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The coronavirus disease 19 (COVID-19) pandemic is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), a coronavirus that spilled over from the bat
reservoir. Despite numerous clinical trials and vaccines, the burden remains immense,
and the host determinants of SARS-CoV-2 susceptibility and COVID-19 severity
remain largely unknown. Signatures of positive selection detected by comparative func-
tional genetic analyses in primate and bat genomes can uncover important and specific
adaptations that occurred at virus–host interfaces. We performed high-throughput evo-
lutionary analyses of 334 SARS-CoV-2-interacting proteins to identify SARS-CoV
adaptive loci and uncover functional differences between modern humans, primates,
and bats. Using DGINN (Detection of Genetic INNovation), we identified 38 bat and
81 primate proteins with marks of positive selection. Seventeen genes, including the
ACE2 receptor, present adaptive marks in both mammalian orders, suggesting common
virus–host interfaces and past epidemics of coronaviruses shaping their genomes. Yet,
84 genes presented distinct adaptations in bats and primates. Notably, residues involved
in ubiquitination and phosphorylation of the inflammatory RIPK1 have rapidly evolved
in bats but not primates, suggesting different inflammation regulation versus humans.
Furthermore, we discovered residues with typical virus–host arms race marks in pri-
mates, such as in the entry factor TMPRSS2 or the autophagy adaptor FYCO1, point-
ing to host-specific in vivo interfaces that may be drug targets. Finally, we found that
FYCO1 sites under adaptation in primates are those associated with severe COVID-19,
supporting their importance in pathogenesis and replication. Overall, we identified
adaptations involved in SARS-CoV-2 infection in bats and primates, enlightening mod-
ern genetic determinants of virus susceptibility and severity.

SARS-CoV-2 and COVID-19 j primates and bats j comparative genetics j virus–host coevolution j
positive selection

The current coronavirus disease 19 (COVID-19) pandemic already led to over six mil-
lion human deaths (WHO April 2022). The causative agent is severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) that originated from viral cross-species trans-
mission from the bat reservoir, directly or through an intermediate host, to humans
(1). Bats naturally host some of the most high-profile zoonotic viruses, including
SARS-CoVs, without apparent symptoms (2). Despite prevention measures and effec-
tive vaccines, the burden from COVID-19 remains immense in humans, and the deter-
minants of SARS-CoV-2 susceptibility and COVID-19 severity remain largely
unknown. A powerful way to identify these factors is to use comparative functional
genomics to map host–virus interfaces that underlie infections in the bat reservoir and
the primate host (3).
During infection, viruses interact with many host proteins, or viral-interacting pro-

teins (VIPs). While some VIPs are usurped for viral replication away from their normal
host functions, some are specifically targeting the virus as part of the host antiviral
immune defense. Since the emergence of SARS-CoV-2, VIPs have been identified in
hundreds of screens using in vitro approaches, such as CRISPR/knockout screens, com-
plementary DNA library screens, or mass spectrometry analyses (4, 5). However, the
in vivo importance of the identified SARS-CoV-2 VIPs remains largely unknown.
From an evolutionary standpoint, the fitness cost imposed by pathogenetic viruses

triggers strong selective pressures on VIPs, such that those VIPs able to prevent, or bet-
ter counteract, viral infection will quickly become fixed in host populations. In turn,
host adaptations push viral proteins into recurring counter adaptation cycles creating
stereotypical virus–host molecular arms races. These arms races are witnessed by signa-
tures of accelerated rates of evolution, or positive selection, over functionally important
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residues and domains in VIPs (6–8). Thus, when combined
with functional data, identifying the VIPs with signatures of
positive selection is a powerful way to discover virus–host inter-
faces (e.g., refs. 9–11).
When studies of adaptive signatures in host genes are com-

bined with human clinical studies or genome-wide association
studies (GWAS), they are powerful to uncover the importance
of gene evolution and variants in disease severity (e.g., refs. 12, 13).
Interestingly, several genetic loci associated with COVID-19
severity and susceptibility in humans, such as OAS1 (2’-50-
Oligoadenylate Synthetase 1) or those from the interferon sig-
naling pathway (12, 14–19), bear hallmarks of such adaptive
arms races. Furthermore, dozens of VIPs that bear marks of
adaptive evolution in the human lineage from ancient SARS-
CoV epidemics may be important host determinants of SARS-
CoV-2 (20).
Here, we aimed to identify key SARS-CoV adaptive loci and

functional genomic differences between bats, which include
the natural reservoir of SARS-CoVs, and primates, including
humans. We performed high-throughput evolutionary and posi-
tive selection screens of 334 SARS-CoV-2-interacting proteins
(4) using the Detection of Genetic INNovation (DGINN) pipe-
line (21), followed by comprehensive (phylo)genetic analyses of
seven VIPs of interest. We provide the results in the searchable
VirHostNet 2.0 web portal. Using this approach, we identified
38 bat and 81 primate genes with strong evidence of positive
selection. Of these, we found 17 proteins, including the ACE2
receptor, subjected to adaptative evolution in both clades, 1)
confirming that past SARS-CoV epidemics occurred during
both bat and primate evolution, and 2) identifying core VIPs
that shaped universal SARS-CoV–host molecular arms races. We
also identified 84 VIPs with lineage-specific adaptations that
likely contributed to SARS-CoV pathogenicity in different mam-
malian hosts. Among these, we uncover the important role of sev-
eral genes, including TMPRSS2, FYCO1 (FYVE and coiled-coil
domain containing 1), or RIPK1 that play important roles in
entry, trafficking, or inflammatory responses, respectively. We
hypothesize that these past adaptation events in bats and primates
underlie differences in susceptibility to SARS-CoV-2 infections
and key determinants in COVID-19 severity in modern humans.

Results

Characterization of the Evolutionary History of SARS-CoV-2
VIPs in Bats and Primates. Because pathogenic viruses and
hosts are engaged in evolutionary arms races, adaptive signa-
tures accumulate in VIP genes as a result of past epidemics
(6, 8). Adaptive evolution can be identified by positive selection
analyses over a set of protein-coding orthologs when their rate
of nonsynonymous codon substitutions (dN) exceeds that of
synonymous ones (dS) (22). To identify the proteins with such
signatures of adaptive evolution, we studied the evolutionary
history of the SARS-CoV-2 interactome identified in in vitro
experiments. Furthermore, to discover key SARS-CoV-2–host
determinants of replication and pathogenesis, we aimed to
identify the common and different evolutions and genetics of
the VIPs in the human versus the reservoir host. We therefore
performed comparative phylogenetics of the VIPs in primates
and bats. Specifically, we studied the 332 host proteins identi-
fied by Gordon et al. (4) in mass spectrometry assays of SARS-
CoV-2 proteins in human cells, in addition to the angiotensin
converting enzyme 2 (ACE2) receptor and the transmembrane
protease serine 2 (TMPRSS2), which are both necessary for
virus entry into the cells.

