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Abstract The most significant driver of adaptive radiation in the New World leaf-nosed bats (Phyllostomidae) is
their remarkably diverse feeding habits, yet there remains a notable scarcity of studies addressing the genetic
underpinnings of dietary diversification in this family. In this study, we have assembled a new genome for a
representative species of phyllostomid bat, the fringe-lipped bat (Trachops cirrhosis), and integrated it with eight
published phyllostomid genomes, along with an additional 10 genomes of other bat species. Comparative genomic
analysis across 10 200 orthologus genes has unveiled that those genes subject to divergent selection within the
Phyllostomidae clade are notably enriched in metabolism-related pathways. Furthermore, we identified molecular
signatures of divergent selection in the bitter receptor gene Tas2r1, as well as 14 genes involved in digesting key
nutrients such as carbohydrates, proteins, and fats. In addition, our cell-based functional assays conducted on
Tas2r1 showed a broader spectrum of perception for bitter compounds in phyllostomids compared to
nonphyllostomid bats, suggesting functional diversification of bitter taste in Phyllostomidae. Together, our
genomic and functional analyses lead us to propose that divergent selection of genes associated with taste,
digestion and absorption, and metabolism assumes a pivotal role in steering the extreme dietary diversification in
Phyllostomidae. This study not only illuminates the genetic mechanisms underlying dietary adaptations in
Phyllostomidae bats but also enhances our understanding of their extraordinary adaptive radiation.
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1 Introduction

Adaptive radiation is the swift diversification of numerous
species, each endowed with distinct adaptive traits,
occurring within a relatively brief span of time; this
phenomenon underscores the profound impact of natural
selection and opportunism in shaping the origin
and evolution of life on Earth, rendering it a prominent
subject of research in the field of evolutionary biology
(Schluter, 2000). Adaptive radiation signifies a substantial
augmentation in diversity and the corresponding fitness of
ecological roles within a lineage, often accompanied by the
accumulation of unusually high levels of morphological,
physiological, behavioral differences, and ecological differ-
entiation (Givnish, 2015). Notable examples of adaptive
radiation encompass Darwin's finches, East African cichlids,
Hawaiian honeycreepers, and Australian marsupials. These
species have rapidly adapted to a wide array of ecological
niches by altering traits such as feeding habits, behavior,
and morphology (Schluter, 2000). Adaptive radiation can
instigate divergent selection, an evolutionary strategy in
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which species stemming from a common ancestor accumu-
late variations that enhance their adaptation when exposed
to diverse selection pressures and evolutionary forces
(Schluter, 2001; Rundle & Nosil, 2005; Gautam, 2020).
Feeding habits play a pivotal role in steering the adaptive
radiation of animals, exerting influence on various aspects of
their ecology, behavior, morphology, and physiology (Kar-
asov & Douglas, 2013). A classic example of adaptive
radiation can be observed in the case of Darwin's finches
inhabiting the Galapagos Islands. These 15 finch species,
which diverged from a common ancestor ~2-3 Ma, display
substantial variations in beak shape, a feature intricately tied
to their respective feeding habits (Grant, 1999; Grant &
Grant, 2011). Recent comparative genomic studies have
unveiled the critical role of the ALX1 gene in regulating the
diversity of beak shapes among Darwin's finches, thus driving
the evolution of distinct feeding habits (Lamichhaney
et al,, 2015). Similarly, East African cichlids, found in the
Great Lakes of Eastern Africa, represent another vertebrate
group that has undergone remarkable adaptive radiation.
They exhibit stark dissimilarities in coloration, body shape,
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teeth, jaws, and more, with corresponding shifts in their
feeding habits encompassing insects, debris, algae, phyto-
plankton, zooplankton, mollusks, and fish (Seehausen, 2006;
Koblmldiller et al., 2008). Comparative genomics studies have
revealed that a combination of factors, including gene
duplications, substantial differences in noncoding elements,
accelerated evolution of coding genes, and gene expression
variations associated with transposons, collectively propel
the adaptive radiation of East African cichlids. Notably,
genetic disparities related to the development of teeth and
mandibles are likely significant contributors to the differ-
entiations of East African cichlids (Brawand et al., 2014).

Much like Darwin's finches, the phyllostomid bats (Family
Phyllostomidae), commonly known as New World leaf-nosed
bats, also represent a classic example of adaptive radiation
(Fleming et al., 2020). Contrasted with their two closest
relatives, Mormoopidae (comprising 18 species in two
genera) and Noctilionidae (with two species in one genus),
the Phyllostomidae family has undergone rapid and
extensive evolution of ecological and behavioral traits
spanning ~30 million years (Dumont et al., 2012; Fleming
et al., 2020). This extraordinary diversification has yielded 11
subfamilies, 60 genera, and 216 species within the
Phyllostomidae family (Fleming et al., 2020). One of the
most pivotal factors fueling adaptive radiation in phyllosto-
mids is their dietary diversification. These bats boast an
exceptionally wide array of food sources, encompassing
insects, blood, fruits, nectar, and even various vertebrates
such as fish, birds, and other bats (Fleming et al., 2020).
Depending on the proportions of different foods in their
diets, they can be classified into various groups, including
insectivores, sanguivores, carnivores, omnivores, frugivores,
and nectarivores. In comparison, phylogenetic analysis
suggests that the present-day New World leaf-nosed bats
evolved from a common insectivorous ancestor (Datzmann
et al., 2010; Arbour et al., 2019).

