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Abstract

Background: The sky-island Ligidium species fauna in southwest China is poorly known. Before this study, six of the
seven sky-island species of the genus were known to be endemic to southwest China. In morphology, Ligidium spe-
cies are often difficult to identify, and an appraisal of integrative taxonomy is needed.

Results: We integrated morphology and molecular analyses to delimit Ligidium species. Molecular species delimita-
tion based on distance- and evolutionary models recovered seven-candidate lineages from five gene markers (CO|,
12S rRNA, 18S rRNA, 28S rRNA and NAK). We also estimated that the species divergences of sky-island Ligidium in
southwest China started in late Eocene (40.97 Mya) to middle Miocene (15.19 Mya).

Four new species (L. duospinatum Li, sp. nov., L. acuminatum Li, sp. nov., L. rotundum Li, sp. nov. and L. tridentatum Li,
sp. nov.) are described. Morphological confusion among L. denticulatum Shen, 1949, L. inerme Nunomura & Xie, 2000

and L. sichuanense Nunomura, 2002 is clarified by integrative taxonomy.

Conclusion: This work confirms that an integrative approach to Ligidium taxonomy is fundamental for objective
classification, and deduced the uplift of Qinghai-Tibetan Plateau in the late Eocene and middle Miocene as one of
the principal reasons for the species divergences of sky-island Ligidium in southwest China. We also inferred that sky-
island mountains have a huge reserve of higher Ligidium species diversity.
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Background

The terminology “sky islands” was first proposed to
describe isolated mountain ranges in southeastern Ari-
zona of America [1]. Unlike oceanic islands isolated by
the sea, the high-elevation sky islands are separated by
differing low-elevation habitats [2]. The complex topog-
raphy and discontinuous landscape among the sky
islands support diverse habitats and usually harbour high
endemic species diversity, thus being noted as significant
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biodiversity hotspots [3, 4]. Also, additional related
hypotheses, e.g., “species museum” and “species pumps’,
were proposed based on sky-island organisms [5, 6].
Thus, it is important to explore species diversity in sky-
island areas.

In China, the southwest region is composed of a
series of discrete mountain ranges. It spans approxi-
mately N24°-N34° of latitude, including Chonggqing City,
Guizhou, Sichuan, Yunnan Provinces and Tibet Autono-
mous Region [2]. The mountains of southwest China
and adjacent areas comprise one of the world’s biodi-
versity hotspots [3]. In this region, the high mountains
are generally 2,000 m above sea level (asl) to 7,000 m
(Mt. Gongga, 7,556 m asl) or higher [2]. Meanwhile, it
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is also characterized by complex geographic features,
known as “sky islands” [7]. The unique alpine environ-
ment in southwest China has drawn the attention of
many researchers, including various endemic alpine taxa
[2, 4, 8, 9]. However, some groups of organisms, such as
the genus Ligidium of terrestrial isopods (Suborder Onis-
cidea, Order Isopoda), are little known in the sky-island
areas. In the records of high-altitude Isopoda in the Old
World, only a single Ligidium species (L. denticulatum
Shen, 1949) was mentioned [10].

Ligidium is the most species-rich genus within the
family Ligiidae (or the new family Ligidiidae proposed
recently by Dimitriou et al. [11]). It was erected with
Ligidium persooni Brandt, 1833 [a junior synonym of
L. hypnorum (Cuvier, 1792)] as the type species [12].
Ligidium species usually have an elliptic dark grey
body and bear pale muscle spots on the dorsal sur-
face (Fig. 1a). In external morphology (Fig. 1a, b), they
exhibit two well-developed eyes with many omma-
tidia, an antennule that projects beyond the front of
the head, a flagellum of antenna with 7-23 segments,
a well-defined sulcus at the posterior part of cephalon,
reminiscent of the fusion with first ancestral thoracic
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metamere, pereonites much broader than the abruptly
contracted pleon, a distal margin of the telson gener-
ally convex in the middle, a gently concave near lat-
eral margin forming two blunted rounded corners, an
uropod protopodite about twice as long as broad and
of a unique hook-like shape, and an uropod endopo-
dite more or less longer than exopodite. Furthermore,
regarding sexual differentiation, males have a long and
thin pleopod 2 endopodite (Fig. 1b, in females like in
Fig. 1d), and ovigerous females bear eggs or juveniles in
an ‘open’ marsupium (Fig. 1c, d). However, among mor-
phological characters, only the structure of male pleo-
pod 2 endopodite provides a relatively robust diagnosis
at species level [13, 14]. Nevertheless, even this char-
acter may exhibit only minor interspecific differences
among closely related species, causing difficulties in
cryptic species exploration. Morphological variation of
the apical part of the male pleopod 2 endopodites can
cause additional confusion in some species recognition.

At present, a total of 54 Ligidium species are recog-
nised mainly based on morphology, all of them dis-
tributed to the north of the Tropic of Cancer [15-35].
Among them, seven species were reported from China’s
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sky-island region. Six sky-island species (L. denticula-
tum Shen, 1949, L. inerme Nunomura & Xie, 2000, L. jiu-
zhai Tang & Zhou, 1999, L. mimense Nunomura & Xie,
2000, L. sichuanense Nunomura, 2002 and L. watanabei
Nunomura, 2002) are endemic to southwest China. This
could suggest that the unique sky-island environment of
southwest China harbours an exceptional Ligidium fauna
and more species of the genus may remain to be revealed.

In this context, we study Ligidium specimens collected
from the sky islands of southwest China between 2012
and 2020. We aim to reveal new sky-island species, to
delimit species by integrating morphology and molecu-
lar approaches, and to date speciation events of the sky-
island Ligidium spp. in southwest China. In addition, we
describe four new species.

Materials and methods

Sampling collection, morphologic preparation

and identification

We fixed and stored the specimens in absolute etha-
nol and mounted the dissected appendages in a neutral
balsam mounting medium. All studied specimens are
deposited in the Insect Museum, Jiangxi Agricultural
University, Nanchang, China (JXAUM).

Photographs were taken with a digital camera Zeiss
AxioCam Icc 5 attached to a digital microscope Zeiss
Stereo Discovery V12. Line drawings were made by the
GNU Image Manipulation Program [36]. Species identifi-
cations were based on traditional morphological criteria.
Terminology of morphology follows Schmidt [37].

For morphometric analysis, we selected 42 specimens
representing seven sky-island Ligidium species of south-
west China that were revealed by molecular delimita-
tion. To evaluate variation in body shape, 16 landmarks
were placed on pereonites 1-7 (Fig. 1a). The images were
converted into TPS format using tpsUtil 1.56 [38]. Land-
marks for all images were aligned, rotated and scaled
using Procrustes superimposition [39]. Afterwards,
we recorded the landmarks using TPSdig 2.17 [40] and
analysed the data with Morpho] [41]. To visualize shape
variations across morphospace, we conducted principal
component analyses (PCAs) and canonical variate analy-
ses (CVAs). Mahalanobis and Procrustes distances were
applied to evaluate the morphological variations among
species.

PCR amplification and sequencing

Genomic DNA was extracted from pereopods or
pereonites of individuals using the TaKaRa Min-
iBEST Universal Genomic DNA Extraction Kit
following the animal tissue protocol. Parts of two mito-
chondrial loci, cytochrome ¢ oxidase I (COI) and 12S
ribosomal RNA, and of the nuclear protein-coding genes
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Sodium-otassium Pump (NAK), along with 18S and 28S
ribosomal RNA genes were amplified using polymer-
ase chain reaction (PCR). Fragments of COI and 12S
rRNA mtDNA genes were amplified using the prim-
ers LCO1490/HCO2198 [42] and 12SCRF/12SCRR
[43, 44]. The primers pairs 18sai/18sbi, 28sa/28sb [45],
NAK for-b/NAK rev2 [46] were used for the amplifica-
tion of 18S rRNA, 28S rRNA and NAK respectively. PCR
amplifications were performed with an initial denatura-
tion at 95 °C for 3 min., followed by 35 cycles of 40 s.
at 94 °C, 40 s. at 48 —54 °C, and 40 s. at 72 °C, with a
final extension at 72 °C for 10 min. The PCR products
were sequenced by using an ABI3730XL DNA Analyzer
(Applied Biosystems). All sequences were deposited in
DDBJ (DNA Data Bank of Japan), with accession num-
bers listed in the Supporting Information (provided as
Additional file 1).

Phylogenetic analyses

The resulting forward and reverse sequences were assem-
bled in SeqMan, manually checked for errors, searched
with Blast to expose contaminants, and aligned using
MAFFT 7.313 [47]. Aligned partitions of all five loci,
mitochondrial genes-only (COI and 12S), nuclear genes-
only (18S, 28S and NAK) and all of the datasets (COI,
12S, 18S, 28S and NAK) were concatenated into nexus
files for downstream analyses. Due to a large amount of
missing data, the sample BJS2011 was excluded from the
mtDNA-only datasets.

