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Abstract: Species of the genus Pagurus have diversified into a wide variety of marine habitats across
the world. Despite their worldwide abundance, the genus diversity and biogeographical relationship
are relatively less understood at species-level. We evaluated the phylogenetic relationship and
genetic diversity among the Pagurus species based on publicly available mitochondrial and nuclear
markers. While independent analyses of different markers allowed for larger coverage of taxa
and produced largely consistent results, the concatenation of 165 and COI partial sequences led to
higher confidence in the phylogenetic relationships. Our analyses established several monophyletic
species clusters, substantially corresponding to the previously established morphology-based species
groups. The comprehensive species inclusion in the molecular phylogeny resolved the taxonomic
position of a number of recently described species that had not been assigned to any morpho-group. In
mitochondrial markers-based phylogenies, the “Provenzanoi” group was identified as the basal lineage
of Pagurus. The divergence time estimation of the major groups of Pagurus revealed that the Pacific
species originated and diversified from the Atlantic lineages around 25-51 MYA. The molecular results
suggested a higher inter-regional species diversity and complex phylogenetic relationships within
the diverse and heterogeneous members of the genus Pagurus. The study presents a comprehensive
snapshot of the diversity of pagurid hermit crabs across multiple geographic regions.

Keywords: hermit crab; Paguridae; diversity; molecular phylogeny

1. Introduction

Hermit crabs (Anomura) are a morphologically and ecologically highly diverse group
of decapod crustaceans, inhabiting various dimensions of elevations from inland to deep-
ocean. To cope with versatile ecological biotopes, species of hermit crabs have evolved a
variety of specialized body forms and behaviors. In fact, species of this group are well-
recognized for their asymmetric, decalcified, and coiled hind body (pleon) which can be
looped into gastropod shells for protective shelter [1,2]. These attributes have long attracted
the interests of evolutionary biologists for addressing various questions in the evolution
of asymmetrical body form and phenotypic diversity. Moreover, being the ancestor of
complete carcinized king crabs (Lithodidae) [3], these species are potentially excellent
models for investigating adaptive ecology, comparative population biology, speciation, and
biogeographic process [4]. While several aspects of phylogenetic relationship of anomuran
have been extensively studied at higher taxonomic levels [5-16], a large-scale species level
phylogeny and diversity using molecular data has not been exhaustively investigated.

Among hermit crabs, the genus Pagurus Fabricius, 1775 [17] is one of the most diverse
groups with high morphological and ecological variability among the species [18]. The
genus encompasses about 176 species worldwide [19]. The most obvious feature for
differentiating Pagurus from other hermit crabs is the larger right cheliped, hence they are
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also known as right-handed hermit crabs. They are very common and important members
among the macro-zoobenthic groups in the intertidal and subtidal communities. The pelagic
larval stages (typically four stages) of Pagurus facilitate their wide distribution. However,
due to the reliance on the abandoned shells of gastropods for protection; establishment
of Pagurus populations in a particular environment is directly linked to the availability of
marine gastropod shells and their quality and quantity [20]. Furthermore, the interspecific
differences in the patterns of shell utilization also may limit the range of biogeographical
distribution of these species [21]. Therefore, species composition and distribution of a
sympatric community of the intertidal hermit crabs are largely associated with the features
of resource (gastropod shell) partitioning [22]. Consequently, these species can potentially
be used as an index for the study of biological interactions (i.e., competition for shell or
other resources) and adaptive mechanisms of successful colonization of a variety of habitats
ranging from costal to deep sea.

Over several decades, the classification of Pagurus hermit crabs has largely been
carried out by reviewing both adult and larval morphology extensively, leading to a list of
hypothetical species relationships [6-16,23-29]. For example, considering the characters
of males (presence or absences of a pleopod on the second abdominal somite), Bouvier
(1940) divided the Northeast Atlantic species into Group I (presence of a pleopod) and
Group II (absences of a pleopod) [23]. After describing the larval and adult characters of the
European species (northeastern Atlantic-Mediterranean regions), Ingle (1985) categorized
the Pagurus species into eight groups under two subdivisions: Subdivision I (three groups)
and Subdivision II (five groups) [28]. Later, McLaughlin et al. (1988) designated four
larval groups and 12 adult groups in the eastern Pacific species (with two “unnamed
group”) of Pagurus [29]. However, many species of the “unnamed group” (Group XII) were
previously assigned to Ingle’s Subdivision I (Table 1). In the Ingle (1985) and McLaughlin
et al. (1988) species arrangements, there are three groups (“Bernhardus”, “ Anachoretus”,
and “Trigonocheirus”) in common. As a result, there have been 15 groups recognized in
the genus Pagurus based on adult morphology up until now (Table 1). However, these
lists were geographically specific to the Atlantic-Mediterranean species [30], many species
from the Indo-Pacific region were not included. Further, numerous new species have been
described in more than three decades since the publications of Ingle (1985) and McLaughlin
et al. (1988). Therefore, a number of species are yet to be assigned to the morpho-groups.
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Table 1. Species groups of the genus Pagurus based on adults’ morphological characters.

References Ingle (1985) [28] McLaughlin et al. (1988) [29]
Species Subdivision I Subdivision II
groups of Group 1 Group 2 Group 3
ﬂl"?z gg:;::;s Group 1 Group 2 1%‘;2;:53_ (Group V) (Group VII (Group XI) ,%;Ioe‘;}_) 4 Group 5 Group I Group II ,,%Z‘::;_HI ,,%l;;)l:l_P v ,%;(;‘:Ell ‘%‘:n‘}fa‘g’;z Group X Ic);(r(,’,%l;_ )C(;llio,‘,lll}n_
‘Alatus Prideaux’ sis” ;ﬁlerg:;su Cl;"lrgrzi)gg tﬁ;l,t[lc ore- reuxi” Carneus Provenzanoi ‘Exilis tus” dichaudii” tus” " Smi named” named”
. . ) Lo . P. anachore- . - - P. P. gau- . P . . P )
P. alatus P. prideaux cuanensis P. aleuticus P. brandti toides P. chevreuxi P. carneus P. annexus P. albus beringianus dichaudii P. arcuatus confragosus P. impressus delsolari P. alatus
. . ;P - ), forbesii . armatus . dalli . . . arenisaxatilis . ¢ladius ) caurinus . capillatus  cornutus  pollicaris . imarpe M
gcav/ztm ﬁrﬁbycnncan P, forb P P dall grmchoretm P lis* P. glad P P. capill b P poll P imarp 5821;1[,@
P.
pubescen- gemhwdus P. pubescens P. gordonae P. benedicti ﬁmutulus‘ P. comptus P. kennerlyi P. tanneri P. smithi P. ruber
tulus ”
P. . D cforp . P. longicar- P e P. P. sculpti-
pulchellus P. ochotensis P. stevensae P. laurentae P. brevidactylus pus edwardsii P. setosus spilocarpus manus
P. . . . P .
trigonocheirus P. souriei P. carolinensis mertensii P. forceps gxllllzfssceﬂ-
. ) s . ), P. granosi- -
Speci P undosus triangularis P. criniticornis perlatus* manus prideaux
pecies - P. P.
assigned in P. galapagensis hemphilli variailis
the groups P. hirsu-
group: P. gymnodactylus tiusculus
- P. midden-
P. lepidus dorffii
P. leptonyx P. samuelis