To perform the phylogenetic and positive selection analyses,
we used the DGINN bioinformatic pipeline (21) that entirely
automates the analyses and combines several methods to test for
selection across large datasets (Fig. 1A). Briefly, from each of the
334 human reference gene sequences, DGINN automatically
retrieved bat and primate homologs (from National Center for
Biotechnology Information [NCBI] nonredundant database),
curated the coding sequences, and performed a codon-alignment
followed by a gene phylogenetic reconstruction (Fig. 1A and SI
Appendix, Table S1). The pipeline then screened for duplication
events and identified orthologs and potential paralogs, as well as
recombination events. This mainly allows correct phylogenetic
and positive selection analyses of VIPs from gene families, and
with recombination events. Finally, each aligned set of orthologs
was used to measure rates of codon substitutions and to estimate
whether the whole gene, as well as any codon, are evolving under
positive selection. For this, DGINN uses a combination of meth-
ods from the following selection tools: Hypothesis Testing using
Phylogenies HYPHY (Branch-Site Unrestricted Statistical Test
for Episodic Diversification [BUSTED], and Mixed Effects
Model of Evolution [MEME]), Phylogenetic Analysis by Maxi-
mum Likelihood PAML (codeml M0, M1, M2, M7, M8, and
associated Bayesian Empirical Bayes [BEB] for codon-specific
analyses), and Bio++ (M0NS, M1NS, M2NS, M7NS, M8NS, and
associated Posterior Probabilities [PP] for codon-specific analyses)
(Fig. 1A, Methods for details) (21, 23–25).

We found that the DGINN pipeline, previously validated
on 19 primate genes (21), was efficient at screening hundreds
of genes and at analyzing other mammalian orders (here,
chiroptera) (SI Appendix, Figs. S1 and S2). Overall, our bioin-
formatic screen allowed us to obtain the bat and primate evolu-
tionary history of 324 common SARS-CoV-2 VIP genes (i.e.,
330 in bats and 329 in primates). We compiled the resulting
sequence alignments, phylogenetic trees, and gene- and site-
specific positive selection results to an open-access and search-
able web application (https://virhostnet.prabi.fr/virhostevol/),
which constitutes a public resource to visualize and download
the evolution of SARS-CoV-2 VIPs in primates and bats.

Identification and Comparative Analysis of SARS-CoV-2 VIPs
with Signatures of Positive Selection during Bat and Primate
Evolution. To characterize the overall trend in the evolution of
each VIP in primates and in bats, we compared their omega
parameter, which is positively correlated with the strength of
the natural selection acting on the protein (Fig. 1B). We found
a similar trend in the natural selection of bat and primate
genes; those with an elevated omega in primates had an overall
rapid protein evolution in bats too. Beyond this trend, we can-
not compare the omega values quantitatively between the two
mammalian orders and the reasons include, for example, differ-
ences in the number of analyzed species (i.e., 12 and 24 median
number of species in bats and primates, respectively), the popu-
lation sizes, and the genetic distances.

We next identified the genes with evidence of positive selec-
tion by at least three methods in the DGINN screen. In bats,
we found 38 genes, roughly 12% of SARS-CoV-2-interacting
proteins, with signatures of positive selection (Fig. 1C). These
include the ACE2 receptor, also reported by others as under
strong positive selection in bats (26, 27). In primates, we iden-
tified 81 genes under positive selection, after discarding 7 due
to low-quality alignments and inclusion of erroneous sequences
in the automatic steps (Fig. 1D legend).

In the case of primate analyses, we identified more VIPs
under positive selection than Gordon et al. (4), in which they
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identified 40/332 genes under positive selection in primates
using a codeml M8 vs. M8a model. One example is the Zinc fin-
ger protein ZNF318 that has some marks of positive selection
during primate evolution in our analyses (SI Appendix). However,
the overall dN/dS estimate for each gene was highly similar
between the two studies (SI Appendix, Fig. S3A), and we detected
most of the genes they identified under positive selection, namely,
38/40 VIPs under positive selection in Gordon et al. (4) were
also detected by ≥1 DGINN method, including 28 by ≥3
DGINN methods (SI Appendix, Fig. S3 B and C). Thus, the
main advantages of DGINN were the end-to-end automatic
pipeline and the combination of multiple methods, thereby
increasing sensitivity and specificity of positive selection analy-
ses in screening approaches.
Altogether, we found 81 primate VIPs and 38 bat VIPs with

evidence of positive selection (Fig. 1 C and D). Beyond Gordon
et al. (4), other SARS-CoV-2 in vitro and clinical studies also
identified many of these positively selected genes as SARS-
CoV-2 VIPs, thus confirming their suspected role as SARS-
CoV-2 regulators or interacting proteins (SI Appendix, Fig. S5)
(5). Gene Ontology (GO)-term enrichment analyses with GO
enrichment analysis and visualization tool (GOrilla) (28) did
not show major differences between genes with and without
evidence of positive selection (Dataset S1). Analyses of pathway

enrichment over the entire genome using Reactome showed
that positively selected VIPs are associated with cell cycle con-
trol and centrosome behavior biological pathways (SI Appendix,
Fig. S6), suggesting that the control of cell division and perhaps
centrosome-regulated cell polarization are important for SARS-
CoV in vivo. Analyzing the expression patterns of the VIPs from
29 human tissues, we found that the mean expression of the
genes with and without evidence of positive selection was overall
similar (SI Appendix, Fig. S7A). Importantly, the vast majority of
the genes with evidence of positive selection are expressed in
lungs at control conditions (SI Appendix, Fig. S7 B and C).

We found 17 rapidly evolving genes shared between bats and
primates, corresponding to 16% of all SARS-CoV-2 VIPs with
evidence of positive selection (i.e., 17 genes in common over 108
in total) (Fig. 1 C and D). This list notably includes the ACE2
receptor of SARS-CoVs that has undergone positive selection in
both primates and bats (Fig. 1 B and D). It also includes known
drug targets, such as the metalloprotease ADAM9 (29), the
ITGB1 integrin (30), and POLA1 from the Prim-Pol primase
complex (31) (SI Appendix) (Fig. 1D). Therefore, these genes may
represent the core SARS-CoV VIPs that have been subjected to
positive selection pressure during both primate and bat evolution.

