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Abstract

Understanding how natural selection shapes unique traits in mammals is a central topic in evolutionary biology.
The mammalian order Chiroptera (bats) is attractive for biologists as well as the general public due to their specific
traits of extraordinary immunity and inverted resting posture. However, genomic resources for bats that occupy key
phylogenetic positions are not sufficient, which hinders comprehensive investigation of the molecular mechanisms
underpinning the origin of specific traits in bats. Here, we sequenced the transcriptomes of 5 bats that are phylo-
genetically divergent and occupy key positions in the phylogenetic tree of bats. In combination with the available
genomes of 19 bats and 21 other mammals, we built a database consisting of 10 918 one-to-one ortholog genes
and reconstructed phylogenetic relationships of these mammals. We found that genes related to immunity, bone
remodeling, and cardiovascular system are targets of natural selection along the ancestral branch of bats. Further
analyses revealed that the T cell receptor signaling pathway involved in immune adaptation is specifically enriched
in bats. Moreover, molecular adaptations of bone remodeling, cardiovascular system, and balance sensing may help
to explain the reverted resting posture in bats. Our study provides valuable transcriptome resources, enabling us to
tentatively identify genetic changes associated with bat-specific traits. This work is among the first to advance our
understanding of the molecular underpinnings of inverted resting posture in bats, which could provide insight into
healthcare applications such as hypertension in humans.
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INTRODUCTION

During the evolutionary processes, mammals de-
velop specialized features for adaptation to new environ-
ments. For instance, mole rats developed sharper incisors,
enhanced olfaction, and elongated bodies to survive
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the harsh underground conditions (Heffner & Heffner
1993; Stathopoulos et al. 2014). Similarly, specialized
characters such as increased lung capacity, streamlined
body, and thickened skins have been shaped in dolphins
to adapt to their aquatic lifestyle (Fish & Hui 1991;
Reidenerg 2007). These highly specialized groups pro-
vide valuable opportunities to investigate the genetic
changes underlying the development of specific traits,
a central topic in evolutionary biology. The order
Chiroptera, commonly called bats, comprised approx-
imately 20% of all living mammals (Simmons 2005;
Lu et al. 2021). Bats are widely distributed and can
be found on every continent except Antarctica (Sim-
mons 2005; Ramírez-Fráncel et al. 2022). This wide
distribution is largely due to their specialized fea-
tures, which include unique immunity, capacity for pow-
ered flight, complex social behavior, and possibly in-
verted resting posture (Zhang et al. 2013; Banerjee
et al. 2020; Jebb et al. 2020; Scheben et al. 2020;
Gutiérrez et al. 2021; Sun et al. 2021a).

Bats are well known for their strong immune defense
systems that allow them to coexist with viruses (Irving
et al. 2021; Santillán et al. 2021). Moreover, bats could
serve as virus reservoirs for pathogenic viruses, including
Hendra and Nipah viruses, Marburg virus, and SARS-
like coronaviruses (Li et al. 2005; Calisher et al. 2006;
Yan et al. 2021). During their long-term coexistence with
viruses, bats may have evolved effective systems to de-
fend them.

In addition, the vast majority of bats rest in an inverted
position; they remain upside-down, which has been
a mystery and attracted biologists for centuries. This
upside-down position could help bats avoid predators
effectively; however, the biological and physiological
innovations of this behavior are complex. First, powerful
hook-like claws are one modification, which are attached
to the upper body via specialized tendons that enable the
claws to lock tightly (Hall & Richards 2000). Second,
since the upside-down position will increase blood pres-
sure to the head, bats evolved a relatively large heart and
more efficient cardiovascular system to avoid damage
from this high blood pressure (Currie 2018). Finally,
bats do not lose balance from hanging upside-down;
instead, they have evolved to maintain their balance and
negate the effects of gravity effectively (Altringham
1996).

Therefore, bats may offer us an excellent model to
study disease pathology and cardiovascular disorders.
Although many bat genomes have been released recently
(Zhang et al. 2013; Pavlovich et al. 2018; Jebb et al.
2020), genomic resources of bats occupying key posi-

tions in their phylogeny are still limited. For example, the
genomic data of the black-bearded tomb bat (Taphozous
melanopogon) is absent, which is located at the basal
position of the Yangochiroptera, 1 of the 2 suborders
in Chiroptera. This limitation hinders comprehensive
investigation of molecular mechanisms underlying the
development of specialized traits in bats. Furthermore,
there is currently no report on molecular evolution of the
upside-down resting posture in bats.

To investigate the genetic mechanisms associated with
the development of bat-specific traits such as immu-
nity and the inverted resting posture, we sequenced the
transcriptomes of 5 phylogenetically distinct bat species.
Combined with the publicly available genomic data of
19 other bat species, our dataset encompasses all main
basal lineages of bats (Fig. 1). First, we reconstructed
the one-to-one ortholog gene dataset between bats and
other mammals. Next, we performed comparative anal-
ysis to uncover molecular adaptations underlying bat-
specific traits such as their extraordinary immunity and
inverted resting posture. Our study provides valuable tran-
scriptome resources for bats and also represents the first
study to explore molecular mechanisms that underlie the
origin of inverted resting posture in bats. Our results could
also provide insight into healthcare applications, such as
the study of hypertension in humans.

MATERIALS AND METHODS

Transcriptome sequencing and assembly

Five bats from phylogenetically distant clades were se-
lected for transcriptome sequencing (Fig. 1). Total RNA
was obtained from pooled samples of 7 tissues from
each bat that were equally mixed (brain, liver, heart,
muscle, tongue, kidney, and lung), and used for paired-
end Illumina sequencing (Table S1, Supporting Infor-
mation). Following sequencing, raw reads were trimmed
if they contained adaptors, primers, low-quality reads,
and unknown nucleotides. De novo assembly of the tran-
scriptomes for each bat was performed using Trinity
(trinityrnaseq-2.0.6) with default settings (Grabherr et al.
2011). TransDecoder (implemented in Trinity) was used
to extract potential coding regions from the assembled
transcripts. The longest transcript was identified and used
in the following analysis. For comparative purpose, we
combined our data with available genomes of 19 repre-
sentative bats (Table S2, Supporting Information), such
that our dataset covers all basal clades of Chiroptera
(Fig. 1).
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Figure 1 Phylogenetic tree reconstructed in this study. The phylogenetic tree was reconstructed with the coalescent method. Bootstrap
values for each node of the tree can be seen in Fig. S2, Supporting Information. The red branch labeled with “a” represents the
ancestral branch of bats; the blue branch labeled with “b” indicates the close relative of the common ancestor of bats, which was used
as the control group. Newly sequenced species in the present study are marked in bold.

Identification of one-to-one ortholog genes and

alignment construction

To obtain one-to-one ortholog genes, we used the re-
ciprocal best hit method. The protein sequences of the

human genome were used as a reference and to con-
duct a reciprocal blast with sequences of each species
(Tables S2,S3, Supporting Information). The resulting or-
tholog clusters were further checked to determine if they
met the following criteria: at least 3 Yinpterochiroptera
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