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In this paper we describe Macrobiotus hupingensis, a new tardigrade species of the Macrobiotus pallarii
complex from southern China. We used the traditional morphology-based taxonomic analysis, supported
by detailed morphometrics, light microscopy imaging, scanning electron microscopy, and analysis of four
genetic markers (18S rRNA, 28S rRNA, CO/ and ITS-2). Macrobiotus hupingensis sp. nov. is characterized
by eggs with large, conical processes, each surrounded by six (only sometimes five) hexagonal areolae.
Based on the morphological characters of the animals (two macroplacoids, one microplacoid, porous
curicle, Y-shaped claws) as well as genetic data, we demonstrate the new species to be a member of the
M. pallarii complex. However, it differs specifically from M. pallarii, M. pseudopallarii, and M. ripperi mainly
by the absence of sparse granulation between legs Il and IV. It also differs from M. margoae mostly

by the presence of meshes within the entire egg process wall. Finally, the new species can be easily
distinguished from M. caymanensis by the presence of granulation visible in light microscopy in all legs.

Key words: China, DNA barcoding, Macrobiotus hupingensis sp. nov., Species delimitation.

BACKGROUND

Before this study, 234 tardigrade species had
been recorded in China (Gao et al. 2012; Sun 2014;
Yang 2015; Zawierucha et al. 2018; Bi 2019; Sun et al.
2020; Guo 2020) and more than 1,300 had been found
and described worldwide (Guidetti and Bertolani 2005;
Degma and Guidetti 2007; Degma et al. 2009-2021).

The genus Macrobiotus C.A.S. Schultze,
1834, is the most speciose and diverse in the family
Macrobiotidae and was the first described tardigrade
genus (Greven 2018). The genus currently comprises
119 species and 2 subspecies (Stec et al. 2020a b
2021a b 2022; Degma et al. 2009-2021; Vecchi et al.
2022; Cesari et al. 2022) (Table S1), 27 of which are
doubtful because of insufficient descriptions (they often
lack information on key traits that are currently used

to differentiate the species, such as leg granulation,
lunule morphology, oral cavity armature, morphometric
characters, and egg ornamentation). At present, 27
species of the genus Macrobiotus have been recorded
in China (Table 1) (Gao et al. 2012; Sun 2014; Yang
2015; Bi 2019; Guo 2020; Wang 2021). Macrobiotus
is characterised by porous cuticle, mouth opening
surrounded by ten peribuccal lamellae, a rigid buccal
tube strengthened with the ventral lamina lacking a
ventral hook, two macroplacoids and one microplacoid
in the pharynx, double Y-shaped claws on each leg and
by laying ornamented eggs freely in the environment.
Animals in the Macrobiotus pallarii complex have the
very typical morphology of Macrobiotus. However, this
group is characterized by egg ornamentation composed
of large conical processes separated by a single row of
areolation (such ornamented eggs are also known in
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other genera, e.g., Paramacrobiotus Guidetti et al. 2009
or Mesobiotus Vecchi et al. 2016).

The Wuling Mountains are in southern Central
China. The entire area is covered by folded mountains,
with elevations generally above 1000 m asl, an average
temperature of about 13.4°C, and average precipitation
reaching 1100-1600 millimetres. The district has a
transitional climate from subtropical to warm temperate
zones, forest coverage rate is as high as 53%, and the
vegetation is mixed broadleaf evergreen and deciduous
forest (Liu et al. 2020). The mountains run from
northeast to southwest and stretch across Chongqing,
Hunan, Hubei, and Guizhou Provinces (Chen and Li
2003). Until now, no tardigrade fauna was reported
from Wuling Mountains. However, in the summer of
2019, we made a field trip to the Wuling Mountains and
identified a new species from the genus Macrobiotus,
which we describe here. Our research applied an
integrative approach to taxonomy involving detailed
morphological, morphometric, and molecular analyses.
Such an integrated approach let us accurately test a new
species hypothesis.
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MATERIALS AND METHODS
Sample and specimens

Moss was collected from the surface of a rock
located at Hupingshan, Wuling Mountains, Hunan
Province, China (29°50'-30°09'N, 110°29'-110°59'E;
1000-2000 m asl) in August 2019. Samples were
examined for tardigrades using the protocol by Dastych
(1980) with modifications described in detail in Stec
et al. (2015). A total of 236 individuals and 46 eggs
of the new species were extracted from the sample
and split into three groups: morphological analysis
with phase and differential contrast light microscopy
(PCM), morphological analysis with scanning electron
microscopy (SEM), and DNA sequencing.

Microscopy and imaging

Specimens were fixed on permanent microscope
slides in Hoyer’s medium for observations and
morphometry using phase contrast light microscopy
(PCM). Images were captured with a Nikon DS-Fil

Table 1. A list of species of Macrobiotus formally described from China before (valid and doubtful taxa)

State Species formally recorded in China References

valid Macrobiotus alvaroi Pilato & Kaczmarek, 2007 Guo 2020
Macrobiotus ariekammensis Weglarska, 1965 [Macrobiotus adelges Dastych, 1977] Gao et al. 2012
Macrobiotus crenulatus Richters, 1904 [Macrobiotus dentatus Binda, 1974] Sun 2014
Macrobiotus diversus Biserov, 1990 Sun 2014
Macrobiotus drakensbergi Dastych, 1993 Guo 2020

Macrobiotus echinogenitus Richters, 1903

Gao et al. 2012

Macrobiotus hufelandi C.A.S. Schultze, 1834 [Macrobiotus schultzei Greeff, 1866 according to Marcus 1928] Gao et al. 2012

