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Abstract

Background: Mammals have wide variations in testicular position, with scrotal testes in some species and ascrotal
testes in others. Although cryptorchidism is hazardous to human health, some mammalian taxa are natural
cryptorchids. However, the evolution of testicular position and the molecular mechanisms underlying the
maintenance of health, including reproductive health, in ascrotal mammals are not clear.

Results: In the present study, comparative genomics and evolutionary analyses revealed that genes associated with
the extracellular matrix and muscle, contributing to the development of the gubernaculum, were involved in the
evolution of testicular position in mammals. Moreover, genes related to testicular position were significantly
associated with spermatogenesis and sperm fertility. These genes showed rapid evolution and the signature of
positive selection, with specific substitutions in ascrotal mammals. Genes associated with testicular position were
significantly enriched in functions and pathways related to cancer, DNA repair, DNA replication, and autophagy.

Conclusions: Our results revealed that alterations in gubernaculum development contributed to the evolution of
testicular position in mammals and provided the first support for two hypotheses for variation in testicular position
in mammals, the “cooling hypothesis”, which proposes that the scrotum provides a cool environment for acutely
heat-sensitive sperm and the “training hypothesis”, which proposes that the scrotum develops the sperm by
exposing them to an exterior environment. Further, we identified cancer resistance and DNA repair as potential
protective mechanisms in natural cryptorchids. These findings provide general insights into cryptorchidism and
have implications for health and infertility both in humans and domestic mammals.
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Background
The diversity of testicular positions is one of the most
remarkable traits in mammals [1]. Most mammals de-
velop a pair of scrotal testes descending from the embry-
onic kidney region into scrotal sacs, which leave the
body core, while a number of other mammals have
ascrotal testes still located in the body core [2]. The
scrotal testes exhibit complete descent (CDT), whereas

ascrotal testes can be further classified into incompletely
descended testes (IDT) in the inguinal region of the
lower abdomen and the undescended testes (UDT)
around the kidney (Fig. 1) [1, 3, 4]. For example, pri-
mates and most rodents carry scrotal CDT, whereas
some highly specialized aquatic mammals, such as ceta-
ceans, sirenians, and some bats, have ascrotal IDT, and
monotremes and most afrotherians have UDT [2, 5].
From an adaptive evolution perspective, the diverse

testicular positions in different groups of mammals ben-
efits the adaptation to their unique environments and
lifestyles. For example, the ascrotal testis is accompanied
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with streamlined body shape in many aquatic taxa (e.g.,
true seals, cetaceans and manatees) [1]. Specifically, a
number of hypotheses have been proposed to explain
the variation in testicular position among mammals, al-
though none fully explains the observed variation. Based
on the anatomical features that a pair of extracorporeal
scrotums provide for thermoregulation (e.g., thin scrotal
skin with sweat glands and fine hairs, tunica dartos,
pampiniform plexus, cremaster muscle and absence of
adipose tissue) [6–8], the ‘cooling hypothesis’ [9] states
that scrotal CDT provide lower temperatures, which are
beneficial for spermatogenesis. Short [10] extended this
hypothesis and suggested that a cooler scrotal testis
could be beneficial for maintaining the mutation rate in
the male germ line at an acceptable level, without con-
ferring an advantage for spermatogenesis. According to

the ‘display hypothesis’ proposed by Portmann [11], the
externally placed scrotal testis plays a role in sexual sig-
naling and sex recognition. Additionally, the ‘training
hypothesis’ [12] argues that the scrotum exposes the
sperm to a physiologically hostile environment due to
the finding that poor blood supply was provided for the
scrotal testis. This physiologically hostile environment
trained and screened few but high-quality sperms for the
ultimate task – fertilization. From another perspective,
the ‘galloping hypothesis’ [13, 14] proposes that the scro-
tal testis originated from galloping, jumping, leaping,
and similar movements; the externalization of the testes
protected the male gonads from fluctuations in intraab-
dominal pressures.
However, each hypothesis has been debated over de-

cades. For instance, the cooling hypothesis has been

Fig. 1 Variation in testicular position in mammals. CDT, completely descended testes; IDT, incompletely descended testes; UDT, undescended
testes. Animal icons are from https://www.flaticon.com/
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argued against on the grounds that the scrotal testis
is not obligatory for all mammals. Because, on the
one hand, some (such as the hedgehog) have a low
core body temperature; on the other hand, cetaceans
and true seals are able to ease the thermoregulatory
threat to a certain extent benefitting from the repro-
ductive countercurrent heat exchangers (CCHEs) and
venous system deep within the caudal abdominal cav-
ity, respectively [15, 16]. With respect to the display
hypothesis, the sexual signal function of the scrotal
testis is limited to primates [5, 10, 11, 17, 18].
In general, testicular descent in scrotal CDT and

ascrotal IDT mammals begins by the contraction of a
cordlike ligament, the gubernaculum [5, 19]. During em-
bryonic development, the gubernaculum develops from
a mesenchymal core plus a muscular outer layer into a
striated muscle bundle wrapped by extracellular matrix
(ECM) [20–22]. Both in humans and domestic mam-
mals, the failure of testicular descent results in crypt-
orchidism, a developmental defect related to various
dysfunctions, such as asthenospermia, germ cell mal-
development, and an elevated risk of testicular malig-
nancy [7, 23–26]. Natural cryptorchid (ascrotal IDT and
UDT) mammals do not show deficiencies in reproduct-
ive and general health. However, the genetic mecha-
nisms by which these taxa avoid the health issues
observed in humans with cryptorchidism are unclear.
The increasing availability of mammalian genome data

provides an opportunity to explore the genetic factors
involved in the evolution of diverse testicular positions
and related health-supporting processes. In the present
study, we used a comparative genomics approach to
evaluate the evolution of gene families and one-to-one
orthologs in 30 representative mammals, including nat-
ural cryptorchid species and scrotal mammals covering a
broad taxonomic range. In particular, our findings and
the detailed analysis of the molecular mechanisms
underlying health in natural cryptorchid mammals pro-
vide a theoretical basis for the maintenance of male re-
productive health in mammals.

Results
Expansion and contraction of gene families in ascrotal
mammals
The evolution of gene family could be one of the con-
tributing forces of specifically phenotypic adaptation
[27]. We found that gene family size differed substan-
tially among the 30 representative mammals examined
in this study (Fig. 2A). And differences in gene family
expansion and contraction were not related to differ-
ences in testicular position except for the difference be-
tween IDT and UDT mammals in gene family expansion
(p-value = 0.036) (Fig. 2B, C). Three gene families, i.e.,
the Neurexophilin and PC-esterase domain (NXPE),

olfactory receptors, and histone H2A family, shared
similar patterns of expansion in at least 6 of 13 ascrotal
species (Fig. S2).