However, we also identified 84 genes that have evolved
through distinct selective pressures during primate and bat
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Fig. 1. Identification of the SARS-CoV-2 interac-
tome with signatures of positive selection (PS) in
bats and primates. (A) Overview of the DGINN
pipeline to detect adaptive evolution in SARS-
CoV-2 VIPs. CDS, coding DNA sequence; ORF,
open reading frame. (B) Natural selection acting
on bat and primate VIP genes. Comparison of
omega (dN/dS) values of the VIPs during bat
(y axis) and primate (x axis) evolution, estimated
by Bio++ Model M0. In black, the bisector. In red,
the linear regression. The names correspond to
genes that we comprehensively analyzed (Table 1).
(C) Overview of the number of VIPs under signifi-
cant PS (i.e., by at least three methods in the
DGINN screen) in bats and/or primates. A total of
324 genes could be fully analyzed in the two
mammalian orders. Numbers represent the num-
ber of genes in the categories: No PS or PS, within
each host, is represented by a pictogram. The
numbers correspond to the conservative values
after visual inspection of the positively selected
VIP alignments, while the italic numbers are from
the automated screen. (D) Table showing the
genes identified by x,y DGINN methods in bats
and primates, respectively. For the genes with low
DGINN scores (<3), only the number of genes in
each category is shown (SI Appendix, Fig. S4 for
details). Of note, seven primate genes are false
positive, as follows: EMC1 (ER membrane protein
complex subunit 1), MOV10 (Mov10 RISC complex
RNA helicase), POR (cytochrome p450 oxidoreduc-
tase), PITRM1 (pitrilysin metallopeptidase 1), RAB14,
RAB2A, and TIMM8B (translocase of inner mito-
chondrial membrane 8 homolog B).
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evolution—being under positive selection only in primates
(64 VIPs) or bats (20 VIPs) (Fig. 1 C and D)—including
TMPRSS2, FYCO1, RIPK1, ZNF318 and the Prim-Pol pri-
mase complex (SI Appendix) that we will focus on. These genes
represent VIPs with different evolutionary trajectories in bats
and primates.

Several SARS-CoV-2 VIPs under Positive Selection Are VIPs of
Other Coronaviruses and May Also Be Interconnected with
Other Viral Families. To investigate whether the SARS-CoV-2
VIPs under positive selection are also known to interact with
other coronaviruses, we interrogated the VirHostNet database
(32) for interconnection with SARS-1, Middle East respiratory
syndrome (MERS) (beta coronaviruses), CoV-NL63 and CoV-
229 (alpha coronaviruses). We found 58 genes (i.e., 54% of
108 genes under positive selection in bats or primates) that are
adaptive SARS-CoV-2 VIPs and also known interacting pro-
teins of at least another coronavirus (Fig. 2A). The positive
selection marks in these VIPs therefore likely represent adapta-
tions on host proteins that have regulated or interacted with
coronaviruses over million years of coevolution with mammals.
These coronavirus VIPs therefore represent an evolutionarily
common set of coronavirus-interacting proteins.

Because positive selection may be driven by several viruses
(33), we similarly investigated whether rapidly evolving SARS-
CoV-2 VIPs were also functionally linked to other viral families
(Fig. 2B). We found that 82% of them (89 of 108 genes under
positive selection in bats or primates) interconnected with one
or more additional viral families beside coronaviruses. A num-
ber of proteins, including LARP1 and LARP7, ITGB1, Rab18,
and ERGIC1, interconnected with six distinct viral families,
highlighting their likely involvement as broad cofactors of viral
replication (Fig. 2B). On the other hand, several genes, such as
FYCO1, ZNF318, or TMPRSS2, are interconnected with only
1 to 2 other viral families and may therefore represent more
specialized VIPs (Fig. 2B). Of note, although the TMPRSS2
coentry factor has no other interactor in this analysis (Fig. 2B
and SI Appendix, Table S2), it is a host factor for influenza
virus entry (34, 35). Lastly, the ACE2 receptor and other genes
(SI Appendix, Table S2) were not known to interact with other
viruses and therefore likely represent coronavirus-specific VIPs
(SI Appendix, Table S2).

The SARS-CoV-2 Predicted Interface in TMPRSS2 Has Evolved
under Adaptive Evolution in Primates But Not in Bats.
Although the intrinsic role of TMPRSS2 in the cell is poorly

A

B

Fig. 2. SARS-CoV-2 VIPs under PS are inter-
acting proteins of other coronaviruses, as well
as other viral families. Virus–host protein–
protein interaction network of VIP genes under
PS and interconnected with (A) other coronavi-
ruses (from alpha- or beta-coronavirus genus),
and (B) viral families other than coronaviruses.
VIPs interacting with more than one additional
viral family are in the Center and arranged in
columns (from Left to Right, interconnected
with 2 to 6 different viral families). Node sizes
at the virus families are proportional to the
number of edges. The VIPs not interconnected
are shown in SI Appendix, Table S1.
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known, this serine protease is a key factor for the cellular entry
of SARS-CoV-2. TMPRSS2 is responsible for the priming of
the viral spike S protein, an essential step for the ACE2 recep-
tor recognition and the plasma cell membrane fusion process
(Fig. 3A) (36, 37). In addition to SARS-CoV-2, other coronavi-
ruses, including HCoV-229E, MERS-CoV, and SARS-CoV-1,
enter human cells in a TMPRSS2-dependent manner (38–40).
While the genetic and functional adaptations of ACE2 have
been studied (26, 27), the genetic diversification of mammalian
TMPRSS2 is currently unknown. Our screen identified positive
selection in TMPRSS2 in primates, but not bats, indicating that
its functional diversification is specific to coronavirus adaptation
in primates.
To validate the screen results and further characterize

TMPRSS2 evolution in both orders, we obtained sequences
from additional primate and bat species that were not included
in the automated DGINN screen. We therefore obtained two
new high-quality codon alignments of TMPRSS2 from 18 bat
species and from 33 primate species (https://virhostnet.prabi.
fr/virhostevol/, Genes of focus; Table 1; SI Appendix, Table
S3). From these comprehensive alignments, we first confirmed
that TMPRSS2 has experienced significant and strong positive
selection during primate evolution (Bio++ and PAML codeml
M1 vs. M2 P values of 0.0095 and < 4.27 10�06, respec-
tively). This was in contrast to its evolution in bats, in which
we did not find evidence of selective pressure (Bio++ and
codeml M1 vs. M2 P values of 1) (Table 1 and SI Appendix,
Table S3).

To identify the precise residues that have diversified during
primate evolution, we performed site-specific positive selection
analyses. We identified five residues (173, 260, 263, 360, and
448, numbering from the human TMPRSS2 sequence) that were
significantly detected under positive selection by at least two inde-
pendent methods (Table 1, SI Appendix, Table S3, and Fig. 3B).
Of note, position 197, which is polymorphic in human
TMPRSS2 (rs12329760, V197M) and may be associated with
COVID-19 severity (41) (P value around 10�5, above the 10�8

significance threshold commonly used in GWAS multiple test-
ing), encoded for a conserved valine in all nonhuman primate
sequences. The SARS-CoV-2–TMPRSS2 interface is currently
unknown. Only in silico molecular docking studies have predicted
the SARS-CoV-2 binding region on TMPRSS2 (37, 42–44).
Remarkably, the sites under positive selection cluster nearby or
within the predicted SARS-CoV-2-host interface (Fig. 3C), sug-
gesting that SARS-CoVs played a significant role in TMPRSS2
diversification. These regions of TMPRSS2 are also the target of
several drugs, such as α1-antitrypsin, Camostat mesylate, Nafa-
mostat and Bromhexine hydrochloride inhibitors (37, 45, 46),
and newly reported N-0385 (47) and could therefore be priori-
tized in functional studies.