P. maclaughlinae
P. nanodes*

P. nesiotes*

P. protuberocarpus
P. provenzanoi

P. redondoensis
P. retrorsimanus*
P. rhabdotus*

P. spighti*

P. stimpsoni

P. trichocerus

P. vetaultae*

P. villosus

P. virgulatus*

P. quaylei
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Table 1. Cont.
References Ingle (1985) [28] McLaughlin et al. (1988) [29]
8 8
Compiled
species Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9 Group 10 Group 11 Group 12 Grou'}) 13 Group 14 Group 15 Groul’;'lﬁ “Unnamed” Ungrouped
groups of “ ” P »  “Cuan “Bern- “Trigono- “Anacho “Chevr- “, ” “ e Prawrnly “Comp- “Gaudic “Capilla- “Confra uGyih i (combined of Group Broup!
the genus ‘Alatus Prideaux ensis” hardus” che{gr us” retus” enxi” Carneus Provenzanoi ‘Exilis tus” haudii” tus” gosus” Smithi IX and XIT) Species
Pagurus
P. alatus P. prideaux b . P. aleuticus P. brandti L anachore- P. chevreuxi P. carneus P. annexus* P. albus* L B gau- P. arcuatus b P. impressus P. delsolari Pagurus
: N P cuanensis . . toides : : . - . beringianus  dichaudii : confragosus - mp . acadianus
Qccavatus 5’415211/;}1145 P. forbesii P. armatus P. dalli gmchoretus P. arenisaxatilis* P. gladius P. caurinus P. capillatus P. cornutus P. pollicaris P. hartae* ng‘gizzgtsraliensis
P. :
pubescen- gemhﬂrdus P. pubescens P. gordonae P. benedicti 5matulus P. comptus P. kennerlyi P. tanneri P. smithi P. imarpe Ez%:%blzmsms
tulus > 7
P » ) . P. longicar- P . P e . L.
pulchellus P. ochotensis P. stevensae P. laurentae P. brevidactylus pus edwardsii P. setosus spilocarpus P. meloi Pagurus bullisi
5 igonocheirus P. souriei P. carolinensis 5’ ertensii P. forceps P. rathbuni* ?:f:é;z;
P undosus triangularis P criniticornis perlatus* iﬁgnrzgm- P retrorsi 3 ﬁgyﬁﬁuz 1i
P. galapagensis E;zmphilli P. ruber Pagurus filholi
P. hirsu- 3 . Pagurus
P. gymnodactylus tusculus P. sculptimanus Sfraserorum
- P. midden- " Pagurus
P. lepidus dorffii P. townsendi gracilipes
P. leptonyx P. samuelis P. variailis Pagurus heblingi
P. maclaughlinae P. quaylei P. venturensis* Pagurus
Species ' 8 - quay : ) japonicus
assiened in P. nanodes* Pagurus kulkarni
th & P nesiotes* Pagurus
e groups ’ nesiotes lanuginosus
P. protuberocarpus Pagurus liochele
P. provenzanoi Pagurus
F maculosus

P. redondoensis
P. retrorsimanus*

P. rhabdotus*
P. spighti*

P. stimpsoni

P. trichocerus
P. vetaultae*

P. villosus

P. virgulatus*

Pagurus mbizi
Pagurus minutus
Pagurus
nigrivittatus
Pagurus
nigrofascia
Pagurus
pectinatus
Pagurus
pitagsaleei
Pagurus
proximus
Pagurus pseu-
dosculptimanus
Pagurus
quinguelineatus
Pagurus
rectidactylus
Pagurus rubrior
Pagurus similis
Pagurus
simulans
Pagurus spina

“*” According to Lemaitre and Castafio (2004) [30].
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Identification of taxon based on morphological characteristics is a common method in
the classical taxonomy, and the accuracy of such method is broadly accepted [31]. However,
many challenging issues remain in the identification and delimitation of species that
are phenotypically similar, but reproductively isolated. Furthermore, sibling and cryptic
species are sometimes not properly identified by morphological characteristics alone [32,33].
On the other hand, convergent evolution of morphological features in distantly related
species may also lead to wrong identification [34]. The availability and easy access to
ever increasing DNA sequences and the development of the necessary computational
tools are being employed in phylogenetic studies. The analyses of these sequences have
proved useful for identification and delimitation of species that have less morphological
distinctness in particular [35,36]. As a result, the molecular taxonomy or the integration of
the morphology and molecular (morpho-molecular) data in taxonomy has become a more
frequent and widely accepted approach to evaluate the evolutionary relationships among
species at various taxonomic levels.

To resolve the complexity in taxonomic relationships among the morphologically
convergent species in Pagurus, a considerable number of molecular phylogenetic studies
have been conducted in recent years [37-44]. As a consequence, the paraphyly or polyphyly
of the genus Pagurus was also suggested in some studies [15,39,40,44]. However, most of
these reports are limited to a restricted geographic scope and provide only a fragmented
picture of the taxonomic relationships. Despite the world-wide distribution of the Pagurus
hermit crabs, information on the molecular phylogeny among the biogeographical lineages,
intra/interspecific variations, and the regional species diversities remain deficient and
unresolved. The increasing discoveries of new species from various geographical localities
in recent years provides an opportunity to investigate the molecular phylogeny and geo-
graphical distribution patterns of the genus Pagurus from the major geographical localities.

In this study, we investigated the phylogenetic relationships, and the patterns of
species diversity among the species of the genus Pagurus based on multiple genetic markers.
The genetic diversity was determined by estimating both intra and interspecific genetic
variations among the sequences. Next, the association between the morphology-based
species groups and molecular phylogenetic relationships was assessed to evaluate the
genetic evidence for supporting morpho-groups. Finally, the geographical distributions
of the Pagurus species were investigated for the identification of the regional patterns of
species diversity. The inclusion of a large number of species from a wide range of habitats
and the use of multiple molecular data sets allowed us to present the most complete
evolutionary picture for the genus Pagurus to date.

2. Materials and Methods
2.1. Taxon Sampling

To elucidate the phylogenetic relationships among the species of the genus Pagurus,
the publicly available molecular data were retrieved from the GenBank with the aim of
sampling as many species as possible. The specimens were chosen to obtain molecular data
from a wide range of species across every major habitat, providing a complete geographical
coverage throughout all possible distributions of Pagurus species (Figure 1). Species were
assigned a location code defined by their sampling regions as Arctic Ocean (AO), North
Sea (NS), North Atlantic (NA), northeast Atlantic (NEA), northwestern Atlantic (NWA),
Caribbean Sea (CS), Mediterranean Sea (MS), Alboran Sea (AO), Gulf of Mexico (GoM),
South Atlantic (SA), southwest Atlantic (SWA), North Pacific (NP), East Pacific (EP), north-
east Pacific (NEP), northwest Pacific (NWP), southeast Pacific (SEP), Yellow Sea China
(YSC), Yellow Sea South Korea (YSSK), East China Sea (ECS), South China Sea (SCS), Sea of
Japan (SQOJ), and Indian Ocean (10).
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Figure 1. Map shows geographical locations of collection sites, adopted from the source of sequences
in NCBI. Abbreviations are herein referred to as Arctic Ocean (AO), North Sea (NS), North Atlantic
(NA), northeast Atlantic (NEA), northwestern Atlantic (NWA), Caribbean Sea (CS), Mediterranean
Sea (MS), Gulf of Mexico (GoM), South Atlantic (SA), southwest Atlantic (SWA), North Pacific (NP),
East Pacific (EP), northeast Pacific (NEP), northwest Pacific (NWP), southeast Pacific (SEP), Yellow
Sea China (YSC), Yellow Sea South Korea (YSSK), East China Sea (ECS), South China Sea (SCS), Sea
of Japan (SQOJ), and Indian Ocean (IO).

2.2. Retrieval of Molecular Data

Appropriate genetic markers for species-level phylogenetic analyses are those that
mutate quickly enough for difference to be observed between species. Though mitochon-
drial (mt) DNA markers have been proven useful in elucidating phylogenetic problem at
species level, some factors derived from intergenomic co-adaptation can quicken or slow
the rate of base substitution at various mtDNA loci and cause evolutionary rate variation
between sites. Therefore, inclusion of more than two coding genes and nuclear markers
are suggested to depict the evolutionary relationships between different species [45]. We
therefore incorporated both mitochondrial and nuclear markers in our analyses.

2.3. Characteristics of Analysed Sequences Data

The resulting data set of complete mt genome consisted of 15 Pagurus species (https:
/ /www.ncbi.nlm.nih.gov/nuccore, accessed on 15 March 2021). However, among them,
two sequences are duplicates (Table S1). Excluding the duplicates, 13 sequences of 10 species
were left in the data set for final molecular analyses. Additonally, sequences of the partial
mitochondrial gene regions, including 30 of the small subunit ribosomal gene (125), 288
of the large subunit ribosomal gene (16S), and 1010 of the protein coding cytochrome
¢ oxidase gene (COI), were obtained from both NCBI and UNIPROT databases (https:
/ /www.uniprot.org/uniprot/, accessed on 18 March 2021). In addition, sequences of three
available nuclear genes, including 21 of the small subunit ribosomal gene (18S), 35 of the
large subunit ribosomal gene (28S), and 19 of the Histone 3 (H3) were retrieved from the
NCBI database (https://www.ncbi.nlm.nih.gov/nuccore, accessed on 23 March 2021).

