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Abstract

Gene expression changes contribute greatly to phenotypic variations in nature. Studying patterns of regulators of gene expression is important
to fully understand the molecular mechanism underlying phenotypic variations. In horseshoe bats, the cochleae are finely tuned to echoes of
call frequency. Here, using 2 recently diverged subspecies of the intermediate horseshoe bat (Rhinolophus affinis hainanus and R. a. himala-
yanus) with great acoustic variations as the system, we aim to explore relative roles of different regulators of gene expression (differential gene
expression, alternative splicing (AS) and long non-coding RNAs (IncRNAs)) in phenotypic variation with a combination of Illumina short-read and
Nanopore long-read RNA-seq data from the cochlea. Compared to R. a. hainanus, R. a. himalayanus exhibited much more upregulated differen-
tially expressed genes (DEGs) and multiple of them may play important roles in the maintenance and damage repair of auditory hair cells. We
identified 411 differentially expressed IncRNAs and their target DEGs upregulated in R. a. himalayanus were also mainly involved in a protective
mechanism for auditory hair cells. Using 3 different methods of AS analysis, we identified several candidate alternatively spliced genes (ASGs)
that expressed different isoforms which may be associated with acoustic divergence of the 2 subspecies. We observed significantly less over
lap than expected between DEGs and ASGs, supporting complementary roles of differential gene expression and AS in generating phenotypic
variations. Overall, our study highlights the importance of a combination of short-read and long-read RNA-seq data in examining the regulation

of gene expression changes responsible for phenotypic variations.
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Differences in gene expression contribute greatly to phenotypic
variations in nature (Harrison et al. 2012). This was supported
by numerous studies using transcriptome sequencing (i.e., RNA-
seq) (reviewed in Alvarez et al. 2015), for example, melanic
plumage coloration in the dark-eyed junco (Junco hyemalis,
Abolins-Abols et al. 2018), seasonal changes of coat color molt
in the snowshoe hare (Lepus americanus, Ferreira et al. 2017),
changes of bill morphology and plumage in Holarctic redpoll
finches (Genus: Acanthis, Mason and Taylor 2015), and skin
pigmentation variation in the Virginia opossum (Didelphis vir-
giniana, Nigenda-Morales et al. 2018). Thus, regulations of gene
expression can be considered as drivers of phenotypic evolution
(Carroll 2008; Romero et al. 2012; Mank 2017). Non-coding
RNAs, such as microRNAs and long non-coding RNAs (IncR-
NAs) have been shown to be key regulators of gene expression
(Chen and Rajewsky 2007; Kittelmann and McGregor 2019;
Gil and Ulisky 2020). Recently, the role of microRNAs in phe-
notypic evolution has been studied in a wide range of organ-
isms (e.g., Maida cichlids, Franchini et al. 2016, 2019; and other
teleost fishes, Desvignes et al. 2021; insects, Ma et al. 2021).
However, little is known about the role of IncRNAs in pheno-
typic divergence to date.

Apart from gene expression, alternative splicing (AS) is
another major form of transcriptional regulation to generate

transcriptome diversity and hence phenotypic diversity by
producing multiple isoforms from a single gene. AS is wide-
spread in eukaryotes (Bush et al. 2017) and its frequency and
abundance might be positively correlated with the level of
phenotypic complexity (Xing and Lee 2006; Keren et al. 2010;
Kornblihtt et al. 2013). In addition, AS has been suggested to
underlie phenotypic and functional novelty in nature (Bush et
al. 2017; Wright et al. 2022), such as the cryptic coloration
in Peromyscus mice (Mallarino et al. 2017), difference in the
spine length in the 3 spine sticklebacks Gasterosteus aculea-
tus (Howes et al. 2017) and the caste system plasticity in the
bumble bee Bombus terrestris (Price et al. 2018). In contrast
to differential gene expression, the role of AS in phenotypic
diversity is understudied possibly due to the unavailability of
high-quality genomes and annotations for most non-model
species.

Short-read RNA-seq has been widely used to uncover the
genetic basis of phenotypic variations in natural organisms by
investigating expression changes of thousands of genes (Todd
et al. 2016). However, short-read RNA-seq cannot accurately
capture all transcripts, in particular for lowly expressed tran-
scripts or large transcripts (>10k bp; Conesa et al. 2016;
Stark et al. 2019). The recent development of long-read
RNA sequencing (e.g., nanopore sequencing) can overcome
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the shortcomings of short-read RNA-seq by sequencing full-
length (FL) transcripts at a single molecular level (Stark et al.
2019; Workman et al. 2019). This technology made it possi-
ble to quantify alternative transcripts instead of genes with
high accuracy (Wang et al. 2019).

Acoustic signals produced by many animals (e.g., insects,
birds, and mammals) are essential for survival and communi-
cation (Chen and Wiens 2020). For example, many bats use
echolocation calls to explore their environment and detect prey
(Schnitzler et al. 2003) and the communication potential of echo-
location calls has also been suggested and studied (Schuchmann
and Siemers 2010; Jones and Siemers 2011). Considerable diver-
gence of echolocation calls has been reported in bats (Luo et
al. 2019), in particular in horseshoe bats (Rhinolophus) (Chen
et al. 2009; Zhang et al. 2009; Sun et al. 2013; Odendaal et al.
2014; Mutumi et al. 2016; Jacobs et al. 2017; Xie et al. 2017).
Horseshoe bats have evolved a derived form of echolocation
in which their hearing is narrowly tuned to that of the emitted
call (Jones 2010). So variation of echolocation call frequency in
Rhinolophus reflects variation of the hearing frequency in coch-
lea. In addition, the echolocation call frequency of horseshoe
bats can be regarded as a morphological character related to
their acoustic foveae (Siemers et al. 2005). As such, compared
to the organs that are responsible for sound production (larynx)
and sound interpretation (brain), cochlea tissues have been com-
monly used to investigate the genetic basis of echolocation and
also echolocation call frequency variation in bats using compar-
ative transcriptomics (Dong et al. 2013; Wang et al. 2018; Zhao
et al. 2019; Sun et al. 2020; Li et al. 2022).

