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Toll like receptors (TLRs), key members of innate immune system, can recognize a wide diversity of pathogens
and initiate both innate and adaptive immune responses in vertebrate. Cetaceans must have faced new chal-
lenges of pathogens when their terrestrial relatives transitioned from the terrestrial to aquatic environment.
Here, we sequenced the extracellular domain (ECD) of 10 TLRs in cetacean lineages because this region involved
in the recognition of pathogens. A total of 148 sites ranging between 5-26 codons (0.01%—4.83%) were iden-
tified to be robust candidates of positive selection at the ECD of 10 TLRs. In addition, the majority (90.54%) of
these positively selected codons were found to have radical amino acid changes, which strengthen the evidence
of positive selection. Importantly, more radical amino acid changes in selected sites were enriched in the period
of early evolutionary transition from land to semi-aquatic and from semi-aquatic to full-aquatic habitat, which
might endow cetaceans with a faster adaptation to new pathogens as they transitioned into novel habitat.
Interestingly, similar selective intensity was detected in both viral and non-viral TLRs in cetaceans, which was
not in line with previous studies on primates and birds that reported stronger positive selection in non-viral TLRs
than in viral TLRs. This result may be explained by the fact that cetaceans might have faced diversity of bacteria
and viruses during its transitions from terrestrial to aquatic environment whereas both primates and birds

probably being affected by only a restricted number of related viruses due to their homogeneous habitat.

1. Introduction

The mammalian immune system is extremely complex, as such loci
experience a variety of selection pressures from a wide diversity of
coevolving pathogens with which animals are associated (Hedrick,
2004; Piertney and Oliver, 2006). Immunological defenses in mammals
comprise two immunological subsystems-innate and adaptive. In the
past decades, intensive studies on exploring the selection patterns have
been mainly confined to acquired immunity. Among them, genes of the
major histocompatibility complex (MHC) have received more attention
than other genes since they are considered as a prime example of the
effects of balancing selection maintaining the gene polymorphism even
in wild populations (Xu et al., 2007, 2008, 2009, 2010). However, the
role of selection in shaping diversity of innate immunity remains poorly
understood in natural populations (Shen et al., 2012).

The innate immune system is an evolutionarily ancient system and
represents the first line of defense against invading pathogens (Iwasaki
and Medzhitov, 2010). One important family of innate-immunity genes
is the toll-like receptors (TLRs), which can recognize a wide diversity of
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pathogens and initiate both innate and adaptive immune responses in
vertebrate (Kumar and Yu, 2006; Cook et al., 2004; Iwasaki and
Medzhitov, 2010). TLRs are a type of pattern recognition receptor
(PRR) and recognize molecules that are broadly shared by pathogens
but distinguishable from host molecules, collectively referred to as
pathogen-associated molecular patterns (PAMPs).

To date, 13 mammalian TLR family members have been identified
according to their functions and sequences, of which 10 members are
present in the human genome (TLR1-10) and 13 in rodents (TLR1-13).
Generally, the TLRs of mammals were classified into two different ca-
tegories according to their ligand recognition and cellular sublocaliza-
tion. The first category including TLR1, TLR2, TLR4, TLR5, TLR6, and
TLR10 is expressed on cell surface and recognize predominantly bac-
terial ligands (but also several fungal and parasite ligands), which are
termed non-viral TLRs. The second category includes TLR3, TLR7, TLR8
and TLRO recognize single and double-stranded viral RNA, accordingly,
which are termed viral TLRs (Carty and Bowie, 2010; Barton, 2007).
These TLRs are expressed mostly within cells into the membranes of the
endosomal compartments.
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The TLR molecules are structurally characterized by the presence of
an extra-cellular domain (ECD), a signal transmembrance segment and
a highly conserved toll/interleukin I-receptor (TIR) domains in their
intracellular region (Roach et al., 2005; Werling et al., 2009). The ECD
consists a solenoid horseshoe-like structure constituted by at variable
number (16-28) of leucine-rich repeats (LRRs) that are responsible for
ligand interactions. Specially, the ECD is involved in the Ligand Binding
Region (LBR) that is directly responsible for physical interactions with
the pathogen-derived structures and as such it evolves faster than the
TIR domain identified in the mammals and birds (Mikami et al., 2012;
Barreiro and Quintana-Murci, 2010; Wlasiuk and Nachman, 2010;
Grueber et al., 2014). Thus, the ECD is likely subject to intensive se-
lection.