Each individual marker was exploited for subsequent analyses. However, because of
the numbers of sequences available, the inference of the molecular phylogenetic relation-
ship and species diversity of the genus Pagurus was mainly based on 165 and COI gene
trees. Moreover, because of the genetic relatedness of species from the same regions, only
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one species per location was included in the subsequent analyses. Therefore, the resulting
pruned data sets for subsequent analyses included 73 sequences of 50 species (Table S3-1)
and 127 sequences of 58 species (Table 54-1) for the 16S and COI genes, respectively. Fur-
thermore, to obtain a more robust phylogenetic tree with increased branch support values,
16S and COI sequences were concatenated for the individuals from the same localities. A
total of 50 sequences of 35 species were left in the concatenated (165 and COI) data set
(Table S8). Despite the relatively small proportion of remaining data analyzed, the samples
collectively encompass the breadth of morphological and ecological diversity of the genus
Pagurus. For the analyses of the complete mitochondrial genomes, crayfish, Procambarus
clarkii (NC_016926), was used as an outgroup taxon.

2.4. Phylogenetic Analyses

Different alignment methods were employed. The alignment of the ribosomal gene
sequences was performed using ClustalW [46] in MEGA 7.0.16 [47] with the default settings:
pairwise parameters, gap opening 15.0, gap extension 6.66, multi-alignment parameters,
gap opening 15.0, and gap extension 6.66. On the other hand, aliment for the coding genes
was performed based on the translated amino acid sequences using ClustalW (codons)
with the default settings: pairwise parameters, gap opening 10.0, gap extension 0.1, multi-
alignment parameters, gap opening 10.0, and gap extension 0.2. Ambiguous regions of
the alignment were removed. Additionally, all alignments were visually examined for
mismatches, and gaps/missing data were treated as complete deletions.

Phylogenetic trees were inferred by both the maximum likelihood (ML) [48] and
neighbor joining (NJ) [49] methods. In ML analyses, the best-fit model under the “Find
Best DNA /Protein Models” was searched for each gene. On the other hand, Kimura
2-parameter (K2P) model [50] was used as a model of substitution in NJ analyses. To
determine confidence values for the resulting trees, for both NJ and ML methods, non-
parametric bootstrap analyses were performed on 1000 replicates [51]. In case of identical
topologies and bootstrap supporting values of two methods, the ML tree is shown. On
the molecular trees, confidence values >50% were reported. Patterns of interspecific
and intraspecific pairwise distances were calculated using the K2P substitution model
implemented in MEGA.

2.5. Estimating Diversification Rates from Phylogenetic Information

We dated the ML phylogenetic tree derived from the combined 165 and COI sequences
of 35 Pagurus species, which included one individual per taxon from a location, with
Procambarus clarkii as an outgroup. While P. clarkii has been estimated to have diverged
from Anomura about 357-385 millions of years ago (MYA) [15,52,53], P. brevidactylus and
P. bernhardus diverged relatively recently at about 70.4 MYA [14]. We therefore eliminated
Procambarus clarkii from the alignment and phylogenetic tree to focus the estimations of
divergence times to the last 80 million years. The phylogenetic tree and aligned sequences
were then used for the estimation of divergence times using MCMC tree in PAML pack-
age [54], following previously reported steps [55,56]. Briefly, the overall substitution rate
was computed with baseml in PAML package, using <80 MYA divergence between P. brevi-
dactylus and P. bernhardus. MCMC tree was then used to compute the gradient and Hessian
using the overall substitution rate. The final steps involved the computation of the actual
divergence times using the computed gradient and Hessian. The calibrations used were
60-80 MYA for the divergence of P. brevidactylus and P. bernhardus and 14-24 MYA for
P. brevidactylus and P. maclaughlinae split [15]. The tree was then visualized in Fig Tree v
1.4.4 (http:/ /tree.bio.ed.ac.uk/software/figtree/, accessed on 19 November 2021).

2.6. Morphological Characters Analyses

The morphological characteristics of Pagurus species were retrieved from the taxo-
nomic literatures [35,36]. The diagnostic characters include the shape of chelipeds, number
of spines/tubercles on its surface, shape of ambulatory pereopods, maxillipeds, telson, and
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so on. The morphological features were investigated with reference to the phylogeny of the
morpho-based species groups.

3. Results
3.1. Species Composition

The localities of obtained sequences data may reflect the species richness and pattern
of geographical distribution. Most of the species in our data set tend to be geographically
restricted lineages; very few species show wider distributions (Table S9). The NWP species
(Chinese, Korean and Japanese adjacent water) are restricted to the Kuroshio and Tsushima
warm currents. Similarly, species of the NA region are confined to the North Atlantic
gyre. While most of species maintain an exclusive limited distribution, a few species
(P. longicarpus, P. prideaux, and P. pubescens) extend their ranges of geographical distibution
widely along the North Atlantic and eastern Pacific regions. Some South African species
(P. emmersoni and P. liochele) are also found in the Indian Ocean regions (Table S9).

3.2. Phylogenetic Aspects

The complete mt genome, and partial 12S, 16S, COI, 18S, 28S, and H3 data sets
consisted of sequences of 10, 27, 50, 58, 19, 22, and 16 species, respectively (Table S1-57).
Several sequences were excluded from the analysis due to suspicious topologies after
constructing phylogenetic trees (data derived from specimens may have been erroneously
linked to species name on NCBI database due to misidentification, i.e., Pagurus japonicus:
MG214647; Pagurus fraserorum: MF695071; Pagurus pollicaris: AF483159, etc.). The best fit
models for each gene found in MEGA were as follows: (GTR + G) mt genome nucleotide,
(mtREV + G + F) mt genome amino acid; (GTR + G + I) COI, combined 16S + COIL (T92 + G)
125, 165, 18S, 28S, and H3.

3.2.1. Complete mt Genome Sequences

Most of the taxa with complete mitochondrial genome sequences were exclusive
to the NWP regions, except one species from the NA region. In the ML phylogenetic
tree obtained from complete mt genome sequences, the NWP species formed a distinct
clade that was further separated into three distinct sub-clades (Figure 2). The basal sub-
clade consisted of two individuals of P. nigrofascia from the Yellow Sea, China (YSC), and
Japanese waters. The genetic distance between them was very small (0.0003) (Table S10).
Pagurus lanuginosus and P. maculosus were distinctly clustered together as sister species
with 0.04 genetic diversities. Pagurus japonicus and P. filholi showed genetic closeness with
0.005 genetic distances, and distinctly separated from P. gracilipes. Pagurus minutus, and
P. similis were clustered together as sister species. A Pagurus species (Pagurus sp.) collected
at a 20 m depth from the northwester coast of Japan, showed genetic closeness with the
species from the NA region (P. longicarpus). The genetic distances between the Pagurus
species from the NWP regions and P. longicarpus ranged from 0.19-0.20, (Table S10).

3.2.2. Partial mtDNA Markers

In the 125 ML tree (Figure S1), species belonging to the “Provenzanoi” group (P. maclaughlinae,
P. brevidactylus, and P. stimpsoni) were nested together. Similar to mt genome-based tree,
species from the NWP regions clustered together and formed a distinct clade with one
representative species of the “Smithi” and “Exilis” groups. However, unlike the mt genome-
based tree, P. similis from the NWP region showed genetic closeness to an unassigned group
species P. bullisi from the 1O region and formed a distinct clade. On the other hand, most
of the species from the Atlantic regions nested together in a distinct clade, and showed
long genetic distance to the species from other regions. Representative species of the
“Bernhardus” and “Comptus” groups were bifurcated, and positioned separately with low
support values.
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Figure 2. Maximum-likelihood (ML) tree based on mitochondrial genome (2709 amino acid) of
Pagurus species with 1000 bootstrap replicates. Each sample was represented by species name,
sequence accession number and the sampling location. The sampling locations included Yellow Sea
South Korea (YSSK), northwest Pacific (NWP), Sea of Japan (SOJ), Yellow Sea China (YSC), and North
Atlantic (NA). Different colors represent the localities of species analyzed.

In the 16S ML tree, a single representative of the “Chevereuxi” group (belonging to
the Ingle 1985’s Subdivision II), P. chevreuxi, positioned at the base (Figure 3). Similar to
the result of 12S tree, species of the “Provenzanoi” group clustered together and formed
a distinct clade. However, unlike the 12S tree, P. stimpsoni diverged at the base of this
clade, and P. brevidactylus showed close genetic relationship with P. provenzanoi instead of
P. maclaughlinae. P. criniticornis, and P. nr. criniticornis were likely to be the same species as
they clustered together and formed a clade. On the other hand, P. nr. maclaughlinae and
P. maclaughlinae were likely to be different species, since they positioned separately in two
distinct clades. Pagurus nr. maclaughlinae was genetically close to P. nr. carolinensis, whereas,
P. maclaughlinae was genetically close to P. nr. criniticornis/P. criniticornis species. Pagurus
leptonyx and P. villosus were found genetically closed and nested with the “P. maclaugh-
linae-P. nr. criniticornis/P. criniticornis” clade. The results demonstrated the existence of
genetically and geographically distinct populations in P. brevidactylus and P. criniticornis
species. Pagurus meloi and P. heblingi, two unassigned species to any morpho-group, nested
together in a clade with high bootstraps support, and positioned as sister-taxon to the
“Provenzanoi” clade.

