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Comparative analyses of bat genomes identify distinct
evolution of immunity in Old World fruit bats
Shilin Tian1†, Jiaming Zeng1†, Hengwu Jiao1, Dejing Zhang2, Libiao Zhang3, Cao-qi Lei1,
Stephen J. Rossiter4, Huabin Zhao1*

Bats have been identified as natural reservoir hosts of several zoonotic viruses, prompting suggestions that they
have unique immunological adaptations. Among bats, Old World fruit bats (Pteropodidae) have been linked to
multiple spillovers. To test for lineage-specific molecular adaptations in these bats, we developed a new assem-
bly pipeline to generate a reference-quality genome of the fruit bat Cynopterus sphinx and used this in compar-
ative analyses of 12 bat species, including six pteropodids. Our results reveal that immunity-related genes have
higher evolutionary rates in pteropodids than in other bats. Several lineage-specific genetic changes were
shared across pteropodids, including the loss of NLRP1, duplications of PGLYRP1 and C5AR2, and amino acid
replacements in MyD88. We introduced MyD88 transgenes containing Pteropodidae-specific residues into bat
and human cell lines and found evidence of dampened inflammatory responses. By uncovering distinct immune
adaptations, our results could help explain why pteropodids are frequently identified as viral hosts.
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INTRODUCTION
Bats are widely thought to be the natural reservoir hosts of several
viruses of public health concern, including Nipah (1), Hendra (2),
Ebola (3), Marburg (4), Middle East respiratory syndrome (MERS)
(5), severe acute respiratory syndrome (SARS) (6), and, most recent-
ly, SARS coronavirus 2 (SARS-CoV-2)—the cause of coronavirus
disease 2019 (7). Most of these cases involve either Old World
fruit bats (Pteropodidae) or horseshoe bats (Rhinolophidae), two
major clades that are broadly codistributed and that belong to the
suborder Yinpterochiroptera. Observations that, when infected
with viruses, these bats frequently show no clinical symptoms,
whereas other mammals develop severe disease, have prompted
suggestions that bats have unique immune adaptations to cope
with viruses (8).
In support of specialized immunity in bats, studies of inoculated

captive individuals (1, 3, 9) and bat-derived cells (10) have reported
evidence of dampened inflammatory and innate immune responses.
The first of these, down-regulated inflammation, is thought to limit
tissue damage—a common pathology linked to viral infection in
other species (11)—and may have evolved as an adaptation to
flight (12). Molecular studies have also provided insights, shedding
light on the potential genetic bases of bat immunity. For example,
reduced activation of the stimulator of interferion genes (STING)–
dependent pathway has been attributed to specific amino acid res-
idues in some bats (13), while constitutive expression of interferon-
α (IFN-α) in some pteropodids may help maintain a state of pre-
paredness to control viral replication (14).
Comparative genomic approaches have further improved our

understanding of bat immune adaptations, including differences
among lineages (12, 15–20). For example, bats show putative

adaptive amino acid variation in the ligand-binding ectodomain
of the Toll-like receptor (TLR) gene TLR8, which may confer toler-
ance to specific viruses. Other discoveries include positive selection
on the inflammasome NLRP3 in the genus Pteropus and the earlier
loss of the PYHIN gene family, which functions in inflammasome
formation (12). Consistent with these results, Pavlovich et al. (21)
compared the genome of the fruit bat Rousettus aegyptiacus to
other bat genomes and speculated that positive selection on
immune genes, alongside expansions of natural killer cell receptors,
major histocompatibility complex class I genes, and type I IFNs,
were likely to enhance viral tolerance rather than increase antiviral
potency. More recently, comparisons of reference-quality genomes
have added to earlier findings, uncovering amino acid substitutions
in other inflammation-related loci and the putatively adaptive ex-
pansion of the APOBEC3 gene family (15, 22).
Despite substantial advances in the genomics and mechanisms

of bat immunity, few studies have focused on specific clades of bats
implicated in hosting zoonotic viruses. Here, we apply methods in
comparative genomics with functional assays to test for immune-
related adaptations in the family Pteropodidae, members of which
have been reported to harbor several viruses from the families Para-
mxyoviridae (23, 24) and Filoviridae (25–27). To this end, we devel-
oped a new assembly pipeline and used this to generate a near-
complete genome of the short-nosed fruit bat Cynopterus sphinx.
This species is widely distributed across South and Southeast Asia
and is reported to host several β-coronaviruses (28, 29)—a group
that includes MERS-CoV, SARS-CoV, and SARS-CoV-2 (30). By
combining our newly generated genome with high-quality
genome assemblies from five other pteropodid bats (15, 19),
related bats, and mammalian outgroups, we seek to determine
whether pteropodid-specific modifications can explain variation
in viral load (31).1College of Life Sciences, Frontier Science Center for Immunology andMetabolism,
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RESULTS AND DISCUSSION
A new assembly pipeline generates a reference-quality C.
sphinx genome
We developed a new assembly pipeline to assemble a reference-
quality genome of the short-nosed fruit bat C. sphinx (Fig. 1A
and fig. S1), using a combination of 104.17-fold Nanopore reads,
60.79-Gb Illumina paired-end data, and 574.14 million Hi-C
(high-throughput chromosome conformation capture) interaction
pairs (tables S1 and S2). A preliminary genome survey based on
k-mer analysis with Illumina paired-end data showed that C.
sphinx had a smaller genome size (1.91 Gb) and a higher degree
of heterozygosity (0.79%) than reported for previously published
bat genomes (fig. S2 and tables S3 and S4) (12, 16, 17, 21). We
first assembled and corrected a set of 370 contigs (hereafter
termed Contig v1) with an N50 size of 66.91 Mb (table S5).
Second, using Contig v1 as a reference, we calculated the Hi-C in-
teraction frequency using an agglomerative hierarchical clustering
algorithm (table S6) and combined this information with the kar-
yotype data identification results for C. sphinx to give 17 linked
contig groups (fig. S3) (32). Third, in a deviation from common as-
sembly strategies, we realigned all high-quality Nanopore reads to
our set of contigs and then extracted optimal mapped reads
(99.77%) of each contig group to perform a local assembly (table
S7). Fourth, we merged all assemblies to obtain a set of 207
contigs (termed as Contig v2) with a 26% increase in the N50
value (84.24 Mb), exceeding that of previous published chromo-
some-level bat genomes and equating to a genome size of 1.86 Gb
(Fig. 1B and table S8). Last, we used Hi-C interaction pairs to
anchor 43 of these contigs (1.82 Gb) onto 17 chromosomes
(table S9).
Typical genome assembly procedures based on third-generation

sequencing data use Hi-C as a final step to generate interaction pairs
that link contigs to chromosomes. In contrast, we used Hi-C inter-
action pairs to cluster Nanopore long sequences with potential link
relationships in advance, thereby avoiding any erroneous overlap
caused by long-distance repetitive sequences when constructing
the string graph during assembly (33). In doing so, we obtained
four gapless chromosome sequences, the longest of which was

158.00 Mb (fig. S4). Compared to the standard approach, our pipe-
line improved assembly quality based on genome completeness
(98.64% versus 99.04%, respectively) as measured by the proportion
of short-reads that map to the assembly: genome coverage (99.37%
versus 99.75%) and coverage of BUSCO (Benchmarking Universal
Single-Copy Orthologs) (34) genes for mammals (96.44% versus
97.27%) (table S10). In addition, the assembly quality value (QV)
was estimated as 41.05 by an approach of reference-free and k-
mer–based approach, exceeding the Vertebrate Genome Project
standard of QV40 (35, 36). Together, these results indicate that
our new assembly pipeline has the potential to improve upon
current approaches in producing genome assemblies with higher
accuracy, completeness, and contiguity.
Transposable elements (TEs) comprised 26.77% of the C. sphinx

genome, which is comparable to estimates for five other pteropo-
dids (25.50 to 27.72%) but is lower than estimates for five other
bat genomes (30.59 to 38.99%) (fig. S5 and table S11). Despite
this, we found that one of the active TEs, SINE/5S rRNA [5S ribo-
somal RNA (rRNA)–derived short interspersed nuclear element
(SINE)] , was more abundant in pteropodids than that in other
bats (fig. S6 and table S12). Lower than 10% divergence rate in com-
parison to the Repbase (37) indicated that the SINE/5S rRNA had
experienced considerable recent TE activity (fig. S7). We observed
frequent insertions in coding genes, then performedGene Ontology
(GO) functional enrichment analysis for the set of open reading
frames that contained rRNA-derived SINE/5S elements, and
found that these were significantly enriched for the GO terms
related to visual function, auditory function, feeding, limb develop-
ment, antiviral function, and immune function (table S13). Thus,
active SINE/5S rRNAmay play a role in generating genetic and epi-
genetic variation (38), possibly via modulating the expression of
genes that underpin key traits in pteropodids, although experimen-
tal validation is needed.

