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Abstract

Carnivores exhibit various fat contents and energy reserves to adapt to their environments. However, the molecular mecha-
nisms underlying lipid metabolic differences among carnivores have not been well explored. Long-chain acyl-CoA syn-
thetases (ACSLs) catalyze the initial step in lipid metabolism by activating fatty acids (FAs), and they drive acyl-CoAs
toward anabolic lipid synthesis or catabolic B-oxidation. We identified the sequences of the genes of the ACSL family (ACSLI,
ACSL3, ACSL4, ACSL5 and ACSL6) in the sable (Martes zibellina) via transcriptome sequencing. The ACSL gene sequences
of 13 other carnivores were obtained from NCBI. Phylogenetic results showed that unlike the widely accepted carnivore
phylogeny, Canidae and Felidae tend to group together based on ACSL4 and ACSL6. The evolutionary analyses identified a
series of positively selected amino acid residues in ACSLI, ACSL4 and ACSL5. Two radical amino acid substitutions detected
in sable suggested potential insights into the molecular mechanism underlying the relatively low fat content in this animal.
This is the first study to investigate the molecular mechanisms underlying the adaptive evolution of fat metabolism in car-
nivores. Overall, the ACSL genes were under different evolutionary forces in carnivores, and some genes have undergone
adaptive evolution in lipid metabolism.
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Introduction

Carnivora is a diverse order of placental mammals that
includes 280 species widely distributed in the world
(Nowark 1999). During evolution, carnivores have devel-
oped diverse adaptabilities to distinct habitats, such as selva,
steppe, Arctic and aquatic environments (Eisenberg 1989).
The carnivores in these habitats exhibit different fat contents
and energy reserves that are adapted to their habitats and
their behavior. For example, pinnipeds, which are marine
mammals, exhibit relatively thick subcutaneous fat that con-
tributes to maintaining body temperature, energy storage
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and increased swimming efficiency (Pond 1978; Knutsen
and Born 1994; Berta 2002; Budge et al. 2004). However,
another marine mammal in Carnivora, the sea otter (Enhydra
lutris), has developed other strategies, such as exceptionally
thick fur and a high metabolic rate, to keep warm instead of
thickened blubber (Thometz et al. 2014). Further, the Ameri-
can marten (Martes americana) and sable (Martes zibellina)
maintain a lean body with a low body fat content, which may
be helpful for hunting and other activities (Harlow 1994;
Mustonen et al. 2006; Nieminen et al. 2007). Thus, carni-
vores can be used for the research on the adaptive evolution
of fat metabolism and can contribute to illustrating the evo-
lutionary process and the associated molecular mechanisms.

In mammals, acyl-CoA synthetases (ACSs) catalyze
the initial step in lipid metabolism (Lopes-Marques et al.
2013). The fatty acids (FAs) are activated and converted to
acyl-CoAs by these enzymes in an ATP-dependent path-
way and then integrated into metabolic pathways such as
B-oxidation and complex lipid biosynthesis (phospholipids,
diacylglycerol and triacylglycerol) (Suzuki et al. 1990, 1995;
Teodoro et al. 2017). Long-chain acyl-CoAs are formed by
synthetases of the long-chain ACS (ACSL) family, which
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preferentially activate FAs with 12-20 carbons (C12-C20,
the most abundant in the diet) and are then involved in a
variety of metabolic pathways (Schneiter and Kohlwein
1997; Van Horn et al. 2005; Li et al. 2010). The ACSL
family consists of five distinct isoforms, ACSL1, ACSL3,
ACSL4, ACSL5, and ACSL6, and these proteins are char-
acterized by varying subcellular localization, fatty acid
substrate selectivity and tissue specificity (Soupene and
Kuypers 2008; Rajkumar et al. 2016). It is suggested that
the five ACSLs can be divided into two subfamilies depend-
ing on their substrates and their sequence similarity, with
ACSL1, ACSL5, and ACSL6 constituting one family, and
ACSL3 and ACSL4 constituting the other (Mashek et al.
2004; Watkins et al. 2007; Soupene and Kuypers 2008).
ACSLI is highly expressed in the liver, muscle, and adipose
tissue, in which various fatty acids are used for energy pro-
duction and storage (Suzuki et al. 1990). ACSL3 and ACSL6
were reported to be expressed primarily in the brain, testis
and muscle (Fujino et al. 1996; Teodoro et al. 2017). ACSL4
is expressed abundantly in the adrenal gland and liver, and
ACSLS5 is primarily expressed in brown adipose tissue, small
intestine, and liver (Glick and Rothman 1987; Kang et al.
1997; Oikawa et al. 1998; Mashek et al. 2006). Previous
studies have reported that the ACSL isoforms are important
regulators of whole-body energy metabolism and are impli-
cated in triacylglycerol (TAG) synthesis and fat deposition,
especially in the cases of ACSL1 and ACSLS (Li et al. 2015;
Bowman et al. 2016; Senkal et al. 2017).