Species of the “Alatus”, “Prideaux”, and “Cuanensis” groups (belonging to the Ingle
1985’s Subdivision I) were positioned together in a distinct clade. The “Alatus” group was
bifurcated into two distinct clades, since P. excavates was isolated distinctly from other two
members of this group. Similar pattern of isolation was also observed between the species
of the “Cuanensis” group that two members of this groups, P. forbesii and P. cuanensis were
positioned distantly. An unassigned morpho-group species, P. pseudosculptimanus clustered
with the Subdivision I clade. On the other hand, among the five species groups of the
Ingle 1985’s Subdivision II, species of only three groups were included in the analyses. A
single representative of the “Trigonocheirus” group, P. pubescens formed a distinct clade and
showed genetic closeness with species of the “Capillatus” group, P. kennerlyi. An unassigned
morpho-group species, P. pectinatus was nested with P. kennerlyi. Species belonging to the



Diversity 2022, 14, 141

10 of 27

" S [)Q)?(,
A T maclaughlinge FJ

A p. _;"n];h’ﬂl” KF

: )578.
o 7NN Yaree

P. melod

.;’q‘}{}(_g ,_,' : 7 ’, /
sogrsr R0l

869151 GoM ~ |
A\ P. maclaughlinae KF182566 CS
182564

“Bernhardus” group were nested together. However, P. aleuticus was positioned distantly
and showed genetic closeness with P. pubescens, P. kennerlyi, and P. pectinatus.
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Figure 3. Phylogenetic tree of Pagurus species based on the 165 sequence inferred with the maximum-
likelihood (ML) method using T92 + G model. Branch lengths are proportional to inferred nucleotide
substitutions. Numbers at nodes represent bootstrap value in percentages; value below 50% are not
shown. The species name, accession number, and sampling location are shown for each sequence.
Samples were collected from Arctic Ocean (AO), North Sea (NS), North Atlantic (NA), northeast
Atlantic (NEA), northwestern Atlantic (NWA), Caribbean Sea (CS), Mediterranean Sea (MS), Gulf of
Mexico (GoM), South Atlantic (SA), southwest Atlantic (SWA), North Pacific (NP), East Pacific (EP),
northeast Pacific (NEP), northwest Pacific (NWP), southeast Pacific (SEP), Yellow Sea China (YSC),
Yellow Sea South Korea (YSSK), East China Sea (ECS), South China Sea (SCS), Sea of Japan (SOJ), and
Indian Ocean (IO). Different colors represent the morpho-based species groups.

Species of the “Comptus” group were split into several clades suggesting a polyphyletic
group. Pagurus forceps, P. comptus, and P. edwardsii were clustered together and isolated
from other members such as P. beringanus, P. caurinus, P. granosimanus, and P. middendorffii.
Unlike the 12S tree, P. bullisi from the 1O regions clustered with the “Comptus” species
from the SP regions, whereas P. similis clustered with P. minutus as was in the complete
mt genome tree (Figure 2). The species of “Exilis” group (P. exilis, P. gladius, P. longicapus,
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and P. perlatus) showed a close genetic relationship with a species of the “Smithi” group
(P. pollicaris) (Figure 3).

The NWP regions species comprised several clusters with high bootstrap support
values. Two individuals of P. nigrofascia clustered together. Pagurus maculosus and P. lanug-
inosus were nested with P. proximus from Russian Far East. Pagurus hirsutiusculus was
clustered with the NWP species. Consistent with the result of the complete mt genome
tree, P. minutus and P. similis were closely related species. Unlike 125 phylogeny, but similar
to the complete mt genome tree, P. filholi, P. japonicus, and P. gracillipes showed genetic
closeness. An affinity between P. brachiomastus and P. beringanus (species of the “Comptus”
group) was found.

In the most species-rich COI based ML tree (Figure 4), the species clustering was mostly
consistent with the results of other mtDNA markers. However, a few inconsistencies were
found in species topologies. Three representative species of the “Provenzanoi” group were
divided into two clades. Similar to the 16S tree, P. brevidactylus and P. nr. maclaughlinae
clustered together in a distinct clade, and P. criniticornis/P. nr. criniticornis formed another
clade, though the bootstrap support values were low (<50%).

@ P rubricr MG214643
P. comy

SouthKorea ——
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Figure 4. Phylogenetic tree of Pagurus species based on the COI sequence inferred with the maximum-
likelihood (ML) method using GTR + G + I model. Branch lengths are proportional to inferred
nucleotide substitutions. The species name, accession number and sampling location are shown for
each sequence. Samples were collected from Arctic Ocean (AO), North Sea (NS), North Atlantic (NA),
northeast Atlantic (NEA), northwestern Atlantic (NWA), Caribbean Sea (CS), Mediterranean Sea
(MS), Gulf of Mexico (GoM), South Atlantic (SA), southwest Atlantic (SWA), North Pacific (NP), East
Pacific (EP), northeast Pacific (NEP), northwest Pacific (NWP), southeast Pacific (SEP), Yellow Sea
China (YSC), Yellow Sea South Korea (YSSK), East China Sea (ECS), South China Sea (SCS), Sea of
Japan (SOJ), and Indian Ocean (IO). Different colors represent the morpho-based species groups.
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Similar to the 16S tree, species of the Ingle 1985’s Subdivision I (“Alatus”, “ Prideaux”,
and “Cuanensis”) groups formed a distinct clade. Phylogenetic relationship of some unas-
signed morpho-group species was found to correlate with geographical distributions. We
observed that species from the 1O regions clustered together, and formed a distinct clade
near to the Subdivision I clade. The genetic relationship among the species of the “Bern-
hardus” group was clearly reflected by the COI tree; species of this group were clustered
together in a distinct clade. However, an unassigned morpho-group species P. acadianus
was nested in this clade. Species of the “Trigonocheirus” group formed a distinct mono-
phyletic clade with an unassigned morpho-group species, P. rathbuni. The close genetic
relationship between the species of the “Capillatus” group and P. pectinatus was also proven
by the COI tree. An unassigned morpho-group species, P. constans showed close genetic
relationship with the “Capillatus” group. A close genetic relationship between the species of
the “Trigonocheirus-Capillatus” and “Exilis-Smithi” groups were also proven by the COI tree.

Consistent with other mtDNA marker phylogenies, species from the NWP regions
were divided into several sub-clades with higher bootstrap support values. Pagurus filholi,
P. japonicus, P. minutus, and P. similis were nested in a distinct clade with P. nigrivittatus.
The taxonomic position of P. middendorffii, P. nigrofascia, and P. brachiomastus was inconsis-
tent among mtDNA markers (Figures 3,4 and Figure S1). Unlike 16S tree, species of the
“Comptus” group clustered together, however, P. caurinus was isolated into different clade.
An unassigned morpho-group species, P. venturensis showed genetic closeness with the
“Comptus” group.

To obtain more informative sites, the aligned sequences of 16S and COI were con-
catenated for species with both markers. The phylogenetic tree obtained from the con-
catenated sequences (Figure 5) had a better resolution of ancestral relationships among
the morpho-based Pagurus groups, depicted by three monophyletic linages (L 1-3) with
higher bootstrap support. These three major linages can be further divided into five clades
(clade I-V), though some clades have low bootstrap supports (Figure 5). Consistent with
both 165 and COI trees, species of the “Provenzanoi” group clustered together as the basal
clade (clade I). Species of the “Alatus-Prideaux-Cuanensis” groups formed a distinct clade
II. However, P. alatus and P. pubescentulus showed genetic closeness with P. forbesii of the
“Cuanensis” group. Species of the “Exilis” and “Smithi” groups were genetically the closest
and formed the clade III with P. comptus. The hairy hermit crab, P. hirsutiusculus, was
diverged at the base of clades IV and V. The NWP species around the Japanese adjacent
waters clustered together and formed the clade IV. Species of the “Trigonocheirus” group
nested with that of the “Capillatus” group, and formed the clade V with three unassigned
morpho-group species P. brachiomastus and P. nigrofascia and P. pectinatus. On the other
hand, species of the “Bernhardus” and “Comptus” groups were also nested together with
this clade V.