Finally, by analyzing the physicochemical nature of the posi-
tively selected sites, we found that they encode for residues
with very different properties, which would significantly impact
the TMPRSS2 protein structure over primate evolution and
lead to species specificity at the virus–host interface. In particu-
lar, variation at key residues 260 and 448 was particularly high

Fig. 3. TMPRSS2 has evolved under strong PS in
primates but not in bats. (A) Role of TMPRSS2 in
SARS-CoV-2 entry. (B) Diagram of TMPRSS2 pre-
dicted domains, with sites under PS in primates
represented by triangles (Table 1). Codon number-
ing and amino acid residue based on Homo sapi-
ens TMPRSS2. (C) 3D structure modeling of human
TMPRSS2 (amino acids 1 to 492) with the posi-
tively selected sites (red), the SARS-CoV-2 pre-
dicted interface (light blue), and the catalytic site
(dark blue). (D) The positively selected sites identi-
fied in primate TMPRSS2 are highly variable in pri-
mates (Top) but more conserved in bats (Bottom)
where they are not identified as under adaptive
evolution. Left, cladograms of primate and bat
TMPRSS2 with species abbreviation and accession
number of sequences. Amino acid color-coding,
RasMol properties (Geneious, Biomatters). Icon
legend is embedded in the figure, with multicol-
ored pictograms/triangles showing cases fulfilling
multiple conditions. (E) Positively selected sites in
primates exhibit different patterns of variability in
other mammals, as follows: pangolin, carnivores,
artiodactyls, and rodents. Right, numbers in brack-
ets correspond to the number of species within the
order with the same TMPRSS2 haplotype at these
positions (e.g., the QSSKL motif in Mustela putoris
was found in 14 rodent species). The corresponding
motif in species/cells susceptible or permissive to
coronaviruses is shown in SI Appendix, Fig. S8.
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in Hominoids but low in Old World monkeys (Fig. 3D), sug-
gesting lineage-specific adaptations within primates. To deter-
mine whether this domain of TMPRSS2 has been rapidly
evolving in other mammals, we extended our analyses by
retrieving other mammalian sequences. We found that most of
these sites were overall conserved, except in rodents that exhib-
ited high variability at positions 263, 360 and 448 (Fig. 3E). In
bats, although none of the models identified significant positive

selection in TMPRSS2, the sites 260 and 360 were also variable
(Fig. 3D). Comparing the variability between resistant and
susceptible (naturally or experimentally) species to SARS-
CoVs and MERS-CoVs did not reveal any clear pattern
(Fig. 3E). However, the location and extreme variability of
the positively selected sites appear lineage specific across mam-
mals (with high amino acid toggling in some clades and con-
servation in others) and suggest that these residues, combined

Table 1. Results from the comprehensive PS analyses of the genes of interest

Seq alignment info
Identified

under PS by
x/7 methods

MEME
(P < 0.05)

FUBAR
(PP > 0.9)

Bio++ codeml

aBSREL
(P < 0.1) PSS aln

PSS in
human refGene Order Size n sp.

M2
PS ω

M2
PSS

M8
PS ω

M8
PSS

M2
PSS

M8
PSS

FYCO1 bats 1481 18 1 375, 504, 566,
688, 790,
1059, 1092

— — — — — — 607 —

FYCO1 primates 1500 29 6 355, 416, 472,
484, 601, 629,
728, 869, 919,
1102, 1218,

