by specialized receptors and finally, the used sialic acids end up in
the lysosome for recycling and degradation (Altheide et al. 2006).

Both the large number of genes involved in human sialic acid biology
and theirhighsequencediversityhavebeenhypothesized tobe a result of
ancient selective pressures from paleopathogens that infected hominins
millions of years ago and left their signatures on genes involved in sialic
acid biology (Varki 2009). The most striking example involves the
Alu-mediated inactivation of the CMAH gene specifically in the
human lineage (Chou et al. 1998; Irie et al. 1998; Varki 2001):
the enzyme encoded by this gene is responsible for the conversion of
N-acetylneuraminic acid (Neu5Ac) to N-glycolylneuraminic acid
(Neu5Gc), and Neu5Ac is the main form of sialic acid in humans. This
change in sialic acid composition has been suggested to act as a means
to escape infection by Plasmodium reichenowi, a parasite that prefer-
entially binds to Neu5Gc and is known to cause malaria in chimpan-
zees. Conversely, adoption of Neu5Ac likely made humans susceptible

to infection by the malaria parasite Plasmodium falciparum,
which instead binds to Neu5Ac (Martin et al. 2005; Varki and
Gagneux 2009). Additionally, in contrast to humans, the inhib-
itory receptor Siglec-5 and its immune-stimulatory counterpart
Siglec-14 in great apes lack the essential arginine residue required
for optimal binding with sialic acids, likely as a consequence of the
above-mentioned switch from Neu5Gc to Neu5Ac in the human
lineage (Angata et al. 2006). Finally, molecular evolutionary anal-
yses in primates and rodents have shown that genes involved in
sialic acid recognition exhibit a considerable degree of sequence
divergence, even between closely related species, suggestive of
ancient positive selection in response to paleopathogens
(Altheide et al. 2006).

The examples above suggest that sialic acid biology genes experi-
enced adaptive changes early in the evolutionary radiation of primates,
including hominids and hominins. However, whether these same genes
also experienced positive selection during recent human evolution (i.e.,
in the last 250,000 years), reflective of adaptation to contemporary
pathogens, remains an open question. To test this hypothesis, we esti-
mated the population-level genetic variation of the protein-coding re-
gions of sialic acid biology genes, and carried out tests aimed to detect
hard selective sweeps, including tests of deviation from neutrality (mea-
sured by Tajima’s D; Tajima 1989), population differentiation (mea-
sured by FST; Weir and Cockerham 1984), and extended haplotype
homozygosity (measured by nSL; Ferrer-Admetlla et al. 2014) using
the 1000Genomes Project sequencing data from 1,668 humans belong-
ing to three ethnic groups (Auton et al. 2015). To also test for the
possible action of soft selective sweeps, we employed H12 (Garud
et al. 2015), a measure of modified pooled haplotype homozygosity.

Figure 1 Summary of the biochemical processes involved in human sialic acid biology and the genes known to be associated with them.
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To determine whether sialic acid biology genes exhibit patterns of ge-
netic variation that deviate from neutral expectations, we compared the
values of each of these four measures for sialic acid biology genes
against those from sequences of the same length simulated under neu-
tral evolution assuming a realistic model of human demographic his-
tory (Gravel et al. 2011; Messer 2013; Haller and Messer 2017).
Examination of patterns of genetic variation of sialic acid biology genes
showed that, irrespective of their functional category, most of them
conform to neutral expectations. Sialic acid biology genes that deviate

from neutrality exhibit evidence of either temporally or spatially vary-
ing positive selection. For example, both recognition genes SIGLEC5
and SIGLEC12 show nSL values in Europeans that are consistent with
the occurrence of a selective sweep approximately 20,000 years ago,
whereas the Tajima’s D value of the recycling and degradation gene
SIAE suggests that it experienced a hard selective sweep long before the
out-of-Africa migration, approximately 250,000 years ago. Combined
with previous work showing the widespread occurrence of ancient
positive selection on genes involved in sialic acid biology prior to the