Although the ACSL family has attracted much atten-
tion in various studies, its evolutionary history has seldom
been investigated previously (Lopes-Marques et al. 2013).
Positive selection has been detected in the ACSLI, ACSLS5
and ACSL6 genes of cetaceans during their adaptation to
the aquatic environment, which implied an association with
enhanced TAG synthesis and thickened blubber (Wang et al.
2015). In polar bears, a fixed variant was found in ACSL6,
which may be related to their fatty acid profile (Miller et al.
2012). Considering the variety of fat contents in carnivores
and the pivotal role of ACSLs in lipid metabolism, in this
study, we focused on the evolutionary patterns of the ACSL
genes and explored their potential adaptive evolution in car-
nivores. Our study represents the first attempt to contextual-
ize the adaption of lipid accumulation in carnivores.

Methods

Identification of the ACSL genes and phylogenetic
analyses

The transcriptome sequencing of the subcutaneous fat and

intestine of the sable (Martes zibellina) (unpublished data)
was previously performed in our laboratory. A total of
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103 million paired reads with a length of 150 bp were gen-
erated from transcriptome libraries. Clean reads (96.95%)
were obtained after removal of adapters and low-qual-
ity reads and were then de novo assembled using Trinity
software with default parameters (Grabherr et al. 2011).
We identified the ACSL genes in generated high-quality
sequence datasets and utilized the sequences to perform
the phylogenetic and evolutionary analyses. The genome
assemblies of sea otter (Enhydra lutris, ASM228890v2),
lesser panda (Ailurus fulgens, ASM200746v1) and African
wild dog (Lycaon pictus, LycPicSAfr1.0) were downloaded
from the GenBank database in September 2017. ACSL gene
sequences in these species were identified and annotated
by comparing known dog sequences to genomic contigs
using BLASTN and TBLASTN in BLAST v2.6.0 with an
E-value cut-off of 1E-5 (Additional file S1) (Altschul et al.
1997). Meanwhile, from GenBank, we obtained the ACSL
sequences of 10 carnivores, namely, the ferret (Mustela puto-
rius furo), giant panda (Ailuropoda melanoleuca), polar bear
(Ursus maritimus), walrus (Odobenus rosmarus divergens),
Hawaiian monk seal (Neomonachus schauinslandi), Wed-
dell seal (Leptonychotes weddellii), cat (Felis catus), leopard
(Panthera pardus), Siberian tiger (Panthera tigris altaica)
and dog (Canis lupus familiaris). The accession numbers
and sequences of the ACSL family used in this study are
presented in Additional file S1.

Multiple sequence alignment at the amino acid level
was performed for ACSL family members using Multiple
Sequence Comparison by Log-Expectation (MUSCLE)
with the default settings (Edgar 2004) (Additional file S2).
The phylogenetic relationships were reconstructed using the
neighbor-joining (NJ) and maximum likelihood inference
(ML) methods with 1000 bootstrap replicates in MEGAG6.0,
with all positions in each alignment considered for phyloge-
netic calculation. In these analyses, which were conducted
with ModelGenerator (Keane et al. 2006), the Jones-Taylor-
Thornton (JTT)+G (ACSLI, ACSL5) and JTT +1 (ACSL3,
ACSL4 and ACSL6) models were determined to be the best.