Association between gene evolution and mammalian
testicular position
Gene-phenotype coevolution analysis by implementing
the Phylogenetic Generalized Least Squares (PGLS) re-
gression identifies molecular evolutionary correlates be-
tween genetic variants and different testicular positions
[28]. Our PGLS analysis based on the 5333 one-to-one
orthologs in 30 representative mammalian genomes
identified 437 genes associated with the two-class tes-
ticular position (i.e., ascrotal and scrotal and 576 genes
associated with the three-class testicular position, i.e.,
CDT, IDT, and UDT) (p-value.all < 0.05) (Table S4).
After the two-step calibration procedure, 654 genes were
confirmed to be associated with mammalian testicular
positions (p-value.max < 0.05), including 424 and 410
genes associated with two-class and three-class testicular
position, respectively. Among these, 180 genes were sig-
nificantly associated with both two-class and three-class
testicular position (Table S5).
A Gene Ontology (GO) enrichment analysis per-

formed using Metascape showed that these aforemen-
tioned 180 genes, which were significantly associated
with both classifications of testicular position, were sig-
nificantly enriched in terms related to GTPase binding,
cell cycle, histone, DNA repair, reproduction, and
spermatogenesis (Fig. 3A; Table S6). In the Kyoto
Encyclopedia of Genes and Genomes (KEGG) disease
enrichment analysis, the genes were significantly
enriched in the terms ‘cancers of soft tissues and bone’
and ‘cancers of male genital organs’ (Fig. 3B; Table S7).
Similarly, 654 testicular position-associated genes were
also enriched in functions related to the cell cycle,
GTPase binding, and apoptosis (Tables S8, and S9).
An overlap analysis indicated that 180 and 654 testicu-

lar position-associated genes are significantly involved in
cryptorchidism (p-value = 3e-04 and 3e-08, respectively),
spermatogenesis (p-value = 1e-02 and 1e-07, respect-
ively), seminal plasma (p-value = 4e-03 and 7e-15,
respectively), and sperm competition and fertilization (p-
value = 1e-02 and 2e-02, respectively) (Fig. 3C). In
addition, the 654 genes were also involved in sperm mo-
tility (p-value = 1e-02). These results suggested that the
observed relationship between testicular position-
associated genes and sperm function, spermatogenesis,
and cryptorchidism is unlikely the result of chance.

Specific amino acid substitutions in ascrotal mammals
The fixed amino acid replacements in certain group of
mammals might contribute to the explanation under-
lying a specific phenotype [29]. Among 5333 proteins
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Fig. 2 Gene family expansion and contraction. A Gene family expansion and contraction across a phylogenetic tree of 30 mammals. The
numbers of expanded and contracted gene families in each species are shown in red and green, respectively. Scrotal CDT species are indicated
by blue shading; ascrotal IDT and UDT species are indicated by yellow and red shading, respectively. Silhouettes of mammalian species are
reproduced from http://phylopic.org/ under a Public Domain or Creative Commons license. B Phylogenetic ANOVA of the numbers of expanded
and contracted gene families in ascrotal and scrotal mammals. C Phylogenetic ANOVA of the numbers of expanded and contracted gene families
in CDT, IDT, and UDT mammals. Only the number of gene family expansions in IDT and UDT were significantly different (p-value = 0.036)
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Fig. 3 Function and pathway enrichment analyses and gene overlap analyses of testicular position-associated genes. A Top 100 GO enrichment
terms for testicular position-associated genes using Metascape. B Top 10 enriched KEGG disease pathway with KOBAS. C Gene overlap test
between the testicular position-associated genes and genes related to different sperm functions, spermatogenesis, and cryptorchidism
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and 3,585,819 amino acid positions, only one ascrotal
mammal-specific amino acid substitution was identified
in Glucagon Like Peptide 2 Receptor (GLP2R). GLP2R
M256V was detected in most ascrotal species, including
all four UDT and six of nine IDT species (Fig. 4). More-
over, Testis Associated Actin Remodeling Kinase 1
(TESK1) N332S/I was detected in eight out of nine IDT
mammals, showing some degree of differentiation in this
group (Fig. 4).
For UDT mammals, we identified 715 substitutions in

589 proteins (Fig. 4; Table S10). GO and KEGG enrich-
ment analyses indicated that the genes encoding these
589 proteins were significantly overrepresented in path-
ways associated with DNA repair and functional terms
related to DNA repair and replication as well as ECM
and muscle development (Fig. S3, and S4).

Rapid evolution and positive selection in genes in
ascrotal mammals
The positive selection and rapid evolution of particular
genes are essential for the phenotypic adaptation [30]. In
the present study, after correction for multiple testing by
false discovery rate (FDR) (adjusted p-value < 0.05),
branch model analyses with codeml identified 62 rapidly
evolving genes (REGs) in ascrotal mammals. Among

them, 31 genes had ωascrotal/ωscrotal > 5 and the other 31
genes had ωascrotal > 0.5 and ωascrotal > ωscrotal (Fig. 5A, B),
suggesting differential selection pressures on mammals
with different testicular positions. In addition, enrich-
ment analyses indicated that REGs of ascrotal mammals
were significantly overrepresented in DNA repair, DNA
replication, and ECM (Fig. 5C).
The more stringent branch-site model identified 71

positively selected genes (PSGs) in ascrotal mammals
(Table S11). These PSGs were significantly overrepre-
sented in signaling pathways associated with cancer,
chromatin modification, DNA repair, and autophagy
(Table S12).

Discussion
Essential components of the gubernaculum contributed
to the evolution of testicular position
For most scrotal mammals, a two-step testicular
descent led to the development of a pair of scrotal
testes, including (1) transabdominal descent and (2)
inguino-scrotal descent [31]. A mechanical controller,
the gubernaculum, connects with and pulls the testes.
Consequently, a failure of gubernaculum development
could lead to abnormal testicular descent in humans
and mice [20].

Fig. 4 Specific amino acid substitutions in ascrotal mammals. From left to right, the three alignments illustrate the specific amino acid
substitutions in ascrotal mammals (GLP2R M256V), in IDT mammals (TESK1 N332S/I), and in UDT mammals (IPPK A127V)
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Muscle tissues and abundant ECM are the primary
components of the gubernaculum. During early develop-
ment, the gubernaculum is composed of a mesenchymal
core and a muscular outer layer [32]. The gubernaculum
swells and is wrapped with massive ECM, probably due
to increased expression of proteoglycans and glycosami-
noglycan side chains [21].
We found that genes associated with testicular pos-

ition, genes harboring UDT mammal-specific amino acid
substitutions, and REGs of ascrotal mammals were
significantly enriched in functional terms related to cell
polarity, actin filament polymerization, muscle develop-
ment, and ECM (Figs. 3A, and 5C, S3, S4; Table S6).

These results suggested that genes related to ECM and
muscle, which are essential for development of the
gubernaculum, contribute to the evolutionary changes in
testicular positions during mammalian evolution.
For example, we detected a UDT mammal-specific

amino acid substitution (H979N) in Laminin Subunit
Beta 1 (LAMB1) (Table S10), a member of the extracel-
lular matrix glycoprotein family involved in cell adhe-
sion, growth migration, and differentiation. H979N is
located in an important Laminin EGF-like domain and
participates in a disulfide bond maintaining the correct
conformation of LAMB1 [33]. Further, functional pre-
diction using HOPE [34] suggested that the mutant

Fig. 5 REGs in ascrotal mammals. A Thirty-one REGs in ascrotal mammals with ωascrotal > 0.5 and ωascrotal >ωscrotal (adjusted p-value < 0.05). B
Thirty-one REGs in ascrotal mammals with ωascrotal/ωscrotal > 5 (adjusted p-value < 0.05). C Heatmap and closely interactional clusters of top GO
enrichment terms for 62 REGs in ascrotal mammals
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(asparagine) was smaller than the wild type (histi-
dine), which might lead to loss of LAMB1 interac-
tions and abolish its function (Fig. S5). C481F in
another Laminin EGF-like domain is a deleterious
mutation affecting protein function [35], and a muta-
tion in LAMB1 (I1620T) has been reported in a male
infant diagnosed with hydranencephaly along with
cryptorchidism [36]. For these reasons, we hypothe-
sized that H979N alters the ECM production capacity
in UDT mammals. However, the functional effect of
this substitution and its influence on testicular posi-
tions should be verified by further functional experi-
ments. Similarly, Alpha 2-HS Glycoprotein (AHSG)
was identified as a REG in ascrotal mammals (Fig. 5).
This gene encodes an ECM component and a micro-
deletion including AHSG was associated with unilat-
eral cryptorchidism [37], suggesting that it is involved
in the process of testicular descent.
The swelling reaction and elongation of the guberna-

culum are triggered by Insulin Like 3 (INSL3) [6]. Hu-
man cryptorchidism may be related to mutations in
downstream signaling factors activated by INSL3 and its
receptor [38]. Glucagon Like Peptide 2 Receptor (GLP2R)
is in the same super pathway as INSL3 (Fig. S6) and con-
tained an ascrotal mammal-specific substitution (M256V)
(Fig. 4). GLP2R is also an epididymis secretory sperm
binding gene, and it is highly expressed in the testis but
not in the female reproductive organs [39]. The M256V
substitution was located in the extracellular region, 7tm_2
(PF00002 in the Pfam database), an important domain for
binding to large peptidic ligands. The smaller size of the
mutant was predicted to lead to a loss of these interactions
(Fig. S7) and thus cause functional alterations, supporting
its potential role in the development of the gubernaculum
and evolution of testicular position.