Pteropodids exhibit high genomic synteny and X
chromosome conservation
We undertook comparative genomic analysis using our dataset of
18 focal mammals (data S1). For this, we performed gene prediction

Fig. 1. Improved assembly quality by a new assembly pipeline. (A) New assembly pipeline used to newly assemble a reference-quality genome of C. sphinx. Appli-
cation of Hi-C technology is to remove the assembly noise due to the linkage of nonproximal repeats with low frequency. Blue blocks represent local Nanopore reads in
repetitive regions of the genome, gray blocks indicate other Nanopore reads, and yellow blocks denote Hi-C interaction pairs. (B) An increase in contig N50 of the newly
assembled C. sphinx genome as compared to six other chromosome-level bat genomes. We accumulated the contigs from long to short; when the accumulated length of
contigs reaches X% of the total genome length, the length of the corresponding contig is N (X ). The vertical dashed line in gray corresponds to values of contig N50 of
each genome assembly.
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for our new C. sphinx genome as well as for the six chromosome-
level bat genomes (15) and the OldWorld fruit bats Cynopterus bra-
chyotis (19) and Macroglossus sobrinus [National Center for Bio-
technology Information (NCBI) accession no. GCA_004027375.1]
(data S1 and tables S14 to S16). Combined with the genes from
seven other chromosome-level mammalian genomes, we obtained
7139 one-to-one orthologs to reconstruct a maximum likelihood
tree of 18 focal mammals. This tree was consistent with the estab-
lished phylogenetic relationships (39) and recovered the suborders
Yinpterochiroptera and Yangochiroptera with an estimated diver-
gence of 65.5 million years ago (Ma ago) (Fig. 2A). Next, we per-
formed whole-genome synteny analysis by reciprocally aligning
17 mammalian genomes to C. sphinx genome. We found that the
syntenic ratio decreased as a function of evolutionary distance
from C. sphinx (Fig. 2A and table S17), and we observed a higher
level of conserved synteny within the Pteropodidae, with a genome
syntenic ratio of >93% for each species (table S17). These results
showed an overall strong synteny despite known variation in chro-
mosome number among different pteropodid species (table S17).
Among the results for chromosome-level genomes, we found

that the large interchromosomal rearrangement events (≥1 Mb in
length) between C. sphinx and other bats primarily occurred on
the top 12 longest chromosomes in C. sphinx, with the exception
of chromosome LG10 (Fig. 2B and data S2). We further found
that chromosome LG10 sequences of C. sphinx were a unique
match to the X chromosome sequences of each non-bat mammal
with an average syntenic rate of 67.12% (ranging from 51.84% in
mouse to 74.05% in horse) (Fig. 2A), suggesting that the chromo-
some LG10 is the X chromosome in C. sphinx. Notably, in the chro-
mosome-level genomes of all bats, except Pipistrellus kuhlii, there
was one chromosome that had good synteny (ranging from
69.76% in Molossus molossus to 87.41% in R. aegyptiacus) with
the X chromosome of C. sphinx (Fig. 2). We suspected that the X
chromosome sequences of P. kuhlii are scattered into multiple scaf-
folds, and, thus, we used our assembly pipeline to recluster and
anchor chromosome sequences of P. kuhlii using Hi-C interaction
pairs, resulting in a 101.77-Mb consecutive X chromosome se-
quence (fig. S8 and table S18). Collectively, our results unambigu-
ously showed that the X chromosomes of bats were highly
conserved (Fig. 2 and data S2), as in other mammals.

Pteropodidae-specific sequences are enriched with
endogenous retroviral elements
We identified and analyzed Pteropodidae-specific sequences. To ac-
complish this, we first identified 1573.16-Mb (84.71% of the C.
sphinx genome) and 1073.91-Mb (57.83% of the C. sphinx
genome) core syntenic blocks (shared in all bat species) across the
genomes of 6 pteropodids and all 11 bats, respectively (table S19 and
fig. S9). Next, we detected an average of 26.09-Mb Pteropodidae-
specific sequences (ranging from 6.33 to 52.50 Mb) that were
present in a given pteropodid genome but absent in other bat
genomes, harboring an average of 417 genes in each pteropodid
that were overlapped with at least 50% of the length of a coding se-
quence (table S20). We subsequently found that a total of 2014
(80.50%) Pteropodidae-specific genes showed poor homology
with other bats that failed to meet the criterion of 80% of the
length being covered with 50% identity (fig. S9). A total of
92.45% of the Pteropodidae-specific genes generally exhibited
known functions when compared to public databases (table S21).

Noticeably, we observed that 23.68% (153 of 646; P = 1.47 ×
10−70, Fisher ’s exact test) and 37.25% (76 of 204; P = 3.86 ×
10−76, Fisher’s exact test) of Pteropodidae-specific genes carried
the fragments of endogenous retroviral elements in the chromo-
some-level genomes of C. sphinx and R. aegyptiacus, respectively
(tables S22 and S23). We found that most of the retroviruses in
both pteropodids belonged to gammaretroviruses, followed by be-
taretroviruses (tables S24), as reported in other bats elsewhere (15,
40). We further predicted the 5′ and 3′ long terminal repeat (LTR)
sequences of each retroviral gene and estimated their divergence
rate to date the retrovirus infection. Our analysis revealed that
both pteropodids underwent two ancient retroviral integration
burst events—one was around 1 to 3 Ma ago and the other was
around 10 to 12 Ma ago (fig. S10). Because bats can better tolerate
and survive viral infections than most other mammals (8), we spec-
ulate that more frequent virus gene integration into host genomes
could be one of the important factors contributing to genomic di-
versity in pteropodids.

Segmental duplications contribute to PGLYRP1 duplication
in pteropodids
Segmental duplications (SDs) are large (>1 kb in length) and high-
identical (>90% sequence identity) copies of genomic regions,
which have important implications for gene innovations in
genomes (41). Distinct properties of SDs could reveal copy
number variation in genomes. We identified an average of 34.38
Mb of SDs in these chromosome-level genomes of bats, containing
an average of 611 genes (table S25). Compared with the five non-
pteropodid bats, we found coembedding of 24 human homologs
unique in the SD regions of these two pteropodid genomes (C.
sphinx and R. aegyptiacus), with 20 (83.33%) occurred gene dupli-
cation in at least one genome (table S26). Among these 20 genes,
PGLYRP1—a member of the peptidoglycan recognition protein
family—was found to be duplicated in pteropodids (table S26).
This locus is generally conserved across mammals as a single copy
(42), and its protein product is released by activated neutrophils and
recognizes infected microorganisms by binding to peptidoglycan,
exerting bacteriostatic and bactericidal activities (42). Hence, the
detected copy number variation could help to attenuate
inflammation.