We conducted Bayesian inference (BI) and Maximum
likelihood (ML) analyses in three separate analyses in
which the data were partitioned as follows: (i) by two
mitochondrial genes (COI and 12S); (ii) by three nuclear
genes (18S, 28S and NAK); (iii) by five concatenated genes
(COI, 128, 18S, 28S and NAK). The BI analyses were con-
ducted in MrBayes 3.2.6 [48] on the platform of Phylo-
Suite [49]. Four chains of Markov chain Monte Carlo
(MCMC) were run simultaneously for a total of 3 million
generations. The following criteria were used to deter-
mine if the Bayesian analyses had reached convergence:
(i) the posterior probability values tended to be stable; (ii)
the average standard deviation of the split frequencies of
independent runs became stable and approached zero;
(iii) potential scale reduction factor was close to one; (iv)
the Effective Sample Size (ESS) for the posterior prob-
abilities evaluated in Tracer v.1.7 [50] exceeded 200. The
sampling frequency was set to 100. The number of runs
and burn-in fraction with 2 and 0.25, respectively. The
proportion of trees that contained the clade was given
as the posterior probability (PP) on the consensus tree to
estimate the robustness of each clade. ModelFinder [51]
was used during these analyses to set appropriate models
of sequence evolution for each partition under the Akaike
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information criterion. HKY +F 41+ G4, HKY +F + G4,
GTR+F+ G4, GTR+F+ G4, SYM 4 G4 was selected for
COlJ, 12§, 188, 28S and NAK, respectively. The ML trees
were constructed on the platform of PhyloSuite [49] with
1000 bootstrap replicates using IQ-TREE 2 [52]. Arma-
dillidium vulgare, Porcellionides pruinosus, Styloniscus
sp., Spherillo dorsalis and Spherillo obscurus were used
as outgroups for phylogenetic reconstructions (GenBank
accession nos. provided as Additional file 1). The result-
ing gene phylogenies were visualized in FigTree 1.4.3
[53]. TCS 1.21 [54] was used to generate a haplotype net-
work based on the concatenated datasets of three nuclear
genes (18S, 28S and NAK) using statistical parsimony
[55] available in PopART 1.7 [56].

Molecular species delimitations

A single mitochondrial marker, 12S, was employed to
generate initial species hypotheses. Based on the 12S
sequences, automatic barcode gap discovery (ABGD)
automatically clustered sequences into candidate species
by detecting barcoding gaps using a command-line ver-
sion with the default parameters [57].

Furthermore, Bayesian implementation of the Pois-
son tree processes model for species delimitation (bPTP)
[58] and general mixed Yule coalescent (GMYC) model
[59, 60] were used to assess the support for initial group-
ings of ABGD. The bPTP model was performed with
the default parameters [58]. The input species tree was
estimated using IQ-TREE 2 [52] with 12S data alone.
The GMYC identified the input species tree was esti-
mated using BEAST 2 [61] based on 12S data, and the
best-fitting substitution model was assessed using Mod-
elFinder with TN +F+ G4 [51]. We selected the relaxed
molecular clock model in the trial operation based on
the reliable evidence, i.e., absolute value of ML1-ML2 is
more than twice the sum of the SDs (ML1=-3919.17,
SD1=14.93, ML2=-3841.81, SD2=13.42 in the relaxed,
strict clock log-normal models; BF =78.17) [62, 63]. The
run was executed twice for 5 million generations and 10
burn-in percentage.

Finally, we analysed the multilocus data (COI, 128, 18S,
28S and NAK) under the multispecies coalescent model
to delimit species with BPP 4.4 [64]. We integrated the
previous consensus results to specify the guide trees.
Each analysis was repeated twice used algorithm 0 with
the “joint species delimitation and species-tree inference
or unguided species delimitation (A11)’, 200,000 genera-
tions with the first 20,000 burn-in and the samples were
taken every five generations. We assumed three combi-
nation priors about the population size parameters (6s)
and the divergence time at the root of the species tree
(10): (i) large population sizes 0 ~1G (3, 0.2) with mean
0.2/(3-1)=0.1 and deep divergences 10 ~IG (3, 0.2) with
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mean 0.1; (i) large population sizes 8 ~I1G (3, 0.2) with
mean 0.2/(3-1)=0.1 and shallow divergences 10~IG
(3, 0.002) with mean 0.001; (iii) small population sizes
0 ~IG (3, 0.002) with mean 0.002/(3—1)=0.001 and shal-
low divergences 10 ~1G (3, 0.002) with mean 0.001 [65],
other divergence time parameters were specified by the
uniform Dirichlet distribution [66].

Divergence time estimation

Species tree and divergence time were estimated based
on the COI dataset, including five Chinese sky-island
species and five European species of Ligidium (DDBJ/
GenBank accession nos. provided as Additional file 1).
Ligidium rotundum and L. inerme were excluded
from this estimation due to a large amount of miss-
ing data. Specimens were assigned to species a priori
by the result of BPP above. The best-fitting substitu-
tion model was assessed in ModelFinder [51] with
TN+ F+ G4. The hypothesis that our data evolved
according to a relaxed molecular clock model was
selected by the absolute value of ML1-ML2 that is
more than twice the sum of the SDs (ML1 = -4486.54,
SD1=2.00, ML2 =-4494.61, SD2 =1.94 in the relaxed,
strict clock log-normal models; BF=8) [62, 63]. The
crustacean mitochondrial COI clock of 0.0115 sub-
stitutions per site per million years was applied as
calibration [67-69]. The analysis was carried out
in BEAST 2 [61] under an uncorrelated lognormal
relaxed molecular model with nested sampling and
Yule speciation prior. The run was executed twice for
10 million generations and 10 burn-in percentage.

Distribution mapping

The distribution map across southwest China was made
using DIVA GIS 7.5 based upon topographic grids were
retrieved from the WorldClim database (http://www.
worldclim.org) [70], the collection localities of the spec-
imens examined in this study and the literature [27, 31,
33, 34] (provided as Additional file 2).

Nomenclatural acts

The electronic edition of this article conforms to the
requirements of the amended International Code of Zoo-
logical Nomenclature (ICZN), and hence the new species
names contained herein are available under that Code
from the electronic edition of this article.

Results

Morphological analyses

The morphological characters of the specimens collected
from southwest China were analysed using append-
ages, including the antennule, antenna, mouthparts,
pereopods and pleopods. As a result, seven species were
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Fig. 2 Map of the study area showing the recorded localities of the genus Ligidium

preliminarily recognized, all of them distributed in the
mid- or high mountainous areas (Fig. 2). A key to the
sky-island Ligidium species is presented. Nevertheless,
the taxonomic confusion among L. denticulatum Shen,
1949, L. inerme Nunomura & Xie, 2000 and L. sichuan-
ense Nunomura, 2002 remained unclarified because of

the minor differences in the form of their male pleopods
2. It is difficult to decide whether their minor differences
are due to interspecific divergence or intraspecific varia-
tion, based on morphology alone.

In the analyses of geometric morphometrics, the error
of manual sampling was assessed based on the images of
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Ligidium acuminatum Li, sp. nov. The data were obtained
by repeated sampling ten times. Mahalanobis and Pro-
crustes distances are insignificant (p>0.05), indicat-
ing that the selection of landmarks in this context were
precise. In morphological variation, we obtained a total
of 28 principal components and six variables. The first
principal component (PC1) takes up 46.02% of the total
shape variation and showed an extensively overlapping
distribution of species in morphospace (Fig. 3a); the CVA
with the first two canonical variables (CV1 and CV2) can
unambiguously classify all the species except for L. rotun-
dum Li, sp. nov. (Fig. 3b), because only one individual of
this species was available in a good condition for geomet-
ric morphometrics analysis, leading to limited data.

Molecular analyses

In PCR amplification, the the mitochondrial 12S and
three nuclear genes (18S, 28S and NAK) were retrieved
with a 96% successful rate, but the mitochondrial COI
has a 61.5% failure rate. COI fragments of some samples
were not possible to amplify even after repeated opti-
misations of amplification conditions. We analysed the
phylogenetic relationships based on the concatenated
datasets of mitochondrial genes (COI and 12S), nuclear
genes (18S, 28S and NAK) and all five-gene data (COI,
125, 18S, 28S and NAK). Although a large proportion of
the COI sequences were missing, the divergence of sky-
island Ligidium species are reflected based on the present
mitochondrial genes (Additional file 1). Both Maximum
likelihood (ML) and Bayesian (BI) analyses revealed seven
main clades [Figs. 4, 5 and 6, maximum bootstrap values
(BS)=100, maximum Bayesian posterior probabilities
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(PP) =1]. The support values were high for most nodes in
the ML phylogenetic tree and BI consensus tree (Figs. 4,
5, and 6). The ML and BI trees constructed based on the
mitochondrial genes represent the same topologies as the
phylogenetic trees constructed with the mitochondrial
and nuclear genes (Figs. 4, S1 versus Figs. 6, S3). Phylo-
genetic relationships based on nuclear genes have a dif-
ferent topology, but the same seven clades were retrieved
with high support values (Figs. 5a, S2 versus Figs. 4, 6, S1
and S3). The haplotype network (Fig. 5b) shows that the
specimens of all molecular operational taxonomic units
(MOTUs) have unique haplotypes, not shared with other
clusters.

