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Abstract

Mitochondrial function needs strong interactions of mitochondrial and nuclear (mi-
tonuclear) genomes, which can be disrupted by mitonuclear mismatch due to mito-
chondrial DNA (mtDNA) introgression between two formerly isolated populations
or taxa. This mitonuclear disruption may cause severe cellular stress in mismatched
individuals. Gene expression changes and alternative splicing (AS) are two important
transcriptional regulations to respond to environmental or cellular stresses. We pre-
viously identified a naturally introgressed population in the intermediate horseshoe
bat (Rhinolophus affinis). Individuals from this population belong to R. a. himalayanus
and share almost identical nuclear genetic background; however, some of them had
mtDNA from another subspecies (R. a. macrurus). With this unique natural system,
we examined gene expression changes in six tissues between five mitonuclear mis-
matched and five matched individuals. A small number of differentially expressed
genes (DEGs) were identified, and functional enrichment analysis revealed that most
DEGs were related to immune response although some may be involved in response
to oxidative stress. In contrast, we identified extensive AS events and alternatively
spliced genes (ASGs) between mismatched and matched individuals. Functional en-
richment analysis revealed that multiple ASGs were directly or indirectly associated
with energy production in mitochondria which is vital for survival of organism. To our
knowledge, this is the first study to examine the role of AS in responding to cellular
stress caused by mitonuclear mismatch in natural populations. Our results suggest
that AS may play a more important role than gene expression regulation in respond-
ing to severe environmental or cellular stresses.
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1 | INTRODUCTION

Mitochondria play vital roles in the survival and fitness of the
organism (Hill, 2015; Wallace, 2010). Its proper function re-
quires strong interactions between mitochondrial and nuclear
(mitonuclear) genomes (Hill, 2015; Rand et al., 2004). In order to
maintain compatibility of these two genomes, natural selection
promotes mitonuclear co-evolution (Barreto et al., 2018; Bar-
Yaacov et al., 2012; Levin et al., 2014; Sloan et al., 2017) and leads
to the co-adaptation of mitonuclear genotypes within each iso-
lated population (Hill et al., 2019; Sloan et al., 2018). However,
when different isolated populations having respective co-adapted
mitonuclear genotypes come into secondary contact, subsequent
differential introgression between them disrupts mitonuclear in-
teractions in introgressed individuals (Burton & Barreto, 2012;
Burton et al., 2013).

Disruption of mitonuclear interactions, also called mitonuclear
mismatch, can cause inefficiency of the oxidative phosphoryla-
tion (OXPHOS) pathway (e.g., decrease of adenosine triphosphate
(ATP) production, Ellison & Burton, 2006) and lead to a higher
level of reactive oxygen species (ROS) production in mitochon-
dria (Gusdon et al., 2007; Rand et al., 2018). These will result in
increased oxidative damage at the cellular level (e.g., lipids, pro-
teins, and DNA, Balaban et al., 2005; Barreto & Burton, 2013;
Vives-Bauza et al., 2006). Therefore, individuals with mismatched
mitonuclear genotypes tend to have a lower survival rate and fit-
ness than ones with matched genotypes (Barreto & Burton, 2013;
Latorre-Pellicer et al., 2016; Rank et al., 2020; Vaught et al., 2020).
In order to cope with the environmental stresses, such as the
cellular stress resulting from mitonuclear mismatch (Ballard &
Towarnicki, 2020), cells and organisms need to respond quickly
and efficiently.

Changes in gene expression have been widely implicated in the
rapid adaptation to variable environmental stresses (Fraser, 2013;
Hodgins-Davis & Townsend, 2009; Kenkel & Matz, 2016; Lasky
etal.,2014; Lépez-Maury et al., 2008; Rivera et al., 2021), phenotypic
variations (Hodgins-Davis & Townsend, 2009; Kaern et al., 2005;
Mank, 2017), and adaptive radiations (Barrier et al., 2001; El Taher
et al., 2021; Whittall et al., 2006). Alternative splicing (AS), a mecha-
nism of creating multiple isoforms from a single gene, offers another
route for organisms to respond to environmental stresses rapidly
and efficiently (Kijewska et al., 2018; Smith et al., 2018) and has
also been associated with phenotypic variations in eukaryotes (Bush
et al.,, 2017; Grantham & Brisson, 2018). Compared with gene ex-
pression regulation, AS has been proposed to play a more important
role in facilitating rapid adaptive divergence within short timescales
(Jacobs & Elmer, 2021; Singh et al., 2017). Several previous studies
have demonstrated significant changes in gene expression between
mitonuclear mismatched and matched individuals (Flight et al., 2011;
Healy et al., 2017; Mossman et al., 2016, 2017, 2019; Santiago
et al., 2021). However, as far as we know, no studies have been con-
ducted to examine the role of AS in response to the cellular stress

caused by mitonuclear mismatch in natural populations.

Here, we fill this knowledge gap by studying bats which are the
only mammals capable of flight. Because flight requires huge en-
ergy demands, energy production in mitochondria should be more
efficient in bats than in other nonflight and similar-sized mammals.
Consistent with this difference in energy demand between bats and
nonflight mammals, adaptive evolution of genes involved in energy
metabolism has been associated with the origin of flight in bats (Shen
et al., 2010). Therefore, bats are a good system to study the effects
of inefficiency of energy production in mitochondria on the survival
or fitness of organisms. In this study, we focus on a horseshoe bat
(Rhinolophus affinis) which includes three subspecies in China. Two
of them are from the mainland of China (R. a. himalayanus and R. a.
macrurus) and a third is from Hainan Island. These subspecies have
diverged recently, less than one million years ago (Mao et al., 2010).
Our previous study on this species identified a hybrid zone between
the two mainland subspecies in eastern region of China (Mao et al.,
2010, 2013, 2014). We found frequent and extensive introgression
of mitochondrial DNA (mtDNA) from R. a. macrurus to R. a. hima-
layanus with little or no nuclear introgression between them (Mao
and Rossiter, 2020). This mtDNA introgression led to mitonuclear
mismatch in some himalayanus individuals. Therefore, a himalayanus
population may contain individuals with either mitonuclear mis-
matched or matched genotypes. We sampled one such popula-
tion in our previous study (Ding et al., 2021). Using whole-genome
resequencing and RNA-seq data, we showed that this himalayanus
population included two groups of individuals with almost identical
nuclear genetic backgrounds but divergent mtDNA due to introgres-
sion of mtDNA from macrurus to one group (Ding et al., 2021).