Gene family analysis identifies NLRP1 loss and C5AR2
duplication in pteropodids
To assess gene family evolution in the Pteropodidae, we used Or-
thoMCL (43) to assign genes into gene families and classified
these as core (shared across all species), partially shared, or
species-specific. By comparing each pairwise combination of
genomes, we found that the number of all gene families approached
an asymptote, suggesting good representation of our selected
genomes for the Pteropodidae (Fig. 3A). We found that core gene
families accounted for an average of 67.68% of the total number of
gene families, partially shared gene families accounted for an
average of 25.58%, and species-specific gene families accounted
for 6.75% (table S27).
We also tested for gene family expansion and contraction in the

Pteropodidae. For this, we analyzed a phylogenetic tree of 18
mammals using the software Café (44), with the ancestral branch
leading to Pteropodidae defined as the foreground. We found that
14 gene families underwent expansion and 11 underwent
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contraction on the ancestral branch of Pteropodidae (Fig. 2A). At
least one member in most expanded gene families (11 of 14) was
located within the SD regions of C. sphinx and R. aegyptiacus
genomes (fig. S11), again suggesting that SDs could be associated
with gene innovations in genomes. GO enrichment analyses of ex-
panded genes, based on human homologs, revealed significant

terms relating to immunity, including “complement activation”
(GO:0030449), as well as to multiple terms associated with olfactory
receptors (e.g., GO:0004984 and GO:0050911), supporting previous
findings (45) (table S28). GO analysis of contracted genes revealed
44 significant terms, of which 33 were related to immunity, includ-
ing “innate immune response” (GO:0045087) (table S28).

Fig. 2. Phylogenetic tree and genome synteny. (A) A maximum likelihood phylogenetic tree of 18 mammals. The newly assembled C. sphinx genome is indicated by a
red star, and all seven bat species with chromosome-level genomes are underlined. Numbers on the ancestral branch leading to Pteropodidae denote expanded (purple)
and contracted (red) gene families. Branch lengths are scaled by millions of years. The dot plots of syntenic sequences of chromosome X are shown on the top; the X
sequences from seven non-bat mammals and six chromosome-level bats are aligned to X sequence of C. sphinx, and high-stringency alignments are shown by black dots.
(B) Circos plots showing genome synteny. The chromosome-level genomes of six bats and horse were aligned to C. sphinx genome. Syntenic blocks are linked between
genomes in Circos plots. Chromosome order of C. sphinx is indicated in the rightmost Circos plot, and LG10 is the X chromosome of C. sphinx.
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As part of one contracted gene family, we detected the common
loss of the key inflammasome NLRP1 gene in all six pteropodids
examined, which was present in all other bats and mammals
tested (Fig. 3B and fig. S12). This finding was also corroborated
by a recent study, in which NLRP1 gene was found to be absent
from genomes of three pteropodids studied (i.e., R. aegyptiacus,
Pteropus alecto, and Pteropus vampyrus) (46). NLRP1 belongs to
the NLR (nucleotide-binding domain leucine-rich repeat) and
was the first protein shown to form an inflammasome (47). We
compared homologous LINE-1 (L1) insertions upstream and
downstream of NLRP1 (or its inferred site of deletion) across bats
and found that the content, as measured by both number of inser-
tions and cumulative L1 length, was lower in pteropodids (fig. S13).
Thus, it is plausible that the loss of NLRP1, and any associated re-
duction in inflammatory response, is a consequence of an L1 inser-
tion-mediated deletion, as previously suggested in humans (48). In
addition, a gene family found to have undergone expansion in pter-
opodids was seen to contain a tandem duplicate of the complement
receptor C5AR2 gene (Fig. 3C and fig. S14). C5AR2 is a receptor of
the complement anaphylatoxin C5a, which is known to regulate
TLR4-mediatedNLRP3 inflammasome activation (49), and has pre-
viously been suggested to perform an anti-inflammatory function
for regulating macrophage IL1β release (49–51). In contrast to a

single copy of C5AR2 seen in the five non-pteropodid bats, two
copies were identified in pteropodids, a consequence of SD evolu-
tion (Fig. 3C and table S26). This duplication might have, thus, en-
hanced the ability of pteropodids to regulate macrophage IL1β
release and so suppress inflammatory responses following viral in-
fection, although experimental evidence is needed to confirm this.

Immune genes show higher evolutionary rates across
pteropodids
We analyzed 7,139 gene trees based on one-to-one orthologs, each
constrained to the reconstructed phylogeny (Fig. 2A). By applying
branch tests and branch-site tests in phylogenetic analysis of
maximum likelihood (PAML) (52) to the ancestral branch of Pter-
opodidae, we identified 316 rapidly evolving genes (REGs) and 241
positively selected genes (PSGs), respectively. Of these respective
sets of genes, 35 (11%) and 46 (19%) loci have known roles in im-
munity and/or antiviral responses (tables S29 and S30), supporting
previous reports of adaptations in bat immune systems (53). Con-
sistent with this result, we also performed separate functional gene
enrichment analyses for PSGs and REGs and found that both gene
sets were significantly enriched for the GO terms “viral process”
(GO:0016032, 14 PSGs and 18 REGs) and “immune system
process” (GO:0002376, 25 PSGs and 32 REGs) (data S3 and S4).

Fig. 3. Evolution of gene families. (A) Increasing trend of all gene families and decreasing trend of core gene families as number of pteropodid genomes increases. (B)
Loss of the key inflammasomeNLRP1 gene in Pteropodidae. The orthologous relationships ofNLRP1 and its surrounding genes were shown. Species names in the left side
indicate pteropodids (in yellow), other bats (in blue), and non-bat mammals (in black). Colored bars represent five genes surrounding NLRP1 that have syntenic relation-
ships, and unique genes in a species are indicated by gray bars. The black arrows above the gene name indicate the direction of a gene from 5′ to 3′. (C) Duplication of
C5AR2 in pteropodids. Left: Two copies of C5AR2 are shown in two pteropodids, with the thick orange lines indicating SDs; the black arrows indicate the direction of a
gene from 5′ to 3′. Right: C. sphinx with two C5AR2 copies was compared to each of non-pteropodid bats with one C5AR2 copy, with the horse as an example of non-
bat mammals.
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In addition, four PSGs (TAX1BP1, TRAF3IP1, cGAS, and ACOD1)
and five REGs (TLR2,MyD88, TICAM1, TRAF3, and XRCC6) were
associated with the significantly enriched GO term “regulation of
IFN I production” (GO:0032479) (data S3 and S4), three PSGs
(PECAM1, STAM, and CCR2) and two REGs (AKR1B1 and
EPOR) were associated with the significantly enriched term
“Janus kinase–signal transducers and activators of transcription
(JAK-STAT) cascade” (GO:0007259), and two PSGs (NUP188 and
TPR) were associated with the significantly enriched Reactome term
“IFN-stimulated gene 15 (ISG15) antiviral mechanism” (R-HSA-
1169408). Together, these enriched GO and Reactome terms
imply that pteropodids have evolved diverse adaptations to
counter viral infections, encompassing pattern recognition and
IFN-mediated control of viral replication (Fig. 4A) (54). Specifically,
the binding of IFNs to IFN-α/β receptors on infected and adjacent
cells triggers the JAK-STAT signaling pathway, which leads to phos-
phorylation of STAT proteins. Subsequently, phosphorylated STAT

proteins induce the expression of ISGs that conjugate some viral
proteins (8, 55), inhibiting virus proliferation and release.
Other notable PSGs include IGF2R,MEFV, and cGAS (Fig. 4A).