Figure 2 Summary of the population genetics measures used in this study. This figure depicts the nature of the genomic signatures left by varying
modes of selective sweeps occurring at different evolutionary time points, the measures that we use to detect such signatures, and the expected
values for regions that have experienced selective sweeps (depicted in pink) compared to regions that have not (depicted in gray). (A) In a hard
selective sweep model, a single, advantageous new variant rises to high frequency (‘sweeps’) within the population, dramatically reducing
variation in the nearby (linked) neutral variants. This results in a signature of reduced levels of genetic diversity in the genomic region surrounding
the selected variant. The Tajima’s D neutrality index assesses the extent of the abundance of rare variants resulting from such selective sweep
events. As mutagenesis is rare, this signature persists for a relatively long period of time, and has been proposed to detect selective events that
happened around the origin of modern humans approximately 250,000 years ago. (B) Approximately around 75,000 – 50,000 years ago, modern
humans migrated out of Africa to inhabit different parts of the world, resulting in exposure to new selective pressures (e.g., pathogens). Sub-
sequent local adaptation events would have resulted in differences in allele frequencies among distinct populations (i.e., population differenti-
ation), which can be quantified by Weir & Cockerham’s FST index. (C) Another genomic signature of hard selective sweeps is the presence of one
dominant extended haplotype within the population, which stems from the hitch-hiking of linked neutral variants alongside the beneficial variant.
As recombination events eventually break down the haplotype structure, this signature persists for a relatively short period of time (i.e., 20,000
years). This signature can be quantified by measures of extended haplotype homozygosity such as nSL. (D) In contrast to the hard selective
sweeps, soft selective sweeps occur when standing variation or multiple de novo mutations introduce several beneficial alleles into the pop-
ulation, resulting in an increase in the frequency of more than one, independent haplotypes. Measures of pooled haplotype homozygosity that
combine the frequencies of the most common and second-most-common haplotypes (i.e., H12) have been shown to possess increased power to
capture the signatures resulting from such soft selective sweeps.
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emergence ofmodern humans (Altheide et al. 2006), our results suggest
that the evolution of human sialic acid biology genes has been more
strongly influenced by ancient primate pathogens rather than
by contemporary cosmopolitan or geographically-restricted human
pathogens.

METHODS

Genotype Dataset
To examine whether sialic acid biology genes have experienced positive
selection during recent human evolution, for all analyses we used the
genotype data for 1,668 individuals from three ethnic backgrounds
(661 Africans, 503 Europeans, and 504 East Asians) from Phase 3 of the
1000 Genomes Project (for information on data sources, see File S1)
(Auton et al. 2015).

Sialic Acid Biology Genes
To identify all the genes involved inhuman sialic acid biology,we started
from a previously published list of 55 loci (Altheide et al. 2006) and
added SIGLEC14 and SIGLEC16, which were discoveredmore recently,
as well as SIGLEC15, which was not included in the previous study. As
sex-linked genes tend to exhibit different patterns of genetic variation
than genes located on autosomal chromosomes (Schaffner 2004), we
excluded the two genes that are located on the X chromosome, L1CAM
and RENBP; in addition, we removed CMAH, the sole gene involved in
modification of newly synthesized sialic acids because it is a non-func-
tional pseudogene in humans (Chou et al. 1998; Irie et al. 1998). Thus,
55 genes were retained for subsequent analyses (Figure 1).

To extract genotypes for these 55 genes, we used VCFtools, version
0.1.13 (Danecek et al. 2011) (for specific commands used, see File S1),
with the gene coordinates (GRCh37p.13) obtained from Ensembl (re-
lease 75) via BioMart as input; indels were excluded from our analyses.
Compressed VCF files and index files required for subsequent analyses
were created using tabix, version 0.2.6 (Li 2011).

Measuring Signatures Of Recent Positive Selection In
Human Sialic Acid Biology Genes
To determine the levels of genetic polymorphism of sialic acid biology
genes, we first calculated pairwise nucleotide diversity (p) (Nei and Li
1979) using PopGenome, version 2.1.6 (Pfeifer et al. 2014). As there
may have been variation in when and where human sialic acid biology
genes experienced positive selection, we next used four different mea-
sures aimed to capture genomic signatures left from the action
of selection at different time ranges during recent human evolution
(Figure 2) (Sabeti et al. 2006).