Macrobiotus mandalaae Pilato, 1974
Macrobiotus nelsonae Guidetti, 1998
Macrobiotus occidentalis occidentalis Murray, 1910

Macrobiotus pallarii Maucci, 1954 [Macrobiotus aviglianae Robotti, 1970]

Macrobiotus patagonicus Maucci, 1988

Macrobiotus paulinae Stec, Smolak, Kaczmarek & Michalczyk, 2015

Macrobiotus persimilis Binda & Pilato, 1972
Macrobiotus polyopus Marcus, 1928

Macrobiotus ragonesei Binda, Pilato, Moncada & Napolitano, 2001

Macrobiotus ramoli Dastych, 2005
Macrobiotus recens Cuénot, 1932
Macrobiotus shonaicus Stec, Arakawa & Michalczyk, 2018

Gao etal. 2012
Guo 2020

Gao etal. 2012
Sun 2014

Bi 2019

Guo 2020

Gao etal. 2012
Guo 2020

Gao etal. 2012
Guo 2020

Gao etal. 2012
Guo 2020; Wang 2021

doubtful Macrobiotus annae Richters, 1908
Macrobiotus gemmatus Bartos, 1963
Macrobiotus hibiscus de Barros, 1942
Macrobiotus insignis Bartos, 1963
Macrobiotus rollei Heinis, 1920
Macrobiotus shennongensis Yang, 1999
Macrobiotus terricola Mihel¢i¢, 1951

Macrobiotus yunshanensis Yang, 2002

Sun 2014

Gao et al. 2012
Gao et al. 2012
Gao et al. 2012
Gao etal. 2012
Yang 2015
Gao et al. 2012
Yang 2015
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digital camera, and measurements were made using
the embedded software. Immediately after mounting
the specimens in the medium, slides where checked
under PCM for the presence of males and females in the
studied population based on the spermatozoa in testis
and spermathecae, which remain visible for several
hours after mounting (Coughlan et al. 2019; Coughlan
and Stec 2019). To obtain clean and extended specimens
for SEM, tardigrades were processed according to
the protocol by Stec et al. (2015). Specimens were
examined under a low-vacuum environmental scanning
electron microscopy—SEM (Tabletop Microscope
TM3030 Plus, Hitachi, Tokyo, Japan)—at Shaanxi
Normal University, Xian, China. All figures were
assembled in Photoshop CS6.

Morphometrics and morphological
nomenclature

All measurements are given in micrometres
(pm). Structures were measured only if they were
in the proper orientation. Structures were measured
only if their orientation was suitable. Body length was
measured from the anterior extremity to the end of the
body, excluding the hind legs. The terminology used to
describe oral cavity armature and eggshell morphology
follows Michalczyk and Kaczmarek (2003) and
Kaczmarek and Michalczyk (2017). The terminology
used to describe cuticular bars and muscle attachments
on legs follows Kiosya et al. (2021). Macroplacoid
length was measured according to Kaczmarek et al.
(2014). Buccal tube length and the level of the stylet
support insertion point were measured according to
Pilato (1981). The pt index is the ratio of the length
of a given structure to the length of the buccal tube
expressed as a ratio (Pilato 1981). Measurements of
buccal tube widths and heights of claws and eggs follow
Kaczmarek and Michalczyk (2017). Morphometric
data were analysed with the Parachela ver. 1.7 template
available from the Tardigrada Register, http://www.
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tardigrada.net/register (Michalczyk and Kaczmarek
2013), and are provided in the Supplementary Materials
(Table S2). Tardigrade taxonomy follows Bertolani et
al. (2014), Stec et al. (2020c¢ 2021c¢).

Genotyping

The DNA was extracted from individual animals
with the TITANamp Micro DNA Kit (Tiangen) following
the manufacturer’s standard protocols. We sequenced
four DNA fragments: the small ribosomal subunit (18S
rRNA, nDNA), large ribosomal subunit (28S rRNA,
nDNA), internal transcribed spacer (ITS-2, nDNA),
and cytochrome oxidase subunit I (COI, mtDNA). All
fragments were amplified and sequenced according to
the protocols described in Stec et al. (2020b); primers
and original references for specific PCR programs are
listed in table 2.

Sequencing products were read with the ABI
3130xl sequencer at Tsingke Biology Limited Company,
Xian, China. Sequences were processed in BioEdit ver.
7.2.5 (Hall 1999) and submitted to GenBank. See table
3 for accession numbers.

Phylogenetic analysis and p-distances

The phylogenetic analyses were conducted
using COI sequences. Sequences were downloaded
from GenBank or produced de novo (Table 3). Type
sequences of Macrobiotus caelestis (Coughlan et al.
2019) were used as the outgroup. The sequences were
aligned using MAFFT ver. 7 (Katoh et al. 2002; Katoh
and Toh 2008). The COI sequences were aligned
according to their amino acid sequences (translated
using the invertebrate mitochondrial code) with the
MUSCLE algorithm (Edgar 2004) in MEGA X version
10.1.7 (Kumar et al. 2018) with default settings (i.e.,
all gap penalties = 0, max iterations = 8, clustering
method = UPGMB, lambda = 24). Alignments were
visually inspected and trimmed in MEGA X. Sequences

Table 2. Primers and references for PCR protocols for amplification of the four DNA fragments sequenced in this

study

DNA fragment  Primer name Primer direction  Primer sequence (5'-3") Primer source PCR program

18S rRNA SSUO1_F forward AACCTGGTTGATCCTGCCAGT Sands et al. (2008) Zeller (2010)
SSU82_R reverse TGATCCTTCTGCAGGTTCACCTAC

