:' frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Xiaofeng Lin,
Xiamen University, China

REVIEWED BY
Xinpeng Fan,

East China Normal University, China
Hongbo Pan,

Shanghai Ocean University, China

*CORRESPONDENCE
Xiangrui Chen
chenxiangrui@nbu.edu.cn

These authors have contributed equally to
this work

RECEIVED 12 October 2023
ACCEPTED 04 December 2023
PUBLISHED 22 December 2023

CITATION
Wu Z, Liu M, Ye T, Zhao X, Wu F, Jiang Y and
Chen X (2023) New contributions to the
taxonomy and phylogeny of the ciliate
genus Pleuronema (Ciliophora,
Scuticociliatia), with descriptions of

two new species collected from the
subtropical coastal wetlands in China.

Front. Mar. Sci. 10:1320684.

doi: 10.3389/fmars.2023.1320684

COPYRIGHT

© 2023 Wu, Liu, Ye, Zhao, Wu, Jiang and Chen.

This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 22 December 2023
po110.3389/fmars.2023.1320684

New contributions to the
taxonomy and phylogeny of
the ciliate genus Pleuronema
(Ciliophora, Scuticociliatia),
with descriptions of two
new species collected from
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Ciliates of the genus Pleuronema are a speciose and ubiquitous group. Recent
studies suggest that there may be a sizable amount of undiscovered species
diversity. In the present study, two new Pleuronema species have been isolated
from the subtropical coastal waters of China and characterized using
morphological and taxonomical methods: Pleuronema pulchra n. sp. is
characterized by a body size of 75-90 X 25-40 uym in vivo, 32—48 somatic
kineties, four to seven preoral kineties, somatic kinety 1 composed of about 80
kinetids, and membranelle 2a with a single-rowed mid-portion and hook-like
posterior portion. Pleuronema warrenin. sp. is defined by a body size of 55-80 x
25-45 pm in vivo, 35—-42 somatic kineties, three to six preoral kineties, somatic
kinety 1 with approximately 75 kinetids, and a mid-portion of membranelle 2a
that is single-rowed and extremely long (occupying > 75% length of M2a). The
phylogenetic analysis of the small subunit ribosomal RNA genes of Pleuronema
members, including those of the two novel species, shows that the genus
Pleuronema is a polyphyletic group. Both new species form a cluster with
Pleuronema binucleatum KT033424, P. elegans KF840518, and “P. coronatum”
JX310014 (identification to be verified). Additionally, we provide an illustrated key
for 20 “coronatum-type” Pleuronema species, including the two new ones.
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1 Introduction

Scuticociliates are a speciose group that can live freely in aquatic
and terrestrial environments or as parasites or endocommensal
forms in animals. Usually, scuticociliates are characterized by a
relatively small body size, one or more caudal cilia, and a complex
three-membraned oral apparatus. Their great similarity and
overlapping of features in vivo often challenge the identification
of species (Song, 2000; Lynn, 2008; Fan et al., 2011; Gao et al., 2013;
Whang et al,, 2013; Hao et al, 2022). The genus Pleuronema is
characterized by an expansive oral apparatus and a sail-like paroral
membrane; it is a common and cosmopolitan genus of
scuticociliates classified within the order Pleuronematida, subclass
Scuticociliatia (Stock et al., 2012; Kalinowska, 2013; Azovsky and
Mazei, 2018). Since Dujardin (1841) first established the genus
Pleuronema, 37 nominal species have been described. However,
only in the last 15 years 13 new species have been reported, which
indicates that the species diversity of Pleuronema is underestimated,
and further studies are thus still required (Wang et al., 2008a; Wang
et al., 2008b; Wang et al., 2009; Pan et al., 2015; Pan X. et al., 2015;
Pan et al,, 2016; Liu et al., 2022; Zhang et al., 2023). Moreover, the
results of phylogenetic analyses based on the nuclear and
mitochondrial data have demonstrated that Pleuronema is
polyphyletic (Yi et al., 2010; Gao et al., 2013; Antipa et al.,, 2016;
Gao et al,, 2017; Antipa et al., 2020). However, Schizocalyptra is
nested in the Pleuronema with relatively low support in the studies
mentioned above, which implies that more morphological and
molecular data are needed for further analysis.

The taxonomy of Pleuronema currently involves some
unresolved issues, i.e.: (i) only approximately two-thirds of
Pleuronema species have detailed descriptions or reliable
illustrations depicting their ciliary patterns after silver staining;
other species, especially those reported in the last century, lack
distinct ciliary pattern information (Dujardin, 1841; Roux, 1901;
Kahl, 1926; Kahl, 1931; Dragesco, 1960; Small, 1964; Dragesco,
1968; Pitsch, 1974; Foissner et al., 1994); (ii) approximately half of
the nominal species with a detailed ciliary pattern description lack
information about their small subunit ribosomal RNA (SSU rRNA)
gene. Moreover, many sequences in GenBank have no related
morphological description, and thus their identification needs to
be confirmed (Yi et al, 2009; Gao et al, 2013). Consequently,
further studies to increase the taxon sampling within the genus
Pleuronema, using both morphological and molecular methods, are
needed to expand our knowledge of this group.

In this work, we present two new Pleuronema species
discovered in brackish waters in Ningbo, eastern China. Both
species, named Pleuronema pulchra n. sp. and Pleuronema
warreni n. sp., were investigated using a combination of
morphological and molecular methods. Additionally, we provide
a key to the identification of 20 Pleuronema species with the
posterior end of membranelle 2a hook-like (i.e., “coronatum-type”).
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2 Materials and methods
2.1 Sample collection and identification

Both species were collected from the subtropical brackish waters
of the East China Sea (Ningbo, China) (Figures 1A, B). Pleuronema
pulchra n. sp. was isolated from a sandy beach (29°46'7.95"N, 121°
55'21.81"E) on 6 April 2022, with a water temperature of
approximately 15°C and a salinity of 14.3 PSU (practical salinity
units) (Figure 1C). Holes with a depth of roughly 10 cm were dug in
the sand during the ebb tide (Figure 1C). Once the water permeated
into the holes, it was mixed with the sand at the bottom of the holes,
and 300 ml of water samples mixed with sand were collected and
then transferred into a 400 ml sampling bottle. Pleuronema warreni
n. sp. was collected on 27 May 2022 from a brackish lake (29°44’
1.22"N, 121°53'47.34"E), with a water temperature of
approximately 26.5°C and a salinity of 15.1 PSU (Figure 1D).
Approximately 300 ml of water sample, including wilted leaves
and sediment, was placed into a 400 ml sampling bottle using a 30
ml plastic dropper. In both cases, samples were transported to the
laboratory and kept at room temperature (ca. 25°C). For each
sample, raw cultures of the targeted species were established in
90-mm Petri dishes, and rice grains were added to promote the
growth of bacteria as a food source for ciliates. All cultured ciliates
were kept in the laboratory for approximately one week, and
sufficient individuals were isolated for the detailed morphological
description of the two species (Zhao et al., 2022).

