Crustacean Research 2023 Vol.52: 31-48

©Carcinological Society of Japan. doi: 10.18353/crustacea.52.0 31

Variation of length and sequence of the nuclear ribosomal DNA internal
transcribed spacer 1 supports “hermit-to-king” crab hypothesis

Seinen Chow, Katsuyuki Hamasaki, Kooichi Konishi, Takashi Yanagimoto, Ryota Wagatsuma,
Haruko Takeyama

Abstract.— Lithodoid and paguroid crabs are morphologically assigned to the
superfamilies Lithodoidea and Paguroidea, respectively. Molecular analyses, however,
have revealed closer genetic proximity of the lithodoid crabs to the family Paguridae
than to other families of Paguroidea, provoking a long debate. We investigated the
length and nucleotide sequence variation of the nuclear ribosomal DNA internal tran-
scribed spacer 1 (ITS1) in lithodoid and paguroid species. Uniquely short ITSIs
(215253 bp) were observed in seven lithodoid species. In contrast, ITS1 length
varied considerably in 13 paguroid species belonging to the families Coenobitidae,
Diogenidae, and Paguridae. Short-to-long ITS1s (238-1090 bp) were observed in five
species of the family Paguridae, and medium to long ITS1s (573—-1166 bp) were
observed in eight species of the families Coenobitidae and Diogenidae. Considerably
different size ITS1s coexisted in individual paguroid species. Nucleotide sequence
analysis indicated that the short ITS1s observed in the family Paguridae were descen-
dants of longer ITS1s and were homologous to the short ITS1 of lithodoid species.
ITS1 sequences of the families Coenobitidae and Diogenidae shared no nucleotide
elements with lithodoid and pagurid species. These molecular signals indicate that the
short ITS1 in pagurid lineage was passed on to lithodoid lineage, strongly supporting
the “hermit-to-king” crab hypothesis.
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B Introduction

The Anomura, one of the infraorders in De-
capoda, Crustacea, is the morphologically and
ecologically most diverse group. After numer-
ous taxonomic revisions (for example, see
McLaughlin ef al., 2007, 2010), Anomura now
comprises six extant superfamilies (Chirosty-
loidea, Galatheoidea, Hippoidea, Lithodoidea,
Lomisoidea, and Paguroidea) (WoRMS, 2022).
Boas (1880) first pointed out that lithodid king
crabs were modified hermit crabs of the genus
Pagurus or free-living hermit crabs. This con-
cept, called carcinization (Borradaile, 1916) has
generally been concordant with subsequent

morphological studies on adults (McLaughlin,
1983; but see Martin & Abele, 1986) and larvae
(MacDonald et al., 1957; Hart, 1965; Lang &
Young, 1977; Campodonico & Guzmanm,
1981; Haynes, 1982, 1984; Konishi, 1986).
The first molecular approach by Cunningham
et al. (1992) not only corroborated this carci-
nization concept but also suggested the inclu-
sion of lithodid king crabs within the genus
Pagurus—this is known as the “hermit-to-king”
crab hypothesis. Richter and Scholtz (1994)
and Scholtz (2014) presented the morphologi-
cal characteristics of a hermit crab ancestry of
lithodids, whereas McLaughlin & Lemaitre
(1997), McLaughlin et al. (2004, 2007), and
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Lemaitre & McLaughlin (2009) developed the-
ories against this hypothesis. Starting with
Zaklin (2001), all subsequent studies using
molecular genetic analyses have strongly sup-
ported the “hermit-to-king” crab hypothesis
(Morrison et al., 2002; Ahyong & O'Meally,
2004; Ahyong et al., 2009; Hall & Thatje,
2009, 2018; Schnabel et al., 2011; Tsang et al.,
2008; 2011; Bracken-Grissom et al., 2013; No-
ever & Glenner, 2018; Tan et al., 2018, 2019;
Wang et al., 2023). However, there is no con-
sensus whether lithodids are nested within the
genus Pagurus.

All molecular genetic studies mentioned
above used mitochondrial DNA (mtDNA), nu-
clear protein-coding genes, and/or nuclear ri-
bosomal RNA-encoding subunits (18S or 28S
rDNA), while non-coding spacer regions
flanked by the rRNA-encoding subunits were
not utilized. Although the internal transcribed
spacer 1 (ITS1) of nuclear ribosomal DNA
(ntDNA) is usually divergent between species
and homogenized within species, we observed

large length and nucleotide sequence variations
in ITS1 not only between but also within the
species belonging to Lithodoidea and Paguroi-
dea. We have analyzed ITS1 sequences of sev-
en species of Lithodoidea and 13 species of
Paguroidea and report our inference on the
evolutionary relationship among hermit crab
families based on the ITS1 length and nucleo-
tide sequence variation.

B Materials and Methods

We follow anomuran systematics presented
in McLaughlin et al. (2010). The lithodoid and
paguroid crabs collected in this study are listed
in Table 1. In the superfamily Lithodoidea,
three species (n=15) from two genera (Derma-
turus and Hapalogaster) of the family Hapalo-
gastridae and four species (n=4) from three
genera (Cryptolithodes, Lopholithodes, and
Paralomis) of the family Lithodidae were ana-
lyzed. In the superfamily Paguroidea, seven
species (n=9) from two genera (Birgus and

Table 1. Sampling information of lithodoid and paguroid species used in the present study.