Cetaceans (whales, dolphins, and porpoises) are highly specialized
mammals that “returned” from the land to the sea approximately 53-56
million years and subsequently adapted to completely aquatic habitats
all over the world (Thewissen et al., 2007). Cetaceans must have faced
new challenges of pathogens when transitioning from the terrestrial to
aquatic environment. Most cetaceans fully rely on the marine ecosys-
tems for their existence whereas several species of cetaceans are found
exclusively in riverine systems, such as including the baiji (Lipotes
vexillifer), the Amazon river dolphin (Inia geoffrensis), and La Plata
dolphin (Pontoporia blainvillei), etc. During the habitat transition, ce-
taceans have changed their feeding habits from a herbivorous to a
carnivorous diet (mainly composed of fishes, large squids, and zoo-
planktons). Interestingly, some cetaceans are long-distance migrants,
such as grey whale (Eschrichtius robustus), humpback whale (Megaptera
novaeangliae) and sperm whale (Physeter catodon). During their migra-
tions, these cetaceans are likely to increase parasite infection because
parasite faunas may vary not only between geographical areas but also
over time. Thus, habitat transition from the land to the sea and even to
the riverine systems, adaptive changes in dietary as well as long-dis-
tance migration could make contribution in the evolutionary dynamics
of cetacean immune system. So its immune system has attracted intense
interest for ecologists and immunologists since 1990s. Previous studies
showed that cetaceans have considerable gene polymorphism at the
MHC genes when compared with terrestrial mammals (Baker et al.,
2006; Xu et al., 2007, 2008, 2009, 2010, 2012). These results contra-
dicted with traditional view that selection pressure for MHC poly-
morphism may not be so pronounced in marine mammals compared to
that of the terrestrial mammals because of relatively less pathogenic
microorganisms in the aquatic environment compared with the terres-
trial ecosystem. However, innate immune studies in cetaceans have just
begun recently. Two recent studies investigated the TLR4 gene in ce-
taceans and found that significant positive selection or unique amino
acid residue substitution identified in the import domain of the TLR4
(Shen et al., 2012; Shishido et al., 2010). Therefore, more TLR genes
should be investigated in order to comprehensively understand the
innate immune evolution in cetaceans.

In the present study, the entire ECD of the 10 TLRs were in-
vestigated in representative species of cetaceans because this region
responsible for PAMP binding is thought to have greater variation than
the TIR domain (Werling et al., 2009; Areal et al., 2011). First, we
aimed to document evolutionary histories of these 10 TLRs during ce-
tacean evolution. Particularly, we tested whether some specific lineages
that evolved fast radiation or undertook different habitats were subject
to strong selective pressure. Second, the selective pattern of non-viral
and viral TLRs were compared to reveal whether different patterns of
molecular evolution could be detected in the two subclasses. Finally, we
evaluated the functional significance of the positively selected sites
(PSSs) by determining whether these PSSs were located within or near
to the functional domain of predicated 3D structure.
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2. Materials and methods
2.1. TLRs extracellular domains predication, amplification and sequencing

The TLR 1-10 protein sequences of the bottlenose dolphin (Tursiops
truncates, http://uswest.ensembl.org/Tursiops_truncatus/Info/Index)
were first downloaded from Ensemble. The secondary structure of each
TLR gene was further predicated by SMART 7.0 (Letunic et al., 2015).
Accordingly, the extracellular domains of each TLR were predicated
based on the SMART results. Finally, primers for Polymerase Chain
Reaction (PCR) were designed for the conserved regions according to an
alignment of genomic data of the bottlenose dolphin, cow (Bos taurus,
http://uswest.ensembl.org/Bos_taurus/Info/Index), sheep (Ovis aries
http://uswest.ensembl.org/Ovis_aries/Info/Index).