In the earlier stages of research concerning the dietary
diversification of New World leaf-nosed bats, the primary
focus lay in physiological and morphological aspects. For
example, scientists examined the activity of digestive
enzymes and the morphology of kidneys in 16 phyllostomid
species, observing significant variations in these traits
corresponding to differences in feeding habits (Schondube
et al., 2001). In recent years, delving into the molecular
mechanisms that underlie dietary diversification in phyllos-
tomids has emerged as a novel line of research. Five research
teams have successively reported findings concerning the
relationship between molecular evolution of the short-
wavelength-sensitive opsin 1 (SWS1) and diversification of
feeding habits in phyllostomid bats, their collective research
has unveiled notable differences in the selection pressure on
SWS1 among phyllostomids with varying feeding habits, even
leading to SWS1 becoming a pseudogene due to relaxed
selection in all three species of vampire bats (Gutierrez
et al., 2018; Kries et al., 2018; Li et al., 2018; Wu et al., 2018;
Simoes et al., 2019). More recently, researchers have utilized
transcriptome data for comparative analyses and detected
robust selection signals in the ancestral branch of the
Phyllostomidae family; however, they found fewer selection
signals in certain branches exhibiting shifts in feeding habits.
These findings suggest that early evolutionary events may
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have played a role in driving the observed dietary
diversification within the Phyllostomidae family (Potter
et al., 2021).

Omnivorous leaf-nosed bats have broad and diverse diets
and represent a classic taxon reflecting the diversity of diets
among leaf-nosed bats. Thus, they could represent distinct
types of omnivory. Tonatia saurophila, for instance, exhibits a
heightened preference for insects in its diet, while Trachops
cirrhosus displays a larger preference for vertebrates; in
contrast, Phyllostomus discolor leans more towards a plant-
based diet (Wilman et al.,, 2014). As a result, T. cirrhosus is
acknowledged as a classic example of omnivores among leaf-
nosed bats, owing to their broad and diverse diets combined
with highly specialized hunting strategies (Fleming et al., 2020).

To investigate the genetic basis of dietary diversification in
phyllostomid bats, we postulated a hypothesis that these
bats experienced functional modifications in taste percep-
tion, digestive system, and metabolic pathways. To test this
hypothesis, we carried out clade model analyses, taking the
entire Phyllostomidae clade as the foreground, with the aim
of identifying genetic signatures of divergent selection in
genes linked to the aforementioned functional categories.

2 Material and Methods

2.1 Genome sequencing

The genetic material of the fringe-lipped bat Trachops
cirrhosis (Catalog number: M-277702) was loaned from the
American Museum of Natural History. Genomic DNA (1.5 ug)
was extracted from the liver using Qiagen DNAeasy kits
(Qiagen, Valencia, CA, USA). For lllumina pair-end se-
quencing, we generated short-insert libraries (250 and
500 bp) using the Truseq Nano DNA HT Sample Prep Kit
(Ilumina, San Diego, CA, USA), following the manufacturer's
instructions, and subsequently sequenced them on the
lllumina HiSeq X platform. For 10X Genomics sequencing,
we performed the GEM reaction procedure on a GemCode
platform using ~1ng of input DNA (~50kb insert length).
During the polymerase chain reaction amplification of long
inserts, we introduced 16 bp barcodes into droplets. After-
ward, the long-insert DNA libraries were purified and sheared
into 500 bp fragments to construct barcoded libraries for
sequencing on Novaseq instruments. Following sequencing,
we utilized supernova-2.0.0 software (Weisenfeld et al., 2017)
to obtain FASTQ files containing barcoded reads and build a
graph-based assembly, resulting in FASTA files suitable for
subsequent processing and analysis.

To ensure the generation of high-quality data, we
employed the following parameters for filtering low-quality
reads, which included base-calling duplicates and adapter
contamination: reads with >10% unidentified nucleotides
“N”; more than 10 nucleotides aligned to the adaptor,
allowing for <10% mismatches; and over 50% of bases with a
Phred quality of <5. Ultimately, we generated 362.2 Gb of
high-quality data (Table S1).

2.2 De novo assembly

We first estimated the genome size utilizing a K-mer method.
We employed Jellyfish v2.2.9 (Marcais & Kingsford, 2011) to
extract 17-mers information from the high-quality short
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inserts (250 and 500bp). The result of this estimation
indicated that the genome size of the T. cirrhosis bat is
~2.13 Gb (Fig. S1; Table S2).

To assemble this new genome, 10X Genomics linked reads
were assembled using supernova-2.0.0 software (Weisenfeld
et al., 2017) with default parameters. Specifically, a de Bruijn
graph was firstly constructed with K=48 (K-mer size), by
connecting successive edges that overlap each other and
removing the shared K-1 bases at each junction. Next, the
super graphs were formed using read pairs that share
barcodes and have overlap length of more than 200-bp.
Subsequently, reads-sharing barcodes with those that have
assembled at contig ends, as well as reads located at nodes
not yet connected, were recruited to extend edges in the
super graphs. The genome assembly was generated after
scaffold extension and assembly phasing. To optimize the
assembly, we further employed Gapcloser vi1.12 (Luo
et al, 2012) for gap-filling, utilizing Illumina's short-insert
paired-end reads. Finally, we applied the fragScaff program
(Adey et al.,, 2014) to further interconnect the scaffolds
generated in the preceding step, resulting in the formation
of superscaffolds (Table S3).

2.3 Genome completeness assessment

To estimate the base-level accuracy and completeness,
Merqury v1.3 was utilized for evaluating the quality value
(QV) of genome assembly based on a K-mer based approach
(Rhie et al., 2020). We also assessed the genome's
completeness (Table S4) by employing the Benchmarking
Universal Single-Copy Orthologs (BUSCO v4.1.4) set (Simé&o
et al., 2015), which was used to search for 9226 mammalian
BUSCO genes (mammalia_odb10).

2.4 Genome annotation

2.4.1 Repeat annotation

We employed a combination of methods, including similarity
searching and ab initio prediction, to predict transposable
elements (TEs) within the T. cirrhosis genome (Table Ss5). For
homology annotation, we utilized RepeatMasker v4.0.5 and
RepeatProteinMask v4.0.5, both with default parameters, to
explore the Repbase TE library (Bergman & Quesne-
ville, 2007). To construct a de novo repeat library for ab
initio TE prediction, we employed LTR FINDER v1.07 (Xu &
Wang, 2007), PILER v1.0 (Edgar & Myers, 2005), RepeatScout
v1.0.5 (Price et al., 2005), and RepeatModeler vi.73 (Smit
et al,, 2008). This newly created library was subsequently
utilized by RepeatMasker to facilitate the ab initio TE
prediction process. In addition, we identified tandem repeats
in the genome through the use of TRF v4.09 (Benson, 1999).