IGF2R encodes the insulin-like growth factor 2 receptor (IGF2R),
which is a member of the collectin family of molecules that plays
a role in the first line of host defense by recognizing oligomannose
molecules on the surface of bacteria and viruses; these infectious
agents are then neutralized by complement-mediated cell lysis or
are attacked by phagocytes (56–58). MEFV encodes the inflamma-
some recognition receptor pyrin and acts as an autophagy receptor
for the degradation of several inflammasome components such as
NLRP3 (Fig. 4A), hence for preventing excessive IL1β- and IL18-
mediated inflammation in pteropodids (59, 60). This PSG likely
provides additional evidence for the previously demonstrated low
level of NLRP3 inflammasome activation in bats (10). cGAS
encodes cyclic guanosine 5′-monophosphate–adenosine 5′-mono-
phosphate (cGAMP) synthase (cGAS), which binds to microbial

Fig. 4. Pteropodid-specific molecular adaptations of immune genes. (A) Schematic diagram showing pteropodid-specific PSGs (in orange), REGs (in green), gene
duplication (in red), and gene loss (in blue). The thick red arrows indicate dampened expression. dsRNA, double-stranded RNA; NF-κB, nuclear factor κB. (B) Histogramplot
showing the highest ω (means ± SE) in pteropodids as compared to other bats or mammals. Statistical significances were determined by Student’s t test. (C) Histogram
plot showing more genes undergoing positive selection in pteropodids than other bats or non-bat mammals. Statistical significances were determined by Fisher’s
exact test.
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DNA and is a key component of the cGAS-STING pathway (Fig.
4A), forming part of the innate immune response (61). Of 16
sites found to be under positive selection in cGAS (bayes empirical
bayes probability > 0.95), 14 were located in the C-terminal contain-
ing the catalytic domain (table S31). Mutations in the C terminus
can disrupt the cGAMP production (62), and it is noteworthy that
three such residues (K282, K355, and K414) have previously been
shown to affect the DNA binding activity of cGAS, with the first
two potentially reducing enzyme activity by more than 40% (62,
63), and cGAS acetylation of K414 resulting in enzymatic inactiva-
tion (64). Reduced cGAS activity leads to lower levels of cGAMP,
leading to dampened activation of the cGAS-STING pathway
(65). Our finding that putative molecular adaptations could alter
DNA binding thus provides further insights into possible routes
by which pteropodids might attenuate inflammatory responses
to viruses.
Previous studies have also shown that a region of the N terminus

of cGAS, spanning residues 120 to 160, is critical for antiviral innate
immune activation (66). In addition to containing only two sites
under selection, it did show numerous amino acid replacements
in pteropodids. To test whether these pteropodid-specific replace-
ments are concentrated in this genic region, we aligned orthologs
for 11 bats (6 pteropodids and 5 other bats) and compared these
to other mammals. Of 35 amino acid replacements observed in at
least one pteropodid but not in other bats (figs. S15 and S16), nine
were located in this stretch of amino acids, revealing a dispropor-
tionately high concentration compared to whole gene (P < 0.001,
chi-square test). To verify this pattern, we examined an expanded
set of 41 bat sequences (11 pteropodids and 30 other bats) and con-
firmed that the nine replacements are unique to members of Pter-
opodidae (fig. S17). Specific substitutions of interest include P142R
and P142H, representing a physicochemical shift to positively
charged residues. A previous study on the N-terminal α-helical ex-
tension of the human cGAS has shown that introducing residues
with negative and neutral charges reduced the detection of cytosolic
DNA (67). Thus, we hypothesize that the molecular changes of
cGAS observed in our study might alter protein-DNA interactions
to enhance sensing of viral DNA in pteropodids, which should be
tested in the future.
To test whether Pteropodidae shows higher rates of molecular

adaptation in immune-related genes than other bats and other
mammals, we examined 2162 orthologs (1203 innate immunity
and 1040 adaptive immunity, with 81 shared) that belong to the
“immune system process” and “viral process” categories in the
KOBAS 3.0 database. We first compared gene-wise ω values esti-
mated separately under the one-ratio model (model 0) in PAML
(52) for three groups of taxa (pteropodids, other bats, and non-
bats) and found that the mean ω was significantly higher in ptero-
podids than in the other bats (P = 2.46 × 10−9, Student’s t test) (Fig.
4B). We then performed an explicit site model test of positive selec-
tion for each locus by comparing model M8a, in which ω = 1, to
model M8, in which ω > 1 (68). After correcting for the false discov-
ery rate (FDR), we found that more genes showed evidence of being
under positive selection in Pteropodidae (n = 538) than in other bats
(n = 122) (P = 6.1 × 10−69, Fisher’s exact test) (Fig. 4C), with only 44
shared genes (2.04% of 2162 genes).

MyD88 mutations inhibit TLR2-dependent inflammatory
activation in pteropodids
Despite growing numbers of reports of putative molecular adapta-
tions underlying immunity in bats, few studies have experimentally
validated the phenotypic impacts of bat-specific variants (12, 18,
69). In a notable exception, Xie et al. (13) showed that dampened
IFN activation in bats was attributable to the replacement of a con-
served S358 residue in the bat STING protein, a key component of
several DNA sensing pathways. STING has a role in regulating the
NLRP3 inflammasome, and Ahn et al. (10) independently used cell-
based assays to show that major bat isoforms of NLRP3 are associ-
ated with reduced induction by TLR stimuli. We screened align-
ments of 2162 orthologs aforementioned and identified 628 loci
that contained fixed amino acid differences between pteropodids
and others bats, wherein at least one fixed difference was associated
with a shift in physicochemical property. The mean ω of these genes
showed significantly higher than those of other 1534 immune genes
(P < 0.001, Student’s t test) (fig. S18), indicating that higher rates of
molecular adaptation are more likely to lead to changes in the phys-
icochemical pro4perties of amino acids. To identify candidates for
functional assays in our study, we further screened out 36 loci (16
and 23, respectively) in the PSGs and/or REGs (fig. S19). Kyoto En-
cyclopedia of Genes and Genomes (KEGG) enrichment analysis of
these loci showed that three genes (MyD88, TICAM1, and IRAK4)
are involved in the KEGG pathway “TLR signaling pathway”
(hsa04620) (table S32). For this reason, we focused on myeloid dif-
ferentiation primary response 88 (MyD88), a key component of the
MyD88 pathway and a canonical adaptor molecule in TLR signal-
ing. Most TLRs have been shown to depend on MyD88 for activa-
tion, leading to the subsequent downstream release of inflammatory
cytokines (type I IFN, TNFα, IL6, and IL8) as part of the antiviral
innate immune response (70). Note that one of these TLRs (30),
TLR2, was identified as an REG (table S30) and could sense
diverse microbial ligands after infection (71). Previous work on
human sequences identified four residues in MyD88 (P169, S170,
A208, and Q237) that interface with TLR2 in a TLR2-MyD88
complex (Fig. 5A) (72). Of these, three showed specific substitutions
in pteropodids that are predicted to alter physicochemical proper-
ties; specifically, positive charge (S170R), hydrophilic affinity
(A208T), and negative charge (Q237E) (Fig. 5B), and one was spe-
cific to all bats but was not seen in non-bats (P169S). Using a coim-
munoprecipitation (co-IP) approach, we found that pteropodid-
specific changes in MyD88 reduced its binding affinity with TLR2
when coexpressed in bat P. alecto kidney-derived PaKi cells (Fig.
5C) (73).
To test the impacts of four of these putative adaptive residues in

MyD88 on the production of inflammatory cytokines, we expressed
human and pteropodid transgenes containing these four residue
mutations in the cotransfected human PEAKrapid and bat PaKi
cells, respectively. Synthetic MyD88 mutants differed with respect
to whether they contained the four mutations of human-specific
residues (“pMyD88-MUT”) or none (pMyD88-WT) in pteropo-
dids, and the four mutations of pteropodid-specific residues
(“hMyD88-MUT”) or none (hMyD88-WT) in humans. We co-
transfected PaKi cells with a eukaryotic expression plasmid contain-
ing the TLR2 gene alongside a second plasmid containing the
pMyD88-MUT, the pMyD88-WT, or an empty plasmid and co-
transfected PEAKrapid cells with the hMyD88-MUT and
hMyD88-WT. Following exposure of the PaKi and PEAKrapid
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cells to the TLR2 agonist Pam3CSK4, we conducted an immunoflu-
orescence experiment to confirm the cellular localization consisten-
cy of the overexpressed exogenous MyD88 and TLR2 proteins (fig.
S20). Our prior experiments (see Materials and Methods) and
Western blot analysis also showed that exogenous MyD88 had an
absolute advantage in the competitive binding of the TLR2
protein compared to endogenous MyD88 (fig. S21). This ensured
that our understanding of MyD88-dependent signaling would not
be skewed by overexpression of endogenous MyD88.
Subsequently, we first determined expression changes of four

key genes (i.e., NFκB1, TAK1, IRAK4, and TRAF6) in the TLR2
pathway (74). We observed the three key genes (NFκB1, TAK1,
and IRAK4) to show similar levels of expression before and after
stimulating by Pam3CSK4, whereas TRAF6 expression was not de-
tected (fig. S22). This observation indicates that stimulation by
Pam3CSK4 would not change the expression of signaling molecules
in TLR2 signaling pathway, suggesting that expression changes of
inflammatory genes in the TLR2-mediated downstream signaling