In this study, we focus on 2 recently diverged subspecies of
the intermediate horseshoe bat Rhinolophus affinis showing
acoustic divergence. Specifically, among the 3 R. affinis sub-
species, 2 of them (R. a. himalayanus and R. a. macrurus) are
from the mainland of China and a third (R. a. hainanus) is from
Hainan Island. Previous phylogeographic studies on this species
have shown that R. a. himalayanus was the first to diverge and
a sister relationship was observed between the other 2 subspe-
cies (Mao et al. 2010, 2013, 2014). Although the 3 subspecies
were recently diverged (less than 1 million years ago, Mao et al.
2010), R. a. himalayanus emits much higher echolocation call
(ultrasound) frequencies than the other 2 subspecies which show
similar ultrasound frequencies (R. a. himalayanus, 87.12 kHz;
R. a. macrurus, 73.68 kHz; R. a. hainanus, 70.85 kHz; Mao
et al. 2010, 2013, 2014). Despite this high acoustic divergence,
extensive introgression of mitochondrial DNA has been detected
between R. a. himalayanus and R. a. macrurus in the eastern
region of China (Mao et al. 2010; Mao and Rossiter 2020).
Because sequence introgression might affect patterns of gene
expression (e.g., Dannemann et al. 2017; McCoy et al. 2017),
in this study we chose 2 allopatric subspecies (R. a. himalayanus
and R. a. hainanus) as the system to conduct comparative tran-
scriptomics. This system has been recently used to explore the
role of gene expression changes and microRNAs in ultrasound
frequency differences across the 3 R. affinis subspecies (Sun et
al. 2020; Li et al. 2022). However, in Sun et al. (2020), de novo
transcriptomes assembled based on short-reads RNA-seq were
used as the reference to quantify the level of gene expression.
Further studies using the high-quality genome or FL transcrip-
tome as the references are needed to test for the previous results.
More importantly, the role of AS in generating ultrasound fre-
quency variation is still unknown so far.

In this study, our main aim is to investigate patterns of differen-
tial gene expression and AS and their relative roles in ultrasound
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frequency divergences between R. a. himalayanus and R. a. hain-
anus. To this aim, we used both short-read and long-read RNA-
seq of the cochlear tissue from the same individuals of the 2 focal
subspecies. Based on datasets of these 2 sequencing platforms,
we identified candidate differentially expressed genes (DEGs)
and pathways putatively associated with ultrasound frequency
variations between the 2 subspecies. We also explore the role of
IncRNAs in the regulation of expression changes of these genes.
In mammals, it is now known that high-frequency sound can
damage cochlear hair cells (Kurabi et al. 2017; Wagner and Shin
2019) although a recent study revealed that echolocating bats
might be one of the few exceptions (Liu et al. 2021). We propose
that higher frequency sound may cause more serious damage to
cochlear hair cells compared with lower ones. The findings in Liu
et al. (2021) have supported the existence of a protective mech-
anism in echolocating bats to defend cochlear hair cells against
intense sound exposure. Thus, under our proposal, we further
predict that genes involved in improving the survival of cochlear
hair cells or repair of hair cell damage could be highly expressed
in echolocating bats emitting higher ultrasound frequency (R. a.
himalayanus) compared with ones with lower frequency (R. a.
hainanus). Lastly, we examine the relative roles of differential
gene expression and AS in generating phenotypic variations.

Materials and Methods

Sampling and collection of short-read and long-
read RNA-seq data

In this study, we sampled 8 male individuals of Rhinolophus
affinis, including 4 R. a. himalayanus from Anhui, China and
4 R. a. hainanus from Hainan Island, China (Figure 1A and
Table 1). These bats have been used in our previous study
to investigate the role of microRNAs in call frequency vari-
ation (Li et al. 2022). Here, we only sampled males to avoid
the effect of sex differences on patterns of gene expression
(Naqvi et al. 2019). In addition, no significant difference in
call frequency between sexes was observed in R. affinis (Mao
et al. 2014). Bats capture, adult bat identification, recording
of the echolocation call frequency, tissue sampling, and short-
read RNA-seq data collection have been described previously
(Li et al. 2022). Briefly, for each adult bat, 2 cochleae were
collected and 1 of them was used for short-read RNA-seq
(Figure 1A). A total of 8 sequencing libraries were created
using Illunima’s TruSeq mRNA standard library preparation
kit and sequenced on Novaseq 6000 mRNA (pair-end 150bp).
Raw sequencing reads of these 8 short-read RNA-seq libraries
were obtained from the NCBI’s Sequence Read Archive (SRA)
database under BioProject accession no. PRJNA764560.

For each subspecies, an equal amount of total RNA from 4
individuals was combined to perform long-read sequencing on
Oxford Nanopore PromethION platform (long-read RNA-
seq, Figure 1A). Briefly, libraries were generated according to
the Nanopore community protocol using SQK-LSK109 kit
and sequenced on R9 flow cells. Raw sequencing reads were
then basecalled in guppy v3.2.10 with the default options to
yield fastq files. Only reads with a minimum average quality
score >7 were collected for subsequent analysis.

Transcript identification and annotation

We analyzed the long-read RNA-seq data of each subspe-
cies using the same pipeline (Figure 1B). First, we assessed
the quality of reads using NanoPlot v 1.8.1 (De Coster et
al. 2018) and only reads with the score >7 were retained.
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Figure 1. (A) Sampling and experimental design. Cochlea diagram was modified from the previous study (Dallos 1992). (B) Identification of transcripts
in two subspecies (R. a. hainanus and R. a. himalayanus). (C) Annotation of transcripts including protein-coding transcripts (pcRNAs) and IncRNAs. The

number in bracket represents the number of genes.

Table 1. Detailed information about samples and sequencing data (short-read and long-read RNA-seq) used in this study

Sample ID Taxon Sex Call frequency Short-read RNA-seq Long-read RNA-seq (this study)
(kHz) (Li et al. 2022)

Hai-05 R. a. hainanus Male 71.0 7.8 Gb 52 Gb

Hai-16 R.a. hainanus Male 71.4 8.2 Gb

Hai-19 R. a. hainanus Male 71.8 7.3 Gb

Hai-20 R. a. hainanus Male 70.5 7.2 Gb

Him-12 R. a. himalayanus Male 87.5 6.3 Gb 41 Gb

Him-13 R. a. himalayanus Male 87.4 6.8 Gb

Him-35 R. a. himalayanus Male 87.4 6.5 Gb

Him-36 R. a. himalayanus Male 87.6 7.2 Gb

Second, the full-length (FL) reads were identified with adapter
sequences on both ends. Then, Pychopper v 2.5.0 (github.
com/nanoporetech/pychopper) was used to trim adapters
and orient reads. Poly A tails were identified and trimmed
using Cutadapt v 2.6 (Martin 2011) with the parameter
“--discard-untrimmed -a ‘A{100}’ -O 10.” Third, by searching
against the Silva rRNA (https://www.arb-silva.de) and tRNA
database, transcripts of rRNAs and tRNA were removed.
Fourth, we clustered reads using isONclust v 0.0.6.1 (Sahlin
and Medvedev 2020) and error-correcting was conducted
with isONcorrect v 0.0.8 (Sahlin and Medvedev 2021). Fifth,
we defined the final transcripts using FLAIR v1.5.0 (Tang et

al. 2020). Specifically, we first aligned all reads against the
reference genome of Rhinolophus affinis (Zhao et al. unpub-
lished manuscript) using minimap2 v 2.24-r1122 (Li 2018)
with the parameter “-ax splice -k14 -secondary=no -splice-
flank=yes.” Then, SAMtools v 1.15.1 (Li et al. 2009) was used
to generate sorted BAM files which were converted to BED12
with FLAIR. Next, we corrected the genomic alignment based
on splice evidence from Illumina short-read RNA-seq using
FLAIR-correct. FLAIR-collapse was used to generate a first-
pass isoforms. Then, reads were realigned to the first-pass
isoforms and filtered with stringent parameters. We removed
transcripts with fewer than 3 supporting reads. In addition,
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all supporting reads need to cover over 80% of the isoform
and include more than 25 nt of the first and last exons. The
resulting transcripts with less than 200 nt were further fil-
tered out and redundancy was removed using CD-HIT-EST v
4.8.1 (Fu et al. 2012) with an identity of 99% and coverage
of 90%.