Rapid evolution of sperm fertilization- and
spermatogenesis-related genes supports the cooling
hypothesis and training hypothesis
Although it has been an intriguing question for a long
period of time, no consensus on the evolutionary mech-
anism driving differences in testicular positions in mam-
mals has been reached. While a number of hypotheses
have been put forward [9–14], the cooling hypothesis
has received the most support because it effectively ex-
plains the function of the scrotum based on thermoregu-
lation during spermatogenesis [4, 40]. However, most
evidence in support of this hypothesis is based on
physiological and ecological observations and inferences,
with very little molecular evidence from an evolutionary
perspective.
We found that divergence in a substantial number of

genes related to spermatogenesis and sperm fertilization
corresponded with the evolution of testicular position in

mammals (Fig. 3), providing some new molecular insights
into the cooling hypothesis and the training hypothesis. In
scrotal mammals, the scrotum contributes to thermoregu-
lation by the maintenance of a lower temperature than the
body core, which is essential for spermatogenesis [41]. Al-
though overheating harms normal spermatogenesis and
male fertility [24] in mammals, this is not the case for nat-
ural cryptorchid mammals, especially for most ascrotal
taxa with perfect homoiothermy and higher body core
temperatures than the optimal condition for spermatogen-
esis [40], implying that an adaptive mechanism for sperm-
atogenesis evolved in ascrotal mammals. Sixteen testicular
position-associated genes including Intraflagellar Trans-
port Associated Protein (IFTAP), Cation Channel Sperm
Associated 1 (CATSPER1), BTB Domain Containing 18
(BTBD18), AlkB Homolog 5 RNA Demethylase
(ALKBH5), Ovo Like Transcriptional Repressor 1
(OVOL1), VPS33B Interacting Protein Apical-Basolateral
Polarity Regulator Spe-39 Homolog (VIPAS39), SKI Like
Proto-Oncogene (SKIL), Solute Carrier Family 9 Member
C1 (SLC9C1), Eukaryotic Translation Initiation Factor
5A2 (EIF5A2), Adenylate Cyclase 10 (ADCY10), Beta-1,4-
N-Acetyl-Galactosaminyltransferase 1 (B4GALNT1), Acti-
vin A Receptor Type 2A (ACVR2A), Elongation Factor
For RNA Polymerase II 3 (ELL3), Golgi Reassembly Stack-
ing Protein 2 (GORASP2), Pleckstrin Homology Domain
Containing A1 (PLEKHA1), and Spermatogenesis Associ-
ated 5 (SPATA5) were significantly related to spermato-
genesis in an overlap analysis (Fig. 3C). Additionally,
GORASP2 L336I, CATSPER1 I544V, BTBD18 K209R,
and SPATA5 H811R were identified as UDT-specific
substitutions (Table S10). SPATA5 encodes a member
of the ATPases associated with the diverse activities
(AAA) protein family and is involved in mitochondrial
morphogenesis during differentiation in spermatogen-
esis, which might be a compensatory mechanism for
thermodynamically unfavorable conditions and de-
creased oxygen supply due to the blood–testis barrier
[42]. Previously reported mutations (R784Q and
A844V) located in or near the AAA domain disrupt the
function of SPATA5 [42]. Interestingly, the SPATA5
H811R mutation detected in the present study was not
only near the AAA domain but also introduced a rad-
ical change in amino acid residual charge from neutral
to positive. This substitution was predicted to lead to
the repulsion of interactions between SPATA5 and
other molecules (Fig. S8). Presumably, genes and co-
dons in ascrotal UDT mammals evolved to address the
potential heat stress in internal testes.
Moreover, we identified an IDT mammal-specific substi-

tution in TESK1 (N332S/I). This protein has roles in
spermatogenesis and is associated with spermatogenic
failure. The N332S/I mutation site is close to the protein
kinase domain, and both mutants (isoleucine and serine)
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were predicted to be smaller and more hydrophobic than
the wild type, resulting in a loss of hydrogen bonds and/or
disruption in correct folding (Fig. S9). The structure and
function of TESK1 may be influenced by this substitution,
contributing to spermatogenesis in natural cryptorchid
testes.
In addition to the cooling hypothesis, our evolutionary

analyses provide some support for the training hypothesis.
Compared with the ascrotal testis, sperms in the scrotal
testis are exposed to a hostile environment (poor in oxygen
and blood supply) to train for fertilization, the final task of
gametes [12]. Despite the advantages of scrotal testes in
mammals, their development is a complex process requir-
ing energy and material expenses. Ascrotal mammals
evolved an alternative strategy to resolve the lack of a train-
ing area (i.e., testicular externalization). We identified a
number of testicular position-associated genes with benefi-
cial roles in fertilization, e.g., sperm competition/
fertilization, seminal plasma, and sperm motility (Fig. 3).
For instance, MLX Interacting Protein Like (MLXIPL) en-
codes a transcription factor in the Myc/Max/Mad super-
family, with a basic helix-loop-helix and a Leucine-zipper
domain required for dimerization and DNA binding.
MLXIPL expression is significantly decreased in mice
whose spermatogenesis and fertility are disturbed [43], and
mutations in this gene are associated with Williams syn-
drome, characterized by cryptorchidism in male patients
[44]. In the present study, the testicular position-associated
gene MLXIPL showed a unique substitution (Q716R) in
the important Leucine-zipper domain in UDT mammals.
The arginine substitution was predicted to change the
function of MLXIPL based on the larger volume and posi-
tive charge introduced by this residue (Fig. S10), conse-
quently contributing to fertilization in ascrotal mammals.
CATSPER1 is a voltage-gated calcium channel essen-

tial for successful sperm fertilization and is exclusively
expressed in the testis. Sperm function in humans and
fertilization in mice are inhibited in vitro when CAT-
SPER1 is blocked [45]. The distinct evolutionary trajec-
tories of CATSPER1 between ascrotal and scrotal
mammals suggest that this gene is involved in adaptation
to sperm competition in natural cryptorchid testes
retained in the body core.

