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Bat genomesilluminate adaptations to viral
tolerance and diseaseresistance
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Zoonoses are infectious diseases transmitted from animals to humans. Bats have
been suggested to harbour more zoonotic viruses than any other mammalian order.
Infections in bats are largely asymptomatic??, indicating limited tissue-damaging
inflammation and immunopathology. To investigate the genomic basis of disease
resistance, the BatlK project generated reference-quality genomes of ten bat species,
including potential viral reservoirs. Here we describe a systematic analysis covering
115 mammalian genomes that revealed that signatures of selection inimmune genes
are more prevalent in bats than in other mammalian orders. We found an excess of
immune gene adaptations in the ancestral chiropteran branch and in many descending
bat lineages, highlighting viral entry and detection factors, and regulators of antiviral
and inflammatory responses. ISG15, whichis an antiviral gene contributing to
hyperinflammation during COVID-19 (refs. 4,5), exhibits key residue changesin
rhinolophid and hipposiderid bats. Cellular infection experiments show species-
specific antiviral differences and an essential role of protein conjugation in antiviral
function of bat /SGI5, separate from its role in secretion and inflammation in humans.
Furthermore, in contrast to humans, ISG15in most rhinolophid and hipposiderid bats
has strong anti-SARS-CoV-2 activity. Our work reveals molecular mechanisms that
contribute to viral tolerance and disease resistance in bats.

Bats (Chiroptera) are the only mammals capable of powered flight
and have remarkable adaptations, such as echolocation and excep-
tional longevity. Bats are recognized as natural reservoirs for many
viruses, some of which can cross species barriers and cause zoonotic
diseases'. Viruses from 31 families have been found in bats, including
paramyxoviruses (such as Hendra virus, Nipah virus and mumps virus),
filoviruses (Marburg virus and Bombali virus), rhabdoviruses (rabies

virus) and coronaviruses (close relatives of MERS-CoV, SARS-CoV and
SARS-CoV-2)°.

Coronaviruses are especially widely distributed in bats and have
been detected in species from15 of the 21 bat families®’. In contrast to
humans, inwhom coronaviruses and other zoonotic viruses can cause
hyperinflammation, respiratory insufficiency and multi-organ failure®,
infections in bats are largely asymptomatic. Indeed, experimentally
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inoculating bat species with SARS-like or Marburg viruses showed pro-
ductive viral infection and replication, but no clinical signs of disease®?,
indicating that bats have evolved differentialimmune responses®'°.
Infection-induced inflammation is necessary to mount effective anti-
viral responses, but inflammation can lead to collateral tissue dam-
age. Bats limit the expression of inflammatory cytokines and dampen
uncontrolledimmune responses, reducingimmunopathology™ . For
example, Egyptian fruit bats infected with Marburg virus upregulate
antiviral genes but do not strongly induce pro-inflammatory genes>.

Analyses of bat genomes revealed insights into immune system
changes that may contribute to enhanced resistance to viral disease,
such asselection of viral entry and innateimmune factors, differences
in natural killer cell receptors and type 1interferon genes, selection
and losses of pro-inflammatory regulators of canonical NF-kB signal-
ling, and the absence of inflammasome-activating PYHIN genes®* 7.
Further studies revealed a general dampening of the inflammasome
system to multiple immune stimuli'®, Because powered flight requires
high metabolic rates, and by-products of rapid metabolism activate
the immune system, greater viral tolerance could have evolved as a
by-product of immune adaptations to counter flight-induced sterile
inflammation™8,

Hereweintegrated sequencingand assembly of new reference-quality
bat genomes witha comprehensive mammalian genome analysis and
experiments to better understand the genomic basis of disease resist-
ancein bats.

Frequency of coronavirusesin bats

To compare how often coronaviruses were detected in comparison with
other viruses in bats and rodents (another order that harbours a rich
viral diversity), we used data from the ZOVER database®, considering
only metagenomic studies. This analysis revealed that 17.8% of the viral
sequences detected in bats are from coronaviruses, compared with only
1.4% for rodents (two-tailed Fisher’s exact test, P= 5 x 10™%; Fig.1aand
Supplementary Table 1). Among bat families, 41.6% and 31.7% of the
viruses detected in individuals from the families Rhinolophidae and
Hipposideridae, respectively, are coronaviruses, whichis significantly
higher than for other bat families (Fig. 1b).

Ten new reference-quality bat genomes

TheBatlK project used long-read and long-range sequencing technolo-
gies to generate ten new reference-quality genomes (Supplementary
Table 2). Specifically, we sequenced four rhinolophid (Rhinolophus
yonghoiseni, Rhinolophus perniger lanosus, Rhinolophus affinis and
Rhinolophustrifoliatus) and three hipposiderid (Hipposideros larvatus,
Aselliscus stoliczkanus and Doryrhina cyclops) species. Most of these
speciesliveinSoutheast Asia, whichis a hotspot for zoonotic diseases.
Rhinopoma microphyllum (family Rhinopomatidae) and Megaderma
spasma (family Megadermatidae) were sequenced to represent close
sister families of the Rhinolophidae-Hipposideridae clade. Finally, we
sequenced Mops condylurus (family Molossidae), whichisimplicated
asanatural reservoir for Bombali virus (genus Orthoebolavirus)®. For
nine species, we sequenced 27-42x PacBio circular consensus (HiFi)
reads for contig assembly, and roughly 60x Hi-C data for scaffolding.
The M. spasma genome was assembled from Oxford Nanopore long
reads (81x coverage), Bionano optical maps, 10x Genomics linked reads
and HiC data.

Alltenassemblies far exceed the minimum Bat1K standards® (Fig.1c,d
and Supplementary Figs.1and 2). At least 50% of all assemblies are in
contiguous sequences (contig N50) ranging from12.5 Mb to 72.2 Mb.
Contig N90 values range from 3.8 MB to 32.6 Mb. Chromosome-level
scaffolds comprise 91.8-99.7% of our assemblies, and estimated base
accuracies (consensus quality, QV = 61.8-69.7, indicating less than
1error per megabase) are very high for all HiFi-based assemblies.
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Toassess gene completeness, we used TOGA, amethod thatintegrates
reference-based gene annotation, inferring orthologous genes, and
gene classification?. Compared with assemblies based on short reads,
long-read assemblies consistently exhibit more genes withintactand
complete reading frames (Fig. 1e, Supplementary Figs. 3 and 4, and
Supplementary Table 3). We show that high assembly completeness
and quality facilitates comprehensive screens for positive selection
ingenes (Extended Data Fig. 1). Together, the combination of HiFiand
HiC datais a powerful strategy to generate reference-quality assem-
blies for bats and other species. Similar to other bats, the new genomes
exhibited an accumulation of recent DNA transposon insertions
(Supplementary Fig. 5).

To generate agenome-based bat phylogeny thatincludes the newly
sequenced species, we used both multi-species coalescence and concat-
enated alignments of 1:1orthologous genes, representing 30,354,372
base pairs (bp), which consistently inferred the same tree topology
(Fig.1f), inagreement with previous phylogenies?. Support values are
high for all nodes. Finally, we used 17 fossil calibration points to infer a
time-calibrated tree (Fig. 1f, Supplementary Fig. 6 and Supplementary
Table 4), which estimated the Rhinolophidae-Hipposideridae common
ancestor to be around 35 million years old.

Immune gene selection in mammals

The ability of bats to limit disease during viral infections is probably
theresult ofimmune system adaptations, which may be detectable as
signatures of episodic positive selectionin genes. To test how prevalent
positive selection isamong different mammalian orders and different
functional groups of genes, we devised the following genome-wide
screen. First, we used TOGA? to obtain orthologous genes across 20
batgenomes and 95 non-chiropteran mammals that represent 9 other
orders, including per order upto 20 species selected for having 16,000
or more intact orthologues (Fig. 2a, Supplementary Fig. 7 and Sup-
plementary Table5). Second, we used the sensitive branch-site model
aBSREL? to test all 228 branches in the 115-species tree for positive
selection. Instead of testing predefined hypotheses, our exploratory
screen also allows for recurrent and convergent positive selection.
Considering17,130 genes, we found 8,608 genes that show selectionin
atleastonebranch (Supplementary Table 6). Third, for each of the ten
mammalian orders, we determined functional enrichments of positively
selected genes (Fig. 2, Extended Data Fig. 2and Supplementary Table 7).

Consideringall high-level biological processes, as defined by top-level
Gene Ontology (GO) terms, we found that bats have the most-significant
enrichment for ‘immune system process’ (a corrected Pvalue (P,,,) of
2.02 x107%), followed by rodents (P,., = 6.75 x 107™"; Fig. 2a). This pat-
tern is not driven by unequal taxonomic representation or substan-
tial genome quality differences, because four other orders (Primates,
Rodentia, Artiodactylaand Carnivora) are also represented by 20 species
withcomparable assembly qualities (Supplementary Fig. 7). This pattern
isalsorobust to subsampling 10 species from the 20-species orders and
using the alternative instead of the primary bat assemblies (Extended
DataFig.2and SupplementaryFigs. 8 and 9). Moreover,immune-related
genes positively selected in bats are not more prone to undergoing
structural rearrangements in bats than not-selectedimmune genes (Sup-
plementary Fig.10). The number of positively selected immune-related
genes per bat branch did not correlate with viral diversity, longevity
quotient or hibernation (Supplementary Fig. 11).

We observed that branch length measured in millions of years and
substitutions per site in both neutrally evolving and coding regions
correlate significantly with the number of positively selected immune
genes (Fig.2b and Extended Data Fig. 3). Using the best-fitting regres-
sionmodel (Supplementary Tables 8 and 9), we coloured all branches
according to the difference between observed and expected number
of positively selected immune genes, which highlights many bat line-
ages as outliers (Fig. 2c). Consistent with an excess of immune gene
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a,b, Percentage of viruses from the family Coronaviridae detected inrodents
(left) and bats (right) (a) and in different bat families (b). Pie size is proportional
to the number of viral sequences (seqs). Pies n <50 not shown (Emballonuridae
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selection in bats, models with two intercepts reveal a significantly
higherintercept for bats than for non-flying mammals (Extended Data
Fig. 3). Notably, the ancestral chiropteran branch has almost twice
as many immune genes under selection than expected (42 observed
versus 22 expected), thus exhibiting a higher excess of immune gene
selection than ancestral branches of all other orders (for example,

indicates lower assembly completeness; an excess of genes with inactivating
mutations (premature stop codons, frameshifts, splice-site disruptions and
exon or genedeletions; orange) indicates lower base accuracy. f, Phylogenetic
placement of newly sequenced species. The timetree was reconstructed for

50 batspecies covering 12 families using exon-by-exon alignments 0f 16,860
orthologous genes. New BatlK genomes are in orange text. Mya, million years
ago. Therodentsilhouette was obtained from PhyloPic (phylopic.org).

Mus musculus, created by Daniel Jaron undera CC01.0 Universal Public Domain
licence. The batsilhouette was vectorized by A.E.M.

42 versus 25 for Afrotheria and 20 versus 21 for Rodentia) (Fig. 2c and
Supplementary Table 8). Asimilar patternis observed for GO ‘immune
response’ and SARS-CoV-2relevantimmune pathways (Extended Data
Fig.4 and Supplementary Fig.12). By contrast, genes that are potentially
relevant for other bat adaptations (such as longevity and echolocation)
show no excess of selection (Supplementary Fig. 13). Together, these
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a, Functional enrichments of genes under positive selectionin mammalian
orders (columns). All high-level GO biological processes were tested (rows),
butonly termssignificantly enrichedin atleastone order are shown. Coloured
cellsindicate significant enrichments after multiple test corrections.b, Linear
regression model showing asignificant correlation between the number of
genes positively selected onabranchand the squareroot of the branch length.
Thegreyshaded areaindicates the 95% confidenceinterval. ¢, Per-branch
signal ofimmune selection for the 115-mammal phylogeny. Branches are
colour-coded accordingto the difference between the observed and expected
number of positively selected ‘immune system process’ genes, calculated from
theregression model. New Bat1K genomes are showninred text. Observed
numbers for ancestral branches of mammalian orders are in parentheses.
d,e, Enrichments of direct child terms of GO ‘immune system process’ (d) and
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We next analysed the child terms of ‘immune system process’
(Fig. 2d). Compared with other mammalian orders, genes positively
selected in Chiroptera have the most significant enrichments for
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‘immune response’ (P, =1.44 x107°), ‘regulation of immune system
process’ (P.,,=2.12 x10™"), immune effector process’ (P.,, = 5.66 x107%)
and ‘leukocyte activation’ (P, = 9.31 x10~%), which were also robustly
detected in our subsampling analysis (Extended Data Fig. 2). More
specific GO terms further highlight chiropteran enrichments related
to innate and adaptive immune systems (Fig. 2e).

Immune-related changesin bats

To gaininsights into the immunomodulatory pathways that can con-
tribute tobat tolerance of coronaviruses and other viruses, we explored
more specific enrichments and integrated knowledge from the lit-
erature, focusing on genes under selection in the ancestral branches
of Chiroptera, Rhinolophidae-Hipposideridae and Rhinolophidae
(Extended DataFig. 5 and Supplementary Fig.14).

Toenter host cells, viruses use cell-surface receptors. We identified
positive selection on ANPEP (a receptor used by human coronavirus
229E for entry?*, selected in Rhinolophidae), the cofactor SCARB1
(which facilitates SARS-CoV-2 entry by enhancing cell-surface attach-
ment?, selected in Rhinolophidae-Hipposideridae) and the endosomal
protease CTSB (which mediates entry of ebolaviruses and reoviruses®,
selectedin Chiropteraandin Rhinolophidae) (Extended DataFig. 5b).

Viral infections are detected by pattern-recognition receptors,
including toll-like receptors (TLRs) and RIG-I-like receptors (RLRs),
which induce innate immune responses and pro-inflammatory
cytokine release. Interestingly, our analysis showed that ‘innate
immune response’ (P, =1.37 x107) is enriched only for genes
positively selected in bats (Fig. 2e). Furthermore, ‘inflammatory
response’ (P, = 2.51x107) and ‘regulation of cytokine production’
(P, =1.58 x107) have the most significant enrichments for bats
(Supplementary Table 7). These GO terms include several viral sen-
sors and inflammatory immune response regulators (Extended Data
Fig. 5b). Among them, TLR8 (repeatedly selected in Rhinolophidae-
Hipposideridae and Rhinolophidae) induces pro-inflammatory
cytokines after detecting single-stranded RNA of endocytosed viruses
such as SARS-CoV-2 (ref. 27). TRIM38 (selected in Rhinolophidae)
encodes a ubiquitin/SUMO ligase that has multiple rolesinimmunity.
Duringearly infection, TRIM38 enhances innate immunity by prevent-
ing the degradation of viral RNA and DNA sensors (RIG-1, MDAS, cGAS
and STING)®%. During late infection, TRIM38 is upregulated by interfer-
onsand inhibits TNF-and IL-13-mediated NF-kB activation to suppress
inflammation®® (Extended Data Fig. 5¢). Thus, TRIM38 contributes to
strong early innate immune responses and dampens inflammation at
later stages, processes that are intensified in bats'>>. BTK (selected in
Chiroptera) encodes atyrosine kinase that contributes to TLR-induced
productionof anti-inflammatory IL-10 (ref. 31) (Extended Data Fig. 5b,c).
Furthermore, BTK interacts with NLRP3 inflammasome components
andisessential forinflammasome activation®. Consistently, BTK inhibi-
tors reduce hyperinflammation in severe COVID-19 (ref. 33). Hence,
changes in BTK function could be yet another mechanism for inflam-
masome dampening in bats”. TNFAIP2 (selected in Rhinolophidae-
Hipposideridae) is a TNF-inducible gene that is involved in negative
feedback regulation of NF-kB signalling**. HP (haptoglobin, repeatedly
selected forin Chiropteraand Rhinolophidae-Hipposideridae) inhibits
T-cell proliferation and pro-inflammatory cytokine secretion from
various immune cell types®, and directly activates TLR4 signalling,
which stimulates the secretion of IFN (encoded by IFNBI, selected
in Chiroptera)®. Finally, IL36A, a pro-inflammatory IL-1 superfamily
member that stimulates NF-kB signalling®, was lost in the common
ancestor of Rhinolophidae, Hipposideridae, Megadermatidae and
Rhinopomatidae (Supplementary Fig.15A). Another pro-inflammatory
IL-36 family member, IL36G, was lost in the rhinolophid ancestor (Sup-
plementary Fig.15B-D).

The GO term‘defence response tovirus’ (P, = 4.61x107) is uniquely
enriched for genes positively selected in bats (Supplementary Table 7).

Crucial for viral defence is a potent type l interferon (IFN-I) response.
Although delayed or ineffective interferon responses are linked to
severe COVID-19 (ref. 38), interferons need to be downregulated after
infection to prevent immunopathology and autoimmune disease.
We found selection not only on /FNBI1, but also on several other genes
thatregulate or areregulated by interferon signalling (Extended Data
Fig.5d).IFNBlsuppresses the secretion of the potent pro-inflammatory
cytokine IL-17A (selected in Chiroptera), which can trigger cytokine
storms in severe COVID-19 by inhibiting the differentiation of
IL-17-producing T helper cells®. IFNB1 and other type l interferons
activate the JAK-STAT cascade, which induces, among other genes,
ISGIS5 (an antiviral protein investigated in detail below), IFIT2 and
IFIT3. Both IFIT2 (selected in Chiroptera) and IFIT3 (selected in Rhi-
nolophidae) encode cytoplasmic proteins that restrict the replication
of coronaviruses and other viruses by inhibiting viral RNA translation*°.
During viralinfections, LRRC25 (under selectionin Chiroptera) down-
regulates IFN signalling by mediating the autophagic degradation of
ISG15-associated RIG-I, thus suppressing RIG-I-mediated expression of
IFNpB-and IFN-I-induced genes such as /FIT1 and IFIT2 (ref. 41). Similarly,
when located intracellularly, N-myc and STAT interactor (NMI, under
selection in Rhinolophidae-Hipposideridae) promotes the protea-
somal degradation of IRF7 to inhibit the expression of IFITI and IFIT3,
ISG15and other IFN-stimulated genes*. By contrast, extracellular NMI
induces the release of pro-inflammatory TNFs and IL-6 by activating
canonical NF-kB*. Thus, depending on the location, NMI has anti- or
pro-inflammatory roles.