Superfamily Family Species Catch location Year n Sample code
Lithodoidea Hapalogastridae Dermaturus mandtii Akkeshi, Hokkaido 1981 2 ZH3, ZH4
Hapalogaster dentata Otsuchi, Iwate 2011 1 1BS
Hapalogaster grebnitzkii Akkeshi, Hokkaido 1980 2 ZHS, ZH6
Lithodidae Cryptolithodes expansus Tsugaru Strait, Hokkaido 1984 1 ZH9
Paralomis odawarai Sagami Bay, Kanagawa 2015 1 TA4
Paralomis histrix Sagami Bay, Kanagawa 2015 1 TA2
Paralomis japonica Sagami Bay, Kanagawa 2015 1 TA3
Paguroidea Coenobitidae Birgus latro Ishigaki Isl., Okinawa 2007 1 YSH4
Coenobita brevimanus Ishigaki Isl., Okinawa 2011 1 00Y2
Coenobita cavipes Ishigaki Isl., Okinawa 2011 1 OKY1
Coenobita perlatus Pohnpei 2012 2 SOY7,SOY8
Coenobita purpureus Ishigaki Isl., Okinawa 2011 1 MOY1
Coenobita rugosus Ishigaki Isl., Okinawa 2011 1 NOYS5
Coenobita violascens Ishigaki Isl., Okinawa 2011 2 KOY1, KOY2
Diogenidae Aniculus miyakei Nagai, Kanagawa 2015 1 HK6
Areopaguristes japonicus Nagai, Kanagawa 2015 2 DG1, DG2
Dardanus crassimanus Nagai, Kanagawa 2015 1 IT8
Paguridae Boninpagurus pilosipes Nagai, Kanagawa 2015 1 OA4
Elassochirus cavimanus Sendai Bay, Miyagi 2014 1 GT2
Pagurus lanuginosus Nojima, Kanagawa 2016 3 UP1, UP2, UP4
Pagurus ochotensis Sea of Okhotsk, Hokkaido 2006 1 OHS8
Pagurus quinquelineatus Nagai, Kanagawa 2015 1 GH1
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Coenobita) of the family Coenobitidae, three
species (n=4) from three genera (Aniculus,
Areopaguristes, and Dardanus) of the family
Diogenidae, and five species (n=7) from three
genera (Boninpagurus, Elassochirus, and
Pagurus) of the family Paguridae were ana-
lyzed. Four species (Cryptolithodes expansus,
Dermaturus mandltii, Hapalogaster grebnitzkii,
and H. dentata) were museum specimens
stored in 70% ethanol, and others were frozen
or fresh state specimens.

Leg muscle tissue was used for DNA extrac-
tion using the QuickGene DNA tissue kit (DT-
S, KURABO). The entire stretch of ribosomal
DNA internal transcribed spacer 1 (ITS1) was
amplified using a PCR primer pair (ITS1: TC-
CGTAGGTGAACCTGCGG; 5.8S: CGCTGC-
GTTCTTCATCG) (see Chow et al., 2009).
PCR amplification was performed in a 12 uL
reaction mixture containing 1 uL of template
DNA (1-10 ng/uL), 1.2 uLL of 10 X reaction
buffer, I mM of each deoxynucleotide triphos-
phate, 0.4 uM of each primer, 0.5 U of EX Taq
HS polymerase (Takara Bio, Inc.), and steril-
ized Milli-Q water. The reaction mixtures were
preheated at 94°C for 5 min, followed by 30
amplification cycles (denaturation at 94°C for
0.5 min, annealing at 58°C for 0.5 min, and ex-
tension at 72°C for 1 min), with a final exten-
sion at 72°C for 7 min. The PCR products were
electrophoresed on a 1.5% agarose gel to con-
firm amplification. The PCR products were
treated with ExoSAP-IT (GE Healthcare) to re-
move the PCR primers.

Direct nucleotide sequencing was performed
using a BigDye Terminator Ver3.1 kit (Applied
Biosystems) with forward and reverse PCR
primers. Sequencing was conducted using an
ABI3730XL automatic sequencer (Applied Bio-
systems). When sequence electropherograms
generated by direct nucleotide sequencing were
not readable, the PCR products were cloned us-
ing the DynaExpress TA PCR Cloning Kit (Bio-
Dynamics Laboratory Inc.). Colony-direct PCR
was performed using M13 primers according to

the reaction protocol described above, followed
by agarose gel electrophoresis to confirm the
size of the inserted fragments. Amplicons of dif-
ferent sizes observed within an individual or
species were treated as described above to deter-
mine the nucleotide sequences.

All nucleotide sequences obtained were com-
pared against the GENBANK database using
the BLASTN program (Altschul et al., 1990)
to identify similar sequences. Nucleotide
sequences were aligned using CLUSTAL W (as
implemented in GENETYX, GENETYX Inc.,
Tokyo), followed by manual editing. Selection
of the best-fit model for nucleotide substitution
and construction of phylogenetic trees were per-
formed using MEGA 6 (Tamura et al., 2013).