2.4.2 Gene annotation

We employed a comprehensive approach, combining
homology prediction, transcript prediction, and ab initio
prediction methods, to accurately predict the gene structure
(Table S6). For our homology-based prediction, we utilized
the bat reference protein set, as described in Tian et al.
(2023). To identify potential genes, we employed tblastn
(Camacho et al., 2009), searching the target genome with
the protein set as queries. Subsequently, we employed Solar
v0.9.6 (Sorting Out Local Alignment Results) to consolidate
blast hits (Yu et al., 2006). To predict the gene structures
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within the corresponding genomic regions that were hit by
proteins, we employed the GeneWise v2.4.1 pipeline (Birney
et al., 2004). Regarding transcript prediction, we aligned the
same RNA-seq data used by Tian et al. (2023) to the genome
using TopHat v2.1.1 (Kim et al., 2013), which allowed us to
identify putative exonic regions and splicing junctions. We
then employed Cufflinks v2.2.1 (Trapnell et al., 2010) to
assemble gene models from the mapped reads. For our ab
initio prediction, we utilized Augustus v3.3.2 (Stanke &
Waack, 2003), GlimmerHMM v3.0.4 (Majoros et al., 2004),
and SNAP (Korf, 2004) to predict coding regions within
repeat-masked genomes. All of these tools were trained
using the PASA-T-set gene model. Additionally, we used
GenelD vi1.4 (Guigé, 1998) and GeneScan (Burge &
Karlin, 1997) to directly predict gene models within the
genome. To integrate the results from both ab initio
prediction and homology-based prediction, we employed
EvidenceModeler vi1.1.1 (Haas et al., 2008). In this integration,
we assigned weights to each piece of evidence as follows:
Homology-set > Cufflinks-set > Augustus > GenelD = SNAP =
GlimmerHMM = GeneScan. This comprehensive approach
ensured a robust prediction of the gene structure, combining
multiple methods to increase accuracy and reliability.

2.5 Phylogenetic analysis

2.5.1 Ortholog identification and alignment

In this study, we employed OrthoFinder v2.5.2 to identify
putative one-to-one orthologous genes in a set of 21
genomes, which included nine leaf-nosed bats, 10 non-leaf-
nosed bats, as well as human and mouse (as detailed in
Table S7) (Emms & Kelly, 2019; Gutiérrez-Guerrero et al., 2020;
Jebb et al., 2020; Wang et al., 2020; Blumer et al., 2022; Tian
et al, 2023). A total of 1896 one-to-one orthologs were
identified and extracted from the set of 21 examined species.
Subsequently, we aligned the protein sequences of each
ortholog using prank v.170427 with default parameters
(Loytynoja, 2014). To complement these protein alignments,
we generated back-translated coding DNA sequence (CDS)
alignments, guided by the protein alignments, utilizing a Perl
script called Epalznal.pl vi3 (Zhang et al., 2012). Following this
alignment process, we isolated conserved CDS alignment
blocks using the alignment trim module of FasParser v2.13.0.
This extraction was performed with specific parameters,
namely “Window size for trimming blocks=21" and “Window
size for Gap regions=21," which were chosen to facilitate
further phylogenomic analyses (Sun, 2017).

2.5.2 Phylogenetic tree inference

We concatenated the CDS alignments of the orthologs to
create a supergene sequence that encompassed 3096 477
codon positions, ensuring unambiguous alignment. For the
construction of a maximum likelihood (ML) tree (Fig. S2), we
employed IQ-TREE v2.0.3, using the supergene sequence as
input and specified the following parameters: “-m MFP -bb
1000 —bnni.” The best-fit model selected for this analysis was
GTR+F +1+R7 (Hoang et al, 2017; Minh et al., 2020). To
consider the impact of incomplete lineage sorting and other
issues associated with the concatenation method in
phylogenetic inference, we also utilized the species tree
summary method in ASTRAL v.5.7.1 (Zhang et al., 2018) to
infer a species tree. In detail, we first inferred the ML trees
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for each gene using IQ-TREE with default parameters. Next,
we summarized the distribution of ML trees and estimated
the species tree using ASTRAL. At the same time, we also
generated a density tree (Fig. S3A) using ggtree to show
consensus and variations among all gene trees (Yu
et al,, 2017). The topologies of both the ML tree and the
species tree (Fig. S3B) align coherently with the well-
established phylogeny (Hao et al., 2023b).

2.5.3 Divergence time estimation

We employed the MCMCTree program within PAML v4.8 to
conduct Bayesian estimation of species divergence times.
Our input consisted of fourfold degenerate sites and a
phylogenetic tree that featured six fossil calibration points
(Springer et al., 2003; Teeling et al., 2005; Wang et al., 2020).
In the program, we utilized the independent rates model
(clock =2) and the GTR substitution model (model = 7). Our
MCMC analyses were executed for a total of 10000000
iterations, with samples taken every 100 iterations. We
discarded the initial 2000000 iterations as burn-in
(Yang, 2007). Finally, we utilized FigTree v1.4.4 (http://tree.
bio.ed.ac.uk/software/figtree) to visualize the phylogenetic
trees along with the estimated divergence times.

2.6 Selection tests

2.6.1 Genome-wide screening

Based on previous studies (Wilman et al., 2014; Fleming
et al.,, 2020), we categorized Phyllostomidae bats into five
diet groups: sanguivory (Common vampire bat, Desmodus
rotundus), carnivory (Spectral bat, Vampyrum spectrum),
omnivory (Fringe-lipped bat, T. cirrhosis; Stripe-headed

round-eared bat, Tonatia saurophila; Pale spear-nosed bat,
Phyllostomus discolor), frugivory (Jamaican fruit bat, Artibeus
jamaicensis; Honduran yellow-shouldered bat, Sturnira hon-
durensis), and nectarivory (Lesser long-nosed bat, Leptonyc-
teris yerbabuenae; Tailed tailless bat, Anoura caudifer). This
categorization was done for ease of subsequent analysis.