In molecular species delimitation, clade bounda-
ries provided much clearer limits among morphospe-
cies compared to morphology alone. As shown in Fig. 6,
all molecular delimitations (ABGD, bPTP, GMYC and
BPP) supported the seven-species hypothesis. The seven
groups were treated as valid species and are subsequently
described below. Moreover, the ambiguous statuses of L.
denticulatum Shen, 1949, L. inerme Nunomura & Xie,
2000 and L. sichuanense Nunomura, 2002 in view of
morphological characters, are successfully resolved. The
minor morphological differences among them were dem-
onstrated to be due to interspecific divergence since the
respective clades were well-supported in molecular anal-
yses (Figs. 4, 5 and 6). Further remarks are given in the
taxonomic section.

Coalescence tree and divergence time estimation
indicated that the species divergences within the
sky-island clade started in late Eocene (40.97 Mya)
to middle Miocene (15.19 Mya), and the earliest
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divergence event happened in the westernmost site
(Lulang, Xizang) (Figs. 2, 7).

Taxonomy of sky-island Ligidium from southwest China
Integrating morphology and molecular analyses, seven
sky-island species within the genus Ligidium are revealed
from southwest China, including four new species (L.
duospinatum Li, sp. nov., L. acuminatum Li, sp. nov., L.
rotundum Li, sp. nov. and L. tridentatum Li, sp. nov.)
(Fig. 8). The pereonites 1 and 2 of all the species reported
herein lack a “bristle field” on the posterior margin of
first pereon-epimera. Descriptions, diagnoses, and illus-
trations of the new species are provided below.

Ligidium duospinatum Li, sp. nov.

(Figs. 8a, 9).

Diagnosis
Unique character of male pleopod 2 endopodite: round
apical tip bears 2 small spines on outer margin.

Type material

Holotype: &, China, Xizang (Tibet), Nyingchi, Lulang,
Dongbacai Village (29°40'N, 94°44'E), 3496 m asl,
28.vii.2014, leg. W. C. Li (Prep. slides nos. L15164 — 15,185).
Paratypes: 16 343, 39 29, same data as the holo-
type (DNA nos. LL2001—2004, LL2006; DDB]J accession nos.
LC601711—LC601713, LC602219—LC602223, LC602572—LC602576,
LCe02623—1.C602627, 1L.C637219—1C637221).

Etymology

From the Latin prefix duo- (=double), and the Latin spi-
natus (=spinous), referring to the male endopodite of
pleopod 2 being covered with two spines at apical tip.

Distribution and habitat

This species is only known from Xizang, China. The type
locality is nearby a stream in Dongbacai Village of Lulang
Town, southeast Xizang.
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Description

Body length of males 3.5-4.5 mm, of females 3.5-
5.0 mm. Colour dark grey with white stigmata and yel-
lowish green spots on dorsal surface (Fig. 8a). Antennule
with three small aesthetascs at apex of third article
(Fig. 9a). Antenna with flagellum composed of seven
articles (Fig. 9b). Left mandible with three-toothed inci-
sor and lacinia mobilis, three penicils between lacinia
mobilis and molar process (Fig. 9¢); right mandible with
three-toothed incisor, lacinia mobilis single toothed,
three penicils between lacinia mobilis and molar pro-
cess (Fig. 9d). Maxillule with inner lobe with three stout
penicils and small seta near distal margin (Fig. 9¢). Max-
illa distally divided into two parts with blunted rounded
apices, large lappet with two elongated setose penicils

near lateral margin at subapical part (Fig. 9f). Maxil-
liped with a line of spines on inner margin of endite, palp
with three setae on outer margin (Fig. 9g). Pereopod 1
and pereopod 7 without sexual dimorphism (Fig. 9h, i).
Pleopod 1 exopodite with rounded distal margin and
four long setae, endopodite with triangular projection
and two long setae (Fig. 9j, k); male pleopod 2 exopodite
similar to broad bean-shaped; endopodite long and thin,
apical tip round and bears two small spines on outer
margin (Fig. 91, m).

Remarks

This new species is similar to L. inerme Nunomura & Xie,
2000 in overall appearance, with a relatively broad body
with yellowish green spots on the dorsal surface. But it
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Fig. 6 Species delimitations summarised on a Bayesian consensus tree based on a concatenated dataset of six loci (COI, 125, 18S, 285 and NAK).
Asterisks and circles represent high node support with Bayesian posterior probabilities > 0.95 and maximum bootstrap values > 95. Coloured bars

is easily separated from the latter by the flagellum com-
posed of seven articles and the male pleopod 2 endopo-
dite with two small spines at the apical tip (Figs. 9b, m).
In L. inerme, the flagellum consists of 12 — 15 segments,
the male without any denticle at the apical tip of pleopod
2 endopodite [34]. Furthermore, they can also be sepa-
rated based on molecular delimitation (Figs. 4, 5 and 6).

In the analysis of geometric morphometrics, the scat-
ter diagrams indicate that there are differences between
them, and the CVAs were able to unambiguously clas-
sify the two species with the first two canonical variables
(Fig. 3).

Ligidium acuminatum Li, sp. nov.

(Figs. 8b, 10).
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Fig. 8 Habitus of Ligidium spp. on dorsal view. a L. duospinatum Li, sp. nov.,, paratype, female. b L. acuminatum Li, sp. nov., paratype, male. c L.
rotundum Li, sp. nov., paratype, female. d L. tridentatum Li, sp. nov,, paratype, female. Scale bars: T mm
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Fig.9 Ligidium duospinatum Li, sp. nov., holotype. a Antennule. b Antenna. ¢ Left mandible. d Right mandible. e Maxillule. f Maxilla. g Maxilliped. h
Pereopod 1. i Pereopod 7. j Pleopod 1 exopodite. k Pleopod 1 endopodite. I Pleopod 2 exopodite. m Pleopod 2 endopodite

Diagnosis

Unique character of male pleopod 2 endopodite: distal
part distinctively narrowed towards apical tip without
any ornamentations.

Type material

Holotype: 3, China, Yunnan Province, Deqin, Xidangwenquan
(2827'N, 98*48E), 2650 m asl, 28vii2014, leg. W. C. Li (Prep.
slides nos. L19044—19,046). Paratypes: 7 33, 19 @9, same data as

the holotype (DNA nos. XDWQ2001 —2004; DDBJ accession nos.
LC601728—1.C601731, LC602239—1.C602242, LC602592—LCH02595,
LC602644—1.C602647, LC637224—1.C637226).

Etymology
From the Latin acuminatus (=acuminate), referring to the
male endopod of pleopod 2 ending with an acuminate tip.
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Fig. 10 Ligidium acuminatum Li, sp. nov. a Antennule. b Antenna. c Left mandible. d Right mandible. e Maxillule. f Maxilla. g Maxilliped. h Pereopod
1.i Pereopod 7. j Pleopod 1 exopodite. k Pleopod 1 endopodite. | Pleopod 2 exopodite. m Pleopod 2 endopodite

Distribution and habitat

This species is only known from Yunnan Province, China.
The specimens collected at an alpine meadow nearby a
stream in the northwest and middle Yunnan, respectively.

Description
Body length of males 6.0—7.5 mm, of females
6.0 —9.0 mm. Colour dark grey with white stigmata on

dorsal surface (Fig. 8b). Antennule with two small aes-
thetascs at the end of third article (Fig. 10a). Antenna
with flagellum composed of 14 articles (Fig. 10b). Left
mandible with three-toothed incisor and lacinia mobilis,
three penicils between lacinia mobilis and molar pro-
cess (Fig. 10c); right mandible with three-toothed inci-
sor, lacinia mobilis single toothed, four penicils between
lacinia mobilis and molar process (Fig. 10d). Maxillule
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with three stout penicils and long seta on distal mar-
gin of inner lobe near (Fig. 10e). Maxilla distally divided
into two parts with blunted rounded apices, large lap-
pet with two conical setose penicils near lateral margin
at subapical part (Fig. 10f). Maxilliped with 8 setae on
outer margin of palp (Fig. 10g). Pereopod 1 and pereo-
pod 7 without sexual dimorphism (Fig. 10h, i). Pleopod
1 exopodite with rounded distal margin and four long
setae, endopodite with triangular projection and four
long setae (Fig. 10j, k); male pleopod 2 exopodite broad
bean-shaped; endopodite long and thin, apical part well-
developed sclerotized on inner half, and distinctively nar-
rowed towards acuminate tip (Fig. 101, m).

Remarks
This new species is similar to L. rotundum Li, sp. nov. in
male pleopod 2 endopodite by distal part distinctively
narrowed towards the apical tip. But it can be distin-
guished from the latter one by the male pleopod 2 endo-
podite without ornamentations (Fig. 10m). In the latter
species, pleopod 2 endopodite has a subcircular scle-
rotized plate at the subapical part (Fig. 11k).

Furthermore, L. acuminatum is supported to separate
from L. rotundum based on molecular analyses (Figs. 4,
5 and 6). In the geometric morphometrics analysis, it is
clearly distinguished from the latter species in the CVAs
along the first two canonical variables (Fig. 3).

Ligidium rotundum Li, sp. nov.

(Figs. 8¢, 11).

Diagnosis

Unique characters of male pleopod 2 endopodite: inner
margin with subcircular sclerotized plate at subapical
part, distal one sixth conspicuously narrowed towards
blunted round apical tip.