Natural cryptorchid mammals show improved cancer
resistance and DNA repair
In mammals, including humans, cancer is one of the
most important issues affecting health and lifespan [46,
47]. In young men, testicular cancer is the most com-
mon malignancy, and cryptorchidism (undescended or
maldescended testicles) confers a 2- to 4-fold increase in
risk [48].
However, little is known about infertility and/or can-

cers (especially testicular cancer) in natural cryptorchid

mammals. Our results provide new insights into the mo-
lecular mechanisms underlying cancer or malignancy re-
sistance in cryptorchid mammals. In particular, genes
associated with testicular position and PSGs in ascrotal
mammals were significantly enriched in pathways related
to cancer, especially cancers of male genital organs (Fig.
3B, Tables S7, and S12). This observation strongly sug-
gested that the increased cancer resistance evolved in
natural cryptorchid mammals. For example, the posi-
tively selected gene Bone Morphogenetic Protein 4
(BMP4) encodes a protein involved in multiple human
cancers, especially cancer in male external genitalia, and
cryptorchidism [49]. In addition, BMP4 was highly dif-
ferentially expressed between the gubernaculum of wild-
type and orl (a cryptorchid strain) fetal rats, implying its
importance in the development of the gubernaculum
and testicular descent [50]. The positively selected site
(G44M) lies in the conserved propeptide and antibody
binding region of BMP4, and mutations in the propep-
tide would influence the release of mature BMP4 [51].
Given that the expression of BMP4 affects the biological
behavior of tumors [51], the change in BMP4 quantity in
ascrotal mammals might increase cancer inhibition.
Spermatogenesis, the core function of the key male re-

productive organ, is a complex process involving cell dif-
ferentiation, cell proliferation, and meiosis, in which
DNA synthesis is indispensable. Notably, the testis and
germ cells are sensitive and vulnerable to heat stress.
The decreased DNA replication activity in testes of
cryptorchid rats is related to the deleterious effects of el-
evated temperatures [52]. An elevation in DNA damage
in sperm from subfertile men is influenced by (at least in
part) cryptorchidism [53] because pathological crypt-
orchidism generally leads to higher temperatures of the
testes [24]. Moreover, aberrant seminiferous epithelial
cycles and abnormal autophagy have been observed in
mice with surgery-induced cryptorchidism [54]. Thus, to
retain genomic stability and repair replication errors,
natural cryptorchid mammals may have developed
mechanisms for improved DNA repair, optimal autoph-
agy, and accurate DNA replication.
In this study, we obtained several lines of evidence for

improved cancer resistance and DNA repair. First, there
were more histone H2A family members in ascrotal
mammals than in their scrotal counterparts (Fig. S2).
These genes, with posttranslational modifications, play a
key role in the regulation of chromatin structure as well
as DNA repair [55]. Second, genes associated with tes-
ticular position and REGs in ascrotal mammals as well
as genes possessing UDT mammal-specific amino acid
substitutions were significantly enriched for functions in
DNA repair and replication (Fig. 3A, S3 and S4; Tables
S6 and S12). Third, PSGs in ascrotal mammals were
enriched in autophagy pathways (Table S12).
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For example, ABL Proto-Oncogene 1 Non-Receptor
Tyrosine Kinase (ABL1) is a protooncogene and primar-
ily contributes to the DNA damage response and au-
tophagy. The protein had a UDT-specific amino
substitution (P997Q) in its F-actin-binding domain
(FABD). The function of this tyrosine kinase depends on
FABD, which negatively regulates ABL1 [56]. In a mouse
model, mutants of the FABD of ABL1 lead to changes in
oncogenicity [57]. The protein with the substitution of
the polar glutamine in UDT mammals was predicted to
be larger and less hydrophobic than the protein with
nonpolar proline, and this substitution would alter the
special backbone conformation provided by the rigid
proline (Fig. S11) [58]. Consequently, P997Q is highly
likely to alter the binding of ABL1 to F-actin and other
substrates in ascrotal mammals, resulting in an im-
proved sensitivity to DNA damage in the internal testis,
thereby contributing to reproduction and health.

Conclusions
To clarify the molecular mechanisms underlying the
evolution of diverse testicular positions in mammals and
strategies for the maintenance of reproductive health in
natural cryptorchid mammals, we surveyed 30 genomes
from taxa covering the range of variation in testicular
position. Our genome-wide analyses suggested that
genes associated with muscle and ECM (involved in the
development of the gubernaculum, an essential structure
for testicular descent) contributed to the evolution of
mammalian testicular position. In addition, gene family
expansion in ascrotal mammals combined with the sig-
nal of positive selection, rapid evolution, and specific
substitutions in ascrotal mammals indicated that cancer
resistance and DNA repair contribute to the mainten-
ance of health in natural cryptorchid mammals. We de-
tected significant associations between testicular
positions and the divergence of genes related to sperm-
atogenesis and fertility, providing the first support for
the cooling hypothesis and the training hypothesis from
a molecular evolutionary perspective. In summary, the
results of this study provide novel insights regarding the
evolutionary strategies by which ascrotal mammals avoid
the negative consequences of natural cryptorchidism.

Methods
Phenotypic and genomic data collection
The testicular position of 30 mammals representing a
broad taxonomic range with high sequencing and assem-
bly quality were collected from previous studies (Table
S1) [1, 3, 12, 59].
Thirty reference genomes were downloaded from

https://www.ncbi.nlm.nih.gov/genome (Table S1). The
longest transcript for each gene with alternative splicing
variants was chosen for analyses. Further, gene families

and orthologs were called by OrthoFinder using an all-
against-all BLASTP algorithm [60]. Gene family expansion
and contraction were analyzed using CAFE (Computa-
tional Analysis of gene Family Evolution) [61]. The phyl-
ogeny used in CAFE (and in other subsequent
evolutionary analyses such as PAML) was dated using
TimeTree (http://www.timetree.org/) (Fig. S1) [62]. A
total of 5334 one-to-one single copy protein-coding ortho-
logs in the 30 representative mammals were generated.
To test if there is a difference in the extent of gene

family expansion and contraction among mammals with
different testicular positions, phylogenetic ANOVA was
used (phylANOVA function in phytools package in R)
[63], with a p-value cutoff of 0.05.
Codon-based alignments were generated using

MACSE with default parameters [64]. Further, poorly
aligned regions and gaps were trimmed using Gblocks
[65]. Finally, 5333 alignments were generated; TTN was
too long to align successfully. The 5333 aligned nucleo-
tide sequences and gene information were provided in
figshare Dataset (https://doi.org/10.6084/m9.figshare.
16565982.v1) and Table S2.

Rapidly evolving and positively selected genes
Evolutionary rates (ω) estimated by the ratio of the rates
of nonsynonymous (dN) and synonymous (dS) substitu-
tions per site were computed using codeml in PAML
[66], considering the rate of transitions and transversions
and effects of codon usage. The fit of each hypothesis
within a pair of nested models was compared using a
likelihood ratio test (LRT). The Benjamini–Hochberg
method [67] was applied to correct for multiple testing,
and a false discovery rate cutoff of 0.05 was used.
To identify REGs in ascrotal mammals, the two-ratio

model in PAML was employed [66]. The null hypothesis
(one-ratio model) assumed that genes in scrotal and
ascrotal species evolved with the same ω, while the alter-
native hypothesis set two different ω values for the fore-
ground (i.e., the ascrotal) and background (i.e., the scrotal)
species. Genes with ωascrotal/ωscrotal > 5, or ωascrotal > 0.5
and ωascrotal > ωscrotal were considered REGs in ascrotal
mammals.
To identify PSGs with ω > 1, a nested branch-site

model was used. The branch-site model detected both
genes and codons under positive selection in foreground
species (i.e., the combined ascrotal mammals). Genes
with a significant LRT (adjusted p-value < 0.05) and se-
lected codons with posterior possibility > 0.8 were iden-
tified as positively selected.