Tests of selection

Calculations of nonsynonymous/synonymous substitution
ratios (o =dN/dS) have been widely performed to evaluate
the positive selection of protein-coding genes in molecular
evolution studies (Ohta 1992). In this study, we first used site
models implemented in the CODEML program in PAML
version v4.8 (Yang 2007) to perform analyses of selective
pressure at each codon position for ACSL genes. Two alter-
native models (M7 and M8) implemented in CODEML were
used to conduct positive selection analysis on each ACSL
gene, and the likelihood ratio test (LRT) with 2 degrees of
freedom was then used to compare the nested models. Using
the Bayes empirical Bayes (BEB) approach, the sites with
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a posterior probability > 0.9 were considered candidates for
selection. Meanwhile, we analyzed the ACSL genes through
three ML methods (SLAC, REL, and FEL) applied in the
HyPhy package available from the Datamonkey server (Pond
and Frost 2005; Pond et al. 2005), and the best fitting nucleo-
tide substitution model was determined by the automatic
model selection tool. The site with significance levels less
than 0.1 for SLAC and FEL, and Bayes Factors larger than
50 for REL were considered to be under positive selection.

To detect the independent evidence for each branch
among the carnivores, we used the branch-specific model to
calculate the o ratio for each branch and test whether the ®
was significantly different among carnivores that inhabit dif-
ferent habitats. In the branch-specific models, a ‘free-ratio’
model that assumed separate o ratios for all branches was
run with the CODEML program in PAML version v4.8. We
also used the branch-site model implemented in CODEML
to detect the potential positive selection of ACSL genes. The
species with less subcutaneous fat (Canidae, Felidae, and
Mustelidae) and those with thick blubber (Pinnipedia and
Ursidae) were considered as foreground branches to iden-
tify the signal of positive selection (Pond 1978; Knutsen
and Born 1994; Budge et al. 2004; Mustonen et al. 2006;
Thometz et al. 2014; Shero et al. 2015). To determine the
amino acid changes at positively selected sites, the ancestral
amino acid sequences of each ACSL were reconstructed via a
Bayesian method with ANCESTOR (Zhang and Nei 1997).

$ Leptonychotes weddellii —|_

Results
Phylogenetic analyses

To investigate the phylogenetic relationship of ACSL genes
within carnivores, phylogenetic trees were constructed with
the NJ and ML methods. These analyses yielded similar
topologies (Fig. 1, Additional files S3—S7), which were
basically consistent with a widely accepted relationship
among carnivores (Flynn et al. 2005; Yu et al. 2011). The
phylogenetic analyses support Ailuridae as the only sister
taxon to Mustelidae, although the clades within Musteli-
dae were different. The monophyly of Pinnipedia, Ursidae
and Musteloidea was strongly supported; however, the tri-
chotomy of these lineages remains unresolved. The animals
in Caniformia tended to cluster together, but Canidae and
Felidae were grouped in the analyses based on the ACSL4
and ACSL6 genes, with robust support (Fig. 1b), which was
quite different from the widely accepted hypothesis of the
carnivore phylogeny (Flynn et al. 2005). The phylogenetic
trees of each ACSL are provided in Additional files S3-S7.
We used one of the most widely accepted phylogenies as the
working topology in the subsequent analyses.

Positive selection at carnivore ACSL genes

First, we used the site model incorporated in PAML to
detect the signals of positive selection among the carni-
vores (Table 1, Additional file S8). The positively selected
sites were detected in the carnivores’ ACSL4 and ACSLS,
with significant LRT values (13.28 and 13.83, p <0.01).
There were 1 and 18 specific codons identified by the BEB
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Fig. 1 Phylogenetic trees among the carnivores based on ACSL genes. The topology based on analysis of ACSLI and ACSL3 (a) is shown on the
left, while the result for ACSL4 and ACSL6 (b) is shown on the right
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Table 1 Positive selection at the indicated codons of carnivores” ACSL genes

Gene Size (aa) — 2InAL PAML site model (M8) p>0.9 SLAC (p<0.1) FEL (p<0.1) REL (BF>50)
ACSLI 698 0.79 None None 144, 174, 291, 578, 610 None
ACSL3 720 0.00 None None None None
ACSL4 1711 13.28%* 133 (0.941) None 133, 260 122, 133, 220, 260, 262, 661
ACSL5 683 13.83* 41(0.998%*), 60(0.989%), 41,74 41, 60, 68, 74, 80, 282, 41, 60, 63, 68, 74, 80, 135, 196,
66(0.984%*), 68(0.979%), 292, 370, 498 282, 291, 292, 370, 401, 408,
74(0.999%*), 80(0.924), 456, 498,616,617, 642, 671
131(0.938), 193(0.960%*),
291(0.918), 292(0.970%),
370(0.927), 400(0.993%*),
408(0.958*), 414(0.986%*),
416(0.921), 498(0.987%*),
597(0.920), 617(0.963*)
ACSL6 697 2.16 None None None 191, 282, 359, 384, 502