Using a reciprocal Blast method with an E-value threshold
of 1e—05 across 21 species (Fig. 1), we generated a gene set
comprising 10 200 orthologous genes, ensuring that each
ortholog included at least one species from each diet group
and the outgroup. Subsequently, we created CDS alignments
and identified conserved CDS alignment blocks using the
method described earlier.

To identify potential genes that might be under divergent
selection contributing to the dietary diversification of
Phyllostomidae, we employed the clade model for the entire
Phyllostomidae clade. This was achieved using CODEML in
PAML 4.7 to examine whether w (d\/ds ratio) differed
between Phyllostomidae (foreground) and the non-
Phyllostomidae (background). The clade model C (CmC),
capable of detecting selection pressure on multiple branches
simultaneously by allowing a set of sites to vary between
two or more branches along a phylogeny, was used to test
whether selection pressures varied along specific branches
within the Phyllostomidae. This analysis was compared with
the null-model M2a_rel, which restricts divergence within the
foreground clade but allows unconstrained variation of w
(Bielawski & Yang, 2004; Yang, 2007; Weadick & Chang, 2012).
Following a likelihood ratio test with a x” distribution for the
alternative models against the null models, we applied false
discovery rate (FDR) correction to the results. Genes meeting

Digestion and

Tas2r genes absorption genes
Intact Partial Intact Partial
Origin of

@ Sanguivory Phyllostomidae Desmodus rotundus () 8 0 105 0
@ Carnivory Vampyrum spectrum [ ] 17 0 103 2

® Omnivory Trachops cirrhosus () 17 1 93 12
Nectarivory Phyllostomus discolors () 25 0 105 0

® Frugivory Tonatia saurophila () 24 5 102 3
@ Insectivory Anoura caudifer 20 0 103 2
" Leptonycteris yerbabuenae 17 3 103 2

Artibeus jamaicensis ([ ] 18 0 101 4

Sturnira hondurensis () 16 1 101 4

Mormoops blainvillei () 19 5 101 4

'I—: Pteronotus davyi [ ] 20 0 91 2

Pteronotus parnellii o 22 0 94 1
Origin of bats T Molossus molossus [ ) 18 0 104 1
\ Myotis myotis o 27 0 104 1

Taphozous melanopogon [ ] 20 0 96 9

——— Cynopterus sphinx [ ] 15 0 91 14

| L Rousettus aegyptiacus o 13 0 96 9

- Megaderma lyra [ ] 16 0 99 6

Rhinolophus ferrumequinum @ 17 0 101 4

Homo sapiens
Mus musculus
| | | | | |
100 80 60 40 20 0 MYA

Fig. 1. Phylogenetic tree of the Phyllostomidae family showing genes associated with bitter taste (Tas2rs) alongside those
involved in digestion and absorption pathways. Branch lengths of the tree represent divergence times estimated by
MCMCTree. Circles with different colors represent feeding habits of bats. Specie marked in red is the newly sequenced species.
Bootstrap values and branch lengths generated by IQtree are shown in the Fig. S2, where all nodes within the tree received

100% bootstrap support, with the exception of a single node that received 95% bootstrap support.
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the criteria of FDR < 0.05, with w in the foreground being
greater than in the background, and a site class proportion
>0, were considered as the divergently selected genes.
Subsequently, we uploaded the genes under divergent
selection to Metascape (Zhou et al., 2019) for gene ontology
(GO) enrichment analysis using all human genes in the GO
database as background genes. We further used the R
package ggplot2 to visualize the GO enrichment results
(Wickham, 2016).

2.6.2 Bitter taste perception

We initiated this analysis by annotating and naming Tas2r
genes in the 19 bat species (Fig. 1). To achieve this, we
followed the analytical approach outlined by Jiao et al.
(2018). First, we employed tblastn to search for Tas2r genes
across the genomes of these 19 bats. As query sequences,
we used complete Tas2r protein sequences from humans,
mice, chickens, and zebrafish. We retained BLAST hits that
had an e-value of 1e—10 or lower and a sequence length
exceeding 300-bp for subsequent analysis. Next, we
conducted open reading frame (ORF) identification on the
identified hit sequences using a custom in-house script
(https://github.com/xuyirano609/PipelineForGenomeAnalysis
OfPhyllostomidae/tree/main/IdentificationOfTas2rGenes). A
complete Tas2r gene was defined as one that possessed
both a proper initiation codon and a stop codon, with an
encoded amino acid length exceeding 270 amino acids.
Moreover, we assessed all full-length candidate genes for the
presence of seven transmembrane domains using the
TMHMM method (Hallgren et al., 2022). Hits with disrupted
ORFs were classified as pseudogenes, while those with
truncated ORFs due to factors such as incomplete genome
sequencing or poor genome assembly were categorized as
partial Tas2r genes, in accordance with the criteria established
by Jiao et al. (2018). To assign names and classifications to the
candidate Tas2r genes, we employed the ML method to
construct a gene tree encompassing all bat Tas2r genes. As
reference points, we selected representative genes from 28
Tas2r clades in Boreoeutheria, following the approach outlined
elsewhere (Hayakawa et al., 2014).