Previously, we used this unique system to investigate the ef-
fects of mitonuclear mismatch on nuclear gene expression based on
RNA-seq data from six adult tissues (Ding et al., 2021). Although our
previous results demonstrated significant nuclear gene expression
changes in mismatched individuals compared with matched ones, we
identified a small number of differentially expressed genes (DEGs) in
a majority of tissues (less than 10 in all six tissues except for muscle).
Most of these DEGs were found to be related to immune response,
and some might play important roles in protecting the cell against the
oxidative damage (Ding et al., 2021). However, none was directly or
indirectly involved in OXPHOS and related to energy production or
other processes in mitochondria. This suggests that gene expression
changes might be limited by functional constraints (see also Rogers
etal., 2021) and therefore sometimes inefficient in responding to the
cellular stresses generated within a short timescale.

In the current study, we aimed to examine the role of AS in re-
sponding to the cellular stress caused by mitonuclear mismatch.
We quantified differences in AS between mitonuclear mismatched
and matched individuals in each of the six tissues using the same
RNA-seq data from Ding et al., (2021). If AS plays a more import-
ant role in coping with the cellular or environmental stresses than
gene expression regulation, as shown in previous studies (Jacobs &
Elmer, 2021; Singh et al., 2017), we expect to find some alternatively
spliced genes (ASGs) which are involved in energy production and

other mitochondrial processes.
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2 | MATERIALS AND METHODS
2.1 | Ethics statement

Our sampling and tissue collection procedures were approved by the
National Animal Research Authority, East China Normal University
(approval ID bf20190301).

2.2 | Sampling and RNA-seq data collection

Ten adult males from one population of Rhinolophus affinis himalay-
anus, collected in Anhui Province, China, in 2019, were used in this
study (Figure 1 and Table S1). We previously confirmed that these
10 himalayanus individuals exhibited near-identical nuclear genetic
background using whole-genome resequencing and RNA-seq data
(Ding et al., 2021). However, five of them showed divergent mito-
chondrial DNA (mtDNA) due to introgression of mtDNA from R. a.
macrurus (Ding et al., 2021). Therefore, we divided these 10 hima-
layanus individuals into two groups: mitonuclear mismatched group
and matched group. The former included five individuals with macru-
rus mtDNA (Nc-himalayanus:Mt-macrurus), and the latter included
five individuals with himalayanus mtDNA (Nc-himalayanus:Mt-
himalayanus) (Figure 1 and Table S1, see also Ding et al., 2021).

For each bat, six tissues were collected including muscle, heart,
brain, liver, cochlear, and gut. For each tissue sample, library con-

structions were performed using Illumina's TruSeq mRNA Stranded

(@)
Ne-himalayanus Nc-himalayanus
Mt-himalayanus Mt-
O VS.
ncDNA mtDNA A
Matched group Mismatched group
(b)

Tissues used for RNA-seq: 53 VS. 5&

Brain

FIGURE 1 The study system used in this study (modified from
Ding et al. (2021)). (a) Two groups were included, mitonuclear
matched and mismatched groups. (b) Five male individuals were
sampled in each group, and six tissues (muscle, heart, brain, liver,
cochlea, and gut) were collected in each individual for RNA-seq
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Library Preparation Kit and sequenced with Illumina HiSeq X Ten
(paired-end 150 bp). RNA-seq data for a total of 59 tissue sam-
ples (one from muscle was discarded due to the low quality library)
were obtained from Ding et al., (2021) (BioProject accession no.
PRINA727985).

2.3 | Raw reads trimming and mapping

Raw sequencing reads from each sample were trimmed with
TRIMMOMATIC version 0.38 (Bolger et al., 2014) using a sliding
window of 4 bp with minimum average PHRED quality score of 20
and minimum read length of 50 bp. Because rMATSs, the program for
alternative splicing analysis, requires all input reads to be of equal
length, we trimmed reads to 140bp using TRIMMOMATIC and re-
moved those with <140bp. Trimmed reads were mapped to the ref-
erence genome of R. a. himalayanus (unpublished data from Gang Li)
using Hisat2 (Kim et al., 2015) with a minimum acceptable alignment
score of —86. The resulting mRNA alignments were used in both al-
ternative splicing and differential expression analysis.

2.4 | Differential expression analysis

We used similar procedures to perform differential expression
(DE) analysis as in Ding et al., (2021). Briefly, mapped reads in
mRNA alignments above were quantified using featureCounts (Liao
et al., 2014). We then removed the lowly expressed genes with a
mean CPM (counts per million) less than one in each group. Read
count matrices across samples were normalized in DESeq2 (Love
et al., 2014). Five samples (one brain, one liver, two cochlear, and
one gut) were identified as significant outliers using PcaGrid method
(Croux et al., 2007) implemented in the rrcov R package with de-
fault parameters. It should be noted that one liver sample that was
identified as an outlier in Ding et al., (2021) was not an outlier in
this study and a cochlear sample that was identified as an outlier
here was not in Ding et al., (2021). All outlier samples were excluded
before further analysis. We then used DESeq2 to identify differen-
tially expressed genes (DEGs) between the two himalayanus groups
(mitonuclear mismatched and matched groups) in each tissue using
p value <.05 after Benjamini and Hochberg adjustment for multiple
tests (p,4 < .05, Benjamini & Hochberg, 1995).