Genomic DNA was extracted from 14 cetacean representative spe-
cies (2 mysticetes and 12 odonticetes, supplementary Table SI,
Supplementary Material online) and a hippopotamus (Hippopotamus
amphibious, Table S1) using the DNAeasy tissue kit (Qiagen), following
the manufacturer’s protocol. All these samples used in our study were
collected from dead individuals in the wild so that no ethical statement
was required. The conditions for the PCR and sequencing were denoted
as in previously studies (e.g., Shen et al., 2012). Newly sequenced TLRs
by PCRs have been deposited at Genbank under the accessions
MH663531-MH663716.

2.2. Phylogenetic tree reconstruction of TLRs in cetaceans

We firstly performed multiple sequence alignment of TLRs using
PRANK software that makes use of phylogenetic information to dis-
tinguish alignment gaps caused by insertions or deletions and produces
good alignments for evolutionary inferences (Loytynoja and Goldman,
2008). Then, the Modelgenerator program (Keane et al., 2004) was
used to identify the optimal evolutionary model that best fitted our
sequence datasets. Finally, maximum-Likelihood (ML) tree and Baye-
sian inference (BI) tree were reconstructed using RAXML 8.0.26
(Stamatakis, 2014) and MrBayes 3.2.3 (Ronquist et al., 2012) respec-
tively, with hippopotamus and cow as outgroups. The ML tree was re-
constructed with 1000 bootstrap replications. For BI tree, the Markov
chain Monte Carlo analyses were run for 2,500,000 generations, sam-
pled every 1000 generations, and the first 25% samples were burn-in.

2.3. Maximum likelihood (ML) methods for detecting selection

To determine whether TLRs ECD across cetacean phylogeny have
undergone positive selection, we estimated the ratio w of nonsynon-
ymous (dy) / synonymous substitution (ds) using two maximum like-
lihood (ML) frameworks, the CODEML implemented in PAML version
4.7 (Yang, 2007) and HYPHY package via the Data Monkey Web Server
(http:// www.datamonkey.org) (Delport et al., 2010). The well ac-
cepted cetacean phylogeny (Xiong et al., 2009; Chen et al., 2011;
Gatesy et al., 1999) was used in all analyses.

Site models, which allow the w ratio to vary among sites but not
allow variation among lineages, were first used to identify the prob-
abilities of sites under positive selection in each gene. A pair of site-
specific models, i.e. M8a (neutral; beta distribution: 0 < wg < 1 and
w; = 1) and M8 (positive selection, beta distribution: 0 < wg < 1 and
®; > 1), implemented in the CODEML (Yang et al., 2007), was tested in
the present study. The M8a-M8 comparison is a more refined test of
positive selection than the M7 (neutral; beta distribution: 0 < @ < 1)-
M8 comparison because the former can determine if the dy/ds ratio
ratio is significantly greater than one (Swanson et al., 2003). Amino
acids under selection for model M8 were determined using a Bayes
empirical Bayes approach (BEB) by calculating the posterior probability
(Yang, 2005). The sites with a posterior probability =0.9 were con-
sidered as candidates for selection. In addition, PSSs were also identi-
fied by another two ML methods, i.e. the fixed-effect likelihood (FEL)
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Fig. 1. Phylogenetic tree reconstructed using the maximum-likelihood method based on the ECD domains of 10 TLR family members. Numbers above the clades
represent bootstrasp values and only higher than 50% bootstrasp values were shown.

and the random effect likelihood (REL) models, implemented in HyPhy
package (Pond and Frost, 2005) available on the Datamonkey web-
server (http://www.datamonkey.org). The default settings with sig-
nificance levels of 0.2 for FEL and Bayes factor > 50 for REL were used.
FEL and REL have the advantage that they can improve the estimation
of the w by incorporating variation in the rate of synonymous sub-
stitution (Pond and Frost, 2005).

Generally, positive selection often operates episodically on a few
amino acid sites in a small subset of branches in a phylogenetic tree.
Thus, the branch-site model that permits w to vary among sites in the
protein and across branches on the tree (Yang, 2007) was used to detect
positive selection affecting a few sites along particular lineages. Mod-
ified branch-site model A (test 2) was performed for each TLR in each
cetacean lineage. Likelihood ratio test p-values were adjusted for mul-
tiple testing with a Bonferroni’s correction and threshold of 0.05.