To detect signatures left by hard selective sweeps that occurred
approximately 250,000 years ago, we calculated Tajima’sD (Figure 2A)
(Tajima 1989) using the R package PopGenome, version 2.1.6 for each
of the 55 genic regions (i.e., regions defined by the gene coordinates
obtained via Ensembl) of the sialic acid biology genes (Pfeifer et al.
2014). To detect local selection that occurred after the out-of-Africa
migration approximately 75,000 years ago, we calculated both weighted
and mean Weir & Cockerham’s fixation index (FST) (Figure 2B) (Weir
and Cockerham 1984) between all three ethnic groups for the genic
regions of sialic acid biology genes using VCFtools (Danecek et al.
2011). To capture signatures of selective sweeps that occurred

Figure 3 The distribution of Tajima’s D values across the four functional categories of sialic acid biology genes. The graph presents the values of
Tajima’s D calculated for all 1,668 individuals of the 1000 Genomes Project. The 55 sialic acid biology genes are displayed according to the
functional categories they belong to. Genes exhibiting significant deviation from neutral expectations (i.e., genes with p-values less than 0.05) are
highlighted in black and their names are shown next to the data points; the names of all other (non-significant) genes have been omitted. The
values of Tajima’s D for each of the 55 genes can be found in Table S1 in File S3. The number of genes belonging to each category is shown
below the name of each functional category.
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approximately 20,000 years ago (Sabeti et al. 2006; Voight et al. 2006),
we calculated the nSL statistic (number of segregating sites by length;
Ferrer-Admetlla et al. 2014) (Figure 2C) (Sabeti et al. 2006) using
Selscan, version 1.2.0 (Szpiech and Hernandez 2014). For each gene,
we calculated nSL for the region extending 100kb upstream and down-
stream using the default settings of Selscan; the only deviation from the
default settings was that we used 0.01, instead of 0.05, for the minor
allele frequency (MAF) cut-off value. As extended haplotype methods
are thought to detect selection events that happened after the out-of-
Africamigration, we calculated thismeasure for each of the three ethnic
groups, rather than globally. We used the maximum absolute nSL val-
ues calculated over the entire window to represent each sialic acid
biology gene and report un-standardized nSL values in this paper.

Tajima’s D, Weir & Cockerham’s FST, and the nSL statistic are
designed to capture signatures of completed or ongoing hard selective
sweeps; therefore, they have limited power to detect incidences of soft
selective sweeps, in which standing variation or multiple de novo mu-
tations introduce several beneficial alleles into a population (Pennings
and Hermisson 2006a; Messer and Petrov 2013). To detect soft sweeps,
we used the H12 index (Figure 2D) (Garud et al. 2015), a modified
haplotype homozygosity index that combines the frequency of themost
common and second most common haplotypes in a given sample
(Pennings and Hermisson 2006b). We modified the original python
script written by Garud to carry out the calculations of H12 (Garud
et al. 2015) on the genic regions of sialic acid biology genes.

Simulations of Neutral Evolution
The distribution of each of the fourmeasures in the absence of selection
canbe influencedbydemographic events and randomprocesses, suchas

genetic drift. Therefore, to assess the probability that observed values in
sialicacidbiologygenes reflect theactionof selection,wecomparedthem
to those “expected” from a realistic neutral model that accounts for
human demography. To identify any sialic acid biology genes that
significantly deviate from selective neutrality in any of the four mea-
sures, we conducted simulations of neutral evolution using SLiM, ver-
sion 2.4.1 (Messer 2013; Haller and Messer 2017). To account for the
confounding effects of past demographic events, we incorporated pre-
viously calculated demographic parameters for the three ethnic groups
in our study (Gravel et al. 2011), which were estimated by combining
low-coverage whole genome data and high-coverage targeted exon data
of the pilot phase 1000 Genomes Project. More specifically, the simu-
lation model assumes that: a) approximately 148,000 years ago, the
ancestral African population experienced a population expansion from
an initial effective population size of 7,310 to 14,474, b) the out-of-
Africa migration occurred approximately 51,000 years ago, c) the sub-
sequent Eurasian split happened approximately 23,000 years ago, d)
after the Eurasian split, a bottleneck event in the European population
reduced its effective size to 1,032 individuals, e) for the last 23,000 years,
both the European and the East Asian populations each experienced an
exponential growth in effective population size (exponential quotients
for Europeans: 0.0038; exponential quotients for East Asians: 0.0048),
and f) both the recombination rate (1.0 x1028 recombination events
per bp) and the mutation rate (2.36 · 1028 mutations per bp) were
fixed. More detailed information on the parameters used for the sim-
ulations can be found in the Supplementary File S1.