To annotate transcripts, we identified Open Reading Frames
(ORFs) of each transcript using TransDecoder v 5.5.0 (http://
transdecoder.github.io) with default parameters. Transcripts
with ORFs longer than 100 amino acids were considered as
protein-coding RNAs (pcRNAs) and others were non-coding
RNAs (Figure 2C). The longest ORF of each transcript was
extracted and searched against the Rhinolophus ferrumequi-
num protein database (GCF_004115265.1_mRhiFer1_v1.p_
protein.faa.gz), the Swiss-prot (Swiss-Prot protein sequence
database) and nr (non-redundant protein sequence data-
base) using BLASTP with an E-value of 10-° and identity of
75%. Transcripts annotated in the above protein databases
were considered as known pcRNAs and the rest were novel
pcRNAs. The latter ones were further searched against the
nt (Non-Redundant nucleotide sequence) database using
BLASTN with E-value of 10-° and identity of 75%. Then,
transcripts with annotation in nt database were considered
as novel pcRNAs from known genes and the rest were novel
pcRNAs from unknown genes.

To identify IncRNAs, the non-coding RNAs were aligned
to miRBase (release 22.1) and Rfam databases (release 14.8)
to remove pri-miRNAs and other non-coding RNAs. Then,
coding potential of the remaining IncRNAs were further
assessed using Coding Potential Calculator (CPC2, https:/
github.com/gao-1ab/CPC2_standalone), Coding-Non-Coding
Index (CNCI, https://github.com/www-bioinfo-org/CNCI)
and PLEK v 1.2 (Li et al. 2014) and those without coding
potential predicted by all 3 softwares were considered as
IncRNAs. Finally, we only retained IncRNA with more than
2 exons. The defined IncRNAs were searched against the
known IncRNAs sequences in RNAcentral (https:/rnacen-
tral.org/) database using BLASTN with E-value of 10-° and
identity of 90%. Those with and without hits were considered
as known and novel IncRNAs, respectively.

Differential expression analysis

Prior to differential expression analysis, we first generated
a collection of transcripts expressed in both subspecies
which were used as the reference transcriptome (Figure 2A).
Specifically, in each subspecies short-read RNA-seq data
were mapped to the transcripts identified with the long-read
RNA-seq above using Kallisto v 0.48.0 (Bray et al. 2016).
Then, mapped reads were quantified with Kallisto and counts
of transcripts across samples were normalized using DESeq
method in DESeq2 v1.30.1. (Love et al. 2014). Transcripts
with CPM (counts per million) >1 in at least 2 samples of each
subspecies were retained. Then, by mapping the short-read
RNA-seq data of R. a. hainanus (or R. a. himalayanus) on
the expressed transcripts of R. a. himalayanus (or R. a. hain-
anus), we determined the transcripts expressed in both sub-
species and specific transcripts in each subspecies. Transcripts
expressed in both subspecies were combined and redundancy
was removed, resulting in a reference transcriptome used in
the differential expression analysis below.

With transcripts generated using both long-reads and
short-reads RNA-seq datasets, we conducted differential
expression analysis at both transcript and gene levels. First,
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at the transcript-level we identified differentially expressed
(DE) transcripts, including DE pcRNAs and DE IncRNAs.
Specifically, short-reads of each sample were mapped to the
reference transcriptome. Then, Kallisto was used to quantify
and counts of transcripts across samples were normalized
using DESeq2. Principal component analysis (PCA) based
on normalized transcripts expression matrix of all samples
revealed that samples of each subspecies were clustered into 2
groups (Supplementary Figure S1). Following Li et al. (2022),
we used both DESeq2 and edgeR (Robinson et al. 2010)
to perform differential expression analysis. DE transcripts
were determined by both methods with significant results
(Benjamini and Hochberg 1995, Padj < 0.05 in DESeq2 and
FDR < 0.05 in edgeR) and llog,(fold change)l > 1.

Second, differential expression analysis was conducted
at the gene-level to identify differentially expressed genes
(DEGs). Based on the pcRNA quantification above, gene
quantification was conducted by combining counts of all
transcripts of the focal gene (see also Zhu et al. 2021). PCA
based on the normalized gene expression matrix of all sam-
ples also separated samples of each subspecies into different
clusters (Supplementary Figure S1). Similarly, DEGs were
identified using both DESeq2 and edgeR with the same pro-
cedures as above.

Identification of DE IncRNAs cis- and trans-target
genes

Genes within 100k bp up- and down-stream of DE IncR-
NAs were identified as potential cis-target genes. To identify
trans-target genes, RIblast v 1.2.0 (Fukunaga and Hamada
2017) was used to predict IncRNA-mRNA interactions
by means of free energy minimization. Then, we calculated
the Pearson’s correlations of expression value between DE
IncRNAs and 1,069 DEGs identified by at least 2 methods
of differential expression analysis (see Results). Genes with
Pearson’s correlation coefficients >0.95 or <-0.95 were deter-
mined as #rans-target genes. Finally, the IncRNA-mRNA
co-expression networks were generated using Cytoscape (ver-
sion 3.9.1, http://www.cytoscape.org/).

Alternative splicing analysis

Based on long-read RNA-seq, we conducted AS analysis using
all-vs.-all BLAST methods (Liu et al. 2017). Specifically, all
transcripts of 1 subspecies were searched against ones of the
other subspecies using BLASTn with an E-value of 1e-20.
The alignment results were processed using a series of Python
scripts  (https://github.com/liuxiaoxian/IsoSeq_AS_de_novo;
Liu et al. 2017). Genes whose alignments meet all following
criteria were considered as alternatively spliced genes (ASGs):
1) 2 transcripts from each subspecies were both longer than
1,000 bp; 2) the alignment includes 2 high-scoring segment
pairs (HSPs) with the same direction; 3) 2 HSPs on 1 tran-
script should be conjuncted or with a small overlap no more
than 5 bp, whereas 2 HSPs on the other transcript should
show a gap with at least 100 bp (see details in Liu et al. 2017).