PSSs picked out by more than one ML methods were further to test
conservative or radical amino changes using a complementary protein-
level approach implemented in TreeSAAP (Woolley et al., 2003) that

categorizes amino acids based on 31 physicochemical properties. The
BASEML program implemented in PAML 4.7 (Yang, 2007) was used in
TreeSAAP to reconstruct ancestral character states at the nodes across
the cetacean phylogeny. We then evaluated the effects of amino acid
substitution in each branch of cetacean phylogeny. The substitutions
that greatly affect a physicochemical property (i.e., in magnitude ca-
tegories 6-8) can be considered radical changes. All the radical amino
acid changes were further mapped onto the cetacean phylogenetic tree.

2.4. Three-dimensional (3D) structures of TLRs extracellular domains

To depict the underlying effects of the selection pressures on ceta-
cean TLRs, we mapped these radical amino changes under positive
selection identified by more than one ML methods on their 3D struc-
tures using PYMOL (http://pymol.sourceforge.net/). An ab-initio 3D
model of each of TLR gene was predicated by the I-TASSER (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/, Zhang, 2008) because no
significant homology modeling was found when using the SWISS-
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MODEL (http://swissmodel.expasy.org, Arnold et al., 2006).

2.5. Analysis of association between the TLR evolutionary rate (w) and
group size/migratory behavior

To explore relationships between the evolutionary rate (w) of each
TLR family member and potential ecological factors (i.e. group size and
migratory behavior), we used the phylogenetic generalized least
squares (PGLS) regression, performed in R 3.1.2 using the packages
Caper (Orme et al.,, 2012), to analyze the relationship between log-
transformed (root-to-tip w) and each log-transformed ecological factors.
The “root-to-tip” w is regarded as more suitable for regression because
it is more inclusive of the evolutionary history of a locus (Wolf et al.,
2009). Root-to-tip w was firstly estimated by free-ratio model im-
plemented in CODEML in the PAML 4.4 package (Yang, 2007). Then,
we calculated the average root-to-tip w along branches extending from
the last common ancestor (LCA) of Cetacea to each extant cetacean
species- in our dataset (supplementary Table S2, Supplementary Ma-
terial online). The group size and migratory behavior were collected
from previous published references (supplementary Table S3, Supple-
mentary Material online). For the analysis of migratory behavior,
binary variable incorporated into this study were handled as follows: no
(0), yes (1).

3. Results

The ECD of 10 TLRs was successfully amplified in a hippopotamus
and most representative species in cetaceans. TLR4 sequences were
from our previous study (Shen et al., 2012). Newly obtained sequences
for each TLR genes covered their full CDS range from 85.5% to 100%.
The ECD of TLRs in cetaceans ranged from 1614 to 2493 bp (Table S1).
Unfortunately, we failed to amplify the target loci of the three genes
(i.e. TLR8, TLRY, and TLR10) in the Platanista gangetica. TLRS5 is likely
to be pseudogene in the L. vexillifer due to the fact that 1-bp deletion
leading to premature stop codon was examined. This indel was further
confirmed by re-amplifying this region in different samples in L. vex-
illifer using a different primer sets, suggesting that this deletion might
be a biological reality in L. vexillifer. No frame-shift mutations or pre-
mature stop codons were found in the ECD of TLRs in other cetacean
species suggesting that these sequences likely encode functional TLR
proteins in cetaceans.