Functional enrichments of positively selected genes related to leu-
kocyte migration (CCR2 and CCRS), complement system (C7 and CIS)
and B cell signalling (CD79A4 and BTK) are detailed in Extended Data
Fig.5e,f.Insummary, our analysis revealed multiple promising targets
for future experimental validation.

Conserved Cys-residue deletion in ISG15

ISG15is aubiquitin-like protein thatis strongly induced by IFN-1 during
viralinfections and upregulated in patients with COVID-19 (refs. 4,44).
It has multiple functions, bothintracellular and extracellular. Intracel-
lularly, free ISG15 can be conjugated to hundreds of newly synthesized
host and viral proteins (termed ISGylation), helping to restrict virus
replication. Notably, genes that encode two protein ligases required
for ISG15 conjugation, UBA7 (encoding UBEIL) and HERCS, are posi-
tively selected in Rhinolophussinicus and the ancestor of R. trifoliatus/
R. perniger lanosus (HERCS) (Supplementary Table 6). Furthermore,
the gene encoding the above-mentioned ISG15/RIG-I-binding LRRC25
is positively selected in the ancestral Chiroptera branch. ISGylation
canbe antagonized by viralimmune-evasion proteins, exemplified by
SARS-CoV-2-encoded papain-like protease (PLpro), which de-ISGylates
IRF3 and MDAS to suppress antiviral responses**¢, Extracellular
ISG15 can enhance secretion of pro-inflammatory cytokines and
chemokines in a paracrine manner, a process implicated in hyperin-
flammationduringsevere COVID-19 (refs.4,5). In particular, SARS-CoV-2
PLpro-mediated de-ISGylationincreases the pool of free ISG15, enhanc-
ing its extracellular secretion and production of pro-inflammatory
factors.

ISG15 exists both asamonomer and adimer. Although only the mono-
mer canbe used forintracellular ISGylation, the formation of homodi-
mers, stabilized by disulfide bonds with a conserved cysteine (Cys78
in humans), is thought to be required for the extracellular cytokine
function of ISG15 (refs. 47,48).

We discovered that Cys78 is deleted in all rhinolophid and hippo-
siderid bats (Fig. 3a). Mutating Cys78 prevents ISG15 homodimeriza-
tion, altering extracellular cytokine activity and possibly enhancing
ISGylation**® (dimerized ISG15 cannot be ISGylated), so we tested the
hypothesis that Cys78 deletion alters the function of rhinolophid and
hipposiderid ISG15.
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Fig.3|Altered dimerization and antiviral capacity of Cys78-mutated ISG15.
a, Alignment of functionally importantISG15residues. The sequence logos show
the protein conservation of mammalian orders. b, Representative western blot
of HEK293-subclone-AISG15 cells overexpressing Myc-tagged wild-type or
mutated /SGIS. Lysates were treated with 1,6-bis(maleimido)hexane (BMH) to
cross-link disulfide bonds. ¢, Quantification of ISG15 western blots. Two-tailed
t-tests test for differences in dimer formation; n=4.d-g, Viral output, measured
by TCIDs, (fand g) or a TCIDs, surrogate (Crystal Violet absorbance at 450 nm;
dande)inaHEK293-subclone (d), Vero-E6 (e), stable ANPEP-expressing
HEK293 cells (f) and stable ACE2-expressing A549 cells (g) that express ISG15

constructs.d, VSV-GFPinfection (multiplicity of infection (MOI) of 0.1for 24 h);

n=3.e,HINI1PR8IAVinfection (MOl of0.1for48 h); n=4.f, HCoV-229E infection
(MOl of0.1for72 h); n=3.g, SARS-CoV-2infection (MOl of 0.1for 48 h); n > 3 for
ISG15, n=7for SARS-CoV-2 control. h, Quantification of western blots
(Extended DataFig.10e) of ISG15-transfected HEK293-subclone-AISG1S5 cells,
co-transfected with SARS-CoV-2 PLpro (NSPC3C/L); n= 4.1, Quantification of
ISG15 conjugatedin cells after PLpro cleavage (matched to h). Decrease in
conjugationwith PLproindicates de-ISGylation; n=4.j,1SG15 released into the
supernatant after PLpro cleavage (matched to h). In supernatants, ISG15is not
detected before infection; n = 4.k, Quantification of westernblots for ISG15
cleavage andreleaseinto the supernatant (exampleinj), onalogarithmic
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scale;n=4.Dataare presented as mean (solid oval) and standard error of the
mean (s.e.m.) (bars), showing individual data points of biological replicates
asgrey circles (c-g,h,iand k). All quantifications are fromindependent
experiments. Significant differences to vector control (blue asterisks) or wild-
typeISG15 (black asterisks) were determined by two-tailed ¢-tests (*P < 0.05,
**P<0.01,***P<0.001). Uncroppedimages, Pvalues and alldataarein
Supplementary Dataand Supplementary Tables10,11,15,16 and 18-21. WT,
wildtype; C78A, Cys78 to Alamutation; AC78, Cys78 deletion; S77C, Ser77 to

Cys mutation. Allanimal silhouettes apart from the bat were obtained from
PhyloPic (phylopic.org). Mus musculus, by Daniel JaronunderaCC01.0

Universal Public Domain licence; Gorillagorillagorillaby T. Michael Keesey
(after Colin M. L. Burnett) undera CC01.0 Universal Public Domainlicence;
Leporidae, by Sarah Werningunder a CCBY 3.0 licence; Erinaceus europaeus

by Roberto Diaz Sibajaundera CCBY 3.0 licence; Equus ferus przewalskii, by
Mercedes Yrayzoz (vectorized by T. Michael Keesey) undera CCBY 3.0 licence;
Camelus dromedarius, by Steven Traver under a CC01.0 Universal Public Domain
licence; Panthera pardus, by Margot Michaud undera CC0 1.0 Universal Public
Domainlicence; Manis culionensis, by Steven Traver under aCC0 1.0 Universal
Public Domainlicence. The bat silhouette was vectorized by A.E.M., the Afrotheria
(Thai Elephant) silhouette was obtained from OpenClipArt (https://openclipart.
org/)underaCCO01.0 Universal PublicDomain licence.
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Cys78 deletion prevents dimer formation

To investigate whether Cys78 deletion prevents stable homodi-
merization of bat ISG15, we first used structural modelling and
molecular-dynamics simulations. Although Cys78-containing human
ISG15 did indeed show stable homodimers, the Cys78-lacking ISG15
dimer of two rhinolophid and hipposiderid bats seemed more unstable,
adopting topologically distinct conformations that are not stabilized
by non-covalent interactions (Extended Data Figs. 6 and 7 and Sup-
plementary Figs.16-19).

To confirm this experimentally, we transiently transfected HEK293-
subclone-AISG15 cells (human immortalized embryonic kidney cells
with endogenous /SG15 knockout that naturally express the ISGyla-
tion machinery) with constructs expressing wild-type Myc-tagged
Cys78-containing ISG15 of human and M. condylurus (an outgroup
bat to the Rhinolophidae-Hipposideridae) and Myc-tagged naturally
Cys78-lacking ISG15 of R. affinis (Fig. 3b and Supplementary Figs. 20
and 21). Using a highly sensitive Myc antibody to exclusively detect
transfected ISG15 and avoid cross-species antibody-detection prob-
lems, we found that human and M. condylurus, but not R. affinis, ISG15
forms stable dimers (Fig. 3b,c). Mutating Cys78 to alanine (C78A) or
deleting Cys78in humanISG15 prevented stable dimersandincreased
the monomer percentage, whereas restoring Cys78 (§77C mutation) in
R. affinis1SG15 enabled dimerization (Fig. 3b,c). Furthermore, removing
Cys78 from humanISGl5increased the percentage of other ISGylated
proteins (Fig. 3c). Together, these data demonstrate that Cys-mediated
disulfide bonds are required for the formation of stable ISG15 dimers.

Effect of ISG15 against vesicular stomatitis virus

To explore whether Cys78 deletion affects the antiviral function
of ISG15, we first transiently transfected HEK293-subclone-AISG15
cells with the above-mentioned ISG15 constructs, infected them with
GFP-tagged vesicular stomatitis virus (VSV, arepresentative of the Rhab-
doviridae family that is common in bats), and measured viral produc-
tion as VSV-GFP release into the supernatant. Although we observed
no antiviral activity of any wild-type ISG15, mutating or deleting Cys78
fromhumanISG15increased VSV-GFP production (pro-viral), indicat-
ing altered antiviral capacity of Cys78-deficient human ISG15 (Fig. 3d).

We next examined how human and Cys78-lacking ISG15 from six
rhinolophid and three hipposiderid bats affects viral entry and repli-
cationby quantifying the percentage of VSV-GFP positive cells. ISG15
from humans and all the bats except R. trifoliatusreduced the viral load
(Extended Data Fig. 8a), implicating ISGylated proteins in blocking
viral entry. Notably, we observed significant differences among rhi-
nolophid species that share the ISG15 Cys78 deletion, indicating that
other amino acid mutations alter ISG15 function in a species-specific
manner. Next, we measured GFP intensity during early infection stages
asaproxy of viral replication, which revealed a conserved role for ISG15
inreducing viral load (Extended Data Fig. 8b). Measuring Ki67 levels
showed that human ISG15 had a positive effect on cell proliferation
during infection, but no effect was detectable without viral infection
(Extended Data Fig. 8c). Surprisingly, ISG15 from six bats increased
cell proliferation even in the absence of infection. Together, our VSV
infection experiments reveal species-specific antiviral differences of
rhinolophid-hipposiderid ISG15, not explained by their shared Cys78
deletion, and indicate further roles for ISG15 beyond antiviral defence,
which is relevant because several bats constitutively express ISG15
before IFN induction***°,

Effect of ISG15 againstinfluenza A virus and
coronaviruses

We next examined how human, R. affinis (with and without Cys78) and
M. condylurus ISG15 affects the production of three other viruses:

influenza A virus (IAV), human coronavirus 229E (HCoV-229E) and
SARS-CoV-2. First, we tested IAV as a member of the Orthomyxoviri-
dae family that is commonly identified in bats. We stably transduced
Vero-E6 cells with the ISG15 constructs, infected them directly with
IAV (HIN1/PRS8 strain) and examined viral production by median
tissue-culture infectious dose assay (TCIDs,). Whereas human ISG15
reduced viral output in a small but non-significant manner, no dif-
ference compared with the empty vector control was observed for
ISG15 of R. affinis and M. condylurus (Fig. 3e). Interestingly, mutating
or deleting Cys78 from human ISG15 and restoring Cys78 in R. affinis
ISG15 significantly increased viral production (pro-viral), whichis not
caused by decreased IRF3 activation or interferon-stimulated gene
expression, and does not depend on the extracellular cytokine function
of ISG15 (Extended Data Fig. 9). Rather, this indicates that conforma-
tional changes induced by the cysteine mutations interfere with the
intracellular function of ISG15.

Second, to compare ISG15 activity against coronaviruses, we meas-
ured the production of HCoV-229E (a virus, probably originatinginbats,
that can cause the common cold®) in HEK293-subclone cells that stably
express the HCoV-229E receptor ANPEP (CD13) and ISG15 constructs. All
ISG15 constructs significantly reduced HCoV-229E production (Fig. 3f).
Interestingly, humanISG15-C78A significantly enhanced antiviral effi-
cacy compared with wild-type ISG15, but no difference was observed
when deleting Cys78 (Fig. 3f). Restoring Cys78 in R. affinis ISG15 also
enhanced the antiviral effect of ISG15. This corroborates the idea that
ISG15 antiviral activity is influenced by epistaticinteractions between
Cys78 and other residues.

Because PLpro of sarbecoviruses, including HCoV-229E, can de-
ISGylate human ISG1S5 (ref. 52), thus increasing the pool of free ISG15,
we investigated whether HCoV-229E infection affects ISG15 secretion.
Wild-type human and R. affinis1ISG15 was poorly secreted from HEK293
cells, and no increase in secretion was observed during HCoV-229E
infection (Extended Data Fig. 10). By contrast, M. condylurus 1SG15
wasstrongly secreted already in the absence of HCoV-229E, and secre-
tion was further enhanced during viralinfection. Mutating or deleting
Cys78from humanISG15increased monomer secretioninthe absence
of virus, indicating that the presence of Cys78 affects the basal secre-
tion of humanISG15. During HCoV-229E infection, secretion of human
Cys-lacking ISG15 was reduced (Extended Data Fig. 10), probably
because HCoV-229E causes an upregulation of the ISGylation machin-
eryand conjugation®, resulting in a smaller pool of ISG15 available for
secretion. Overall, these data indicate species-specific differences in
ISG15 secretion during HCoV-229E infection, and that Cys78 affects
both conjugation and secretion, separately to dimer stabilization.

Third, we tested ISG15 against the original SARS-CoV-2 strain that
started the pandemic, using A549 cells stably expressing the SARS-CoV-2
receptor ACE2. Whereas human and M. condylurus1SG15 had no effect
on SARS-CoV-2virus production, which could be explained by Molossi-
dae and humans not being known as sarbecovirus reservoirs (Fig. 1b),
R. affinis 1SG15 strongly reduced viral production (Fig. 3g), inde-
pendently of cytokine enhancement (Extended Data Fig. 9). Intrigu-
ingly, the C78A mutation, but not the Cys78 deletion, enhanced the
anti-SARS-CoV-2 function of human ISG15 compared with the wild
type, indicating that Cys78 may have other roles besides affecting
secretion and cytokine signalling activity, because both mutations
abolish stable dimer formation.

Giventhat SARS-CoV-2 PLpro evades the antiviral function of human
ISG15 by efficiently de-ISGylating it**, we examined the effect of Cys78
onPLpro cleavage and ISGylation. Overexpressing SARS-CoV-2 PLpro
in HEK293-subclone-AISG1S5 cells transfected with ISG15 constructs
showed that PLpro did indeed decrease ISGylation (the percentage
of proteins conjugated to ISG15) and increase the amount of mono-
mer in cell lysates for all three wild-type constructs (Fig. 3h,i). PLpro
led to a strong increase in the secretion of human and M. condylurus
ISG15into the supernatant, but only asmaller non-significantincrease
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Fig.4 |Species-specificISG15 conjugation and antiviral function.a-c, Viral
output, expressed relative to the empty vector (IRES-mCherry) control, in
A549 (a), stable ANPEP-expressing HEK293 (b) and stable ACE2-expressing
A549 (c) cellsthatexpress ISG15 constructs. a, HINI PR8 IAV infection (as per
Fig.3e). A549 cell supernatantstitrated on Vero-E6 cells by plaque assays; n = 4.
b,HCoV-229E infection (as per Fig. 3f). Viral output was measured by TCID, in
Huh7 cells; n=3. ¢, SARS-CoV-2infection (as per Fig.3g). Viral output from A549
cells was measured by TCID;, in Vero76 cells; n > 4 for ISG15, n =7 for SARS-CoV-2

for R. affinis, again indicating that R. affinis is a poorer substrate
for SARS-CoV-2 PLpro (Fig. 3j,k and Extended Data Fig. 10). Cys78
deletion, but not C78A, in human ISG15 increased PLpro-mediated
secretion. Notably, restoring Cys78 in R. affinis ISG15 also increased
PLpro-mediated secretion, highlighting the fact that Cys78 has different
effectsinR. affinisand humanISG15, and indicating potential structural
changes, rather than the ability to forma disulfide bond, beingimpor-
tant for evading SARS-CoV-2 PLpro. Our experiments also show that
some epithelial cells can secrete ISG15 when high PLpro amounts are
present (previously only shown inimmune cells), indicating a poten-
tial role for ISG15 trans-signalling toimmune cells in the surrounding
environment during infection.

Bat ISG15s differ in antiviral activity

The presence or absence of Cys78 has no consistent effect on the antivi-
ral activity of ISG15, and epistatic effects with other ISG15 residues may
havearole, soresults for R. affinis and M. condylurus may not generalize
to other bats. We therefore compared the antiviral function of 12 bats,
including Cys78-lacking ISG15 from six Rhinolophidae and three Hip-
posideridae, and Cys78-containing ISG15 from M. condylurus, aPteropo-
didae (Rousettus aegyptiacus) and a Vespertilionidae (Myotis myotis).

ForIAV,ISG15 of all bats except R. yonghoiseni showed antiviral activ-
ity compared with the vector control, and many have stronger antiviral
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control.d, Ascexceptusing wild-type (WT) and LRGG>LRAAISG15 mutants that
remove the ISG15 conjugation motif; n > 5 for LRGG mutations, n =7 for SARS-
CoV-2control. Graphsrepresent mean and s.e.m. withindividual data points
ingrey; nreferstoindependentbiological replicates. Significant differences
to vector control (black asterisks) or human ISG15 (orange asterisks) were
determined by two-tailed t-tests (*P < 0.05,**P< 0.01, ***P< 0.001). All data are
givenin Supplementary Tables 22-25.

activity than human ISG15; the presence of Cys78 did not correlate
with antiviral function (Fig. 4a). For HCoV-229E, the ISG1S5 of all bats
decreased viral productionand, with the exception of R. perniger lano-
susandR. affinisISG15, the antiviral effect was stronger than for human
ISG15 (Fig. 4b). Notably, for SARS-CoV-2, ISG15 of seven rhinolophid
and hipposiderid bats strongly suppressed SARS-CoV-2 production by
80-90%, whereas the ISG15 of human, M. condylurus, R. aegyptiacus
and M. myotis failed to reduce SARS-CoV-2 production (Fig. 4c). This
shows that ISG15 of most rhinolophid and hipposiderid bats, for which
coronaviruses are most commonly identified (Fig. 1b), can efficiently
restrict cellular SARS-CoV-2 production.