2.5 | Alternative splicing analysis

We used rMATs v4.1.0 (Shen et al., 2014) to detect the alternative
splicing (AS) events and alternatively splicing genes (ASGs) be-
tween the two himalayanus groups in each tissue. To ensure com-
parisons of AS and DE differences in each tissue, the same number
of samples was used in AS analysis as in the DE analysis above.
The initial outputs from rMATs included the PSI value of each

splicing event, indicating the proportion of isoform in mismatched
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group to isoform in matched group at each splice site. Following
Rogers et al. (2021), we identified AS events using 0 < PSl < 1 in
at least half of the samples in each group. To compare AS between
groups, rMATs calculates the inclusion difference (APSI, average
PSI of mismatched group minus average PSI of matched group).
APSI ranges from 1 (the isoform is only expressed in mismatched
group) to -1 (the isoform is only expressed in matched group).
Significance of APSI between the two groups was determined
using a likelihood-ratio test. To ensure using the same thresholds
as in DE analysis above, we identified AS events between the two

groups using the false discovery rate (FDR) <.05.

2.6 | Functional enrichment analysis

We performed functional enrichment analysis using Metascape
(Zhou et al., 2019, http://metascape.org), and five ontology catego-
ries were selected including gene ontology (GO) biological process,
KEGG pathway, Reactome Gene Sets, WikiPathways, and Hallmark
Gene Sets. All expressed genes in the six tissues (a total of 15,256
genes) were included as the background list. We used a p value of
<.01 to determine significant terms which were grouped into clus-
ters. p-values are calculated with the accumulative hypergenometric
distribution (Zar, 1999).

3 | RESULTS

3.1 | Effects of mitonuclear mismatch on nuclear
gene expression

In order to use the same set of RNA-seq reads in DE and AS analysis,

we trimmed reads to 140bp. Although there is a small difference in
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the number of RNA-seq reads used in this study compared with Ding
et al. (2021) (see Table S2), we identified almost same sets of differ-
entially expressed genes (DEGs) in each tissue as in Ding et al. (2021)
if |log, (fold change)| > 1 and P.g < 0.05 were used (see Table S3
and Figure S1). Most DEGs identified in each tissue are shared be-
tween this study and Ding et al. (2021) except for liver (Figure S1).
Specifically, five DEGs in liver identified in Ding et al. (2021) were
not DEGs in this study. This difference may have resulted from dif-
ferent samples used in DE analysis because only one sample was
identified as an outlier in this study, while two samples were outliers
in Ding et al. (2021).

In order to make proper comparisons between DE and AS anal-
ysis, we only used Pag < 0.05 to determine the DEGs in each tis-
sue. Overall, similar to Ding et al. (2021), except for muscle in which
46 DEGs were identified, the remaining five tissues exhibited <10
DEGs (Figure 2a and Table S3) and no overlapped DEGs were found
across the six tissues and between pairs of tissues. Similar to Ding
et al. (2021), significantly enriched categories were only found
in DEGs identified in muscle tissue and a majority of them are re-
lated to immune response (Figure S2 and Table S4). It is notable that
one enriched category is associated with response to SARS-CoV-2
(WP4884: pathogenesis of SARS-CoV-2 mediated by nsp9-nsp10

complex).

3.2 | Effects of mitonuclear mismatch on
alternative splicing

We quantified AS events between mitonuclear matched and mis-
matched groups across six tissues. Overall, we identified a large
number of AS events and alternatively spliced genes (ASGs) with an
average of 5.1% of expressed genes in each tissue (Table S5 and Sé;
Figure 2a) and a total of 4,106 ASGs in all six tissues. We detected

FIGURE 2 Differential expression
and alternative splicing analysis between
matched and mismatched groups across
six tissues. (a) Bar plot showing the
number of differentially expressed genes
(DEGS) and alternatively spliced genes
(ASGs) identified in each tissue. (b) Circos
plot showing the overlapped ASGs across
the six tissues
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five different types of AS events in each tissue including skipped
exons (SE), mutually exclusive exons (MXE), alternative 5 and 3’
splice site (A5'SS and A3'SS), and retained intron (RI) (see detailed
description of each type in Rogers et al., 2021). MXE and SE gener-
ally showed higher frequency than other types of AS events across
tissues except in brain and cochlea (Table S5). Next, we compared
patterns of tissue differences in AS. We found that most ASGs were
specific to each tissue and none was shared across the six tissues
(Figure 2b). However, shared ASGs were detected between pairs of
tissues (Figure 2b). Among pairwise comparisons, brain and cochlea
shared the largest number of ASGs.

In contrast to the case of DEGs above, functional enrichment
analysis revealed a large number of significant categories enriched
across ASGs identified in each tissue. Overall, heatmap of enriched
categories across the six tissues revealed that ASGs in muscle and
heart shared more categories than ASGs in cochlea, brain, and gut
(Figure 3). In contrast, most enriched categories in ASGs of liver were
specific to this tissue (Figure 3). Specifically, multiple ASGs in mus-
cle are enriched in categories directly involved in energy production
in mitochondria, such as OXPHOS or respiratory electron transport
chain, including several GO terms (GO: 0033108; GO: 0055114,
GO: 0010257; GO: 0032981; GO: 0022900), Hallmark Gene Sets
(M5936), KEGG Pathway (hsa00190), Reactome Gene Sets (R-
HSA-163200), and WikiPathways (WP4921; WP111; WP4324)
(Figure S3; see details in Table S7). In addition, we also found several
enriched categories associated with other mitochondrial processes,
such as mitochondrion organization (GO: 0007005), mitochondrial
translation (GO: 0032543), and mitophagy (R-HSA-5205647). Like
the case in muscle, in heart we found several enriched catego-
ries involved in OXPHOS, including GO terms (GO: 0055114; GO:
0043462), Hallmark Gene Sets (M5936), KEGG Pathway (hsa00190),
and WikiPathways (WP111) (Figure S3; see details in Table S7). We
also found multiple shared categories between muscle and heart
whose functions are associated with muscle contraction, myofibril
assembly, and myogenesis. In brain, we found several categories re-
lated to energy production (e.g., GO: 0009435: NAD biosynthetic
process). In addition, some ASGs in brain were found to be asso-
ciated with response to stress (R-HSA-2559580: oxidative stress-
induced senescence; R-HSA-2262752: cellular responses to stress).
In liver, a majority of enriched categories are related to metabolisms
among which several are associated with energy production in mi-
tochondria, such as NAD biosynthetic and metabolic process (GO:
0009435; GO: 0019674) and oxidoreduction coenzyme metabolic
process (GO: 0006733). Although the number of enriched catego-
ries in cochlear was the largest among the six tissues, we did not
find categories directly or indirectly involved in energy produc-
tion. However, we identified several ones which are important for
mitochondrial function, such as mitochondrion disassembly (GO:
0061726) and autophagy of mitochondrion (GO: 0000422). The
above two categories (GO: 0061726 and GO: 0000422) are also ob-
served in gut. In addition, multiple ASGs in gut are found to be asso-
ciated with DNA damage response (GO: 0043518) and ROS pathway
(M5938).