Living cells were observed using bright-field and differential
interference contrast (DIC) microscopy (Leica DM2500, Germany)
at 400-1000x magnification. The protargol impregnation method
by Wilbert (1975) was used to display the ciliature and nuclear
pattern. Counts, measurements, and drawings of living specimens
were performed at 1000x magnification. Drawings of silver-stained
cells of each species were made using Paint Tool SAI Ver. 2 and
Adobe Photoshop. Terminology follows Zhang et al. (2023), and
systematics follows Lynn (2008) and Gao et al. (2016).

2.2 DNA extraction, PCR amplification,
and sequencing

Eight to ten cells for each species were isolated from the raw
cultures using a micropipette under the stereomicroscope. The cells
were washed three to five times using filtered in situ water (0.22 um
pore size membrane, Millipore, United States) and then divided into
five Eppendorf tubes (Axygen, USA), sequentially containing one,
two, or multiple individuals, and the first three tubes were used for
PCR. The genomic DNA was extracted using the DNeasy Blood and
Tissue Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The SSU rRNA gene was amplified
using the primers 18S-F (5-AAC CTG GTT GAT CCT GCC AGT-
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FIGURE 1

Sampling locations and habitats (A—D). (A) Map of China; the red dot shows the location of Ningbo. (B) Geographic location of Meishan Island and
the sampling sites (red dots). (C) Sandy beach near the Meishan Bay Wetland, where Pleuronema pulchra n. sp. was collected. (D) Brackish lake,

where Pleuronema warreni n. sp. was collected.

10.3389/fmars.2023.1320684

3’), 18S-R (5-TGA TCC TTC TGC AGG TTC ACC TAC-3"), and
82F (5-GAA ACT GCG AAT GGC TC-3’) (Medlin et al., 1988;
Jerome et al., 1996). To minimize the possibility of substitution
errors originating from PCR, Q5 Hot Start High-Fidelity DNA
Polymerase (New England Biolabs, USA) was used as
DNA polymerase.

The PCR conditions for the amplification of SSU rRNA gene
sequences were as follows: initial denaturation at 98°C for 30 s,
followed by 18 cycles of amplification (98°C, 10 s; 69-51°C touch-
down, 30 s; 72°C, 60 s), another 18 cycles of amplification (98°C, 10
s; 51°C, 30 s; 72°C, 60 s), and a final elongation step at 72°C for 5
min (Jiang et al, 2021; Chi et al, 2022). PCR products were
sequenced by Tsingke Biological Technology Company
(Hangzhou, China), and the sequences from three tubes for each
species were consistent.

2.3 Phylogenetic analyses

The SSU rRNA gene dataset for phylogenetic analyses consisted
of 74 sequences, including P. pulchra n. sp., P. warreni n. sp., and 72
sequences downloaded from the National Center for Biotechnology
Information (NCBI) database. Four sequences from the order
Colpodida, namely Colpoda magna EU039896, Colpoda minima
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EU039897, Bresslaua vorax MN160328, and Bresslauides discoideus
OM278536, were set as the outgroup taxa. All sequences were
aligned using the GUIDANCE2 Server (http://guidance.tau.ac.il)
with default parameters (Penn et al, 2010), and both ends were
manually trimmed in BioEdit 7.0.5.3 (Hall, 1999), following Ye et al.
(2022). Maximum likelihood (ML) analysis with 1000 bootstrap
replicates was performed on the CIPRES Science Gateway server
using RAXML-HPC2 on XSEDE v8.2.12 (Stamatakis, 2014) with the
GTRGAMMA model. Bayesian inference (BI) analysis was
performed using MrBayes on XSEDE v3.2.6 (Ronquist and
Huelsenbeck, 2003). The GTR + I + G model selected by
MrModeltest v2.2 was applied in the BI analysis (Nylander,
2004). The chain was run for 10° generations and sampled every
100th generation, and the first 2500 trees were discarded as burn-in.
Trees were visualized using MEGA v.7.0 and TreeView v.1.6.6
(Page, 1996; Kumar et al., 2016).

3 Results

Subclass: Scuticociliatia Small, 1967.

Order: Pleuronematida Fauré-Fremiet in Corliss, 1956.
Family: Pleuronematidae Kent, 1881.

Genus: Pleuronema Dujardin, 1841.
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3.1 Pleuronema pulchra n. sp.

3.1.1 Diagnosis

Cell size approximately 75-90 pm x 25-40 pum in vivo. Right
ventrolateral side basically straight, with four to seven preoral
kineties, 32-48 somatic kineties. Usually one large, spherical
macronucleus, one or two micronuclei. Mid-portion of
membranelle 2a (M2a) single-rowed, with posterior end hook-
like. Anterior end of membranelle 2b (M2b) approximately at
same level as posterior end of M2a.

3.1.2 Etymology
The species-group name pulchra (Latin adjective, beautiful)
refers to the regular and attractive appearance of the cell.

3.1.3 Type locality and habitat

Brackish water from a sandy beach in Meishan Bay Wetland,
Ningbo (29°46'7.95"N, 121°55'21.81”E), China. The water
temperature was 15°C, and the salinity was 14.3 PSU at the time
of sampling.

3.1.4 Type materials

The slide (registration number: WZH-20220406-01) with the
protargol-impregnated holotype specimen circled in black ink, plus
seven slides (registration numbers: WZH-20220406-02, 03... 08)
with protargol-impregnated paratype specimens, has been
deposited at the Laboratory of Protozoology, Ocean University
of China.

FIGURE 2

10.3389/fmars.2023.1320684

3.1.5 SSU rRNA gene sequence

The SSU rRNA gene sequence of Pleuronema pulchra n. sp. was
deposited in GenBank under the accession number OR658910
(1635 base pairs long and 43.36% G + C content).

3.1.6 ZooBank registration
urn:lsid:zoobank.org:act:7FFOE2FD-56D9-4766-
AA8B-7770ABFBB217.

3.1.7 Description

Cells in vivo approximately 75-90 pym x 25-40 pm, oval or
elliptical in outline (Figure 2A). Slightly reniform with anterior and
posterior ends broadly rounded (Figures 3B, D). Right ventrolateral
side basically straight, with dorsal side convex (Figure 3D). Buccal
field broad, occupying 65-80% of body length (Figures 2A, 3B;
Table 1). Oral cilia approximately 25 um long. Pellicle slightly
notched with shallow longitudinal grooves (Figure 3F, arrow). Bar-
shaped extrusomes 2.5-3.0 pm in length and densely distributed
beneath pellicle (Figure 3E, arrowheads). Cytoplasm colorless to
slightly grayish, containing refractile globules (approximately 1.2
pum across) and irregularly shaped crystals (approximately 2 pm
long) (Figures 3A, D). Numerous food vacuoles in middle and
posterior portions of cell (Figures 2A, 3D, arrowhead, 3E). Single
contractile vacuole subterminally located ca. 12 pum across,
pulsating at intervals of approximately 80-95 s (Figures 2A,
arrow; 3C, arrow). Somatic cilia usually 9-10 um long
(Figures 2A, 3A, arrowhead, 3B). Thirteen or 14 long and rather
stiff caudal cilia approximately 15-25 um in length (Figures 2A, 3A,