To confirm that the enhanced intracellular anti-SARS-CoV-2 func-
tion of bat ISG15 is mediated by ISGylation, we prevented ISGylation
by mutating the conserved carboxy-terminal LRGG ISGylation motif
(Fig.4d). This mutation ablated the anti-SARS-CoV-2 function of ISG15
and caused a pro-viral outcome, similar to human ISG15. Consistent
with conservation of the E1-E2-E3-ligase genes in bats, we observed
ISGylation with both batand human ISG15in bat cells, indicating com-
patible ISGylation machinery (Supplementary Fig. 21). Taken together,
these dataindicate that ISGylationis the key mediator of the enhanced
anti-SARS-CoV-2 activity of rhinolophid and hipposiderid bat ISG15.

Tofurtherunderstand whyR. trifoliatusis an outlier in the SARS-CoV-2
infection assays, we used the crystal structure of the SARS-CoV-2
PLpro-human ISG15 complex®* and modelled human, R. affinis,



R.sinicus, R. yonghoiseni and R. trifoliatus 1SG15 against PLpro. Com-
pared with the human ISG15-PLpro model, we identified subtle changes
inbatISG15, for which three of six key contact residues differ fromthe
human structure (N89E, T125S and F145L mutations) and contribute
to altering the PLpro contact sites (Extended Data Fig. 11and Supple-
mentary Videos 10-19). Consistent with our experimental findings,
R. trifoliatus 1SG15, which has the weakest anti-SARS-CoV-2 activity
among the tested horseshoe bats (Fig. 4c), had a contact region near
the active site of PLpro that is very similar to that of human ISG15. By
contrast, R.yonghoisenilSG15, which has the strongest antiviral effect,
had only two of the identified key contact residues stillin contact with
PLpro, butitalsoformed new contact surfaces away from the catalytic
site associated with cleavage (Supplementary Video 15), potentially
inhibiting the function of PLpro. This may be related to the evolution
anddiversificationin function after theinitial loss of Cys78, ascenario
that requires further investigation in future studies.

Discussion

Tounderstand the genomic basis of viral disease resistance in bats, we
generated ten new reference-quality genomes, focusing on rhinolophid
and hipposiderid bats that harbour close relatives of zoonotic corona-
viruses, and performed acomprehensive exploratory selection screen
covering 115 genomes. This screen revealed enrichments forimmune
gene selectionin many mammalian orders, consistent with widespread
selection exerted by pathogens driving rapidimmune gene evolution®.
However, compared with other orders, bats exhibit the most significant
enrichments forimmune gene selection, providing genomicevidence
thatbats have pronounced immune system adaptations. We uncovered
an excess ofimmune gene selection in the ancestral chiropteran branch,
raising the possibility that the evolution of flight is directly or indirectly
linked to immune system changes. We highlight several regulators
of inflammatory responses that inhibit pro-inflammatory cytokine
production and participate in negative-feedback control of interferon
signalling, indicating that these genes may contribute to preventing
uncontrolled inflammation during viral infection in bats. Together,
our findings provide promising experimental targets and a guide to
unlocking the secrets behind bats’immune system adaptations.

Our ISG15 experiments have several implications. First, our mutation
experiments show that Cys78 has other unpredictable effects on anti-
viral activity. Exemplified by IAVand HCoV-229E, we observed opposite
effects when introducing an equivalent Cys mutation into human or
R. affinis1SG15. Similarly, deleting or mutating Cys78 to alanine often
had differential effects, exemplified by SARS-CoV-2, in which C78A but
not Cys78 deletion conferred human ISG15 with an antiviral function.
Hence, epistatic interactions with other residues also modulate the
shape and function of ISG15. Second, although multiple studies sug-
gested that ISG15 dimerizationis required for secretion, we observed
secretion of Cys-lacking ISG15 that cannot form stable dimers, in agree-
mentwithastudy showing cytokine enhancement of C785 humanISG15
(ref. 56). As aresult, further studies are required to fully understand
the secretion mechanism and the functional roles of secreted ISG15.
Third, by testing ISG15 from six rhinolophid and three hipposiderid
bats, we unexpectedly observed ISG15-mediated antiviral differences
not only between humans and bats, but also between closely related and
co-roostingbat species (Fig.4). Thus, one cannot necessarily generalize
from one or a few tested species to all bats in the respective phyloge-
neticgroup. Fourth, weidentified an effect of ISG15 of several bats (but
not human) on cell proliferation, even in the absence of an infection.
This reveals an unknown non-infection-related function of ISG15 that
is probably relevant for bats that constitutively express ISG15. Fifth,
whereas ISG15 of human and bats that are not frequently associated
with coronaviruses lacked anti-SARS-CoV-2 activity, ISG15 of most
rhinolophid and hipposiderid bats reduced SARS-CoV-2 production
by 80-90%, indicating enhanced potency against SARS-CoV-2-related

viruses. Sixth, previous work identified a key role of human ISG15 as
asecreted pro-inflammatory cytokine, particularly when secretion is
increased by virus-encoded PLpro-mediated cleavage during COVID-19.
Our mutation experiments revealed that the anti SARS-CoV-2 activity
of rhinolophid and hipposiderid ISG15 depends on the LRGG motif,
indicating thatintracellular ISGylation is key for the enhanced antiviral
activity of bat ISG15. This indicates differences inintracellular ISGyla-
tionbetween humanand batISG15, so ‘ISGylome’ comparisons should
bethe subject of future investigations. Together, our dataindicate that
ISG15is afast-evolving antiviral effector gene that probably contributes
to viral disease resistance in bats.

To fully elucidate the history of host-virus coevolution in bats,
reference-quality genomes covering the diversity of bat families are
needed; the ongoing phase1of the BatlK consortium will soon provide
these data®. Reference bat genomes, single-cell transcriptomics maps
of theirimmune systems, breeding colonies, pluripotent stem cells and
organoids® ®® provide new tools to reveal the molecular adaptations
behind bats’ asymptomatic viral infections and other traits, which may
have translational potential. Together, bats are an emergent model
system for comparative mammalian biology, offering insights into
immune system adaptations, healthy ageing and enhanced disease
resistance.
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Methods

Frequency of coronaviruses in bats and rodents

To assess how often coronaviruses were detected in bats and rodents,
and in species belonging to different bat families, we used data from
ZOVER® (last access, 25January 2023), considering only metagenomic
studies (Supplementary Table 1). We curated the bat taxonomic clas-
sification used in ZOVER to match the one described in https://bat-
names.org/.For example, species now recognized as part of the family
Hipposideridae were assigned in ZOVER to the former classification
in the family Rhinolophidae. Likewise, the family Miniopteridae, rep-
resenting a separate bat family, was classified as Vespertilionidae. We
then built contingency tables and applied a two-tailed Fisher’s exact
test to assess statistically significant differences in the prevalence of
coronaviruses detected inbats versus rodents, in bats belonging to the
family Rhinolophidae versus any other bats, and in bats belonging to
the family Hipposideridae versus any other bats. Summary statistics
and Fisher’s exact tests were performed in R stats (v.4.1.1)*".

Ethical statements and samples and collecting permits

For eight of the ten sequenced bat species, we used tissue samples

from the Royal Ontario Museum mammal collection that had been

kept frozensince their collection between1992 and 2007 (Supplemen-
tary Table 2), highlighting the importance of frozen collections for
biodiversity genomics®2. The eight species are Aselliscus stoliczkanus

(from Shuipu Village in China), Doryrhina cyclops (Parc National de

Tal, Cote d’Ivoire), Hipposideros larvatus (Shuipu Village, China), Rhi-

nolophus affinis (Shiwandashan National Reserve, China), Rhinolophus

perniger lanosus (Shuipu Village, China), Rhinolophus yonghoiseni

(Endau Rompin National Park, Malaysia), Rhinolophustrifoliatus (Endau

Rompin National Park, Malaysia), and Megaderma spasma (Cat Tien

National Park, Viet Nam) (Supplementary Table 2). Samples of the

remaining two species, Rhinopoma microphyllum (northern Israel)

and Mops condylurus (Bregbo, Cote d’'Ivoire), were acquired from field
expeditions. Samples were flash frozen in liquid nitrogen after being
collected and stored at —80 °C until further processing.

The ethical statements of collecting and processing tissue samples
for each species followed the procedures required by the following
permits:
 Doryrhina cyclops (ROM-M100513); permit number 81 DPN from

Direction de la Protection de la Nature, Cote d’Ivoire;
 Rhinolophus yonghoiseni (ROM-M113050); Rhinolophus trifoliatus

(ROM-M113012); reference number PTN(J) 3/8 from Perbadanan

Taman Negara (National Parks Corporation), Johor, Malaysia;

« Aselliscus stoliczkanus (ROM-M118506), Hipposideros larvatus
(ROM-M118627), Rhinolophus affinis (ROM-M116429), Rhinolophus
perniger lanosus (ROM-M118548); certificate numbers 2007/CN/
ES133-137/KM from the Endangered Species Import and Export Man-
agement Office of the People’s Republic of China;

» Megaderma spasma (ROM-M110751); Number 138/STTN from the
Institute of Ecology and Biological Resources, National Center for
Science and Technology, Viet Nam;

* Mops condylurus (ID: 03#106); capture of bats and animal work were
performed with the permission of the Laboratoire Central Veterinaire,
Laboratoire National d’Appuiau Développement Agricole (LANADA),
Bingerville, Cote d’lvoire (no. 05/virology/2016) and the Ministére
des Eaux et Foréts (No. 0474/MINEF/DGFF/FRC-aska);

* Rhinopoma microphyllum; National Parks Authority, permit
2013/04169, IACUC 04-20-019.

Extraction oflong genomic DNA

Ultralong and long genomic DNA from various tissues (Supplemen-
tary Table 2) was isolated with the Nanobind Tissue Big DNA Kit from
Circulomics (part number NB-900-701-01, protocol version Nanobind
Tissue Big DNAKit Handbook v.1.0 11/19) following the manufacturer’s

instructions (https://www.circulomics.com/nanobind). In brief,
25-40 mg of liver, spleen or heart tissue was minced to small slices
on a clean and cold surface. Tissues were homogenized with the
TissueRuptor Il device (Qiagen), making use of its maximum settings.
After complete tissue lysis, remaining cell debris was removed and the
genomic DNA (gDNA) was bound to Circulomics Nanobind discs in the
presence of isopropanol. High-molecular-weight (HMW) gDNA was
eluted from the nanobind disks in elution buffer. The integrity of the
HMW gDNA was determined by pulse field gel electrophoresis using
the Pippin Pulse device (SAGE Science). Most of the gDNA was between
10and 500 kilobases (kb) in length. All pipetting steps of ultralong and
long gDNA were done with wide-bore pipette tips. Supplementary
Fig. 22 shows an example gel image of the HMW gDNA extraction of
Rhinopoma microphyllum.

HiFilibrary preparation and sequencing

Longinsert libraries were prepared as recommended by Pacific Bio-
sciences according to the guidelines for preparing HiFi SMRTbell
libraries using the SMRTbell Express Template Prep Kit 2.0 (PN 101-
853-100, v.03) for Aselliscus stoliczkanus, Hipposideros cyclops, Hip-
posideros larvatus, Mops condylurus, Rhinolophus affinis, Rhinolophus
perniger lanosus, Rhinolophus yonghoiseni, Rhinolophus trifoliatus
and Rhinopoma microphyllum. In brief, HMW gDNA was sheared to
20-kb fragments with the MegaRuptor device (Diagenode) and 10 pg
sheared gDNA was used for library preparation. The SMRTbell library
was size-selected for fragments of 9-13 kb with the BluePippin device
accordingtothe manufacturer’sinstructions. The size-selected librar-
ieswere runon Sequel I SMRT cells with the SEQUEL Il sequencing kit
2.0for30 honaSEQUELIL Circular consensus sequences were called,
making use of the default SMRTLink tools. For each species, a total of
65 Gbto 92 Gb of HiFireads were generated, representing between 27x
and 42x effective genome coverage.

Because Pacific Biosciences HiFisequencing for Megaderma spasma,
whichwas 25 years old, produced very little output despite good DNA
and library quality, we used Oxford Nanopore Technologies for this spe-
cies. Two Oxford Nanopore Technology ligation sequencing libraries
were prepared following the manufacturer’sinstructions (articlenum-
ber SQK-LSK110, protocol version GDE_9108_v110_revH_10Nov2020).
Input gDNA was either unsheared or sheared gDNA (50 kb), using the
Diagenode MegaRuptor device as described for Pacific Biosciences HiFi
sequencing. After repair of the sheared and unsheared gDNA, Oxford
Nanopore Technologies sequencing adapters were ligated to the gDNA
fragments and the resulting libraries were enriched for fragments
larger than 3 kb. Both libraries were loaded on a Promethion device
using R9.4.1 flow cells, generating 173 Gb of reads representing 81x
effective genome coverage (12,173,706 total reads, 173,867,637,954 bp
totalyield, 14,282 bp meanread length, 10,552 bp medianread length
and 22,685 bp N50 read length).

ARIMA HiC

Chromatin conformation capture was done using the ARIMA-HiC
(material number A510008) and the HiC+ kit (material number
A410110) and following the user guide for animal tissues (ARIMA-HiC
kit,document A160132v.01and ARIMA-HiC2.0 kit, document number
A160162 v.00). In brief, about 50 mg of flash-frozen powdered tissue
was cross-linked chemically. The cross-linked gDNA was digested with
arestriction-enzyme cocktail consisting of two and four restriction
enzymes, respectively. The 5’-overhangs were filled in and labelled
with biotin. Spatially proximal digested DNA ends were ligated. The
ligated biotin-containing fragments were enriched and used for Illu-
mina library preparation, which followed the ARIMA user guide for
library preparation using the Kapa Hyper Prep kit (ARIMA document
partnumber A160139 v.00). The barcoded HiClibrarieswererunonan
S4 flow cell of aNovaSeq6000 with 300 cycles. Supplementary Table 2
shows an overview of species and the HiC protocol applied to each.
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10x Genomics linked reads

To scaffold and correct base errors in the Megaderma spasma contig
assembly, we generated linked llluminareads with the 10x Genomics
Chromium genome application, following the genome reagent kit
protocol v.2 (document CGO0043, rev. B, 10x Genomics). In brief,
1ngoflongor megabase-size gDNA was partitioned across 1 million
gelbead-in-emulsions using the Chromium device. Individual gDNA
molecules were amplified in these individual gel bead-in-emulsions
in an isothermal incubation using primers that contain a specific
16-bp 10x barcode and the Illumina R1sequence. After breaking the
emulsions, pooled amplified barcoded fragments were purified,
enriched and used for Illumina sequencing library preparation, as
describedinthe protocol. Pooled Illuminalibraries were sequenced
toaround 40x genome coverage on an S4 flow cell of aNovaSeq6000
with 300 cycles.

Genome assembly

Contig assembly. Pacific Biosciences CCS (HiFi) reads were generated
from the subreads.bam files using the ccs command from the Pacific
Biosciences pipeline v.4.2.0 (https://github.com/PacificBiosciences/
ccs). For six species (Aselliscus stoliczkanus, Hipposideros larvatus,
Rhinolophus affinis, R. perniger lanosus, R. yonghoiseni and R. trifolia-
tus), we created contig assemblies using hifiasm v.0.13 (ref. 63) with the
argument-10. The primary assembly was created by using purge_dups
v.1.2.3 (ref. 64) onthe p_ctg.faoutput file. The alternative assembly was
created by combining the haplotype-purged output from the p_ctg
contigs withthe a_ctg.fastacreated by hifiasm. We then ran purge_dups
on this combined alternative assembly to create the final alternative
assembly for each species.

For Rhinopoma microphyllum, we assembled the contigs using hifi-
asmv.0.15.5-r352 with purging argument 12. For Mops condylurus, we
used hifiasmv.0.15.4-r432. For both assemblies, we created the primary
and alt contigs sets using purge-dups v.1.2.3 as above.

For Doryrhina cyclops, hifiasm created a large number of mis-
assemblies joining regions from distinct chromosomes, which could
not be reasonably corrected by hand. We therefore ran HiCanu v.2.1
(ref. 65) to create the initial contigs. Because thisresulted inan assem-
bly twice the expected size of the genome, we ran purge_dups on the
contig assembly using custom cut-offs based on a haploid coverage of
13x:8,1,1, 20, 2, 60 as inref. 65. The purged output from purge_dups
was taken as the primary contig assembly and the haplotype-purge
output as the alternative assembly.

For Megaderma spasma, we ran Canu v.2.2 in -nanopore mode and
created the primary contig sets using purge-dups as above. We used the
basecaller Guppy v.5.0.12 for the libraries PAG52988 and PAG53246, and
Guppy v.5.0.13 for thelibrary PAH65658, both in high-accuracy mode.

Scaffolding of Megaderma spasma. We first scaffolded the contigs
created by Oxford Nanopore Technologies reads using the 10x Genom-
ics data. To this end, we mapped the 10x Genomics reads using lon-
grangerv.2.2.2 and scaffolded using Scaff10x v.4.2 and Break10x v.3.1.
Next, we used bionano optical maps to further scaffold the assembly
after 10x scaffolding. We created an optical map de novo assembly and
thencreated the scaffold using Bionano Hybrid Scaffold using toolsin
Bionano Solve v.1.6.1. The resulting assembly was further scaffolded
with HiC data, as described below.

HiC scaffolding. To scaffold contigs into chromosome-level scaffolds,
we first mapped the Arima V2 HiC datato the genome assemblies using
bwa-memv.0.7.17-r1188 (ref. 66) and filtered reads on the basis of map-
ping quality and proper-paired alignments following the Arima map-
ping pipeline from the VGP (https://github.com/VGP/vgp-assembly/
blob/master/pipeline/salsa/arima_mapping_pipeline.sh). We then
scaffolded using salsa2v.2.2 (ref. 67) with arguments: -m yes -p yes.