M Results

Overview of ITS1 sequences

Single short fragments (ca. 300 bp) were am-
plified from nine individuals of all seven litho-
doid species examined, and direct nucleotide
sequencing of the amplicons was unproblemat-
ic. In contrast, as shown in Fig. S1, amplifica-
tion of multiple fragments was commonly ob-
served in many paguroid species examined.
Since we often failed to obtain good electro-
pherograms using direct nucleotide sequencing,
the PCR amplicons of these paguroid individu-
als were cloned and subjected to nucleotide se-
quencing. Clones with inserts of different sizes
within an individual were selected and the nu-
cleotide sequences of 35 clones from 13 pagu-
roid species were successfully determined. We
failed to obtain transformed clones from two
species (Coenobita perlatus and C. violascens).
All sequences determined (the International Nu-
cleotide Sequence Database Collection: acces-
sion No. LC706586-LC706620) were consisted
of the 3’ end of 18S rDNA, 5’ end of 5.8S
rDNA, and the complete ITS1 in between.

The length and GC content of ITS1, and the
results of the BLAST search are presented in
Table 2. According to length, ITS1 sequences
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were categorized into short (<400 bp), medi-
um (400 to 799 bp), and long (> 800 bp), and
designated as S-, M-, and L-types, respectively.
ITS1 sequences of all nine individuals of seven
lithodoid species were S-type, ranging from 217
to 253 bp, and a BLAST search indicated these
sequences to be homologous to ITS1s of litho-
doid species in the database. Moreover, S-type
ITS1 may be unique to the superfamily Litho-
doidea, since all 53 ITS1 sequences of 19 king
crab species of the family Lithodidae reported to
date (HMO020983-HM021023, AB194389—
AB194394, AB211306, AB236928, AB426492-
AB426495) (also see Chow et al., 2009; Hall
& Thatje, 2018) were also short (215-219 bp).
Of the 26 nucleotide sequences obtained from
13 paguroid species examined in the present
study, four ITS1s (LC706617-LC706620,
155-262 bp) were determined to belong to fun-
gi or jellyfish (Anemonia erythraea) and were
not included in the subsequent analysis as they
were considered cross-contamination.

M- and L-type ITS1 sequences (573—
1166 bp) were observed in Coenobitidae and
Diogenidae, and all types (241-1090 bp) were
observed in the family Paguridae. A BLAST
search detected no similar sequences for the
M- and L-type ITS1 sequences obtained in
Coenobitidae and Diogenidae. In contrast, the
S-type (241 and 243 bp) and M- and L-types
(471 to 1090 bp) in the family Paguridae were
highly and partially homologous to the ITS1s of
lithodoid species in the database, respectively.

GC content of ITS1 sequences of the family
Coenobitidae (54.8 to 60.8%) was significantly
higher than the three other categories (Diogeni-
dae, Paguridae, and Lithodoidea) (40.9 to
55.5%) (Mann—Whitney U test, P<{0.005),
while no significant difference was observed
among those three categories (P >0.14).

ITS1 sequence variation within species
Similar-sized ITS1 sequences observed with-

in species were highly homologous to each

other in the nucleotide sequence. S-type ITS1

sequences (239 bp) determined in two individ-
uals (ZH3 and ZH4) of Dermaturus mandtii
were identical, as were those (226 bp) deter-
mined in two individuals (ZH5 and ZH6) of
Hapalogaster grebnitzkii. Only one nucleotide
substitution was observed between the M-type
ITS1 sequences (692 bp) in two individuals
(UP1 and UP2) of P. lanuginosus.

The alignment of L-type ITS1 sequences
(1166 and 1154 bp) detected in two clones
(NOY5C7-1 and NOY5C7-2) of Coenobita ru-
gosus is shown in Fig. 1. Of the 45 variable
sites observed between these sequences, three
were nucleotide substitutions and the others
were indels associated with a variable number
of tandem repeats (VNTR: underlined) respon-
sible for the length difference. Likewise, indels
associated with the VNTR were observed to be
responsible for the small length difference be-
tween the two M-type ITS1 sequences (DG1-1
and DG2-1: 576 and 573 bp) of Areopaguristes
japonicus (Fig. S2) and among the three M-
type ITS1 sequences (UP1-1, UP2-1, and UP4-
1: 692 and 704 bp) of Pagurus lanuginosus
(Fig. S3). In contrast, a length difference not
associated with VNTR was observed between
the two L-type ITS1 sequences (HK6-1 and
HK6-3: 975 and 967 bp) of Aniculus miyakei
(Fig. S4).