pathway cannot be attributed to expression changes of signaling
molecules. We next observed a marked increase in expression
levels of three inflammatory cytokines (IL8, TNFα, and IL6) in
bat cells harboringMyD88 transgenes in contrast to empty plasmids
cells, and interleukin-18 (IL-8) and tumor necrosis factor–α (TNFα)
remain the same patterns of expression changes in the human cells
(Fig. 6A), indicating that MyD88 transgenes could work in the
TLR2-dependent pathway in both bat Paki cells and human
PEAKrapid cells. We also conducted an additional experiment to
serve as a negative test to determine whether MyD88 mutants
affect other TLRs, such as TLR8, which has been reported to
evolve species-specific adaptations in bats (69). We used the TLR8
agonist R848 to stimulate the cotransfected PaKi cells with a
plasmid containing the TLR8 gene alongside a second plasmid con-
taining the pMyD88-MUT, the pMyD88-WT, or an empty plasmid.
The results showed no significant difference in the expression level
of inflammatory cytokines between pMyD88-MUT and pMyD88-
WT cells (fig. S23), indicating that MyD88 with pteropodid-specific

Fig. 5. Evidence of pteropodid-specific changes in MyD88 for reducing its binding affinity with TLR2. (A) Alignment of MyD88 protein sequences from pteropodids,
other bats, and non-bat mammals. Dots indicate identical amino acids to the final sequence (human), and dashes denote alignment gaps. Four interfacing residues
between the TLR2-MyD88 complexes are shaded in red. (B) Comparison of MyD88 protein structural models between pteropodids (blue) and humans (green). Four
mutated residues of MyD88 in pteropodids are shown in red, whereas those in humans are shown in black. Structural models of MyD88 proteins were predicted by
I-TASSER v.5.1 (120). (C) Immunoprecipitates and total lysates from bat Paki cells cotransfected with two combinations of plasmids: P. alecto TLR2/MyD88-MUT and P.
alecto TLR2/MyD88-WT. Pteropodid-specific changes in MyD88 were shown to reduce its binding affinity with TLR2. β-Tubulin is a housekeeping gene used as an internal
control; HA denotes the hemagglutinin tag that is a 9–amino acid–long peptide corresponding to residues 98 to 106 of the human influenza HA molecule. Anti-HA, HA-
tag antibody; IgG, nonspecific immunoglobulin G antibody; input, total lysates for immunoblotting; IB, immunoblotting.
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residues did not alter TLR8-mediated inflammatory response in
pteropodids. Notably, expression levels of MyD88 transgenes with
pteropodid-specific residues in both bat Paki and human PEAKrap-
id cells were significantly lower than those with human residues
(Fig. 6A). Therefore, MyD88 with pteropodid-specific residues
could dampen TLR2-dependent inflammatory response in both
human and bat cells.
To evaluate the effect of MyD88 mutants in the TLR2 pathway

during virus infection, we stimulated the human PEAKrapid cells
with E protein of SARS-CoV-2, which was proved to induce
TLR2-dependent inflammation (30). We observed a marked de-
crease in levels of inflammatory cytokines (i.e., IL8, IL6, and
TNFα) in hMyD88-MUT (human MyD88 with four pteropodid-
specific residues) in contrast to in hMyD88-WT (human MyD88)
cells (Fig. 6B). Thus, MyD88 proteins with pteropodid-specific res-
idues can dampen inflammatory response during virus infection.

Together, proteins with pteropodid-specific replacements were
associated with a dampened inflammatory response, consistent
with an attenuated ability of TLR2 to bind MyD88, leading to a
reduced induction of inflammatory cytokines (Fig. 6C). Such a
result is consistent with data from STING (13) and highlights the
diversity of pathways by which bats dampen their immune and in-
flammatory responses to microbial infection.
In summary, we developed a new assembly pipeline to obtain a

near-complete genome of C. sphinx, a widespread species of Old
World fruit bat (family Pteropodidae). Using this assembly as a ref-
erence for comparative genome analyses, we show that pteropodids
have undergone pervasive molecular evolutionary changes in
immune genes. In particular, we uncover genetic evidence of mo-
lecular adaptations in members of the inflammatory signaling
pathway and show that pteropodid-specific changes in the adapter
molecule MyD88 reduce its binding affinity with TLR2, consistent

Fig. 6. Functional evidence of MyD88 for inhibiting excessive inflammatory activation in pteropodids. (A) Comparisons of relative expression levels of inflamma-
tory cytokines between MyD88-MUT (MUT) variants and MyD88-WT (WT) in PaKi and PEAKrapid cells, respectively, when stimulated by the TLR2 agonist Pam3CSK4.
Mutants contained the four mutations of human-specific residues (pMyD88-MUT) in PaKi cells and the four mutations of pteropodid-specific residues (hMyD88-MUT)
in PEAKrapid cells. Expression levels in PaKi and PEAKrapid cells with the empty plasmid (mock) were used for normalization, respectively. The data of three independent
experiments are expressed as the means ± SE by Student’s t test (**0.001 ≤ P < 0.01; *0.01 ≤ P < 0.05; n.s., not significant). (B) Comparisons of relative expression levels of
inflammatory cytokines between hMyD88-MUT variants and hMyD88-WT cells of PEAKrapid, when stimulated by the E protein of SARS-CoV-2. Expression levels in
PEAKrapid cells with the empty plasmid (mock; as control) were used for normalization. Data for three independent experiments expressed as the means ± SE with
significance estimated by the Student’s t test (*0.01 ≤ P < 0.05). (C) Schematic diagram showing TLR2-MyD88 signaling pathway.
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with attenuated downstream activation. These results add to our un-
derstanding of the specific derived mechanisms that have enabled
Old World fruit bats to act as natural reservoir hosts for viruses
that cause disease in other species. In addition, we also demonstrate
the potential for the short-nosed fruit bat as a model for future
studies of immunity; thus, its reference-quality genomewill help es-
tablish captive breeding colonies for in vivo bat immunological
studies (75). Future scrutiny of immunological functions in Old
World fruit bats may help explain why they show distinct evolution
of immunity compared to other bats.

MATERIALS AND METHODS
Genome sequencing
Genomic DNA was extracted from the liver tissue of the greater
short-nosed fruit bat (C. sphinx) by a QIAGEN Genomic DNA ex-
traction kit (catalog no. 13323) according to the standard operating
procedure provided by the manufacturer. Field sampling of one in-
dividual of this fruit bat was approved by the Institute of Zoology
Guangdong Academy of Sciences (GIABR2020810). To obtain
high-quality DNA, we strictly performed the following four steps:
(i) We ensured that there were no observable pollutants in the
sample; (ii) degraded samples were excluded by 0.75% agarose elec-
trophoresis; (iii) DNA purity detection was performed using a
NanoDrop One UV-Vis spectrophotometer (Thermo Fisher Scien-
tific, USA) to ensure that the optical density at 260/280 nm (OD260/
280) ratio ranged from 1.8 to 2.0 and that the OD260/230 ratio was
between 1.9 and 2.4; and (iv) we ensured that the concentration of
DNA was more than 40 ng/μl using a Qubit 3.0 fluorometer (Invi-
trogen, USA). The high-quality DNA extracts were used for con-
structing a Nanopore library and an Illumina short-insert library
[500 base pairs (bp)]. For Nanopore sequencing, the Nanopore
library was first added to the flow cell via the sample port in a drop-
wise fashion. Then, the flow cell was transferred into a Nanopore
PromethION sequencer (Oxford Nanopore Technologies, UK) for
real-time single-molecule sequencing. Last, the high-quality Nano-
pore reads were obtained after filtering the low-quality reads with
less than Q7 (Phred quality score). For Illumina pair-end sequenc-
ing, a total of 1.5 μg of genomic DNAwas used as input material to
construct one short-insert library using the TruSeq Nano DNA HT
Sample Preparation Kit (Illumina, San Diego, CA, USA) according
to the manufacturer’s instructions. We generated raw sequences
based on the Illumina NovaSeq platform, which were subsequently
preformed quality control to remove low-quality reads by the fastp
software (76).
Hi-C libraries were constructed from liver cells of an individual

of C. sphinx. First, the cells were fixed with formaldehyde and lysed
them. Second, the cross-linked DNAwas digested with Dpn II, and
the sticky ends were biotinylated and proximity-ligated to form chi-
meric junctions. Third, 300- to 500-bp DNA fragments were en-
riched after physical shearing. The chimeric fragments
representing the original cross-linked long-distance physical inter-
actions were processed into paired-end sequencing libraries. Last,
the Hi-C libraries were sequenced on the Illumina NovaSeq plat-
form and generated the paired-end reads. The quality of Hi-C raw
data was initially checked using the fastp software (76). The low-
quality Illumina reads that contained base-calling duplicates and
adaptor contamination were removed on the basis of the following
parameters: reads with ≥10% unidentified nucleotides; >10 nt

aligned to the adaptor, allowing ≤10% mismatches; >40% bases
having a Phred quality of <15; and putative polymerase chain reac-
tion (PCR) duplicates generated in the library construction process.