We conducted selection tests on four Tas2r genes (Tas2r1,
Tas2r2, Tas2r3, and Tas2ry), as these genes were present in
each diet group. Initially, we designated the ancestral branch
of Phyllostomidae and performed tests using both the
branch model and the improved branch-site model. In the
branch model, the alternative hypothesis posits that the w
value of the foreground branches differs from that of the
background branches, while the null hypothesis assumes
equal w values across all branches (Yang, 1998; Yang &
Nielsen, 1998). For the branch-site model, the alternative
hypothesis suggests a difference in w between the fore-
ground and background branches, along with the presence
of positively selected sites. The null hypothesis aligns with
the alternative model but fixes the w of foreground branches
at 1 (Yang & Nielsen, 2002; Zhang et al., 2005). In the next
step, we extended our analysis to the clade model
encompassing the entire Phylostomidae clade, following
the same methodology as described in our genome-wide
analysis. It is important to note that for Tas2r1 and Tas2r2, we
utilized the well-established species tree as input, while for
Tas2r3 and Tas2r7, we employed the gene tree generated
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through the ML method as input. This approach was chosen
because we observed that Tas2r3 and Tas2ry exist in multiple
copies within individual species.

2.6.3 Digestive system

We initiated this analysis by conducting tblastn searches
across the genomes of the 19 bats (Fig. 1), using human genes
involved in protein digestion and absorption (mapo4974),
carbohydrate digestion and absorption (mapo4973), and fat
digestion and absorption (mapo4975) pathways as query
sequences. We retained only the top blast hits, following the
methodology outlined previously (Kanehisa & Goto, 2000).
Furthermore, to predict the gene structure, we employed
Exonerate v2.58.3 (Slater & Birney, 2005) to align the protein
sequences with the best hit sequences. In cases where genes
were only partially present in individual species, we further
examined their fragments, seeking fragments with an identity
rate higher than 70% within the genome to annotate the gene
as completely as possible. Additionally, for genes that cannot
be adequately annotated in individual species using human
genes as references (typically due to the inability to identify
the start codon or the presence of low-matching rate
fragments), we employed annotated genes as queries for
subsequent annotation efforts. Finally, we retained a total of
105 annotated genes that were found in at least one species in
each diet group. Subsequently, we conducted the clade model
analyses on these 105 genes to identify divergent selection
signatures in the entire Phylostomidae clade.

2.7 Functional assays of Tas2r1 and Tas2r3

2.7.1 Bitter compounds

We selected a total of 23 bitter compounds for functional
assays, which included four artificial compounds and 19
natural compounds. All of these compounds were dissolved
in DPBS buffer (Thermo Fisher) with a pH of 7.4. The highest
concentrations, along with the source and catalog informa-
tion for each bitter compound, are detailed in Table S8.

2.7.2 Construction of bat Tas2r1 and Tas2r3 expression
vectors

The complete protein-coding sequences of bat Tas2r1 and
Tas2r3 were chemically synthesized and subsequently
inserted into the pcDNA3.1(+) vector, utilizing 5’-EcoRI and
3’-Notl restriction sites. To enhance protein expression in the
in vitro experiments, we carried out codon optimization and
incorporated a Kozak sequence before the start codon of the
bat Tas2r1 and Tas2r3 coding sequences. The integrity of all
DNA constructs was confirmed through Sanger sequencing.

2.7.3 Functional assays

The functional assays were performed following the method
previously described (Hao et al., 2023a). HEK293-derived
Peak Rapid Cells (PK) were cultured at 37°C in Opti-MEM,
supplemented with 6% fetal bovine serum. For calcium
imaging, cells were seeded at a density of 50 000 cells per
well in 96-well microplates. After 14h, the cells were
co-transfected with plasmids encoding bat Tasirt and
Ga6-gust44 using Lipofectamine 2000. Cells used as a
negative control were solely transfected with Ga16-gust44.
Following a 6-h incubation, the medium was replaced once,
and after an additional 18 h, the cells were washed with
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DPBS. Subsequently, they were stained with Fluo-4 AM and
Pluronic F-127 in the dark for 1h. After being washed three
times with DPBS, the cells were further incubated for 30 min.
The microplates were then placed into a FlexStation Il
system to measure fluorescence changes. The FlexStation Il
system settings included recording fluorescence every 2 s for
a total of 200 s, with the appropriate concentration of bitter
compounds added at the initial 30s. Calcium mobilization
(AFIF) was calculated as the percentage change in
the fluorescence signal. This was determined by taking the
difference (AF) between the peak fluorescence and the
baseline fluorescence and dividing it by the baseline
fluorescence (F). The response to bitter compounds was
quantified by independently replicating all results at least
three times and calculating the average of the independent
replicates.

3 Results

3.1 De novo assembly of Trachops cirrhosis genome

The genome of the phyllostomid bat, T. cirrhosus, was
sequenced using the [llumina HiSeq platform in conjunction
with 10x Genomics technology, resulting in a total of 221.41
gigabases (Gb) and 140.83 Gb of qualified reads, respectively
(Table S1). Subsequently, a genome assembly with a size of
2.3 Gb was generated, achieving a mean coverage of ~157.49
times (refer to Section 2.2 for more details). This assembly
displayed a scaffold N5o of 581.2kb and a contig N50 of
40.6 kb (Table S3). The QV of the genome was estimated to
be 48.57 (error rate: 1.39X107°) using a K-mer-based
approach. The assessment of the assembly using BUSCO
(Benchmarking Universal Single-Copy Orthologs) indicated
that 83.2% of the 9226 mammalian BUSCOs were complete
(Table S4). To predict gene structures, a combination of
homology prediction, transcript prediction, and ab initio
prediction methods was employed. After filtering out genes
of low quality (those with fewer than 50 amino acids or
containing internal stop codons), a total of 21758 protein-
coding genes were successfully generated (Table S6).

3.2 Analysis of divergent selection at the genome-wide level
We compiled coding gene sequences from a total of 19 bat
species, including nine phyllostomids and 10 other bats, as
well as Homo sapiens and Mus musculus (Fig. 1). This
comprehensive dataset enabled us to generate multiple
sequence alignments for 10 200 homologous genes (refer to
the Section 2.6.1 for more details). The species tree used for
selection analysis was constructed using a data set of 1896
one-to-one orthologs (Figs. 1, S2, S3). We applied the clade
model to identify genes that might be undergoing divergent
selection, thereby contributing to the dietary diversification
observed in phyllostomids. Following FDR correction and site
class proportion assessment, our analyses revealed the
identification of 824 genes undergoing divergent selection
within the Phyllostomidae clade (Table S9).