Positively selected codons identified by more than one ML method are italics

*p<0.05, ¥*p <0.01. The dog sequences were used as reference for numbering

approach with a posterior probability of 90% in ACSL4 and
ACSLS5, respectively. In the analyses with Datamonkey, 2
and 6 codons were detected by FEL and REL in ACSL4,
and 9 and 20 codons were detected by FEL and REL in
ACSLS, with 2 codons also confirmed by the SLAC method
(Table 1). In addition, the FEL method reported positive
selection in 5 codons of ACSLI, while 5 codons were found
by REL in ACSL6. There was no positively selected site
identified in ACSL3 by these four ML methods. When the
branch-site model was used to detect the potential posi-
tively selected sites of ACSL genes on each branch, only
two codons (219, 266) were identified in ACSLI of the sable
(Table 2, Additional file S9). The LRT p value of this branch
was <0.05, indicating that model A fit the data better than
did model M1a. The BEB values of the positively selected
sites were 0.598 and 0.902 (Table 2). These two sites showed
radical amino acid changes in terms of size, polarity, or elec-
tric charge, which indicated that the amino acid substitutions
might affect the function of this protein (Yampolsky and
Stoltzfus 2005). In the branch-specific model analyses, we
ran a “free-ratio” model to detect the independent w ratio
for each branch. The @ was significantly lower than 1 in all
cases except for the branches including the seal (w=1.59),

cat (w=1.36) and Panthera spp. (w=1.13) in ACSL5, with
significant statistical support (p <0.01) (Table 2), which
indicated that with the exception of ACSLS5, the ACSL fam-
ily among these species had faced strong purifying selection
(Additional file S10).

Discussion

Fat serves as the major form of energy storage in mammals
and plays important roles in normal metabolic regulation
(Wang et al. 2015). Lipid metabolism disorders and exces-
sive accumulation of fat underlie the development of obesity
and other related diseases (Ellis et al. 2010). The carnivores
have significantly different fat contents. For example, the
polar bear and seal develop relatively thick subcutaneous
fat that comprises more than 30% of their body mass, which
is far greater than the percentages of dissectible adipose tis-
sue found in other wild carnivores (Pond 1978; Mustonen
et al. 2006; Shero et al. 2015). ACSLs catalyze the initial
step in lipid metabolism, and they are important regulators
of whole-body energy metabolism (Lopes-Marques et al.
2013). Strong signals of positive selection detected in ACSL

Table 2 Likelihood values and parameter estimates for the ACSLI and ACSL5 genes

Gene Models InL

Estimate of parameters

Positively selected sites Property changes

ACSLI Branch-site model Ma: — 5425.221130

Null: — 5428.292642

6.14%*

Sable: ®=0.20

219 (0.589) Pro-Ser
266 (0.902) Ala-Arg

NP, NEU-SM, P, NEU
SM, NP, NEU-P, POS

ACSL5 Branch-specific model One-ratio: — 6295.8093  48.53** Seal: ®=1.59; cat:

Free-ratio: — 6271.5439

»=1.36; leop-
ard +tiger: 0 =1.13

The analyses with no significant values of — 2InAL are not shown
SM small, NP nonpolar, P polar, NEU neutral, POS positively charged
*p<0.05, #p<0.01
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genes could provide novel insights into the molecular mech-
anism of lipid metabolic differences among the carnivores.

Phylogenetic analyses of the carnivores based on ACSL
genes yielded topologies similar to those of previous studies,
with the trichotomy of Pinnipedia, Ursidae and Musteloidea
remaining unresolved (Flynn et al. 2005; Yu et al. 2011).
Thus, the ACSL genes were highly conserved in evolution,
both in carnivores with thick subcutaneous fat and in species
with lean body types. Although belonging to the Caniformia,
the canine (dog and African wild dog) clustered with felines
instead of with other caniform carnivores in the phylogenetic
tree based on ACSL4 and ACSL6, which was significantly
different from the widely accepted phylogeny (Wyss and
Flynn 1993). This distinction implied that these species
have developed adaptations related to lipid metabolism in
response to the environment during evolution.