Genome size estimation
The genome sizewas estimated on the basis of k-mer spectrum anal-
ysis. Specifically, the high-quality paired-end reads were counted by
17-mers using Jellyfish (v2.3.0) (77). The k-mers with a low fre-
quency of 3 were possibly caused by sequencing errors and were
removed. Last, we obtained the total k-mers and their coverage
depth, and the total k-mers divided by their coverage depth were
the value of the genome size.

A new assembly pipeline
Long-read sequencing technology typically results in a better and
more reliable assembly, notably by preventing errors due to dupli-
cated or repetitive sequences in the same region (78), but it cannot
handle long-distance sequence repetition (33). Hi-C technology can
recognize the stronger interaction of the proximal region over the
weaker interaction of long-distance genomic regions, thereby re-
moving the noise due to the linkage of long-distance repeats with
a low contact frequency and effectively reducing the chimeric
linkage between homologous sequences in the genome (79). There-
fore, we can optimize the assembly pipeline to obtain a more com-
plete genome assembly by removing the noise due to the linkage of
nonproximal repeats with low frequency.We designed a new assem-
bly pipeline to obtain an extremely complete genome by taking ad-
vantage of this feature of Hi-C reads. The pipeline consists of four
main steps:
1) Assemble and correct contigs: We used the high-quality

Nanopore sequences to assemble initial contigs of C. sphinx by ap-
plying a “correct-then-assemble” strategy from the package Next-
Denovo v2.4.0 (https://github.com/Nextomics/NextDenovo) with
the parameters of “read_cutoff = 1k, seed_cutoff = 32k, blocksize
= 3g.” Subsequently, the initial contigs were corrected using the
package NextPolish v1.3.1 (80) with the Illumina paired-end
reads and Nanopore sequences with the “best” algorithm module.
On the basis of the above analytical strategies, we obtained all
contigs, namely, the Contig v1 assembly genome.
2) Cluster contigs by Hi-C interaction pair: The Hi-C read pairs

were mapped to Contig v1 using the Bowtie2 software (81) with a
single-ended model. We obtained 402,709,409 (70.14%) unique
mapped pairs and then discarded the invalid self-ligated and unli-
gated fragments using the HiCUP pipeline (version 0.8.0) (82). Last,
we used the valid interaction pairs to calculate the linkage frequency
among all contigs using an agglomerative hierarchical clustering al-
gorithm (79). We clustered the linked contigs based on the linkage
suggested by Hi-C signal density, presumably along the same chro-
mosome according to a preset number of partitions.
3) Classify the Nanopore reads to perform local assembly: We

realigned the Nanopore reads to Contig v1 using the Minimap2
package (83). After removing the suboptimal alignment reads, we
extracted the mapped reads of each linked contig group. Subse-
quently, we performed local assembly for each classified mapped
read. Compared to global assembly, the strategy could avoid the
false overlap relationships induced by repetitive sequences of the
genome when constructing the string graph during assembly (33).
We set an appropriate parameter “seed_cutoff” for each local as-
sembly according to the calculated results by the command
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“seq_stat.” Then, the assembly and correction method in this step
was similar to that mentioned in the step (1). Last, we obtained a
second set of all contigs, namely, Contig v2.
4) Anchor contigs onto chromosomes: Chromosome-scale

genome was anchored by linkage information, restriction enzyme
site, and string graph formulation using the algorithm ALLHiC
(79). The placement and orientation errors exhibiting obvious dis-
crete chromatin interaction patterns were manually adjusted.

Genome assessment
Avariety of methods were applied to assess the quality of the assem-
bled genome. To validate the single-base accuracy, the package
Merqury was used for assessing the quality of genome assemblies
using a reference-free and k-mer–based approach (35). To assess
the completeness of the genome, we estimated the realignment
ratio and coverage rate by realigning the Illumina pairs to the assem-
bly genome with Burrows-Wheeler Aligner software (84), and we
also performed BUSCO analysis to assess the completeness of the
genome by searching against 4104 mammalian BUSCO genes
(version 5.2.1) (34).

TE annotation
To avoid systematic biases related to the use of different methods for
the annotation of TEs in previously published bat genomes, we pre-
dicted the TEs for all bat genomes using the samemethod.We iden-
tified TEs by a combination of homology searching and ab initio
prediction. For homology-based prediction, we used RepeatMasker
(85) and RepeatProteinMask to search against the Repbase TE
library with default parameters. For ab initio prediction, we first
built a reference repeat library based on the results from LTR
FINDER (86), PILER (87), RepeatScout (88), and RepeatModeler
with default parameters and then used RepeatMasker to search
against this library. In addition, the package Tandem Repeats
Finder (89) was used to identify tandem repeats in the genome
with the parameters “2 7 7 80 10 50 2000 -d –h”.

Annotation of gene structure
Gene prediction was conducted through a combination of homol-
ogy- and ab initio–based methods, aided by evidence of transcrip-
tion. For homology-based prediction, we created two uniform bat
reference protein sets that included nonredundant proteins from
13 released bat genomes as shown in data S1. Specifically, one rep-
resentative Yangochiroptera protein set consisted of protein sets
from eight bats: Myotis lucifugus (90), Myotis brandtii, Eptesicus
fuscus,Miniopterus natalensis (91),Myotis davidii, Sturnira honur-
ensis, Desmodus rotundus, and Artibeus jamaicensis. The other set
representing the suborder Yinpterochiroptera was composed of
protein sets from five bats: R. aegyptiacus, P. alecto, P. vampyrus,
Hipposideros armiger, and Rhinolophus sinicus. For each uniform
protein set, all-against-all BLASTP (92) was applied to determine
the similarities in bat proteins with an E value of 1 × 10−7 and to
build a homologous gene family using the OrthoMCL method
(43). Each homologous gene family had more than one gene. To
build a uniform bat reference protein set, we selected one gene
from each homologous gene family based on the contig N50
value. In addition, the lineage-specific genes of each bat genome
were retained in the uniform bat reference gene set. Last, two
uniform bat protein sets with 34,870 proteins from the suborder
Yangochiroptera proteins and 26,897 proteins from the suborder

Yinpterochiroptera were used for homology prediction. Subse-
quently, protein repertoires from the bat uniform reference
protein set, horse, human, and mouse were used as queries to
search against the target genome using TBLASTN (93). The
BLAST hits were conjoined by the program Solar (Sorting Out
Local Alignment Results). Then, the exact gene structure of the cor-
responding genomic region in each BLAST hit was defined for gene
models using the GeneWise pipeline (94).
For transcript prediction, the RNA sequencing (RNA-seq) data

of six bats (C. sphinx,Myotis myotis,M. molossus, Phyllostomus dis-
color, Rhinolophus ferrumequinum, and R. aegyptiacus) were down-
loaded from NCBI; the accession numbers were available in table
S14. The RNA-seq data were aligned to the genome using TopHat
(95) to identify putative exonic regions and splicing junctions.
Then, gene models (Cufflinks-set) were assembled from mapped
reads by Cufflinks (96).
For ab initio prediction, the assembled transcripts from the

RNA-seq data of C. sphinx brain tissue were aligned against the
C. sphinx genome using the Program to Assemble Spliced Align-
ment (PASA) (97). The transcript alignments were assembled into
gene structure models by PASA and denoted as the gene model
training set for the Augustus (98), SNAP (99), and GlimmerHMM
(100) pipelines. On the basis of those training sets, we performed ab
initio prediction of coding regions in the repeat-masked genome
using Augustus, GlimmerHMM, and SNAP. In addition, GeneID
(101) and GeneScan (102) were used to generate directly predicted
gene models in the genome.
After the above methods were completed, the generated gene

models were integrated by EVidenceModeler. The weights of each
evidence were set as follows: Homology-set = Cufflinks-set > Au-
gustus > GeneID = SNAP = GlimmerHMM = GeneScan. Last,
the gene models were updated by PASA2 to generate untranslated
regions and alternative splicing variation information.