Based on short-read RNA-seq, we used 2 methods to iden-
tify AS events between the 2 subspecies. Short-reads of RNA-
seq from each sample were filtered using TRIMMOMATIC
version 0.38 (Bolger et al. 2014) with the parameters of
SLIDINGWINDOW:4:20. We removed reads shorter than
150 bp to ensure the same length of reads as the input required
by rMATS (see below). The processed reads were then aligned
to the reference genome of Rhinolophus affinis using HISAT2


http://transdecoder.github.io
http://transdecoder.github.io
https://github.com/gao-lab/CPC2_standalone
https://github.com/gao-lab/CPC2_standalone
https://github.com/www-bioinfo-org/CNCI
https://rnacentral.org/
https://rnacentral.org/
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoad045#supplementary-data
http://academic.oup.com/bjc/article-lookup/doi/10.1093/cz/zoad045#supplementary-data
http://www.cytoscape.org/
https://github.com/liuxiaoxian/IsoSeq_AS_de_novo

Li et al. - The roles of different gene expression regulators in acoustic variation 579

A g .
(A) Transcriots of R. a. hainanus Transcripts of R. a. himalayanus

288,651) 2
{CPM>T'natleasttwo ™~ 73
isamples of R. a. himalayanus,

'CPM>1 in at least two |
wsamples of R._a._hainanus:!

Expressed trancripts in Expressed transcripts in
R. a. hainanus (79,366) R. a. himalayanus (71,618)

'CPM>1 in at least two !

NO | | YES YES| | NO
Specific transcripts 3 d tr int Expressed transcripts Specitic transcripts
1% R. a. hainanus il):%ressc — in both subspecies in R. a. himalayanus

e spectes (58,658) (12,960)

(17,064) | |
|
LncRNA Merge and remove redundant
(111,0237) ° transcripts (110,367) . L&C%I)\IAS

(B) LncRNAs
i i Specifi i PcRNAs
gpecific genes in - RP imaiayanys | (87,938) G074 g
DEGs at transcript ~ DEGs at gene level

level (this study)

2499 412
425
6926 08

(©) GO terms on specific genes in R. a. himalayanus
Mitotic spindle organization « N. of Genes 1109
Mitotic sister chromatid segregation . 20 DEGs at gene level
Micniotlabule C)t/toskeleton organization . ° 30 (L | 2022)
mvolved in mitosig . . . L]
dl t 1etal
Sister chiomatid segregation . e 40 ’
Pos. reg. of cytosolic calcium ion concentration ° e 50 DEGs by at least two methods
Reg. of inflammatory response o e 60 g A g
Chromosome segregation ° ' Genes upregulated in R. a. hainanus (238) |

Mitotic nuclear division ° e 70 . X
Lymphocyte differentiation ° i Genes upregulated in R. a. himalayanus (804) 1

i 1 L] o | . . . .
Mononuclfl%rafﬁgg‘g;rfg;gﬁg ° log10(FDR) ' Genes with inconsistent expression (27) !
Reg. of leukocyte activation o @5  TTTTTTTTTTooTToooToooTooooomooooooes -
Cell division o

Leukocyte activation =~ @

Lymphocyte activation =~ @

K ell activation =~ @

Pos. reg. of immune system proc. = ®

eg. of immune response @

3 4 5 6

Fold Enrichment
(D)GO terms on genes with R. a. himalayanus upregulated pcRNAs |_|:||__._|

Actin filament organization .
Actin cytoskeleton organization ° 2
Actin filament—based proc. [ ] - SLC1748
Regulated exocytosis °
¢ X TSPEAR |

Exocytosis [
Cell morphogenesis CDH23
SLC26A4

o
Enzyme linked receptor protein signaling pathway (]
° 150 LMXIA

Cell migration
e 200 MYO74

. I
Secretion by cell (J
.
Localization of cell 2
Export from cell [ J ® 3(5)8 MYHY9
o e MET -1
[
[ 4
[
o
[ d
[
( ]

(F) Hearing loss/deafness genes among DEGs
by at least two methods

0000
oo

N. of Genes

Cell motility
Locomotion
—log10(FDR) GSDME

Cytoskeleton organization
Bl
® 250 €cneso

Secretion
Generation of neurons
CLICS

Neurogenesis

Cell activation

Response to oxygen—containing compound
Response to endogenous stimulus

® 275 -
® 300 . ;
Fold Enrichment TSI ES

Figure 2. Results of differential expression analysis on protein-coding transcripts (opcRNAs) and genes. (A) Identification of specific and shared pcRNAs
between the two subspecies. (B) Venn diagrams showing specific genes in each subspecies. (C) The top 20 significant Gene Ontology (GO) terms
enriched on specific genes in R. a. himalayanus. (D) The top 20 significant GO terms enriched on genes with upregulated differentially expressed
pcRNAs (DETs) in R. a. himalayanus. (E) Venn diagram showing differentially expressed genes (DEGs) identified by 3 methods (DETs at the transcript
level; DEGs at the gene level by a combination of short-read RNA-seq and either FL transcriptome in this study or reference genome in Li et al. 2022).
The numbers of DEGs identified by at least two methods were shown in bold. (F) Hierarchical clustering and heatmaps showing expression patterns of
hearing loss/deafness genes among DEGs by at least two methods. DEGs by all 3 methods were shown in bold.
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v2.2.0 (Kim et al. 2015) with default parameters. SAMtools
v1.11 (Li et al. 2009) was used to convert the resulting SAM
files to sorted BAM files. The mRNA alignments in sorted
BAM files were used in the following analyses.

First, rMATs (v4.1.0) (Shen et al. 2014) were used to detect
AS events including skipped exon, alternative 5" splice site
(ASSS), alternative 3” splice site (A3SS), mutually exclusive
exons (MXE), and retained intron. This analysis was per-
formed by comparing the PSI value (percent spliced in value)
between the 2 subspecies. To reduce the false positives, AS
events were determined with 0 <PSI< 1 in at least half of
the samples in each subspecies. Then, the difference in inclu-
sion level (IncLevelDifference or APSI) between the 2 sub-
species was calculated for each AS event, and significance
was determined using the false discovery rate (FDR) < 0.05
and IncLevelDifference > 0.1. Second, we used DEXSeq v
1.42.0 (Anders et al. 2012) to determine differential exon
usage (DEU). The genome annotation file was flattened
using the Python script “dexseq_prepare_annotation.py” in
DEXSeq package. Then, the Python script “dexseq_count.
py” in DEXSeq package was used to quantify exon-specific
read counts and generate the count table for each sample.
Significance difference in exon usage between the 2 subspecies
was determined with llog,FCl > 1 and Padj < 0.05.

Comparison of differential expression and AS

To test the relative roles of differential gene expression and AS
in ultrasound frequency divergences between the two subspe-
cies, we estimated the extent of overlap between 1,069 DEGs
and 1,538 ASGs identified by at least 2 methods (see Results).
Specifically, the expected number of genes that are both DEGs
and ASGs were calculated as (total no. DEGs x total no.
ASG)/total no. expressed genes. Then, we estimated the rep-
resentation factor (RF) as the ratio of the observed number of
overlapped genes and the expected number. The significance
of more overlap than expected (RF > 1) or less overlap than
expected (RF < 1) was determined using a hypergeometric
test in R version 4.0.5 with the cutoff P-value of 0.05.