Association between root-to-tip ω and the testicular
position
The root-to-tip ω value of a gene refers to the average of
the accumulated ω extending from the last common
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ancestor to the extant species and is an index of selection,
including the evolutionary history of a gene in a certain
species [68, 69]. The evolutionary rate of each one-to-one
ortholog was calculated using codeml in PAML [66] with
a free-ratio model. In particular, branches with dN or dS
values of < 0.0002 were excluded from subsequent ana-
lyses because substitution rates equal to or approaching
zero would lead to exceedingly high or low ω values.
To evaluate the association between gene evolution

and mammalian testicular positions, the calculated root-
to-tip ω values were assigned to the working phylogen-
etic topology for a PGLS regression analysis [70] using
the Caper package in R [71]. PGLS regression was per-
formed for testicular positions of two (scrotal and ascro-
tal) and three classes (CDT, IDT, and UDT) against
root-to-tip ω values.
For each gene, the strength of the correlation was eval-

uated by using an extra two-step calibration procedure,
which is equal to or better than multiple testing correc-
tion [72]. Based on ‘p-value.all’ from the original regres-
sion analyses, ‘p-value.robust’ (from the re-calculation of
regressions after discarding the largest residual error
species) and ‘p-value.max’ (the maximum or least signifi-
cant p-value from the third calculation of the regression
after excluding each species one at a time) were evalu-
ated. This procedure ensured that the correlation be-
tween genotypic and phenotypic data was generalizable
and did not depend on a single species. P-value.max <
0.05 was chosen as the cutoff.

Identification and functional prediction of specific amino
acid substitutions
Specific substitutions were identified using FasParser [73]
for the ascrotal (IDT +UDT), UDT, and IDT groups. Hu-
man canonical sequences in UniProt (https://www.
uniprot.org/) [33] were taken as references for the loca-
tions of amino acids. HOPE was used to predict structural
and functional effects of an amino acid substitution [34].

Gene function and signaling pathway annotation and
enrichment
The cryptorchidism-related gene list was obtained from
the Cryptorchidism Gene Database [74]. Capacitation/
decapacitation, sperm motility, sperm competition/
sperm fertilization, acrosomal reaction, zona reaction,
and spermatogenesis-related gene lists were gathered
from Gene Ontology (http://geneontology.org/) [75, 76].
The sperm function genes for seminal plasma was ob-
tained from GeneCards (https://www.genecards.org/)
[77] with a relevance score > 2 as a cutoff. The relevant
sperm function genes are provided in Table S3.
To test whether genes associated with mammalian tes-

ticular positions are involved in sperm functions, sperm-
atogenesis, and cryptorchidism, gene overlap was

evaluated using the GeneOverlap package in R [78].
Fisher’s exact test was used to test if two gene lists were
independent. The odds ratio measured the strength of
the association between two gene lists, where odds ra-
tio > 1 indicated a strong association and odds ratio < 1
implied no association.
GO functional [79], KEGG pathway [80], and Reactome

pathway [81] enrichment analyses were performed using
Metascape setting with Homo sapiens as the “Input as spe-
cies” and “Analysis as species” (http://metascape.org) [82]
and KOBAS [83], setting p-value < 0.05 as a cutoff.

Abbreviations
CDT: Complete Descended Testes; IDT: Incompletely Descended Testes;
UDT: Undescended Testes; ECM: Extracellular Matrix; NXPE: The Neurexophilin
and PC-esterase Domain; PGLS: Phylogenetic Generalized Least Squares;
GO: Gene Ontology; FDR: False Discovery Rate; REG: Rapidly Evolving Gene;
PSG: Positively Selected Gene; LRT: Likelihood Ratio Test

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-021-08084-1.

Additional file 1: Table S1. Thirty representative mammals in the
present study and their testicular positions. Table S2. The information of
5333 genes. Table S3. Lists of cryptorchidism, spermatogenesis and
different sperm function-related genes. Table S4. Genes evolved associ-
ated with different testicular positions (p-value.all < 0.05). Table S5.
Genes evolved associated with different testicular positions (p-value.max
< 0.05). Table S6. GO enrichment of 180 testicular position-associated
genes with Metascape. Table S7. KEGG disease enrichment of 180 tes-
ticular position-associated genes with KOBAS. Table S8. GO enrichment
of 654 testicular position-associated genes with metascape. Table S9.
KEGG enrichment of 654 testicular position-associated genes with metas-
cape. Table S10. UDT mammal-specific amino acid substitutions. Table
S11. PSGs in ascrotal mammals. Table S12. KEGG and reactome pathway
enrichment of 71 PSGs in ascrotal mammals.

Additional file 2: Fig. S1. The phylogeny of 30 mammals used in CAFE
(and in other subsequent evolutionary analyses such as PAML) using
TimeTree (http://www.timetree.org/). Fig. S2. The expanded gene family
shared in ascrotal mammals. Fig. S3. Heatmap of Top100 GO enrichment
terms of 589 genes containing UDT mammal-specific amino acid substi-
tutions. Fig. S4. Heatmap of KEGG pathway enrichment terms of 589
genes containing UDT mammal-specific amino acid substitutions. Fig.
S5. Functional prediction of LAMB1 H979N. Fig. S6. Interaction between
GLP2R and INSL3 from String (https://version11.string-db.org/). Fig. S7.
Functional prediction of GLP2R M256V. Fig. S8. Functional prediction of
SPATA5 H811R. Fig. S9. Functional prediction of TESK1 N332S/I. Fig. S10.
Functional prediction of MLXIPL Q716R. Fig. S11. Functional prediction
of ABL1 P997Q.

Acknowledgements
We thank Dr. Ran Tian, Dr. Weijian Guo and all other members of Jiangsu
Key Laboratory for Biodiversity and Biotechnology for suggestions and
support during the project.

Authors’ contributions
SX, GY and WR conceived the study and assisted with manuscript revision.
SC, XH and TW participated in data analysis. SC interpreted the data and
wrote the first draft of the manuscript. All authors read and approved the
final manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (NSFC) (Grant no. 31630071 and 32030011 to GY, 31872219 to WR,
31772448 and 32070409 to SX), the Qinglan project of Jiangsu Province to

Chai et al. BMC Genomics          (2021) 22:763 Page 11 of 13

https://www.uniprot.org/
https://www.uniprot.org/
http://geneontology.org/
https://www.genecards.org/
http://metascape.org
https://doi.org/10.1186/s12864-021-08084-1
https://doi.org/10.1186/s12864-021-08084-1
http://www.timetree.org/
https://version11.string-db.org/


SX, National Key Programme of Research and Development, Ministry of
Science and Technology (Grant no. 2016YFC0503200 to GY and SX), and the
Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD) to GY and SX. The funding bodies for this study had no
role in the design of the study, collection of data, data analysis and
interpretation, or in writing the manuscript.

Availability of data and materials
All of the 5333 aligned sequences are available in the figshare Dataset
(https://doi.org/10.6084/m9.figshare.16565982.v1). Other data generated or
analysed during this study are included in this published article and its
supplementary information files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 June 2021 Accepted: 12 October 2021

References
1. Kleisner K, Ivell R, Flegr J. The evolutionary history of testicular

externalization and the origin of the scrotum. J Biosci. 2010;35(1):27–37.
https://doi.org/10.1007/s12038-010-0005-7.

2. Hutson JM, Thorup JM, Beasley SW. Descent of the testis: springer; 1992.
3. Lovegrove B. Cool sperm: why some placental mammals have a scrotum. J

Evol Biol. 2014;27(5):801–14. https://doi.org/10.1111/jeb.12373.
4. Hafez E. Descended and cryptorchid testis. Berlin/Heidelberg: Springer

Science & Business Media; 2012.
5. Werdelin L, Nilsonne Å. The evolution of the scrotum and testicular descent

in mammals: a phylogenetic view. J Theor Biol. 1999;196(1):61–72. https://
doi.org/10.1006/jtbi.1998.0821.