In the present study, we used three models implemented
in PAML and three ML methods from the Datamonkey
server to test the potential positive selection of the ACSL
gene family among the carnivores. Comparison of the ® val-
ues revealed distinct overall purifying selection for ACSL
genes across the carnivores, and ACSL5 possessed the high-
est o values. The most positively selected sites detected in
ACSLS5 showed stronger evidence of positive selection than
was observed for the other genes, which indicated that this
gene might be closely related to differences in lipid metab-
olism among the carnivores. Positive selection was also
detected in the carnivores’ ACSLI and ACSL4 genes. Evolu-
tionary analyses of the carnivores’ ACSL genes revealed the
absence of a consistent pattern of positive selection across
the carnivore phylogeny.

In the ACSLI gene, the branch-site model tests showed
that two positively selected codons (219, 266) were deter-
mined in the lineage of sable. Although the ® value of this
branch was less than 1 (w =0.20), the radical amino acid
changes from a nonpolar Pro to a polar Ser and a small,
nonpolar, and neutral Ala to a polar and positively charged
Arg may affect the function of the protein. The three-
dimensional (3D) structure of ACSLI were predicted by the
I-TASSER server (Additional file S11) (Zhang 2008), and it
was reported that these sites were localized in the topologi-
cal domain of ACSL1 (http://www.uniprot.org/). The func-
tion of ACSL1 in highly oxidative tissues, such as adipose,
heart and skeletal muscle, is to activate FAs destined for
B-oxidation (Ellis et al. 2010; Li et al. 2015). ACSL1 in
brown adipose tissue metabolizes FAs for heat production
to maintain a normal body temperature and degrades FAs for
contractile energy in the heart (Ellis et al. 2010, 2011). Ellis
et al. found that an adipose-specific knockout of ACSLI1
displayed reduced adipose FA oxidation and marked cold
intolerance (Ellis et al. 2010), and an ACSL1 deficiency in
skeletal muscle showed a failure to switch to the use of FAs
for oxidation, with enhanced glucose oxidation and muscle

protein degradation, which ultimately impaired the capacity
for endurance exercise (Li et al. 2015). In the liver, however,
ACSLI specifically directs FAs toward TAG synthesis and
lipid storage (Wu et al. 2011). It has been reported that SNPs
in the ACSLI gene are associated with dysregulated fasting
glucose and diabetes, most likely by disturbing fatty acid
metabolism (Phillips et al. 2010; Manichaikul et al. 2016).
The sable is a inhabitant of the Palearctic taiga with a low
level of body fat (8.0%) (Mustonen et al. 2006). Sables may
confront harshest weather conditions in winter, while subcu-
taneous fat may not provide thermal insulation, such as ceta-
ceans, pinnipeds and polar bears (Pond 1978; Miller et al.
2012; Wang et al. 2015). The positive selection of the ACSLI
gene in sable may contribute to FA oxidation and increase
the capacity for cold tolerance in this environment. Mean-
while, it is plausible that FAs destined for f-oxidation may
decrease fat storage and result in a low level of body fat. The
sable is an adroit, tireless, and strong predator that inhabits
in dense coniferous taiga forests, flatlands, and mountainous
areas, and the lean body shape may be helpful for the well-
developed hunting skills and avoiding predators (Monakhov
2011). It was reported that a low body fat content in a con-
gener of sable, American marten (Martes americana), is
an adaptation to maintain the lean body shape required for
hunting in the burrows of rodents (Harlow 1994). It seems
that this is the common mechanism underlying adaptation
in Martes. Another explanation for the low body fat con-
tent is that the limited capacity of the small gastric ventricle
makes it difficult to consume large amounts of food, and
the high-protein diet and energetic costs of foraging may
also decrease fat storage (Nieminen et al. 2006). In addi-
tion, ACSLI is also expressed in macrophages and plays
a functionally distinct role in the innate immune response
(Rubinow et al. 2013).