Manual curation. To join the contigs missed by salsa2 and break the
joins that were spuriously created, we curated the scaffolds manu-
ally. In a few cases, hifiasm created false joins between two different
chromosomes in one contig. To break these contigs, we mapped the
CCSdatatothe contigsand found regions of the genome at these spuri-
ousjoins. Then we identified either regions of low coverage (below 5,
often1or2reads) or highly repetitive regions, in which repetitive tips
of contigs from different chromosomes were falsely joined. In these
cases, these ambiguous regions were removed from the genome and
separate regions of the contigs were rescaffolded.

Polishing assemblies. To polish the final HiFi-based genomes and
remove the remaining base errors, we used the CCS reads. To per-
form a polishing round, we mapped all CCS reads to the scaffolded,
gap-closed assemblies using ppbmm2 (https://github.com/PacificBio-
sciences/pbmmz2) with arguments: --preset CCS -N1and called variants
using DeepVariant (https://github.com/google/deepvariant/). We then
filtered for sites with genotype 1/1 and a PASS filter value, meaning
that all or nearly all the reads support an alternative sequence at this
position and passed DeepVariant’s internal filters. With this method,
we did not polish any heterozygous or polymorphic regions of the
genome, but only those that wereincorrect and not supported by any
CCSreads. We then corrected base errors using beftools consensus
v.1.12 (ref. 68).

For Megaderma spasma, we first mapped the 10x Genomics linked
reads to the assembly using Longranger v.2.2.2. We then called variants
using DeepVariant v.1.2.0, filtered the vcffile using Merfin v.1.1-devel-
opment r197 (ref. 69) and determined the consensus using bcftools
consensus v.1.12. We performed two rounds of polishing.

QV metrics. We used Merqury v.1.3 (ref. 70) to estimate QV values. For
Megaderma spasma, whichwas based on Oxford Nanopore Technology
reads, we used the 10x Genomics Illumina linked reads. For the other
nine HiFi-based assemblies, we used the HiFi reads. For the HiFi-based
assemblies, the base accuracy values were two orders of magnitude
higher than with previous Pacific Biosciences CLR or Nanopore-based
assemblies™"¢, although we note that these values are an upper bound
because the reads used for assembly were used to estimate the QV,
rather thananindependentIlluminaread dataset. Therefore, itis pos-
sible that any remaining errorsin the assembly are alsoin the HiFireads,
which are known to have issues in homopolymer and other simple
repeat regions®>®,

Assembly completeness. We used two metrics. First, we used
BUSCO v.5.1.1 (Benchmarking Universal Single-Copy Orthologs;
odb10 dataset) with arguments: --mode ‘genome’ to compare the
percentage of completely detected near-universally conserved
mammalian genes across different assemblies”. Second, to further
assess assembly completeness and base accuracy, we used an alter-
native benchmark metric provided by TOGA1.0. We thus considered
aset of 18,430 genes that probably existed in the placental mammal
ancestor, defined as human genes that have an intact reading frame
in at least one afrotherian and at least one xenarthran genome?. For
each assembly, we determined how many ancestral genes have the
following: an intact reading frame (TOGA classification intact, stat-
ing that the middle 80% of the coding sequence is present and lacks
gene-inactivating mutations); inactivating mutations (TOGA clas-
sifications loss and uncertain loss); or missing sequence owing to
assembly gaps or fragmentation (TOGA classifications partly intact
and missing).

Annotation of transposable elements

Toannotate transposable elements (TEs) in the newly sequenced bats,
we first generated a de novo repeat library for each genome assembly
using anovel pipeline consisting of RepeatModeler, RepeatClassifier,
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custom scripts (https://github.com/davidaray/bioinfo_tools/blob/
master/extract_align.py, RepeatAfterMe (RAM) (https://zenodo.org/
record/7076442) and the TE-Aid package included in ref. 72.

In brief, each assembly was subjected to an initial RepeatModeler
analysis. Because RepeatModeler will often produce incomplete puta-
tive consensus sequences, each putative consensus was subjected to an
extension using RAM. These extended consensus sequences were then
curated using a custom bash script (TEcurate.sh) that categorized each
sequenceinto one of four categories (LINE, LTR, DNA or Unidentified)
using RepeatClassifier, which is part of the RepeatModeler package.
TEcurate.sh would then use the TE-Aid package to generate genome
coverage plots, self-alignment dot-plots, structure and ORF plots, and
copy number estimates.

Forany elements clearly categorized as LINE, LTR or DNA, the identity
provided by RepeatClassifier was used to generate auniqueidentifier
that included species of origin, the RepeatModeler ID and TE class/
family information. For example, hCyc.1.18-#LINE/L1 was discovered
in Doryrhina cyclops. Its RepeatModeler ID was rnd-1_family-18 (1.18)
and RepeatClassifer identified it as being a LINE1 element. LTR elements
were further processed by hand to subdivide theminto their LTR and
internal segments, as in ref. 73. Consensus sequences with fewer than
ten full-length copies were discarded.

TE-Aid plots of elementsin the unidentified group were examined by
eyeto determine likely group membership using structural hallmarks,
suchasterminalinverted repeats (TIRs), long terminal repeats (LTRs)
and sequence characteristics (such as repetitive tails, Helitron-specific
CTAG motifs, SINE A-B boxes). Using these characteristics, putative
consensus sequences were categorized as LINE, LTR, DNA, SINE, RC
(rollingcircle) or, when no clear hallmarks were identifiable, unknown.

After all the putative TE consensus sequences were classified and
named, all consensus sequences were collapsed with previously
known mammalian TEs per a variation of the 80-80-80 rule using
USEARCH™ with parameters -id 0.80 -minsl 0.95 -maxsl 1.05 -maxac-
cepts 32 -maxrejects 128 -userfields query+target+id+ql+tl and com-
parison to the mammalian TE library from ref. 75. Allnovel TE consensus
sequences have been submitted to the Dfam TE database™. The result-
ingmammalian TE library was used to mask all assemblies with Repeat-
Masker. Output was processed to eliminate overlapping hits using
RM2Bed.py, part of the RepeatMasker installation package to generate
BED files for downstream analyses.

Annotation of microRNAs

Annotation of microRNA (miRNA) genes in the newly sequenced bats
was doneinasimilar way to thatinref. 15. In brief, before miRNA predic-
tion, repetitive and low-complexity regions in each bat genome were
masked with the Dfam database (v.3.5; https://www.dfam.org/releases/
Dfam_3.5/) using RepeatMasker (v.4.0.6; http://www.repeatmasker.
org). For each masked genome, conserved miRNA genes were predicted
using the Rfam database (v.14)”” and Infernal (v.1.1.2)". Infernal uses
notonly sequence similarity but also miRNA secondary structures for
homology searches. We manually inspected ‘spurious miRNAs’ with
multiple copies and determined the authenticity of these copies on the
basis of the secondary structure we predicted with RNAfold (v.2.4.18)”°.

Repeat masking for pairwise genome alignments

To align newly sequenced genomes, we generated a de novo repeat
library for each genome assembly using RepeatModeler (http://www.
repeatmasker.org/, parameter -engine NCBI). The resulting library
was then used to soft-mask the genome using RepeatMasker v.4.0.9
(parameters: -engine crossmatch -s).

Pairwise genome alignments

Toinfer orthologous genes for phylogenomics and selection screens,
we used the human hg38 assembly as a reference species and gener-
ated pairwise genome alignments with bats and other mammals as

query species. To this end, we used LASTZ 1.04.15 (ref. 80) to obtain
local alignments. We used LASTZ parameters (K=2,400, L =3,000,
Y=9,400, H=2,000, and the LASTZ default scoring matrix), which
have a sufficiently high sensitivity to align orthologous exons between
placental mammals®. Local alignments were chained using axtChain
1.0 (ref. 82) with default parameters except linearGap=loose. We used
RepeatFiller 1.0 (ref. 83) (using the default parameters) to add missed
repeat-overlappinglocal alignments to the alignment chains and chain-
Cleaner 1.0 (ref. 84) (using default parameters except minBrokenChain-
Score =75,000 and -doPairs) to improve alignment specificity.

Inferring and annotating orthologous genes

Toinfer orthologues for phylogenomic, selection and gene-loss analy-
ses, we used TOGA 1.0 (ref. 21) (https://github.com/hillerlab/TOGA,
commit v.c4bce48). In brief, TOGA uses pairwise genome alignment
chainsbetween areference species (humanhg38 assembly) andaquery
species (other mammals) to infer and annotate orthologous genes and
to classify them as intact or lost. TOGA implements a novel paradigm
toinfer orthologous gene locithatrelies largely onintronicandinter-
genicalignments and uses machine learning to accurately distinguish
orthologous from paralogous or processed pseudogene loci. We used
the human GENCODE V38 (Ensembl104) annotation asinput for TOGA,
providing 39,664 transcripts of 19,456 coding genes.

Annotation completeness

We ran BUSCO with arguments: --mode ‘protein’ on the TOGA anno-
tations to compare the percentage of completely detected almost
universally conserved mammalian genes”.. Note that applying BUSCO
toagene annotation (annotated proteins) produced by TOGA results
in the detection of many duplicated genes because comprehensive
annotations frequently include more than one transcript (splice vari-
ant) per gene. Because this does not indicate a problem, but rather a
comprehensive transcript annotation, we reported only the number
of completely detected BUSCO genes in TOGA annotations in Sup-
plementary Tables 3 and 5.

Exon-by-exon alignments of orthologous genes

For phylogenomics and genome-wide selection screens, we used ortho-
logues that are classified by TOGA as intact. TOGA is aware of orthology
attheexon level, allowing the implementation of an exon-by-exon align-
ment to generate acomprehensive set of multiple codon alignments. For
eachhumangene, we considered only the longestisoform. Weincluded
only 1:1 orthologues and excluded species for which no or multiple
co-orthologues were inferred. Codons with frameshifting insertions
or deletions and premature stop codons were masked with ‘NNN’ to
maintain the reading frame. For each gene, every orthologous exon was
aligned using MACSE v.2 (ref. 85), and all exons, together with codons
split by introns, were concatenated into a multiple-codon alignment.
Codonalignments were cleaned with HmmCleaner v.0.180750 (ref. 86)
using default cost values to identify poorly aligned sequence segments
and selectively remove them. From the multiple codon alignments of
19,288 genes, we used 17,130 (about 88%) that included at least 60% of
the 115 mammals for phylogenetic inferences and selection screenings.

Phylogenetic and divergence-time estimation

To placethe newly sequenced genomes into abat phylogeny, we recon-
structed phylogenetic relationships using whole-gene codon align-
ments, consideringin total 50 bat species (Supplementary Table 3) and
16,860 genes. We also inferred a phylogenetic tree for all 115 mammals
using 17,130 genes and used it as input for our selection screen and
regression analysis (below).

To estimate a species tree, we followed both a coalescence-based
approach, asimplemented in ASTRAL v.5.5.9 (refs. 87,88), and a con-
catenated approach, as implemented in IQTREE v.2.1.3 (ref. 89). For
the ASTRAL analysis, input trees were estimated in RAXML v.8.1.16
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(ref. 90). Each gene was analysed using three independent replicates,
a GTR + GAMMA model and a rapid-hill-climbing algorithm. Gene
trees were used as input in ASTRAL with default parameters, and
100 bootstrap replicates were used to calculate the node support.
Branch-support values were estimated using a transfer bootstrap
expectation implemented in BOOSTER v.1 (ref. 91). For the IQTREE
analysis, gene alignments were concatenated into a supermatrix and
partitioned using best-fit models of sequence evolution for each
gene, determined using ModelFinder (as implemented in IQTREE)*~.
A maximum-likelihood tree was inferred using IQTREE, with nodal
support calculated using 1,000 bootstrap pseudo-replicates.

To estimate time-calibrated trees, we used a penalized likelihood
method implemented in treePL**** and 17 fossil calibration points®?.
First, one analysis was run to determine the best optimization param-
eters for treePL, and then a second analysis was run using the opti-
mized values. Fossil calibrations® were applied to constrain maximum
divergence times at relevant nodes (Supplementary Table 4). The
time-calibrated phylogenies of bats and mammals are available at
http://genome.senckenberg.de/download/BatlKimmune/.

Selection of non-chiropteran genome assemblies

Toobtain abroad genome representation of mammals for our selection
screen, weincluded 95 other mammal and ten bat genomes, represent-
ing the main mammalian groups and bat families (Supplementary
Table 5). We selected only assemblies for which atleast 16,000 ancestral
placental mammal genes have anintact reading frame, as determined
by TOGA (detailed below) (Supplementary Fig. 7). For Chiroptera, we
included the 10 new and 10 previously published bat assemblies; 18 of
these 20 bats were assembled from long sequencing reads™'*”, and
the remaining two genomes were assembled from Illumina short-read
data®®®’ (Supplementary Table 3). For five mammalian orders (Primates,
Rodentia, Artiodactyla, Carnivora and Chiroptera), we selected exactly
20 species. The other mammalian orders are represented by fewer
species, because there were fewer sequenced genomes available that
metour selection criteria. Details and sources of all 115assemblies are
provided in Supplementary Table 5.

Genome-wide unbiased selection screen

Toidentify genes under positive selection, we used aBSREL*, an adap-
tive branch-site random-effects likelihood method implemented in
HYPHY v.2.5.8 (ref. 100) that infers the strength of natural selection
using the ratio of non-synonymous to synonymous substitution rates
(the dN/dS metric). The values of dN/dS are interpreted as sites that
experience purifying selection (dN/dS < 1), evolve neutrally (dN/dS = 1)
or experience positive diversifying selection (dN/dS > 1). For every
phylogenetic branch, aBSREL tests if positive selection has occurred
by determining whether more-complex models that allow a fraction of
the codons to evolve with dN/dS > 1fit the data best. The method uses
the Akaike information criterion to assess the goodness of fit while
penalizing increased model complexities (number of parameters).
WeranaBSREL inexploratory modetotestallthe branches and nodes
inthe phylogenetic tree for 115 mammals. For each gene, aBSREL cor-
rected for multiple testing over all tested branches using the Benja-
mini-Hochberg procedure. In total, 17,130 genes were screened for
selection using our ASTRAL topology as input. Alignments of genes
of interest (Supplementary Fig. 14) were inspected by eye to rule out
spurious signals resulting from misalignments.

To test whether enrichment results of genes under selection (see
below) are representative of mammalian orders or driven by individual
species, we did a subsampling analysis. We ran four more selection
screens using the same dataset 0of 17,130 genes but subsampled the 5
mammalian orders with 20 species (Chiroptera, Carnivora, Artiodac-
tyla, Rodentia and Primates) by randomly selecting only 10 species.
Orders with less than 20 genomes were not subsampled, thus each
subsampled dataset included 115 - 50 = 65 species. Subsamples 1-3

removed species at random, whereas subsample 4 included the 10
species inthe five 20-species orders that were left out of subsample 1.
For each subsampled set of species, codon alignments were generated
and cleaned as for the full dataset, and the same input transcripts were
screened for selection.

Gene-enrichment analyses

To explore whether genes under selection in different mammalian
orders are enriched in specific functional groups, we performed
gene-enrichment analyses, asimplemented in gProfiler'®'?, using as
background all the genes annotated for human reported in Ensembl
v.106 (Ensembl Genomes 53, database built on 18 May 2022, e106_
eg53 pl6_65fcd97). As databases, we used Gene Ontology (http://gene-
ontology.org/) and pathways from KEGG (https://www.genome.jp/
kegg/), Reactome (https://reactome.org/) and WikiPathways (https://
www.wikipathways.org/index.php/WikiPathways); miRNA targets
from miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/) and regula-
tory motif matches from TRANSFAC (http://genexplain.com/trans-
fac/); tissue specificity from the Human Protein Atlas (https:/www.
proteinatlas.org/); protein complexes from CORUM (http://mips.
helmholtz-muenchen.de/corum/); and human disease phenotypes
from Human Phenotype Ontology (https://hpo.jax.org/app/).

It is expected that the more species are included in a mammalian
order, the more genes are under selection in at least one of these
branches. Therefore, we focused our comparison on the 5 orders that
arerepresented by exactly 20 species. Because P values depend, among
other factors, on sample size and the magnitude of the difference,
differencesin Pvalues can be due to alarger sample size in one group
(here, number of selected genes per order), despite having the same or
alower magnitude of the difference. gProfiler calculates the precision
value, defined as the proportion of selected genes that are annotated
with a particular term, whichis listed in Supplementary Table 7 for all
enriched terms. For all GO terms that are discussed in the main text as
having the strongest enrichment for bats, we confirmed that among
the five 20-species mammalian orders, the P value is the lowest and
the proportion of selected genes with the GO term is the highest for
Chiroptera. For example, immune system process (GO:0002376) has
the lowest corrected Pvalue (2.02 x 10 ¢ for bats, followed by 6.75 x 107™
for rodents) and also the highest proportion of selected genes anno-
tated with this term (0.184 for bats and 0.17 for rodents).

Correlation betweenbranch length and number of genes under
selection

We tested whether there is a significant correlation between branch
lengths and the number of genes under selection (note that the aBBSREL
branch-site model tests for positive selection on every branchin the
tree). Forbranchlengths, we used threeindependent estimations: first,
millions of years from our time-calibrated phylogeny inferred using
treePL%* and fossil calibrations (Supplementary Table 4); second, the
number of substitutions per neutral site estimated from 4D sites using
phyloFit'®; and third, the number of substitutions per site estimated
from coding regions using IQTREE®’, Normal probability plots indicate
heavy tails (non-normality), which could be attributed to the unequal
error variance of branch-length distribution. We then explored whether
remedial measurements such as the Box-Cox approximation can be
applied to find appropriate power transformations. In all cases, the
likelihood function reaches its maximumwhenA = 0.05 (where Ais the
transformation parameter, ranging from-5to 5); we therefore applied
asquare-root transformation. Wefitted linear models with and without
transformations and used Akaike’s information criterion (AIC) to select
the model(s) that best fit(s) the data given the model complexity®*. AIC
canbeinterpreted asameasure of lack of model fit,and to better inter-
pret theserelative values, Akaike weights (WAIC) are used to compare
models. These weights are analogous to model probabilities because
the sum of allwAIC values in a given set of models equals 1. The model
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with the square root of substitutions per site estimated from coding
regionsfits the databest with awAIC = 0.7025 (Supplementary Table 9)
and supports a significant correlation with the number of selected
genes (r* = 0.4917, F-statistic =220.6,1and 226 d.f., P< 2.2 x107),
A significant correlation between branch length and the number of
selected genes was also found for time and number of substitutions
per neutral site (Extended DataFig. 3). Using the best-fit model, we then
considered specificimmune gene sets and coloured the branches in
the phylogenetic reconstruction by the observed number of selected
genes minus the expected number based on the model.