Functional enrichment analysis

We performed gene ontology (GO) term enrichment analysis
for genes identified in differential expression and AS analyses,
and also target genes of DE IncRNA using ShinyGo v0.77 (Ge
et al. 2020). Significantly enriched GO biological processes
were determined with an FDR cutoff = 0.05 and the top 20
enriched terms were shown. In addition, we also used a can-
didate gene approach by searching against the list of hearing
loss/deafness genes in humans (122 genes from https://heredi-
taryhearingloss.org/, accessed on 6 February 2023).

Results

Characterization of the transcripts with long-read
and short-read RNA-seq

Using Oxford Nanopore long-read sequencing technology, we
generated a total of 21,832,261 (52 Gb) and 25,790,240 (41
Gb) high-quality raw reads for R. a. hainanus and R. a. hima-
layanus, respectively (Figure 1B and Table 2). These raw reads
included 18,475,381 and 22,746,652 FL reads with an aver-
age length of 1,168 bp and 820 bp in R. a. hainanus and R.
a. himalayanus, respectively (Figure 1B and Table 2). Length
distribution revealed similar numbers of FL reads in each cat-
egory of sequence length in each subspecies (Supplementary
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Table 2. Detailed information about the long-read RNA-seq data and
transcripts defined in each subspecies. PcRNAs represent protein-coding

transcripts

Subspecies R. a. hainanus R. a. himalayanus
Number of raw 21,832,261 25,790,240
reads
Number of full- 15,602,610 16,421,998
length reads
Average length (bp) 1,168 820
Minimum length 200 200
(bp)
Maximum length 17,055 102,875
(bp)
NS0 length (bp) 1,676 1,085
Number of total 288,651 320,482
transcripts
Average length (bp) 2,507 1,502
Minimum length 200 200
(bp)
Maximum length 14,483 7,289
(bp)
NS5O length (bp) 3,454 1,930
Number of pcRNAs 184,012 143,095
Average length (bp) 2,507 1,501
Minimum length 200 200
(bp)
Maximum length 14,483 7,289
(bp)
NS0 length (bp) 3,454 1,930
Top 5 large pcRNAs 14,4835 13,773; 7,289; 6,778;
(bp) 13,177;13,103; 13,050 6,669; 6,510; 6,333
Number of genes 14,055 13,736
Number of 24,629 29,919
IncRNAs
Average length (bp) 1,605 1,151
Minimum length 200 200
(bp)
Maximum length 11,579 5,980
(bp)
N50 length (bp) 2,505 1,471
Top 5 large 11,579; 11,348; 5,980; 5,093;
IncRNAs (bp) 10,998; 10,430; 5,012; 4,839; 4,806

10,372

Figure S2). After a serial of filtering procedures, a final of
288,651 and 320,482 transcripts were retained in R. a. hain-
anus and R. a. himalayanus, respectively (Figure 1B and Table
2). Although R. a. himalayanus has more transcripts than
R. a. hainanus, the average length of transcripts was longer
in the latter than in the former (2,507 bp in R. a. hainanus;
1,502 bp in R. a. himalayanus). In addition, the maximum
length of transcript in R. a. hainanus was almost twice the
1 in R. a. himalayanus (Table 2). Length distributions of the
total transcripts also showed that R. a. hainanus had more
number of long length transcripts (3,000 bp) than R. a. him-
alayanus, whereas the latter had more number of transcripts
with 1,001-2,000 bp (Supplementary Figure S2).

By predicting ORFs, we found 184,012 and 143,095 pro-
tein-coding transcripts (pcRNAs) with an average length of


https://hereditaryhearingloss.org/
https://hereditaryhearingloss.org/
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2,811 and 1,845 bp in R. a. hainanus and R. a. himalayanus,
respectively (Figure 1C and Table 2). In contrast to the case of
the total transcripts, R. a. hainanus had almost twice number
of transcripts with 1,001-2,000 bp than R. a. himalayanus
(Supplementary Figure S2), which may explain why the for-
mer had more number of pcRNAs than the latter. By search-
ing against multiple protein databases, we found 146,222 and
111,669 known transcripts, encoded by 14,055 and 13,736
genes, in R. a. hainanus and R. a. himalayanus, respectively.
Novel transcripts were further searched against the nt data-
base, which revealed that a majority of novel transcripts
(35,735 of 37,790 in R. a. hainanus; 28,293 of 31,426 in R.
a. himalayanus) were from known genes and a minor of them
(2,055 in R. a. hainanus; and 3,133 in R. a. himalayanus)
were from novel genes (Figure 1C). In this study, we identified
5 large pcRNAs (>13 kb, Table 2) which are annotated as
ANK3, HUWE1, KIAA1109, DLG1, and SOGAI.

After filtering out pri-miRNAs, other small RNAs and
potentially coding transcripts, we detected 24,639 and 29,919
IncRNAs with an average length of 1,605 bp and 1,150 bp in
R. a. hainanus and R. a. himalayanus, respectively (Figure 1C
and Table 2). In contrast to the case of pcRNAs, R. a. himala-
yanus had a greater number of IncRNAs with 1,001-2,000bp
than R. a. hainanus (Supplementary Figure S2). By searching
against the current IncRNAs database, we found that only
17.69% and 17.86% of the IncRNAs were known (4,357 in
R. a. hainanus and 5,345 in R. a. himalayanus) and a major-
ity of them were novel (20,272 in R. a. hainanus and 24,574
in R. a. himalayanus). This might be because most available
IncRNA annotations are from humans and other few model
species, and IncRNAs show poor conservation across species
(Derrien et al. 2012; Hezroni et al. 2015). Similar to pcRNAs
above, we also identified multiple large IncRNAs (>10 kb).
However, all of them are unknown and need to be annotated
in the future.

With short-read RNA-seq data from the 4 individuals
of each subspecies (see Supplementary Table S1 in Li et al.
2022), we quantified and confirmed the transcripts identified
using the long-read RNA-seq above (Figure 2A). A total of
79,366 (67,046 pcRNAs and 3,331 IncRNAs) and 71,618
(53,820 pcRNAs and 4,029 IncRNAs) transcripts were con-
firmed to be expressed in R. a. hainanus and R. a. himala-
yanus, respectively. Among them, 17,064 (13,167 pcRNAs
and 1,237 IncRNAs) and 12,960 (9,812 pcRNAs and 890
IncRNAs) transcripts were specifically expressed in R. a.
hainanus and R. a. himalayanus, respectively (Supplementary
Table S1). We combined transcripts expressed in both sub-
species and removed redundancy, resulting in 110,367 tran-
scripts (87,938 pcRNAs and 5,074 IncRNAs) which were
used in the following differential expression analysis (Figure
2A and Supplementary Table S1).

To explore the functional roles of genes showing specifi-
cally expressed transcripts in each subspecies, we performed
enrichment analysis on them. Prior to this analysis, we first
excluded the genes whose transcripts were in the lists of
expressed transcripts either in R. a. hainanus (or R. a. him-
alayanus) or shared in both subspecies (Figure 2B). A total
of 417 genes (458 pcRNAs, Supplementary Table S1) were
found to be specifically expressed in R. a. hainanus but we
identified zero significant GO terms on these genes. In con-
trast, we detected 681 genes (801 pcRNAs, Supplementary
Table S1) specifically expressed in R. a. himalayanus and
they were mainly enriched into GO terms involved in the

mitotic cell cycle (e.g., mitotic spindle organization, mitotic
sister chromatid segregation, and microtubule cytoskeleton
organization involved in mitosis) and regulation of immune
response (Figure 2C and Supplementary Table S2). It was
notable that 2 deafness genes were found to be specific genes
in R. a. himalayanus (ILDR1 and LRTOMT).