Large different-sized ITS1 sequences within
species were observed in four species (Coeno-
bita cavipes, Elassochirus cavimanus, Pagurus
ochotensis, and Pagurus quinquelineatus), in
which unambiguous sequence alignments be-
tween different types were obtained in the latter
three species. Alignment of the M- (GT2-1C10:
668 bp) and S- (GT2-2C11: 243 bp) type ITS1
sequences of E. cavimanus revealed a large in-
del (425 bp) (Fig. 2). Such a large indel was
also responsible for the significant size differ-
ence between L- (OH8-4C12: 818 bp) and S-
(OH8-7C13: 241bp) type ITSI sequences
(577 bp difference) in P. ochotensis (Fig. S5)
and between L- (GHI-3C3: 1043 bp) and M-
(GHI1-2C2: 471bp) type ITS1 sequences
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Fig. 1. Alignment of two L type ITS1 sequences (NOY5C7-1 and NOY5C7-2) detected in Coenobita rugosus. Dots denote identity
to the top sequence, and dashes indicate alignment gaps. Tandem repeats associated with gaps are underlined. Grey shaded regions
are 5" end of 18S rDNA and 3’ end of 5.8S rDNA.

(572 bp difference) in P. quinquelineatus (Fig. (OKY1-3C17: 1027 bp) and M- (OKY1-2C16:
S6). Although similar elements of nucleotide 787 bp) ITS1 sequences of C. cavipes, align-
sequences were observed between the L- ment was considerably difficult, and no large
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Fig. 2.

Alignment of M-type (GT2-1C10) and S-type (GT2-2C11) ITS1 sequences detected in Elassochirus cavimanus. Type of

ITS1 sequence is shown in parenthesis. Dots denote identity to the top sequence, and dashes indicate alignment gaps. Grey shaded

regions are 5" end of 18S rDNA and 3’ end of 5.8S rDNA.

indels were observed.

ITS1 sequence variation between species and
phylogenetic relationships among types and
species

As no similar sequences were found in the
database for ITS1 sequences of the families
Coenobitidae and Diogenidae, these shared no
similar sequence elements with the ITS1 se-
quences of the other families examined in the
present study. No appreciable homology was
observed between the species of the family
Diogenidae.

In the family Coenobitidae, L-type ITS1 se-
quences of C. cavipes (OKY1-3C17: 1027 bp)
and C. brevimanus (OOY2-1: 1011 bp) were
highly homologous, in which VNTRs (under-

lined) were responsible for the difference in
length between them (Fig. 3). Likewise, the M-
type ITS1 sequences of C. cavipes (OKY1-
2C16: 787 bp) and C. purpureus (MOY1-1:
799 bp) were highly homologous, in which
VNTRs (underlined) were responsible for the
length difference between them (Fig. S7). In
contrast, the L-type ITS1 sequences of Birgus
latro (YSH4-1: 918 bp) and C. rugosus
(NOY5C7-1 and NOYS5C7-2: 1166 and
1154 bp) were difficult to align with the L-type
ITS1 sequences of C. brevimanus and C. cavi-
pes. All ITS1 sequences in this family shared
conserved regions (underlined) at the 5" (6 bp)
and 3’ region (—~100 bp) (Fig. 4). The phyloge-
netic tree drawn using the conserved region in-
dicated that the same ITSI types of different
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18s —ITs1
OKY1-3C17 (L) BAAGGATCATTACCAGTTGGATGGATGGAAGGAAGGACTCCTCCTCCCACTCCTAATAACAACAACTATAC 70
ooY2-1 (LY [N - ------ e tetemeenaenseesanaasanenassaaeaaeaneenasnnaennnnn
OKY1-3C1l7 (L) TTCATTGAGGGTTGCCTCGGGAGGAGATGATGGTGGTTCATTCACATCAGACTCGGCAAGCACACCCCCG 140
00Y2-1 (L} eevernnrannannans e B vnnsnrnrnnrnnananns
OKY1-3Cl7 (L) TGATGGCAGAAGAGGGAARARRAGAGAGAGAGAGAGAGAGAGATACAGAGAGAGGATGTGTGGAGAGATG 210
00Y2-1 (L) tiiiiiiiaiinaananans o et U
OKY1-3C17 (L) TAGGAGGTCGAAGGACAGAAGACACAGTGCCAAAGTAACTGGCTCCTGGTCGTCCGCCGCCGCCGCCTCE 280
00Y2-1 (L) eeeiiiiiiiaaeaaa R et
OKY1-3Cl7 (L) TCCTCCTCCTCCACCACC---TCCTCC---TCTCCTCGTTCTTGCCATCAGTTCCCCCCCCC-~--TACTG 350
00Y2-1 (L}  ceeeia... ——— e BACC...... i o o cCC.....
OKY1-3C17 (L) TGCGTTCCCGGCACCCAACAGCATACCCTACTCCCTAAATAGAGCARAGGGAGAAGGAAGACCAACAGCE 420
oo 3725 N 7 T A
OKY1-3C17 (L) CTTCTCGAGCACCCAGCGCACACATGCATATATATACACACGTATCTGTATTATCCTCCTGCTGCTGCTG 490
O0Y2=1 (L} e eereevaeaaean e aeraeaaeanees e
OKY1-3C17 (L) CTCTCCTTGTCCTCCTCCTGAGGATTCCCATCCCCCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCET 560
Lo T3¢~ e -—
OKY1-3C17 (L) GGTGCAGAGGTAAGATGGGATGAGAGGGGGAGGGAGAGAGAGAGGATGGGTGTCAATARAGCACCGTGCT 630
[T s 7
OKY1-3C17 (L) AGGGGGAAGGAGAAGGAAGAGCAAGCCCATCTCGAACGTCAGCTAATGATGATGTGGGCTGCTGTACTTG 700
ooY2-1 (L) P e e e s
OKY1-3C17 (L) TTACTATGGAGGCAGAGGCCCACCTCCTATGACACTAGTATCATGTGCCACCCTCTGCCGGCGCGCGCGE 770
OOY2=1 (L) it et aasanansnasesosossssanansstesessassasnssssssstasaasasanssnssssssssns
OKY1-3C17 (L) TCTCTCTCTACGTCTCCCACCGTTGGTTGGGCGAGTAGCCAGCAGAGGCAGCCAGAGCCGGAGARAGGTG 840
OOY2-1 (L) ot e et unsnasaasansssssanssssssssssssssasassssasnssssssnananssssssnsnssss
OKY1-3C17 (L) GCGTCGGTTGATACGTCTGGTGGTGTCGGTCCCTATTCCTAGTGACGAGAGAGGARAAGCCTGGTCAGGT 910
O0Y2=1 (L) sttt neuaauaenesnssnssatuasasenssnssasuaasnsnsanssnssasnannsas G... W
OKY1-3C17 (L) GCATCCCGCAGGCAGCACGAAACCTCTTCTACCAAGGTCAGCCGTGAGTGACACCTCACTGGCTCTGTCT 980
[T 3= s T 7