Tofurther test whether the number ofimmune genes under selection
is higher in bats than in other mammals, we introduced a categorical
taxonomy variable (bats and non-bats). First, we analysed the rela-
tionship between the number of immune genes under selection and
branch lengths without accounting for different taxonomic groups,
corresponding to oneintercept and one slope. Second, weincluded the
taxonomic group (bats or non-bats) as anindependent correlate corre-
spondingto differentintercepts. Third, taxonomic group wasincluded
asacorrelate, butinteracting with the continuous branch-length vari-
able, resulting in two models with two slopes for bats and non-bats,
one with one intercept and another with two intercepts. This series
was repeated with different branch-length estimates as a covariate.
Based on previous analyses, branch-length variables were square-root
transformed, withan untransformed analysis included for comparison.
Finally, we compared the fit of a simpler frequency distribution than
the negative binomial. A Bayesian approach was adopted to run these
models, as a flexible way to both fit the model series and generate fit
comparison statistics. A negative binomial frequency distribution was
used tomodel the number ofimmune genes under selection, such that:

Y, -negative binomial (1=exp(), pr)

wherey;is the count of positively selected genes forbranchi,Aistherate
or mean of the Poisson distribution, expis the inverse logarithmic link
function, and (1-pr)/pr defines arate or shape parameter for the gamma
distribution of a mixture of Poisson distributions, which relaxes the
expectation of equality of mean and variance of the Poisson distribu-
tion. As aresult, the negative binomial distribution is usually a better
fit to biological data'®. With alinear model applied to [:

[=B,+BX

where 3, represents the intercept, which is global for analyses with a
singleintercept or group-specific for testing bats versus non bats, 3, is
the coefficient onbranchlength, and Xrepresents branch length. Both
coefficients are normally distributed. Toimplement Bayesian sampling
for these analyses, we used brms'°®, a package that enables coding mod-
elsinR forimplementationin the stan statistical language'”. For each
model, we ran four separate Markov chain Monte Carlo chains using
aHamiltonian Monte Carlo approach. Compared with other Bayesian
implementations, the Hamiltonian Monte Carlo approach saves time
insampling parameter spaces by generating efficient transitions span-
ning the posterior based on derivatives of the density function of the
model. We estimated the R? of allmodels using the procedure outlined
inref.108. To compare model fits, we used WAIC (the widely applicable
information criterion), which weighs log pointwise predictive density
against the expected effective number of parameters as defined in
ref.109 and provides estimates of the standard error of the difference
between the best fit and other models.

ISG15 3D structure modelling

Totest whether the Cys78 deletioninISG15 of some bats affects the for-
mation of stable ISG15 homodimers, we first used AlphaFold2 (ref. 110)
through ColabFold v.1.3.0 (ref. 111) to infer the structure of the putative
ISG15homodimer of human, Rhinolophus sinicus, Rhinolophus affinis,

Rhinolophus yonghoiseni and Doryrhina cyclops. Starting from each
ISG15sequence, ColabFold identified homologous sequences by run-
ning MMseqs2 (ref. 112) against the UniRef100 database™ and against a
set of environmental sequences™. Structural template information was
obtained from the PDB70 database'™. Next, the AlphaFold-multimer-v2
model"® was used to infer five structural models of the dimer, with 12
rounds of recycling for model improvement. The resulting models
wererelaxed using the Amber force field"” and were ranked according
totheir predicted template modelling score, which we used to identify
the best model.

Tofurtherinvestigate the stability of the dimersinferred with Alpha-
Fold2 (SupplementaryFig.16), we conducted three replicate molecular
dynamics simulations for ISG15 of human, R. sinicus and D. cyclops
using GROMACS v.2022.1 (refs. 118,119) and the CHARMM36-Jul2021
force field'?°. More precisely, we prepared each dimer by treating ter-
mini as ionized (NH;" and COO"), assigning appropriate protonation
statestoamino acids (assuming pH = 7) as determined using PROPKA3
(refs. 121,122) and adding hydrogen atoms. Each dimer was subse-
quently placedina periodic dodecahedral box, at aminimum distance
of 2.5 nm from each box edge (Supplementary Fig. 17). The box was
filled with TIP3P water molecules and with Na* and Cl"ions as required
toneutralize the system (referred to as low salt concentrations below).
Followingthis, we performed energy minimization of the system, and
examined the values of the potential energy and the maximum force
to ensure that the system was sufficiently relaxed. Next, we applied
position restraints on non-hydrogen protein atoms and equilibrated
the system in two steps: first, under an NVT ensemble to stabilize the
temperature (at 300 K); and second, under an NPT ensemble to sta-
bilize the pressure (at 1 bar) and density of the system. For these, we
used the velocity rescaling thermostat' and the Parrinello-Rahman
barostat’*'%, set the integration time step to 2 fs and the duration of
each equilibration step to 100 ps. As before, we manually examined
the temperature, pressure and density to ensure that the system was
successfully equilibrated (Supplementary Fig. 18). Finally, we removed
the position restraints and conducted production simulations for1 ps
each, recording snapshots of the system every 100 ps. For each species,
the three simulations ranforaround 6 months onacompute node with
128 cores, summing to atotal of about 550,000 CPU hours per species.
Toexplore the effect of higher (physiological) salt concentrations, we
conducted three more replicate molecular-dynamics simulations of the
ISG15 dimer of Rhinolophus sinicus for 0.5 ps each using a physiological
salt concentration (150 mM) (Extended Data Fig. 6).

To analyse the resulting molecular-dynamics trajectories, we com-
bined the snapshots from the three replicate simulations per ISG15
dimer, removed water molecules andions, and constructed amatrix of
pairwise root mean square deviations using Carmav.2.01 (ref. 126). We
then clustered the three (human and bats) root mean square deviation
matrices according to the Partitioning Around Medoids algorithm'?
implemented in the cluster R package v.2.1.3 (https://CRAN.R-project.
org/package=cluster). This allowed us to identify representative con-
formations, separately for each dimer. In particular, we set the num-
ber of clusters to all possible values between 2 and 10, and selected
the clustering with the highest mean silhouette score'®. Finally, we
extracted the protein snapshots corresponding to the medoid of each
cluster and compared them with the initial protein model obtained
from AlphaFold (Extended Data Fig. 6). We also produced videos of
the simulations using PyMOL v.2.5.0 for all nine molecular-dynamics
simulations (Supplementary Videos 1-9).

For the two batISG15s, we also used the gmx hbond program with the
-contact parameter to examine the contacts among ISG15 monomers
(within 5 A) that were present at each simulation snapshot. This allowed
us to investigate how the fraction of native contacts (contacts in the
original AlphaFold models thatare hence present at the beginning of the
simulations) changed across simulation time (Supplementary Fig.19).
As well as native contacts, we also constructed a presence/absence
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matrix of all contacts between ISG15 monomers during the course of the
simulations, which we analysed through PCA (Supplementary Fig. 19).

3D structure modelling of ISG15-PLpro complexes

We used Alphafold2-Multimer in ColabFold™ and the recently identified
crystal structure of SARS-CoV-2 PLpro in complex with human ISG15
(ref. 54) to model the complex of human, R. affinis, R. sinicus, R. yong-
hoiseni and R. trifoliatus 1SG15 and PLpro (displayed as a monomer of
each). TheISG15 chainof human fromthe crystal structure was replaced
with full-length humanISG15 (including the remaining C-terminal resi-
dues after the cleavage site) then routinely swapped for each species of
ISG15. The top model was chosen as previously and predicted template
modelling displayed with scaling as per the predicted local distant dif-
ference test AlphaFold2 scalein ChimeraX. We used only the catalytic
unit of the PLpro monomer (residues 819-2,763) that was previously
shown tosupportindependent modelling that reflected well the crystal
structure. Supplementary Videos10,12,14,16 and 18 show the complete
view of one molecule of PLpro (catalytic domain) with one molecule
of ISG15. Supplementary Videos 11, 13, 15,17 and 19 (human, R. affinis,
R.yonghoiseni, R. sinicus and R. trifoliatus, respectively) represent
zoomed views with a 360° rotational spin, highlighting the contact
residues (green) calculated in ChimeraX (structure > contacts, VDW
overlap, >-0.4, inter-model contacts) between PLpro and ISG15 and
the key (homologous) amino acid residues (yellow) identified as con-
tact pointsin the crystal structure between human ISG15 and PLpro.
Snapshots of the entire complex and zoomed regions of the catalytic
site with the C-terminal tail of ISG15 are shownin Extended Data Fig.11.

Investigation of antiviral mechanisms of ISG15 in Rhinolophidae
and Hipposideridae

Cell culture. Huh7, HEK293, A549, Vero-76 (CRL-1587, ATCC) and
Vero-E6 cells were grown in typical DMEM (Gibco) supplemented
with 10% FBS (ExcelBio) and 1% Pen/Strep (Sigma). Importantly, the
HEK293 cells used in this study are a HEK293 subclone selected for
high production of pseudoviruses. Compared with most HEK293 cells,
these subclone cells express the basal machinery of IFN/ISGs and the
ISGylation machinery (E1/E2/E3 ligases) is upregulated, which we vali-
dated by western blots for ISGylation and its machinery (Extended
Data Fig. 10 and Supplementary Fig. 21). RsKT.O1 cells (Rhinolophus
sinicus) were a gift from Z. Shi and were grown in DMEM (Gibco) sup-
plemented with 10% FBS (Biological Industries) and 1% Pen/Strep
(Sigma). For HCoV experiments, an ANPEP/CD13-Flag construct (Sino
Biological) was transfected into HEK293 cells (PEI, PolySciences),
then selected (mixed pool) with hygromycin for 2 weeks to generate
stable cell lines, validated by surface CD13 staining (Sino Biological,
1:2,000 dilution, no permeabilization), and used for consequent infec-
tion with HCoV-229E. For SARS-CoV2 experiments, A549-ACE2 cells
(human lung adenocarcinoma-derived cells overexpressing human
angiotensin-converting enzyme 2 (ACE2)) were provided by the Colpitts
laboratory'?, and we used the clonal population A549-ACE2 B9. The
A549-ACE2 cells were maintained in Ham’s F-12K (Kaighn’s) medium
supplemented with 10% FBS, 10 pg ml™ blasticidin and 1% Pen/Strep.

Huh7 cells were transfected with Lip2000 (Biosharp), HEK293 cells
with polyethylenimine (Polysciences), A549 cells with Lipo6000, and
Vero-E6 cells with Lipo8000 (Beyotime), each according to the manu-
facturer’sinstructions. All cell lines were tested for mycoplasma and
were free of mycoplasma contamination.

Lentiviruses were generated using third-generation HIV-VSV.G
lentiviruses with the psPax2 (Addgene plasmid 12260; http://n2t.
net/addgene:12260; RRID:Addgene_12260) vector system in HEK293
cells. Geneblocks were synthesized (Beijing Tsingke Biotech or
Genscript) according to TOGA annotations for /SGI5 (transcript
ENST00000649529, aligned to human for validation) and cloned
into the pLVX-IRES-mCherry vector under aCMV promoter for direct
transfection or lentivirus generation. Lentiviral supernatants were

prepared in low-FBS DMEM supplemented with 1% NEAA (Phygene),
sodium pyruvate (Thermo Scientific, Gibco) and filtered through a
0.45 um low-binding PES PVDF filter (Jet Biofil). Lentiviral transduc-
tionwas done with100 plsupernatant per well (six-well plates) of cells
in 1% FBS with 4 pg ml™ Polybrene (Biosharp) for 4-6 h; the medium
was replaced with 10% serum, and 48-72 h later, cells were sorted for
mCherry fluorescence and grown as stable (mix pooled) cell lines to
minimize clonal variation. A549 and RsKT cellsincluded a‘spinfection’
step for centrifuging at 100g for 1 h at 37 °C in six-well plates with the
lentivirus.

Myc-tagged ISG15 constructs were synthesized as above to ensure
antibody compatibility (Sangon Biotech) (Supplementary Table 27).
HEK293-AISG15 cells were co-transfected with 200 ng pCDNA3.1-NSP3C
(PLpro), 200 ng pCDNA3.1-NSP3L and 300 ng ISG15 Myc-tagged con-
structs, then cells were induced with 1 pg ml™ of poly-I:C 24 h after
transfection, cell lysates were treated with DSP or BMH (see below) and
collected 48 hafter transfection. Myc constructs were validated to have
minimal impact compared with non-tagged ISG15 constructs (Fig. 3d
and Supplementary Fig. 23). HEK293-AISG15 cells were transfected
with 50 ng UBEIL (Addgene, 12438) and UBE2L6 (Addgene, 98380),
respectively, and cell lysates were collected 24 h after transfection.

Fluorescence-activated cell sorting. To generate ISG15 stable cell
lines, lentiviral transduced Huh7, HEK293, A549, RsKT and Vero-E6
cells were sorted by fluorescence-activated cell sorting (FACS) using
the BD influx system for mCherry-positive cells, normalized against
autofluorescenceintherespective parental cell line. VSV-GFP load was
measured directly by GFP fluorescence intensity. For HCoV-229E, CD13
stable HEK293 cells were stained with 229E N protein (Sino biological,
1:2,000) and Ki67 (Beyotime, 1:500) for 30 minin FACS buffer contain-
ing 1x PBS (Gibco), 1% FBS and 1% Pen/Strep, after permeabilization
with 0.05% TX-100 in TBS and blocking in 5% BSA in TBS-T. Cells were
subsequently rinsed, stained with anti-mouse/rabbit CF-488/568/647
secondary antibody for 15 min (Biotium, dilution1:10,000), rinsed three
times and run on the ACEA Novocyte flow system.

Cell-viability assays. To infer metabolic activity by turnover of ATP,
viability assays were performed by adding 10 pl CCK-8 (Transgen Bio-
tech) directly to cells grown in DMEM, 1%FBS, Pen/Strep, incubated
for 4 h,then measured over timeina Tecan Spark microplate reader at
Abs 450 nm. The background was subtracted and normalized against
the control.

Protein conjugation. To detect protein—protein conjugations (cross-
linking of amide bonds), di(N-succinimidyl)3,3’-dithiodipropionate
(DSP) (Aladdin, PubChem CID: 93313) was used. To detect
disulfide-bond-linked proteins, 1,6-bis(maleimido)hexane (BMH) (Alad-
din, PubChem CID:20992), a homobifunctional (sulfide-to-sulfide)
sulfhydryl-reactive reagent was used, which facilitated dimer detec-
tion. DSP and BMH were dissolved in DMSO (high-purity, Sigma) and
diluted in PBS before use at final concentrations of 0.2 mM and 0.1 mM,
respectively. After transfection, cross-linkers were added to cells and
incubated for 15 min and 25 min, respectively, at 37 °C, before proceed-
ing to the western blot.

Western blots. Cell supernatants and cell lysates were collected before
infection or 48 h after infection (HCoV-229E) or 24 h after infection
(HIN1IAV and VSV-GFP). Cells were lysed in Buffer 11ysis buffer's, sup-
plemented with a phosphatase-inhibitor cocktail (Phygene, PH0321)
and protease-inhibitor cocktail (Phygene, PH0320). Collected cell
lysates and cell supernatants were mixed with 5x SDS-PAGE loading
buffer (Phygene, PH0333) and boiled for 5 min. The protein ladder used
was 11-180 kDa Colormixed Protein Marker (Solarbioc) or 15-130 kDa
two-colour prestained ladder (Biomed 168), or 10-250 kDa SmartBuff-
ers prestained ladders (N6619); slight size differences were observed
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between10% Bis-Tris gelsand 4-20% gradient gels (runin Tris-MOPS).
Subsequently, cell lysates and supernatants were separated by 10%
SDS-PAGE gel, transferred to PVDF membranes (Millipore, 0.45 pm)
and blocked with 5% skimmed milk in TBS. For ISGylation detection,
protein samples were mixed with 4x NuPAG LDS sample buffer (Invit-
rogen, NPO0OQ7), separated by NuPAGE 4-12% Bis-Tris gels in running
buffer (Invitrogen, NPO0O1) for 70 min under 120 V, and transferred
(Invitrogen, NPO00061) for 90 min under 100 V.

The following antibodies were used for detection: rabbit anti-MX1
polyclonal antibody (clone N2C2, Genetex, GTX110256, dilution
1:1,000); rabbit anti-ISG15 polyclonal antibody (middle region,
Aviva Systems Biology, ARP59386_P050, dilution 1:1,000); rabbit
anti-GAPDH monoclonal antibody (clone 14C10, Cell Signaling,
2118, dilution 1:2,000); rabbit anti-CD13 polyclonal antibody (Sino
Biological, 10051-T60, dilution 1:2,000); rabbit HCoV-229E nucle-
ocapsid polyclonal antibody (Sino Biological, 40640-T62, dilution
1:2,000); mouse anti-MYC monoclonal antibody (Sino Biological,
100029-MMO08, dilution 1:2,000 for cell lysate and 1:1,000 for cell
supernatants); rabbit anti-UBE1L monoclonal antibody (Huabio,
HA721228, dilution:1:500); rabbit polyclonal anti-UBE2L6 antibody
(Abclonal, A13670); rabbit polyclonal anti-HERC5 antibody (Abclonal,
A14889); and HRP-conjugated goat anti-rabbit IgG (Transgen Biotech,
HS101-01, dilution 1:5,000).