Functional enrichment analyses of the genes under
divergent selection unveiled their significant enrichment in
20 GO terms (Fig. S4; Table S10). Notably, eight of these
terms were closely related to metabolism, encompassing
processes such as amide metabolic process (GO:0043603),
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fatty acid metabolic process (GO:0006631), steroid metabolic
process (GO:0008202), lipid catabolic process (G0O:0016042),
protein catabolic process (G0:0030163), carbohydrate trans-
port (GO:0008643), nucleoside bisphosphate metabolic
process (G0:0033865), and mMRNA metabolic process
(GO:0016071) (Fig. 2; Table S11). Of particular significance,
184 genes, constituting 22.3% of the genes under divergent
selection, were associated with metabolism-related path-
ways (Table S12), highlighting the critical role of divergent
selection in shaping genes related to metabolism during the
dietary diversification of phyllostomids. In addition to dietary
diversification, we cannot rule out other physiological
adaptations that are associated with divergent selection of
metabolism related genes.

3.3 Molecular adaptations of bat Tasz2r genes

Taste is closely related to dietary selection (Jiao et al., 2018).
Vertebrate Tasars encode receptors for bitter taste, granting
the ability to detect bitter compounds. Given that toxic
substances, like plant alkaloids and insect defensive
secretions, commonly exhibit a bitter taste, the ability to
sense bitterness is regarded as a crucial natural defense
mechanism in animals (Hong & Zhao, 2014). We identified a
total of 558 Tas2r genes across 19 bat species (refer to
Section 2.6.2 for more details). These genes contained 349
intact genes, averaging 18 per species, with a median of 18
and ranging from eight to 27 (Figs. 1, S5; Table S13).
Additionally, we found 15 partial genes, with an average of
one per species, a median of 0, and a range from o to 5
(Fig. 1). We conducted an analysis to examine the signatures
of accelerated evolution, positive selection, and divergent
selection for four Tar2r genes (Taszr1, Tas2r2, Tas2r3, and
Tas2r7) that were present across various feeding habits in
phyllostomid bats. The results revealed that all four genes
did not show a significant positive selection signal when
assessed using the branch-site model. However, Tas2r1
exhibited signatures of accelerated evolution and divergent
selection when evaluated with the branch model and the
clade model, respectively. In contrast, Tas2r3 displayed
the signature of divergent selection when analyzed using
the clade model (Table S14).

We further conducted cell-based functional assays to
demonstrate functional changes in Tas2r1 and Tas2r3 genes
among phyllostomid bats. These assays involved assessing
the responsiveness of these two receptors to 23 bitter
compounds, comprising 19 natural and four synthetic bitter
compounds (Table S8). The quantification of calcium
mobilization, based on relative fluorescence changes,
revealed that the Tas2ri receptor in phyllostomid bats
exhibited a broader spectrum of perception for bitter
substances when compared to nonphyllostomid bats
(Fig. 3). Conversely, the Tas2r3 receptors did not demon-
strate the ability to perceive any of the 23 bitter substances
across all bat species. When combined with the previous
study (Lu et al.,, 2021), we found that phyllostomid bats
primarily possess the capability to detect six distinct bitter
substances. These substances include two synthetic com-
pounds (difenidol hydrochloride and denatonium benzoate)
and four natural compounds (camphor, papaverine, esculine,
and chloramphenicol) (Figs. 3, S6; Table S8). Among these,
carnivorous bats can perceive four bitter substances, while
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Fig. 2. Gene Ontology enrichment for metabolism-related terms among genes exhibiting divergent selection. The vertical axis
denotes the pathway names, while the horizontal axis represents the enrichment factor. The size of each circle corresponds to
the number of genes enriched within the pathway. The color of the circle signifies the significance of enrichment in the
pathway, as indicated by the g-value, representing an adjusted P-value. The enrichment factor is calculated as the ratio of the

gene count in the input to the gene count in the reference.

omnivorous bats, nectar-eating bats, and fruit-eating bats
can perceive three bitter substances. Vampire bats, on the
other hand, can perceive two bitter substances (Figs. 3, S6;
Table S8). Our findings highlight differences both in the
quantity and types of bitter substances perceived by the
Tas2r1 receptor, as well as in the capability to sense bitter
compounds, among Phyllostomidae bats with varying
feeding habits. These observations are consistent with the
divergent selection signatures of the Tas2r1 gene.

3.4 Divergent selection of digestive system

The diverse food sources within the Phyllostomidae family
result in significant differences in nutritional intake, such as
high-protein diet (sanguivory, carnivory), high-carbohydrate
diet (frugivory, nectarivory) and high-fat diet (carnivory).
These dietary differences are considerable challenges to the
digestive system of phyllostomids. To investigate the
contribution of divergent selection of genes associated
with the digestive system to the dietary diversification of
Phyllostomidae, we manually annotated a total of 105 genes
(Fig. 1; Table S15) involved in protein, carbohydrate and fat
digestion and absorption among all bat species (refer to the
Section 2.6.3 for more details). Subsequently, we performed
the clade model analyses on the dataset of 105 genes,
uncovering 14 genes that exhibited signatures of divergent
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selection. Notably, three of these genes are involved in
protein digestion and absorption (PGA3, CPB1, and MEP1B),
five are associated with carbohydrate digestion and
absorption (LCT, SI, SLC5A1, SLC2A2, and SLC2As5), and six
are linked to fat digestion and absorption (PLA2Gs5, CD36,
SLC27A4, ABCG5, MOGAT2, and MOGAT3) (Fig. 4; Table $S16).

4 Discussion

In this study, we reported a novel genome assembly of
Trachops cirrhosis, a representative omnivorous leaf-nosed
bat. Through comparative genomic analysis, we found that
phyllostomid bats had undergone extensive divergent
selection in taste, digestive system, and metabolism, which
are associated with their dietary diversification.