28S rRNA 28S_Eutar F forward ACCCGCTGAACTTAAGCATAT Gasiorek et al. (2018) Mironov et al. (2012)
28SR0990 reverse CCTTGGTCCGTGTTTCAAGAC Mironov et al. (2012)

ITS-2 Eutar Ff forward CGTAACGTGAATTGCAGGAC Stec et al. (2018) Wehicz et al. (2011)
Eutar Rr reverse TCCTCCGCTTATTGATATGC

col LCO1490 forward GGTCAACAAATCATAAAGATATTGG Folmer et al. (1994)  Michalczyk et al. (2012)
HCO2198 reverse GTAAATATATGRTGDGCTC
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were concatenated with PhyloSuite v1.2.2 (Zhang et al.
2020). Model selection and phylogenetic reconstructions
were undertaken using the CIPRES Science Gateway
(Miller et al. 2010). Model selection was performed for
each alignment partition using PartitionFinder2 (Lanfear
et al. 2016). Maximum Likelihood (ML) phylogenetic
reconstruction was performed using MEGA X.
Bootstrapping was done with 500 replicates for ML
trees. The phylogenetic tree was visualised using iTOL
v6.5.2 (https://itol.embl.de/), and the image was edited
with Photoshop CS6.

The species in the M. pallarii complex are
phylogenetically and morphologically distinct (Stec et
al. 2021a), so the p-distances for the genetic differential
diagnosis were calculated between species in the
M. pallarii complex for the four sequenced markers
separately (18S rRNA, 28S rRNA, ITS2, and COI)
using the alignments used for analysis. Pairwise
distances were calculated with the software MEGA
X using pairwise deletion for the Gap/Missing Data
Treatment option. Detailed p-distance tables are
provided in table S3.

Species delimitation

To assess the genetic differentiation of species
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within our dataset of 18 Macrobiotus pallarii complex
COI sequences, we used the ASAP procedure designated
for a list of partitions of species hypotheses using
genetic distances, calculated between DNA sequences,
and ranked the partitions by their ASAP-scores: the
lower the score, the better the partition (Puillandre et al.
2021). The online ASAP version (https://bioinfo.mnhn.
fr/abi/public/asap/asapweb.html) was used with default
settings and the K2P distance model.

Statistical analysis

Statistical analyses were run in SPSS software
(version 23.0; SPSS Inc., Chicago, IL, USA).
Morphometric data for eggs and animals were
analysed with principal component analysis (PCA). We
analysed the eggs and animals using absolute values
(raw measurements in pm) and relative (p¢) values,
respectively. Missing data in the animal dataset were
replaced with median site data in SPSS. PCA extracts
maximum variance from a dataset with a few orthogonal
components. The first principal component (PC1) is the
linear combination of observed variables that maximally
separates the subjects by maximizing the variance of
their component scores. The second component (PC2)
is the linear combination of the observed variables

Table 3. GenBank accession numbers of sequences used in the present study. Newly generated sequences are in bold

Taxon Individual 18S 28S CoI ITS2
Macrobiotus caelestis MK737073 MK737071 MK737922 MK737072
Macrobiotus pallarii complex hp04130206 MW183923 MZA474842
hp04130207 MZ470349 MZ474843
hp04130208 MZ470350 MW186952
hp04130209 MW187003
FL.066.1 MT809075 MT809088 MT807929
FL.066.2 MT809076 MT809089 MT807930 MT809103
F1.066.3 MT807931 MT809104
FL.066.4 MT807932 MT809105
IT.337.1 MT809069 MT809081 MT807924 MT809094
IT.337.2 MT809070 MT809082 MT807925 MT809095
IT.337.3 MT809071 MT809083 MT807926 MT809096
ME.007.1 MT809065 MT809077 MT809090
ME.007.2 MT809066 MT809078 MT807920
ME.007.3 MT809067 MT809079 MT807921 MT809091
ME.007.4 MT809068 MT809080 MT807922 MT809092
ME.007.5 MT807923 MT809093
PL.015.1 MT809074 MT809086 MT809100
PL.015.2 MT809087 MT807933 MT809101
PL.015.3 MT807934
PL.015.4 MT807935 MT809102
US.057.1 MT809072 MT809084 MT807927 MT809098
US.057.2 MT809073 MT809085
US.057.3 MT807928 MT809099
US.057.4 MT809097
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that extract maximum variability uncorrelated with
the first component. PC1 extracts the most variance
and PC2 extracts less (Tabachnick and Fidell 2007).
A one-way ANOVA was used to calculate differences
between the paired species based on the results of
PCA. The data for the animal and egg PCAs were
analysed using OriginPro 2022 software to visualize it
appropriately.

RESULTS
Phylogenetic analysis

The ML phylogenetic reconstructions yielded a
topology (Fig. 1) with five well-supported clades: the
first clade comprised all sequences of Macrobiotus
ripperi Stec et al. (2021b) (the Polish (PL) and Finnish
(FI) population); the second contained all sequences
of Macrobiotus pallarii Maucci (1954) (the Italian
(IT) population); the third contained sequences
of Macrobiotus pseudopallarii Stec et al. (2021b)
(the Montenegrin (ME) population); and the fourth
contained sequences of Macrobiotus margoae Stec et
al. (2021b) (the US populations); and the fifth contained

99

100‘

92

93 | MT807929 Macrobiotus ripperi PL
-| MT807930 Macrobiotus ripperi  PL
100 _| MT807931 Macrobiotus ripperi  PL
MT807932 Macrobiotus ripperi  pL
MT807933 Macrobiotus ripperi F|
Ki MT807934 Macrobiotus ripperi F|

MT807935 Macrobiotus ripperi F|
MT807925 Macrobiotus pallarii |T I
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sequences from the Chinese (CN) population (obtained
in this study).