Chemiluminescence was detected using the Enhanced ECL chemi-
luminescence detectionkit (Vazyme) according to the manufacturer’s
instructions, and subsequently imaged by the LI-COR ODYSSEY FC
imaging system (LI-COR Biosciences). Uncropped westernblotimages
are included as Supplementary Data. Densitometry measurements
were calculated from FiJl Image] software based on equal-size rectan-
gular ROIs (multi-measure) of greyscale TIFF raw files (inverted) for
GAPDH (with subtraction of background), ISG15 cell lysates and ISG15
supernatant images. Counts were normalized to GAPDH levels and
expressed relative to human cell lysate ISG15 signal (graph forn=3
independentblots).

Knockout cell-line generation. Single guide RNAs (sgRNAs) of ISG15
were designed following a published protocol°, and subsequently
eachsgRNA sequence was clonedinto plentiCRISPRv2 vector (Addgene
plasmid 52961). Scramble non-targeting gRNAs were also designed
to serve as a negative control. The gRNA sequences are shown in Sup-
plementary Table 27. Lentiviruses were generated using the method
described above. HEK293 cells were first transduced and selected with
puromycin (1 pug mi™?) for two rounds of 10 days, followed by western
blot of ISG15 for knockout validation.

Virus infections. The HCoV-229E clinical isolate was a gift fromJ. Zhao
(Guangzhou Medical University), and IAV HIN1 PR8 and VSV-GFP
(Indiana) were gifts from L. Lu (Zhejiang University). A clinical isolate of
SARS-CoV-2 (SARS-CoV-2/SB3-TYAGNC) was used for infection studies
following sequence validation using next-generation sequencing™.
HCoV-229E was cultured in Huh7 cells or MRC-5 cells. IAV was propa-
gatedin A549 or Vero-E6 cells, VSV-GFP in HEK293 cells and SARS-CoV-2
in Vero-76 cells using a previously published protocol™. All stocks were
preparedinlowserum, filtered for cell debris, aliquoted and titrated in
therespective cellline. Virus stocks were thawed once and used for an
experiment. A fresh vial was used for each experiment to avoid repeated
freeze-thaws. Virusinfections were done in1% FBS at low MOI (0.1) for
fluorescent reporter or HCoV-229E TCID,, assays. HCoV-229E assays
were runin ten-fold dilutions in low-serum media. HIN1 PR8 1AV infec-
tionwasdone atan MOl of 0.1in Vero-E6 or A549 cellsin1% FBS for 2 h
before removal and replacement with growth media. Supernatant and
celllysates were collected 24 h after infection. Supernatant collection
was similarly done after VSV-GFP assays were rinsed after 4-6 hinfec-
tion, replaced with growth media and followed over time until about
70-80% GFP-positive (overnight).

For SARS-CoV-2 infections, A549-ACE2 cells were seeded at a den-
sity of 1.5 x 10° cells per well in a 12-well plate for 24 h. Then the cells
were transfected with 200 ng of plasmids encoding bat ISG15 (see
above) or vector control for 24 h, followed by infection with ances-
tral SARS-CoV-2 (SARS-CoV-2/SB3-TYAGNC isolate) at an MOI of 0.01
for 48 h. Control cells were sham infected. Infected or sham-infected
cells were incubated at 37 °C for 1 h with gentle rocking every 15 min.
After 1 h, virus inoculum was removed, cells were washed with PBS
and supplemented with growth medium. Bulk cellular RNA and media
frominfected and sham-infected cells were collected 48 h after infec-
tion using a previously published protocol™. Cells transfected with
mCherry_pcDNA3.1(+)-P2A plasmid and infected with SARS-CoV-2
served as a control for plasmid DNA transfection-mediated impact
on SARS-CoV-2 replication. All work with infectious SARS-CoV-2 was
doneinacontainmentlevel 3 laboratory at the Vaccine and Infectious
Disease Organization, University of Saskatchewan using approved
protocols.

Plaque assay. To test direct antiviral function in cells stably express-
ing ISG1S5, plaque assays with IAV HIN1 PR8 were done in A549-stable
celllines (as above) by the addition of 50 pul virus to 500 pl low-FBS
media (intriplicate) and serial 10-fold dilutions were performed (x8) in
24-well plates. Cells were incubated with virus for 4 hbefore rinsing and
replaced with 2% methyl-cellulose 4000 cP direct overlays (Beyotime)
supplemented with 1% FBS and Pen/Strep for 3-4 days.

TCID,, assay. The supernatants from SARS-CoV-2-infected cells were
titrated in triplicates on Vero-76 cells using TCID;, assay'®. In brief,
1.5 x 10* cells were seeded in each well of a 96-well plate. The plates
were incubated overnight to obtain a confluent layer of Vero-76 cells.
The next day, medium was taken off the cells and 50 pl 1:10 serially
diluted virus-containing supernatant was added to the plates. The plates
wereincubated at 37 °Cfor 1 h. After incubation, the virus-containing
supernatant was discarded and 100 pl complete media with 2% FBS
was added to the plates. The plates were incubated at 37 °C for three
and five days, respectively, and cytopathic effect was observed using
alight microscope. TCID,, per ml was calculated using the Spearman
and Karber algorithm™*1%,

Free ISG15 and point mutations. Based on sequences of ISG15
(ENST00000649529), residues corresponding to Cys78 in human
ISG15 were swapped with the codon for alanine (which changes
polarity and removes the cysteine disulfide bond) or serine (which
hasasimilar shape and charge butlacks a disulfide bond), whichever
required the fewest nucleotide changes. Similarly, Ser77 in R. affinis
was changed to a cysteine or a combination mutant replacing the
absent lysine at position 77 and swapping the serine for a cysteine
residue (at human Cys78). These geneblocks were generated in
the same IRES-mCherry backbone. Supernatants from Huh7 cells
after transfection or transduction were collected after 24 hor 48 h,
respectively, pelleted for cell-debris removal and added directly to
SDS-PAGE loading dye for a western blot. Similarly, supernatants
were collected after 48 h of HCoV-229E infection. Cell lysates were
collected as described previously.

Site-directed mutagenesis. Rhinolophus affinis and R. yonghoiseni
ISG15 (LRGG to LRAA) mutants were generated using a QuikChange Il
site-directed mutagenesis kit (Agilent) using a previous modification®;
see Supplementary Table 27 for primer sequences. Mutations were con-

firmed by Sanger sequencing at the National Research Council, Canada.

Animalssilhouettes

The animal silhouettes used in the figures were downloaded from
PhyloPic (https://www.phylopic.org) except for the bat silhouette,
which was vectorized by A.E.M.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Genome assemblies and sequencing data are available at NCBI
for Aselliscus stoliczkanus (PRINA949177), Doryrhina cyclops
(PRINA938463), Hipposideros larvatus (PRINA938461), Rhinolophus
affinis (PRJNA938462), Rhinolophus perniger lanosus (PRINA955779),
Rhinolophus yonghoiseni (PRINA938455), Rhinolophus trifoliatus
(PRJNA939732), Rhinopoma microphyllum (PRINA971926), Megaderma
spasma (PRINA940731) and Mops condylurus (PRJNA949178). TOGA,
transposable element and miRNA annotations of newly sequenced
bats and alignments of positively selected genes are available at http://
genome.senckenberg.de/download/BatlKImmune/. Accession codes
and identifiers of genomic data are listed in Supplementary Tables 3
and 5. ThegRNAs, primers and geneblock sequences are listed in Sup-
plementary Table 27. Other databases used are: Dfam database v.3.5
(https://www.dfam.org/releases/Dfam_3.5/), Infernal v.1.1.2, GENCODE
V38 (Ensembl 104), Gene Ontology http://geneontology.org/, KEGG
https://www.genome.jp/kegg/, WikiPathways https://www.wikipath-
ways.org/index.php/WikiPathways, miRTarBase http:/mirtarbase.
mbec.nctu.edu.tw, TRANSFAC http://genexplain.com/transfac/, Human
Protein Atlas https://www.proteinatlas.org/, CORUM http://mips.helm-
holtz847, muenchen.de/corum/, Human Phenotype Ontology https://
hpo.jax.org/app/and uniref100.

Code availability

Custom scripts used for data analysis are available at GitHub (https://
github.com/ariadnamorales/2023_BatlKimmunity).
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Extended DataFig.1|Genome assembly quality and impact onselection
screens. a, PacBio HiFisequencingimproves genome assembly contiguity.
UCSCgenomebrowser screenshot showinga 700 kb locus of the human chr20
and genome alignments to six rhinolophid bats (boxes in the alignment net
representaligning sequence and connectinglines deletions or unaligning
sequence). Theregion highlightedingrey does not alignbetween humanand
Rhinolophus ferrumequinum, because the R. ferrumequinum PacBio CLR-based
assembly hasalarge 421,369 bp assembly gap in this locus. As aresult, several
genes containedin thislocus are missing from this assembly, which contributes
to theslightly higher number of missing genes for R. ferrumequinumvs. other
rhinolophid bats (Fig. 1e). Consistent with PacBio HiFi-based assemblies often
having higher contig N50 and N90 values (Fig. 1c), the other four HiFi-based
rhinolophid assemblies have a contiguous sequence in this locus without an
assembly gap. Rhinolophus sinicus, which was assembled from Illumina short
reads, has 24 smaller assembly gaps with sizes 15-1058 bp in this locus.
b-f,Lower assembly quality leads to missed signals of gene selection. To explore
the effect of assembly quality on results from genome-wide selectionscreens,
wereplaced the high-quality Bat1K assembly (HLrhiFer5) of the Greater
horseshoe bat (Rhinolophus ferrumequinum)™ with a previous short read

based assembly (rhiFerl) of the same species' that has a higher degree of
incompleteness and fragmentation (panel b-d). We kept all other 114 mammalian
speciesandtested ifthe genesunder selectionin theR. ferrumequinumbranch
with the HLrhiFer5 assembly are also under selection when using the rhiFerl
assembly. Similarly, we replaced the Bat1K assembly (HLrouAeg4) of the Egyptian
rousette (Rousettus aegyptiacus) with a previous assembly (Raegyp2.0) that
used longand shortread databut hasasmaller contig N50 and an excess of
inactivating mutations (indicative of ahigherbase error rate; see Supplementary
Fig.3). Weidentified 272 vs. 133 genes under positive selectionin HLrhiFer5vs.
rhiFerl,and 299 vs.194 genes under positive selectionin HLrouAeg4 vs.
Raegyp2.0, indicating that lower assembly quality hampers the identification
of selected genes. Toillustrate this, the panels show UCSC genome browser
screenshots of fiveimmune-related genes, where we detected positive

selectionin the Bat1K but not the previous assembly. The first three examples
(b-d) show cases where the previous assembly does not cover the geneona
single scaffold and exons are missing because of assembly gaps. The last two
examples (e-f) show how assembly problems other than assembly gaps hamper
selectionscreens. b, LAT2 (linker for activation of T cells family member 2), a
regulator of T cell activation™, is split across two different scaffolds in rhiFerl,
asshown by the two alignment chains between human (hg38 assembly) and
R.ferrumequinumrhiFerl. Importantly, while other methods can capture only
oneofthesegene fragmentsatbest, TOGArecognizesboth alignment chains
asorthologous andjoins both gene fragments, resulting in amore complete
codonalignment. Nevertheless, coding exon 8 (blue highlight) is missingin
rhiFerl, thus this exonis missingin the codonalignment. In HLrhiFerS5, all exons
alignto asinglescaffold. c, PPP6C (protein phosphatase 6 catalytic subunit), a
factor thatregulates STING phosphorylation and activation', is split across
two scaffolds (alignment chains) in rhiFerl. While TOGA recognizes the red
chain asan orthologous fragment of PPP6C, the inset shows that coding exon1
overlapsanassembly gapinrhiFerl (but not HLrhiFerS5), thus thisexon will be
missedinthe codonalignment.d, The gene locus of FOXP3 (forkhead box P3),
amaster regulator involved inregulatory T-cell development and function™?,
issplitacross several scaffoldsin rhiFerl. Although the entire coding regionis
presentonasingle scaffold (brown chain), the last coding exon overlaps an
assembly gapinrhiFerl and thus will be missed in the codon alignment. e, CD48
(CD48antigen), acell surface factor involved in adhesion and activation of
adaptiveimmune cells*, lacks an aligning exon lin the Raegyp2.0 assembly.
Compared tothe HLrouAeg4 assembly, Raegyp2.0lacks~22,800 bp of sequence
and thissequenceisalso presentinother Pteropodid assemblies. Thisindicates
that this ‘deletion’is likely an assembly error in Raegyp2.0.f, MXI (MX dynamin
like GTPase 1), aninterferon-induced antiviral gene'*?, has two orthologous
alignment chains that cover the gene. While this apparent ‘duplication’is likely
duetoincomplete haplotype purginginRaegyp2.0, itleads TOGA to classify
MXIasal:2orthologin thisassembly and since our screen only considers1:1
orthologs, thisgeneis missedinascreenincluding Raegyp2.0.
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Extended DataFig.2|Robustness ofimmune-related enrichmentsinbats.
a, Heatmaps show enrichments for genes under positive selection for the child
terms of high-level GO Biological Processes thatare showninFig. 2a. Child
terms of “immune system process” are shownin Fig. 2d. Enrichment tests for
genesunder selection in the different mammalian groups (columns) were
performedingProfiler. Only child terms with asignificant enrichmentin at
least one mammalian order are shown. Cells with color indicate asignificant
enrichment after correcting for multiple testing. Supplementary Table 7
provides the full gProfiler output, including all significant p-values for all
groups. b-c, Enrichments of genes under positive selection in four subsampled
datasets. Toexplore whether functional enrichments of positively selected
genesinmammalian clades aredriven by individual species rather than being
representative for the clade Chiroptera, we ran four additional for positive
selection by subsampling 65 species from all 115 mammals, as explained in the
Methods. Insubsample1-3 (s1-s3), we randomly selected ten of the 20 species
ineach cladethatisrepresented by 20 speciesinthe full dataset (Chiroptera,
Primates, Rodentia, Artiodactyla, Carnivora). Subsample 4 (s4) includes all
speciesleft outinsubsample1fromthe 20-species clades. Clades withless than
20 species were not subsampled. b, For each mammalian order, bar plots
visualize the statistical significance (-log,, corrected p-value) of enrichments
for GO:0002376 “Immune System Process” in the four subsamplesandin
comparison to the full dataset (fifth bar). Importantly, the chiropteran

enrichments for “immune system process” are robustly observed across the
subsamples, and no other mammalian group exhibits an enrichment as
significant asin Chiroptera. c, Enrichments for child terms of “Immune System
Process” in four subsampled datasets. Heatmaps at the top summarize
enrichments with colored cells representing significant enrichments after
correcting for multiple testing. Bar charts shown below visualize the statistical
significance asin panelb. Genes positively selected in Chiropterarobustly
showastrong enrichmentin“Immune Response” and “Regulation of Immune
System Process”, where the enrichments are more significantthanin any other
mammalian group. All animal silhouettes apart from the bat were obtained
from PhyloPic (phylopic.org). Mus musculus, by Daniel Jaron underaCC01.0
Universal Public Domain licence; Gorilla gorilla gorillaby T. Michael Keesey
(after ColinM. L. Burnett) undera CC0 1.0 Universal Public Domain licence;
Leporidae, by Sarah Werning under a CCBY 3.0 licence; Erinaceus europaeus

by Roberto Diaz Sibajaundera CCBY 3.0 licence; Equus ferus przewalskii, by
Mercedes Yrayzoz (vectorized by T. Michael Keesey) undera CCBY 3.0 licence;
Camelus dromedarius, by Steven Traver under a CCO 1.0 Universal Public Domain
licence; Panthera pardus, by Margot Michaud under a CC0 1.0 Universal Public
Domain licence; Manis culionensis, by Steven Traver under a CC01.0 Universal
Public Domainlicence. The batsilhouette was vectorized by A.E.M., the
Afrotheria (ThaiElephant) silhouette was obtained from OpenClipArt (https://
openclipart.org/) undera CCO 1.0 Universal Public Domain licence.
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Extended DataFig. 3| Correlationbetweenbranchlength and number of
genesunder positive selection. a, Distribution of the number ofimmune
systemgenes thatare underselectioninagiven number of branches, considering
all228 branchesinthe 115-species tree. b-e, Dispersion plots show a correlation
between different measures of branch lengths and the number of “immune
system process” (GO:0002376) genes under positive selection. For branch
lengths, we considered b, millions of years taken from our time-calibrated
phylogeny inferred using treePL and fossil calibrations (Supplementary
Table 4); ¢, number of substitutions per neutral site estimated from 4D sites
using phyloFit; d, number of substitutions per site estimated from coding
regions using IQTREE; e, transformed branchlengths as the square-root of the
number of substitutions per site estimated from coding regions using IQTREE.
These testsrobustly show that branchlengthis significantly correlated with
the number of selected immune genes. This likely reflects a higher incidence
forepisodic positive selection to occur over longer evolutionary time periods
andincreased power todetectitonlongerbranches, consistent with previous
simulations on few taxa?®. Akaike’s information criterion (AIC) indicates that
themodelin (E) fits the data best (Supplementary Table 9). f-i, Model selection
withoneor two slopes and/orintercepts. To determine whether the number of

immune genes under selectionis higher in bats thanin other mammals, we
introduced a categorical variable, corresponding to taxonomy (bats and non-
bats) andfitaseries of negative binomial regressions where two interceptsand
twoslopes would be allowed in the models. f, negative binomial, two-intercept
model of square-root transformed millions of years from a time-calibrated
phylogeny inferred using treePL and fossil calibrations (Supplementary Table 4).
g, negative binomial, two-intercept and two slope model of square-root
transformed millions of years from a time-calibrated phylogeny inferred using
treePL and fossil calibrations (Supplementary Table 4). h, negative binomial,
two-intercept model of number of substitutions per neutral site estimated
from 4D sites using phyloFit. i, negative binomial, two-intercept model of
number of substitution per site estimated from coding regions using IQTREE.
Thebest-fitmodel shownin panel e has two intercepts corresponding to bats
and non-bats, but asingle slope. These results robustly show that bats have a
higher number ofimmune-related genes under positive selection. While we
applied theregression modelspecifically toimmune-related genes, thisapproach
couldbe agenerally-applicable strategy toreveal lineages (branches) having an
excessof selection on genes belonging to particular functional categories.
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Extended DataFig. 4 |Positive selectionin SARS-CoV-2-related pathways
and per-branchssignal of selection for alland immune response genes.