Ecology and Evolution . Jﬂ
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4 | DISCUSSION

Mitonuclear mismatch due to mtDNA introgression between two
formerly isolated populations or taxa may disrupt the proper mi-
tonuclear interactions, leading to mitochondrial dysfunction in
mismatched individuals (Barreto & Burton, 2013). Mitochondrial
dysfunction usually results in a decreased rate of ATP produc-
tion and thus an increased rate of ROS generation, which will
cause severe cellular stress (Ballard & Towarnicki, 2020; Ellison
& Burton, 2006). Gene expression changes and alternative splic-
ing (AS), acting as important transcriptional regulations, have
been shown to play essential roles for cells and organisms in re-
sponding to environmental or cellular stresses efficiently (Ibrahim
etal, 2021; Lee et al., 2021).

We previously found a naturally introgressed population from
R. a. himalayanus in which all ten individuals share almost identical
nuclear genetic background, while some of them have the mito-
chondrial genome from another parapatric subspecies—R. a. macru-
rus (Ding et al., 2021). We used this unique system to examine the
effects of mitonuclear mismatch on nuclear gene expression. This
study confirms results of our previous study that mitonuclear mis-
match could alter nuclear gene expression in multiple tissues (Ding
et al., 2021), which have also been documented in other organ-
isms (e.g., Drosophila, Mossman et al., 2016; Mossman et al., 2017,
Mossman et al., 2019; killfish, Flight et al., 2011, Healy et al., 2017).
Functional enrichment analysis revealed that a majority of differen-
tially expressed genes (DEGs) between mismatched and matched in-
dividuals were related to immune response, suggesting that cellular
immune surveillance could be enhanced in mismatched individuals
in order to cope with the effects of mitonuclear mismatch. A recent
study has also shown that mitochondrial dysfunction could trigger
nuclear immune response (Tigano et al., 2021). However, a small
number of DEGs were identified in mismatched individuals com-
pared with matched ones, indicating modest effects of mitonuclear
mismatch on nuclear gene expression (see also Healy et al., 2017).
In addition, we did not identify DEGs directly or indirectly involved
in energy production in mitochondria or other mitochondrial pro-
cesses. These suggest that gene expression regulation might be
sometimes inefficient in responding to the cellular stresses due to
functional constraints (see also Rogers et al., 2021).

In contrast to gene expression regulation above, we identified
extensive number of AS events and ASGs between mitonuclear
mismatched and matched individuals. To our knowledge, this is the
first study to assess the role of AS in response to the cellular stress
caused by mitonuclear mismatch in natural populations. Consistent
with our hypothesis that AS plays a more important role in coping
with the cellular or environmental stresses than gene expression
regulation, functional enrichment analysis revealed that multiple
ASGs identified in muscle and heart were involved in OXPHOS
and thus directly related to energy production in mitochondria. In
addition, ASGs identified in remaining four tissues were enriched
categories indirectly associated with energy production, including

NAD biosynthetic process, oxidoreduction coenzyme metabolic
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process, mitochondrion disassembly, and autophagy of mitochon-
drion. In muscle, brain, and gut, we also found several ASGs whose
function may be involved in the cellular response to stresses (e.g.,
oxidative stress and DNA damage). Thus, our study supports that
AS can act as an efficient mechanism in responding to environ-
mental or cellular stresses, which has been extensively implicated
in both animals and plants (Grantham & Brisson, 2018; Ibrahim
et al., 2021; Kijewska et al., 2018). More importantly, our current
study further indicates that AS may play a more important role
than gene expression regulation in coping with the severe cellular
stress in nature (see also Singh et al., 2017; Jacobs & Elmer, 2021;
Martin et al., 2021).

ACKNOWLEDGMENTS

We thank Sun Haijian, Wang Jiaying, and Ding Yuting for assistance
with the field data collection. We also thank two anonymous review-
ers for helpful comments on an earlier version of the manuscript. This
work was supported by the National Natural Science Foundation of
China (No. 31570378 and No. 31630008).

CONFLICT OF INTEREST
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTION

Wenli Chen: Formal analysis (supporting); Writing-review & editing
(supporting). Xiuguang Mao: Conceptualization (supporting); Project
administration (supporting); Writing-original draft (supporting).

DATA AVAILABILITY STATEMENT
RNA-seq data for a total of 59 tissue samples were obtained from
Ding et al. (2021) (BioProject accession no. PRJINA727985). All data

generated or analyzed during this study are included in this pub-

lished article and its supplementary information files.