6. Niedzielski JK, Oszukowska E, Słowikowska-Hilczer J. Undescended testis–
current trends and guidelines: a review of the literature. Arch Med Sci. 2016;
12(3):667–77. https://doi.org/10.5114/aoms.2016.59940.

7. Bishop M, David J, Messervy A. Male infertility: cryptorchidism in the stallion.
In: SAGE Publications; 1966, doi: https://doi.org/10.1177/00359157660590083
6.

8. Setchell BP. The parkes lecture heat and the testis. Reproduction. 1998;
114(2):179–94. https://doi.org/10.1530/jrf.0.1140179.

9. Moore CR. The biology of the mammalian testis and scrotum. Q Rev Biol.
1926;1(1):4–50. https://doi.org/10.1086/394235.

10. Short RV. The testis: the witness of the mating system, the site of mutation
and the engine of desire. Acta Paediatr (Oslo, Norway: 1992) Suppl. 1997;
422(422):3–7. https://doi.org/10.1111/j.1651-2227.1997.tb18336.x.

11. Portmann A. Animal forms and patterns. Evolution. 1967;8(4):405.
12. Freeman S. The evolution of the scrotum: a new hypothesis. J Theor Biol.

1990;145(4):429–45. https://doi.org/10.1016/S0022-5193(05)80479-5.
13. Frey VR. Zur Ursache des Hodenabstiegs (Descensus testiculorum) bei

Säugetieren 1. J Zool Syst Evol Res. 1991;29(1):40–65. https://doi.org/1
0.1111/j.1439-0469.1991.tb00443.x.

14. Chance M. Reason for externalization of the testis of mammals. J Zool. 1996;
239(4):691–5. https://doi.org/10.1111/j.1469-7998.1996.tb05471.x.

15. Rommel SA, Pabst DA, McLellan WA, Mead JG, Potter CW. Anatomical
evidence for a countercurrent heat exchanger associated with dolphin
testes. Anat Rec. 1992;232(1):150–6. https://doi.org/10.1002/ar.1092320117.

16. Rommel SA, Early GA, Matassa KA, Pabst DA, McLellan WA. Venous
structures associated with thermoregulation of phocid seal reproductive
organs. Anat Rec. 1995;243(3):390–402. https://doi.org/10.1002/ar.109243
0314.

17. Carrick F. The evolution of the scrotum. Reprod Evol. 1977:165–70.
18. Bedford JM. Enigmas of mammalian gamete form and function. Biol Rev.

2004;79(2):429–60. https://doi.org/10.1017/S146479310300633X.

19. Hutson JM, Hasthorpe S, Heyns CF. Anatomical and functional aspects of
testicular descent and cryptorchidism. Endocr Rev. 1997;18(2):259–80.
https://doi.org/10.1210/edrv.18.2.0298.

20. Emmen JM, McLuskey A, Adham IM, Engel W, Grootegoed JA, Brinkmann
AO. Hormonal control of gubernaculum development during testis descent:
gubernaculum outgrowth in vitro requires both insulin-like factor and
androgen. Endocrinology. 2000;141(12):4720–7. https://doi.org/10.1210/
endo.141.12.7830.

21. Heyns C. The gubernaculum during testicular descent in the human fetus. J
Anat. 1987;153:93.

22. Costa WS, Sampaio FJ, Favorito LA, Cardoso LE. Testicular migration:
remodeling of connective tissue and muscle cells in human gubernaculum
testis. J Urol. 2002;167(5):2171–6. https://doi.org/10.1016/S0022-534
7(05)65122-1.

23. Klonisch T, Fowler PA, Hombach-Klonisch S. Molecular and genetic
regulation of testis descent and external genitalia development. Dev Biol.
2004;270(1):1–18. https://doi.org/10.1016/j.ydbio.2004.02.018.

24. Durairajanayagam D, Agarwal A, Ong C. Causes, effects and molecular
mechanisms of testicular heat stress. Reprod BioMed Online. 2015;30(1):14–
27. https://doi.org/10.1016/j.rbmo.2014.09.018.

25. Toppari J, Rodprasert W, Virtanen HE. Cryptorchidism–disease or symptom?
In: Annales d’endocrinologie. Amsterdam: Elsevier; 2014;72–6.

26. Memon M. Common causes of male dog infertility. Theriogenology. 2007;
68(3):322–8. https://doi.org/10.1016/j.theriogenology.2007.04.025.

27. Lespinet O, Wolf YI, Koonin EV, Aravind L. The role of lineage-specific gene
family expansion in the evolution of eukaryotes. Genome Res. 2002;12(7):
1048–59. https://doi.org/10.1101/gr.174302.

28. Muntané G, Farré X, Rodríguez JA, Pegueroles C, Hughes DA, de Magalhaes
JP, et al. Biological processes modulating longevity across primates: a
phylogenetic genome-phenome analysis. Mol Biol Evol. 2018;35(8):1990–
2004. https://doi.org/10.1093/molbev/msy105.

29. Huang X, Sun D, Wu T, Liu X, Xu S, Yang G. Genomic insights into body size
evolution in Carnivora support Peto’s paradox. BMC Genomics. 2021;22(1):1–
13. https://doi.org/10.1186/s12864-021-07732-w.

30. Aguileta G, Refregier G, Yockteng R, Fournier E, Giraud T. Rapidly evolving
genes in pathogens: methods for detecting positive selection and examples
among fungi, bacteria, viruses and protists. Infect Genet Evol. 2009;9(4):656–
70. https://doi.org/10.1016/j.meegid.2009.03.010.

31. Hutson J. A biphasic model for the hormonal control of testicular descent.
Lancet. 1985;326(8452):419–21. https://doi.org/10.1016/S0140-6736(85)92739-4.

32. Soito IC, Favorito LA, Costa WS, Sampaio FJ, Cardoso LE. Extracellular matrix
remodeling in the human gubernaculum during fetal testicular descent and
in cryptorchidic children. World J Urol. 2011;29(4):535–40. https://doi.org/1
0.1007/s00345-011-0702-3.

33. Apweiler R, Bairoch A, Wu CH, Barker WC, Boeckmann B, Ferro S, et al.
UniProt: the universal protein knowledgebase. Nucleic Acids Res. 2004;
32(suppl_1):D115–9.

34. Venselaar H, Te Beek TA, Kuipers RK, Hekkelman ML, Vriend G. Protein
structure analysis of mutations causing inheritable diseases. An e-science
approach with life scientist friendly interfaces. BMC Bioinformatics. 2010;
11(1):1–10. https://doi.org/10.1186/1471-2105-11-548.

35. Tonduti D, Dorboz I, Renaldo F, Masliah-Planchon J, Elmaleh-Bergès M,
Dalens H, et al. Cystic leukoencephalopathy with cortical dysplasia related
to LAMB1 mutations. Neurology. 2015;84(21):2195–7. https://doi.org/1
0.1212/WNL.0000000000001607.

36. Sen K, Kaur S, Stockton DW, Nyhuis M, Roberson J. Biallelic variants in
LAMB1 causing Hydranencephaly: a severe phenotype of a rare
Malformative encephalopathy. AJP reports. 2021;11(1):e26–8. https://doi.
org/10.1055/s-0040-1722728.

37. Jewell R, Eng B, Coates A, Hewitt S, Hobson E. 3q27. 3 microdeletion
syndrome: further delineation of the second region of overlap and atopic
dermatitis as a phenotypic feature. Clin Dysmorphol. 2017;26(3):154–6.
https://doi.org/10.1097/MCD.0000000000000177.

38. Feng S, Ferlin A, Truong A, Bathgate R, Wade JD, Corbett S, et al. INSL3/
RXFP2 signaling in testicular descent: mice and men. Ann N Y Acad Sci.
2009;1160(1):197–204. https://doi.org/10.1111/j.1749-6632.2009.03841.x.