Type material

Holotype: &, China, Sichuan Province, Leshan City,
Mabian, Mabian Dafengding National Nature Reserve,
(28°51'N, 103°31’E), 2100 m a.s.l, 12.viii.2012, leg. W.
C. Li and L. Huang (Prep. slides nos. L15042 — 15,053).
Paratypes. 1 &, 3 29, with same locality as holo-
type (DNA nos. DFD2001 —2003; DDBJ accession
nos. LC601697 —LC601699, LC602201 —LC602203,
LC602557 — LC602559, LC602608 — LC602610).

Etymology

From the Latin rotundus (=circular), referring to the
male endopodite of pleopod 2 being a subcircular scle-
rotized plate at the subapical part.
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Distribution and habitat

This species is only known from Sichuan Province,
China. The type locality is under a waterfall in Mabian
Dafengding National Nature Reserve, southwest Sichuan.

Description

Body length of males 7.0 mm, of females 7.5 —8.0 mm.
Colour dark grey with white mixed with yellowish green
stigmata on dorsal surface (Fig. 8c). Antennule with
third article gently narrowed towards blunted apical tip
(Fig. 11a). Antenna with flagellum composed of 15 arti-
cles (Fig. 11b). Left mandible with three-toothed incisor,
lacinia mobilis two-toothed, three penicils between lac-
inia mobilis and molar process (Fig. 11c); right mandible
with three-toothed incisor, lacinia mobilis single toothed,
four penicils between lacinia mobilis and molar process
(Fig. 11d). Maxillule with three stout penicils and small
seta near distal margin of inner lobe (Fig. 11e). Maxilla
distally divided into two parts with blunted rounded
apices, distal margin equipped with seven long setae
(Fig. 11f). Maxilliped with four setae on outer margin of
palp (Fig. 11g). Pleopod 1 exopodite with rounded distal
margin, endopodite with subtriangular projection and
five long setae (Fig. 11h, i); male pleopod 2 exopodite
similar to broad bean-shaped, endopodite long and thin,
and inner margin with subcircular sclerotized plate at
subapical part, distal one sixth conspicuously narrowed
towards blunted round apical tip (Fig. 11j, k).

Remarks
No illustration of the male pereopods 1 and 7 are pro-
vided since they were missing in collected material.
Ligidium tridentatum Li, sp. nov.
(Figs. 8d, 12).

Diagnosis

Unique characters of male pleopod 2 endopodite: distal
one sixth beak-shaped, inner margin equipped with an
almond-shaped projection, and outer margin being three
dentations.

Type material

Holotype: &, China, Guizhou Province, Zunyi, Loushan-
guan (27°59N, 106°50°E), 1736 m a.sl, 2.viii.2019, leg. W.
C. Li and J. B. Yang (Prep. slides nos. L19029—19,033).
Paratypes: 7 9, with same locality as holotype (DNA nos.
LSG2001, LSG2004, LSG2006 —2008; DDB]J accession nos.
LCA01714—1CH01718, LCA02224—1.C602227, LCA02577—1LC602581,
LC602628—1.C602632, 1.C637222—1.C637223).
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Fig. 11 Ligidium rotundum Li, sp. nov. a Antennule. b Antenna. ¢ Left mandible. d Right mandible. e Maxillule. f Maxilla. g Maxilliped. h Pleopod 1
exopodite. i Pleopod 1 endopodite. j Pleopod 2 exopodite. k Pleopod 2 endopodite

Etymology

From the Latin tridentatus (=tridentate), referring to the
male endopodite of pleopod 2 being 3 dentations at the
subapical tip.

Distribution and habitat

This species is only known from Guizhou Province,
China. The type locality is under a small bamboo grove
near the top of Loushanguan Mount, north Guizhou
Province.

Description

Body length of males 6.0-6.5 mm, of females 4.5—
7.0 mm. Colour dark grey with white stigmata on dor-
sal surface (Fig. 8d). Antennule with 2 aesthetascs at
apex of third article (Fig. 12a). Antenna with flagellum
composed of nine articles (Fig. 12b). Left mandible with
three-toothed incisor and lacinia mobilis, four penicils
between lacinia mobilis and molar process (Fig. 12c);
right mandible with three-toothed incisor; lacinia mobi-
lis single toothed; three penicils between lacinia mobilis
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Fig. 12 Ligidium tridentatum Li, sp. nov. a Antennule. b Antenna. ¢ Left mandible. d Right mandible. e Maxillule. f Maxilla. g Maxilliped. h Pereopod
1.1 Pereopod 7. j Pleopod 1 exopodite. k Pleopod 1 endopodite. | Pleopod 2 exopodite. m Pleopod 2 endopodite

and molar process (Fig. 12d). Maxillule with three stout
penicils and small seta near distal margin of inner lobe
(Fig. 12e). Maxilla distally inconspicuously divided into
two parts with blunted rounded apices, densely covered
with hairs and bears two long setae; large lappet with two
ovate setose penicils near lateral margin at subapical part
(Fig. 12f). Maxilliped with six setae on outer margin of

palp (Fig. 12g). Pereopod 1 and pereopod 7 without sex-
ual dimorphism (Fig. 12h, i). Pleopod 1 exopodite with
rounded distal margin and three long setae, endopodite
with triangular projection and five long setae (Fig. 12j, k);
male pleopod 2 exopodite similar to broad bean-shaped;
endopodite long and thin, distal one sixth beak-shaped,
equipped with almond-shaped projection on inner
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margin, subapical tip of outer margin being three denta-
tions (Fig. 121, m).

Ligidium inerme Nunomura & Xie, 2000

Ligidium inerme Nunomura & Xie, 2000: 44, fig. 1 [34].

Material examined

1 38, 7 29, China: Xizang (Tibet), Nyingchi City, Médog,
Galongla Snow Mountain (29°44/N, 95°41’E), 3415 m
a.s.l, 20—23.vii.2014, leg. W. C. Li (Prep. slides nos.
L15186 — 15,196; DNA nos. MT2001 — 2004; DDBJ acces-
sion nos. LC601724 — LC601727, LC602235 — LC602238,
LC602588 — LC602591, LC602640 — LC602643).

Distribution and habitat

This species has been recorded from Gaoligongshan,
Yunnan Province, China [34]. The type locality is the
westernmost mount among Hengduan Mountains.
Herein, we report this species from the northwestern-
most part (Galongla Snow Mountain) of the Hengduan
Mountains for the first time. The habitat in which this
species has been collected is located at the foot of the
south slope of Galongla Snow Mountain. Most parts of
the mountain are covered with snow; the vegetation of
the collection site is a blend of alpine meadows, shrubs
and conifer trees.

Remarks
The materials examined have a body length of male
6.0 mm and of females 5.5-7.0 mm. Descriptions and
illustrations have been adequately given by Nunomura
& Xie [34]. The habitus of this species is similar to L.
duospinatum Li, sp. nov. by having a relatively broad
body and dominated with yellowish-green spots on
the dorsal surface. It can be distinguished based on the
results of comparative morphology, molecular delimita-
tions and geometric morphometrics conducted here, as
stated under L. duospinatum.

Ligidium sichuanense Nunomura, 2002

Ligidium sichuanense Nunomura, 2002: 45, figs. 3, 4 [27].

Material examined

12 33, 4 29, China: Sichuan, Ganzi, Luding, Hailuogou Gla-
cier (29°36'N, 102°04’E), ~3000 m a.s.l, 18viii.2012, leg. W. C.
Li and L. Huang (Prep. slide nos. L15068—L15081, [.20141—20,160,
120165—120166; DNA nos. HLG2007—2012, DDBJ accession nos.
LCA01706—LC601710, LCA02213—LC602218, LCH0R2566—LCH02571,
LC602617—LCA02622,1.C637214—1.C637218).

Distribution and habitat

The type locality of this species is located at Chapingshan
(alt. 3820 m), Mao County, Sichuan Province, China [27].
Herein, we report it from the monsoon glacier area of west-
ern Sichuan Province, China. The habitat in which this
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species has been collected is as same as L. glacialis Li, sp.
nov.

Remarks
The materials examined have a body length of males
4.0-6.0 mm and of females 5.5-7.0 mm. Descriptions
and illustrations of this species have been adequately
provided by Nunomura [27]. This species is allied to
L. denticulatum Shen, 1949 and L. inerme, with the
morphological differences among them having been
given by Nunomura [27]. We provided additional
molecular and geometric morphometrics evidence to
distinguish them. Every species was represented by a
well-supported clade (Figs. 4, 5 and 6) and an unam-
biguous classification along the first two canonical
variables (Fig. 3).

Ligidium denticulatum Shen, 1949

Ligidium denticulatum Shen, 1949: 50, fig. A1-14 [71];
Kwon & Taiti, 1993: 6, figs. 13—26 [31]; Nunomura & Xie,
2000: 46, fig. 2 [34].

Material examined

29 33, 72 29, China: Guizhou Province, Liupanshui City,
Bijiashan Park, 26°35'N, 104°53’E, 1821 m a.s.l, 9.viii.2019,
leg. W. C. Liand J. B. Yang (Prep. slides nos. L19025 —L.19028;
DNA nos. BJS2001—2010, BJS2012, DDBJ accession nos.
LC601687—LC601696, LCH02190—LCH02200, LC602546—1L.CH02556,
LCA02596—1LCH02607; LC637212—1LC637213).