3.2.3. Partial Nuclear DNA Markers

The sequences of all three nuclear markers were not available for the same analyzed
taxa, therefore, the comparison or concatenation of the sequences were difficult. Nev-
ertheless, the phylogenetic relationships established using 18S, 28S, and H3 ML trees
(Figure 6A—C, respectively), were congruent with those inferred from mtDNA markers.
However, a few inconsistencies were found in general tree topologies. Species of the
“Provenzanoi” group were always clustered together in a distinct clade in all three markers.
Similar to the 16S tree, in the H3 tree P. stimpsoni diverged at the base, and P. maclaughlinae,
P. criniticornis, P. leptonyx, and P. villosus were found to be genetically closely related species.
However, P. heblingi and P. meloi that were close to the “Provenzanoi” group in 16S tree, were
positioned distantly in H3 tree.
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Figure 5. Phylogenetic tree of Pagurus species based on the combined gene (16S & COI) sequence
inferred with the maximum-likelihood (ML) method using GTR + G + I model. Branch lengths are
proportional to inferred nucleotide substitutions. Numbers at nodes represent bootstrap value in
percentages; value below 50% are not shown. One concatenated sequence set from a species was
included per location. Sampling locations included Arctic Ocean (AO), North Sea (NS), North Atlantic
(NA), northeast Atlantic (NEA), northwestern Atlantic (NWA), Caribbean Sea (CS), Mediterranean
Sea (MS), Gulf of Mexico (GoM), South Atlantic (SA), southwest Atlantic (SWA), North Pacific (NP),
East Pacific (EP), northeast Pacific (NEP), northwest Pacific (NWP), southeast Pacific (SEP), Yellow
Sea China (YSC), Yellow Sea South Korea (YSSK), East China Sea (ECS), South China Sea (SCS), Sea
of Japan (SQOJ), and Indian Ocean (IO). Different colors represent the morpho-based species groups.
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Figure 6. Individual gene trees based on maximum-likelihood (ML) method with 1000 bootstraps
constructed from nuclear markers of Pagurus species: (A) (18S), (B) (28S), and (C) (H3). Numbers
at nodes represent bootstrap value in percentages; value below 50% are not shown. The species
name and sequence accession number are shown for each sample. Different colors represent the
morpho-based species groups.

Consistent with the results of mtDNA markers, in both 185 and H3 ML trees (Figure 6A,C),
species of the “Exilis” and “Smithi” groups were nested together showing genetic closeness
to each other. Similar to the results of mt-based trees, species of the ‘Comptus” and “Bern-
hardus” groups were scattered in several clades, and showed inconsistencies in topologies.
Pagurus beringanus and P. bernhardus clustered together in both 185 and 28S trees. How-
ever, two individuals of P. bernhardus were isolated distantly in the 28S tree. P. comptus
clustered with the “Comptus” group in the 18S tree, was positioned separately in both 285
and H3 trees. Similarly, in 16S tree, P. comptus clustered with P. foceps and P. edwardsii,
however, it isolated from these two species and clustered with the “Provenzanoi” group
in the H3 tree. Unlike in the mtDNA marker trees, P. hirsutiusculus and P. granosimanus
were clustered together in both 185 and 28S trees. In the 28S tree, a single representative of
the “chevereuxi” group, P. chevreuxi, positioned separately. Similar to the results of mtDNA
markers, species of the “Alatus” group formed two distinct clades, however, P. excavatus was
clustered with P. pseudosculptimanus, instead of P. cuanensis as in the COI tree. Consistent
with the results from mtDNA markers, the clustering and formation of morpho-based
species “Prideaux-Alatus-Cuanensis” clade was also supported by the nuclear marker 285
(Figure 6B).

3.3. Genetic Variability among Geographical Regions

Pagurus species are most likely to be restricted to narrow geographical localities, with
the largest number of endemic species confined to the Northwest Pacific, and the west-
ern and eastern North Atlantic regions. A few species inhabit the South Atlantic, the
Indian Ocean, and the China Sea regions. Analysis of interspecific variations reflected
the genetic diversifications among the Pagurus species from various geographical local-
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ities (Tables 2 and S10-513). Based on 16S, the interspecific genetic distances between P.
provenzanoi and P. brevidactylus ranged from 0.003-0.06. These values were smaller than
the intraspecific genetic diversity of P. brevidactylus individuals that ranged from 0.06-0.07
(Table S11), and the highest intraspecific genetic variability (0.07) was found between
NWP and CS populations. Pagurus nr. maclaughlinae and P. maclaughlinae are seemed to
be different species, as they had 0.09-0.10 K2P genetic distances based on 16S data, larger
than that the interspecific genetic variation between P. criniticornis and P. maclaughlinae
(0.07), or between P. nr. maclaughlinae and P. nr. carolinensis (0.08-0.09) (Table S11). Based on
the third codon of COI gene, the genetic distances between the species of “Alatus” group
(P. alatus and P. pubescentulus) and the species of “Cuanensis” group (P. forbesii) ranged
from 0.38-0.43, smaller than those 0.75-0.82 with another species of the “Alatus” group,
P. excavate (Table S12).

Table 2. Pairwise genetic distance Kimura’s two-parameter model (K2P) values (per site) among
Pagurus species between geographic groups based on combined (16S + COI) genes.

NEA NWA NP NEP NA SA SP CS MS NWP NWA  YSC NS AO

NEA
NWA 0.06
NP 0.14 0.12
NEP 0.16 0.15 0.11
NA 0.14 0.13 0.11 0.12
SA 0.15 0.14 0.15 0.15 0.15
SP 0.14 0.13 0.15 0.15 0.15 0.15
CS 0.17 0.16 0.16 0.17 0.16 0.12 0.16
MS 0.08 0.09 0.15 0.17 0.14 0.16 0.14 0.17
NWP 0.16 0.14 0.12 0.11 0.12 0.15 0.16 0.17 0.16
NWA 0.16 0.16 0.16 0.16 0.16 0.14 0.15 0.14 0.16 0.17
YSC 0.17 0.15 0.11 0.10 0.12 0.15 0.15 0.16 0.17 0.10 0.16
NS 0.08 0.09 0.15 0.17 0.13 0.16 0.15 0.18 0.05 0.16 0.16 0.17
AO 0.17 0.15 0.10 0.10 0.10 0.15 0.17 0.17 0.18 0.11 0.17 0.10 0.17
Samples were collected from Arctic Ocean (AO), North Sea (NS), North Atlantic (NA), northeast Atlantic (NEA),
northwestern Atlantic (NWA), Caribbean Sea (CS), Mediterranean Sea (MS), Gulf of Mexico (GoM), South Atlantic
(SA), southwest Atlantic (SWA), North Pacific (NP), East Pacific (EP), northeast Pacific (NEP), northwest Pacific
(NWP), southeast Pacific (SEP), Yellow Sea China (YSC), Yellow Sea South Korea (YSSK), East China Sea (ECS),

South China Sea (SCS), Sea of Japan (SOJ), and Indian Ocean (IO). The cells are shown in heatmaps with green
representing lower values and red representing higher values.

Species from the Indian Ocean, which formed a monophyletic clade in the COI tree,
showed low level of interspecific genetic distances. The least interspecific diversity (0.12)
was found between P. emmersoni and P. liochele, whereas the highest interspecific diversity
(0.59) was found between P. emmersoni and P. fraserorum. Surprisingly, that was 0.01 between
P. pitagsaleei from SCS and P. boriaustraliensis from 1O (Table S12), which was even smaller
than the intraspecific genetic variation among two different populations of P. liochele from
IO and SA (0.02). The North Atlantic species, P. pollicaris and P. longicarpus, each formed a
monophyletic clade (Figure 4), with a range of intraspecific genetic distances of 0.01-0.84
and 0.02-0.12, respectively (Table S12). The higher genetic divergence of the gulf (GoM)
populations of P. longicarpus (Figure 4) may indicate the less genetic connectivity and less
expansion of population compare to the open waters. A similar case was found between
two populations of P. beringanus from the eastern North Atlantic region that showed
0.03 intraspecific genetic diversity. Likewise, two population of P. arcuatus showed 0.02
intraspecific genetic diversity. Similarly, higher inter-regional intraspecific diversity (0.17)
was also found between populations of P. cuanensis from the North and South Atlantic
regions. Among the populations of P. bernhardus, the highest (0.04) intraspecific genetic
diversity was found between the North Sea and North Atlantic individuals.

Based on the combined 165 + COI data (Table 2), the highest interregional genetic
diversity (0.18) was found between the species from MS and AO, CS, and NS, whereas the
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lowest genetic diversity 0.05 was found between the species from MS and NS. On the other
hand, the highest intraregional genetic diversity was found among the species from NWA
(0.14), followed by species from the SA (0.13), CS (0.12), and NP (0.10), whereas the lowest
was found among the species from NEA (0.08) and NEP (0.09) (results were not shown).