Species delimitation

The ASAP results from the COI marker are shown
in figure 1. The applied ASAP procedure identified five
MOTUs (hypothetical species) at the threshold distance
of 9.15% (K2P) with the best ASAP-score (1.50) within
the available molecular data: M. ripperi, M. pallarii,
M. pseudopallarii, M. margoae, and a fifth putative
species represented by Chinese population analyzed in
this study. At the threshold distance of 0.16% (K2P) (but
with a poorer ASAP-score of 6.00), the ASAP analysis
retrieved nine species (M. ripperi was delimited as three
species, M. pseudopallarii as two species, and a putative
species represented by Chinese population analyzed in
this study as two species); however, we did not consider
this result to be valid, as the lower the ASAP result is
scored, the better the partition.

Morphometric analysis

A plot of PC1 and PC2 for the animal and egg
measurements is also shown in figure 2. The PCA

ASAP
6.00 1.50

MT807926 Macrobiotus pallarii |T
MT807924 Macrobiotus pallarii |T

MT807921 Macrobiotus pseudopallari ME

|MT807920 Macrobiotus pseudopallarii ME
py \_{ MT807922 Macrobiotus pseudopallari ME
MT807923 Macrobiotus pseudopallari ME

79

100 [MW187003 Macrobiotus hupingensis CN]
- Mw186952 Macrobiotus hupingensis CN| Il
| MT807927 Macrobiotus margoae us

P
0.050

MK737922 Macrobiotus caelestis

100! MT807928 Macrobiotus margoae Us

Fig. 1. Maximum Likelihood tree of the Macrobiotus pallarii complex, obtained from 19 nucleotide COI sequences. Bootstrap values > 50% are
provided at major nodes for ML tree calculation methods. The results of species delimitation are indicated by vertical bars. Sequences generated in

the course of the present study are given in red box line.
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for the animal measurements extracted five principal
components, from which PC1 explained 50.6% of the
total variation and PC2 explained 8.3%.

ANOVA showed that species identity had an
overall significant effect on the PCs (p < 0.001,
Table 4). Most post hoc pairwise one-way ANOVA
comparisons were significant (Table 4); however, the
species could not be separated by any of the analysed
traits (Fig. 2A), a conclusion that was also supported
by low R* values (Table 4), thus making morphometric
indices impractical for traditional species identification.
The only exception was between two groups of
populations (M. pallarii + M. ripperi vs M. margoae +
M. pseudopallarii + the new species analyzed in this
study) that showed some separation between the first

page 6 of 18

and second PCs (Fig. 2A). According to the loading plot
of PC1 and PC2 (Fig. 2A), the separation between these
two groups was driven mainly by the pf indices related
to the buccal apparatus structures. The PCA for the
egg measurements extracted six principal components,
from which PC1 explained 50.8% of the total variation
and PC2 explained 18.3%. One-way ANOVA showed
that the species had an overall significant effect on the
PCs (p < 0.001, Table 4). All the post hoc pairwise
one-way ANOVA comparisons, except M. pallarii vs
M. ripperi (probably due to the big different sample
sizes for the two species (10 vs 60, respectively)), were
significant (Table 4). However, like animal traits, egg
measurements did not distinguish the analysed species
(Table 5, Fig. 2B).

Table 4. Results of one-way ANOVA and post hoc pairwise one-way ANOVA comparisons for the first two principal
components (PCs) of animal pt values; significant post hoc p-values at the a-level of p < 0.045 are in bold

Term df SS F R p
Species 4 5588.01 79.697 0.676 <0.001
Residuals 154 2681.91 0.324

Total 158 8269.92 1

Post hoc comparisons

M. pallarii vs M. ripperi 1 25.70 1.09 0.02 0.30
M. ripperi vs M. pseudopallarii 1 218.09 19.98 0.19 <0.001
M. ripperi vs M. margoae 1 1760.22 121.93 0.58 <0.001
M. ripperi vs M. hupingensis sp. nov. 1 3090.58 208.39 0.70 <0.001
M. pseudopallarii vs M. margoae 1 2413.11 126.45 0.69 <0.001
M. pseudopallarii vs M. hupingensis sp. nov. 1 3712.99 188.64 0.77 <0.001
M. pallarii vs M. pseudopallarii sp. nov. 1 139.33 7.50 0.17 0.01
M. pallarii vs M. margoae 1 402.88 14.83 0.29 <0.001
M. pallarii vs M. hupingensis sp. nov. 1 769.28 27.34 0.43 <0.001
M. margoae vs M. hupingensis sp. nov. 1 139.50 5.57 0.09 0.02

Table 5. Results of one-way ANOVA and post hoc pairwise one-way ANOVA comparisons for the first two principal
components (PCs) of egg measurements; significant post hoc p-values at the a-level of p < 0.040 are in bold

Term df SS F R p
Species 4 1093.40 77.00 0.668 <0.001
Residuals 154 543.17 0.332

Total 158 1636.6 1

Post hoc comparisons

M. pallarii vs M. ripperi 1 0.08 0.04 0.00 0.84
M. ripperi vs M. pseudopallarii 1 75.87 30.51 0.26 <0.001
M. ripperi vs M. margoae 1 43.83 16.58 0.16 <0.001
M. ripperi vs M. hupingensis sp. nov. 1 783.75 198.46 0.69 <0.001
M. pseudopallarii vs M. margoae 1 173.66 50.85 0.48 <0.001
M. pseudopallarii vs M. hupingensis sp. nov. 1 278.95 51.95 0.47 <0.001
M. pallarii vs M. pseudopallarii 1 31.35 12.44 0.25 0.001
M. pallarii vs M. margoae 1 14.83 5.12 0.12 0.03
M. pallarii vs M. hupingensis sp. nov. 1 303.06 51.31 0.58 <0.001
M. margoae vs M. hupingensis sp. nov. 1 875.53 153.23 0.73 <0.001
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Fig. 2. Results of PCA of animal pt indices and egg raw measurements. A, Animal pt¢ indices, 1st and 2nd Principal Components; B, Egg
measurements, 1st and 2nd Principal Components; Top-left quadrants: score scatter plots; Top-right quadrants: long plot; bottom-left and right

quadrants: boxplots of single component scores.
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TAXONOMY