Using thismodel andparameters,we simulated the genotypes of 661,
503, and 504 individuals corresponding to the number of individuals
that we have genotype data from the African, European, and East Asian

Figure 4 The distribution of Weir & Cockerham’s FST values across the four functional categories of sialic acid biology genes. The graph presents
the values of weighted Weir & Cockerham’s FST values calculated by pairwise comparisons of the three ethnic groups. The 55 sialic acid biology
genes are displayed according to the functional categories they belong to. Genes exhibiting significant deviation from neutral expectations
(i.e., genes with p-values less than 0.05) are highlighted in black, their names shown next to the data points; the names of all other (non-significant)
genes have been omitted. The values of the FST for each gene, along with the values of the mean Weir & Cockerham’s FST, can be found in
Table S1 in File S3. The number of genes belonging to each category is shown below the name of each functional category.
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Figure 5 The distribution of nSL values across the four
functional categories of sialic acid biology genes. The
graph presents the values of nSL values calculated for
each ethnic group (Africans: (A), Europeans: (B), East
Asians: (C)). Unstandardized nSL values were calculated
in windows that expand 100kb up and downstream of a
given sialic acid biology gene: the maximum value of all
the absolute nSL values in a given window was used to
represent each gene. The 55 sialic acid biology genes
are displayed according to the functional categories
they belong to. Genes exhibiting significant deviation
from neutral expectations (i.e., genes with p-values less
than 0.05) are highlighted in black, their names shown
next to the data points; the names of all other (non-
significant) genes have been omitted. The values of
the nSL for each gene can be found in Table S2 in File
S3. The number of genes belonging to each category is
shown below the name of each functional category.
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groups, respectively. For each gene, we carried out 5,000 simulations to
create neutrally-evolved sequences of the same length.Wenextused these
simulated sequences to calculate Tajima’s D, Weir & Cockerham’s FST,
and H12 values as described above. To calculate nSL values, we used
SLiM to simulate 2,500 genomic regions that extend 100kb upstream
and downstream a “simulated sialic acid biology gene”. nSL values
were calculated on these regions using Selscan as described above. For
all tests, we calculated the p-value for a given gene as the proportion of
values on simulated sequences that were equal to or more extreme than
the observed value. We used a p-value of 0.05 as cutoff for significance: a
gene associated with a p-value lower than 0.05 likely indicates 1) de-
viation from neutrality, and 2) patterns of variation are due to the action
of positive selection and not due to demographic events.

Statistical Analysis
To compare the patterns of genetic variation across different functional
categories of sialic acid biology genes, we conducted pairwise Mann-
Whitney U (MWU) tests (two-sided): the exact p-values were calculated
for each comparison via the coin package, version 1.1-3, in the R pro-
gramming environment (Hothorn et al. 2008). P-values calculated for
comparisons among functional categories were adjusted post hoc to correct
for the testing of multiple hypotheses via the Bonferroni method using R.

Data Availability
File S1 contains detailed descriptions of the methods used and the
locations of the data files. File S2 lists the genomic coordinates of the
55 sialic acid biology genes.