a, Genesunder positive selectionin SARS-CoV-2 related pathways. Absolute
number of genes under positive selection in different mammalian orders
(defined as at least one branch having a significant p-value) that are involvedin
pathways with relevance for SARS-CoV-2 and COVID-19. Pathway data was taken
from WikiPathways (https://www.wikipathways.org/pathways/WP5039.html,
https://www.wikipathways.org/pathways/WP5115.html), Reactome (https://
www.reactome.org/content/detail/R-HSA-9679191), and KEGG pathways
(https://www.genome.jp/pathway/hsa05171), lastaccessed on July 20th,2022.
Chiroptera consistently have the highest number of selected genes in these
genesets. We listallmammalian orders here for completeness, butit should be
noted that five orders (Primates, Rodentia, Artiodactyla, Chiroptera, Carnivora)
arerepresented by 20 species and thus have more branches than other orders.
b-c, Per-branch signal of selection for all genes and genes annotated as
“Immune Response” (GO:0006955) on the phylogeny for 115 mammals. Branches
arecolor-coded based on the difference between the observed and expected
number of selected genesinthe gene set. The color scaleindicates negative
residual values (less genes under selection than expected) inblue and positive
residual values (more genes than expected) inred per branch. Expected
numbers were calculated from the regression models shown in Supplementary

Tables 8-9. Ancestral branches for mammalian orders areindicated withicons.
New BatlK genomes are inred font. b, Considering all genes included in our
screen withoutselecting a functional category shows no excess of selected
genesinbatsandontheancestral Chiropterabranch. ¢, Considering genes
annotated with the GO term “Immune Response” shows that the ancestral
Chiropterabranch has the highest excess of selected “Immune Response”
genes, substantiating the results for “Immune System Process” (Fig. 2¢). All
animal silhouettes apartfromthe bat were obtained from PhyloPic (phylopic.
org). Mus musculus, by DanielJaron undera CC0 1.0 Universal Public Domain
licence; Gorilla gorilla gorillaby T. Michael Keesey (after Colin M. L. Burnett)
underaCCO 1.0 Universal Public Domain licence; Leporidae, by Sarah Werning
underaCCBY 3.0licence; Erinaceus europaeusby Roberto Diaz Sibajaunder
aCCBY3.0licence; Equusferus przewalskii,by Mercedes Yrayzoz (vectorized
by T. Michael Keesey) under a CC BY 3.0 licence; Camelus dromedarius, by
Steven Traver under a CCO 1.0 Universal Public Domain licence; Panthera
pardus, by Margot Michaud under a CC0 1.0 Universal Public Domain licence;
Manis culionensis, by Steven Traver under a CCO0 1.0 Universal Public Domain
licence. The batsilhouette was vectorized by A.E.M., the Afrotheria (Thai
Elephant) silhouette was obtained from OpenClipArt (https://openclipart.org/)
underaCCO 1.0 Universal Public Domainlicence.
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Extended DataFig. 5| Immune-related genes under positive selectionin
bats. a, Biological processesinvolved inimmune responses triggered by viral
infections. b-f, Schematic showing how ISG15and genes selected in batsare
involvedinviralentry into cells and detecting viral patterns (b), regulating
antiviraland inflammatory responses (c-d), B cell signaling (e), and activation
ofthe complement system (f). Genes positively-selected in the ancestral branches
of Chiroptera (white font), Rhinolophidae-Hipposideridae (yellow font), or
Rhinolophidae (orange font) have ablue background. Genes highlighted in
panelsb-dare described in the main text. e, Inflammation triggers the release
of chemokines that direct the migration of leukocytes to sites of infection. GO
‘leukocyte migration’ (GO:0050900, P.,.,= 0.0016) is only enriched for genes
selectedin bats. Weidentified selectionin two CC chemokine receptors, CCR2
(repeatedly selected in Chiroptera, Rhinolophidae-Hipposideridae and
Rhinolophidae) and CCR5 (selected in Rhinolophidae-Hipposideridae) that
promote theinfiltration of pro-inflammatory cells**"**. Importantly, CCR2and
CCRSarelocated inamajor risk locus for severe COVID-19 that contains SNPs
linked toincreased CCR2/5 expression**. Consistent with CCR2/5 mediated
hyperinflammation, CCR2/CCRS receptor antagonists can reduce cytokine
stormsin patients with severe COVID-19 (ref.146). The GO term ‘lymphocyte
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activation’ (GO:0046649, P, =2.46 x107%) has the most significant enrichment
for genes under selectionin bats, whichincludes two key factors for B cell
signaling, CD79A (selected in Rhinolophidae-Hipposideridae) and BTK (described
inthe main text). CD79A is the signal transduction subunit of the B cell antigen
receptor that upon phosphorylation mediates BTK phosphorylation”*8,
Activated BTK promotes B cell receptor mediated survival of Bcells. f, The
complement system helps to phagocytose or lyse pathogens, stimulates
adaptiveimmunity and inflammation, but excessive complement activation
canlead to hyperinflammation and thrombosis during COVID-19'*. GO
‘Regulation ofimmune effector process’ (G0:0002697, P, =1.55 x 10°%; Fig. 2e),
‘Complementsystem’ (WikiPathways WP2806, P,,, =8.92 x10"%) and ‘Complement
and coagulation cascades’ (KEGG:04610, P,,,=0.0003; Supplementary Table 7)
have the most significant enrichment for genes selected in bats. We detected
two complement components, C7and CIS (both under selectionin
Rhinolophidae-Hipposideridae). C1Sencodesaserine protease involved in
early activation of the classical pathway'*°. C7isacomponent of the membrane
attack complex that forms membrane-disrupting poresand, whenendocytosed,
activates noncanonical NF-kB signaling and inflammasome assembly’.,
Pictograms of cellular elements were custom-drawn.


http://amigo.geneontology.org/amigo/term/GO:0050900
http://amigo.geneontology.org/amigo/term/GO:0046649
http://amigo.geneontology.org/amigo/term/GO:0002697
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Extended DataFig. 6 | Conformations of putative dimers of ISG15 for human,
Doryrhinacyclops, and Rhinolophus sinicus. We used structural modeling to
explore whether the Cys78 deletion affectshomodimer formation of bat ISG15.
We hypothesize two alternative outcomes. Astable homodimer will not be
formedifwe delete Cys78 due to the removal of the disulfide bond. Alternatively,
stable homodimers might still formif the dimericinterface is maintained by
compensating sets of non-covalent interactions (e.g., hydrogen bonds,
hydrophobicinteractions). To test these hypotheses, we initially performed 3D
structural modeling using AlphaFold2"° and compared the putative ISG15
homodimers of humanand four bats lacking Cys78 (Supplementary Fig.16).
However, the AlphaFold models showed discrepancies between the dimeric
interface confidence scores generated and previous experimental studies for
humanISG15*8, as well as predicted variationsin stability between the bat
species (Supplementary Fig.16); therefore we evaluated the stability of
predicted dimers by molecular dynamics simulations shownin this figure. We
conducted three replicate simulations of 1 s for human ISG15 and for ISG15 of
onerepresentative rhinolophid and hipposiderid bat (total duration 3 ps,
about550,000 CPU hours for each species) (Supplementary Figs. 17-18 show
the simulation boxes and equilibration phase). a-¢, Conformations of putative
dimers of human (a), Doryrhina cyclops (b), and Rhinolophus sinicus (c) ISG15.
The dimer that was estimated with AlphaFoldiscircled, whereas the other
dimers are major conformations, observed during molecular dynamics
simulations (see Methods). Helices are shown in cyan, whereas 3-strandsinred.
The percentages correspond to the proportion of each conformation across
the simulations. The figure was rendered with UCSF ChimeraX v.1.2'%2, a, Both
major conformations are very similar to the AlphaFold predicted conformation.

C Rhinolophus sinicus

physiological salt concentration, 0.5 ys x 3 replicates

Importantly, while the monomersslightly rotate around the disulfide bond, the
Cys78-mediated disulfide bond is sufficient to maintain a dimericinterface
with a highly similar conformation, indicative of astable dimer (see also
Supplementary Videos 1-3). The molecular dynamics simulation results of
humanISGl15 are consistent with experimental studies****and serve as a positive
control as the disulfide bond cannot be broken in the simulation. b, If astable
dimer would exist, we would expect to observe asingle dominant structural
conformation, or several conformations that are highly similar, as observed for
humanISGI15. In contrast, for D. cyclops1SG15, the lack of the disulfide bond
appearstoresultinanunstable dimer thatadopts a range of conformations,
showing remarkable differences in the spatial arrangement of the monomers
(seealso Supplementary Videos 4-6). ¢, As for D. cyclopsISG15, the lack of the
Cys78-mediated disulfide bond appears to consistently resultin an unstable
dimer that adopts two major conformations that differ considerablyin the
spatial arrangement of the monomers, both from each other and from the
starting AlphaFold structure (see also Supplementary Videos 7-9). This result
was observed both at physiological (top) and at salt concentrations as low as
required to neutralize the system (middle) for acomparable simulation time of
upto 0.5 s, indicating that different salt concentrations consistently resultin
unstable dimers. Comparing low salt conditions for asimulation time of 0.5 vs.
1ps (middlevs.bottom), we found even larger structural differences between
the major conformations, whichis consistent with the expectation that as the
simulation time increases, unstable dimers would increasingly deviate from
theinitial structure. Overall, these tests alsoindicate that our results are robust
tovariationin thesalt concentration used in the simulations.
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Extended DataFig.7|Snapshots of the dimericISG15interface during
molecular dynamics simulations performed with alow salt concentration.
a, Rhinolophus sinicus1SG15; b, Doryrhina cyclops1SG15. While the three
simulationsinitially exhibit highly similar dimericinterfaces, because the
starting pointis the same AlphaFold-predicted dimer after energy minimization
and equilibration, theinterfacesincreasingly deviate from each other as
simulation timeincreases, indicative of anunstable dimer.See also Supplementary
Videos 4-9. The figure was rendered with PyMOL v. 2.5.0",
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Extended DataFig. 8| ISG15 effects on VSV cellular entry and replication,
and cell viability. To examine how human and various Cys78-lacking bat ISG15
constructs affect VSV entry and replication and cell viability, we synthesized
inaddition to Rhinolophus affinis1SG15 from five additional rhinolophid

(R. perniger lanosus, R.yonghoiseni, R. sinicus, R. trifoliatus, R. ferrumequinum)
and three hipposiderid bats (Aselliscus stoliczkanus, H. larvatus, Doryrhina
cyclops).a, Viral entry, quantified as the percentage of VSV-GFP positive cells.
HEK293 cells were transiently transfected with ISG15 constructs and infected
with VSV-GFP. GFP-positive cells after 16 hinfection withan MOl of 0.01 were
measured by FACS, examining mCherry (or transfected) cells only. The
percentage of GFP-positive cellsisshown for three separate experiments
(n>10,000 cellseach). Datais presented as mean (solid oval) and standard
deviation (bars) withindividual data points for the three biological replicates
displayed as grey circles. Grey and light yellow backgrounds indicate empty
vectorand human, respectively. Al ISG15 proteins reduce viral entry, with
theexception of R. trifoliatus where the effectis not significant compared
tothe empty vector. Notably, viral entry differs substantially between ISG15

of different rhinolophid and hipposiderid bats. For example, ISG15 of
R.yonghoiseni/R.trifoliatus/R. perniger lanosus (comprising a phylogenetic
clade) had asignificantly reduced ability to block viral entry compared to
human ISG15. Because ISG15 of all rhinolophid and hipposiderid bats lacks
Cys78 (Fig. 3a), thisindicates that other amino acid mutations apartfromthe
shared Cys78 deletion alter ISG15 function. P-values and raw data arein
Supplementary Table12.b, Viral replication, measured by GFP intensity during
early infection stages. Viralload for the datashownin Fig. 3d, measured by
mean fluorescence intensity (VSV-GFP) in HEK293 cells transiently transfected
with ISG15 (IRES-mcherry) constructs, relative to the control vector (no ISG15).
Dataare presented as mean (solid oval) and standard deviation (bars) with
individual data points of three biological replicates shown as grey circles.
P-values and raw data are in Supplementary Table 13. ¢, ISG15 of some bats
affects growth of uninfected HEK293 cells. Since we observed large differences
betweeninitialinfection, intracellular viralload and final viral release into the
supernatant, we additionally examined cell viability in the presence of ISG15.
The panel shows FACS measurements of Ki-67, a cellular marker for proliferation,
inHEK293 cells that were stably transfected with the various ISG15 constructs.
Measurements were taken at16 h post-infection and arenormalized tothe O h
timepointand the vector control. Thus, values >1indicateanincreasein cell
growthcompared tothe vector control. Threebiological replicates areindicated
by grey dots and black bars show standard error per treatment. P-values and
raw dataarein Supplementary Table 14. For uninfected cells (light blue bars),
expression of humanISG15 and ISG15 of A. stoliczkanus, R. ferrumequinum and
R.sinicusleadstoasignificant decreasein cell growth, compared to the vector
control. In contrast, expression of ISG15 of the six other bats (D. cyclops,
H.larvatus, R. affinis, R.yonghoiseni, R. trifoliatus, and R. perniger lanosus) results
inasignificantly increased growth of uninfected cells, showing that ISG15 of
some bats positively affects cell growth in the absence of viralinfection.
Furthermore, ISG15 of six bats induces a significantly higher cell growth
compared to humanISG15, while A. stoliczkanus1SG15 induces asignificantly
lower cell growth. For cells infected with GFP-VSV (red bars), none of the
differences are significant when comparing bat to humanISG15. Human ISG15
was, however, still significantly different between infected and uninfected
(p=0.0017). Unlike human, several bats show large decreasesin proliferation
betweenuninfected and infected cells, indicating different dynamicsinside the
cell during virus replication. Furthermore, the basal increase in proliferation
may have asubstantial consequence on later virus production by allowing cells
to continue producing higher amounts of virus prior to cell death™*, or by
altering the basalimmune state, possibly explaining areduced effect of human
orbatwildtype ISG15inblocking VSV production. a-c, Significant differences
to the vector control or to human ISG15 were determined with a two-tailed
t-testandisindicated with*P < 0.05,**P < 0.01,***P < 0.001. New Bat1K genomes
areindicatedinbold font.
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Extended DataFig. 9| Effect of ISG15 Cys mutants onISG expression and
NFkB/IFNsignaling. a, ISG15 Cys mutants do not alter ISG expression during
HIN1PR8InfluenzaAvirus (IAV) infection or ISG15 supernatant treatmentin
epithelial cells. Toinvestigate why mutating or deleting Cys78 from human
ISG15and restoring Cys78in R. affinisISG15 significantly increased IAV
production, wetested whether the ISG15 Cys mutants but not wildtype ISG15
impacted IRF3 activation (known to be modulated by ISG15"), IFN production,
andinduction of key antiviral interferon-stimulated genes (MX1and IFIT1). IAV
wasinfected atan MOl of 0.1for 48 h after transfection with wildtype ISG15
constructs and ISG15 Cys78 mutants (indicated onright). The representative
western blot shows that 1AV infection causes some IRF3 activationand only
minimal MX1or IFIT1proteininductionin Vero-E6 cells when transfected with
anempty vector or mostISG15 constructs. While R. affinis S77Cinduced more
MX1andIFIT1, this did not alter IAV production (Fig. 3e), indicating minimal
effect onthe final production ofinfectious IAV particles. This is consistent with
VeroEé6 cells having limited IFN signal amplification, and shows that while ISG15
modulatesIFN signaling and some ISG-inductionin Vero-E6 cells, other effects
of ISG15 onviral production are more relevant. Importantly, there isnoimpact
of Cys-removal from humanISG15on MX1orIFITlininfected cells, indicating

thatthe observed pro-viral outcome of ISG15 Cys mutants s likely not due to
downregulating interferon-stimulated gene expression. Arepresentative
western blotimageisshown fromthreeindependent experiments.b, Extracellular
ISG15does notenhance NFkB and IFN signaling in A549 cells. Wildtype and
Cys-mutant ISG15 showed limited anti-IAV activity. To rule out areliance on
extracellular cytokine enhancement from ISG15, we measured the effect of
extracellular wildtype or mutant ISG15 on NFkB and IFN signaling. As this
processrequires the ISG15 receptor, LFA-1'*, which is not expressed in VeroE6
cells, weused A549 cells that are IFNy-competent and express a low-level of
LFA-1.1SG15-containing supernatants from IAV-infected VeroE6 cells were
UV-treated with10000 gy of UV-C to deactivate IAV. A549 cells were then
treated with these supernatants overnight. We then measured A549-cell
lysates for TNFocand IL-6 to assess NFkB-signaling, and IFIT1, IFITM3, and
endogenousISG15to assess IFN signaling. We observed no obviousinduction
of these pathways in these cellsbetween wildtype and Cys-mutant ISG15,
indicating the pro-viral effect of ISG15 mutantsis likely not caused by impairing
ISG15’s cytokine enhancement function in these cells. A representative western
blotimageis shown fromthreeindependent experiments.
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Extended DataFig.10|ISG15 conjugation/secretion with PLpro or during
HCoV-229E infection. a, HEK293-CD13-myc ISG15 stable cells were infected
with HCoV-229E at an MOl of 0.01for 72 h prior to collection of cell lysates
(lysates) and supernatant (S/N) prior to westernblot with anti-myc Ab (as above)
todetecttransfected ISG15. The level of ISG15in the supernatant was normalized
to celllysates and loading control (GAPDH), and was expressed relative to the
most abundant proteininthe supernatant (Mops condylurus). Only ISG15 of
Mops condyluruswas significantly secreted into the supernatant and secretion
furtherincreased during HCoV-229E infection. Mean and standard error of the
mean aredisplayed, including individual points (black) for n =3 independent
experiments. Significance was tested with atwo-tailed t-test comparing infection
toISG15 alone. Raw dataare provided in Supplementary Table17.b, Anexample
western blotimage (as per panel a) showing high and low exposure of ISG15
supernatant (S/N), HCoV-229E N protein, GAPDH and ISG15bandsin the HEK293-
subclone-AISG15 celllysate with proteinladders. Lanes are asindicated. ¢, Example

western blotimage with low and high contrast showing ISG15 conjugation
(a-myc) after transfection with ISG15’s and HCoV-229E infection (—/+). Arrows
indicate bands not seeninthe empty vector control (conjugated proteins).

d, Westernblot of E1ligase (UBE1L), E2 ligase (UBE2L6) and E3 ligase (HERCS)
expression, together with GAPDH in the same samples shownin panelc, indicating
sufficient expression of ISGylation machinery in the HEK293-subclone-AISG15
cellline.e, HEK293-subclone-AISG15 cells were transfected with ISG15 constructs
asindicated and with/without NSP3C/L (SARS-CoV-2 PLpro). As per panelc,
arrows indicate ISGylation bands, or ISG15 dimer/monomer. The amount of
ISG15 present was calculated, normalized to GAPDH and quantified from
three westernblots. One of the three western blots is shown as an example.
f,Representative western blot for theamount of ISG15 presentin the supernatant
(matched toe).g, ISGylation machinery expression, as per panel d, for NSP3C
samples usedin panel e and fand Fig. 3. Westernblotsin panels b-g are matched
to the quantificationin Fig. 3h-k.
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Extended DataFig.11|See next page for caption.