In our analysis, we included three omnivorous phyllos-
tomid bat species that effectively represent the diverse
distribution of food types within an omnivorous diet. To
enhance our study, we sequenced the genome of T
cirrhosus, which shows a larger preference for vertebrates
and thereby strengthens our dataset. Considering the
scarcity of T. cirrhosus samples and the inability of their
DNA quality to meet the requirements for long-read
sequencing, we used a genome assembly strategy combining
10X Genomics and lllumina pair-end sequencing.
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Fig. 3. Functional diversification of Tas2r1 receptors in Phyllostomidae. HEK293 cells transiently expressing bat Tas2r1 genes
were subjected to functional assays to assess their responses to eight bitter compounds. The responses of bat Tas2r1
receptors to these bitter substances were quantified using calcium mobilization (AF/F) values, visually depicted by rectangles
of varying colors. Specifically, gray rectangles indicate no response to bitter substances, while red rectangles represent a
response. The AF/F values, differentiated by distinct colors, are illustrated on the AF/F bar. Additionally, circles of varying colors

correspond to the feeding habits of bats.

The evolution of taste is closely related to dietary changes,
and it is generally believed that mammals can avoid
potentially toxic foods by sensing bitter taste through bitter
taste receptors, because poisonous substances usually taste
bitter (Glendinning, 1994; Feng et al., 2014; Jiao et al., 2021).
We examined the functional changes of the bitter taste
receptors Tas2r1 and Tas2r3 during the dietary diversification
of Phyllostomidae by molecular evolutionary analysis of
bitter taste receptor genes and cell-based functional assays.
Our investigation revealed that despite Tas2r3 showing the
signature of divergent selection, its encoding receptors of all
bats were unable to perceive the bitter substances examined
in this study. This could potentially be attributed to the
limited perception range of these receptors, as the Tas2r3
receptor in humans only sensed a single synthetic compound
chloroquine, an antimalarial drug (Meyerhof et al., 2009).
Tas2r1 receptors in phyllostomid bats demonstrated a
broader range of bitter substance perception. However,
this heightened bitter taste perception ability was not
observed in their close relatives, the Mormoopidae bats.
We speculated that the bitter taste perception ability of
Tas2r1 receptor in Phyllostomidae bats was a functional
innovation that occurred in the common ancestor of

J. Syst. Evol. 0o (0): 1-14, 2024

Phyllostomidae bats, and its function had also changed
during dietary diversification of Phyllostomidae bats,
although this hypothesis is awaiting additional evidence for
validation. Jiao et al. (2018) found no clear correlation
between bat diet and the number of Tas2r genes, therefore,
we did not examine the relationship between the diet of
Phyllostomidae bats and the number of bitter taste receptors
in this study.

Digestive enzymes adapt to diet as nutrient intake alters
(Corring, 1980). The nutrient intake of Phyllostomidae bats
shifted across various dietary patterns, transitioning from an
insect-eating diet to meat-eating, fruit-eating, and nectar-
eating diets (Potter et al., 2021). Consequently, the activities
of a series of enzymes were altered, among which the
activities of intestinal sucrase and maltase were increased in
frugivorous and nectarivous bats, whereas vampire bats
virtually absent intestinal maltase and sucrase activity, and
the enzyme activity of trehalase in insectivorous bats was
significantly higher than that of bats with other feeding
habits (Schondube et al., 2001; Jiao et al, 2019). We
demonstrated the contribution of the digestive system to
the dietary diversification of Phyllostomidae by analyzing
the divergent selection signatures of genes involved in
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carbohydrate, protein and fat digestion and absorption
pathways. Specifically, three genes associated with protein
digestion and absorption include PGA3, CPB1, and MEP1B. In
each bat species, PGA3 is present as a single copy, while in
humans, there exists a cluster of related genes (PGA3, PGA4,
PGAs5); PGA3 encodes for Pepsin (as depicted in Fig. 4), which
functions in the breakdown of dietary proteins (Athauda
et al., 1989). CPB1, which encodes a carboxypeptidase (CPB),
plays a vital role in breaking down peptide chains and
releasing free amino acids (Aloy et al., 1998). MEP1B encodes
for a multidomain zinc metalloprotease (peptidase in Fig. 4),
which is involved in the hydrolysis of various peptide and
protein substrates (Marin, 2015). Only three genes under
divergent selection were identified in protein digestion and
absorption pathways, implying that the pathway may have
not undergone many functional changes, and the study of
aminopeptidase N activity seemed to support this notion, as
its activity showed no difference between animalivorous and
plant-eating bats (Fleming et al., 2020). Although few genes
involved in protein digestion and absorption underwent
divergent selection, we found more genes related to the
protein catabolic process were under divergent selection in
our genome-wide analysis. Five genes involved in the
carbohydrate digestion and absorption pathway were
identified. These genes encompass LCT, which encodes
lactase (lactase in Fig. 4). Lactase is an integral component
of the plasma membrane and is responsible for the
hydrolysis of lactose into galactose and glucose (Kuokkanen
et al., 2006). Furthermore, SI encodes sucrase-isomaltase
(S1), which is indispensable for the digestion of various
dietary carbohydrates, including starch, sucrose and iso-
maltose (Kuokkanen et al., 2006). The divergent selection
feature of SI can be supported by the above-mentioned
activity changes of maltase and sucrase in bats with different
feeding habits. Additionally, three genes SLC5A1, SLC2A2, and
SLC2A5 encode sodium-dependent glucose transporter
(SGLT1), glucose transporter (GLUT2), and fructose trans-
porter (GLUT5), respectively. These transporters play pivotal
roles in facilitating the transcellular transport of glucose and
fructose (Barone et al., 2009; Thorens, 2015; Han et al., 2022).
Although paracellular transport were considered to be
dominant in glucose transport in bats, and the proportion
of glucose uptake can reach 70% (Caviedes-Vidal et al., 2008;
Price et al., 2013, 2015; Brun et al., 2014; Rodriguez-Pefia
et al, 2016). We speculate that it is plausible that the
functions of the hexose transporter in Phyllostomatidae bats
were altered under extremely different carbohydrate diets.
Six genes within the fat digestion and absorption pathway
were examined, featuring PLA2G5, encoding a secretory
phospholipase (lipase in Fig. 4). This enzyme catalyzes the
hydrolysis of membrane phospholipids, generating lysophos-
pholipids and free fatty acids (Chen et al., 1994). Moreover,