3.1. Phylogeny of TLRs in cetaceans

The evolutionary history of cetacean TLR family members was re-
constructed using ML and BI methods. The inferred ML and BI trees
recovered identical topologies, which showed that cetacean TLR family
members clustered into 10 major clusters according to each member
with high bootstrap or Bayesian support (Fig. 1, supplementary Fig. S1,
Supplementary Material online). But there was one notable exception:
B. taurus_TLR5 grouped with TLR 7 family in both trees (clustered with
P. gangetica TLR7 in the ML tree and clustered with (Kogia si-
mus_TLR7 +P. catodon_TLR?7) in the BI tree). Except the TLR7 and TLR1,
the gene trees of eight TLR members were similar to the well-accepted
phylogeny with some minor differences within Delphinidae and the
position of Mesoplodon densirostris, and P. gangetica (Figs. 1, 2 and Fig.
S1). Actually, the relationships within Delphinidae, especially within
the Sousa-Delphinus-Tursiops-Stenella complex, as well as the placement
of the river dolphin families Platanistidae (P. gangetica) remain con-
troversial, despite that many studies have been conducted using a di-
verse array of systematic markers (Xiong et al., 2009; McGowen et al.,
2009; Caballero et al., 2008). In addition, the positions of M. densirostris
and Delphinapterus leucas were significant different to the well-accepted
phylogeny at the TLR2, 3, 6 and TLR8. However, in the TLR1, the basal
relationships of cetaceans (K. simus TLR1 + P. catodon_TLR1) disagreed
with the well-accepted phylogeny that baleen whales were mixed
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together other toothed whales. For the TLR7, by contrast, the phylo-
genetic relationships of most species were significant different to the
well-accepted phylogeny (Figs. 1, 2 and Fig. S1).

3.2. Maximum likelihood methods detection selection

Three ML methods, i.e. M8, REL and FEL, were used to test selection
acting on TLR members in cetaceans. A nested models (M8a vs. M8) as
implemented in PAML was compared and revealed that M8 including
sites with @ > 1 fitted the data significantly better than did a neutral
model (M8) at the eight TLRs except for TLR7 (P = 0.671) and TLR10
(P = 0.06) (Table 1). Importantly, M8 model identified a number of
PSSs (total 79) ranging from 4 to 23 across the eight TLR loci. By
comparison, a series of codons identified to be under positive selection
were determined by other two ML methods, i.e. FEL (189) and REL
(174) implemented in Hyphy that calculated the w value by in-
corporating variation in ds whereas ds was fixed across sequences for all
the PAML-based analysis. When we combined the three ML methods, a
total of 148 codons were commonly yielded by at least two ML methods
whereas 45 codons were commonly identified by the three methods
(Table 1). In our next analysis, these 148 codons identified by at least
two ML methods were considered as robust candidates of positive se-
lection. Thus, these 148 robustly positive selection sites ranged from 5
(TLR 10) to 26 (TLR 4, TLR8) across the 10 TLR loci, with corre-
sponding to 1.03%-4.83% of codons under positive selection. For
comparison, we found different evolutionary pressure varied between
TLR loci. High percentage of codons subject to positive selection was
found at the TLR4 (4.83%), TLR5 (3.18%) and TLR8 (3.18%). In ad-
dition, comparable strength of selection examined at the TLR2 (2.16%),
TLR 6 (2.22%) and TLR7 (2.29%). However, percentages of PSSs
identified in viral-sensing TLRs were comparable with that of bacterial-
sensing TLRs in the cetaceans (t-test: P = 0.889). We subsequently
evaluated whether radical changes occurred in these 148 robust codons
under positive selection by using a complementary protein-level ap-
proach implemented in TreeSAAP. The result revealed that 89.19%
(132 / 148) PSSs had occurred radical changes (supplementary Table
S4, Supplementary Material online). More importantly, we mapped
these radical changes identified to be under positive selection onto the
cetacean phylogeny and found these sites were scattered throughout
almost all of the cetacean phylogeny (Fig. 2). The branch-site model
was then used to test whether positive selection acting on specific sites
in cetacean lineages. We found that TLR5, 7, 8, 9, and 10 showed a
significant signature of positive selection along ancestral branch of
cetaceans (branch c), the Last Common Ancestor (LCA) of cetaceans and
H. amphibious (branch b), branch leading to Sous chinensis, M. densir-
ostris, Delphinus capensis, H. amphibious and Balaenoptera omurai, re-
spectively (supplementary Table S5, Supplementary Material online).

For putatively pseudogenized TLR5, selective pressure was ex-
amined by calculating the w values across cetacean phylogeny. We first
assumed that all the branches had the same w, our analyses showed that
TLR5 was evolved under purifying selection according to the compar-
ison between the Model A and Model B (P < 0.001) (supplementary
Table S6, Supplementary Material online). However, no statistical sig-
nificance was examined between the Model C and Model D where the
lineages with pseudogenes was assumed to have w2 whereas other
lineages have w1 (P = 0.331) (Table S6), suggesting that no significant
selective pressure was relaxed in the pseudogenized branch of L. vex-
illifer.