—5.85

OKY1-3C17 (L) GGAAACCTAAGAATTGTGCGACATGGACCTGGCAAGTCCGAGATCGCTTCTTCTCCCAARACTGTGACACE 1050
O0YZ2=1 (L) et vt vnenaeaneneeaesnennsnnenaeesenennsnsnsessaeeaeenasnsensasnsssnns
OKY1-3C17 (L) ACTCTTAACGGGGGATC????77?7272222272 1082
00¥2-1 (L}  EEEEEEEEEErErrer ACTTGGCTCGTGGGT

Fig. 3.

Alignment of L-type ITS1 sequence (OKY1-3C17) of Coenovita cavipes and M-type ITS1 sequence (OOY2-1) of

Coenobita brevimanus. Type of ITS1 sequence is shown in parenthesis. Dots denote identity to the top sequence, and dashes indicate
alignment gaps. Tandem repeats associated with gaps are underlined. Grey shaded regions are 5’ end of 18S rDNA and 3’ end of 5.8S

rDNA.

species were more closely related than different
ITS1 types within species (Fig. 5).

Alignment of ITS1 sequences of the families
Hapalogastridae, Lithodidae, and Paguridae is
shown in Fig. 6, in which a S-type ITS1 se-
quence of the king crab (Paralithodes camts-
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chaticus), obtained from the database (acces-
sion No. AB194389), was incorporated.
Although large indels in the central region and
multiple VNTRs made the sequence alignment
ambiguous, all ITSI types were observed to
share relatively conserved regions (underlined)
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18s -ITsS1
ARGGATCATTACCAGTT

NOY5CT7-1 (L)
OKY1-3C17(L)
00Y2-1(L)
YSH4-1(L)
MOY1-1 (M)
OKY1-2C16 (M)

NOYSC7-1 (L)
OKY1-3C17(L)
00Y2-1(L)
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{ ACCARGGTC-AGCTGTGAGCGTGAGCTCACCGGCTCT
Eocvseress —eesCivnes T.AC.C..... Tewavns

HHaHAaA

~5.85
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ACACAACTCTTAACGGGGGATCACTTGGCTCGTGGGT
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Fig. 4. Alignment of relatively conserved c.a. 100 bp 3’ region of four L- and two M-type ITS1 sequences detected in five species
of the family Coenobitidae. Type of ITS1 sequence is shown in parenthesis. Dots denote identity to the top sequence, and dashes
indicate alignment gaps. Grey shaded regions are 5’ end of 18S rDNA and 3’ end of 5.8S rDNA. See Table 2 for clone ID and species.
Relatively conserved region (underlined) was used for phylogenetic analysis.

—
0.01

NOYS5C7-1 (L) Coenobita rugosus

21 OKY1-2C16 (M) C. cavipes

MOY1-1 (M) C. purpureuss

YSH4-1 (L) Birgus latro

|OKY1-3C17 (L) C. cavipes

9 ]OOYZ—I (L) C. brevimanus

Fig. 5.  Maximum-likelihood tree (with the best fit JC model) for six ITS1 sequences obtained in the family Coenobitidae (see Table 2).
Type of ITS1 sequence is shown in parenthesis. Bootstrap supports higher than 50% after 1,000 replications are shown at each node.

at the 5’ region (ca. 120 bp) and at the 3’ region
(c.a. 120 bp). Furthermore, the M- and L-types
shared an c.a. 70 additional bp region (double
underline). The phylogenetic tree drawn using
the relatively conserved regions among the
three ITS1 types indicated that the different
ITS1 types of the same species were more
closely related to each other than to the same
types of different species in the family Paguri-
dae (Fig. 7). The same tree topology was ob-
tained when the c.a. 70 additional bp region
shared between the M- and L-types was not in-
cluded. All S-type ITS1s of lithodoid species
formed a clade distinct from all ITS1 types of
the family Paguridae; however, the separation
between lithodoid families Hapalogarstridae
and Lithodidae was not resolved (Fig. 7).