Pleuronema pulchra n. sp. in vivo (A) and after protargol impregnation (B—F). (A) Ventrolateral view of a representative cell; the arrow shows the
contractile vacuole. (B) Detail of the oral cilia. The arrowhead marks the single row in the mid-portion of membranelle 2a. (C, F) Ciliature of ventral
and dorsal sides of the holotype specimen; the arrow in (C) shows the postoral kinety. (D) Detail of the somatic kineties. The anterior half of the cell
consists of dikinetids mixed with monokinetids, and the remaining part of the cell consists of monokinetids. (E) Detail of two macronuclei as seen in
some individuals. M1, membranelle 1; M2a, membranelle 2a; M2b, membranelle 2b; M3, membranelle 3; Ma, macronucleus; PK, preoral kineties; PM,

paroral membrane; SK1, somatic kinety 1. Scale bars: 30 pm.
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FIGURE 3

Photomicrographs of Pleuronema pulchra n. sp. in vivo (A—F) and after protargol impregnation (G-L). (A) Ventrolateral view of an individual; arrows
point to the caudal cilia, the arrowhead shows the somatic cilia. (B, D) Different shapes of individuals; the arrowhead in D shows the food vacuoles.
(C) Dorsolateral view of the posterior portion; the arrow denotes the contractile vacuole. (E) Detail of the cortex; arrowheads mark extrusomes
below the pellicle. (F) Detail showing the cortical grooves on the cell surface (arrow) (G, H) Ventrolateral (G), and dorsolateral (H) views of the
holotype specimen show the ciliature and macronucleus. (I) Detail of the oral structure. The arrow depicts the rightmost row of membranelle 3.
Arrowhead marks the V-shaped membranelle 2b. (J) View of the anterior oral portion. The arrowhead shows membranelle 1. The arrow indicates the
single-rowed portion of membranelle 2a. (K) Nuclear apparatus; the micronuclei adjacent to the macronucleus (arrows) should be noted. (L)
Posterior oral portion, with arrowheads indicating preoral kineties and the arrow showing the postoral kinety. Ma, macronucleus. Scale bars: 30 ym.

10.3389/fmars.2023.1320684
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arrows). Locomotion moderately fast, rotating around the main
body axis, then remaining immobile for some time.

Thirty-two to 48 somatic kineties extending along whole body
length (Figures 2C, F, 3G, H; Table 1). Anterior half of somatic
kineties consisting of mixed monokinetids and dikinetids, posterior
half composed only of monokinetids (Figures 2C, D, F, 3G, H).
Somatic kinety 1 (SK1, first somatic kinety located on right side of
oral apparatus) consists of 68-86 kinetids. Four to seven preoral
kineties (Figures 2C, 3G, I; Table 1). Postoral kinety absent in most
specimens, i.e., out of 35 cells examined, 24 lacked any postoral
kineties, six presented two postoral kineties, and five showed one

Frontiers in Marine Science

postoral kinety. One, rarely two or three, spherical macronuclei, 25-
30 pum in diameter after protargol staining, slightly smaller (15-20
pum in diameter) when more than one macronucleus presenting
(Figures 2E, F, 3G, H, K; Table 1). One or two (usually one)
spherical micronuclei (3-4 pm across) adjacent to the
macronucleus (Figure 3K, arrows; Table 1).

Oral apparatus: membranelle 1 (M1) three-rowed in anterior
fifth, two-rowed in remaining portion (Figures 2B, C; 3H, J,
arrowhead); membranelle 2a (M2a) two-rowed in anterior and
posterior portions and single-rowed in mid-posterior portion,
occupying three-fifths of length of M2a, and having a hook-like
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TABLE 1 Morphometric data of Pleuronema pulchra n. sp. (upper line) and P. warreni n. sp. (lower line) based on randomly selected protargol-

stained specimens.

10.3389/fmars.2023.1320684

Characteristics Min Max Mean M SD Cv n
Body length (um) 75 134 102.2 102.0 12.9 12.6 35
77 113 93.7 95.0 10.8 11.6 28

Body width (um) 40 83 60.2 60.0 9.9 16.4 35
36 60 47.1 46.5 6.6 14.1 28

Length of buccal field (um) 51 92 71.4 69.0 9.1 12.8 35
51 80 64.0 64.0 8.0 12.6 28

Width of buccal field (um) 18 35 25.8 27.0 4.2 15.8 35
16 26 20.6 20.0 2.8 135 28

Number of somatic kineties 32 48 38.1 38.0 42 11.0 35
35 42 37.9 38.0 1.6 4.1 28

Number of preoral kineties 4 7 5.0 5.0 0.9 18.8 35
3 6 39 4.0 0.7 18.2 28

Number of postoral kineties 0 2 0.5 0.0 0.8 160.8 35
0 1 0.2 0.0 0.5 109.4 28

Number of kinetids in SK1 68 86 774 78.0 4.7 6.1 35
69 83 75.1 75.0 34 4.5 28

Number of kinetosome rows in M3 3 3 3.0 3.0 0.0 0.0 35
3 3 3.0 3.0 0.0 0.0 27

Number of macronuclei 1 3 1.1 1.0 0.4 37.0 33
1 1 1.0 1.0 0.0 0.0 19

Length of macronucleus (um) 12 50 30.4 31.0 8.0 26.5 33
22 35 30.7 32.0 3.6 11.6 19

Width of macronucleus (pum) 12 46 29.8 32.0 7.8 26.1 33
20 35 24.8 25.0 3.6 14.6 19

Number of micronuclei 1 2 1.2 1.0 0.4 35.0 6
Distance from the anterior end of M1 to the cell apex (um) 5 21 13.4 13.0 35 259 34
6 14 9.4 10.0 1.8 19.0 28

Distance from the anterior end of M1 to the cell apex/body length 5.2% 18.9% 13.1% 12.9% 2.9% 22.3 34
7.5% 12.8% 10.0% 10.1% 1.2% 12.1 28

CV, coefficient of variation (%); M1, membranelle 1; M3, membranelle 3; M, median; Max, maximum; Mean, arithmetic mean; Min, minimum; n, number of individuals examined; SD, standard

deviation; SK1, somatic kinety 1.

posterior end (Figures 2B, arrowhead, 2D; 3G, I, ], arrow);
membranelle 2b (M2b) V-shaped, with kinetosomes arranged in
zig-zag pattern and anterior end of M2b approximately at same
level as posterior end of M2a (Figures 2B, C; 3G, I, arrowhead, 3L);
membranelle 3 three-rowed, with posterior end of rightmost row
notably distinct from other rows; basal bodies of paroral membrane
(PM) arranged in zig-zag pattern, occupying 65-75% of cell length
(Figures 2B, C; 3G, I, arrow, 3], L).

Frontiers in Marine Science 06

3.2 Pleuronema warreni n. sp.

3.2.1 Diagnosis

Cells in vivo approximately 55-80 um x 25-45 pm with
elliptical body shape. Right ventrolateral side basically straight,
with three to six preoral kineties and 35-42 somatic kineties. One
spherical macronucleus usually located in anterior half of cell. Mid-
portion of membranelle 2a (M2a) single-rowed, and posterior end
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hook-like. Anterior end of membranelle 2b commencing
significantly above level of posterior end of M2a.