3.3. Functional significance of radical amino acid changes under positive
selection

To evaluate whether putatively positive selection sites locate in
functional domains, those 132 radical amino acid changes found to be
under positive selection identified by more than one ML methods were
firstly compared to human corresponding TLRs. We then mapped all
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Fig. 2. Radical amino acid changes in positively selected sites across the cetacean phylogeny. Positively selected sites identified by site models and branch-site
models in the viral-TLRs and non-viral TLRs were marked with triangles and circles, respectively.

these radical amino acid changes onto the 3D of each TLR ECD (Fig.
S2). Finally, we evaluated the functional significance of cetacean ra-
dical amino acid changes according to functionally annotated sites from
human TLRs. The result showed that almost all of these codons were
adjacent to or within the key functional domains, such as LRRs or li-
gand binding regions, which are responsible for ligand interactions and
recognition (supplementary and Fig. S2 and Table S7, Supplementary
Material online). For example, all these radical changes that had un-
dergone positive selection of TLR2 were located in the known LRR and
Ligand binding regions in human. More than half of radical amino acid
changes were found to be involved in the LRRs or ligand binding re-
gions at the TLR1 (4/6) and TLR4 (12/24).

3.4. Relationship between gene evolution and ecological factors

Association analysis showed there was no significant association
between log w and log (mean group size) at each TLR (P > 0.05)
(supplementary Table S8, Supplementary Material online). Similarly,
migratory behavior was not related to evolutionary ratios at any TLR
loci (Table S8).

4. Discussion
4.1. Adaptive evolution of TLRs during cetacean evolution

TLRs are evolutionary conserved proteins and are traditionally
under strongly functional constraint. However, recent studies have
found evidence of positive selection in some vertebrate groups, such as
some PSSs identified at TLR3, 4, 5 and 15 in birds (Alcaide and
Edwards, 2011), TLR 4, 7 in wild rodents (Forntiskova et al., 2013), and
TLR1, 2, 6, 8 in family Suidae (Darfour-Oduro et al., 2015). Particu-
larly, balancing selection was identified at TLR1, 6, and 10 in European
populations of human (Ferrer-Admetlla et al., 2008). In the present
study, we comprehensively investigated evolutionary patterns of all the
10 TLR family in cetacean species with the goal of providing a general
picture of the evolution of cetacean innate immunity. Our results sup-
posed that pathogen mediated positive selection would have occurred
at cetacean TLRs with its habitat transition from the land to the com-
pletely aquatic environment. Three lines of evidence provided support
for this hypothesis. First, a total of 148 robust candidates of sites were
identified to be under positive selection at ECD of all TLR loci. Second,
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the overwhelming majority (89.19%) of these PSSs were found to have
radical amino acid changes, which is yet another evidence of positive
selection. Finally, radical amino changes under positive selection were
adjacent to or within the functional domains of each TLR. All the results
suggested widespread positive selection acting on TLR genes in ceta-
cean lineages, which was in line with the result reported in cetacean
adaptive immunity, such as balancing selection at the MHC genes.
Previous studies revealed that MHC polymorphism in cetaceans were
comparable with their terrestrial relatives (Xu et al., 2009, 2010). From
the results of TLRs and MHC, we could suggest cetacean might have
faced diversity of pathogens during its transitions from terrestrial to
aquatic environment. This suggestion was contradiction with tradi-
tional view that relatively less pathogenic microorganisms in the
aquatic environment compared with the terrestrial ecosystem.