ORCID
Wenli Chen https://orcid.org/0000-0003-3129-3662
REFERENCES

Balaban, R. S., Nemoto, S., & Finkel, T. (2005). Mitochondria, oxi-
dants, and aging. Cell, 120(4), 483-495. https://doi.org/10.1016/j.
cell.2005.02.001

Ballard, J. W. O., & Towarnicki, S. G. (2020). Mitochondria, the gut mi-
crobiome and ROS. Cellular Signalling, 75, 109737. https://doi.
org/10.1016/j.cellsig.2020.109737

Barreto, F. S., & Burton, R. S. (2013). Elevated oxidative damage is cor-
related with reduced fitness in interpopulation hybrids of a ma-
rine copepod. Proceedings of the Royal Society B: Biological Sciences,
280(1767), 20131521. https://doi.org/10.1098/rspb.2013.1521

Barreto, F. S., Watson, E. T, Lima, T. G., Willett, C. S., Edmands, S., Li,
W., & Burton, R. S. (2018). Genomic signatures of mitonuclear co-
evolution across populations of Tigriopus californicus. Nature Ecology
& Evolution, 2(8), 1250-1257. https://doi.org/10.1038/s4155
9-018-0588-1

Barrier, M., Robichaux, R. H., & Purugganan, M. D. (2001). Accelerated
regulatory gene evolution in an adaptive radiation. Proceedings of
the National Academy of Sciences, 98(18), 10208-10213. https://doi.
org/10.1073/pnas.181257698

Bar-Yaacov, D., Blumberg, A., & Mishmar, D. (2012). Mitochondrial-
nuclear co-evolution and its effects on OXPHOS activity and
regulation. Biochimica Et Biophysica Acta (BBA)-Gene Regulatory
Mechanisms, 1819(9-10), 1107-1111. https://doi.org/10.1016/j.
bbagrm.2011.10.008

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false dis-
covery rate: A practical and powerful approach to mul-
tiple testing. Journal of the Royal Statistical Society Series
B-statistical Methodology, 57(1), 289-300. https://doi.org/10.1111/
j.2517-6161.1995.tb02031.x


info:x-wiley/peptideatlas/PRJNA727985
https://orcid.org/0000-0003-3129-3662
https://orcid.org/0000-0003-3129-3662
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1016/j.cellsig.2020.109737
https://doi.org/10.1016/j.cellsig.2020.109737
https://doi.org/10.1098/rspb.2013.1521
https://doi.org/10.1038/s41559-018-0588-1
https://doi.org/10.1038/s41559-018-0588-1
https://doi.org/10.1073/pnas.181257698
https://doi.org/10.1073/pnas.181257698
https://doi.org/10.1016/j.bbagrm.2011.10.008
https://doi.org/10.1016/j.bbagrm.2011.10.008
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

CHEN ano MAO

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible
trimmer for lllumina sequence data. Bioinformatics, 30(15), 2114-
2120. https://doi.org/10.1093/bioinformatics/btul70

Burton, R. S., & Barreto, F. S. (2012). A disproportionate role for mt DNA
in D obzhansky-M uller incompatibilities? Molecular Ecology, 21(20),
4942-4957. https://doi.org/10.1111/mec.12006

Burton, R. S., Pereira, R. J., & Barreto, F. S. (2013). Cytonuclear ge-
nomic interactions and hybrid breakdown. Annual Review of Ecology,
Evolution, and Systematics, 44, 281-302. https://doi.org/10.1146/
annurev-ecolsys-110512-135758

Bush, S. J., Chen, L., Tovar-Corona, J. M., & Urrutia, A. O. (2017).
Alternative splicing and the evolution of phenotypic novelty.
Philosophical Transactions of the Royal Society B: Biological Sciences,
372(1713), 20150474. https://doi.org/10.1098/rstb.2015.0474

Croux, C., Filzmoserb, P., & Oliveirac, M. R. (2007). Algorithms
for projection-pursuit robust principal component analysis.
Chemometrics and Intelligent Laboratory Systems, 87(2), 218-225.
https://doi.org/10.1016/j.chemolab.2007.01.004

Ding, Y. T., Chen, W. L., Li, Q. Q, Rossiter, S. J., & Mao, X. G. (2021).
Mitonuclear mismatch alters nuclear gene expression in naturally in-
trogressed Rhinolophus populations (in review).

El Taher, A., Bohne, A., Boileau, N., Ronco, F., Indermaur, A., Widmer,
L., & Salzburger, W. (2021). Gene expression dynamics during rapid
organismal diversification in African cichlid fishes. Nature Ecology
& Evolution, 5(2), 243-250. https://doi.org/10.1038/s41559-020-
01354-3

Ellison, C. K., & Burton, R. S. (2006). Disruption of mitochondrial function
in interpopulation hybrids of Tigriopus californicus. Evolution, 60(7),
1382-1391. https://doi.org/10.1554/06-210.1

Flight, P. A., Nacci, D., Champlin, D., Whitehead, A., & Rand, D. M.
(2011). The effects of mitochondrial genotype on hypoxic survival
and gene expression in a hybrid population of the killifish, Fundulus
heteroclitus. Molecular Ecology, 20(21), 4503-4520. https://doi.
org/10.1111/j.1365-294X.2011.05290.x

Fraser, H. B. (2013). Gene expression drives local adaptation in hu-
mans. Genome Research, 23(7), 1089-1096. https://doi.org/10.1101/
gr.152710.112

Grantham, M. E., & Brisson, J. A. (2018). Extensive differential splicing
underlies phenotypically plastic aphid morphs. Molecular Biology and
Evolution, 35(8), 1934-1946. https://doi.org/10.1093/molbev/msy095

Gusdon, A. M., Votyakova, T. V., Reynolds, I. J., & Mathews, C. E. (2007).
Nuclear and mitochondrial interaction involving mt-Nd2 leads to in-
creased mitochondrial reactive oxygen species production. Journal
of Biological Chemistry, 282(8), 5171-5179. https://doi.org/10.1074/
jbc.M609367200

Healy, T. M., Bryant, H. J., & Schulte, P. M. (2017). Mitochondrial geno-
type and phenotypic plasticity of gene expression in response to cold
acclimation in killifish. Molecular Ecology, 26(3), 814-830. https://doi.
org/10.1111/mec.13945