3.2.2 Etymology

The species-group name warreni is dedicated to Dr. Alan
Warren of the Natural History Museum, United Kingdom,
who has contributed enormously to research in the field of
ciliate biodiversity.

3.2.3 Type locality and habitat

A brackish artificial lake in Ningbo (29°44'1.22"N, 121°53’
47.34"E), China. The water temperature was 26.5 °C and the
salinity was 15.1 PSU.

3.2.4 Type materials

The slide (registration number: WZH-20220527-05) with the
protargol-impregnated holotype specimen circled in black ink and
four slides (registration numbers: WZH-20220527-01, 02... 04)
with protargol-impregnated paratype specimens has been
deposited at the Laboratory of Protozoology, Ocean University
of China.

3.2.5 SSU rRNA gene sequence

The SSU rRNA gene sequence of Pleuronema warreni n. sp. was
deposited in GenBank under the accession number OR658911
(1635 base pairs long and 43.43% G + C content).

3.2.6 ZooBank registration
urn:lsid:zoobank.org:act:835371D1-3B03-4FFB-BC8
D-4E0A95D79B0B.

FIGURE 4

10.3389/fmars.2023.1320684

3.2.7 Description

Cells in vivo approximately 55-80 um x 25-45 um. Body shape
elliptical with broadly rounded anterior end and slightly tapered
posterior end (Figures 4A, 5A, B, D). Laterally flattened
approximately 3:2, featuring slightly straight ventral side and
convex dorsal side. Buccal field occupying 65-75% of body
length. Oral cilia approximately 20 pm long. Pellicle slightly
notched, with shallow longitudinal grooves (Figures 5A, B). Bar-
shaped extrusomes ca. 3 pm long, densely distributed beneath
pellicle (Figure 5E, arrowheads). Cytoplasm transparent to
grayish, containing many greasy, shining globules approximately
1.5 pm in diameter. Irregularly shaped crystals (approximately 2.5
pm long) scattered throughout cell, and several food vacuoles
usually in middle of cell (Figures 5A, B, D). One contractile
vacuole subterminal approximately 9 um in diameter, when fully
expanded, pulsating at intervals of approximately 100-120 s
(Figures 4A, arrow; 5B, arrowhead, 5D; Table 1). Somatic cilia
approximately 9-10 pum in length (Figures 4A, 5A-D). Twelve to 17
caudal cilia approximately 20-25 um in length (Figures 4A; 5A, D,
arrows). Locomotion by rotation around main body axis and
sometimes remaining motionless for short periods of time.

Thirty-five to 42 somatic kineties (SK) extend along nearly entire
length of body, except for bald apical plate at anterior end (Figures 4C,
D, 5F, G). Anterior half of each SK composed of mixed monokinetids
and dikinetids, and posterior half composed of monokinetids only
(Figures 4C, D, 5F-H). Somatic kinety 1 (SK1) consisting of 69-83
kinetids. Three to six preoral kineties at left of buccal field; one postoral
kinety (PoK) in 13 out of 28 cells examined, while remaining cells
locked PoK (arrow in Figures 4C, 5F). One spherical macronucleus,
25-35 pm x 20-35 um after protargol staining, located one-third of
length of body in all 19 individuals observed (Figures 4A, D, 5F, G;
Table 1). Micronucleus not detected.

Oral apparatus: M1 three-rowed, composed of one short and two
long rows of kinetosomes, approximately one-third of length of M2a,

D

Pleuronema warreni n. sp. in vivo (A) and after protargol impregnation (B—D). (A) Ventrolateral view of a representative cell; the arrow points to the
contractile vacuole. (B) Detail of the oral apparatus. The arrowhead marks the two-rowed posterior part of membranelle 2a. (C, D) Ciliature of the
ventral (C) and dorsal (D) sides of the holotype specimen; the arrow shows the postoral kinety. M1, membranelle 1; M2a, membranelle 2a; M2b,
membranelle 2b; M3, membranelle 3; Ma, macronucleus; PK, preoral kineties; PM, paroral membrane; SK1, somatic kinety 1. Scale bars: 30 um.
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FIGURE 5

Photomicrographs of Pleuronema warreni n. sp. in vivo (A—E) and after protargol impregnation (F-J). (A, B) Ventrolateral views of representative
cells; the arrow in A denotes oral cilia, and the arrowhead in B points to the contractile vacuole. (C) Lateral view, showing the tapered caudal
portion. (D) Ventrolateral view of a representative specimen; note the long caudal cilia (arrows). (E) Detail of the cortex; arrowheads point to the
extrusomes beneath the pellicle. (F, G) Ventrolateral (F) and dorsolateral (G) views of the holotype specimen, showing the ciliature and
macronucleus. The arrowheads point to the preoral kineties, and the arrow points to the postoral kinety. (H) Detailed view of the oral apparatus.
Arrow shows membranelle 1. The arrowhead marks the paroral membrane. (I, J) Posterior oral portions of two representative specimens. The
arrowhead in (I) points to the two-rowed part of membranelle 2a. The arrowhead in J shows the detached rightmost row of membranelle 3. Ma,

macronucleus. Scale bars: 30 pm.
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and mid-row of M1 clearly separated into two parts (Figures 4B, C, 5E,
H, arrow). Anterior and posterior portions of M2a two-rowed, with
mid-portion single-rowed and occupying approximately 75% of length
of M2a, and posterior portion hook-like (Figures 4B, arrowhead, 5F, H,
I, arrowhead). Membranelle 2b V-shaped, with kinetosomes of right
anterior half arranged in consecutive groups of single rows, each
consisting of three to six kinetosomes and connected to each other
(Figures 4B, C, 5F, H). Anterior end of M2b in a more apical position
than posterior end of M2a (Figures 4B, C, 5F, H, I). Membranelle 3
consisted of three closely packed rows, with posterior end of rightmost
row conspicuously separated at a right angle from other rows
(Figures 4B, C, 5F, H, J, arrowhead). Paroral membrane (PM)
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consisted of two-rowed kinetosomes and arranged in zig-zag pattern,
occupying approximately 60-70% of cell length (Figures 4B, C, 5F, H).

3.3 Molecular data and
phylogenetic analyses

The topologies of the maximum likelihood (ML) and Bayesian
Inference (BI) trees are nearly concordant; therefore, only the ML tree
is presented here with support values from both algorithms (Figure 6).
According to the SSU rRNA gene tree, the order Pleuronematida is a
fully supported (ML/BI: 100%/1.00) monophyletic group. In the
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present study, eight families within the order Pleuronematida
are divided into three major clades. Three families, namely
Pleuronematidae, Peniculistomatidae, and Histiobalantiidae, form
one clade, and the families Ctedoctematidae and Eurystomatidae
form another fully supported clade sister to the previous clade. The
families Ancistridae, Hemispeiridae, and Cyclidiidae form the third
clade with strong support by both methods (ML/BI: 96%/1.00). Four of
the eight families, i.e., Peniculistomatidae, Histiobalantiidae,
Ctedoctematidae, and Eurystomatidae, are monophyletic. The family
Peniculistomatidae is nested within the family Pleuronematidae, with
some sequences of the genera Peniculistoma, Mytilophilus, and
Schizocalyptra scattered within Pleuronema, making both the family
Pleuronematidae and the genus Pleuronema polyphyletic.