3.4. Geographical Diversification

To investigate the timescale for biogeographical connection, we dated the divergence
among Pagurus species (Figure 7). Divergence times estimated in the present study revealed
that Pagurus species from the Atlantic and Pacific diverged between 25-51 MYA. The main
diversification of extant lineages took places between 4-25 MYA. The major NWP lineages
seemed to have diverged from NP ancestor between 16-18 MYA.
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Figure 7. Dated phylogenetic tree of Pagurus species obtained from analysis of combined 16 and COI
sequences. The evolutionary time-scale in millions of years ago (MYA) is shown below. The calibration
points are shown in red circles. Different colors represent the morpho-based species groups.

3.5. Morphological Characteristics within Pagurus Species

In molecular phylogeny, the patterns of distinct separation among species may inter-
pret the variations in morpho-anatomical traits. The diagnostic characteristics among the
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species group were shown in Table 3. The genetic closeness between P. provenzannoi and
P. brevidactylus is consistent with their common diagnostic character of bearing of a row of
more than tree terminal spines [26]. The genetic closeness between P. meloi and P. heblingi
in both 165 and H3 trees may correspond to several similar morphological characteristics,
e.g., shape of chelipeds, long second and third pereopods, slender dactyls, and shape of
gill [35,40].
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Table 3. Variabilities in morphological features among species groups of the genus Pagurus.
Mtg:lliatlsw- Ingle (1985) Subdivision I Ingle (1985) Subdivision II
Maxillule
(endopod produced as a conspicuous lobe or papilla, sometimes recurved
outer distal rounded or obtusely produced rerely segmented ’ ’
margin)
Pereiopod 3
Com (il;lgeer:’(;r tnan»%ﬁtgz%fg:ﬁ?ﬁggéﬂg’ : }?iviessetose broadly subquadrate to suboval, and setos, smooth
mon sternite)
features
Telson .
(posterior armed w“{;::f:{‘]:‘l?rt i):tend on to armed with teeth but that not extend on to lateral margin
margin) 8
Male’s
pleopod 0-4 unpaired 3 unpaired
(number)
Group 14
Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9 Group 11 Group 12 Group 13 we
Species groups lalig‘#: s,l, “Pride “Cuanen- “Bern- “Trigono “Anachore- “Chevr “Carn- “Proven- (jg;l}: s},O “Com- “Gaudi- “Capilla- ﬁf;m;_ 9; 311115111”5
aux” sis” hardus” cheirus” tus” euxi” eus” zanoi” ptus” chaudii” tus” su§”
stout, stout, short, narrow moder-
ocular noticeably noticeal'aly long and mode- subcyli- / / / subcyli- strong subcyli - / cylin- ately /
peduncles subcylin- subcylin- cylindrical rately- ndrical ndrical drical drical short,
drical, drical, stout ca stoat
1 spatulate subtria- ) ) narrowly ) trian-
igzﬁlbirtie— spatulate, to subtri- spatulate ngular, subtria- subtria- subtrian- broad trian- gular,
dorsal angular, 3 4 dorsal ngular, ngular, gular, ot gular, with sub- acutely or ovately
ocular angular, £ dorsal £ d 1 d 1 denticu- Jorsal terminal / tel tri /
acicles dorsal surface dorsal surface surface orsa orsa dorsal late orsa. ermina ovately rian
surface relatively surface concave ﬂat to surface surface surface terminally surface spine triangular gular
concave flat slightly slightly flat flat slightly concave inserted
concave concave concave ventrally
moder- : moder- ;
Di Maxilliped 1 ately brs;la%ihetrll}éd berI?::‘c(il ] berrtl)gccll ) ately brs(ilagd}:rll}éd b;r(l)gg ] very ?:f?;t%ldy moder-
iag-
nost%c (peduncle of - broadened proxi- proxi- proxi- broadened proxi- / proxi- narrow proxi- / / slender ately /
exopod) proxi- proxi- inflated
features mally mally mally mally mally mally mally mally
endopod,
outer inner endopod, endopod, ?“dOPOd/
outer distal outer margin inner gli-;tteali mnert and outer
distal margin of distal and outer margin , outer margin of outer outer merus
margin of corpus margin of distal and outer margin of distal megrus outer ¢ margin of margin of and
corpus and merus corpus margin of distal ﬁer&lts " margin of with a mgfegrlﬂso merus merus carpus
and merus with a and merus merus margin of wwi?h ao m_c;ius spine; unarmed: | Withsmall with each
Maxilliped 3 with a spine; without each with merus spine: witha crista crista spines; / / spines; with spin, /
spine, crista spines; a spine; each with pine; Spne; dentata crista crista crista
crista dentata crista crista a spine; dcrrljti dcrlit? with ‘Aczlietrﬁtg;ae dentata dentata dentata
dentata with dentata dentata crista svitilzl a en ti a numerous tooth with few with 1 or 2 with 1
withmany  moderate ~ with many with dentata moderate wi small teeth teeth tooth
acute teeth ~ number of teeth moderate  withmany PR S nusr?rgﬁus teeth
acute teeth number of teeth teeth teeth
teeth eet
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Table 3. Cont.

Morpho-

traits Ingle (1985) Subdivision I Ingle (1985) Subdivision II
Maxillule
(endopod produced as a conspicuous lobe or papilla, sometimes recurved,
outer distal rounded or obtusely produced rerely segmented
margin)
Pereiopod 3 . .
Com (?géeer:’zr tnang]‘;zﬁr;é’ui:?:;ﬁ%‘i‘ﬂg’;?g::tose broadly subquadrate to suboval, and setos, smooth
mon sternite)
features
Telson .
(posterior armed w“{;::fﬁ‘]g;it;gtend on to armed with teeth but that not extend on to lateral margin
margin)
Male’s
pleopod 0-4 unpaired 3 unpaired
(number)
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9 Group 10 Group 11 Group 12 Group 13 G,r,%lg;_m Group 15
Species groups “Aluhfs" “Pride “Cuanen- “Bern- “Trigono “Anachore- “Chevr “Carn- “Proven ”Exil}l?s” “Com- “Gaudi- “Capilla- frago- ”Smit};li”
aux” sis” hardus” cheirus” tus” euxi” eus” zanoi” ptus” chaudii” tus” sug”
medially ) ) ) strongly
Leftcheliped  andoth  Shghtly  HOURI o ay medially oo with spiny Pk Shlique
(propodal prominent ;Iﬁv%\t,eigl and, with convex eli\]/iezﬁed ar}d relat-ively median tul;e;cclles c;)sr:e%r— / / perUCEd elevated/ /
outer longitudi- trored acute to and tuber- il relatively flat elevation laterall into into
surface) nal row of :C% frle subacute culate pb 1 smooth bearing nglmflms aterally. prominent promi-
acute ubercles tubercles tubercles tubercles risties ridge nent
tubercles ridge
slightly bliquel slightly bliquel bliquel not not slightly termi- algﬁgél, ns;(r)lrcfr,lg(jl rrr;(t)edle—
. obliquely obliquely com- obliquely obflquely obliquely obliquely obliquely nating in ventral by strong, straight or y
pereiopods com- com- pressed com- com- com- com- com- h marein spiniform / twisted long, /
2, 3 (dactyls) pressed g?efsﬁd diStatHY g;etssleld g?etssﬁd pressed pressed pressed C(?rr\a;(l))l;s wi§1 bfistles on witﬁsseeto/s SIendﬁr’
Diag- distally 1stally obl?ou el 1stally 1stally distally distally distally claw spiniform ventral xui g
nostic ey bristles margin 1ste
features -
; bicon- :
bicon- subtria-
concave cave, and . lest .
, , - . - ted 1
r?n?r? v many small to concave, casg(;{flith bicon- bicon- concave, uropod g;iggl selfagan: oblique, ;Lgl? ?12
Telson y teeth med-ium . 4 } cave, with cave, with ith laree bordered lob. y o que,
(posterior teeth tendi size teeth with a few alew manyora  numerous .o large with lon; obes, median / with 2-8 denticu- /
poster extendin extending - small large, Y subacute . & spinous, incision, stron: late or
margin ) & on to extending & few small small bbon- P , g
& on to lateral on to teeth recurved teeth teeth teeth rll'kon without denticu- spines with
lateral marein lateral teeth b 1 ‘f bristles lated small
margin g ; ristles spinules
margin P
Male’s
pleol?)od 3 4 4 3 3 / / / 3 3 / / 3 3 /
(number)
Refer-
ence .
Litera- Ingle (1985) [28] Mclaughlin (1974) [26]
ture