Phylum: Tardigrada Doyére, 1840
Class: Eutardigrada Richters, 1926
Order: Parachela Schuster et al., 1980
Superfamily: Macrobiotoidea Thulin, 1928
(Marley et al. 2011)

Family: Macrobiotidae Thulin, 1928
Genus: Macrobiotus C.A.S. Schultze, 1834

Macrobiotus hupingensis sp. nov.
urn:lsid:zoobank.org:act:DF765A1E-F6C6-4044-AE8B-
17FAF9D648F2

Etymology: This species is named after the type
locality.

Material examined: 238 animals and 46 eggs.
Specimens mounted on microscope slides in Hoyer’s
medium (223 animals + 42 eggs), fixed on SEM stubs
(11 + 4), and processed for DNA sequencing (4 + 0).

Type locality: 30°02'19.1"N, 110°54'45.2"E,
1,065 m asl, the Hupingshan National Nature Reserve,
Shimen Country, Hunan Province, China.

Type repository: Holotype (Slide hp1110202
with 29 paratypes), 183 paratypes (Slides: hp 1. II.
02. 111, the Roman numerals can be substituted by the
following numbers: 1-5, 01-25, 1-10, respectively;
SEM stub: 11.02) and 40 eggs (slides: hp-I. 1. 02.
IIT; SEM stub: 11.02) were deposited at Xiaochen Li’s
tardigrade collection, Molecular Ecology, Department
of Biology, College of Life Sciences of Shaanxi Normal
University, China. Additional paratypes (10 animals)
(slides: Slides: hp 2. II. 02. III, the Roman numerals 11—
IIT can be substituted by the following numbers: 01-25,
1-10) and 6 eggs (slides: hp-I. II. 02. III) are deposited
at the Department of Invertebrate Evolution, Institute of
Zoology and Biomedical Research, Faculty of Biology,
Jagiellonian University, Poland.

Description of the new species: Animals
(measurements and statistics in Table 6): In live
animals, body almost transparent in smaller specimens
and whitish in larger animals; transparent after fixation
in Hoyer’s medium (Fig. 3). Eyes present in live
animals and after fixation in Hoyer’s medium. Small
round and oval cuticular pores (0.5—1.5 pm in diameter)
visible under both PCM and SEM scattered randomly
throughout the entire body (Figs. 4A-D, SA-D). Patches
of fine granulation on the external surface of legs I-
IIT as well as on the dorsal and dorsolateral sides of leg
IV visible in PCM (Fig. 4B, D) and SEM (Fig. 5B, D).
Only pulvinus is present on the internal surface of legs
I-1IT whereas the granulation on the internal surface is
absent (Figs. 4C, 5C). In addition to the typical patches
of leg granulation, other types of cuticular granulation
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are absent.

Claws slender, of the hufelandi type. Primary
branches with distinct accessory points, a long common
tract, and an evident stalk connecting the claw to
the lunula (Fig. 6A-B, 6D-E). Lunulae on legs I-1II1
smooth, whereas on legs IV usually clearly dentate
(Fig. 6A—F). Dark areas under each claw on legs I-
III are often visible in PCM (Fig. 6A). Paired muscle
attachments and faintly visible continuous cuticular
bars above them on legs I-III are often visible both with
PCM and SEM (Fig. 6A, D), whereas the horseshoe-
shaped structure connecting anterior and posterior claw
IV is visible only in PCM (Fig. 6B—C).

Mouth antero-ventral: Buccal apparatus of the
Macrobiotus type (Fig. 7A), with the ventral lamina and
ten peribuccal lamellae (Fig. 8A—B). The oral cavity
armature (OCA) was well developed and composed of
three bands of teeth, from which only the second and
third bands were always clearly visible under PCM
(Fig. 7B—C), whereas the first band was only visible
under SEM (Fig. 8A-B). The first band of teeth is
composed of numerous small teeth visible under SEM
as cones (Fig. 8A—B), arranged in several rows, situated
anteriorly in the oral cavity, just behind the bases of
the peribuccal lamellae. The second band of teeth is
situated between the ring fold and the third band of
teeth and comprises 3—4 rows of teeth visible with PCM
as granules (Fig. 7B—C), and as cones in SEM (Fig. 8A—
B) but larger than those in the first band. The posterior
row of teeth within the second band seems to comprise
larger teeth than the previous anterior rows (Fig. 8A—
B). The teeth of the third band are located within the
posterior portion of the oral cavity, between the second
band of teeth and the buccal tube opening (Figs. 7B—C,
8 A-B). The third band of teeth is divided into the dorsal
and ventral portions. Under PCM, the dorsal teeth are
seen as three distinct transverse ridges, whereas the
ventral teeth appear as two separate lateral transverse
ridges, between which one large tooth (circular in PCM)
is visible (Fig. 7B—C). Pharyngeal bulb spherical, with
triangular apophyses, two rod-shaped macroplacoids
(2 < 1) and a microplacoid positioned close to them
(i.e., the distance between the second macroplacoid
and the microplacoid is shorter than the microplacoid
length; Fig. 7A, D). The first macroplacoid is anteriorly
narrowed and constricted in the middle, whereas the
second has a subterminal constriction (Fig. 7D-E).