Hill, G. E. (2015). Mitonuclear ecology. Molecular Biology and Evolution,
32(8), 1917-1927. https://doi.org/10.1093/molbev/msv104

Hill, G. E., Havird, J. C., Sloan, D. B., Burton, R. S., Greening, C., &
Dowling, D. K. (2019). Assessing the fitness consequences of mito-
nuclear interactions in natural populations. Biological Reviews, 94(3),
1089-1104. https://doi.org/10.1111/brv.12493

Hodgins-Davis, A., & Townsend, J. P. (2009). Evolving gene expression:
From G to E to GxE. Trends in Ecology & Evolution, 24(12), 649-658.
https://doi.org/10.1016/j.tree.2009.06.011

Ibrahim, H. M., Kusch, S., Didelon, M., & Raffaele, S. (2021). Genome-
wide alternative splicing profiling in the fungal plant pathogen
Sclerotinia sclerotiorum during the colonization of diverse host fami-
lies. Molecular Plant Pathology, 22(1), 31-47. https://doi.org/10.1111/
mpp.13006

Jacobs, A., & Elmer, K. R. (2021). Alternative splicing and gene expres-
sion play contrasting roles in the parallel phenotypic evolution

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

of a salmonid fish. Molecular Ecology, https://doi.org/10.1111/
mec.15817

Kaern, M., Elston, T. C., Blake, W. J., & Collins, J. J. (2005). Stochasticity
in gene expression: From theories to phenotypes. Nature Reviews
Genetics, 6(6), 451-464. https://doi.org/10.1038/nrg1615

Kenkel, C. D., & Matz, M. V. (2016). Gene expression plasticity as a
mechanism of coral adaptation to a variable environment. Nature
Ecology & Evolution, 1(1), 14. https://doi.org/10.1038/s4155
9-016-0014

Kijewska, A., Malachowicz, M., & Wenne, R. (2018). Alternatively spliced
variants in Atlantic cod (Gadus morhua) support response to vari-
able salinity environment. Scientific Reports, 8(1), 11607. https://doi.
org/10.1038/s41598-018-29723-w

Kim, D., Langmead, B., & Salzberg, S. L. (2015). HISAT: A fast spliced
aligner with low memory requirements. Nature Methods, 12(4), 357-
360. https://doi.org/10.1038/nmeth.3317

Lasky, J. R., Des Marais, D. L., Lowry, D. B., Povolotskaya, I., McKay, J. K.,
Richards, J. H., Keitt, T. H., & Juenger, T. E. (2014). Natural variation
in abiotic stress responsive gene expression and local adaptation
to climate in Arabidopsis thaliana. Molecular Biology and Evolution,
31(9), 2283-2296. https://doi.org/10.1093/molbev/msul70

Latorre-Pellicer, A., Moreno-Loshuertos, R., Lechuga-Vieco, A. V,
Sanchez-Cabo, F., Torroja, C., Acin-Pérez, R., Calvo, E., Aix, E.,
Gonzélez-Guerra, A., Logan, A., Bernad-Miana, M. L., Romanos,
E., Cruz, R., Cogliati, S., Sobrino, B., Carracedo, A., Pérez-Martos,
A., Fernandez-Silva, P., Ruiz-Cabello, J., ... Enriquez, J. A. (2016).
Mitochondrial and nuclear DNA matching shapes metabolism and
healthy ageing. Nature, 535(7613), 561-565. https://doi.org/10.1038/
naturel8618

Lee, J.S.,Gao, L., Guzman, L. M., & Rieseberg, L. H.(2021). Genome-Wide
Expression and Alternative Splicing in Domesticated Sunflowers
(Helianthus annuus L.) under Flooding Stress. Agronomy, 11(1), 92.
https://doi.org/10.3390/agronomy11010092

Levin, L., Blumberg, A., Barshad, G., & Mishmar, D. (2014). Mito-nuclear
co-evolution: The positive and negative sides of functional ancient
mutations. Frontiers in Genetics, 5, 448. https://doi.org/10.3389/
fgene.2014.00448

Liao, Y., Smyth, G. K., & Shi, W. (2014). featureCounts: An efficient gen-
eral purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics, 30(7), 923-930. https://doi.org/10.1093/bioin
formatics/btt656

Lépez-Maury, L., Marguerat, S., & Bahler, J. (2008). Tuning gene expres-
sion to changing environments: From rapid responses to evolution-
ary adaptation. Nature Reviews Genetics, 9(8), 583-593. https://doi.
org/10.1038/nrg2398

Love, M. |, Huber, W., & Anders, S. (2014). Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biology, 15(12), 550. https://doi.org/10.1186/s13059-014-0550-8

Mao, X., He, G., Hua, P, Jones, G., Zhang, S., & Rossiter, S. J. (2013).
Historical Introgression and the Persistence of Ghost Alleles in the
Intermediate Horseshoe Bat (Rhinolophus Affinis). Molecular Ecology,
22(4), 1035-1050. https://doi.org/10.1111/mec.12154

Mao, X., & Rossiter, S. J. (2020). Genome-wide data reveal discor-
dant mitonuclear introgression in the intermediate horseshoe bat
(Rhinolophus dffinis). Molecular Phylogenetics and Evolution, 150,
106886. https://doi.org/10.1016/j.ympev.2020.106886

Mao, X., Zhu, G., Zhang, L., Zhang, S., & Rossiter, S. J. (2014). Differential
introgression among loci across a hybrid zone of the intermediate
horseshoe bat (Rhinolophus affinis). BMC Evolutionary Biology, 14,
154. https://doi.org/10.1186/1471-2148-14-154