“/” means information unavailable.
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In the “Ingle’s Subdivision I” clade, the relationship between the species of “Alatus”
and “Cuanensis” groups remains ambiguous. Generally, P. excavatus was separated from
other members of the “Alatus” group. Instead, it positioned at the base of the “Ingle’s
Subdivision I” clade in 165, nested with P. cuanensis in COI, P. pseudosculptimanus in 28S,
and with both in combined 16S + COI trees. These relationships are consistent with the
adult morphology that is quite unlike the “Alatus” group but similar to P. cuanensis and
P. pseudosculptimanus, with the male P. excavatus having four unpaired pleopods [38,57]. The
main differences in morphological traits between P. alatus and P. excavatus were described
as follow; segment 1 of antennular peduncle with 1-3 spines, cheliped palm not striking
concave, male with three unpaired pleopods in P. alatus; whereas in P. excavatus, segment
1 of antennular peduncle without or with small obtuse spines, cheliped palm strikingly
concave, male with four unpaired pleopods [38]. The distinct genetic separation of the
two species of the “Cuanensis” group, P. forbesii and P. cuanensis can be explained by their
morphological differences that in outer surface of right cheliped with long, dense setae
in P. cuanensis, which is either absent or present in a few numbers in P. forbesii. The lower
margin of dactyl of pereiopod 3 is relatively smooth in P. cuanensis but with subacute teeth
and spines in P. forbesii [28].

Though the suggested closely related species of P. proximus was P. brachiomastus [58],
P. proximus clustered with P. maculosus and P. lanuginosus in the molecular phylogeny.
This relationship may reflect an accord with a common morphological feature among
these species having very dense hairs on cheliped /pereopods. Pagurus maculosus can be
distinguished from P. lanuginosus by the number of calcareous teeth on the dactyl of and
presence or absence of a large tubercle of the merus of the right cheliped, and distinct
chromatophore color (white vs. black- spotted, respectively) across the carapace and
walking legs [59]. On the other hand, P. proximus differs from the other two species by the
color of antenna and antennules (former have bright red in color) and horizontal striped
pattern instead of spotted chromatophore [58].

On the contrary, P. brachiomastus showed close genetic relationship with P. beinganus
(in 16S tree), P. simulans (in COI tree), and P. nigrofascia (in combined 16S + COI tree).
Pagurus brachiomastus is recognizable by the distally red colored chelae and dactyli of the
ambulatory pereopods, whereas P. nigrofascia is characterized by the olive colored chelipeds
with scattered dark brown spots in general, and orangish tips; the dactyls are banded
proximally with dark brown or gray, without stripes. Pagurus simulans differs from these
two species by brown chelipeds and ambulatory pereopods [60]. Pagurus beinganus is
diagnosed by chelipeds with flame scarlet spines, distal end of merus with a distinct scarlet
band; ambulatory legs with large irregular spots of claret brown, antennae claret brown to
brussels brown [26].

4. Discussion

The scarcity of genetic data for a significant number of species covering broader geo-
graphic locations is a major challenge in biogeographical studies of non-model organisms.
In this study, however, an attempt was made to evaluate extensive molecular phylogeny
of the genus Pagurus from a wide range of taxa currently available from a wide range of
geographical locations. Many recent molecular studies have dramatically increased our
knowledge on ancestral relationship of Pagurus species, however, the exploration of many
new species in recent years highlights the necessity for integrated and continued molecular
phylogenetic study of this group.

Of the molecular data sets analyzed, the COI gene consisted of the largest number
of taxa representing wider locations. The phylogenetic relationship among the Pagurus
species was mainly delineated based on the 165, COI, and combined 16S and COI data
sets. In the double-marker genetic approaches, the tree topologies showed substantially
similar phylogenetic relationships among the terminal taxa, and largely consistent with
the previously assigned morpho-trait based species groups. The close relationship among
the morpho-groups in the phylogenetic analyses may suggest that the phenotypic traits
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are substantially supported by the molecular evidence. The inclusion of species from the
Pacific regions especially from the Chinese, Korean and Japanese waters, and Indian Ocean
in the present study resulted an increased clade diversity as well as regional diversity.

Despite the aim that the current study endeavored to evaluate an extensive molecular
phylogeny of the genus Pagurus including a wide range of taxa; a few representative taxa
of each morpho-based species group were obtained for the analyses. However, in terms of
taxon numbers, the present study is so far the most comprehensive of Pagurus. The distinct
cladistics forms obtained here may likely reflect interspecific variation related to unique
morphological traits. Taxon composition of the “Provenzanoi” group were consistent among
markers in 125, 16S, COI, and 285 trees (Figures 3, 4, 6B and Figure S1). Species of this
group always formed a monophyletic linage with some subdivisions, and represented the
earliest diverging group of Pagurus.

In agreement with the morphology-based taxonomy, phylogenetic trees inferred from
both mtDNA and nuclear markers established the monophyly of the Ingle’s (1985) Subdivi-
sion I, consisting of “Alatus” group (P. alatus, P. excavates, and P. pubescentulus), “ Prideaux”
group (P. prideaux), and the “Cuanensis” group. However, the assemblage of species in
the “Alatus” and “Cuanensis” groups were not well-resolved due to the inconsistencies
in phylogenetic relationships among markers. In the 16S tree, P. excavatus positioned at
the base of the “Ingle’s Subdivision I” clade. In contrast, it nested with P. cuanensis in
COl, P. pseudosculptimanus in 28S, and with both in combined 165 + COI trees. With the
conclusion of morpho-taxonomy and based on the results obtained from the molecular
phylogenetic analyses, the genetic closeness between P. pseudosculptimanus and P. excavatus
may suggest proposing a new species group to unite these two species.

On the other hand, species of only three groups (“Bernhardus”, “Trigonocheirus”, and
“Chevreuxi”) among five groups of Ingle’s (1985) Subdivision II were attained in the analyses.
The phylogenetic relationship among three representative species of the “Bernhardus” group
were clearly depicted by COI tree (Figure 4) than the 16S tree (P. aleuticus was isolated)
(Figure 3). Pagurus acadianus, unassigned to any morpho-group, was nested with the
“Bernhardus” group as sister species in COI tree. Species of the “Trigonocheirus” group
nested together in a distinct monophyletic clade with P. rathbuni (Figure 4), and showed
genetic closeness with the “Capillatus” group. A single representative species of “Chevreuxi”
group, P. chevreuxi, showed distinct genetic isolation in both 16S and 28S trees.

The previously reported polyphyly of the “Comptus” group was largely congruent
with the present study [15,37,39,44,61]. In most cases, the actual phylogenetic relationship
could not be established because the species of the “Comptus” group were split into several
distinct clades in both individual and combined trees. According to the description of
McLaughlin et al. (1988), species of the “Comptus” group form the North American region
has ambulatory legs with short dactyls ornamented by strong, spiniform bristles on ventral
margin; and a thin chitinous layer on lateral margins of the posterior lobes of the telson.
Therefore, the review of the species listed in this group has been suggested [29]. The genetic
closeness between the “Exilis” and “Smithi” groups was supported by both mtDNA and
nuclear markers. This genetic closeness was consistent with the previous spermiotaxonmic
study that the morphology of spermatophore (an ovoid and slightly flattened capsule
shaped main ampulla and similar accessory ampulla) is identical among P. exilis, P. pollcaris,
and P. longicarpus [7,13]. The Species of the “Capillatus” group showed genetic relationship
with P. pectinatus in all mtDNA markers and always nested together (Figures 3-5). Based on
the results, the possible inclusion of P. pectinatus in “Capillatus” group could be proposed.