1219, 1242, 1259,
1267, 1407

472 4.42 448, 553 1.73 n = 206* 448, 930 rhiBie 448, 472,
553, 930

R447, R471,
M552, C928

POLA1 bats 1484 17 7 147, 246, 249,
317, 1314, 1449

109, 196, 246,
249, 250, 276,
284, 315, 1080,

1270

59.91 2.05 n = 186* 249, 296,
1080

246, 249, 250,
284, 296,
315, 1080

phyDis,
pteAle

246, 249, 250,
284, 296, 315,

1080

V235, E239,
E240, W273,
Q285, V304,

V1069

POLA1 primates 1451 25 5 590, 707,
718, 1082

817 — — 14.36 221 221, 226, 227,
817, 1058

N 221, 817 D232, N828

PRIM1 bats 421 17 3 — 257, 258, 275,
278, 289, 291,

292

— — — — 289, 291, 292 N 289, 291, 292 Y288, P290,
W291

PRIM1 primates 420 26 0 277, 361 — — — — — — — —

PRIM2 bats 517 16 6 5, 11, 20, 71,
168, 176

11, 69, 81,
168, 176, 476

23.14 186 12.34 186, 187 186 186 na 11, 168,
176, 186

L11, V167,
L173, K177

PRIM2 bats 517 14 6 11, 20, 71,
168, 176

11, 69, 168,
176, 185, 476

10.31 186 2.51 n = 69* 186 186 myoBra,
myotis

11, 168,
176, 186

PRIM2 primates 513 20 3 5, 8, 73, 278 — — — — — 8, 10 8, 10, 76,
173, 176, 178

—

RIPK1 bats 669 18 6 127, 230, 282,
289, 370, 400,
480, 497, 668

294, 370 54.40 1.61 n = 87* 294, 370,
662, 665

myoDav 294, 370,
662, 665

K284, S296,
P372, S664,

Y667

RIPK1 bats 669 15 7 127, 230, 282,
370, 400,
480, 668

16, 277, 282,
294, 370

70.02 10.77 370, 665 370, 665 myoDav 282, 370, 665

RIPK1 primates 671 29 1 491, 493, 592 — — — — — — 664 —

TMPRSS2 bats 496 17 2 19, 136, 249,
364, 412, 416

— — — 1.29 49, 216,
364, 413,
416, 435

— —

TMPRSS2 primates 563 28 5 168, 232,
299, 312, 316,
424, 467, 500

117, 224, 312,
412, 500

5.70 224, 412 5.19 224, 312,
315, 412, 500

224, 412 224, 312, 315,
412, 500

N 224, 312, 315,
412, 500

Q173, E260,
L263, L360,

S448

ZNF318 bats 2142 16 1 127, 586, 851,
1647, 1665,
2015, 2016

— — — na na — —

ZNF318 bats 2395 11 1 78, 370, 830,
1107, 1588,
2153, 2267

— — — — — — — —

ZNF318 primates 2108 29 3 93, 843, 1302,
1436, 1449,
1884, 2095

1302, 1878 — — — — 1302 1302, 1589,
1733

N 1302 V1481

ZNF318 primates 2496 24 6 38, 75, 104,
174, 1372,
1636, 1814,
1929, 2166

1636, 1817,
2098, 2243

501.94 1.45 n = 68* 1636, 2098 1636, 1817,
1929, 1954,
2098, 2243

rhiBie,
micMur,
homSap

1636, 1817,
1929, 2098,

2243

For each gene, are presented the results of the comprehensive phylogenetic and PS analyses, as follows: BUSTED, MEME, FUBAR, aBSREL from HYPHY/Datamonkey.com, M1vsM2, M7vsM8, M8avsM8
from Bio++, and M1vsM2, M7vsM8, M8avsM8 from PAML codeml. The genes identified under PS are highlighted in gray. The sites considered under PS after the analyses are in “PSS aln” and “PSS in
human ref”, corresponding to the site number in the codon alignment and the corresponding amino acid site in the human reference sequence. Alignments, trees, and interactive table are available at
https://virhostnet.prabi.fr/virhostevol/. Table with extended results including statistical P values for each test is in SI Appendix, Table S3. Legend details: size, length of the codon alignment; n. sp.,
number of species included in the alignment; PSS, PS sites; the cutoff for each method is given in the table; PS omega, corresponds to the omega value in the PS class (dN/dS > 1) of the given model M2
or M8. ZNF318 and the proteins from the Primase complex are in SI Appendix and in SI Appendix, Figs. S11 and S12, respectively. For aBSREL, the branch identified under PS is given by the DGINN
nomenclature (three letters from the genus and three from the species). na, not available.
*For Bio++ M8 PSS analyses there were dozens of sites under PS due to the low omega value in the class w >1.
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with ACE2 receptor variability, may contribute to SARS-CoV
susceptibility and species specificity.
Altogether, our findings support that the positive selection

signatures in TMPRSS2 are reminiscent of ancient SARS-CoV-
driven selective pressures during primate evolution. Mutagene-
sis studies of TMPRSS2, guided by the evolutionary analyses,
are now required to identify the exact and relevant SARS-CoV
determinants, as well as the functional implication of the inter-
species variability in TMPRSS2.

Evidence That FYCO1 Is Involved in SARS-CoV Pathogenesis or
Replication at Different Time Scales during Primate Evolution.
FYCO1 is involved in microtubule transport and autophagy
(Fig. 4A). Autophagy is an important degradation process of
cytoplasmic proteins and organelles, which may be dysregulated
during aging, by diseases, and by pathogens. FYCO1 acts as an
adaptor protein allowing the microtubule transport of autopha-
gosomes in a STK4-LC3B-FYCO1 axis (48, 49). Mutations of
the human FYCO1 gene cause autosomal-recessive congenital
cataract, a major cause of vision dysfunction and blindness
(50, 51). Until the COVID-19 pandemic, there was no report
of FYCO1 involvement in viral infection. However, FYCO1 is
among the very few genes identified in human GWAS to be
significantly associated with severe COVID-19 (17, 52, 53).
GWAS correlates natural genetic variants in human popula-
tions to phenotypic traits, here, COVID-19 severity. Therefore,
genes identified in GWAS may directly be involved in SARS-
CoV-2 replication or pathogenesis. Furthermore, FYCO1 had
a high matching-adjusted indirect comparison (MAIC) score
(SI Appendix, Fig. S5B) (5), indicating that several studies

suspect its involvement in SARS-CoV-2 pathogenesis or repli-
cation, including Gordon and colleagues (4) that identified a
human FYCO1 interaction with SARS-CoV-2 NSP13.

As for TMPRSS2, the DGINN screen identified signatures
of positive selection in primate FYCO1 but not in bat FYCO1.
We then retrieved all FYCO1 sequences available for primates
(29 species) and bats (18 species) and performed comprehensive
phylogenetic and positive selection analyses. This comprehen-
sive positive selection analysis confirmed that FYCO1 has
undergone positive selection in primates but not in bats (Table 1
and SI Appendix, Table S3).

Site-specific selection analyses identified the following four
residues with strong evidence of significant positive selection in
primates in at least two independent methods: 447, 471, 552,
and 928 (Fig. 4 B and C and Table 1 and SI Appendix, Table S3).
Although no crystal structure is available for full-length FYCO1,
these rapidly evolving sites fall into the coiled-coil domain of
FYCO1, which is important for interaction with Kinesin. In
addition, the different primate species encode for amino acids
with very different physicochemical properties at these sites (Fig.
4C), indicating potential structural and functional plasticity in
this region. These positive selection marks may therefore repre-
sent virus–host interplays and be the result of selective pressure
by ancient epidemics during primate evolution.

To correlate primate natural genetic variants with ongoing
human polymorphisms and association with COVID-19 severity,
we compared FYCO1 variations in primates with the human
polymorphisms associated with increased SARS-CoV-2 pathoge-
nicity (GWAS). Using the COVID-19 Host Genetics Initiative
data (https://www.covid19hg.org/results/r6/) as well as the data

A

B

C

D

E

Fig. 4. Domains of FYCO1 that are associated
with severe COVID-19 in human have also evolved
under significant PS in primates but not in bats.
(A) Known cellular role of FYCO1. (B) Diagram of
FYCO1 predicted domains, with sites under PS in
primates represented by triangles (Table 1).
Codon numbering and amino acid residue based
on Homo sapiens FYCO1. (C) Amino acid variation
at the positively selected sites in primates. Left,
cladogram of primate FYCO1 with major clades
highlighted. The exact species and accession
number of sequences are shown in E. Amino
acid color-coding, RasMol properties (Geneious,
Biomatters). (D) Sites identified in the coding
sequence of FYCO1 as under PS in primates (Top)
and as associated with severe COVID-19 in human
from two GWAS studies (Middle: GWAS1, COVID-19
Host Genetics Initiative, 2021; Bottom: GWAS2,
Pairo-Castineira et al., 2020). x axis, nucleotide
numbering. (E) Amino acid variations in primate
species at the sites associated with severe COVID-19
in GWAS.
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from Pairo-Castineira and colleagues (https://genomicc.org/data/),
we identified five codons in FYCO1 with polymorphisms associ-
ated with severe COVID-19 in humans (Fig. 4D). Comparing
these positions to the four positively selected sites in primates, we
found one common site (site 447, genome position 45967996)
(Fig. 4 C–E). This shows that residue 447, whose alleles are corre-
lated with COVID-19 severity in human, has also been subjected
to adaptive evolution in primate history. In addition, at the pro-
tein domain level, the regions 430 to 555 and 910 to 1005
both have several residues associated with severe COVID-19 in
humans and residues under adaptive evolution in primates (Fig.
4 D and E). Therefore, our combined positive selection and
GWAS analysis identified FYCO1 regions that may be key host
determinants of SARS-CoV-2 and COVID-19.
Overall, our results support the importance of FYCO1 in

SARS-CoV pathogenesis or replication in primates, in both
ancient (our positive selection analysis) and modern (GWAS)
times. Furthermore, observed differences in positive selection
between the susceptible primate hosts and bats (where no posi-
tive selection was observed and no disease is known to be asso-
ciated with CoV infection) may highlight key differences in
pathogenesis. We have two main hypotheses for the role of
FYCO1 in SARS-CoV infection. First, given its known cellular
role (Fig. 4A), FYCO1 may play a role in facilitating viral egress
and replication. Second, FYCO1 may be involved in COVID-19
pathogenesis, potentially through an indirect mechanism by
affecting the autophagy process or vesicle trafficking necessary
to resolve viral infection.