Differential expression analysis

With 2 different methods (DESeq2 and edgeR), we detected
a total of 5,734 differentially expressed protein-coding tran-
scripts (DETSs) between the 2 subspecies, including 5,143
known and 591 novel transcripts (Supplementary Figure S3a
and Supplementary Table S3). Among them, more DETs were
found to be upregulated in R. a. himalayanus (3,529 DETs
including 3,217 known and 312 novel) than in R. a. hain-
anus (2,205 DETs including 1,926 known and 279 novel;
Supplementary Figure S3b,c and Supplementary Table S3).
After annotation on these DETs, 1,515 and 2,235 genes were
found to be upregulated in R. a. hainanus and R. a. hima-
layanus, respectively (Supplementary Table S3). It was nota-
ble that 62.9% of genes (2,359) had 1 DET (988 and 1,371
upregulated in R. a. hainanus and R. a. himalayanus, respec-
tively). Among the genes with multiple DETs, 833 (248 in
R. a. hainanus and 585 in R. a. himalayanus) showed con-
sistent expression patterns of DETs. However, we found that
DETs in 278 genes exhibited inconsistent expression patterns
(i.e., some DETs of a gene were upregulated in a subspecies
whereas other DETs of this gene were downregulated in the
same subspecies). It was notable that among the 278 genes
(Supplementary Table S3), 3 (ATP2B2, COCH, and T]B2)
were found as hearing loss/deafness genes in humans and 2
of them have been recently recognized as echolocation genes
in bats (TJP2 in Jebb et al. 2020) and whales (ATP2B2 in
Yuan et al. 2021). Specifically, ATP2B2 had 4 DETs with 3
highly expressed in R. a. himalayanus and 1 in R. a. hainanus;
COCH had 8 DETs with 7 highly expressed in R. a. hainanus
and 1 in R. a. himalayanus; TJP2 had 2 DETs and each of
them was highly expressed in each of the 2 subspecies.

By subtracting the 278 genes whose transcripts exhibited
inconsistent expression patterns between subspecies, we iden-
tified 1,957 genes with upregulated DETs only in R. a. hima-
layanus and these genes were mostly enriched into GO terms
related to actin filament-based process, exocytosis, cell mor-
phogenesis, and cell migration (Figure 2D and Supplementary
Table S4). Among them, 20 hearing loss/deafness genes were
observed and 4 of them (CCDC50, CDH23, GJB2, and
MYHT14) were suggested to be echolocation genes (Yuan et al.
2021). We also found 1,237 genes with upregulated DETs only
in R. a. hainanus and most of them were enriched into GO
terms associated with regulation of mRNA processing and
RNA splicing (Supplementary Figure S3d and Supplementary
Table S4). In contrast, only 4 hearing loss/deafness genes were
found among these genes and none of them has been recog-
nized as echolocation genes to date. Transcripts encoded by
the 24 hearing loss/deafness genes exhibited 2 clusters corre-
sponding to each subspecies (Supplementary Figure S3k).

By combing reads counts of all transcripts of each gene, we
conducted differential expression analysis at the gene level,
resulting in a total of 1,124 differentially expressed genes
(DEGs) with 220 and 904 upregulated in R. a. hainanus
and R. a. himalayanus, respectively (Supplementary Figure
S3e~g and Supplementary Table S3). No significant GO terms
were observed for 220 upregulated DEGs in R. a. hainanus,
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whereas 904 upregulated DEGs in R. a. himalayanus were
mostly enriched into terms related to the immune function and
exocytosis (Supplementary Figure S3h and Supplementary
Table S4). Similar to genes with upregulated DETs only in
R. a. bimalayanus above, we also detected multiple signifi-
cant GO terms associated with actin filament-based process
and regulation of cell population proliferation (FDR = 0.000,
Supplementary Table S4). In addition, we found 11 hearing
loss/deafness genes among the 1,124 DEGs (1 in R. a. hain-
anus and 10 in R. a. himalayanus; Supplementary Figure S31).

We compared the results of differential expression analyses
at both transcript and gene levels to our previous study using
the same RNA-seq data but by mapping reads to the refer-
ence genome (Li et al. 2022). A total of 1,069 DEGs were
shared by at least 2 methods, including 238 upregulated in
R. a. hainanus, 804 upregulated in R. a. himalayanus, and 27
with inconsistent expression patterns, respectively (Figure 2E
and Supplementary Table S3). Functional enrichment anal-
ysis revealed that DEGs upregulated in R. a. himalayanus
were enriched into multiple GO terms related to the immune
function, exocytosis, actin filament-based process, and regu-
lation of cell differentiation (Supplementary Figure S3j and
Supplementary Table S5). In contrast, DEGs upregulated in
R. a. hainanus were mainly enriched into terms related to
RNA processing and splicing (Supplementary Figure S3i and
Supplementary Table S5). Lastly, we also found 12 hearing
loss/deafness genes among the 1,069 DEGs (1 in R. a. hain-
anus and 11 in R. a. himalayanus; Figure 2F).

Characterization of the IncRNAs target genes

Using DESeq2 and edgeR, we identified 411 differen-
tially expressed (DE) IncRNAs between the 2 subspecies
(Supplementary Figure S4a and Supplementary Table S6).
Among them, 269 (46 known and 223 novel) and 142 (35
known and 107 novel) were upregulated in R. a. hainanus
and R. a. himalayanus, respectively (Supplementary Figure
S4b). It was notable that 1 known DE IncRNA (Homo sapi-
ens nonprotein coding Inc-:AMOTL2) was highly expressed
in R. a. himalayanus and its original gene (AMOTL2), linked
with VE-cadherin, has been reported to affect endothe-
lial cell shape and transmit mechanical force (Hultin et al.
2014) which had been suggested to be involved in producing
high frequency hearing in mammals (Kennedy et al. 20035;
Fettiplace and Hackney 2006). Clustering and heatmap based
on expression patterns of DE IncRNAs revealed clear separa-
tion of each subspecies (Supplementary Figure S4c).

To explore the functions of the DE IncRNAs, we identi-
fied their potential cis-and #rans-target genes. For cis-target
genes, we screened genes within 100K bp up- or down-stream
of DE IncRNAs, resulting in 1,751 IncRNA-gene pairs
(Supplementary Table S7). These pairs involved 102 DEGs
(23 and 79 upregulated in R. a. hainanus and R. a. himala-
yanus, respectively). Functional enrichment analysis identified
significant GO terms only on 79 target DEGs and most of
them were related to immune function, NADP metabolic pro-
cess, and cytoskeleton organization (Supplementary Figure
S4d and Supplementary Table S8). A majority of DE IncRNAs
were more than 50k bp from their target DEGs (Figure 3b)
and only 10 were found to be overlapped with 9 target DEGs
(Supplementary Table S7).