39. Yusta B, Matthews D, Koehler JA, Pujadas G, Kaur KD, Drucker DJ.
Localization of glucagon-like peptide-2 receptor expression in the mouse.
Endocrinology. 2019;160(8):1950–63. https://doi.org/10.1210/en.2019-00398.

40. Ruibal R. The evolution of the scrotum. Evolution. 1957;11(3):376–8. https://
doi.org/10.1111/j.1558-5646.1957.tb02908.x.

Chai et al. BMC Genomics          (2021) 22:763 Page 12 of 13

https://doi.org/10.6084/m9.figshare.16565982.v1
https://doi.org/10.1007/s12038-010-0005-7
https://doi.org/10.1111/jeb.12373
https://doi.org/10.1006/jtbi.1998.0821
https://doi.org/10.1006/jtbi.1998.0821
https://doi.org/10.5114/aoms.2016.59940
https://doi.org/10.1177/003591576605900836
https://doi.org/10.1177/003591576605900836
https://doi.org/10.1530/jrf.0.1140179
https://doi.org/10.1086/394235
https://doi.org/10.1111/j.1651-2227.1997.tb18336.x
https://doi.org/10.1016/S0022-5193(05)80479-5
https://doi.org/10.1111/j.1439-0469.1991.tb00443.x
https://doi.org/10.1111/j.1439-0469.1991.tb00443.x
https://doi.org/10.1111/j.1469-7998.1996.tb05471.x
https://doi.org/10.1002/ar.1092320117
https://doi.org/10.1002/ar.1092430314
https://doi.org/10.1002/ar.1092430314
https://doi.org/10.1017/S146479310300633X
https://doi.org/10.1210/edrv.18.2.0298
https://doi.org/10.1210/endo.141.12.7830
https://doi.org/10.1210/endo.141.12.7830
https://doi.org/10.1016/S0022-5347(05)65122-1
https://doi.org/10.1016/S0022-5347(05)65122-1
https://doi.org/10.1016/j.ydbio.2004.02.018
https://doi.org/10.1016/j.rbmo.2014.09.018
https://doi.org/10.1016/j.theriogenology.2007.04.025
https://doi.org/10.1101/gr.174302
https://doi.org/10.1093/molbev/msy105
https://doi.org/10.1186/s12864-021-07732-w
https://doi.org/10.1016/j.meegid.2009.03.010
https://doi.org/10.1016/S0140-6736(85)92739-4
https://doi.org/10.1007/s00345-011-0702-3
https://doi.org/10.1007/s00345-011-0702-3
https://doi.org/10.1186/1471-2105-11-548
https://doi.org/10.1212/WNL.0000000000001607
https://doi.org/10.1212/WNL.0000000000001607
https://doi.org/10.1055/s-0040-1722728
https://doi.org/10.1055/s-0040-1722728
https://doi.org/10.1097/MCD.0000000000000177
https://doi.org/10.1111/j.1749-6632.2009.03841.x
https://doi.org/10.1210/en.2019-00398
https://doi.org/10.1111/j.1558-5646.1957.tb02908.x
https://doi.org/10.1111/j.1558-5646.1957.tb02908.x


41. Abdelhamid MHM, Walschaerts M, Ahmad G, Mieusset R, Bujan L, Hamdi S.
Mild experimental increase in testis and epididymis temperature in men:
effects on sperm morphology according to spermatogenesis stages. Transl
Androl Urol. 2019;8(6):651–65. https://doi.org/10.21037/tau.2019.11.18.

42. Tanaka AJ, Cho MT, Millan F, Juusola J, Retterer K, Joshi C, et al. Mutations in
SPATA5 are associated with microcephaly, intellectual disability, seizures,
and hearing loss. Am J Hum Genet. 2015;97(3):457–64. https://doi.org/10.1
016/j.ajhg.2015.07.014.

43. Yang C, Bae H, Song G, Lim W. Quercetin affects spermatogenesis-related
genes of mouse exposed to high-cholesterol diet. J Anim Reprod
Biotechnol. 2020;35(1):73–85. https://doi.org/10.12750/JARB.35.1.73.

44. Koehler U, Pabst B, Pober B, Kozel B. Clinical utility gene card for: Williams–
Beuren syndrome [7q11. 23]. Eur J Hum Genet. 2014;22(9):1153. https://doi.
org/10.1038/ejhg.2014.28.

45. Li H, Ding X, Guan H, Xiong C. Inhibition of human sperm function and
mouse fertilization in vitro by an antibody against cation channel of sperm
1: the contraceptive potential of its transmembrane domains and pore
region. Fertil Steril. 2009;92(3):1141–6. https://doi.org/10.1016/j.fertnstert.2
008.07.1751.

46. Lipman R, Galecki A, Burke DT, Miller RA. Genetic loci that influence cause
of death in a heterogeneous mouse stock. J Gerontol Ser A Biol Med Sci.
2004;59(10):B977–83. https://doi.org/10.1093/gerona/59.10.B977.

47. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. 2016;
66(1):7–30. https://doi.org/10.3322/caac.21332.

48. Garner MJ, Turner MC, Ghadirian P, Krewski D. Epidemiology of testicular
cancer: an overview. Int J Cancer. 2005;116(3):331–9. https://doi.org/10.1002/
ijc.21032.

49. Köhler S, Gargano M, Matentzoglu N, Carmody LC, Lewis-Smith D, Vasilevsky
NA, et al. The human phenotype ontology in 2021. Nucleic Acids Res. 2021;
49(D1):D1207–17. https://doi.org/10.1093/nar/gkaa1043.

50. Barthold JS, McCahan SM, Singh AV, Knudsen TB, Si X, Campion L, et al.
Altered expression of muscle-and cytoskeleton-related genes in a rat strain
with inherited cryptorchidism. J Androl. 2008;29(3):352–66. https://doi.org/1
0.2164/jandrol.107.003970.

51. Wu Q, Yao J. BMP4, a new prognostic factor for glioma. World J Surg Oncol.
2013;11(1):1–6. https://doi.org/10.1186/1477-7819-11-264.

52. Fujisawa M, Matsumoto O, Kamidono S, Hirose F, Kojima K, Yoshida S.
Changes of enzymes involved in DNA synthesis in the testes of cryptorchid
rats. Reproduction. 1988;84(1):123–30. https://doi.org/10.1530/jrf.0.0840123.

53. Paul C, Melton DW, Saunders PT. Do heat stress and deficits in DNA repair
pathways have a negative impact on male fertility? Mol Hum Reprod. 2008;
14(1):1–8. https://doi.org/10.1093/molehr/gam089.

54. Zheng Y, Zhang P, Zhang C, Zeng W. Surgery-induced cryptorchidism
induces apoptosis and autophagy of spermatogenic cells in mice. Zygote.
2019;27(2):101–10. https://doi.org/10.1017/S096719941900011X.

55. Belle JI, Nijnik A. H2A-DUBbing the mammalian epigenome: expanding
frontiers for histone H2A deubiquitinating enzymes in cell biology and
physiology. Int J Biochem Cell Biol. 2014;50:161–74. https://doi.org/10.1016/j.
biocel.2014.03.004.

56. Mitra A, Radha V. F-actin-binding domain of c-Abl regulates localized
phosphorylation of C3G: role of C3G in c-Abl-mediated cell death.
Oncogene. 2010;29(32):4528–42. https://doi.org/10.1038/onc.2010.113.

57. Heisterkamp N, Voncken JW, Senadheera D, Gonzalez-Gomez I, Reichert A,
Haataja L, et al. Reduced oncogenicity of p190 Bcr/Abl F-actin–binding
domain mutants. Blood. 2000;96(6):2226–32.