Mao, X. G., Zhu, G. J., Zhang, S., & Rossiter, S. J. (2010). Pleistocene
climatic cycling drives intra-specific diversification in the in-
termediate horseshoe bat (Rhinolophus affinis) in Southern
China.  Molecular Ecology, 19(13), 2754-2769. https://doi.
org/10.1111/j.1365-294X.2010.04704.x


https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1111/mec.12006
https://doi.org/10.1146/annurev-ecolsys-110512-135758
https://doi.org/10.1146/annurev-ecolsys-110512-135758
https://doi.org/10.1098/rstb.2015.0474
https://doi.org/10.1016/j.chemolab.2007.01.004
https://doi.org/10.1038/s41559-020-01354-3
https://doi.org/10.1038/s41559-020-01354-3
https://doi.org/10.1554/06-210.1
https://doi.org/10.1111/j.1365-294X.2011.05290.x
https://doi.org/10.1111/j.1365-294X.2011.05290.x
https://doi.org/10.1101/gr.152710.112
https://doi.org/10.1101/gr.152710.112
https://doi.org/10.1093/molbev/msy095
https://doi.org/10.1074/jbc.M609367200
https://doi.org/10.1074/jbc.M609367200
https://doi.org/10.1111/mec.13945
https://doi.org/10.1111/mec.13945
https://doi.org/10.1093/molbev/msv104
https://doi.org/10.1111/brv.12493
https://doi.org/10.1016/j.tree.2009.06.011
https://doi.org/10.1111/mpp.13006
https://doi.org/10.1111/mpp.13006
https://doi.org/10.1111/mec.15817
https://doi.org/10.1111/mec.15817
https://doi.org/10.1038/nrg1615
https://doi.org/10.1038/s41559-016-0014
https://doi.org/10.1038/s41559-016-0014
https://doi.org/10.1038/s41598-018-29723-w
https://doi.org/10.1038/s41598-018-29723-w
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1093/molbev/msu170
https://doi.org/10.1038/nature18618
https://doi.org/10.1038/nature18618
https://doi.org/10.3390/agronomy11010092
https://doi.org/10.3389/fgene.2014.00448
https://doi.org/10.3389/fgene.2014.00448
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1038/nrg2398
https://doi.org/10.1038/nrg2398
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/mec.12154
https://doi.org/10.1016/j.ympev.2020.106886
https://doi.org/10.1186/1471-2148-14-154
https://doi.org/10.1111/j.1365-294X.2010.04704.x
https://doi.org/10.1111/j.1365-294X.2010.04704.x

CHEN anp MAO

12010 WI LEY_ECObe and Evolution

Open Access,

Mank, J. E. (2017). The transcriptional architecture of phenotypic dimor-
phism. Nature Ecology & Evolution, 1(1), 6.

Martin, G., Marquez, Y., Mantica, F., Duque, P., & Irimia, M. (2021).
Alternative splicing landscapes in Arabidopsis thaliana across tissues
and stress conditions highlight major functional differences with
animals. Genome Biology, 22(1), 35. https://doi.org/10.1186/s1305
9-020-02258-y

Mossman, J. A., Ge, J. Y., Navarro, F., & Rand, D. M. (2019). Mitochondrial
DNA fitness depends on nuclear genetic background in Drosophila. G3
(Bethesda), 9(4), 1175-1188. https://doi.org/10.1534/g3.119.400067

Mossman, J. A., Tross, J. G., Jourjine, N. A,, Li, N., Wu, Z., & Rand, D. M.
(2017). Mitonuclear interactions mediate transcriptional responses
to hypoxia in Drosophila. Molecular Biology and Evolution, 34(2), 447-
466. https://doi.org/10.1093/molbev/msw246

Mossman, J. A, Tross, J. G., Li, N.,, Wu, Z., & Rand, D. M. (2016).
Mitochondrial-nuclear interactions mediate sex-specific transcrip-
tional profiles in Drosophila. Genetics, 204(2), 613-630. https://doi.
org/10.1534/genetics.116.192328

Rand, D. M., Haney, R. A., & Fry, A. J. (2004). Cytonuclear coevolution:
The genomics of cooperation. Trends in Ecology & Evolution, 19(12),
645-653. https://doi.org/10.1016/j.tree.2004.10.003

Rand, D. M., Mossman, J. A, Zhu, L., Biancani, L. M., & Ge, J. Y. (2018).
Mitonuclear epistasis, genotype-by-environment interactions, and
personalized genomics of complex traits in Drosophila. [IUBMB Life,
70(12), 1275-1288. https://doi.org/10.1002/iub.1954

Rank, N. E., Mardulyn, P., Heidl, S. J., Roberts, K. T., Zavala, N. A., Smiley,
J. T., & Dahlhoff, E. P. (2020). Mitonuclear mismatch alters perfor-
mance and reproductive success in naturally introgressed popula-
tions of a montane leaf beetle. Evolution, 74(8), 1724-1740. https://
doi.org/10.1111/ev0.13962

Rivera, H. E., Aichelman, H. E., Fifer, J. E., Kriefall, N. G., Wuitchik, D.
M., Wuitchik, S. J., & Davies, S. W. (2021). A framework for under-
standing gene expression plasticity and its influence on stress toler-
ance. Molecular Ecology, 30(6), 1381-1397. https://doi.org/10.1111/
mec.15820

Rogers, T. F., Palmer, D. H., & Wright, A. E. (2021). Sex-specific selection
drives the evolution of alternative splicing in birds. Molecular Biology
and Evolution, 38(2), 519-530. https://doi.org/10.1093/molbev/
msaa242

Santiago, J. C., Boylan, J. M., Lemieux, F. A., Gruppuso, P. A., Sanders, J.
A., &Rand, D. M. (2021). Mitochondrial genotype alters the impact of
rapamycin on the transcriptional response to nutrients in Drosophila.
BMC Genomics, 22(1), 213. https://doi.org/10.1186/s12864-021-
07516-2