Both sequences of the two newly described species, P. pulchra n.
sp. and P. warreni n. sp., nested within other Pleuronema species in
the well-supported clade (ML/BI: 92%/1.00) of the family
Pleuronematidae, clustering with P. coronatum JX310014, P.
elegans KF840518, and P. binucleatum KT033424 (Figure 6). In

10.3389/fmars.2023.1320684

the SSU rRNA gene tree, P. pulchra n. sp. OR658910 is sister to a
fully supported clade that includes P. coronatum JX310014 and P.
elegans KF840518, followed by P. warreni n. sp. OR65891 and P.
binucleatum KT033424.

A comparison of the SSU rRNA gene sequences between the two
new species and their closest relatives in the genus Pleuronema shows
that P. pulchra n. sp. OR658910 is largely similar to P. warreni n. sp.
OR658911, P. binucleatum KT033424, P. elegans KF840518, and P.
coronatum JX310014 with 36-37 unmatched nucleotides
(corresponding to 97.7-97.8% similarity) (Figures 7A, B).
Additionally, Pleuronema warreni n. sp. OR658911 is most similar to
P. binucleatum KT033424 and P. pulchra n. sp. OR658910, with 30 and
36 differing nucleotides (98.2% and 97.8% sequence identity),
respectively (Figures 7A, B). Although P. warreni n. sp. OR658911
clusters in a clade with P. coronatum JX310014, it appears to be more
divergent from this isolate (63 unmatched nucleotides) than from P.
coronatum JX310018 and P. coronatum AY103188 (56 and 61
unmatched nucleotides, respectively) (Figure 7).
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and Pleuronema warreni n. sp. OR658911 (sequences in bold). The inset in the top left corner shows the major clades of Pleuronematida. Numbers
at nodes denote ML bootstrap values/Bayesian inference (Bl) posterior probabilities. Fully supported (100%/1.00) branches are marked with solid
circles. The scale bar corresponds to five substitutions per 100 nucleotide positions. The red triangle marks the deviation of Pleuronema coronatum
JX310014 from the other three P. coronatum sequences.
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Sequence comparison of the SSU rRNA gene of Pleuronema pulchra n. sp. and P. warreni n. sp. with related taxa. (A) Comparison of the SSU rRNA
genes and their main characteristics. The numbers at the top of each column indicate the positions of unmatched columns in the alignment.
Alignment gaps (-) are introduced to account for insertions and deletions. (B) Comparison matrix of the SSU rRNA gene sequences. The percentage
of sequence identity (%) is displayed in the bottom left of the matrix, while the number of unmatched nucleotides is shown in the upper right.
“Exceeding” in the anterior end of M2b means that M2b commences above the level of the posterior end of M2a, while “not exceeding” means it
commences below the level of the posterior end of M2a. M2a, membranelle 2a; M2b, membranelle 2b.

4 Discussion

4.1 Comparison of the new species
with congeners

4.1.1 Morphological comparison of the two new
species with congeners lacking detailed

information on the oral apparatus
Pleuronema is a diverse and widely distributed genus, consisting

of approximately 40 recognized species, which has been widely
reported in different aquatic environments since the establishment
of the genus by Dujardin (Dujardin, 1841; Dragesco, 1960; Borror,
1963; Dragesco, 1968; Dragesco and Dragesco-Kernéis, 1986;
Foissner et al., 1994; Song, 2000; Lynn, 2008; Pan et al., 2015; Pan
et al,, 2016; Liu et al,, 2022; Zhang et al., 2023). The oral structure
serves as the crucial criterion for differentiating species within this
genus. Therefore, Wang et al. (2008a) proposed that the species of
Pleuronema can be separated into two types: (i) the “coronatum-
type” with a hook-shaped posterior end of M2a, and (ii) the
“marinum-type” with a straight posterior end of M2a. This
separation into two types received widespread recognition (Wang
et al,, 2008a; Wang et al., 2009; Pan et al., 2015; Zhang et al., 2023).
According to this classification, both P. pulchra n. sp. and P. warreni
n. sp. belong to the “coronatum-type”.

Ten species, namely Pleuronema anodontae, P. arenicola, P.
balli, P. borrori, P. crassum, P. grassei, P. prunulum, P. roscoffensis,
P. simplex, and P. smalli, lack detailed descriptions or
photomicrographs of the oral apparatus, which is the vital
characteristic for identification. However, our two new species
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can be distinguished from all of them by at least one
characteristic. Pleuronema anodontae and P. prunulum were only
recorded by Kahl; P. anodontae has only one caudal cilium, while
two new species have at least twelve caudal cilia. P. prunulum differs
from the two new species by the length of its caudal cilia (which are
equal to the body length in P. prunulum vs. one-third of the body
length) (Kahl, 1926; Kahl, 1931). Pleuronema simplex is
characterized by having only one-rowed M1, M2b, and M3 (as
shown in the schematic diagram by Dragesco), which distinguishes
it from all other Pleuronema species (Dragesco, 1960). While P.
crassum has been reported several times, it mainly differs from the
two new species by the lack of caudal cilia (vs. present).
Unfortunately, photomicrographs in vivo and the detailed
ciliature patterns of P. crassum were not available (Dujardin,
1841; Roux, 1901; Kahl, 1931; Gajewskaja, 1933; Vuxanovici,
1960; Chorik, 1968; Pdtsch, 1974; Foissner et al., 1994; Dinger,
2016). Pleuronema grassei has been established as a new species
based on its extremely large body length in vivo (140-210 pm),
which differs from P. pulchra n. sp. and P. warreni n. sp. (75-90 um
and 55-80 um, respectively) (Dragesco, 1960). Pleuronema
arenicole and P. roscoffensis were both only described by
Dragesco. According to the description and schematic diagrams,
Pleuronema arenicole differs from P. pulchra n. sp. and P. warreni n.
sp. by the arrangement of M2b (U-shaped in the former vs. V-
shaped in the two new species) and the rows of M3 (2 in the former
vs. 3) (Dragesco, 1960). Pleuronema roscoffensis can be
distinguished from our two species by the number of PK (2 vs. 4-
7 and 3-6, in P. pulchra n. sp. and P. warreni n. sp., respectively)
and rows of M1 (two in P. roscoffensis vs. three) (Dragesco, 1968).
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Wang et al. (2008a) regarded Pleuronema balli, P. borrori, and
P. smalli to be synonyms of P. coronatum, while Liu et al. (2022)
concluded that only P. balli is a synonym of P. coronatum, and P.
borrori and P. smalli are valid species due to their morphological
divergences with P. coronatum. Unfortunately, no morphological
information in vivo or SSU rRNA gene sequences of these
populations are available. Pleuronema warreni n. sp. differs from
these species due to the position of the anterior end of M2b
(significantly above the posterior end of M2a in P. warreni n. sp.
vs. the same level as the posterior end of M2a). Pleuronema borrori
is distinguished from P. pulchra n. sp. by the length ratio of oral/
body (0.55 vs. 0.59-0.85 in P. pulchra n. sp.) and having more
somatic kineties (41-46, 43 on average vs. 32-48, 38 on average in P.
pulchra n. sp.) (Dragesco, 1968), while Pleuronema smalli can be
easily distinguished from P. pulchra n. sp. by body size after
protargol-staining (40-70 x 25-40 pym vs. 75-135 x 40-85 um in
P. pulchra n. sp.).