Annotation of gene function
Gene functions were annotated by searching functional domains,
motifs, and possible biological processes of genes in known databas-
es, including Swiss-Prot (103), Pfam (104), NR database (from
NCBI), GO (105), and KEGG (106).

Identification of one-to-one orthologous genes
The 18 focal mammals shown in data S1 were used to identify one-
to-one orthologous genes. For genes with alternative splicing sites,
we chose the longest translation to represent each gene and filtered
genes with fewer than 50 codons. To build a graph of protein-
coding genes, all-against-all BLASTP was used to determine simi-
larities between all proteins in the 18 focal mammals with an E value
of 1 × 10−7. To identify one-to-one orthologs, we extracted align-
ment pairs from any pair of genomes and used a maximum of
five hits per protein sequence as the input for the MCScanX algo-
rithm (107), which was used to detect high-confidence syntenic
blocks of coding genes and identify orthologous gene pairs. We re-
tained only one-to-one orthologs among the two mammalian
species. After integrating a matrix of orthologs for the 18 focal
mammals, we ensured that all species were present in each orthol-
ogous cluster. Subsequently, multiple sequence alignment for these
one-to-one orthologs was aligned by PRANK (v.170427) (108)
combined with the package Gblocks (v0.91b) (109) to minimize
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the impact of multiple sequence alignment errors and divergent
regions. Final alignments shorter than 150 nt were discarded.

Phylogeny construction and divergence time estimation
We ran MODELTEST (110) using the codon alignments of one-to-
one orthologs and found that the general time-reversible (GTR)
substitution model best fit the observed data. On this basis, we con-
structed a phylogenetic tree of the 18 focal mammals by applying
the maximum likelihood method in the package RaxML (111)
with the best-fitting substitution model “GTR + GAMMAX” and
1000 bootstrap replicates. Subsequently, divergence time was esti-
mated using the MCMCTree program as implemented in the
PAML package (52). There were two fossil constraints incorporated
into the analyses: (i) The divergence time of 61.5 to 100.5 Ma ago is
for human and mouse (112), and (ii) the divergence time of 95.3 to
113 Ma ago is for human and horse (112). Two additional calibra-
tion times (i.e., the divergence time of 54 Ma ago is between pig and
cattle, and that of 62 Ma ago is between dog and cat) were derived
from the TimeTree database (113).

Genome synteny and large interchromosomal
rearrangement events
We performed reciprocal alignments of 17 repeat-masked genomes,
using the C. sphinx genome as the reference, by applying the LASTZ
program (114) with the parameters T = 2 (no transition), Y (ydrop)
= 15,000, L (gappedthresh) = 3000, and K (hspthresh) = 4500. The
raw alignments were combined into larger syntenic blocks using the
ChainNet algorithm. The best hit at every location on the chromo-
somes was chosen by the utility “axtBest” based on a dynamic pro-
gramming algorithm, with the same substitutionmatrix adopted for
alignment. Subsequently, we screened out syntenic blocks between
C. sphinx and other query genomes with an identity of ≥90% and a
length of ≥1 kb. Last, these syntenic blocks were conjoined by the
program Solar with a maximum gap length of 50 kb.
An interchromosomal rearrangement event was defined when at

least two syntenic blocks from different chromosomes in the query
genome were found adjacent to each other on the same chromo-
some in the C. sphinx genome. A large interchromosomal rear-
rangement event was defined as the length of the continuous
syntenic block reached 1 Mb. The large interchromosomal rear-
rangement events in C. sphinx are showed in Fig. 2B and data S2.

Dating retrovirus infection
First, we extracted the sequences from 153 C. sphinx and 76 R. ae-
gyptiacus retroviral genes, along with their upstream and down-
stream 5-kb regions. To identify LTR retrotransposons (LTR-RTs)
within these sequences, we used LTRharvest (v.1.5.8) (115) with the
parameters “-motif tgca -motifmis 1” and LTR FINDER (86) with
the parameters “-minlenltr 100 -maxlenltr 5000 -mindistltr 1000
-maxdistltr 20000.” Next, we used LTRdigest (v.1.5.8) (116) to an-
notate the primer-binding site motifs. We then identified domains
by searching for retrotransposons containing primer-binding site
motifs, using HMM profiles collated by the Gypsy Database
(http://gydb.org/). We used LTRdigest (v.1.5.8) to annotate the in-
ternal features of LTR-RTs. Last, we retained intact LTR-RTs to es-
timate their insertion time (T ).
Second, on the basis of divergence times of the phylogenetic tree

of 18 focal mammals (Fig. 2A), we calculated the substitution rate
(r) using the program baseml in the PAML package under the GTR

model. We selected the fourfold degenerate codon positions that
form 7139 one-to-one orthologs of the 18 focal mammals for this
analysis. As a result, we estimated the neutral substitution rate (r)
per year to be 2.51 × 10−9 for C. sphinx and 2.99 × 10−9 for R.
aegyptiacus.
Last, we calculated the divergence rate (D) of the 5he (enc LTR

sequences of LTR-RTs using the MUSCLE alignments and the
distmat program in EMBOSS (117). Upon integration into the
genome, the 5he on intLTR sequences are identical. Independent
mutations occur in each LTR-RT over time based on the host mu-
tation rate. Therefore, we estimated the insertion time (T ) of each
LTR-RT inC. sphinx and R. aegyptiacus by applying the formula T =
D/2r.

SD analysis
We performed self-genome alignments using the repeat-masked
genome sequences with the package LASTZ. The maximum simul-
taneous gap allowed was 100 bp. After alignment, we removed over-
lapping fragments and obtained a nonredundant set. The genomic
regions with alignment lengths larger than 1 kb with an identity
greater than 90% were considered SDs.

Gene family clustering
Using the OrthoMCL method (43) with the parameter “-inflation
1.5,” we conjoined fragmental alignments that are used by all-
against-all BLASTP to cluster gene pairs. Consequently, we ob-
tained gene families for the 18 mammalian species. See also the
above method “Identification of one-to-one orthologous genes.”

Expansion and contraction analysis
We determined the expansion and contraction of gene families by
comparing the cluster size differences between the ancestor and
each of the 18 mammals using the Café program (44), which is
based on a probabilistic graphical model. Using conditional likeli-
hoods as the test statistics, we calculated the corresponding P values
for each lineage. A P value of 0.05 was used to identify families that
were significantly expanded in Pteropodidae.

Identification of PSGs and REGs
We identified putative PSGs and REGs based on the 7139 ortholo-
gous genes using the CodeML program in the PAML package
(version 4.9) (52). The Pteropodidae branch was set to the fore-
ground branch. For PSGs, the branch-site model A was treated as
an alternative model that assumes that the foreground branch is
under positive selection, whereas a null model allows sites to
undergo purifying selection or evolve neutrally. For REGs, we
applied the branch model; specifically, the one-ratio model was
taken as the null model that assumes the same evolutionary rate
for all branches, and the two-ratio model was used as an alternative
model that allows a different evolutionary rate for the foreground
branch. The likelihood ratio test was used to detect the difference
between the two nested models. P values were computed on the
basis of chi-square statistics and corrected for multiple testing by
the FDR method.