Distribution and habitat

Shen originally described this species from Kunming
Lake, Yunnan Province, China in 1949 [71]; after-
wards, it was also illustrated based on specimens
from Kunming [31, 34]. Herein, we report it from
Guizhou Province, China, for the first time. The
samples examined were collected at Bijiashan Park
and Minghu National Wetland Park, west Guizhou
Province, China. The soil at Bijiashan Park has high
moisture, and the vegetation of the collection site is
composed of evergreen broad-leaf trees; the Minghu
National Wetland Park mainly consists of meadow,
evergreen shrubs and a lake.

Remarks

The materials examined have a body length of males 4.0—
6.5 mm and of females 3.0-9.0 mm. Descriptions and
illustrations have been adequately given in [31, 34, 71].
This species is similar to L. sichuanense Nunomura, 2002
and L. inerme Nunomura & Xie, 2000. Nunomura has
mentioned the morphological differences among them
[34]. Herein, we provided additional molecular and geo-
metric morphometrics evidence to distinguish them, as
stated under L. sichuanense.
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Key to sky-island Ligidium species
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1. Male pleopod 2 endopodite with a well-developed projection on outer margin near apex «««--«-««--+- 2

Male pleopod 2 endopodite without well-developed projections on outer margin near apex -+« 6

2. Subapical projection of pleopod 2 endopodite rounded - --
Subapical projection of pleopod 2 endopodite beak-shaped
3. Pleopod 2 endopodite truncate or pointed at apex «--+--+-*

Pleopod 2 endopodite round at apex ----crerreeeeeeeeees

4. Pleopod 2 endopodite has a truncate apex, apical part covered with many tiny spinules and five denticles

............................. L. denticulatum

.......................... L tridentatum Sp. nov.

5. Apical part of pleopod 2 endopodite with three or four denticles on inner margin ------- L. formosanum

Apical part of pleopod 2 endopodite without denticles ---

................................... L Sichuanense

6_ Aplcal part Of pleopod 2 endopodite Without ornamentations ............................................... 7

Apical part of pleopod 2 endopodite with well-developed ornamentations «-««-««-wc-vereereeeeeeeeeeens 8

7. Pleopod 2 endopodite has a beak-shaped apex -«--«--+--+--
Pleopod 2 endopodite has a round apex -+« «-c-emeeeeeees
8. Pleopod 2 endopodite swollen near apex «--«--c-ecmeeeeees
Pleopod 2 endopodite unswollen near apex -««--«-wc-vevee-

9. Apex of pleopod 2 endopodite with four spinnules -------

......................... L acuminatum Sp- nov.

.......................................... L inerme

........................................ L ml‘mense

Apex of pleopod 2 endopodite with five to seven small teeth ««--c-vcoveeeerrerereeeeens L. watanabei

10. Pleopod 2 endopodite bears two small spines at apex ---

........................ L. duospinatum Sp- nov.

Pleopod 2 endopodite bears six denticles and one seta near apex «-««-wcorerresresei e L. jiuzhai

Conclusion and discussion

In terrestrial Isopod taxonomy, different genera usually
exhibit several morphological characters useful in species
diagnoses, such as in male pereopods and pleopod 1 exo-
pods or even characters of pereonites and pleonites. In
classical morphological taxonomy of species in the genus
Ligidium, the male pleopod 2 endopodites provide the

most significant diagnostic character, especially its api-
cal part showing a considerable interspecific difference
in shape [13, 14]. However, morphological boundaries
among species of terrestrial isopods are still ambiguous.
In addition, minor interspecific differences among cer-
tain congeners and the varying extent of intraspecific
variation create a lot of confusion in species recognition.
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As early as 1923, Jackson had mentioned that morpho-
logical variation should not be underestimated in species
identification [15]. To resolve these issues, the integra-
tion of morphology and molecular data has been consid-
ered an effective way to evaluate current taxonomy and
explore possible existence of new species before describ-
ing them [14, 72—77]. Most integrative taxonomy studies
on terrestrial isopods combine molecular species delimi-
tation methods with a traditional qualitative morphologi-
cal approach, but it is necessary to apply a standardized
investigation on morphology.

Geometric morphometrics involves using standard-
ized images and landmarks to visualize and test for differ-
ences in shape between samples, which has been applied
effectively to aid species delimitation [78]. Until today, the
geometric morphometrics technique has been applied to
detect body-shape variation among individuals of the same
terrestrial isopod species in two different species [79-81],
but it remains questionable whether it would work in spe-
cies identification of terrestrial isopods. Herein, we evalu-
ate Ligidium species variation in body shape using two-D
landmarks data. Results show that the morphospace was
distinctly separated among the species in CVA, but it over-
laps extensively in PCA (Fig. 3). This could be attributed to
the properties of the different multivariate statistical tech-
niques. In PCA, linear combinations of the original vari-
ables are derived which explain the maximum amount of
variation in the data set and which are orthogonal. These
principal components summarize the data with as little loss
of information as possible [82]. In contrast, linear combina-
tions of the original variables are selected to maximize the
ratio of between-sample to within-sample variance in CVA.
The canonical variates are not necessarily orthogonal and
the actual angle between the canonical variates can be cal-
culated [82]. Our study demonstrated that CVA is superior
to PCA in exploring morphological variation in Ligidium.

In integrative taxonomy of terrestrial isopods, molecu-
lar data have been showed to be effective in resolving
morphological taxonomy ambiguities. Despite the unde-
niable importance of classical taxonomy in species dis-
covery, molecular data are becoming an integrative part
of taxonomic practice [14, 72—-77]. In molecular analyses
of Ligidium species, the use of mitochondrial fragments
in association with morphology has helped to alleviate the
taxonomic impediment through the discovery, delimita-
tion and description of new species [14, 73]. Neverthe-
less, the mitochondrial data have been proposed to limited
applicability for reconstructing the phylogeny of Isopoda
[83]. Thus, we established phylogenetic relationships of the
sky-island Ligidium species in southwest China using two
mitochondrial genes (COI and 12S), and the concatenated
mitochondrial and nuclear data (COI, 12S, 18S, 28S and
NAK), respectively. The mitochondrial gene trees not only
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represent the same topologies but also show the clades with
high support values as the latter concatenated gene trees
(Figs. 4, S1 versus Figs. 6, S3). These results indicated that
the mitochondrial genes should be applied effectively to aid
species delimitation in the sky-island Ligidium. Further-
more, the statistical parsimony haplotype network (Fig. 5b)
based on nuclear genes shows that the specimens of all
MOTUs have unique haplotypes. These results indicate
that nuclear genes, if properly selected, can be considered as
additional DNA evidence in terrestrial isopod taxonomy.

We revealed seven sky-island Ligidium species by integrat-
ing comparative morphology, geometric morphometrics and
molecular analysis. Problems due to minor interspecific mor-
phological differences were resolved by integrative taxonomy.
Furthermore, we estimated the divergence time of sky-island
Ligidium in southwest China. The timeframe of cladogenetic
events coincides with the uplift of the Qinghai-Tibetan Pla-
teau. The estimation indicated that the divergence of sky-island
Ligidium species started in the late Eocene to the middle Mio-
cene (Fig. 7), probably driven by the massive uplift of Qinghai-
Tibetan Plateau. The tectonic activity changed the topography
as well as heightened the environmental heterogeneity of the
Qinghai-Tibetan Plateau and its adjacent areas [84, 85]. The
extremely complex topography of southwest China can prob-
ably restrict the dispersal of the sky-island Ligidium species.
Species distributed in different mountainous areas may have
evolved independently, resulting in phenotypic divergence
and genetic differentiation. In addition, the high environmen-
tal heterogeneity promotes species richness, affecting species
richness of terrestrial isopods both directly and indirectly [86].
Thus, we deduced that tectonic activity in the late Eocene and
the middle Miocene is one of the principal reasons for species
divergence and high species richness of the sky-island Ligidium
in southwest China. To date, the occurrence of sky-island Ligid-
ium species in southwest China shows many distribution gaps
(Fig. 2). According to our field experience, most mountainous
areas of southwest China have similar habitats and are suitable
for Ligidium. Hence, the mountainous habitats of southwest
China may hide an unexpected wealth of sky-island Ligidium
species.

In conclusion, the integrative taxonomical approach is
essential to enlighten the sky-island Ligidium taxonomy.
We demonstrated that the pleopod 2 endopodite is a relia-
ble diagnostic character for this group of species. The addi-
tion of morphometrics and molecular analyses is needed
to delimit species in a more precise and secure way. Our
estimation of divergence time among sky-island Ligidium
species showed the uplift of Qinghai-Tibetan Plateau
between the late Eocene and the middle Miocene to be
one of the principal factors in sky-island Ligidium species
divergence and high species richness in southwest China.
We inferred also that sky-island mountains most probably
are a huge reserve of Ligidium species diversity.