4.1.2 Morphological comparison of Pleuronema
pulchra n. sp. with related congeners

Based on the body size and shape (75-90 pm, right ventrolateral
side straight), number of somatic kineties (32-48), posterior end of
M2a hook-like, M2b V-shaped (slightly above or at the same level of
the posterior end of M2a) and three-rowed M3, four species should
be compared with P. pulchra n. sp., namely P. coronatum Kent,
1881, P. parasalmastra Liu et al., 2022, P. parasmalli Liu et al., 2022,
and P. salmastra Dragesco and Dragesco-Kerneis, 1986
(Figure 8; Table 2).

Pleuronema coronatum is a well-known species and has been
collected from Europe, East Asia, and America since Kent first
discovered it in 1881 (Kent, 1881; Kahl, 1931; Dragesco, 1960;
Dragesco, 1968; Foissner et al., 1994; Song, 2000; Wang et al,
2008a). The detailed descriptions of its living cells and the whole
ciliary pattern have been widely studied. However, the gradual
expansion of ranges of different morphological traits (e.g., body size,
preoral and somatic kinety numbers, habitats), and the lack of a
clear diagnosis have made “P. coronatum” a complex of species
prone to misidentifications and the potential presence of cryptic
species. Efforts should be made not only to define and improve
the diagnosis of P. coronatum but also to detect possible
misidentifications. An example of this is the work of Liu et al.
(2022), who concluded that P. balli is a synonym of P. coronatum
after reinvestigating the morphological information of several
related populations of Pleuronema. A major problem stemming
from this situation is the fact that the molecular data of several
alleged Pleuronema coronatum isolates currently available from
GenBank are not linked to morphological information, and thus
their validity cannot be proven. In particular, P. coronatum
JX310014 differs greatly from the other three P. coronatum
sequences (JX310018, HM140396, and AY103188) with 78-81
unmatched nucleotides (Figure 7A). Consequently, the
identification of these sequences remains uncertain.

Pleuronema pulchra n. sp. resembles P. coronatum in
characteristics such as body size, the number of somatic kineties,
and preoral kineties. However, Pleuronema pulchra n. sp. can be
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clearly distinguished by a basically straight mid-portion of M2a (vs.
a mid-portion in a zig-zag pattern in P. coronatum) and more
kinetids in somatic kinety 1 (68-86 vs. 21-30) (Foissner et al., 1994;
Song, 2000; Liu et al., 2022).

Pleuronema pulchra n. sp. most closely resembles P. parasmalli
in body size, outline in vivo, and structure of the oral apparatus.
However, the former species can be easily distinguished from the
latter species in terms of more somatic kineties (32-48 in P. pulchra
n. sp. vs. 26-32) and the different habitat (brackish water in P.
pulchra n. sp. vs. freshwater) (Liu et al., 2022). Moreover, the
comparison of SSU rRNA gene sequences shows that the new
species is clearly separated from P. parasmalli with 106
unmatched nucleotides (93.5% in sequence identity)
(Figures 7A, B).

Pleuronema pulchra n. sp. is similar to P. parasalmastra in the
number of SK, preoral kineties, and the structure of the oral
apparatus. Nevertheless, the new species can be separated from P.
parasalmastra by the body size in vivo (75-90 x 25-40 um in P.
pulchra n. sp. vs. 90-120 pm x 40-55 um) and the lower number of
caudal cilia (13-14 vs. 18-20). Moreover, the distance between the
cell apex and the anterior end of M1 occupies a smaller portion of
the body length in P. pulchra n. sp. than in P. parasalmastra (8-13%
vs. 16-25% of body length, respectively) (Liu et al, 2022). In
addition, the SSU rRNA gene sequence of P. pulchra n. sp. is
largely different from the gene sequence of P. parasalmastra, with
85 unmatched nucleotides (94.8% in sequence identity)
(Figures 7A, B).

When compared with Pleuronema salmastra, P. pulchra n. sp.
has fewer somatic kineties (32-48, 38 on average vs. 43-63, 53 on
average) and fewer preoral kineties (4-7, 5 on average vs. 6-10, 7.6
on average) (Dragesco and Dragesco-Kerneis, 1986).

4.1.3 Morphological comparison of Pleuronema
warreni n. sp. with related congeners

Considering the number of somatic kineties (35-42), spherical
macronucleus, posterior end of M2a hook-like, and M3 three-
rowed, four species can be compared with Pleuronema warreni n.
sp., namely P. binucleatum Pan et al., 2016, P. orientale Pan et al.,
2015, P. parasmalli Liu et al., 2022, and P. paucisaetosum Pan et al.,
2015 (Figure 8; Table 3).

Although Pleuronema warreni n. sp. is similar to P. paucisaetosum
in body size in vivo, in the number and shape of the macronucleus (i.e.,
one spherical macronucleus), and in the number of preoral kineties,
they differ in the shape of the right ventrolateral side of the cell in vivo
(slightly straight in P. warreni n. sp. vs. slightly concave) and in the
number of somatic kineties (33-42 in P. warreni n. sp. vs. 21-23).
Moreover, M2b of P. warreni n. Sp. commences in a more anterior
position than the posterior end of M2a (vs. at the same level as the
posterior end of M2a in P. paucisaetosum) (Pan et al., 2015). The SSU
rRNA gene sequences of these two species exhibit a difference of 66
nucleotides, supporting their molecular divergence as two different
species (Figure 7A).

Pleuronema warreni n. sp. resembles P. parasmalli in body size and
shape in vivo. However, the former species differs from P. parasmalli in
the number of somatic kineties (35-42 vs. 26-32), the position of the
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anterior end of M2b (significantly above the posterior end of M2a vs.
the same level of the posterior end of M2a), and the habitat (brackish
water vs. freshwater) (Liu et al., 2022). Additionally, the differences in
SSU rRNA gene sequences between these two Pleuronema species (102
unmatched nucleotides) support their separation as different
species (Figure 7A).

When compared with Pleuronema orientale, Pleuronema
warreni n. sp. has an extremely similar V-shaped M2b, which is

divided into several single-rowed groups. Pleuronema warreni n. sp.
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can be clearly separated from P. orientale based on body length in
vivo (55-80 um vs. 95-135 pm), the number of SK (35-42 vs. 42—
50), and the mid-pattern of M2a (single-rowed vs. zig-zag pattern)
(Pan et al.,, 2015). The nucleotide differences (82 unmatched
nucleotides) between the sequences of P. warreni n. sp. and P.
orientale also support the molecular separation between these
species (Figure 7).

Pleuronema warreni n. sp. can be distinguished from P.
binucleatum by having a smaller body length in vivo (55-80 pm
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TABLE 2 Morphological comparison of Pleuronema pulchra n. sp. with related species.