Functional enrichment analysis
The GO, KEGG pathway, and Reactome enrichment analyses for
gene sets were all implemented by KOBAS 3.0 software based on
human homologs (118, 119). The binomial distribution test was
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used for statistical significance, and the P values were corrected for
multiple testing by the Benjamini-Hochberg method.

Identification of immune genes
We selected 3444 genes (including 3039 involved in immune system
processes and 1055 viral processes) from the KOBAS 3.0 database
(118). The immune system–related genes included 1203 innate im-
munity genes and 1040 adaptive immunity genes. The query se-
quences of each gene in each species were blasted (BLASTX)
against the 3444 proteins with an E value of 1 × 10−10 and an iden-
tity of 0.25, and then the best-hit query sequences withmore than 50
amino acids in length were identified. In total, 2162 orthologs were
retrieved from the 18 species, namely, immunity-related genes.

Physicochemical dissimilarity analysis of amino acids
We coded all amino acids based on four physicochemical proper-
ties: hydrophobic, neutral, positively charged, and negatively
charged. For each ortholog, we assessed the physicochemical dis-
similarity due to amino acid replacements between pteropodids
and other bats using the human amino acid as a reference. We
first identified fixed amino acid sites in six pteropodids and five
other bats. Then, we selected the amino acid sites with differences
in physicochemical codes between pteropodids and other bats, as
well as pteropodids and humans. Last, we annotated these amino
acid sites into genes.

Plasmids and cell cultures
Human PEAKRapid and bat P. alecto kidney-derived PaKi cells
from our laboratory were cultured in Dulbecco’s modified Eagle's
medium (Gibco Inc.) supplemented with 10% fetal bovine serum
(Wisent Inc.), 2.0 mM L-glutamine, sodium pyruvate (110 mg/
liter), and D-glucose (4.5 g/liter). Cells were incubated at 37°C in
5% CO2. The pcDNA3.1-TLR2, pcDNA3.1-TLR8, and
pcDNA3.1-MYD88-WT plasmids were synthesized by Sangon
Biotech (Shanghai) Co. Ltd. The empty plasmid was from our lab-
oratory. The mutated form of the pcDNA3.1-MYD88-WT plasmid,
pcDNA3.1-MYD88-MUT, which results from four mutations
(P169S, S170N, A208T, and Q237E), was obtained using site-direct-
edmutagenesis with the following primers: (i) P169S, 5′-TTC-ATC-
TGC-TAC-TGC-TCT-AGC-GAC-ATT-CAG-T-3′ (forward) and
5′-ACT-GAA-TGT-CGC-TAG-AGC-AGT-AGC-AGA-TGA-A-3′
(reverse); (ii) S170N, 5′-TCT-GCT-ACT-GCC-CTA-ACG-ACA-
TTC-AGT-TCG-TG-3′ (forward) and 5′-CAC-GAA-CTG-AAT-
GTC-GTT-AGG-GCA-GTA-GCA-GA-3′ (reverse); (iii) A208T,
5′-TGC-GTG-TGG-AGC-ATC-ACT-AGC-GAG-CTG-ATC-G-3′
(forward) and 5′-CGA-TCA-GCT-CGC-TAG-TGA-TGC-TCC-
ACA-CGC-A-3′ (reverse); and (iv) Q237E, 5′-AGC-GAC-GAC-
TAC-CTG-GAG-AGC-AAG-GAG-TGC-G-3′ (forward) and 5′-
CGC-ACT-CCT-TGC-TCT-CCA-GGT-AGT-CGT-CGC-T-3′
(reverse). All plasmids were verified by sequencing at Sangon
Biotech (Shanghai) Co. Ltd.

Transfection, cell stimulation, and quantitative real-
time PCR
Before transient transfection, cells were cultured overnight in 12-
well plates. Subsequently, PEAKRapid and PaKi cells were cotrans-
fected with the following the combinations of plasmids:
pcDNA3.1(+)-TLR2/pcDNA3.1(+)-MyD88-WT, pcDNA3.1(+)-
TLR2/pcDNA3.1(+)-MyD88-MUT, and pcDNA3.1(+)-TLR2/

empty plasmid, using the Lipofectamine 2000 (Thermo Fisher Sci-
entific) transfection protocol as recommended by the manufacturer
and then cultured for 24 hours. We first conducted prior experi-
ments to optimize the concentrations of TLR2 andMyD88 plasmids
and the stimuli. As a result, PEAKRapid cells and PaKi cells were
stimulated with TLR2 agonist Pam3CSK4 (5 and 10 μg/ml; Target
Molecule Corp.) for 24 hours, respectively. In addition, PEAKRapid
cells were also stimulated by E protein (5 μg/ml) of SARS-CoV-2 for
24 hours. Prior experiments showed that bat cells expressed no en-
dogenous MyD88 mRNA, whereas the mRNA expression level of
exogenous MyD88 in human cells was over 223 times higher than
that of endogenous MyD88 (MyD88-WT, 223.85 times; MyD88-
MUT, 263.89 times). We also performed an immunofluorescence
experiment to demonstrate the cellular localization consistency of
overexpressed exogenous MyD88 and TLR2 proteins between
PaKi and PEAKrapid cells. Last, we cotransfected PaKi cells with
the following the combinations of plasmids: pcDNA3.1(+)-TLR8/
pcDNA3.1(+)-MyD88-WT, pcDNA3.1(+)-TLR8/pcDNA3.1(+)-
MyD88-MUT, and pcDNA3.1(+)-TLR8/empty plasmid and then
were stimulated TLR8 agonist R848 (10 μg/ml).
Total RNA was extracted using EASYspin kits (Aidlab Biotech-

nologies Co. Ltd.) according to themanufacturer’s protocols. cDNA
was prepared from 1 μg of total RNA using the reverse transcription
system from the NovoScript Plus All-in-One Strand cDNA Synthe-
sis SuperMix from Novoprotein Scientific Co. Ltd. The expression
levels of multiple inflammatory cytokines (i.e., IL8, IL6, TNFα, and
IL1β) were normalized to those of glyceraldehyde-3-phosphate de-
hydrogenase, which is a housekeeping gene used as an endogenous
control. All primers were synthesized by Sangon Biotech (Shanghai)
Co. Ltd.
We performed quantitative real-time PCR (qRT-PCR) on the

ABI7500 Real-Time PCR Detection System (Applied Biosystems)
using NovoStart SYBR qPCR SuperMix Plus (Novoprotein Scien-
tific, Shanghai, China) following the manufacturer ’s protocols.
The qRT-PCR measurements were evaluated in five replicates.
The fold change in the expression level was determined using the
2−ΔΔCt method. Data were analyzed by GraphPad Prism software
7.0 (GraphPad, USA), and P < 0.05 was considered statistically
significant.

Co-IP assay
We used the immunoprecipitation kit with protein A + G magnetic
beads (Beyotime Biotechnology, Shanghai, China) to perform a co-
IP assay. First, plasmids expressing the hemagglutinin (HA)–tagged
P. alecto TLR2 were cotransfected with either P. alecto MyD88-
MUT or P. alecto MyD88-WT into PaKi cells for 48 hours.
Second, cell lysates were generated by lysing cells in lysis buffer con-
taining protease inhibitor cocktail and were centrifuged at 12,000
rpm under 4°C for 5 min. Third, we collected the supernatant
and incubated it with 12 μl of protein A + G magnetic beads
bound to the antibody. Fourth, following overnight incubation,
we washed the beads with lysis buffer three times and then collected
by magnetic separation. Last, we harvested samples after incubating
in 1× SDS loading buffer at 100°C for 5 min. Electrophoresis was
conducted to separate proteins in a 4 to 12% polyacrylamide gel.
Proteins were transferred onto polyvinylidene difluoride mem-
branes and blocked with 5% skim milk for 1 hour at 37°C. All the
primary antibodies were incubated at 37°C for 1.5 hours, while sec-
ondary antibodies with horseradish peroxidase were incubated for 1
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hour at 37°C. Bound antibodies were visualized using
Western blots.

Supplementary Materials
This PDF file includes:
Figs. S1 to S23
Tables S1 to S32
Legends for data S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S4

View/request a protocol for this paper from Bio-protocol.
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