Eggs (measurements and statistics in Table 7):
Laid freely, white, spherical with conical processes
surrounded by one row of areolae (Fig. 9A-B). In
SEM, multiple rings of faintly visible annulation were
visible on the entire process (Fig. 10B, E), although
in some processes, annulation was present only in the
upper portion of the process (Fig. 10A—F) (annulation
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not visible in PCM because it was obscured by the
eminent labyrinthine layer). The upper parts of the
processes are smooth and not covered with granulation
(Fig. 10B, C, E-F). The labyrinthine layer between the
process walls is present and visible as reticulation with
circular/ellipsoidal meshes throughout the entire process
(Figs. 9A-B, 10A—F). Small areas without reticulation
are rarely present in some processes (Fig. 9B). The
upper part of the process is often elongated into short
flexible apices (Figs. 9C-F, 10A-C, E-F), which are
occasionally absent or bifurcated and sometimes have
bubble-like structures (Figs. 9C-F, 10A-F). The base of
the processes extends into the six (only sometimes five)
arms that form arcolae rims (Fig. 9A-B). Each process
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is surrounded by six (only sometimes five) hexagonal
areolae (Figs. 9A-B, 10A—C), which are occasionally
falsely subdivided in the middle into two areolae by a
thin thickening perpendicular to the process base (Figs.
9A-B, 10B). Areolae rims (walls) thick and usually
flat (Fig. 10A, C), with the labyrinthine layer inside
the rims visible as bubbles in PCM (Fig. 9B). Areolae
rims also delimit the areolae at the bases of processes,
which forms an irregular collar around process bases
(Figs. 9B, 10A, C) and makes the process bases penta-
or hexagonal in the top view (Figs. 9A-B, 10A—C). The
areola surface has wrinkles that are faintly visible under
PCM (Fig. 9A-B) but clearly visible under SEM (Fig.
10B-D). Micropores are present within the areolae,

Table 6. Measurements and pt values of selected morphological structures of the holotype and paratypes of

Macrobiotus hupingensis sp. nov.

Character N Range Mean SD Holotype
um pt pm pt um pt um pt
Body length 30 307496 794-1151 371 945 49 91 426 1078
Buccal tube
Buccal tube length 30 31.7-54.2 - 39.3 - 4.4 - 39.5 -
Stylet support insertion point 30 24.7-43.6 77.5-81.9 314 80.0 3.6 1.2 31.9 80.8
Buccal tube external width 30 3.5-7.2 9.6-16.6 5.3 13.4 0.9 1.7 5.4 13.7
Buccal tube internal width 30 2.6-6.3 7.1-16.3 42 10.7 0.8 1.8 42 10.6
Ventral lamina length 30 17.2-34.8  50.7-65.7 23.1 58.7 3.4 55 25.4 64.3
Placoid lengths
Macroplacoid 1 30 4.6-11.1  13.0-29.3 7.3 18.7 1.4 3.2 8.1 20.5
Macroplacoid 2 30 3.9-7.8 11.3-18.4 5.9 15.1 0.9 1.6 6.3 15.9
Microplacoid 30 1.9-3.4 4.8-8.4 25 6.3 0.4 1.0 2.9 7.3
Macroplacoid row 30 10.6-18.8  29.9-45.4 14.8 37.8 2.1 3.9 16.0 40.5
Placoid row 29 15.9-27.3 47.1-55.3 20.0 51.2 2.4 1.8 20.5 51.9
Claw I heights
External primary branch 29 7.2-11.1  15.9-29.3 8.9 22.7 1.0 3.0 8.4 21.3
External secondary branch 27 5.7-9.7 13.8-25.6 7.2 18.4 0.9 2.5 7.2 18.2
Internal primary branch 30 6.6-10.4  16.6-28.1 8.6 22.0 0.8 2.6 8.3 21.0
Internal secondary branch 29 5.4-8.6 13.1-22.7 6.8 17.3 0.7 1.8 6.5 16.5
Claw II heights
External primary branch 30 7.9-11.8  17.9-32.8 9.2 23.6 0.9 3.3 8.4 21.3
External secondary branch 30 48-11.0 12.2-29.0 7.2 184 1.1 3.0 7.2 18.2
Internal primary branch 30 7.4-10.6  16.8-32.8 8.8 22.7 1.0 3.2 8.1 20.5
Internal secondary branch 29 5.7-8.8 13.5-22.0 7.0 17.9 0.9 2.1 7.1 18.0
Claw III heights
External primary branch 29 7.1-11.7  19.4-33.4 9.5 24.4 1.0 3.3 8.7 22.0
External secondary branch 29 54-8.2 12.7-24.9 7.1 18.2 0.8 2.7 7.4 18.7
Internal primary branch 30 7.1-10.6  18.3-29.1 9.0 23.2 0.8 2.7 8.7 22.0
Internal secondary branch 27 5.5-9.0 13.1-23.7 7.3 18.9 0.8 2.3 7.3 18.5
Claw IV heights
Anterior primary branch 30 8.5-13.7  22.3-35.7 10.7 27.3 1.3 3.2 10.9 27.6
Anterior secondary branch 30 5.7-10.2  14.9-25.6 8.0 20.4 1.2 2.7 9.2 23.3
Posterior primary branch 30 9.5-13.0  20.3-35.3 11.1 284 1.0 3.3 10.6 26.8
Posterior secondary branch 28 6.2-11.2  13.5-29.6 8.1 20.8 1.1 2.8 8.1 20.5

N = number of specimens/structures measured; Range = the smallest and the largest structure among all measured specimens; SD = standard

deviation.
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but they are distributed only around the areolae rims
and usually absent in the central part of the areola (Fig.
10B-D).