Characteristics P. pulchra n. sp.  P. parasmalli P. parasalmastra  P. salmastra P. coronatum

Body size in vivo (um) 75-90 x 25-40 55-85 x 25-35 90-120 x 40-55 - 60-125 x 30-60
Body size after staining (um) 75-134 x 40-83 60-80 x 30-40 95-160 x 45-75 50-116 x 22-40 50-115 x 25-65
Right ventrolateral side in vivo | Straight Straight Straight Straight Straight
Number of caudal cilia 13 or 14 15-18 About 18-20 10° 10-15

Length of caudal cilia About 25 ym 20-25 pm 25-30 pm About 30 pm* About 30 um
Number of SK 32-48 26-32 37-43 43-63 35-48

Number of PK 4-7 4-6 4-6 6-10 3-7

Rows of M1 3 3 3 3 2

Rows of M3 3 3 3 3 3

Mid-portion of M2a Single-rowed Single-rowed Single-rowed Single-rowed Zig-zag pattern

Number of Ma 1-3, avg. 1.1 1 1, 3-6, avg. 1.8 1-12, avg. 1.78 1

Number of Mi 1-2 1 - 1-14, avg. 4.8 1-3

Brackish water Brackish water Freshwater and

(salinity 10)

Brackish water Freshwater

(salinity 14.3)

Habitat
marine water

Data source This study Liu et al., 2022 Liu et al,, 2022 Dragesco and Liu et al,, 2022

Dragesco-
Kerneis, 1986

« »

, information not available. Avg., arithmetic average; M1, membranelle 1; M2a, membranelle 2a; M3, membranelle 3; Ma, macronuclei; Mi, micronuclei; PK, preoral kineties; SK,
somatic kineties.
“Data measured based on drawings or photomicrographs.

TABLE 3 Morphological comparison of Pleuronema warreni n. sp. with related species.

Characteristics

P. warreni n. sp.

P. paucisaetosum

P. parasmalli

P. orientale

P. binucleatum

Body size in vivo (um)

55-80 x 25-45

55-85 x 25-55

55-85 x 25-35

95-135 x 50-85

90-120 x 35-50

Body size after
staining (um)

77-113 x 36-60

60-85 x 36-58

60-82 x 30-40

97-133 x 51-84

91-137 x 39-75

Right ventrolateral side = Slightly straight Slightly concave Basically straight Convex Straight
in vivo

Number of SK 35-42 21-23 26-32 42-50 32-41
Number of PK 3-6 4-5 4-6 2-3 6-8
Rows of M1 3 3 3 3 3

Rows of M3 3 3 3 3 3

Mid-portion of M2a

Position of the
anterior end of M2b

Single-rowed

Significantly above the
posterior end of M2a

Single-rowed

Same level of the
posterior end of M2a

Single-rowed

Same level of the
posterior end of M2a

Zig-zag pattern

Significantly above the
posterior end of M2a

Single-rowed

Slightly above the
posterior end of M2a

Number of Ma 1 1 1 1 2

Number of Mi - 1-3 1 1-3 -

Habitat Brackish water Brackish water Freshwater Brackish water (salinity 6.8) Brackish water
(salinity 15.1) (salinity 13.4) (salinity 6.8)

Source This study Pan et al., 2015 Liu et al., 2022 Pan et al.,, 2015 Pan et al., 2016

“~”, information not available. M1, membranelle 1; M2a, membranelle 2a; M2b, membranelle 2b; M3, membranelle 3; Ma, macronuclei; Mi, micronuclei; PK, preoral kineties; SK,
somatic kineties.
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vs. 90-120 pm), a single macronucleus (as opposed to two
macronuclei), and fewer preoral kineties (3-6 vs. 6-8) (Pan et al,,
2016). Moreover, Pleuronema warreni n. sp. has more kinetids in
SK1 (69-83 vs. about 60) (Pan et al., 2016). Although the SSU rRNA
gene sequence of Pleuronema warreni n. sp. OR658911 is rather
similar to that of P. binucleatum KT033424, they differ by 30
unmatched nucleotides, indicating that they can be classified as
two different species (Figure 7).

4.1.4 Comments on Pleuronema species with
hook-like type of membranelle 2a

The crucial importance of oral structures in the identification of
Pleuronema species has been widely emphasized in previous studies
(Dragesco, 1968; Foissner et al., 1994; Song, 2000; Wang et al.,
2008a; Wang et al., 2008b; Wang et al., 2009; Pan et al., 2015; Pan X.
et al,, 2015; Pan et al, 2016; Liu et al.,, 2022; Zhang et al., 2023).
Based on the structure of M2a, the members of the genus
Pleuronema can be categorized into two distinct groups: the
“coronatum-type”, with the posterior portion of the M2a hook-
like, and the “marinum-type”, with the posterior portion of the M2a
straight or lightly curved (Wang et al., 2008a; Wang et al., 2009; Pan
et al., 2015; Zhang et al., 2023).

The genus Pleuronema contains 25 nominal species (including
the two new species in this work), which have a hook-like posterior
end of M2a and thus belong to the “coronatum-type”. Pleuronema
balli, P. borrori, and P. smalli are widely discussed species, as they
are similar to P. coronatum (Small, 1964; Dragesco, 1968; Wang
et al., 2008a; Liu et al., 2022). After a detailed comparison, Liu et al.
(2022) concluded that P. balli should be a synonym of P. coronatum,
but treated both P. smalli and P. borrori as valid species due to the
body width after protargol, the ratio of buccal field to body length,
or the number of somatic kineties. Despite this, it should be noted
that the oral apparatus of these three species remains uncertain.

Additionally, P. crassum and P. grassei are two more
Pleuronema species without the complete ciliature pattern; P.
crassum can be clearly distinguished by the lack of caudal cilia
(Dujardin, 1841; Kahl, 1931; Vuxanovici, 1960; Chorik, 1968;
Piatsch, 1974; Foissner et al., 1994; Dinger, 2016), while the most
remarkable feature of P. grassei is its largest body length in vivo
(approximately 140-210 um). However, since Dragesco (1960) first
described P. grassei, it has never been reported again, and its
ciliature pattern remains unknown.

In the present work, we provide a comprehensive illustrated
key, based on a detailed study of the oral structures, for the
identification of the two new species along with 18 nominal
Pleuronema species that have a hook-like posterior end of M2a
(Tlustrations of selected key characteristics are in Figure 8). These
20 species can be divided into four main types of M2a: (I) M2a is
totally two-rowed, including Pleuronema glaciale, P. lynni, P.
simplex, and P. wilberti (which, however, can be differentiated
from each other by the number of rows in M3) (Figures 8B-E)
(Dragesco, 1960; Corliss and Snyder, 1986; Fernandez-Leborans
and Novillo, 1994; Wang et al., 2009); (IT) the mid-portion of M2a
in a zig-zag pattern, including five species, namely P. coronatum, P.
foissneri, P. orientale, P. paraorientale, and P. setigerum.
Pleuronema setigerum can be easily distinguished by the ring-like
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posterior end of M2a (Figures 8F-]) (Song, 2000; Pan et al., 2010;
Pan et al,, 2015; Liu et al,, 2022). P. foissneri differs from the other
four species by its body shape (anterior end slightly narrowed in P.
foissneri vs. anterior end rounded) and the shape of the
macronucleus (usually ellipsoidal to spherical in shape, notched
in the mid-portion in P. foissneri vs. generally spherical, without any
notch) (Figure 8G) (Liu et al., 2022). When compared with P.
orientale and P. paraorientale (the anterior end of M2b is
conspicuously more anteriorly located than the posterior end of
M2a), P. coronatum has an M2b with its anterior end slightly below
the level of the posterior end of M2a. Moreover, the primary
distinction between P. orientale and P. paraorientale is the
number of preoral kineties (2-3 vs. 3-5, respectively)
(Figures 8H, I) (Song, 2000; Pan et al., 2015; Liu et al., 2022);