Wang et al. BMC Zoology (2022) 7:26

Abbreviations

JXAUM: Insect Museum, Jiangxi Agricultural University, Nanchang, China; COl:
Cytochrome c oxidase I; NAK: Nuclear protein-coding genes Sodium-otassium
Pump; PCR: Polymerase chain reaction; DDBJ: DNA Data Bank of Japan; ML:
Maximum likelihood; BI: Bayesian inference; MCMC: Markov chain Monte
Carlo; PP: Posterior probability; ABGD: Automatic barcode gap discovery; BPP:
Bayesian species delimitation; bPTP: Bayesian implementation of the Poisson
tree processes model for species delimitation; GMYC: General mixed Yule coa-
lescent; PCAs: Principal component analyses; CVAs: Canonical variate analyses;
TMRCA: Time to most recent common ancestor.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540850-022-00120-1.

Additional file 1. Description of the molecular sequences were used for
phylogenetic analysis, including DNAnumber, taxon, collection locality
and DDBJ/NCBI accession number.

Additional file 2. Overview of localitieswhere Ligidium species have been
recordedin this context.

Additional file 3. Supplementary figures of maximum likelihood trees-
based on two mitochondrial genes (COl and 125), three nuclear genes
(18S, 28Sand NAK) and a concatenated dataset of five loci (COI, 125, 18S,

28S and NAK).

Acknowledgements

We are grateful to Dr Christian Schmidt (Senckenberg Naturhistorische
Sammlungen Dresden, Germany), Dr Ghasem M. Kashani (University of Zanjan,
Iran), Dr Shigenori Karasawa (Tottori University, Japan), Dr Stefano Taiti (Istituto
per lo Studio degli Ecosistemi, Italy), Dr Noboru Nunomura (Kanazawa Univer-
sity, Japan), and Dr Do Heon Kwon (Inje University, Korea) for providing impor-
tant references and generous help. We give our cordial thanks to Prof. Jianmei
An (Shanxi Normal University, China) for her helpful suggestions during the
preparation of this manuscript. Special thanks are given to three anonymous
reviewers for their insightful suggestions on the manuscript.

Authors’ contributions

WL conceived and designed the study. WL, JW, JY and XZ carried out sam-
pling campaigns. JW, JY and XZ performed wet-lab experiments. JW and JY
analyzed sequences and carried out the phylogenetic analysis. WL and JY
prepared the samples for museum conservation, carried out the morphologi-
cal analysis, took and illustrated the morphological structures. WL reviewed,
revised and finalized the manuscript; all authors have read and approved the
final manuscript.

Funding
This research was supported by the National Natural Science Foundation of
China (no.31960100).

Availability of data and materials

The gene sequences of Ligidium species are deposited in the DNA Data Bank
of Japan (DDBJ) under the accession numbers included in supplementary
information additional file 1. All Ligidium specimens in this context are con-
served in absolute ethanol in Insect Museum, Jiangxi Agricultural University,
Nanchang, China JXAUM).

Declarations

Ethics approval and consent to participate
Not applicable, since this article reports studies involving arthropods.

Consent for publication
Not applicable.

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

Page 19 of 21

Received: 8 July 2021 Accepted: 23 March 2022
Published online: 23 May 2022

References

1. Heald WF. Sky islands in Arizona. Nat Hist. 1951;60:95-6.

2. HeK, Jiang XL. Sky islands of southwest China. I: an overview of phylo-
geographic patterns. Chin Sci Bull. 2014;59:585-97. https://doi.org/10.
1007/511434-013-0089-1.

3. Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J.
Biodiversity hotspots for conservation priorities. Nature. 2000;403:853-8.
https://doi.org/10.1038/35002501.

4. Zhang D, Hao GQ, Guo XY, Hu QJ, Liu JQ. Genomic insight into “sky island”
species diversification in a mountainous biodiversity hotspot. J Syst Evol.
2019,57:633-45. https://doi.org/10.1111/jse.12543.

5. Knowles LL. Did the Pleistocene glaciations promote divergence? Tests of
explicit refugial models in montane grasshoppers. Mol Ecol. 2001;10:691-
701. https://doi.org/10.1046/j.1365-294x.2001.01206.x.

6. Lopez-Pujol J, Zhang FM, Sun HQ, Ying TS, Ge S. Mountains of Southern
China as “Plant Museums”and “Plant Cradles”: Evolutionary and conserva-
tion insights. Mt Res Dev. 2011;31:261-9. https://doi.org/10.1659/MRD-
JOURNAL-D-11-00058.1.

7. McCormack J, Huang H, Knowle L. Sky islands. In: Gillespie RG, Clague DA,
editors.'Encyclopedia of islands! Berkeley: University of California Press;
2009. p. 841-3.

8. ChengR, Jiang N, Xue DY, Han HX. Species reassessment congruent with
the phylogeographical study of the Biston falcata species group. Syst Ent.
2019;44:886-98. https://doi.org/10.1111/syen.12362.

9. HeK, Gutiérrez EE, Heming NM, Koepfli KP, Wan T, He SW, Jin W, Liu SY,
Jiang XL. Cryptic phylogeographic history sheds light on the generation
of species diversity in sky-island mountains. J Biogeogr. 2019,46:2232-47.
https://doi.org/10.1111/jbi.13664.

10. Beron P High-Altitude Isopoda, Arachnida and Myriapoda in the Old
World. Bulgaria: Pensoft Publishers; 2008.

11, Dimitriou A, Taiti S, Sfenthourakis S. Genetic evidence against monophyly
of Oniscidea implies a need to revise scenarios for the origin of terrestrial
isopods. Sci Rep. 2019,9:18508. https://doi.org/10.1038/541598-019-55071-4.

12. Brandt JF. Conspectus monographiae Crustaceorum Oniscodorum
Latreillii. Byull Mosk Obsh Ispy Prir. 1833;6:171-93.

13. Sfenthourakis S. The genus Ligidium Brandt (Isopoda, Oniscidea) in
Greece. Taxonomy and distribution Biol Gallo-Hellenica. 1993;20:45-53.

14. Klossa-Kilia E, Kilias G, Tryfonopoulos G, Koukou K, Fenthourakis S, Par-
makelis A. Molecular phylogeny of the Greek populations of the genus
Ligidium (Isopoda, Oniscidea) using three mtDNA gene segments. Zool
Scr. 2006;35:459-72. https://doi.org/10.1111/j.1463-6409.2006.00243 x.

15. Jackson HG. A revision of the isopod genus Ligidium (Brandt). Crustacea
Proc Zool Soc Lond. 1923;40:823-39.

16. Van Name W. The American land and freshwater isopod Crustacea.
Bull Am Mus Nat His. 1936;71:1-535.

17. Van Name W. A second supplement to the American land and freshwater
isopod Crustacea. Bull Am Mus Nat His. 1942;80:299-329.

18. Verhoeff K. Landisopoden der Insel Ischia, systematisch, morphologisch,
phénologisch, dkologisch, geographisch beurteilt. Zeit Morph Okol Tiere.
1942;38:435-82.

19. Verhoeff K. Uber Land-Isopoden der Seychellen und aus Burma. Arkiv
Zoologi. 1946;37:1-18.

20. Borutzky E. Nazemnyje Isopoda peshcher Kavkaza i Kryma. I. Sem. Ligii-
dae. Byull Mosk Obsh Ispy Prir. 1950;55:69-81.

21. Frankenberger Z. Résultats de I'expédition scientifique zoologique du
Musée National de Praha en Turquie. Acta Ent Mus Nat Pra. 1950;26:1-12.

22. Schultz G. Description of new subspecies of Ligidium elrodii (Packard)
comb. nov. with notes on other isopod crustaceans from caves in North
America (Oniscoidea). Am Mid Nat. 1970;84:36-45.

23. Strouhal H. Die Isopoda terrestria der Hohlen von Eregli am Schwarzen
Meer. Int J Speleol. 1971;3:351-85.

24. Schmalfuss H. Die Landisopoden (Oniscoidea) Griechenlands. 1. Beitrag:
Gattung Ligidium (Ligiidae). Stuttgarter Beitr Naturk. 1979;324:1-15.

25. Schmalfuss H. World catalog of terrestrial isopods (Isopoda, Oniscidea).
Stuttgarter Beitr Naturk. 2003;654:1-341.


https://doi.org/10.1186/s40850-022-00120-1
https://doi.org/10.1186/s40850-022-00120-1
https://doi.org/10.1007/s11434-013-0089-1
https://doi.org/10.1007/s11434-013-0089-1
https://doi.org/10.1038/35002501
https://doi.org/10.1111/jse.12543
https://doi.org/10.1046/j.1365-294x.2001.01206.x
https://doi.org/10.1659/MRD-JOURNAL-D-11-00058.1
https://doi.org/10.1659/MRD-JOURNAL-D-11-00058.1
https://doi.org/10.1111/syen.12362
https://doi.org/10.1111/jbi.13664
https://doi.org/10.1038/s41598-019-55071-4
https://doi.org/10.1111/j.1463-6409.2006.00243.x

Wang et al. BMC Zoology

26.

27.

28.

29.

30.

31.
32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2022) 7:26

Nunomura N. Studies on the terrestrial isopod crustaceans in Japan. I.
Taxonomy of the families Ligiidae, Trichoniscidae and Olibrinidae. Bull Toy
Sci Mus. 1983;5:23-68.