In all phylogenetic analyses, species from the NWP regions did not appear as mono-
phyletic group, but rather appeared as more distantly related than their localities suggest.
Species were split and formed several sub-clades, and positioned distantly, though the
species topologies were not consistent. Each united sub-clade may correspond to a particu-
lar morphological trait. One sub-clade consists of P. lanuginosus, P. maculosus, and P. proximus
from the Russian Far East, while the other sub-clade consists of P. filholi, P. japonicus, P. gra-
cilipes, and P. minutus (Figure 5). Pagurus brachiomastus, P. middendorffii, and P. nigrofascia
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isolated and positioned with the “Ingle’s Subdivision II” clade. The phylogenetic position
and interspecific relationship among P. brachiomastus, P. middendorffii, and P. nigrofascia were
not well-resolved due to a number of contradicting tree topologies produced by mtDNA
markers (Figures 3-5 and Figure S1). Pagurus brachiomastus were related with P. nigrofascia
based on the COI and combined trees. However, based on the 125 and 165 trees, they
were found to be distantly related. Similar topological inconsistencies were also found for
P. middendorffii in 16S and COI trees (Figures 3 and 4). Although in phylogenetic trees, the
clustering of taxa was mainly formed based on morpho-groups; highly supported clades
were also found that consisted of species collected from the same geographical localities. In
most cases, species distributed in the 10, SCS, and SA regions nested together and formed
a monophyletic clade (Figure 4). A representative of P. pitagsaleei population from the
Taiwan has close relationship with P. boriaustraliensis from the Australian region. Indeed,
previous report suggested that these two species might be two populations of the same
species [62]. The relationship presented here suggests a close ancestral relationship among
the species. Similarly, P. meloi and P. heblingi were likely to be genetically close species
(Figures 3 and 6C). This result is consistent with previously reported findings from both
molecular [39], and morphological studies that they are morphologically similar but can be
differentiated from each other by the morphology of telson plate [43,48]. Interestingly, the
analyses of H3 sequences support the previous report that the two species were separate
from “Provenzanoi” group [39].

Generally, species of the genus Pagurus appear as geographically disjunct populations,
since species distributed in the Pacific regions were rarely found in Atlantic regions, and vice
versa. It may suggest that the migrations across geographical barriers are rare. The Pagurus
hermit crabs, with the active migratory pelagic larval stages, can disperse widely via the
transportation of the ocean currents. However, their ranges of expansion remain somewhat
static throughout their shell-dwelling juvenile-to-adult lives. The water temperature could
be one of the most important barriers for their dispersion particularly for dispersal at
the larval stages. Further the biological interactions (i.e., competition for shell or other
resources) may affect the observed distribution patterns. Recent discoveries of several new
anomuran species in areas of the Indo-West Pacific regions support the prediction that there
may be many undescribed species particularly in areas of Indo-west Pacific, the Central
Indian Ocean, and the East Asian Sea [63].

The knowledge of the distribution patterns of organisms is important for the under-
standing of global diversity. All species occurring in either the Atlantic or the Pacific regions
were likely restricted to the respective areas. The divergence time estimation indicated that
the Pacific species likely diverged from the Atlantic ancestors, perhaps through the Arctic
Ocean connectivity pathway (Figure 7). The “Provenzanoi” species represented the basal
clade, and the time tree suggested that it arose at the age of 33 MYA. Species of the “Exilis”
group diverged from the “Smithi” group around 20 MYA. The “Alatus” group appeared to
have spilt at 15.87 MYA. The Japanese intertidal hermit crab species that possesses a similar
geographic distribution, have likely derived from the North Pacific origin, estimated dates
for the subsequent diversification ranged from 16 (P. nigrofascia) to 18 MYA (major Japanese
species clade). The estimated clade ages suggest that P. filholi and P. japonicus, P. minutus,
and P. similis clades diversified nearly at the same time, since the divergence times of these
species were 1.27 MYA and 1.44 MYA.

To advance our understanding of the biogeographical history of a group, a robust
and well-resolved phylogenetic tree is required [64]. Taxon sampling is thus fundamen-
tal, as limited taxon sampling may bias phylogenetic relationships as well as influence
the reliability of any estimate of ancestral area of distribution. Genetic divergence and
geographic distances were not compared analytically in this study due to the inability to
include multiple populations for each species in the analyses. Despite that, an empirical
estimation for the level of relationship was obtained by using species representatives from
distant localities where possible. A high inter-regional genetic population structure was
found in our analyses. The highest rate of genetic diversification (0.18) was found between
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the species of MS and AO regions (Table 2), suggesting more ancestral relationship and/or
genetic isolation. Similar result of genetic diversification was also found between the
species of CS and NS regions. It may indicate that the marine biogeographic barriers (e.g.,
the Mid-Atlantic Barrier that directs the straight-line flow of the major east-west current at
the Atlantic zones, and the Amazon Barrier at the Amazon and Orinoco rivers) effectively
influence the long-distance dispersal of the pelagic larvae of the Pagurus species along these
regions [65]. On the other hand, the lowest genetic diversity (0.05) was found between
the species from MS and NS regions. The low level of genetic differences between species
from different localities may indicate close ancestral or habitats interconnected by gene
flow [66]. It may also suggest weak selective pressures leading to divergence or limited
localized adaptation than that in the gulf population. Our analyses revealed that the highest
intraregional genetic diversity was found among the species from NWA (0.14), followed by
species from the SA (0.13), CS (0.12), and NP (0.10), whereas the lowest was found among
the species from NEA (0.08) and NEP (0.09) (results are not shown).

Some phylogenetic relationships could not be exhaustively resolved because of the lim-
ited genetic markers and taxonomic coverages. Nonetheless, it is unlikely that the general
patterns of phylogeny observed here have been biased by such limitations. Independent
analysis of different markers allowed for the inclusion of large number of species from
different habitats, while the concatenation of 165 and COI regions gave higher confidence
because of increased number of informative sites. The incomplete taxon inclusion may in-
fluence the estimation of spatial diversification. Therefore, future comprehensive molecular
studies on the regional endemic Pagurus fauna, and the integration of those results would
benefit from inclusion of larger number of taxa from broader geographical localities. In
addition, to establish a precise taxonomic relationship among the major genetic lineages
of this genus Pagurus, larger sample size per population and sequencing of more genetic
markers across geographical ranges are necessary. These more comprehensive studies
would require international collaborative studies/joint research agreements.

5. Conclusions

In this study, we have assessed the phylogenetic relationship and estimated the in-
tra/interspecific genetic diversity among the major lineages of Pagurus with the currently
available molecular data. The data sets analyzed here were one of the most comprehen-
sive molecular data sets of a larger number of representative individuals of the Pagurus
species across global bioregions. While independent analysis of each molecular marker
led to the analyses of numerous taxa, the concatenation of the sequences provided results
with higher confidence. The results provide a new insight into evolutionary relationships
among the Pagurus species. We confirmed previous morphology-based taxonomic classifi-
cations from the molecular data. The taxonomic classification of a number of previously
unassigned group species were resolved. We established that “Provenzanoi” was the basal
group of Pagurus genus. Additionally, our analyses supported previous studies reporting
the polyphyly of “Comptus” group. Taken together, this study provides a comprehensive
phylogenetic analysis revealing the diversity of Pagurus species distributed across multiple
geographical locations.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/d14020141/s1. Figure S1: Individual gene tree constructed from mitochondrial marker (12S)
based on maximume-likelihood (ML) method with 1000 bootstraps. Different colors represent the
morpho-based species groups: “Alatus” in light blue; “Bernhardus” in green; “Capillatus” in magenta;
“Chevereuxi” in gray; “Comptus” in blue; “Cuanensis” in olive; “Exilis” in lawn green; “Prideaux”
in red; “Provenzanoi” in purple; “Smithi” in medium turquoise; “Trigonocheirus” in brown; and
unassigned morpho-group species are in black. Table S1: Species information and accession numbers
for the complete mitochondrial genome sequences used for assessment of Pagurus species diversity.
Table S2: Species information and accession numbers for the 12S sequences used for assessment of
Pagurus species diversity. Table S3: Species information and accession numbers for the 16S sequences
downloaded from NCBI for assessment of Pagurus species diversity. Table S3-1: Species information
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and accession numbers for the selected 16S sequences used for assessment of Pagurus species diversity.
Table S4: Species information and accession numbers for the COI sequences downloaded from NCBI
for assessment of Pagurus species diversity. Table S4-1: Species information and accession numbers
for the selected COI sequences used for assessment of Pagurus species diversity. Table S5: Species
information and accession numbers for the selected 18S sequences used for assessment of Pagurus
species diversity. Table S6: Species information and accession numbers for the selected 285 sequences
used for assessment of Pagurus species diversity. Table S7: Species information and accession numbers
for the selected H3 sequences used for assessment of Pagurus species diversity. Table S8: Species
information and accession numbers for the concatenated mitochondrial genome sequences used
for assessment of Pagurus species diversity. Table S9: Species of the genus Pagurus along the major
geographical localities. Table S10: Pairwise genetic distance Kimura’s two-parameter model (K2P)
values (per site) among Pagurus species based on complete mt genome. Table S11: Pairwise genetic
distance Kimura’s two-parameter model (K2P) values (per site) among Pagurus species based on
the 16S gene. Table S12: Pairwise genetic distance Kimura’s two-parameter model (K2P) values (per
site) among Pagurus species based on the third codon of the COI gene. Table S13: Pairwise genetic
distance Kimura’s two-parameter model (K2P) values (per site) among Pagurus species based on the
16S + COI genes.
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