(III) M2a two-rowed with a single-rowed mid-portion that is
remarkably short (< 40% of the length of M2a) or long (> 70% of the
length of M2a), includes four species, namely P. arctica, P. cazpikae,
P. ningboensis, and P. warreni n. sp. Pleuronema arctica and P.
cazpikae have an extremely short single-rowed portion (< 20% of
the length of M2a) and can be distinguished from each other by the
number of rows in M3 (two-rowed vs. three-rowed) (Figures 8R, S)
(Agatha etal, 1993; Wang et al., 2008b); P. ningboensis has a single-
rowed portion of M2a that is less than 40% of the length of M2a (on
average 35%), and a particular M3 (three-rowed, where the leftmost
row is shortened) (Figure 8T) (Zhang et al., 2023); and P. warreni n.
sp. has a very long single-rowed portion of M2a, starting from the
anterior hook-like portion (single-rowed portion > 70% of the
length of M2a) (Figure 8U);

(IV) posterior and anterior portions of M2a two-rowed with a
single-rowed mid-portion occupying 40-70% of the length of M2a.
This group includes seven species, namely P. binucleatum, P.
parasalmastra, P. parasmalli, P. paucisaetosum, P. pulchra n. sp.,
P. puytoraci, and P. salmastra, with a similar M2a structure (the
posterior and anterior portions of M2a two-rowed and single-rowed
in the mid portion, which occupies 40%-70% of the length of M2a)
(Figures 8K-Q) (Dragesco and Dragesco-Kernéis, 1986; Pan et al.,
2011; Pan et al., 2015; Pan et al., 2016; Liu et al., 2022). Pleuronema
binucleatum, P. parasalmastra, and P. salmastra show obvious
differences from the other four species in the number of
macronuclei (multiple macronuclei vs. a single macronucleus).
Among them, P. binucleatum has two spherical macronuclei,
while P. parasalmastra and P. salmastra have 1-12 macronuclei
(both species usually have one, with an average of 1.8 in P.
parasalmastra and 1.68 on average in P. salmastra). However,
Pleuronema parasalmastra is distinguished from P. salmastra by
having fewer preoral kineties (4-7 vs. 6-10) (Figures 8K-M)
(Dragesco and Dragesco-Kernéis, 1986; Pan et al.,, 2016; Liu et al.,
2022). Pleuronema puytoraci can be distinguished by M2b
commencing conspicuously anteriorly than the posterior end of
M2a (vs. at the same level as the posterior end of M2a in P.
parasmalli, P. paucisaetosum, and P. pulchra n. sp.). Moreover,
Pleuronema puytoraci difters from P. pulchra n. sp. by having fewer
preoral kineties (1-3 vs. 4-7). Pleuronema parasmalli mainly differs
from P. paucisaetosum by having more somatic kineties (26-32 vs.
21-23). When compared with Pleuronema pulchra n. sp., P.
parasmalli has fewer somatic kineties (26-32 vs. 32-48).
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Meanwhile, Pleuronema paucisaetosum also has fewer somatic
kineties than P. pulchra n. sp. (21-23 vs. 32-48) (Figures 8N-Q)
(Pan et al., 2011; Pan et al,, 2015; Liu et al.,, 2022).

4.2 Phylogenetic analyses

The molecular phylogeny of Pleuronema was first recognized
by Baroin-Tourancheau et al. (1992) through the sequencing of
the 28S rRNA gene of P. marinum. As phylogenetic studies
have progressed, the relationships among members of the
Pleuronematidae are becoming clearer (Gao et al., 2013). In
recent years, several novel Pleuronema members have undergone
comprehensive taxonomy investigations, accompanied by
corresponding molecular phylogenetic analyses (Pan et al.,, 2015;
Pan X. et al.,, 2015; Pan et al.,, 2016; Liu et al., 2022; Zhang et al.,
2023). All the results indicate that the genus Pleuronema is
polyphyletic; however, the Schizocalyptra sequences nest within
Pleuronema at low support values, so the relationship between
Pleuronema and Schizocalyptra is still uncertain.

In the SSU rRNA gene trees, the “marinum-type” SSU rRNA gene
sequences of Pleuronema cazpikae EF486863, Pleuronema
parawiasckowskii KT033423, and Pleuronema wiackowskii JX310016
fell into the same clade, followed by another clade including
Pleuronema marinum KF206428 + Pleuronema sinica EF486864, also
of the “marinum-type”. However, in the remaining sequenced
members of the genus Pleuronema, the evolutionary relationships
among species are inconsistent with this morphological distinction,
as evidenced by the fact that two sequences of “marinum-type” species,
i.e., Pleuronema elegans KF840518 and Pleuronema grolierei KF840519,
cluster within sequences of species of the “coronatum-type”. Therefore,
the posterior portion of M2a does not correspond to the phylogenetic
analyses of the genus Pleuronema. Unfortunately, almost half of the
Pleuronema sequences lack a related morphological description, and
their identification needs to be confirmed. Greater taxon sampling and
the incorporation of molecular data are essential to improving the
phylogenetic resolution within the genus Pleuronema.

The previous phylogenetic analyses indicated a close relationship
between Pleuronema and Schizocalyptra, and members of the genus
Pleuronema formed one clade including the genus Schizocalyptra
(Miao et al., 2008; Fan et al., 2009; Yi et al., 2009; Gao et al., 2013;
Gao et al, 2014; Zhang et al,, 2019; Zhang and chlaén}/l, 2021).
However, the SSU rRNA gene analyses consistently reveal that the
sequences of Pleuronema species fall into two clades with the genus
Schizocalyptra nested among them (Pan et al,, 2015; Pan X. et al,
2015; Pan et al., 2016; Liu et al.,, 2022; Zhang et al., 2023). Our
phylogenetic results are in agreement with previous studies based on
the SSU rRNA gene, with Schizocalyptra nesting with Pleuronema
although with low support from ML (18%) (Figure 6). Additional
morphological data are needed to shed light on the relationship
between Schizocalyptra and Pleuronema and to provide a better
resolution of their phylogenetic positions.

In previous phylogenetic analyses of Pleuronematida, the family
Pleuronematidae had a close relationship with the family
Peniculistomatidae, according to Antipa et al. (2016). Subsequent
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studies obtained the same results, and Zhang et al. (2019)
hypothesized that members of the Peniculistomatidae are
supposed to have evolved from Pleuronema-like ancestors (Zhang
et al,, 2019; Antipa et al., 2020; Liu et al., 2022). The phylogenetic
analyses in the present study also show the close relationship
between the families Peniculistomatidae and Pleuronematidae.
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