RESULTS

Most Sialic Acid Biology Genes Do Not Exhibit
Signatures of Recent Positive Selection
To test the hypothesis that human sialic acid biology genes experienced
recent positive selection resulting from hard selective sweeps approx-
imately 250,000 years ago (i.e., around the origin of modern humans),
we calculated Tajima’s D for each of the 55 sialic acid biology genes
across our sample of 1,668 individuals (Figure 2A&Table S1 in File S3).
Comparison of each gene’s Tajima’s D value against the distribution of
Tajima’s D values estimated from 5,000 simulated sequences under
neutrality showed that only 2 / 55 sialic acid biology genes exhibited
significantly extreme values (SIAE, involved in recycling, degradation
functions: p-value = 0.024; and ST3GAL2, involved in activation, trans-
port, and transfer: p-value = 0.003; Figure 3 & Table S1 in File S3).

To test the hypothesis that human sialic acid biology genes experi-
encedrecent localpositive selectionafter themajorhumanmigrationout
of Africa approximately 75,000 years ago, we calculated Weir & Cock-
erham’s FST between our three human populations for each of the sialic
acid biology genes (Figure 2B &Table S1 in File S3).We found that 53 /
55 sialic acid biology genes did not exhibit significantly higher levels of
population differentiation compared to the values calculated for 5,000
neutrally simulated sequences (Figure 4 & Table S1 in File S3); the two
exceptions were the biosynthesis-involvedNANP (p-value = 0.045) and
the recognition-involved SELP (p-value = 0.035).

To test the hypothesis that human sialic acid biology genes experienced
selective sweeps in one or more human populations approximately 20,000
years ago (i.e., around or shortly prior to the Agricultural Revolution), we

Figure 6 The distribution of H12 values across the four functional categories of sialic acid biology genes. The graph presents the values of H12
values calculated across all three ethnics groups. The 55 sialic acid biology genes are displayed according to the functional categories they
belong to. Significant pairwise functional comparisons are indicated with asterisks (�: p-value , 0.05; ��: p-value , 0.01). Genes exhibiting
significant deviation from neutral expectations (i.e., genes with p-values less than 0.05) are highlighted in black, their names shown next to
the data points; the names of all other (non-significant) genes have been omitted. The values of the H12 for each gene can be found in Table S1 in
File S3. The number of genes belonging to each category is shown below the name of each functional category.
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calculated nSL values for the regions flanking 100kb upstream and down-
stream of sialic acid biology genes within each ethic group (Figure 2C &
Table S2 in File S3). For all three ethnic groups, we found that most sialic
acid biology genes did not deviate from neutral expectations: only five
genes (four involved in recognition and one in recycling, degradation) in
Europeans (SIGLEC5: p-value = 0.0004; SIGLEC6: p-value = 0.0004;
SIGLEC12: p-value = 0.0004; SIGLEC14: p-value = 0.0004; and NEU2:
p-value = 0.036; Figure 5B&Table S2 in File S3), five genes (three involved
in recognition and two in activation, transport, and transfer) in Africans
(LAMA2: p-value = 0.018; ST6GALNAC1: p-value = 0.002; ST6GALNAC2:
p-value = 0.001; SIGLEC8: p-value = 0.002; and SIGLEC10: p-value
= 0.002; Figure 5A & Table S2 in File S3), and four genes (two involved
in recognition and two in activation, transport, and transfer) in East Asians
(CD22: p-value = 0.046;MAG: p-value = 0.046; ST6GAL1: p-value = 0.001;
and ST6GALNAC5: p-value = 0.030; Figure 5C & Table S2 in File S3)
exhibited significant p-values. Notably, the genes exhibiting significant
deviations from neutral expectations were different for each ethnic group.

Finally, to test the hypothesis that the sialic acid biology genes
experienced soft selective sweeps, we calculated the modified pooled
haplotype homozygosity indexH12 for each of the 55 sialic acid biology
genes (Figure 2D& Table S1 in File S3). 10 / 55 sialic acid biology genes
showed H12 values that significantly deviated from neutral expecta-
tions (NANS: p-value = 0.0004;NEU1: p-value = 0.027;NEU3: p-value =
0.001; NPL: p-value = 0.0004; SIAE: p-value = 0.001; SIGLEC6: p-value
= 0.023; SLC35A1: p-value = 0.001; ST3GAL5: p-value = 0.002;
ST6GALNAC1: p-value = 0.032; ST8SIA4: p-value = 0.015; Figure 6 &
Table S1 in File S3). Of these 10 genes, four function in sialic acid
activation, transport, and transfer (SLC35A1, ST3GAL5, ST6GAL-
NAC1, and ST8SIA4), four in recycling and degradation (NEU1,

NEU3, NPL, and SIAE), one in recognition (SIGLEC6) and one in
biosynthesis (NANS).