Extended DataFig.11|Models of SARS-CoV-2 PLproin complexes with
ISG15 of bats and human. a, Predicted Aligned Error (PAE) plots obtained

with Alphafold2-Multimer in ColabFold™. Alphafold2 modeled SARS-CoV-2
(wildtype, Wuhan-1) PLpro chain (amino acids 819-2763 of ORF1ab) monomer
incomplex withamonomer of ISG15 of the five indicated species. The PAE plots
representthe errorinthe positionofeachaminoacid. The crystal structure of
PLproincomplexwithISG15revealed it exists as a pentamer of five units of
PLpro with five monomericISG15 unitsinalarge complex®*. This AlphaFold2
modelrepresents the native monomer:monomer structure as foldedin
Alphafold2-Multimer (Mmseqs2 v1.5.5) via ColabFold, due to computational
limits. See also Supplementary Videos 10-19. b, Snapshots from Supplementary

Videos10-19 showing PLproinacomplex with ISG15 of bats and human. Images
ontheleft showawhole protein view of the complex (as per panel a). The middle
images showazoomview of the active site and the rightimages display the
flexible C-terminal tail of ISG15 adjacent to the PLpro binding groove with
contactsvisualized in green (Supplementary Videos 10-19 show the details).
pLDDT scores and number of contacts for each of the five species are 64.84:
422,65.77:156,66.04:761,60.44:354,65.79:126, respectively.ISG15is colored
by pLDDT values. PLpro in white. The linear C-terminal tail of humanISG15
resemblesthat of R. trifoliatus1SG15, loading directly into the PLpro catalytic
site, with additional contactsitesinR. trifoliatus that seem to stabilize the
interaction.
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Fiji IMageJ 2.9.0/1.53t, Graphpad Prism 9.4.1.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Genome assemblies and sequencing data is available at NCBI for Aselliscus stoliczkanus (PRINA949177), Doryrhina cyclops (PRINA938463), Hipposideros larvatus
(PRINA938461), Rhinolophus affinis (PRINA938462), Rhinolophus perniger lanosus (PRINA955779), Rhinolophus yonghoiseni (PRINA938455), Rhinolophus
trifoliatus (PRINA939732), Rhinopoma microphyllum (PRINA971926), Megaderma spasma (PRINA940731), and Mops condylurus (PRINA949178). TOGA,
transposable element and miRNA annotations of newly-sequenced bats and alignments of selected genes are available for download at http://
genome.senckenberg.de/download/Bat1KImmune/. Accession codes and identifiers of genomic data are listed in Supplementary Tables 3 and 5. gRNAs, primers
and geneblock sequences are listed in Supplementary Table 27.

Other databases used are: Dfam database (v3.5) (https://www.dfam.org/releases/Dfam_3.5/, Infernal (v1.1.2), GENCODE V38 (Ensembl 104), Gene Ontology
http://geneontology.org/, KEGG https://www.genome.jp/kegg/, WikiPathways https://www.wikipathways.org/index.php/WikiPathways, miRTarBase http://
mirtarbase.mbc.nctu.edu.tw, TRANSFAC http://genexplain.com/transfac/, Human Protein Atlas https://www.proteinatlas.org/, CORUM http://mips.helmholtz847
muenchen.de/corum/, Human Phenotype Ontology https://hpo.jax.org/app/, uniref100

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender not applicable

Population characteristics not applicable
Recruitment not applicable
Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For in vitro cellular work, where single cell quantification was required a minimum of 100 cells was utilized (microscopy) or 10,000 cells (FACS)
based on minimal statistical requirements for each experiment (individual t test comparisons, one-way ANOVA etc). All other work was an
average for each well of a plate as measured by the Plate Reader, counted for plaque assays or combined pool for gPCR/western blot and was
performed in at least biological triplicate then replicated as below.

Data exclusions  No data was specifically excluded from the analysis.
Replication All experiments were performed in triplicate and replicated (biologically) @ minimum of 3 times.

Randomization  Randomization was generally not used due to blinding of genotypes and samples and internal normalization against controls (e.g. empty
vector). Samples for genome extraction were randomly selected amongst those with high enough quality of HMW DNA. Randomization of
genomes was performed for the phylogenetic downsampling by randomly selecting 10 species of the 20-species orders.

Blinding Where possible- sample ID (genotype) was blinded and coded with a number. Viral infections, transfection experiments were coded/blinded
without revealing the species. Quantification for microscopy and FACS was performed on blinded codes. WB samples were coded until after
lysate collection then unblinded to ensure appropriate loading order was maintained. All data was unblinded at the time of generating
graphs/visual representation.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies X[ ] chip-seq
X] Eukaryotic cell lines [ ]IX] Flow cytometry
D Palaeontology and archaeology X D MRI-based neuroimaging

X Animals and other organisms
D Clinical data

[ ] Dual use research of concern
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Antibodies

Antibodies used Anti-CD13 Antibody Rabbit Polyclonal (Sinobiological, 10051-T60), Human coronavirus (HCoV-229E) Spike S1 Antibody, Rabbit PAb,
Antigen Affinity Purified (Sinobiological, 40601-T62) , Ki67 Rabbit Monoclonal Antibody (Beyotime, AF1738), 20282 CF647 Goat Anti-
Rabbit IgG (H+L), highly cross-adsorbed (biotium, 20282), 20281 CF647 Goat Anti-Mouse 1gG (H+L), highly cross-adsorbed (biotium
20281), 20101 CF568 Goat Anti-Mouse IgG (H+L), highly cross-adsorbed (biotium 20181), Rabbit Anti-VSV-G tag antibody (Bioss,
bs-2110R), ISG15 Antibody - middle region (avivasysbio, ARP59386_P050), Rabbit anti-IRF3 monoclonal antibody — Huabio
(ET1612-14), Rabbit anti-Phospho IRF3 monoclonal antibody— Huabio (ET1608-22), MX1#7t4& [N2C2], Internal (Genetex, GTX110256),
Mouse anti-MYC monoclonal antibody- Sino Biological (100029-MMO08), Mouse anti-TNF alpha monoclonal antibody — Salarbio
(KO09343M), Mouse anti-IFIT1 monoclonal antibody — Sangon (D199761), GAPDH (14C10) Rabbit mAb (CST, #2118), ProteinFind ®
Goat Anti-Mouse 1gG (H+L), Anti-Rabbit Goat Anti-Rabbit IgG (H+L), Highly Cross-Adsorbed Secondary Antibody, Alexa Flour
488/568/647, HRP Conjugate (transgen, H5201-01), ProteinFind ® Goat Anti-Rabbit IgG (H+L), HRP Conjugate (transgen, HS101-01),
BRI AL Y BRI 1 9P 518G Donkey Anti-Goat IgG/HRP (SolarBio, KO038D-HRP-100ul).rabbit anti-UBE1L monoclonal antibody
(Huabio, HA721228, dilution:1:500), rabbit polyclonal anti-UBE2L6 antibody (Abclonal, A13670), rabbit polyclonal anti-HERCS
antibody (Abclonal, A14889)

Validation Commercial companies performed specific validation via peptide binding to antibodies as per each spec sheet, additional validation
was performed in the laboratory with non-transfected or non-infected controls showing no staining. Rabbit anti-ISG15 polyclonal
antibody - Aviva Systems Biology (ARP59386_P050)

This antibody alone was validated to use for detecting human and mouse and predicted to have a broad-spectrum reactivity in
following species: cow, dog, goat, horse, pig, rabbit, sheep by the manufacturer.

Myc-tag inserted into ISG15 plasmids was tested with anti-Myc antibody as the surrogate for detecting ISG15 thereafter.

Remaining antibodies were validated by the providers, concentration used for western blot and FACS were further however,
optimized to ensure the results are accurate and repeatable.Rabbit anti-CD13 polyclonal antibody (Sinobiological, 10051-T60) was
validated by the manufacturer by using U937 and THP-1 cell lines which naturally express ANPEP/CD13. Rabbit polyclonal anti-human
coronavirus (HCoV-229E) nucleocapsid antibody (Sinobiological, 40640-T62) was validated by the manufacturer by using human
coronavirus (HCoV-229E) nucleoprotein for western blot. Rabbit anti-Ki67 monoclonal antibody (Beyotime, AF1378) was validated by
the manufacturer using HepG2 cell lines for western blot, human tonsil tissue for IHC and Hela cells stained with Ki67 antibody for
flow cytometry analysis. Rabbit Anti-VSV-G tag antibody (Bioss, bs-2110R) was validated by the manufacturer using overexpressed
E.coli as positive control for western blot. Rabbit anti-IRF3 monoclonal antibody (Huabio, ET1612-14) was validated by the
manufacturer using 5 different cell lines including Hela, Jurkat and THP-1, along with more than 10 types of human and mouse tissue
as positive control for western blot. Rabbit anti-Phospho IRF3 monoclonal antibody (Huabio, ET1608-22) was validated by the
manufacturer using NIH/3T3 cell lysate and NIH/3T3 cells treated with 100nM Calyculin as positive control for western blot.
Polyclonal rabbit anti-MX1 antibody (GeneTex, GTX110256) was validated by the manufacturer using MX1-overexpressed 293T cell
lysate as positive control for western blot. Mouse anti-TNF alpha monoclonal antibody (Solarbio, K009343M) was validated by the
manufacturer using rat plasma and rat serum as positive control for western blot. Mouse anti-IFIT1 monoclonal antibody (Sangon,
D199761) was validated by the manufacturer using IFIT1-overexpressed cell lysates for western blot, validated for predicting human,
mouse, rat and monkey IFIT1, this antibody was only used on human cell line in our research. Rabbit monoclonal anti-GAPDH
antibody (CST, #2118) was validated using HELA cells as positive control for western blot and IH, this antibody was also validated in
bat cell lines in our lab. Rabbit anti-UBE1L monoclonal antibody (Huabio, HA721228) was validated by the manufacturer using THP-1
cell lysates, rat kidney tissue, human testis tissue, mouse cerebellum tissue as positive control for western blot, validated for human,
mouse and rat UbelL. Rabbit polyclonal anti-UBE2L6 antibody (Abclonal, A13670) was validated by the manufacturer using mouse
lung and rat kidney tissues as positive control for western blot. Rabbit polyclonal anti-HERC5 antibody (Abclonal, A14889) was
validated by the manufacturer using U-87MG, OVCAR3 and HT-1080 cell lysates and mouse kidney and rat testis tissues as positive
control for western blot.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Huh7/MRC-5 was supplied from Prof. Jincun Zhao (Guangzhou Medical University, original source ATCC), HEK293-subclone
(original source: ATCC), A549 (CCL-185, ATCC), Vero-76 (CRL-1587, original source: ATCC), Vero-E6 cells sourced from Prof.




Authentication

Linrong Lu (Zhejiang University, original source: CTCCC repository). A549-ACE2 cells from Dr. Colpitt’s laboratory (clone A549-
ACE2 B9 as published). Hek293-CD13 cells and A549-ACE2-TMPRSS2 were generated for this project, as described. Hek293
subclone was sorted from parental Hek293 for high viral production. Cas9/crispr KO for ISG15 or scrambled guide were
generated from this subclone. RsKT.01 (original cell line, Zhengli Shi, Wuhan Institute of Virology)

No independent verification was performed by a commercial service however, Vero-E6 cells, RsKT, A549 and Hek293 cells
transcriptome matches the appropriate species. ISGylation machinery was validated as shown in the supplemental figures.

Mycoplasma contamination All cell lines were routinely tested for mycoplasma and found negative by pan-mycoplasma PCR.

Commonly misidentified lines None of the cell lines used belong to ICLAC

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

not applicable

Tissue samples were acquired from the Royal Ontario Museum mammal collection or field expeditions for:

Aselliscus stoliczkanus China — Shuipu Village, Yuping Town M 3/28/2007

Doryrhina cyclops Ivory Coast — Parc National De Tai, Institute D'ecologie Tropicale F 2/18/1992

Hipposideros larvatus China — Shuipu Village, Yuping Town M 04/12/2007

Rhinolophus affinis China — Shiwandashan National Reserve M 4/25/2005

Rhinolophus perniger lanosus China — Shuipu Village, Yuping Town M 39174

Rhinolophus yonghoiseni Malaysia — Nature Education and Research Centre, Endau Rompin National Park F 8/14/2001
Rhinolophus trifoliatus Malaysia — Nature Education and Research Centre, Endau Rompin National Park M 08/10/2001
Rhinopoma microphyllum Israel — Northern Israel M 1/13/2013

Megaderma spasma Vietnam — Dong Nai, Cat Tien National Park Headquarters M 05/05/1998

Mops condylurus Céte d’lvoire — Bregbo Village M 11/20/2019

All animals were euthanized and tissues were used for genome sequencing (all bat samples were re-purposed samples for genome
sequencing with the exception of Mops condylurus which was collected specifically for generation of a genome).

Where possible Males were utilized for presence of both X and Y chromosomes, cyclops and yonghoiseni were F due to limited
sample availability.

No housing, instant collection.

Doryrhina cyclops (ROM-M100513) — Permit number 81 DPN from Direction de la Protection de la Nature, République de Cote
d’lvoire

Rhinolophus yonghoiseni (ROM-M113050), Rhinolophus trifoliatus (ROM-M113012) — Reference number PTN(J) 3/8 from
Perbadanan Taman Negara (National Parks Corporation) Johor, Malaysia

Aselliscus stoliczkanus (ROM-M118506), Hipposideros larvatus (ROM-M118627), Rhinolophus affinis (ROM-M116429), Rhinolophus
perniger lanosus (ROM-M118548) — Certificate numbers 2007/CN/ES133-137/KM from The Endangered Species Import and Export
Management Office of the People's Republic of China

Megaderma spasma (ROM-M110751) — Number 138/STTN from Institute of Ecology and Biological Resources, National Center for
Science and Technology, Vietnam

Mops condylurus (ID: 03#106) — Capture of bats and animal work were performed with

547 the permission of the Laboratoire Central Veterinaire, Laboratoire National d’Appui au Développement Agricole (LANADA),
Bingerville, Cote d’Ivoire (No. 05/virology/2016) and the Ministere des Eaux et Foréts (No. 0474/MINEF/DGFF/FRC-aska).
Rhinopoma microphyllum — National Parks Authority, permit 2013/04169. IACUC 04-20-551 019. NB: All Ethics and guidelines for
each specific country were valid at the time of collection.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

To generate ISG15 stable cell lines, lentiviral transduced Huh7, HEK293, A549 and Vero-E6 cells were sorted by fluorescence
activated cell sorting (FACS) using the BD Influx System for mCherry-positive cells, normalized against autofluorescence in the
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Instrument
Software
Cell population abundance

Gating strategy

respective parental cell line. VSV-GFP load was measured directly via GFP fluorescent intensity. For HCoV-229E, CD13 stable
HEK293 cells were stained with 229E N protein (Sino biological, 1:2000) and Ki67 (Beyotime, 1:500) for 30 minutes in FACS
buffer containing 1x PBS (Gibco), 1% FBS and 1% P/S, after permeabilization with 0.05% TX-100 in TBS and blocking in 5% BSA
in TBS-T. Cells were subsequently rinsed, stained with anti-mouse / rabbit CF®-488/568/647 secondary antibody for 15
minutes (Biotium, dilution 1:10000), rinsed thrice and run on the ACEA Novocyte flow system. No primary controls,
untransfected controls or uninfected controls and cells only for autofluorescence were used to generate compensation
matrices.

Acea Novocyte; BD Influx
Acea Novocyte capture software, FlowJo v10.0
minimum of 10,000 events captured for the target population (transfected + infected).

primary gates were used to separate live cells from dead based on SSC-H/FSC-H, then SS-H/SSC-A for single cells, then
separate gates for mcherry positive or negative based on untransfected controls, followed by differential gates for infected
or non-infected, gates drawn on uninfected control cells (stained with same antibodies).

X Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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