B Discussion

Characteristics of ITS1 sequence

The present study is the first to report ITS1
sequences in anomuran species of the paguroid
families Coenobitidae, Diogenidae, Paguridae,
and the lithodoid family Hapalogastridae. All
54 nucleotide sequences returned by the Gen-
Bank database search on the term “Paguroidea
internal transcribed spacer 1" as of July 18,
2022, were lithodoid species. The scarcity of
ITS1 sequences of paguroid families in the da-
tabase is probably due to the difficulty of se-
quence determination by direct nucleotide se-
quencing, for which amplification of
paralogues with different sizes and sequences
within individuals may be responsible. Large
sequence length differences of ITS1 are some-
times found between closely related (congener-
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18s -ITS51
OR4-1 (L) ARGGATCATTACCAA-AA--GCA---TAR---AGACA-GATGCA-----~- CCAAARACAAA-~======== CCTGGGTGG
GH1-3C3 (L) feseuaieaan....Guo==i.u===, . .CATT.G..CT.s s ====== WB i —————— i
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UP1l-1 (M)  |EESESEEEREEE . . . . G..==...===...CATT.G..CT.....====== A CTA.CTA-======—x— RAeciaaaa A
UP2-1 (M) = [ . . . . Gov==uus===,...CATT.G..CT.. .. s====== B s o CTA.CTA========~, 7 WA A
up4-1 (M) iisssssananiiauGoam= . . ===, CATT.G..CT.. .. .====== VAL CTA.TTG=-======== Boveiuens A
GH1-2C2 (M) [esaeacrann.... Giv==,ss===, , . CATT.G..CT.. .., s, ====== N  meeesseasme, ..
OHB8-7C13 (S) [N . . . . “ss==ees===4 o  CCTT.GA.CT. s s 4 s —=————- B L Y - b U
GT2=-2C11l (S) sevsnsssnssssss=vs==s,.===,,.,.CATT.GA.CT.,.,, ,—===== N A A ——————— i
ZH4 (8) ERRE— . . . .A..--...GCA...C-—————- Beciies GCAAARA....C..... AA-———————., Covenns
IB5 (S) = P . . . . A..AA...TCCA.CCA-----=-A.C TGCARRA.A....TT...ACAARRAGARAG.~.......
ZH5 (S) P . . . . Aiv==sso===, . Commmn== A..o.==TTARAAA..... Covaans A= mmmmmm i
ZHY (S) . . . . BA..==...===. .. .Commne== B.....======= B o - I
TA4 (S) = Reeaaeaiaan.... A mee,, ===, , Cocnccca Teannas -===AA. “Casans Afcccccaaa, i iissas
TA2 (S) = [ . . . . Ai-——vee——-G..C-~————= 7 . WA -——-AA. “Cuirveas AR-——————=.cesnsses
TA3 (8) BRI . ¢ « A ===, s ===,y O mm———— Buvenes ----ARA....=C..... Almmmmmmmm e,
ect (s) RN . .. A.===...===,, . Commme== BA..u.a.. ====AR.A..-C..... L e
OR4-1 (L) TCGACGACACTARATCCTC-AGTCGTGTT -~~~ GGCGGTCCCCGGTGGGTCCACGAAACTATTGGAGTGGCTGACCCAC
GH1-3C3 (L) CT..GA...G..G-..... =A==y 4 4 O Ressssonnsossnnse === TTT e e e s s annnss Tesssoeas
OH8-4C1Z (L) C....A...T..G-..... e I LTI e i o
GT2-1C10 (M) C....A...T..G-..... = i it e esseennan e
UPl-1 (M) Coee . GAG. e uus Te=usssee = Amma, , , Comea= g et
Urp2-1 (M) CioaGAG. 4 uus Te=vasae oy Ol LR ol Sty Aecenssaansssunusns e i o T
UP4-1 (M) C...GAG..... Te=vasae =sAm==, s O Receesscansssnunas e i
GH1-2C2 (M) CT..GA...G..G-..... —A--=....C-==== Bttt i B i ! (Y Tovinnnnn
OHB-7C13 (8) C....A...T..G-..... i it U PP e o
GT2-2C11 (S) C....B...T..G-vuuun B T R A === T = e i ssss s s s s naanns
ZH4 (5) Crecccnnccccaas 2+ C.TC=. TC.TC. ====G. .GA.Cevecnnsnunuss memme I T== . s i sssssssans Geassns
IB5 (S) Crmcmcnncccaaa C.TC.TCC.TC.TC.CGGGGT.G. .Ciuuvvsnvnsns el i Geaans
ZHS5 (8) Crmmmmm e - ——— Civem===,TC.Commmmmmun GesCoveennssnnse et [ = TP
ZH9 (8) Commmmm e LTCC. TC.TCACGAR-=.G..Cevrrrennnnss B B Gevswo
TA4 (5) Crmmm e - ——— . e m—— TC.Cmmmmmm——m L P o et o L Geaaae
TAZ (8) o i IC . [========= G.oChnnnnnnnnnns === IP==icirccnannn= Gevenn
TA3 (S) [ it e amm—— TC.Cmmmmmmmme L o et i TR G...G.
ec! (s) Cmmmmmmmmmm e e gm———— T, T-mmmm—mmi Gl i innnnnnns L i P Gasnnn
OR4-1 (L) CTAAAA-TCTTAAGCAAGCCTTCCTCCAA--ACA GTGGGGGTGGGTAATTATTGGAGTGGGTGAC
GH1-3C3 (L) ...... AR, A i e ns e e s AT s s o CC. 4 o VA A A Y s s s e s —eaesCCuiieennrsanns CG
OH8-4C12 (L) ...... C...A indels and %------------ Cevennsnnsnnsn Cocea
GT2-1C10 (M) ...... C...A N P, T Cavnnnennnanns Cuvun
UPL-1 (M)  ...... AA..A ambiguous X777 R« o cG
UpP2-1 M) ...... AA..A alignment ...... PRI o o CcG
g;:-;c ZCMJ{M:. x 2 . :.:.:’:.:.:.:’:’:.:.:.:” ......... Cluviecnnnsaans :CG.
OHB-7C13 (5) senuua C..
GT2-2C1l1l (S) ..vuun c
ZH4 (S)  iiia.. [o]
IBS (S) ceevas c
ZHS (8) = ...... c
ZH9 (5) ..., c no sequence
TA4 (S) ... c
TA2 (8) aee... c
TA3 (S)  ceieans c
ect (s) ..., c