Shen, S,, Park, J. W, Lu, Z. X,, Lin, L., Henry, M. D., Wu, Y. N., Zhou, Q.,
& Xing, Y. (2014). rMATS: Robust and flexible detection of differen-
tial alternative splicing from replicate RNA-Seq data. Proceedings of
the National Academy of Sciences, 111(51), E5593-E5601. https://doi.
org/10.1073/pnas. 1419161111

Shen, Y. Y., Liang, L., Zhu, Z. H., Zhou, W. P,, Irwin, D. M., & Zhang, Y. P.
(2010). Adaptive evolution of energy metabolism genes and the or-
igin of flight in bats. Proceedings of the National Academy of Sciences,
107(19), 8666-8671. https://doi.org/10.1073/pnas.0912613107

Singh, P., Borger, C., More, H., & Sturmbauer, C. (2017). The role of al-
ternative splicing and differential gene expression in cichlid adaptive
radiation. Genome Biology and Evolution, 9(10), 2764-2781. https://
doi.org/10.1093/gbe/evx204

Sloan, D. B., Havird, J. C., & Sharbrough, J. (2017). The on-again, off-again
relationship between mitochondrial genomes and species boundar-
ies. Molecular Ecology, 26(8), 2212-2236. https://doi.org/10.1111/
mec.13959

Sloan, D. B., Warren, J. M., Williams, A. M., Wu, Z., Abdel-Ghany, S. E.,
Chicco, A. J., & Havird, J. C. (2018). Cytonuclear integration and co-
evolution. Nature Reviews Genetics, 19(10), 635-648. https://doi.
org/10.1038/s41576-018-0035-9

Smith, C. C,, Tittes, S., Mendieta, J. P, Collier-Zans, E., Rowe, H. C,,
Rieseberg, L. H., & Kane, N. C. (2018). Genetics of alternative splicing
evolution during sunflower domestication. Proceedings of the National
Academy of Sciences, 115(26), 6768-6773. https://doi.org/10.1073/
pnas.1803361115

Tigano, M., Vargas, D. C., Tremblay-Belzile, S., Fu, Y., & Sfeir, A. (2021).
Nuclear sensing of breaks in mitochondrial DNA enhances immune
surveillance. Nature, 591(7850), 477-481. https://doi.org/10.1038/
s41586-021-03269-w

Vaught, R. C., Voigt, S., Dobler, R., Clancy, D. J., Reinhardt, K., & Dowling,
D. K. (2020). Interactions between cytoplasmic and nuclear ge-
nomes confer sex-specific effects on lifespan in Drosophila melan-
ogaster. Journal of Evolutionary Biology, 33(5), 694-713. https://doi.
org/10.1111/jeb.13605

Vives-Bauza, C., Gonzalo, R., Manfredi, G., Garcia-Arumi, E., & Andreu, A.
L. (2006). Enhanced ROS production and antioxidant defenses in cy-
brids harbouring mutations in mtDNA. Neuroscience Letters, 391(3),
136-141. https://doi.org/10.1016/j.neulet.2005.08.049

Wallace, D. C. (2010). Bioenergetics, the origins of complexity,
and the ascent of man. Proceedings of the National Academy of
Sciences, 107(Supplement 2), 8947-8953. https://doi.org/10.1073/
pnas.0914635107

Whittall, J. B., Voelckel, C., Kliebenstein, D. J., & Hodges, S. A.
(2006). Convergence, constraint and the role of gene ex-
pression during adaptive radiation: Floral anthocyanins in
Aquilegia. Molecular Ecology, 15(14), 4645-4657. https://doi.
org/10.1111/j.1365-294X.2006.03114.x

Zar, J. H. (1999). Biostatistical Analysis, 4th edn. Prentice Hall. pp. 523.

Zhou,Y.,Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk,
0O.,Benner, C.,&Chanda, S. K. (2019). Metascape provides a biologist-
oriented resource for the analysis of systems-level datasets. Nature
Communications, 10(1), 1523. https://doi.org/10.1038/s41467-019-
09234-6

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Chen, W., & Mao, X. (2021). Extensive
alternative splicing triggered by mitonuclear mismatch in
naturally introgressed Rhinolophus bats. Ecology and Evolution,
11, 12003-12010. https://doi.org/10.1002/ece3.7966



https://doi.org/10.1186/s13059-020-02258-y
https://doi.org/10.1186/s13059-020-02258-y
https://doi.org/10.1534/g3.119.400067
https://doi.org/10.1093/molbev/msw246
https://doi.org/10.1534/genetics.116.192328
https://doi.org/10.1534/genetics.116.192328
https://doi.org/10.1016/j.tree.2004.10.003
https://doi.org/10.1002/iub.1954
https://doi.org/10.1111/evo.13962
https://doi.org/10.1111/evo.13962
https://doi.org/10.1111/mec.15820
https://doi.org/10.1111/mec.15820
https://doi.org/10.1093/molbev/msaa242
https://doi.org/10.1093/molbev/msaa242
https://doi.org/10.1186/s12864-021-07516-2
https://doi.org/10.1186/s12864-021-07516-2
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.1073/pnas.0912613107
https://doi.org/10.1093/gbe/evx204
https://doi.org/10.1093/gbe/evx204
https://doi.org/10.1111/mec.13959
https://doi.org/10.1111/mec.13959
https://doi.org/10.1038/s41576-018-0035-9
https://doi.org/10.1038/s41576-018-0035-9
https://doi.org/10.1073/pnas.1803361115
https://doi.org/10.1073/pnas.1803361115
https://doi.org/10.1038/s41586-021-03269-w
https://doi.org/10.1038/s41586-021-03269-w
https://doi.org/10.1111/jeb.13605
https://doi.org/10.1111/jeb.13605
https://doi.org/10.1016/j.neulet.2005.08.049
https://doi.org/10.1073/pnas.0914635107
https://doi.org/10.1073/pnas.0914635107
https://doi.org/10.1111/j.1365-294X.2006.03114.x
https://doi.org/10.1111/j.1365-294X.2006.03114.x
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1002/ece3.7966