Remarks: The wall of egg processes is perforated
with a small number pores, which can only be seen in
SEM (Fig. 10C-F).

Reproduction: The species is dioecious.
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Spermathecae in females as well as testes in males have
been found to be filled with spermatozoa, clearly visible
under PCM up to 24 hours after mounting in Hoyer’s
medium (Fig. 11A-B). The species exhibits secondary
sexual dimorphism in the form of clearly visible lateral
gibbosities on hind legs in males (Fig. 11B).

Fig. 3. Macrobiotus hupingensis sp. nov. from China seen in PCM (holotype, Hoyer’s medium) — habitus, adult specimen in dorso-ventral projection.

Scale bar in pm.

Fig. 4. Macrobiotus hupingensis sp. nov. from China seen in PCM (paratypes) — body and leg cuticle morphology seen with PCM: A, cuticle on
the last body segment without caudal band of granulation; B, granulation on the external surface of leg II; C, internal surface of leg III with evident
pulvinus; D, granulation on dorsal surface of leg IV. Filled indented arrowheads indicate granulation on the legs, arrow indicates pulvinus on the III

leg. Scale bar in pm.
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DNA sequences and intraspecific genetic
distances

We obtained sequences for all four molecular
markers amplified in this study. All sequenced fragments
were represented by two haplotypes except the 18S
rRNA, in which only one single haplotype was present:

18S rRNA sequences (GenBank: MW183923);
1749 bp long; 1 haplotype was found.

28S rRNA sequences (GenBank: MZ470349-50);
811 bp long; 2 haplotypes were found, separated by a
p-distance of 0.1%.

ITS-2 sequences (GenBank: MZ474842-3);
432 bp long; 2 haplotypes were found, separated by a
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p-distance of 0.2%.

COI sequences (GenBank: MW186952 and
MW187003); 684 bp long; 2 haplotypes were found,
separated by a p-distance of 0.8%.

DISCUSSION
Phenotypic differential diagnosis
The processes of M. hupingensis sp. nov. are
surrounded by 5-6 areolae, resembling five other

species in the Macrobiotus pallarii complex. Based on
the morphology of the animals and eggs, this species

-

Fig. 5. Macrobiotus hupingensis sp. nov. from China seen in SEM (paratypes) — body and leg cuticle morphology seen with SEM: A, cuticle on
the last body segment without caudal band of granulation; B, granulation on the external surface of leg III; C, internal surface of leg II with evident

pulvinus; D, granulation on dorsal surface of leg IV. Scale bar in um.
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can be differentiated from the following (Stec et al.
2021b):

Macrobiotus pallarii: by a weakly developed
oral cavity armature, with the first band of teeth not
visible under PCM (the oral cavity armature is well
developed, and the first band of teeth is visible under
PCM in M. pallarii), by dentate lunulae IV (lunulae
are faintly crenulated in M. pallarii), by the absence of
two lateral patches of dense granulation between legs
IIT and IV (dense granulation patches between legs 111
and IV are present in M. pallarii), by the absence of a
sparse dorsal granulation between legs Il and IV (sparse
granulation is present in M. pallarii), by a lower placoid
row pt value (47.1-55.3 in Macrobiotus hupingensis
sp. nov. vs. 61.3-75.6 in M. pallarii), by the absence
of granulation on the egg processes tips (granulation
is present in M. pallarii; character visible only under
SEM), and by more developed and better visible
micropores within the areoles in SEM.

Macrobiotus pseudopallarii: by a weakly
developed oral cavity armature, with the first band of
teeth not visible under PCM (the oral cavity armature
is well developed, and the first band of teeth is visible
under PCM in M. pseudopallarii), by dentate lunulae
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IV (lunulae are gently dentate in M. pseudopallarii), by
the absence of two lateral patches of dense granulation
between legs III and IV (the dense granulation patches
between legs 11l and IV are present in M. pseudopallarii;
see Fig. 1), by the absence of sparse dorsal granulation
between legs III and IV (the sparse granulation is
present in M. pseudopallarii), by a lower placoid row pt
value (47.1-55.3 in Macrobiotus hupingensis sp. nov.
vs. 65.0-75.1 in M. pseudopallarii), by the absence
of granulation on the egg processes tips (granulation
is present in M. pseudopallarii; character visible only
under SEM), and by more developed and better visible
micropores within the areoles in SEM.

Macrobiotus ripperi: by a weakly developed oral
cavity armature, with the first band of teeth not visible
under PCM (the oral cavity armature is well developed,
and the first band of teeth is visible under PCM in M.
ripperi), by the absence of sparse dorsal granulation
between legs 1l and IV (sparse granulation is present in
M. ripperi), and by more developed and better visible
micropores within the areoles in SEM.

Macrobiotus margoae: by the presence of meshes
within the entire process walls (only small circular
bubbles scattered randomly within the process are found

Fig. 6. Macrobiotus hupingensis sp. nov. from China (paratypes) — claw morphology: A-B, claws II and IV seen with PCM; C, magnification of
lunulae IV seen with PCM; D-E, claws I and IV seen with SEM; F, magnification of lunulae IV seen with SEM. Indented arrowhead indicates dark
circular areas under lunulae on the first three pairs of legs, double arrowheads indicate double muscle attachments under claws, arrows indicate
cuticular bar above muscle attachments, bent arrows indicate horseshoe structure connecting the anterior and the posterior claw. Scale bars in pm.