Fig. 6. Alignment of three L-, three M- and 10 S-type ITS1 sequences detected in 13 species of the families Hapalogastridae,
Lithodidae and Paguridae. Type of ITS1 sequence is shown in parenthesis. Dots denote identity to the top sequence, and dashes
indicate alignment gaps. See Table 2 for clone ID and species. PC": Paralithodes camtschaticus 1TS1 sequence (AB194389) derived
from database. Grey shaded regions are 5’ end of 18S rDNA and 3’ end of 5.8S rDNA. Relatively conserved region (underlined) was

used for phylogenetic analysis.

ic) species (von der Schulenburg et al., 2001)
but are rare within a species (Kauserud &
Schumacher, 2003). Despite the homogeniza-
tion force through concerted evolution or mo-
lecular drive (Dover, 1982; Arnheim, 1983),
intraspecific or intragenomic variation in ITS1
has been detected in a wide variety of eukary-
otes (Harris & Crandall, 2000; Ko & Jung,
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2002; Fairley et al., 2005; Chow et al., 2006;
Perez-Barros et al., 2008; Bower et al., 2009;
Xu et al., 2009; Hoy & Rodriguez, 2013; Gong
et al., 2018; Van Wormhoudt et al., 2019). Al-
though VNTRs and large indels are often re-
sponsible for intraspecific length variation in
ITS1 (Harris & Crandall, 2000; Fairley et al.,
2005; Chow et al., 2006; Wanna et al., 2006;
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Fig. 6. Continued.

Van Wormhoudt et al., 2019), the mechanisms
underlying these variations may be different.
The evolutionary rate of VNTRs may be faster
than the pace of concerted evolution, and ho-
mogenization by concerted evolution may be
much less potent for nuclear ribosomal DNA
(ntDNA) on different chromosomes than on
the same chromosome (Campbell et al., 1997).
Divergent paralogues of ITS1 are frequently
detected in anomurans (present study) and
crayfish (Harris & Crandall, 2000) species,

which may be related to their high chromo-
some counts (Niiyama, 1959; Scalici et al.,
2010; Mlinarec et al., 2016; Jara-Seguel et al.,
2020). However, these paralogues may include
multiple functional loci as well as pseudogenes
(Buckler et al., 1997). The relatively lower GC
content, large intraindividual length, and se-
quence variation in ITS1 obtained in the pres-
ent study may suggest some to be pseudogenes
of ITS1. At present, however, it is difficult to
identify ntDNA pseudogenes, and all criteria
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65 UP2-1 (M) ]
100 |—IJP4-I (M)
100 UPI-1 (M)

[GIII—3C3(L)
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04) OHB-4C12 (L) ~ Paguridac
| OHB-TC13 (S)
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PCt (S)
L BsS(S)
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Fig. 7. Maximum-likelihood tree (with the best fit JC+ G
model) for 16 sequences (see Fig. 10) detected in 13 species
of the families Hapalogastridae, Lithodidae and Paguridae
(see Table 2). Type of ITS1 sequence is shown in parenthesis.
Bootstrap supports higher than 50% after 1,000 replications
are shown at each node.

for determining pseudogenes are not definitive
(Bailey et al., 2003; Gong et al., 2018).