For trans-regulation analysis, we predicted the target
DEGs of DE IncRNAs by expression levels. A total of 5,192
IncRNA-gene pairs were retained with Pearson’s correlation
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coefficients >0.95 or <-0.95, involving 756 DEGs (182 and
574 upregulated in R. a. hainanus and R. a. himalayanus,
respectively; Supplementary Table S7). Functional enrichment
analysis on the 574 upregulated DEGs in R. a. hainanus iden-
tified multiple significant GO terms related to RNA splicing,
cilium assembly, and RNA processing (Supplementary Figure
S4f and Supplementary Table S8), whereas most of the 182
upregulated DEGs in R. a. himalayanus were enriched into
GO terms associated with the immune response, exocytosis,
regulation of cell proliferation and programmed cell death,
actin filament-based process, and actin cytoskeleton organi-
zation (Supplementary Figure S4e and Supplementary Table
S8). Among the trans-target genes we found 7 hearing loss/
deafness genes and 6 of them were upregulated in R. a. him-
alayanus (Figure 3c). Expression networks between DE IncR-
NAs and these7 target DEGs revealed that most target genes
interacted with multiple IncRNAs (Figure 3c). Interestingly,
2 DEGs (MYH9 and SLC17A8; each was upregulated in R.
a. hainanus and R. a. himalayanus, respectively) were found
to share 1 network and interact with each other by the same
IncRNA.

Alternative splicing analysis

Based on long-read RNA-seq data, we used all-vs.-all BLAST
method to identify a total of 15,319 AS events, involv-
ing 5,804 genes (called alternatively spliced genes, ASGs ;
Supplementary Table S9). The average length of gap between
each pair was 507 bp ranging from 100 to 7,902 bp. Based
on short-read RNA-seq data, we used 2 methods to identify
AS events. With rMATS, a total of 3,352 AS events were iden-
tified and these AS events were found to occur in 1,932 genes
(Supplementary Table S9). With the differential exon usage
(DEU) method, we identified 1,849 exons showing significant
differences in exon usage between subspecies, occurring in
1,267 genes (Supplementary Table S9).

By comparing the lists of ASGs identified by each of the
3 methods (all-vs.-all BLAST, rMATs, and DEU), 1,538
ASGs were overlapped by at least 2 methods (Figure 4A
and Supplementary Table S9). Functional enrichment analy-
sis identified multiple significant GO terms associated with
neuron projection development, microtubule-based process,
RNA processing, and cytoskeleton organization (Figure 4B
and Supplementary Table S10). In addition, we found 17
hearing loss/deafness genes and 3 of them were identified
as ASGs by all 3 methods (CCDCS50, TJP2, and SLC12A2;
Figure 4A). The AS results of 2 of them (CCDCS50 and TJP2)
have been shown as examples here (Supplementary Figure S5
and Figure 4C).

Comparisons of differential expression and
alternative splicing

We observed significantly less overlap than expected between
DEGs and ASGs (RF=0.72, P=0.0006; Supplementary
Figure Sé6a). Functional enrichment analysis on those only
DEGs and only ASGs also identified different functional cat-
egories of significant GO terms. Specifically, most of the only
DEGs were enriched into terms associated with the immune
response, exocytosis, cell migration, actin cytoskeleton organ-
ization, and regulation of cell death (Supplementary Figure
S6b and Supplementary Table S11), whereas the only ASGs
were mostly involved in cytoskeleton-dependent intracellu-
lar transport, microtubule-based process, RNA processing,
and neuron development (Supplementary Figure Sé6¢ and
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Figure 3. Results of differential expression analysis on IncRNAs and target prediction. (A) Venn diagram showing differentially expressed IncRNAs (DE
IncRNAs). (B) Summary of distance between DE IncRNAs and their target DEGs. (C) Networks showing the interaction of co-expressed DE IncRNAs

and their target DEGs that were hearing loss/deafness genes.

Supplementary Table S11). It was expected that the over-
lapped DEGs and ASGs were enriched into GO terms that
were similar to ones identified on both DEGs and ASGs
(Supplementary Figure S6d and Supplementary Table S11).

Discussion

To investigate the importance of differential gene expression
in acoustic divergence, we identified and studied the DEGs in
cochlea between the 2 subspecies. Our results showed that
compared with R. a. hainanus, more known hearing loss/deaf-
ness genes and genes related to actin-based cytoskeleton were
highly expressed in R. a. himalayanus and proteins encoded
by some of these genes may provide protective roles for audi-
tory hair cells, which was consistent with our proposal that
higher ultrasound frequency may cause more serious damage
to cochlear hair cells compared with lower one. In this study,
to identify accurate DEGs, we applied 3 different analysis
methods and found consistent patterns. First, we observed
a greater number of genes highly expressed in R. a. himala-
yanus than in R. a. hainanus (Supplementary Figure S3a,e and
Figure 2E). In addition, we found more numbers of hearing
loss/deafness genes among the upregulated DEGs in R. a. him-
alayanus than those in R. a. hainanus (Supplementary Figure
S3k,! and Figure 2F). Among them, CDH23 has been shown
to be associated with noise-induced hearing loss in humans
and mice (Kowalski et al. 2014) and this gene is essential
for the breakage and repair of tip links in mammalian hair
cells (Wagner and Shin 2019). Consistent with this, LCN2, a
gene among the top 10 highly expressed genes in R. a. him-
alayanus identified by all 3 methods (Supplementary Table
S3), has also been reported to be upregulated in noised-in-
jured cochlear cells in rats to act as a protective mechanism
against apoptosis (Han et al. 2012). In addition, several
DEGs, encoding mechano-electrical sensitive channels (e.g.,
KCNQT1 and PIEZO1), were also upregulated in R. a. hima-
layanus (Supplementary Table S3). Second, we found similar
functional categories on those highly expressed genes identi-
fied by each method. Specifically, genes highly expressed in R.
a. himalayanus were mainly involved in actin filament-based

process and regulation of cell population proliferation,
whereas ones in R. a. hainanus were associated with RNA
processing and RNA splicing. A complement to the results
of the differential expression analysis above, we found that
the genes specifically expressed in R. a. himalayanus were
mostly involved in the mitotic cell cycle process (e.g., spin-
dle organization, sister chromatid segregation, and nuclear
division, Figure 2C and Supplementary Table S2), suggesting
that regeneration might occur to replace the damaged and
dead cells in R. a. himalayanus which exhibits a higher ultra-
sound frequency than R. a. hainanus. Consistent with this
proposal, ILDR1, specifically expressed in R. a. himalayanus,
is involved in deafness with cochlear outer hair cell degener-
ation in mice (Higashi et al. 2015; Sang et al. 2015) and has
been shown to be crucial for the survival of auditory hair
cells (Morozko et al. 2015). In addition, Atoh8, one of the
Atoh family members, was found to be upregulated in R. a.
himalayanus and protein encoded by this gene was related
to human muscle fiber regeneration (Giittsches et al. 2015).
Overall, our current study has identified several candidate
genes that may play important roles in the maintenance and
repair of mammalian hair cells and these genes can be used
as therapy targets for noise-induced hearing loss in the future
(see also Wagner and Shin 2019).