58. Zhang J. Rates of conservative and radical nonsynonymous nucleotide
substitutions in mammalian nuclear genes. J Mol Evol. 2000;50(1):56–68.
https://doi.org/10.1007/s002399910007.

59. Lunn H. The comparative anatomy of the inguinal ligament. J Anat. 1948;
82(Pt 1–2):58–67.

60. Emms DM, Kelly S. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accuracy.
Genome Biol. 2015;16(1):1–14.

61. De Bie T, Cristianini N, Demuth JP, Hahn MW. CAFE: a computational tool
for the study of gene family evolution. Bioinformatics. 2006;22(10):1269–71.
https://doi.org/10.1093/bioinformatics/btl097.

62. Kumar S, Stecher G, Suleski M, Hedges SB. TimeTree: a resource for
timelines, timetrees, and divergence times. Mol Biol Evol. 2017;34(7):1812–9.
https://doi.org/10.1093/molbev/msx116.

63. Revell LJ. Phytools: an R package for phylogenetic comparative biology (and
other things). Methods Ecol Evol. 2012;3(2):217–23. https://doi.org/10.1111/
j.2041-210X.2011.00169.x.

64. Ranwez V, Harispe S, Delsuc F, Douzery EJ. MACSE: multiple alignment of
coding SEquences accounting for frameshifts and stop codons. PLoS One.
2011;6(9):e22594. https://doi.org/10.1371/journal.pone.0022594.

65. Talavera G, Castresana J. Improvement of phylogenies after removing
divergent and ambiguously aligned blocks from protein sequence
alignments. Syst Biol. 2007;56(4):564–77. https://doi.org/10.1080/106351
50701472164.

66. Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol
Evol. 2007;24(8):1586–91. https://doi.org/10.1093/molbev/msm088.

67. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Ser B Methodol.
1995;57(1):289–300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x.

68. Boddy AM, Harrison PW, Montgomery SH, Caravas JA, Raghanti MA, Phillips
KA, et al. Evidence of a conserved molecular response to selection for
increased brain size in primates. Genome Biol Evol. 2017;9(3):700–13. https://
doi.org/10.1093/gbe/evx028.

69. Montgomery SH, Capellini I, Venditti C, Barton RA, Mundy NI. Adaptive
evolution of four microcephaly genes and the evolution of brain size in
anthropoid primates. Mol Biol Evol. 2011;28(1):625–38. https://doi.org/10.1
093/molbev/msq237.

70. Garamszegi LZ. Modern phylogenetic comparative methods and their
application in evolutionary biology: concepts and practice. New York:
Springer; 2014. https://doi.org/10.1007/978-3-662-43550-2.

71. Orme D, Freckleton R, Thomas G, Petzoldt T, Fritz S, Isaac N. The caper
package: comparative analysis of phylogenetics and evolution in R. R
Package Version. 2013;5(2):1–36.

72. Ma S, Yim SH, Lee S-G, Kim EB, Lee S-R, Chang K-T, et al. Organization of the
mammalian metabolome according to organ function, lineage
specialization, and longevity. Cell Metab. 2015;22(2):332–43. https://doi.org/1
0.1016/j.cmet.2015.07.005.

73. Sun Y-B. FasParser: a package for manipulating sequence data. Zool Res.
2017;38(2):110–2. https://doi.org/10.24272/j.issn.2095-8137.2017.017.

74. Urh K, Kunej T. Genome-wide screening for smallest regions of overlaps in
cryptorchidism. Reprod BioMed Online. 2018;37(1):85–99. https://doi.org/1
0.1016/j.rbmo.2018.02.008.

75. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. Nat Genet. 2000;25(1):25–9.
https://doi.org/10.1038/75556.

76. Carbon S, Douglass E, Good BM, Unni DR, Harris NL, Mungall CJ, et al. The
gene ontology resource: enriching a GOld mine. Nucleic Acids Res. 2021;
49(D1):D325–34.

77. Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, et al.
The GeneCards suite: from gene data mining to disease genome sequence
analyses. Current protocols in bioinformatics. 2016;54(1):1.30. 31–31.30. 33.

78. Shen L. GeneOverlap: An R package to test and visualize gene overlaps. R
Package. 2014.

79. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. Nat Genet. 2000;25(1):25–9.
https://doi.org/10.1038/75556.

80. Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27–30. https://doi.org/10.1093/nar/28.1.27.

81. Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, et al. The
reactome pathway knowledgebase. Nucleic Acids Res. 2020;48(D1):D498–
503. https://doi.org/10.1093/nar/gkz1031.

82. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.
Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun. 2019;10(1):1–10. https://doi.org/10.103
8/s41467-019-09234-6.

83. Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, et al. KOBAS 2.0: a web server
for annotation and identification of enriched pathways and diseases.
Nucleic Acids Res. 2011;39(suppl_2):W316–22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Chai et al. BMC Genomics          (2021) 22:763 Page 13 of 13

https://doi.org/10.21037/tau.2019.11.18
https://doi.org/10.1016/j.ajhg.2015.07.014
https://doi.org/10.1016/j.ajhg.2015.07.014
https://doi.org/10.12750/JARB.35.1.73
https://doi.org/10.1038/ejhg.2014.28
https://doi.org/10.1038/ejhg.2014.28
https://doi.org/10.1016/j.fertnstert.2008.07.1751
https://doi.org/10.1016/j.fertnstert.2008.07.1751
https://doi.org/10.1093/gerona/59.10.B977
https://doi.org/10.3322/caac.21332
https://doi.org/10.1002/ijc.21032
https://doi.org/10.1002/ijc.21032
https://doi.org/10.1093/nar/gkaa1043
https://doi.org/10.2164/jandrol.107.003970
https://doi.org/10.2164/jandrol.107.003970
https://doi.org/10.1186/1477-7819-11-264
https://doi.org/10.1530/jrf.0.0840123
https://doi.org/10.1093/molehr/gam089
https://doi.org/10.1017/S096719941900011X
https://doi.org/10.1016/j.biocel.2014.03.004
https://doi.org/10.1016/j.biocel.2014.03.004
https://doi.org/10.1038/onc.2010.113
https://doi.org/10.1007/s002399910007
https://doi.org/10.1093/bioinformatics/btl097
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1371/journal.pone.0022594
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/gbe/evx028
https://doi.org/10.1093/gbe/evx028
https://doi.org/10.1093/molbev/msq237
https://doi.org/10.1093/molbev/msq237
https://doi.org/10.1007/978-3-662-43550-2
https://doi.org/10.1016/j.cmet.2015.07.005
https://doi.org/10.1016/j.cmet.2015.07.005
https://doi.org/10.24272/j.issn.2095-8137.2017.017
https://doi.org/10.1016/j.rbmo.2018.02.008
https://doi.org/10.1016/j.rbmo.2018.02.008
https://doi.org/10.1038/75556
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkz1031
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Expansion and contraction of gene families in ascrotal mammals
	Association between gene evolution and mammalian testicular position
	Specific amino acid substitutions in ascrotal mammals
	Rapid evolution and positive selection in genes in ascrotal mammals

	Discussion
	Essential components of the gubernaculum contributed to the evolution of testicular position
	Rapid evolution of sperm fertilization- and spermatogenesis-related genes supports the cooling hypothesis and training hypothesis
	Natural cryptorchid mammals show improved cancer resistance and DNA repair

	Conclusions
	Methods
	Phenotypic and genomic data collection
	Rapidly evolving and positively selected genes
	Association between root-to-tip ω and the testicular position
	Identification and functional prediction of specific amino acid substitutions
	Gene function and signaling pathway annotation and enrichment
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