two genes, CD36 and SLC27A4, encode fatty acid transporters
(CD36 and FATP4, respectively), which are crucial for the
transport of long-chain fatty acids across the plasma
membrane (Schwenk et al., 2010). The ATP-binding cassette
transporter-coding gene, ABCG5, plays a pivotal role in
mediating the selective transport of dietary plant sterols
and cholesterol across the enterocytes (Yu et al.,, 2014).
Lastly, MOGAT2 and MOGATS3 are implicated in the resynthesis
of triacylglycerol in enterocytes, a process crucial for dietary
fat absorption in the small intestine (as depicted by “MGAT”
in Fig. 4) (Cheng et al., 2003; Zhang et al., 2014). In this study,
three divergently selected genes associated with the fat
digestion and absorption pathway were involved in the
transport of long-chain fatty acids and cholesterol, which
implied that phyllostomids may deal with fat intake differ-
ences through functional changes of genes involved in
lipid transport.

Through genome-wide identification, we discovered the
functional changes of metabolism-related genes in the
process of dietary diversification in Phyllostomidae. Three
genes we identified, GSTT4, SOD1, and CAT, which respec-
tively encode glutathione-S-transferase theta 4, superoxide
dismutase 1, and catalase, have been confirmed to show
differential enzyme activities in sanguivorous and frugivorous
bats in the Phyllostomidae family, among which the activity
of the glutathione-S-transferase was higher in kidneys of
vampire bats, and the activities of superoxide dismutase and
catalase were higher in fruit-eating bats (Linhares et al., 2021).

5 Conclusion

In summary, we have presented a novel genome assembly of
Trachops cirrhosis, an exemplary omnivorous bat within the
Phyllostomidae family. Through the integration of genomic
data from eight other phyllostomid bats and 10 non-
Phyllostomidae bats, we conducted comparative genomic
analyses aimed at elucidating the genetic basis of dietary
diversification in Phyllostomidae. Our study has revealed
extensive divergent selection signatures within genes
associated with taste, digestion, absorption, and metabo-
lism-related pathways. Subsequent cell-based functional
assays have not only confirmed but also validated the
functional diversification of the bitter taste receptor Tas2r,
highlighting its crucial role in bitter taste perception specific
to Phyllostomidae. Our genomic and functional analyses has
led us to propose that the divergent selection of genes
related to taste, digestion, absorption, and metabolism plays
a pivotal role in steering the remarkable dietary diversifica-
tion observed in Phyllostomidae. This work not only sheds
light on the genetic mechanisms underlying dietary
adaptations in Phyllostomidae bats but also significantly

Fig. 4. Diagram depicting the evolution of digestive system-related pathways in Phyllostomidae. From top to bottom, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways are carbohydrate digestion and absorption, protein digestion
and absorption, fat digestion and absorption. In each pathway, proteins that are encoded by genes under divergent selection
are marked red, the shapes of the cyan background represent the enzymes, the yellow background shapes represent the
transport proteins, the solid arrows represent the metabolic process of the substance, and the dotted arrows represent the

transfer direction of substance.
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advances our comprehension of their extraordinary adaptive
radiation linked to dietary diversification.
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Supplementary Material

The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
13059/suppinfo:

Fig. S1. A preliminary genome survey of Trachops cirrhosus
based on k-mer analysis (k=17) with Illumina paired-
end data.

Fig. S2. ML phylogeny generated by 1Q tree (log-
likelihood = —15 369 407.9053). Numbers at the nodes rep-
resent bootstrap values.

Fig. S3. Topology of the species tree. A, A density tree
generated using ggtree. B, A species tree topology (final
normalized quartet score: 0.904) inferred by ASTRAL based
on the species tree summary method. The branch lengths of
the tree represent coalescent units, and the numbers at the
nodes indicate support values.

Fig. S4. Gene ontology (GO) enrichment for genes under
divergent selection.

Fig. S5. Gene tree constructed with all Tas2r genes. The red
background represents the Tas2r genes in humans. The
abbreviation of a bat's Latin name consists of the first letter
of its genus name and the first three letters of its
species name.

Fig. S6. Quantitative analysis of responses of bat Tas2r1
receptors to seven bitter compounds (mean =+ SE,
**%P < 0.001, **P < 0.01, *P < 0.05, one-way ANOVA).
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Table S1. Summary of sequencing data.

Table S2. Estimation of the Trachops cirrhosus genome size
using K-mer analysis.

Table S3. Summary of the Trachops cirrhosus genome
assembly.

Table S4. Completeness assessment for the Trachops
cirrhosus genome.

Table S5. Summary of the transposable elements (TEs).
Table S6. Statistics of gene structures.

Table S7. Genome data sources of all analyzed species.
Table S8. Responses of 23 different bitter compounds with
Tas2r1 receptors and their corresponding maximum concen-
trations in functional assays.

Table S9. Genes under divergent selection (n = 824).

Table S10. Gene ontology (GO) enrichment of the genes
under divergent selection.

Table S11. Metabolism-related gene ontology (GO) terms.
Table S12. Genes involved in eight metabolism-related gene
ontology (GO) terms (n=184).

Table S13. Distribution of Tas2r genes in bats.

Table S14. Adaptive evolution of Tas2r genes in Phyllosto-
midae.

Table S15. Genes involved in digestion and absorp-
tion (n=105).

Table S16. Genes undergoing divergent selection involved in
digestive system.
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