Nunomura N. Two new species of the genus Ligidium (Isopoda, Ligiidae)
from Sichuan Province, southwest China. Special Bull Jap Soc Coleopter-
ology. 2002;5:41-9.

Nunomura N. Isopod crustaceans in Chiba Prefecture. Central Japan Bull
Toy Sci Mus. 2004;27:15-25.

Schultz G, Johnson C. Terrestrial isopod crustaceans from Florida (Onis-
coidea). Tylidae, Ligiidae, Halophilosciidae, Philosciidae, and Rhyscotidae.
J Crustacean Biol. 1984;4:154-71.

Sfenthourakis S. New species of terrestrial isopods (Isopoda, Oniscidea)
from Greece. Crustaceana. 1992;63:199-209. https://doi.org/10.1163/
156854092X00587.

Kwon D, Taiti S. Terrestrial Isopoda (Crustacea) from southern China,
Macao and Hong Kong. Stuttgarter Beitr Naturk. 1993;490:1-83.

Wang CH, Kwon DH. Two new species of genus Ligidium (Crustacea,
Isopoda, Oniscidea) from Taiwan. Korean J syst Zool. 1993,;9:229-36.

Tang BP, Zhou KY. A new species of the genus Ligidium (Isopoda, Onis-
cidea) from China. Crustaceana. 1999;72:17-24. https://doi.org/10.1163/
156854099502826.

Nunomura N, Xie RD. Terrestrial isopod crustaceans of Yunnan, Southwest
China. In: Aoki J, Yin WY, Imadate G, editors. Taxonomical studies on the
soil fauna of Yunnan Province in Southwest China.Tokyo: Tokai University
Press; 2000. p. 43-89.

Kontschan J, Ligidium intermedium Radu,. new to the fauna of Hungary
with some annotations on the Ligidium species of Hungary. Folia Ent
Hung. 1950;200(63):183-6.

Montesanto G. A fast GNU method to draw accurate scientific illustra-
tions for taxonomy. In:"Trends in Terrestrial Isopod Biology' (Eds Taiti S,
Hornung E, Strus J, Bouchon D). ZooKeys 2015;515:191-206. https://doi.
0rg/10.3897/z00keys.515.9459.

Schmidt C. Contribution to the phylogenetic system of the Crinocheta
(Crustacea, Isopoda). Part 1 (Olibrinidae to Scyphaidae s. str.). Mitteilun-
gen Mus Naturk Berlin (Zool Reihe). 2002;78:275-352.

Rohlf FJ. tpsUTIL Version 1.56. Department of Ecology and Evolution, State
University of New York at Stony Brook, New York. 2013; Retrieved August
16, 2018, from http://life.bio.sunysb.edu/morph.

Rohlf FJ, Slice D. Extensions of the procrustes method for the Optimal
Superimposition of landmarks. Syst Zool. 1990;39:40-59. https://doi.org/
10.2307/2992207.

Rohlf FJ. TPSdig Version 2.17. Department of Ecology and Evolution, State
University of New York at Stony Brook, New York. 2013b; Retrieved August
16, 2018, from http://life.bio.sunysb.edu/morph.

Klingenberg CP. MorphoJ: An Integrated Software Package for Geometric
Morphometrics. Mol Ecol Resour. 2011;11:353-7. https://doi.org/10.
1111/j.1755-0998.2010.02924 x.

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for ampli-
fication of mitochondrial cytochrome c oxidase subunit | from diverse
metazoan invertebrates. Mol Mar Biol Biotech. 1994:3:294-9.

Lehman N, Pfrender ME, Morin PA, Crease TJ, Lynch M. A hierarchical
molecular phylogeny within the genus Daphnia. Mol Phylogen Evol.
1995;4:395-407.

Hanner R, Fugate M. Branchiopod phylogenetic reconstruction from 125
rDNA sequence data. J Crustacean Biol. 1997;17:174-83. https://doi.org/
10.2307/1549471.

Whiting MF, Carpenter JC, Wheeler QD, Wheeler WC. The Strepsiptera
problem: phylogeny of the holometabolous insect orders inferred from
18S and 28S ribosomal DNA sequences and morphology. Syst Biol.
1997,46:1-68. https://doi.org/10.1093/sysbio/46.1.1.

Tsang LM, Ma KY, Ahyong ST, Chan T, Chu KH. Phylogeny of Decapoda
using two nuclear protein-coding genes: Origin and evolution of the
Reptantia. Mol Phylogen Evol. 2008;48:359-68. https://doi.org/10.1016/j.
ympev.2008.04.009.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013;30:772-80. https://doi.org/10.1093/molbev/mst010.

Ronquist F, Teslenko M, van der P Mark, Ayres DL, Darling A, Hohna S, Lar-
get B, Liu L, Suchard MA, Huelsenbeck JP. MRBAYES 3.2: efficient Bayesian
phylogenetic inference and model selection across a large model space.
Syst Biol. 2012;61:539-42. https://doi.org/10.1093/sysbio/sys029.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 20 of 21

Zhang D, Gao F, Jakovli¢ |, Zou H, Zhang J, Li WX, Wang GT. PhyloSuite:
An integrated and scalable desktop platform for streamlined molecular
sequence data management and evolutionary phylogenetics studies.
Mol Ecol Resour. 2020;20(1):348-55. https://doi.org/10.1111/1755-0998.
13096.

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior summa-
risation in Bayesian phylogenetics using Tracer 1.7. Syst Biol. 2018; syy032.
https://doi.org/10.1093/sysbio/syy032.

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
ModelFinder: fast model selection for accurate phylogenetic estimates.
Nat Methods. 2017;14:587-9. https://doi.org/10.1038/nmeth.4285.

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von
Haeseler A, Lanfear R. IQ-TREE 2: New models and efficient methods for
phylogenetic inference in the genomic era. Mol Biol Evol. 2020;37:1530-4.
https://doi.org/10.1093/molbev/msaa015.

Rambaut A. FigTree v1.4.3. Molecular evolution, phylogenetics and epi-
demiology. Edinburgh: University of Edinburgh, Institute of Evolutionary
Biology; 2016.

Clement M, Posada D, Crandall KA. TCS: a computer program to estimate
gene genealogies. Mol Ecol. 2000;9:1657-9.

Templeton AR, Crandall KA, Sing CF. A cladistic analysis of phenotypic
associations with haplotypes inferred from restriction endonuclease
mapping and DNA sequence data. Il Cladogram estimation Genetics.
1992;132(2):619-33.

Leigh JW, Bryant D. Data from: PopART: full-feature software for haplotype
network construction. Methods Ecol Evol. 2015;6:1110-6. https://doi.org/
10.1111/2041-210X.12410.

Puillandre N, Lambert A, Brouillet S, Achaz G. ABGD, Automatic

Barcode Gap Discovery for primary species delimitation. Mol Ecol.
2012;21(8):1864-77. https://doi.org/10.1111/j.1365-294X.2011.05239.x.
Zhang JJ, Kapli P, Pavlidis P, Stamatakis AA. General Species Delimitation
Method with Applications to Phylogenetic Placements. Bioinformatics.
2013;29(22):2869-76. https://doi.org/10.1093/bioinformatics/btt499.
Fujisawa T, Barraclough TG. Delimiting Species Using Single-Locus Data
and the Generalized Mixed Yule Coalescent Approach: A Revised Method
and Evaluation on Simulated Data Sets. Syst Biol. 2013;62(5):707-24.
https://doi.org/10.1093/sysbio/syt033.

Pons J, Barraclough TG, Gomez-Zurita J, Cardoso A, Duran DP, Hazell S,
Kamoun S, Sumlin WD, Vogler AP. Sequence-based species delimitation
for the DNA taxonomy of undescribed insects Syst Biol. 2006;55:595-609.
https://doi.org/10.1080/10635150600852011.

Bouckaert R, Vaughan TG, Barido-Sottani J, Duchéne S, Fourment M,
Gavryushkina A, Heled J, Jones G, Kiihnert D, De Maio N. BEAST 2.5: An
advanced software platform for Bayesian evolutionary analysis. PLoS
Comput Biol. 2019;15(4).

Kass RE, Raftery AE. Bayes factors. J Am Stat Assoc. 1995;90(430):773-95.
Russel PM, Brewer BJ, Klaere S, Bouckaert RR. Model selection and
parameter inference in phylogenetics using nested sampling. Syst Biol.
2018;68:219-33. https://doi.org/10.1093/sysbio/syy050.

Yang Z.The BPP program for species tree estimation and species delimi-
tation. Curr Zool. 2015;61:854-65. https://doi.org/10.1093/czoolo/61.5.
854.

Zhang F, Jantarit S, Nilsai A, Stevens MI, Ding Y, Satasook C. Species
delimitation in the morphologically conserved Coecobrya (Collembola:
Entomobryidae): A case study integrating morphology and molecular
traits to advance current taxonomy. Zool Scr. 2018;47(3):342-56. https://
doi.org/10.1111/zs¢.12279.

Yang Z, Rannala B. Bayesian species delimitation using multilocus
sequence data. PNAS. 2010;107:9264-9. https://doi.org/10.1073/pnas.
0913022107.