The Four Functional Categories of Sialic Acid Biology
Genes Do Not Significantly Differ in Their Signatures of
Recent Positive Selection
We next examined whether the four distinct functional categories of
sialic acid biology genes (Figure 1) exhibit statistically significant dif-
ferences in their extent of polymorphism, allele frequency spectra, ex-
tent of population differentiation, and haplotype homozygosity by
comparing the patterns of nucleotide diversity (p), Tajima’s D, FST,
nSL, andH12 values across the four functional categories. 4 / 5measures
(p: Figure 7 & Table S3A in File S3; Tajima’sD: Figure 3 & Table S3B in
File S3; FST: Figure 4 & Table S3C in File S3; nSL: Figure 5A-C & Table
S3D-F in File S3) did not show significant differences among the four
functional categories. In contrast, comparison of H12 values across the
four functional categories showed significant differences between acti-
vation, transport, transfer and recognition (U-value = 114, adjusted p-
value = 0.023; Figure 6 & Table S3G in File S3) and between activation,
transport, transfer and recycling, degradation (U-value = 23, adjusted
p-value = 0.008; Figure 6 & Table S3G in File S3).

DISCUSSION
In this study, we tested the hypothesis that loci involved in human sialic
acid biology experienced recent positive selection by employing four
population genetic tests designed to detect selective signatures at dif-
ferent time points during the evolution ofmodern humans. In all of our
analyses, the majority of sialic acid biology genes did not significantly
deviate from neutral expectations.

Figure 7 The distribution of nucleotide diversity values across the four functional categories of sialic acid biology genes. The graph presents the
nucleotide diversity values calculated across all three ethnic groups. The 55 sialic acid biology genes are displayed according to the functional
categories they belong to. The nucleotide diversity value for each gene can be found in Table S1 in File S3. The number of genes belonging to
each category is shown below the name of each functional category.
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One likely explanation of our results is that, for the most part, genes
involved in sialic acid biology have not been targets of positive selection
in the last 250,000 years of human evolution. Previous studies have
shown that sialic acid biology genes were subject to strong ancient
selective pressures that have resulted in species-specific adaptations
(Varki 2001; Angata et al. 2004; Altheide et al. 2006; Varki and Gag-
neux 2009), suggesting that they likely evolved in response to ancient
pathogens. The function of sialic acid biology genes, i.e., the generation
of host-specific sialic acids and recognition of those self-associated
molecular patterns (SAMPs) by cognate receptors, contributes to the
detection of missing self (Medzhitov and Janeway 2002). It is possible
that evolution of such markers of normal self, and the ability to recog-
nize them correctly, have been influenced by ancient, but not, recent
pathogens. For instance, the human-specific Alu-mediated inactivation
of CMAH, the protein product of which is responsible for generating
Neu5Gc from its precursor Neu5Ac, has been suggested as a means of
escaping infection by Plasmodium reichenowi, a malaria-causing para-
site that infects other great apes (Martin et al. 2005; Varki and Gagneux
2009). In addition, a human-specific mutation of an essential arginine
residue required for sialic acid binding in Siglec-12 has been suggested
to be evolutionarily related to the loss of Neu5Gc in humans (Varki

2009). Several other human-specific changes in sialic acid biology (e.g.,
deletion of SIGLEC13 in humans or increased expression of SIGLEC1
on human macrophages compared to other primates) could have
resulted from selective pressures exerted by paleopathogens (Varki
2009; Wang et al. 2012). It should be noted that several other innate-
immunity genes have been shown to lack any signatures of positive
selection in more recent evolutionary time scales (Mukherjee et al.
2009; Siddle and Quintana-Murci 2014).