RIPK1 Has Been under Adaptive Evolution in Bats at Residues
That Are Crucial for Human RIPK1 Regulation. Human RIPK1
is an adaptor protein involved in inflammation through the
tumor necrosis factor alpha receptor 1 (TNFR1) and the Toll-
like receptors 3 and 4 (TLR3/4), leading to prosurvival, apopto-
tic, or necroptotic signals (Fig. 5A) (54, 55). A curated analysis of
RIPK1 interactors showed that it is a central hub for 79 cellular

partners involved in key inflammatory and cell survival/death
processes (Reactome database; SI Appendix, Fig. S9A). RIPK1
interacts with SARS-CoV-2 NSP12 (RdRp) (4) and is further
involved in several bacterial and viral infections, being usurped by
pathogens or involved in antimicrobial immunity (SI Appendix,
Fig. S9B).

In our DGINN screens, we only identified signatures of posi-
tive selection in primate RIPK1. As previously, to obtain compre-
hensive phylogenetic and positive selection analyses, we retrieved
all available coding sequences of bat (18 species) and primate (29
species) RIPK1 and performed codon alignments and analyses.
Here, we found strong evidence of positive selection in bat
RIPK1 but not in primates (Table 1 and SI Appendix, Table S3).
This is different from our screen results, and this discrepancy was
mostly due to 1) the addition of sequences as compared to our
screens (i.e., from 12 to 18 bat species sequences, and from 24 to
29 primates) and 2) the high-quality codon alignments, which
are crucial for positive selection studies.

Next, using site-specific analyses, we identified five residues
in bat RIPK1 that have evolved under significant positive selec-
tion (Fig. 5B and Table 1 and SI Appendix, Table S3). These
are located in the intermediate domain (282, 294, 370) and in
the C-terminal death domain (DD; 662, 665) of RIPK1. The
latter domain can interact with other DD-containing proteins,
such as FADD, and has determinants for host–pathogen inter-
actions (54, 55). To determine where the positively selected sites
fall in the three-dimensional protein, we used a structure predic-
tion of bat RIPK1 from Rhinolophus ferrumequinum (bats from
the Rhinolophus genus naturally host viruses close to SARS-CoV-
2). We found that the rapidly evolving sites are exposed at the
protein surface (Fig. 5 B and C; SI Appendix, Fig. S10A for a
comparison with the predicted three-dimensional [3D] structure
of human RIPK1) (56). Therefore, physicochemical variations at
sites 662 and 665 (Fig. 5D) in the DD could modulate interac-
tions with DD-bearing proteins and thus influence the ability of
bat RIPK1 to drive cell death (57). Alternatively, these variations

A

C

B

D

Fig. 5. The multifunctional and inflammatory RIPK1
protein exhibits strong evidence of adaptation in
bats at key regulatory residues. (A) Schematic dia-
gram of the three main functions associated to
human RIPK1 in TNF signaling. As part of the
TNFR1-associated complex, RIPK1 induces prosur-
vival signals that notably lead to NFkB activation.
When dissociating from this complex, as a result
of multiple events involving both phosphorylation
and ubiquitination, RIPK1 can associate to FADD
and lead to apoptosis or necrosis. (B) Diagram of
RIPK1 domains with the residues under PS in bats
(black triangles) with the corresponding position
and amino acid residue in human RIPK1 (Table 1).
(C) 3D structure prediction of bat (Rhinolophus
ferrumequinum) RIPK1, using RaptorX. The protein
domains are color coded as in B. Residues under
PS are in red and numbered is according to their
position in bat RIPK1. (D) The positively selected
sites identified in bat RIPK1 are highly variable
in bats (Top), but more conserved in primates
(Bottom), where they are not identified as under
adaptive evolution. Left, bat and primate RIPK1
with species abbreviation and accession number
of sequences. Amino acid color coding, polarity
properties (Geneious, Biomatters). The correspon-
dence of residues from Rhinolophus ferrumequi-
num bat RIPK1 (gray) to human numbering (black)
is shown at the Top. Detailed representation is
shown in SI Appendix, Fig. S10.
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may affect interactions between bat RIPK1 and viral antagonists
and thus may be directly involved in host–pathogen evolutionary
conflicts.
Interestingly, using comparative analyses of bat and human

RIPK1s, we found that the positively selected sites 282, 294,
and 662 in bat RIPK1 correspond to sites K284 and S296 and
S664 in human RIPK1, which are ubiquitinated and phosphor-
ylated, respectively (54, 58) (Fig. 5B in red, and SI Appendix,
Fig. S10 B and C for logo plots and comparative analyses). The
posttranslational modifications at these sites are very important
for the balance between the cell survival and the cell death
functions of human RIPK1. It is thus possible that variation at
these residues (Fig. 5D) affects how bat RIPK1 is regulated.
Overall, our evolutionary analyses indicate that RIPK1 is an

important SARS-CoV-2 (and other virus)-interacting protein and
suggest that residues undergoing positive selection in bats may be
important 1) as determinants of virus–host interfaces, and 2) as
regulators of the protein balance between prosurvival and procell
death activities. The latter may allow certain bat species to toler-
ate viral infections and regulate the associated inflammation.

Discussion

This study of the evolution of SARS-CoV-2-interacting pro-
teins in mammals help us to understand how the bat reservoir
and the primate host have adapted to past coronavirus epidem-
ics and may shed light on modern genetic determinants of virus
susceptibility and COVID-19 severity. Here, among the 334
genes encoding for SARS-CoV-2 VIPs, we identified 38 and 81
genes with strong signatures of adaptive evolution in bats and
primates, respectively. Results are available at https://virhostnet.
prabi.fr/virhostevol/. First, we found a core set of 17 genes,
including the ACE2 receptor and POLA1, with strong evidence
of selective pressure in both mammalian orders, suggesting
1) past epidemics of pathogenic coronaviruses in bats and pri-
mates shaping mammalian genomes and 2) common virus–host
molecular and adaptive interfaces between these two mamma-
lian host orders. This represents a list of host genes that should
be prioritized and studied for roles in broad SARS-CoV replica-
tion. We also found several genes under positive selection only
in bats or primates (such as RIPK1 or TMPRSS2), which could
highlight important differences in the coevolution of primate
and bat with SARS-CoVs. Furthermore, we discovered specific
residues within the VIPs with typical marks of virus–host arms
races, which may point to precise SARS-CoV–host interfaces
that have been important in vivo and may therefore represent
key SARS-CoV-2 drug targets (such as TMPRSS2 or FYCO1).
Finally, we found that FYCO1 sites with hallmarks of positive
selection during primate evolution are those associated with
severe COVID-19 in humans, supporting the importance of
these rapidly evolving residues in SARS-CoV-2 pathogenesis and
replication. Overall, our study identified several host proteins
1) whose evolution may have been driven by ancient epidemics
of pathogenic SARS-CoVs, 2) are different between the bat res-
ervoir and the primate host, and 3) may represent key in vivo
virus–host determinants and drug targets.
The difference in adaptive VIPs in primates and bats suggests