Another strong signature of positive selection was
detected along the branches, including those of the seal,
cat and Panthera (leopard and tiger) in the ACSL5 gene.
Although there was no positively selected codon identified,
the o values of these branches were greater than 1, suggest-
ing the accelerated evolution of the ACSL5 gene in these
species. ACSLS5 is an important regulator in fatty acid chan-
neling between anabolic lipid synthesis and the catabolic
B-oxidation pathway. Overexpression of ACSL5 in hepatoma
cells primarily increases the conversion of fatty acids to
triacylglycerol, while knockdown of ACSL5 in isolated rat
hepatocytes reduces triglyceride accumulation and increases
fat oxidation (Mashek et al. 2006; Bu and Mashek 2010).
Ablation of ACSLS5 in mice also displayed increased energy
expenditure, reduced fasting glucose, serum triglyceride and
adiposity (Bowman et al. 2016). In addition, previous stud-
ies have reported that a SNP in the ACSL5 gene resulting
in elevated transcription of ACSLS5 in skeletal muscle was
associated with more rapid diet-induced weight loss, most
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likely by increasing fat oxidation (Teng et al. 2009; Rajku-
mar et al. 2016). In pinnipeds, the subcutaneous fat known
as blubber is particularly thick and serves as both an energy
reserve and thermal insulation (Berta 2002), and seals (lipid
content > 30%) reportedly have more fat than walruses of
similar size (Pond 1978; Knutsen and Born 1994; Shero
et al. 2015). The positive selection on the branch of the seal
may contribute to the thickness of the blubber by activating
FAs destined for lipid synthesis. The ACSL5 was also deter-
mined to have undergone positive selection in cetaceans,
which suggests that cetaceans possess the ability to enhance
triacylglycerol synthesis during their adaptation to a fully
aquatic life (Wang et al. 2015). It has been reported that
members of Felidae do not deposit significant quantities of
subcutaneous fat (Pond 1978), and the ACSLS5 of cat and
Panthera may have the completely opposite function of driv-
ing the ACSL products toward lipid p-oxidation.

Some positively selected sites were detected in ACSL
genes, with codon 133 in ACSL4 and codons 41, 60, 68, 74,
80, 292, 370 and 498 in ACSL5 showing the relatively strong
evidence of selection because they were detected by multiple
ML methods. ACSL4 preferentially utilized arachidonic acid
and eicosapentaenoic acid as substrates and was abundant
in steroidogenic tissues (Kang et al. 1997). Previous stud-
ies have reported that polymorphisms of the ACSL4 gene
were significantly associated with liver and intramuscular
fat content (Rusc et al. 2011; Corominas et al. 2012). These
positively selected sites were spread across the lineages
among the carnivores, which suggested that these species
have developed different adaptations of lipid metabolism.
Furthermore, there was no evidence of positive selection
in the ACSL3 gene among the carnivores, and for ACSL6,
the positively selected sites were identified only by the REL
method, which indicated that ACSL3 and ACSL6 faced
strong purifying selection and that the carnivores’ ACSL
genes were under different evolutionary forces. ACSL3 has
been reported to mediate hepatic lipogenesis through tran-
scriptional regulation of lipogenic gene expression (Bu et al.
2009). ACSL6 has been reported to drive ACSL products
toward lipid synthesis and storage in skeletal muscle and
its mRNA level is modulated by nutritional status (Teodoro
et al. 2017). Downregulation of ACSL6 could improve lipid
degradation and fatty acid oxidation through the AMPK/
PGCl1-a pathway (Teodoro et al. 2017). These two genes
likely contribute little to the functional differences in lipid
metabolism among carnivores.

Conclusion
In this study, our data suggested that the carnivore ACSLI,

ACSL4 and ACSLS5 genes have undergone adaptive evolu-
tion may related to lipid metabolism and fat deposition in
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carnivores. Two radical amino acid changes in ACSLI pro-
vide new insights into the molecular mechanism underlying
the relatively low fat content in the sable. Positive selection
along two lineages suggested that ACSLS5 may contribute
to FAs anabolism in seals and to FAs catabolism in cat and
Panthera. In addition, the positively selected sites implied
that carnivores have developed diverse adaptations related to
lipid metabolism. Nonetheless, additional genes involved in
lipid metabolism and more species of carnivores should be
investigated to discover the molecular mechanisms underly-
ing the adaptive evolution of fat metabolism.
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