We reconstructed the ancestral node of each TLR ECD across
lineages of cetaceans. When we mapped these PSSs on the phylogenetic
tree and found these sites were dispersed across almost all of the
lineages of cetacean phylogeny from the origin to the subsequent ra-
diation. Specially, lineage-specific evolution was determined across
cetacean phylogeny, reflecting rapid host adaptation to varying mi-
crobial pressures. For example, the highest concentration of PSSs (55
codons) was detected along the LCA of cetacean + hippopotamus
(Fig. 2, branch a), which represented the habitat transition of the ter-
restrial ancestors of cetaceans from land to semi-aquatic habitat (Gatesy
and O’Leary, 2001). Additionally, more significant positive selection
(27 condons) was identified along the lineage leading to LCA of ceta-
ceans (Fig. 2, branch b) with habit transition from semi-aquatic to full-
aquatic habitat (Gatesy and O’Leary, 2001). The accumulation of PSSs
at specific transitions examined in our study might reflect a faster
adaptation to new pathogens as cetaceans encountered novel habitat. It
was worth to note that the accumulation of PSSs were different in
lineages of extant cetaceans. For instance, high accumulations of radical
amino acid changes were identified along lineage leading to M. den-
sirostris (24 codons), K. simus (22 codons), P. catodon (15 codons),
however, few radical changes in selected sites were found at the
lineages of delphinids. The colonization of aquatic habitats by ceta-
ceans implied adaptation not only to a benthic or bathypelagic en-
vironment (e.g., P. catodon) but also exclusively to offshore (e.g., T.
truncatus). More importantly, microbial abundances were reported to
have different patterns between coastal and pelagic water, sea surface
and deeper water, etc. (Fuhrman, 1999). Thus, ecological differences
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over long time scales were suggested to be sufficient to drive divergent
selection in cetaceans. However, no significant association was ex-
amined between the each TLR evolution and some easy-to-obtain eco-
logical factors, such as mean group size and migratory behavior. This
result suggested that TLR evolution was a complex process. For this
reason, more ecological factors and life history of cetaceans should be
collected to further investigation this issue.

4.2. Viral TLRs as promising immune receptors in marine system

Previous investigation of primates, bird and rodents TLRs evolution
indicated that viral TLRs seemed to evolve under stronger functional
constraint than non-viral TLRs (Wlasiuk and Nachman, 2010; Alcaide
and Edwards, 2011; Barreiro et al., 2009; Forntiskova et al., 2013;
Darfour-Oduro et al., 2015). This result might be contributed to the
dual roles of viral TLRs which could recognize both viral nucleic acids
and target self components. Thus, viral TLRs must be under strong
purifying selection in order to avoid autoimmunity. In addition, viral
TLRs under functional constraint were suggested to be due to primates
and bird as homogeneous groups probably being faced with the re-
stricted number of viruses (Areal et al., 2011). In our study, however,
proportion of sites under selection in viral-sensing TLRs was not sig-
nificantly different with that of bacterial-sensing TLRs across the ceta-
cean phylogeny (t-test: P = 0.889). This indicated that comparable
level of positive selection was identified in viral TLRs and non-viral TLR
during cetacean evolution. The distinct ecology of marine system might
explain the similar level of positive selection at viral and non-viral TLRs
in cetaceans. It has been known that viruses are the most abundant
pathogens in the oceans, exceeds richness of bacteria and archaea by
about 15-fold (Suttle, 2007; Bergh et al., 1989). Thus, viral infections
are a major source of mortality, and cause disease in a range of or-
ganisms in the ocean (Suttle, 2007). For example, viral pathogens such
as influenza A virus and morbillivirus infection have caused heavy
losses of marine mammals (Nielsen et al., 2001; Visser et al., 1993).
Moreover, marine pathogens have relatively rapid spread than that of
terrestrial environment, which accelerated dispersal of pathogens and
posed a formidable challenge for mammals in the ocean (McCallum
et al., 2003). Therefore, cetacean viral TLRs ECD under strong positive
selection was expected to improve their functional integrity in order to
protect against infection by such viruses in aquatic environment.

Intriguingly, higher accumulation of PSSs was inferred in the case of
viral TLR genes presumably enhanced the biological function to re-
cognize PAMPs from diverse viral sources. For instance, strongest evi-
dence of positive selection was identified at TLR8 in cetaceans (26
positions, 3.18%) with accumulation of 26 radical amino acid changes
along 16 lineages, followed by the TLR7 (26 codons, 2.29%) with ac-
cumulation of 12 radical amino acid changes along 13 lineages (Table
S4). It was noted that TLR7 (9 codons) and TLR8 (20 codons) with a
large number of PSSs in the LRR domain (Table S7). Moreover, 20
codons of TLR8 were located in irregular motif, which is more struc-
tural flexibility (Matsushima et al., 2007). TLR7 and TLR8, recognizing
viral ssSRNA, are close phylogenetic relatives and share similar trans-
membrane regions. In line with this, our finding suggested that TLR7
and TLR8 must have adaptively modified to recognize and bind po-
tential and abundant viral pathogens in aquatic environment.