that, beyond the common virus–host interfaces, SARS-CoVs
have an intrinsically different interactome in these distant hosts
(i.e., specialization). Therefore, SARS-CoVs may have adapted
to usurp and/or antagonize different cellular proteins in pri-
mates versus bats. This is exemplified by the evolution of the
entry factor TMPRSS2 (among others). We identified strong
evidence of virus–host arms races in primates but not in bats.

This suggests that SARS-CoVs may not strongly rely on
TMPRSS2 for entry in bat cells, as opposed to primates, but
only functional studies on SARS-CoV natural entry pathways
into bat cells would firmly determine this. Interestingly, the
recent SARS-CoV-2 Omicron variant has evolved to enter the
human cell through a TMPRSS2-dependent and -independent
route, showing also intrahost species plasticity at these interfa-
ces (59–62). Lastly, the importance of lineage specificity of
SARS-CoV-2 VIPs has previously been highlighted for OAS1.
Indeed, humans rely on prenylated OAS1 to inhibit SARS-
CoV-2 replication and prevent COVID-19 severity (12, 63),
but Rhinolophidae bats do not encode for an OAS1 capable to
interact with SARS-CoV-2 (12). Thus, in addition to genes
such as TMPRSS2, FYCO1, or RIPK1, our findings provide
dozens of genes that represent host-specific interfaces and may
be critical in vivo SARS-CoV VIPs.

The differences between primate and bat evolution of the
SARS-CoV-2 interactome may further result from important dif-
ferences in the adaptation at the virus–host interface in a reservoir
host versus a recipient host. In this model, beyond the core
SARS-CoV-2 interactome of bats and primates, the genes under
positive selection would correspond to host-specific adaptations
to SARS-CoV. This could underlie important immunomodula-
tory differences between primates and bats (3). For example, the
inflammatory protein RIPK1 showed signatures of adaptive evo-
lution in bat residues that correspond with the loss of important
RIPK1 regulatory phosphorylation and ubiquitination residues in
humans. With the caveats that no functional studies exist on bat
RIPK1, the extrapolation of the functions ascribed to the corre-
sponding residues in human RIPK1 suggests that positive selec-
tion in bat RIPK1 may result from an advantageous decrease of
RIPK1-driven inflammation in bats. This is analogous to the loss
of the S358 phosphorylation site in bat STING that participates
in a dampened inflammation response in bats (13) and supports
a model where hosts that are more tolerant to viral infection con-
tribute to the establishment of a host reservoir, such as hypothe-
sized for bats (13, 64–69).

It is also possible that there are fewer signatures of adaptation
in SARS-CoV-interacting proteins in bats over primates
because coronaviruses may have been less pathogenic in the for-
mer host and therefore less selective (66, 70). However, evi-
dence of strong positive selection in the bat ACE2 receptor
driven by ancient pathogenic SARS-CoVs (this study and refs
26 and 27) supports a model in which past SARS-CoV epi-
demics have been sufficiently potent to shape bat genomes.

Our work also tries to bridge studies of ancient and recent
evolution of genes, which can help us better understand past
epidemics and adaptive genes and ultimately develop evolution-
ary medicine. This study over millions of years of evolution (at
the interspecies level) shows evidence of very ancient epidemics
of SARS-CoVs that have shaped both primate and bat
genomes. Marks of adaptation in SARS-CoV-2 VIPs at the
human population level further identified evidence of past
SARS-CoV epidemics in more recent human history (20).
Bridging these ancient and more recent evolutionary analyses
with GWAS studies would bring more direct confirmation of
the causal role of viral interacting proteins in pathogenesis.
This is here exemplified by the FYCO1 gene that may be a cen-
tral protein in SARS-CoV-2 pathogenesis and disease etiology.

A limitation of our study is that we did not quantify the selec-
tive pressures occurring at (regulatory) noncoding regions of the
VIPs. Using human population genomics, Souilmi et al. (20)
found that marks of positive selection have been particularly
strong at noncoding regions of SARS-CoV-interacting proteins.
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However, these analyses are challenging at the interspecies level,
and more methods and high-quality genome alignments would
be necessary for state-of-the-art mammalian genomic analyses.
Our findings are therefore conservative and other marks of adap-
tation in the same, and in more, VIPs are certainly at play.
At the heart of our study analyzing the coding sequences of

SARS-CoV-2 VIPs is the identification of site-specific adapta-
tions at multiple SARS-CoV-2-interacting proteins, which may
reflect the exact sites of molecular arms races of proviral and
antiviral VIPs with SARS-CoVs (7, 11, 22). It is further possi-
ble that other protein functions and physicochemical con-
straints may also have driven some of these evolutions. For
example, the signatures of positive selection in the mammalian
hepadnavirus receptor NTCP (Na+-taurocholate cotransporting
polypeptide) may have been driven by pathogenic hepadnavi-
ruses as well as metabolic changes in bats due to its role as bile
acid transporter (71). The identified rapidly evolving sites are
therefore of primary importance to investigate in functional
assays to firmly identify key SARS-CoV-2-cell determinants
and drug targets. For example, our study highlights TMPRSS2
and RIPK1, among others, as potential targets of interest.
Primidone, a Food and Drug Administration–approved RIPK1
inhibitor, has proven ineffective as a direct inhibitor of viral rep-
lication in established cell lines (4, 72). However, our findings
suggest that RIPK1 inhibitors will more likely exert an effect
on the virus-induced hyperinflammation rather than on viral
replication itself. As such, the evaluation of the effectiveness of
RIPK1–kinase inhibitors will require a more complex cellular
setup. Lastly, other viruses may also have driven adaptation at
these VIPs, which therefore represent essential host–pathogen
interfaces. Targeting the identified VIPs with strong marks of
virus–host arms races may be an effective broad antiviral strategy.