An alternative, but not mutually exclusive, possibility is that sialic
acid biology genes may have experienced recent positive selection but –
as the strength of selection can fluctuate over time and space – any
signatures left from such selective episodes were not strong enough to
alter the allele frequency spectra and extent of haplotype homozygosity
of sialic acid biology genes within a single population or acrossmultiple
populations to detectable levels (Bell 2010; Pritchard et al. 2010). For
example, even our most sensitive measure (the H12 index, which can
discern past soft selective sweeps) is still biased toward detecting hard
selective sweeps and loses power when sweeps are too soft (i.e., when
selection has acted on numerous variants, resulting in a high number of
haplotypes being present in the population) (Garud et al. 2015). There-
fore, it is possible that signatures of selection left by very soft selective

Figure 8 Few sialic acid biology genes have experienced both temporally and spatially varying modes of selective sweeps in recent human
history.
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sweeps are not being detected by the methods employed in this study.
In addition, host defense is a complex biological process that involves
interactions between numerous genes belonging to diverse biological
pathways. As such, it is feasible that selection has operated not on
individual sialic acid biology genes, but on the set of pathways that
comprise sialic acid biology, resulting in only subtle changes in allele
frequency spectra and haplotype homozygosity patterns of individual
genes that could not be detected by the gene-specific tests employed in
our study. The occurrence of such polygenic adaptation (Daub et al.
2013; Berg and Coop 2014; Daub et al. 2015) could similarly result in
non-significant deviations from neutral expectations at the level of in-
dividual loci.

Most of the sialic acid biology genes that did show evidence of recent
positive selection were recovered by the haplotype-based H12 index
(10genes),withmany fewer recoveredbyeither thehaplotype-basednSL
(4-5 per population) or the two frequency spectra-based measures
(Tajima’s D and FST; 2 each) (Figure 8). The key difference among
these measures is that H12 has increased power to detect soft selective
sweeps whereas the other three are designed to detect hard selective
sweeps, suggesting that sialic acid biology genes likely experiencedmore
soft than hard sweeps. This is consistent with a previous study suggest-
ing that hard selective sweeps were likely rare during modern human
evolution (Hernandez et al. 2011). Interestingly, genes that underwent
hard selective sweeps were often involved in recognition of sialic acids,
whereas genes that underwent soft sweeps were more often in the
activation, transport, transfer and recycling, degradation categories
(Figures 2 and 8).

We also found that the identity of the genes exhibiting significant
deviations fromneutral expectationswasdifferentamongthevarious tests
of selection employed in this study, and, in the case of nSL, among the
three ethnic groups studied. The only overlap was for SIGLEC6, which
was shown to exhibit significant values of both nSL (in Europeans) and
H12. The lack of overlap likely reflects the differences in sensitivities of
the four measures (see preceding paragraph), and hence the occurrence
of spatially and/or temporally varying selective events. For instance, it has
been demonstrated that tests that quantify the extent of excess or de-
pletion of rare alleles (e.g., Tajima’s D) have the most power to detect
hard selective sweeps that happened at earlier time points, since the low
rate of mutation in humans does not erase such signatures (Sabeti et al.
2006). Similarly, nSL has been shown to exhibit high power to detect
signatures of selective sweeps that happened more recently and have
resulted in only incomplete or partial fixation of alleles (Sabeti et al.
2006; Voight et al. 2006; Ferrer-Admetlla et al. 2014).

In summary, considered jointly with previous evidence on the
widespread occurrence of ancient positive selection on genes involved
in sialic acid biology in hominids and hominins (Altheide et al. 2006;
Angata et al. 2006; Varki and Gagneux 2009; Hayakawa and Varki
2011), these results support the hypothesis that human sialic acid bi-
ology genes bear many and strong evolutionary signatures of adapta-
tion in response to ancient primate pathogens, but rather few and weak
adaptive signatures in response to contemporary cosmopolitan or geo-
graphically-restricted human pathogens.
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