4.3. Differences in evolution of non-viral TLRs

We found divergent signal of positive selection within non-viral
TLRs from the consideration of the proportion of sites under selection.
TLR4 (4.83%) and TLR5 (3.18%) displayed a higher proportion of PSSs
whereas TLR1 (0.01%) and TLR 10 (0.87%) were the receptors with the
lower percentage of codons under positive selection (Table 1). This
suggested that cetacean TLR genes might be subject to different selec-
tive regimes. Although TLRs are evolutionarily highly conserved, di-
versified TLRs recognize a variety of microbial ligands. For instance,
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TLR4 and TLR5 detect lipopolysaccharide (LPS) and bacterial flagellin,
respectively (Poltorak et al., 1998). Therefore, the specific recognizing
of microbial ligands might due to different evolutionary pressures be-
tween different TLRs.

The strongest evidence for positive selection was examined at TLR4
in cetaceans. The highest proportion of PSSs (4.83%) was examined at
the TLR4 in cetaceans with 26 PPSs identified by at least two ML
methods. Of these sites, twenty-four sites (92.3%) were categorized as
radical changes at the protein-level. Strong evidence of positive selec-
tion examined at TLR4 was concordant with previous observation in
primates and rodents (Wlasiuk and Nachman, 2010; Forntiskové et al.,
2013). TLR4 is expressed on the cell membrane and response to various
pathogens, such as recognizing LPS from Gram-negative bacteria and
targeting components of yeast, Trypanosoma, and even viruses (Kumar
et al., 2009). Crystallographic structures of mouse TLR4 have shown
that TLR4 and MD-2 form a heterodimer to facilitate the recognition of
LPS (Kim et al., 2007). Interestingly, nine PSSs (136, 330, 338, 341,
363, 371, 393, 395, 399) under radical amino acid changes identified in
cetaceans were in or adjoined to the regions that participated in the
interaction between TLR4, MD-2 and LPS (Table S7). Nevertheless,
these PSSs located in the functional regions of TLR4 remains to be as-
sessed.

Strong evidence of positive selection was also identified at TLR2 in
cetaceans with accumulation 11 radical amino acid changes along 18
lineages (Table S4). It has shown that TLR2 is widely expressed across
species and recognizes the greatest number of PAMPs through its un-
ique ability to form heterodimers with TLR1 or TLR6 (Smith et al.,
2014). More importantly, four radical amino acid changes evolved
under positive selection sites (267, 279, 305, and 325) were adjacent to
or within ligand binding regions, which may be as a result of evolu-
tionary arm race between host and pathogens. This was inconsistent
with several recent studies conducted on other mammals such as hu-
mans and members of Suidae that revealed TLR2 evolved under selec-
tive constraint (Darfour-Oduro et al., 2015). However, no sign of po-
sitive selection was examined along lineages of mysticetes. We could
not exclude the possibility of small samples (3) used in our study,
therefore, more samples are needed to add in further work to insight
into the evolution of the TLRs.

TLR5 had the second-highest signature of positive selection with
3.18% codons identified under selection. TLR5 is activated by mono-
meric flagellin, the main component of the bacterial flagella and a
potent virulence factor (Gay and Gangloff, 2007). In this case, site 400
fell directly in the flagellin-binding region of extracellular domain
(residues 386-407) (Mizel et al., 2003), and consequently, the physio-
chemical property changes of this site (Table S4) might remodel this
protein and contribute to adequate immune response in cetaceans to
infection with flagellated bacteria. Moreover, site 262 lay adjacent to a
residue 267 that was responsible for specific recognition of flagellin
molecules between human and mouse TLR5 (Andersen-Nissen et al.,
2007). However, the frame-shift mutation was exclusively identified in
L. vexillifer, suggesting the TLR5 might have lost its function. Off course,
further functional tests are needed to clarify this suggestion.
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