Lefébure T, Douady J, Gouy M, Trontelj P, Briolay J, Gibert J. Phylogeogra-
phy of a subterranean amphipod reveals cryptic diversity and dynamic
evolution in extreme environments. Mol Ecol. 2006;15(7):1797-806.
https://doi.org/10.1111/j.1365-294X.2006.02888 x.

Hou Z, LiJ, Li S. Diversification of low dispersal crustaceans through
mountain uplift: a case study of Gammarus (Amphipoda: Gammaridae)
with descriptions of four novel species. Zool J Linn Soc. 2014;170(4):591-
633. https://doi.org/10.1111/20j.12119.

Yang L, Hou Z, Li S. Marine incursion into East Asia: a forgotten driving
force of biodiversity. P Roy Soc B-Biol Sci. 2013;280(1757):20122892.
https://doi.org/10.1098/rspb.2012.2892.


https://doi.org/10.1163/156854092X00587
https://doi.org/10.1163/156854092X00587
https://doi.org/10.1163/156854099502826
https://doi.org/10.1163/156854099502826
https://doi.org/10.3897/zookeys.515.9459
https://doi.org/10.3897/zookeys.515.9459
http://life.bio.sunysb.edu/morph
https://doi.org/10.2307/2992207
https://doi.org/10.2307/2992207
http://life.bio.sunysb.edu/morph
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.2307/1549471
https://doi.org/10.2307/1549471
https://doi.org/10.1093/sysbio/46.1.1
https://doi.org/10.1016/j.ympev.2008.04.009
https://doi.org/10.1016/j.ympev.2008.04.009
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/j.1365-294X.2011.05239.x
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1093/sysbio/syt033
https://doi.org/10.1080/10635150600852011
https://doi.org/10.1093/sysbio/syy050
https://doi.org/10.1093/czoolo/61.5.854
https://doi.org/10.1093/czoolo/61.5.854
https://doi.org/10.1111/zsc.12279
https://doi.org/10.1111/zsc.12279
https://doi.org/10.1073/pnas.0913022107
https://doi.org/10.1073/pnas.0913022107
https://doi.org/10.1111/j.1365-294X.2006.02888.x
https://doi.org/10.1111/zoj.12119
https://doi.org/10.1098/rspb.2012.2892

Wang et al. BMC Zoology

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

(2022) 7:26

Fick SE, Hijmans RJ. WorldClim 2: new Tkm spatial resolution climate
surfaces for global land areas. Int J Climatol. 2017,37:4302-15. https://doi.
org/10.1002/joc.5086.

Shen CJ. On six new land and freshwater Isopod crustacea from Yunnan,
China. Contributions Inst Zool, Nat Aca Peiping. 1949;5(2):49-66.
Bedek J, Taiti S, BilandZija H, Ristori E, Baratti M. Molecular and taxonomic
analyses in troglobiotic Alpioniscus (lllyrionethes) species from the Dinaric
Karst (Isopoda: Trichoniscidae). Zool J Linn Soc. 2019;187(3):539-84.
https://doi.org/10.1093/zoclinnean/zIz056.

Li WC. Morphology and molecules reveal high species diversity of
Ligidium (Crustacea: Oniscidea: Ligiidae) from Jiangxi. China Zool J Linn
Soc. 2017;179:627-41. https://doi.org/10.1111/20j.12464.

Karasawa S. Eleven nominal species of Burmoniscus are junior synonyms
of B. kathmandius (Schmalfuss, 1983) (Crustacea, Isopoda, Oniscidea).
ZooKeys. 2016;2016(607):1-24. https://doi.org/10.3897/zookeys.607.8253.
Zimmermann BL, Campos-Filho IS, Araujo PB. Integrative taxonomy
reveals a new genus and new species of Philosciidae (Crustacea: Isopoda:
Oniscidea) from the Neotropical region. Can J Zool. 2018;96:473-85.
https://doi.org/10.1139/cjz-2017-0289.

Zimmermann BL, Campos-Filho IS, Cardoso GM, Santos S, Aguiar JO,
Araujo PB. Two new species of Atlantoscia Ferrara & Taiti, 1981 (Isopoda:
Oniscidea: Philosciidae) from southern Brazil described in the light of
integrative taxonomy. Zootaxa. 2018;4482(3):551-65. https://doi.org/10.
11646/z00taxa.4482.3.7.

Zeng XG, Wang J, Yang JB, Li WC. Integrative taxonomy reveals a new spe-
cies of the genus Burmoniscus (Isopoda, Philosciidae) from the Xuefeng
Mountains. China ZooKeys. 2021;1055:123-34. https://doi.org/10.3897/
zookeys.1055.66879.

MaclLeod N. Morphometrics: history, development methods and pros-
pects. Zool Syst. 2017;42(1):4-33. https://doi.org/10.11865/25.201702.
Ismail TG. Seasonal shape variations, ontogenetic shape changes, and
sexual dimorphism in a population of land isopod Porcellionides prui-
nosus: a geometric morphometric study. J Basic Appl Zool. 2021;82:13.
https://doi.org/10.1186/541936-021-00209-y.

Santamaria CA, Mateos M, DeWitt TJ, Hurtado LA. Constrained body
shape among highly genetically divergent allopatric lineages of

the supralittoral isopod Ligia occidentalis (Oniscidea). Ecol Evol.
2016;6(5):1537-54. https://doi.org/10.1002/ece3.1984.

Kamilari M, Sfenthourakis S. A morphometric approach to the geographic
variation of the terrestrial isopod species Armadillo tuberculatus (Isopoda:
Oniscidea). Zool J Linn Soc. 2009;47(3):219-26. https://doi.org/10.1111/j.
1439-0469.2008.00510.X.

Heymann H, Noble AC. Comparison of canonical variate and princi-

pal component analyses of wine descriptive analysis data. J Food Sci.
1989;54(5):1355-8. https://doi.org/10.1111/}.1365-2621.1989.tb05991 x.
Zhang D, Zou H, Hua CJ, Li WX, Mahboob S, Al-Ghanim KA, Al-Misned F,
Jakovli¢ I, Wang GT. Mitochondrial architecture rearrangements produce
asymmetrical nonadaptive mutational pressures that subvert the phyloge-
netic reconstruction in Isopoda. Genome Biol Evol. 2019;11(7):1797-812.
https://doi.org/10.1093/gbe/evz121.

Li J, Fang X. Uplift of the Tibetan Plateau and environmental changes.
Chin Sci Bull. 1999;44:2117-24.

Liu JQ, Wang YJ, Wang AL, Hideaki O, Abbottd RJ. Radiation and diver-
sification within the Ligularia—Cremanthodium-Parasenecio complex
(Asteraceae) triggered by uplift of the Qinghai-Tibetan Plateau. Mol
Phylogen Evol. 2006;38:31-49. https://doi.org/10.1016/j.ympev.2005.09.
010.

Gentile G, Argano R, Taiti S. Evaluating the correlation between area, envi-
ronmental heterogeneity, and species richness using terrestrial isopods
(Oniscidea) from the Pontine Islands (West Mediterranean). Org Divers
Evol. 2022;22:275-84. https://doi.org/10.1007/513127-021-00523-x.

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

Page 21 of 21

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1093/zoolinnean/zlz056
https://doi.org/10.1111/zoj.12464
https://doi.org/10.3897/zookeys.607.8253
https://doi.org/10.1139/cjz-2017-0289
https://doi.org/10.11646/zootaxa.4482.3.7
https://doi.org/10.11646/zootaxa.4482.3.7
https://doi.org/10.3897/zookeys.1055.66879
https://doi.org/10.3897/zookeys.1055.66879
https://doi.org/10.11865/zs.201702
https://doi.org/10.1186/s41936-021-00209-y
https://doi.org/10.1002/ece3.1984
https://doi.org/10.1111/j.1439-0469.2008.00510.x
https://doi.org/10.1111/j.1439-0469.2008.00510.x
https://doi.org/10.1111/j.1365-2621.1989.tb05991.x
https://doi.org/10.1093/gbe/evz121
https://doi.org/10.1016/j.ympev.2005.09.010
https://doi.org/10.1016/j.ympev.2005.09.010
https://doi.org/10.1007/s13127-021-00523-x

	Integrative taxonomy on the rare sky-island Ligidium species from southwest China (Isopoda, Oniscidea, Ligiidae)
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Sampling collection, morphologic preparation and identification
	PCR amplification and sequencing
	Phylogenetic analyses
	Molecular species delimitations
	Divergence time estimation
	Distribution mapping
	Nomenclatural acts

	Results
	Morphological analyses
	Molecular analyses
	Taxonomy of sky-island Ligidium from southwest China
	Diagnosis
	Type material
	Etymology
	Distribution and habitat
	Description
	Remarks
	Diagnosis
	Type material
	Etymology
	Distribution and habitat
	Description
	Remarks
	Diagnosis
	Type material
	Etymology
	Distribution and habitat
	Description
	Remarks
	Diagnosis
	Type material
	Etymology
	Distribution and habitat
	Description
	Material examined
	Distribution and habitat
	Remarks
	Material examined
	Distribution and habitat
	Remarks
	Material examined
	Distribution and habitat
	Remarks

	Conclusion and discussion
	Acknowledgements
	References