© 2022 Academia Sinica, Taiwan



Zoological Studies 61:86 (2022) page 13 of 18

Fig. 7. Macrobiotus hupingensis sp. nov. from China (paratype) — buccal apparatus seen with PCM: A, an entire buccal apparatus; B-C, the oral
cavity armature, dorsal and ventral teeth, respectively; D-E, placoid morphology, dorsal and ventral placoids, respectively. Arrows indicate the

second band of teeth, indented arrowheads indicate the third band of teeth, double arrowhead indicates central and subterminal constrictions in the
first and second macroplacoid. Scale bars in pm.

Fig. 8. Macrobiotus hupingensis sp. nov. from China (paratype) — the oral cavity armature seen with SEM: A-B, the oral cavity armature of a single
specimen seen with SEM from different angles showing dorsal and ventral portion, respectively. Arrows indicate the first band of teeth, indented
arrowheads indicate the second band of teeth, double arrowhead indicates the third band of teeth. Scale bars in pm.
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in M. margoae). (Remarks: The putative character that
might be used to discriminate between these two species
is the presence (new species) vs. absence (M. margoae)
of pores in the egg processes walls. However, the
validity of such distinction should be treated with a dose
of caution since usually the number of eggs imagined in
SEM is not very large, preventing proper verification of
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this trait variability).

Macrobiotus caymanensis (known only from
the Cayman Islands): by the presence of granulation
visible with PCM on all legs (leg granulation is absent
or not visible under PCM in M. caymanensis), by
lunulae IV being dentate (the lunulae are smooth in
M. caymanensis), by the presence of meshes within

Fig. 9. Macrobiotus hupingensis sp. nov. from China (paratypes) — eggs seen with PCM: A-B, surface under x1000 magnification of egg; C-F,
midsections of four different egg processes. Arrows indicate thickening perpendicular to the process base that divides the areola in the middle, double
arrowhead indicates areas of the egg processes without reticulation/labyrinthine layer, and indented arrowheads indicate irregular collar around

process bases. Scale bars in pum.

Table 7. Measurements (um) and quantitative characters of eight measurable eggs of Macrobiotus hupingensis sp. nov.
Character N Range Mean SD

Egg bare diameter 30 52.4-73.2 62.2 6.4

Egg full diameter 25 85.9-127.6 107.1 12.8
Process height 90 17.1-30.9 24.0 4.1
Process base width 90 15.0-37.5 20.4 39
Process base/height ratio 90 53%-134% 87% 17%
Inter-process distance 90 1.9-6.5 3.6 1.0
Number of processes on the egg circumference 28 9-10 9.5 0.5

N = number of eggs/structures measured. Range = the smallest and the largest structure among all measured specimens. SD = standard deviation.
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Fig. 10. Macrobiotus hupingensis sp. nov. from China (paratypes) — eggs seen with SEM: A, entire view of the egg (missing a process); B-F, details
of the egg surface between processes, areolation and egg processes. The arrows indicate thickening perpendicular to the process base, which divides
the areola in the middle, indented arrowheads indicate irregular collar around process bases, and double arrowheads indicate pores on the surface of
egg processes. Scale bars in um.
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the entire process wall (only small circular bubbles
scattered randomly within the process wall are found in
M. caymanensis).

Genotypic differential diagnosis

Interspecific uncorrected genetic p-distances
between M. hupingensis sp. nov. and other species in
the M. pallarii complex are as follows:

18S rRNA: 4.3-4.8% (4.6% on average), with
the most similar being M. margoae from the USA
(MT809072-3) and the least similar being M. pallarii
from Italy (MT809069—71) and M. pseudopallarii from
Montenegro (MT809065-7).

28S rRNA: 2.8-3.1% (2.9% on average), with the
most similar being M. pseudopallarii from Montenegro
(MT809077-80) and the least similar being M. margoae

Fig. 11. Macrobiotus hupingensis sp. nov. from China (paratypes)
— reproduction (PCM): A, spermatheca (seminal vesicle) filled with
spermatozoa and visible in females freshly mounted in Hoyer’s
medium; B, testis filled with sperm visible in a male freshly mounted
in Hoyer’s medium. The indented arrowhead indicates the female
spermathecae, double arrowhead indicates the testis, and the arrows
indicate gibbosity on the IV leg. Scale bars in pum.
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from the USA (MT809084-5).

ITS-2: 14.5-15.7% (15.2% on average), with the
most similar being M. ripperi from Finland (MT809100—
2) and M. ripperi from Poland (MT809103), and the
least similar being M. pseudopallarii from Montenegro
(MT809090-3).

COI: 28.8-37.0% (32.5% on average), with
the most similar being M. margoae from the USA
(MT807927-8) and the least similar being M. ripperi
from Finland (MT807933-5).

CONCLUSIONS

Macrobiotus hupingensis sp. nov. is new to
science and was identified by integrating phase contrast
light microscopy, scanning electron microscopy, and
DNA analysis. To the best of our knowledge, 1) this
is the 28th Macrobiotus species found in China to be
reported in a peer-reviewed publication and 2) the
number of tardigrade species reported in China is much
smaller than those of countries in which tardigrades
are more intensively studied, thus the actual number of
Macrobiotus species in China is likely higher than 28.
Importantly, the newly studied population from China
stays in the sister relationship with M. margoe.

M. pallarii has been recorded from China by
Sun (2014), but there is no slide for us to confirm
whether the previous record was the species we are
currently describing or yet another distinct species
of the complex. Only further integrative studies can
disentangle this issue with confidence.
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