As for the 3 methods of differential gene expression analy-
ses, we found that compared with methods at the gene level,
more genes were identified to be differentially expressed at
the transcript level, see Figure 2E), consistent with results
in previous studies (e.g., Zhao et al. 2016). This might be
caused by some genes with multiple transcripts that exhibit
inconsistent expression patterns between groups. When meas-
uring expression at the gene level, these genes may not be
identified as DEGs. We detected 278 such genes in this study
(Supplementary Table S3). Other comparative transcriptomic
studies at both transcript and gene levels also revealed that
quantification of RNA expression at the gene level could fail
to identify DEGs when only specific transcript isoforms with
significant expression differences (Zhao et al. 2016; Zhu et
al. 2021; Liu et al. 2022). Thus, our current study, together
with previous ones in other organisms, suggests that if FL
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Figure 4. Results of alternative splicing analysis. (A) Venn diagram showing alternatively spliced genes (ASGs) identified using 3 different methods

(all-vs.-all BLAST, rMATs, and DEU). Hearing loss/deafness genes identified by all 3 methods were shown in bold. (B) The top 20 significant GO terms
enriched on ASGs were identified by at least two methods. (C) Results of all-vs.-all BLAST and DEU for TJP2 using R. ferrumequinum as the reference.
The dashed box represents the difference of specific exon between R. a. hainanus and R. a. himalayanus identified by all-vs.-all BLAST.

transcriptome can be available with long-read RNA-seq, it is
better to perform differential expression analysis at the tran-
script level to identify genes and specific transcripts with sig-
nificant expression changes.

To explore the role of IncRNAs in gene expression regula-
tion, we also identified differentially expressed (DE) IncRNAs
between the 2 subspecies. By examining the target genes of
these DE IncRNA, we found consistent patterns with the results
of the differential gene expression analysis above. Specifically,
we found that target DEGs upregulated in R. a. himalayanus,
either cis- or trans-regulated by DE IncRNAs, were mainly
involved in cytoskeleton organization, cell proliferation, and

programmed cell death (Supplementary Figure S4d,e and
Supplementary Table S8). We also found 75 target DEGs by
both cis- and #rans-regulation (18 and 57 upregulated in R. 4.
hainanus and R. a. himalayanus, respectively). Among them,
ACTB upregulated in R. a. himalayanus encodes (-actin and
its deficiency has been reported to cause progressive high-fre-
quency hearing loss in mice (Perrin et al. 2010; Patrinostro
et al. 2018). Thus, our current study suggested that IncRNA
might be involved in the variation of ultrasonic frequencies
between the 2 subspecies by regulating the expression of
target protein-coding genes. An important role of IncRNAs
in phenotypic variations has also been documented in other
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organisms (e.g., in variation of muscle growth and fillet qual-
ity traits in rainbow trout Oncorbynchus mykiss, Ali et al.
2018; in domestication-related changes in rice Oryza sativa,
Zheng et al. 2019; in wool bending in Zhongwei goat, Li et
al. 2021). In the future functional assays will be needed to
further test for the interaction of these candidate IncRNAs
and their target genes.

To investigate the role of alternative splicing (AS) in acros-
tic divergence between R. a. hainanus and R. a. himalayanus,
we identified ASGs using 3 different methods. We found a
greater number of ASGs with the long-read RNA-seq com-
pared with other the 2 methods (rMATs and DEU) with
short-read RNA-seq (Figure 4A), supporting an advantage of
long-read RNA-seq in transcript isoform identification (Stark
et al. 2019; Amarasinghe et al. 2020). Consistent with the
results of upregulated DEGs in R. a. himalayanus above, the
ASGs identified between the 2 subspecies were also enriched
into GO terms related to cytoskeleton organization and actin
filament-based process (Figure 4B and Supplementary Table
$10). In addition, we found 17 hearing loss/deafness genes
among these ASGs and 5 of them were recognized as echolo-
cation genes in recent studies (ATP2B2, CCDC50, KCNQ4,
TECTA, and TJP2, see Jebb et al. 2020; Yuan et al. 2021). All
these results support a potential role of AS in ultrasonic fre-
quency variations of the 2 subspecies. In recent years, the role
of AS in generating phenotypic diversity and adaptive evolu-
tion has been extensively reviewed (Bush et al. 2017; Mantica
and Irimia 2022; Singh and Ahi 2022; Verta and Jacobs 2022;
Wright et al. 2022). Now and in the near future widespread
use of long-read RNA-seq will continue to fuel this field by
identifying the complexity of alternatively spliced transcripts
with FL transcripts sequenced directly.

To test for the relative roles of DE and AS in phenotypic
variations, we compared the results of differential gene
expression and AS analyses and observed significantly less
than expected overlap of DEGs and ASGs (Supplementary
Figure S6a). In addition, the only DEGs and only ASGs were
found to be enriched into different functional categories
(Supplementary Figure Sé6b,c). This evidence suggested that
differential gene expression and AS might act independently
and play different roles in phenotypic variations (see also Li
et al. 2016; Grantham and Brisson 2018; Jacobs and Elmer
2021). Recent studies on sexual dimorphisms also revealed
a complementary role of differential gene expression and AS
in encoding sex differences (Rogers et al. 2021; Singh and
Agrawal 2023). However, studies with comparative transcrip-
tomics on adaptive evolution draw different conclusions. For
example, AS has been suggested to play a more important
role in cichlid adaptive radiation compared with differential
gene expression (Singh et al. 2017). Another recent study in
sunflowers under flooding stress revealed that AS might act
by interacting with differential gene expression (i.e., by rein-
forcing expression differences; Lee et al. 2021). Therefore,
the role of differential gene expression and AS in phenotypic
variations may be different depending on different studying
systems (Verta and Jacobs 2022; Wright et al. 2022).

In conclusion, using 2 recently diverged subspecies with
large acoustic variations as the system, we conducted com-
prehensive transcriptomic analyses with the combination of
short-read and long-read RNA-seq data. By performing dif-
ferential expression analysis at both transcript and gene lev-
els, we identified multiple candidate DEGs that may underlie
the variations of ultrasonic frequencies. Most of these genes

were nearby and therefore may be regulated by, DE IncRNAs
identified between the 2 subspecies. We also identified sev-
eral candidate ASGs that expressed different isoforms possi-
bly associated with acoustic variations of the 2 subspecies. A
future goal is to use quantitative reverse transcription-PCR
(qPCR) to validate the candidate genes or IncRNAs identi-
fied here. In addition, high-throughput mass spectrometry
proteomics can also be applied to further validate candidate
DEGs and ASGs at the protein level (Ferrandez-Peral et al.
2022).
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