Evolutionary relationships between ITSI1
types and between taxa

Our data must be preliminary yet, as partial
18S and 5.8S sequences analyzed were too
short to investigate functional or non-function-
al issues, and the number of clones analyzed
per individual was not exhaustive. Assuming
that all ITS1 sequences obtained in the present
study were functional, we can illustrate an evo-
lutionary relationship among the analyzed ano-
muran families (Fig. 8). As large nucleotide se-
quence deletion events are usually more
frequent than insertion events (Andersson &
Andersson, 2001; Lynch, 2007), the S-type
ITS1 sequences may be descendants of longer
ITS1, and the M-type may be from L-type as
well. This inference is also supported by the
observation that decapod crustacean taxa with
short ITS1 (<400 bp) are rare (Harris & Cran-
dall, 2000; Chu et al., 2001; Tang et al., 2003;
Wanna et al., 2006; Pérez-Barros et al., 2008;
Chow et al., 2009, 2010; Lavery et al., 2014;
Van Workhoudt ef al., 2019). Our results sup-
port the split between the right-handed
(Hapalogastridae, Lithodidae, and Paguridae)
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and left-handed (Coenobitidae and Diogenidae)
groups, since the S-type ITS1 was observed
only in the former group and the sequences
were homologous between species. Coenobiti-
dae may be a relatively recent offshoot among
left-handed group. The same ITSI1 types
between coenobitid species were more closely
related than those between different ITS1 types
within species (Fig. 5), indicating that separa-
tion between the L- and M-type ITS1s preced-
ed speciation events. Nevertheless, these ITS1
sequences of coenobitid species still shared a
c.a. 100 bp relatively conserved sequence in
the 3’ region (Fig. 4), whereas no similar
sequence eclement was observed among the
species of the other family Diogenidae. This
inference requires further investigation, as
most of the examined coenobitid species be-
long to the same genus Coenobita. In the right-
handed group, all ITS1 types shared much lon-
ger conservative sequences (ca. 240 bp) (Fig.
6) than in the coenobitid species. Only S-type
ITS1 was detected in the families Hapalogar-
stridae and Lithodidae, which formed a clade
distinct from all ITS1 types observed in the
family Paguridae (Fig. 7). The S-type ITS1 de-
scendant from longer ITS1s was probably
maintained with M- and L-type ITSIs in the
right-handed lineage, in which only S-type
ITS1 was passed on to the lithodoid lineage, or
other ITS1 types were eliminated in this lin-
eage. However, in the family Paguridae, differ-
ent ITS1 types of the same species were more
closely related to each other than to the same
ITS1 types of different species (Fig. 7), indicat-
ing that separation of these different ITS1 types
occurred after speciation events. This paradox
may be solved if large deletions had easily oc-
curred under certain rules, and gain and loss of
the S-type ITS1 had repeatedly occurred in each
lineage.

The evolutionary scenarios mentioned above
are concordant with previous molecular phylo-
genetic studies supporting the “hermit-to-king”
hypothesis (Cunningham et al., 1992; Zaklan,
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Fig. 8. Hypothetical evolutionary relationship among hermit crab families based on the size (L: long, M: medium
and S: short) and nucleotide sequence variations of ITS1. Black sectors indicate conserved regions of ITS1 sequence

among litodoid and pagurid species.

2001; Morrison et al., 2002; Ahyong &
O'Meally, 2004; Tsang et al., 2008, 2011; Ahy-
ong et al., 2009; Bracken-Grissom et al., 2013;
Tan et al., 2018, 2019) but contradict the eleva-
tion of the lithodoid group to the superfamily
rank (McLaughlin et al., 2007) and the nesting
of lithodoids within the hermit crab genus
Pagurus (Cunningham et al., 1992; Ahyong et
al., 2009; Schnabel et al., 2011, Bracken-Gris-

som et al., 2013). Although morphological sep-
aration between the families Hapalogastridae
and Lithodidae has been proposed (McLaugh-
lin & Lemaitre, 1997; McLaughlin et al., 2004,
2007, 2010; Lemaitre & McLaughlin, 2009),
no clear separation between these families was
observed in this study (Fig. 7). Molecular phy-
logenetic analysis by Bracken-Grissom et al.
(2013) and morphological analysis by Zaklan
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(2001) also indicate that Hapalogastridae is
polyphyletic.

This study using multigene family presented
supplementary molecular data supporting the
“hermit-to-king” hypothesis. Lithodoids are al-
most certain to harbor little or no L- or M-type
ITS1s, since only S-type ITS1 was detected in
all seven lithodoid species analyzed in this
study, as well as all 19 lithodoid species from
the database (as mentioned earlier). In contrast,
ITS1 sequence data in the family Paguridae
were only available for the five species report-
ed in this study, in which S-type ITS1 of only
two species could be analyzed. The heteroge-
neous distribution of ITS1 types observed
among taxa needs further investigation, since
ITS1 paralogues of short length and/or lower
GC content, including pseudogenes, may be
preferentially amplified by PCR (Gong et al.,
2016) and all lithodoid ITS1 data were ob-
tained by direct nucleotide sequencing. There
may be pagurid species with only S-type ITSI,
which would be an important clue for investi-
gating the origin of the king crab.

As mentioned earlier, L- and M-type ITSI1s
may have been lost in the lithodoid lineage
through concerted evolution. An alternative hy-
pothesis is the loss of extensive genomic re-
gions or chromosomes on which L- and M-
type ITS1s are clustered. Adaptive phenotypic
diversity due to gene loss (Olson, 1999; Albalat
& Canestro, 2016; Marti-Solans et al., 2021)
may have been associated with the morpholog-
ical transformation of hermit crabs to king
crabs.
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