Methods

DGINN Screens. Analyses were performed as previously described in Picard
et al. (21). Briefly, consensus coding sequence (CCDS) identifiers were down-
loaded from HUGO Gene Nomenclature Committee Biomart (biomart.
genenames.org/) for all 334 genes of interest. If there was more than one CCDS,
the longest was selected. Initial codon alignments and phylogenetic trees were
obtained using DGINN with default parameters (prank -F -codon; version
150803, HKY+G+I model [73]; PhyML v3.2 [74]). Duplication events were
detected through the combined use of Long Branch Detection and Treerecs (75)
as implemented in DGINN. Recombination events were detected through the
use of Genetic Algorithm for Recombination Detection (GARD) (76) from the
HyPhy suite as implemented in DGINN. For each VIP gene, the analyses of pri-
mate evolution and of bat evolution were separately run. The species trees
employed for the tree reconciliation with Treerecs are accessible at https://
virhostnet.prabi.fr/virhostevol/. Positive selection analyses were then run using
models from BUSTED and MEME from the HyPhy suite (24, 77, 78) and codon
substitution models from PAML codeml (M0, M1, M2, M7, M8) (25) and from
Bio++ (M0, M1NS, M2NS, M7NS, M8NS) (23) as implemented in DGINN (21).
For the chiroptera screen, a visual inspection of the resulting gene alignments
was performed, and we refined 28 of them to delete erroneous ortholog sequen-
ces, erroneous isoforms, or sequencing errors. These 28 curated alignments
were then reanalyzed with DGINN starting at the alignment step and included in
the final results (SI Appendix, Fig. S1A and Table S1).

MAIC Scores. MAIC scores were obtained from the database for COVID-19
(https://baillielab.net/maic/covid19/, 2020-11-25 release) (5). The 334 VIP genes
were cross-referenced against the 10,000 best hits of the MAIC database.

Detailed Phylogenetic Analyses on Genes of Interest. Alignments from
the DGINN screens were retrieved, and sequences that appeared erroneous were
taken out. To obtain a maximum number of species along primate and bat phy-
logenies, further sequences were retrieved from NCBI databases using BLASTn.

Final codon alignments were then made using PRANK (73) or Muscle Translate
(79), and phylogenetic trees were built using PhyML with HKY+I+G model and
approximate Likelihood Ratio Test (aLRT) for branch support (74). Each curated
gene alignment and tree were then submitted to positive selection analyses
using the DGINN pipeline, as follows: HYPHY BUSTED and MEME, PAML codeml
(M0, M1, M2, M7, M8, M8a), and Bio++ (M0, M1NS, M2NS, M7NS, M8NS,
M8aNS) (references in DGINN Screens). To test for statistical significance of posi-
tive selection in codeml and Bio++, we ran a χ2 test of the LRT from models
disallowing positive selection versus models allowing for positive selection
(M1 versus M2, M7 versus M8, and M8a versus M8) to derive P values. To iden-
tify the sites under positive selection, we used HYPHY MEME (P value < 0.05),
the BEB statistics from the codeml M2 and M8 models (BEB > 0.95) and the
Bayesian PP from the M2NS and M8NS models in Bio++ (PP > 0.95). Two other
web-based methods were used for this set of genes, as follows: a Fast, Uncon-
strained Bayesian AppRoximation for Inferring Selection (FUBAR) method to
detect site-specific positive selection (PP > 0.90) (80) and an adaptive Branch-
Site Random Effect Likelihood test for episodic diversification (aBS-REL) to detect
branch/lineage-specific positive selection (P value < 0.1) (81).

GWAS Analyses. Using the COVID-19 Host Genetics Initiative data (https://
www.covid19hg.org/results/r6/), we extracted the positions of human polymor-
phisms associated with “very severe respiratory confirmed covid vs. population”
that are within FYCO1 coding sequence and have a P value below 10�8. We
similarly retrieved the positions found associated to severe COVID-19 by Pairo-
Castineira et al. (52) from the data publicly available at https://genomicc.org/
data/. We then matched the coordinates of polymorphic sites significantly associ-
ated with severe COVID-19 to the alignment of coding sequences of FYCO1
(using transcript FYCO1-205). To note, none of the other genes under positive
selection contained polymorphism significantly associated with “very severe
respiratory confirmed COVID” by the COVID-19 Host Genetics Initiative (see
online browser).

Reactome and GOrilla Enrichment Analyses. Gene pathway enrichment
analyses were carried out on the Reactome biological pathways tools (https://
reactome.org/). Interactors of RIPK1 were retrieved using the Reactome Cyto-
scape Plugin (82). To identify enriched GO terms, we used the GOrilla online
tools (cbl-gorilla.cs.technion.ac.il/) to compare unranked lists of genes (target
and background lists), derived from our analyses (i.e., genes with evidence of
positive selection, or not, in bats and in primates, and 334 VIPs) and from
ENSEMBL to constitute the all human genes background set (ftp.ensembl.org/
pub/release-106/gtf/homo_sapiens/Homo_sapiens.GRCh38.106.gtf.gz).

Gene Expression Analyses. We used the transcriptome atlas of 29 human tis-
sues from (83). We first compared the global (mean fragments per kilobase of
transcript per million mapped read [FPKM]) expression level of genes under and
not under positive selection in 29 organs. Then, we compared the expression
level in the Lung (FPKM, represented in log10) for the genes under PS, for bats
and primates.

Protein Structure Predictions. Protein structure prediction of human and
Rhinolophus ferrumequinum RIPK1 were modeled using RaptorX (84), and
structures were visualized using the Chimera software (85).

The 3D structure of TMPRSS2 was predicted using the Iterative-Threading
ASSEmbly Refinement (I-TASSER) server (86). A 492-amino acid sequence of
human TMPRSS2 obtained from NCBI GenBank (accession number AF329454)
was used as the query. The best model inferred by I-TASSER was selected using
the C-score—a measure assessing the quality of the models. The final estimates
are as follows: model C-score, �0.41; estimated TM-score, 0.66 ± 0.13; and
root-mean-square deviation, 8.2 ± 4.5Å. The corresponding TMPRSS2 structure
was generated using Swiss Protein Data Bank viewer software (87).

Sequence Logo Generation. The amino acid sequence logos of TMPRSS2
were generated Geneious (Biomatters), based on an alignment of the PS sites
from mammalian species reported as naturally susceptible and/or experimentally
permissive to SARS-CoV-2, SARS-CoV, and MERS-CoV. The amino acid sequence
logo of bat RIPK1 was generated using WebLogo3 (88), based on the amino
acid alignment of 18 bat sequences.
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Data Availability. Data, codes, and any information are entirely publicly avail-
able. All codes are available in https://gitbio.ens-lyon.fr/ciri/ps_sars-cov-2/2021_
dginn_covid19 (89), and the DGINN pipeline is available at http://bioweb.me/
DGINN-github (90). All results from the DGINN screens (DGINN full dataset) and
from the detailed evolutionary analyses (DGINN genes of interest) are available
through the VirHostEvol web service at https://virhostnet.prabi.fr/virhostevol/
(91). The Shiny web application open-source code is available from the IN2P3
gitlab at https://gitlab.in2p3.fr/vincent.navratil/shinyapps-virhostevol (92).
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