:' frontiers ‘ Frontiers in Marine Science

ORIGINAL RESEARCH
published: 26 May 2022
doi: 10.3389/fmars.2022.884834

OPEN ACCESS

Edited by:
Wen-Jdun Li,
Sun Yat-sen University, China

Reviewed by:

Xiangrui Chen,

Ningbo University, China

Ming Li,

Institute of Hydrobiology, CAS, China
Xinpeng Fan,

East China Normal University, China

*Correspondence:
Xiaozhong Hu
Xiaozhonghu@ouc.edu.cn

Specialty section:

This article was submitted to

Marine Evolutionary Biology,
Biogeography and Species Diversity,
a section of the journal

Frontiers in Marine Science

Received: 27 February 2022
Accepted: 15 April 2022
Published: 26 May 2022

Citation:

Zhuang W, Li R, Feng X, Al-Farraj SA
and Hu X (2022) New Contribution
to the Diversity of the Anaerobic
Genus Metopus (Ciliophora,
Armophorea), With Descriptions

of Three New Marine Species.

Front. Mar. Sci. 9:884834.

doi: 10.3389/fmars.2022.884834

Check for
updates

New Contribution to the Diversity
of the Anaerobic Genus Metopus
(Ciliophora, Armophorea),

With Descriptions of Three

New Marine Species

1,2%

Wenbao Zhuang "%, Ran Li"?, Xiaochen Feng'?, Saleh A. Al-Farraj® and Xiaozhong Hu

1 College of Fisheries and Key Laboratory of Mariculture, Ministry of Education, Ocean University of China, Qingdao, China,
2 Institute of Evolution and Marine Biodiversity, Ocean University of China, Qingdao, China, 3 Zoology Department,
College of Science, King Saud University, Riyadh, Saudi Arabia

Armophorean ciliates constitute an important component of microeukaryotic community
in anaerobic or hypoxic environments. Yet, their diversity remains poorly known due to
under-sampling or the scarcity of knowledge. In this study, three metopid ciliates, i.e.,
Metopus paraes sp. n., Metopus spiculatus sp. n., and Metopus parapellitus sp. n.,
collected from coastal sediments in Qingdao and Rizhao, China, were investigated using
live observation, protargol staining, and molecular phylogenetic methods. M. paraes sp. n.
can be distinguished by its long caudal cilia. M. spiculatus sp. n. resembles M. vestitus in
many ways, but differs mainly in having a beak-like preoral dome end and a conspicuous
tail. The most remarkable features of M. parapellitus sp. n. include an ovate body shape,
caudal cilia located at the rear end and right posterior body, and an adoral zone that never
extends onto the dorsal surface. Sequence divergences supported the species
identification of these three species. Phylogenetic analyses confirmed that the Metopus
is not monophyletic, and first revealed that all marine species of Metopus form a well-
supported clade. The clustering of these marine forms with M. es (type species) is not
rejected by the AU test, which infers that the marine clade represents the genus Metopus
together with M. es.

Keywords: anaerobe, ciliature, metopidae, novel taxa, taxonomy

INTRODUCTION

Ciliates inhabiting anaerobic or hypoxic environments have received increased attention recently,
not only due to discoveries of new species but also due to studies on the evolution of mitochondria-
related organelles and prokaryote—eukaryote symbioses (e.g., Orsi et al., 2012; Fernandes et al., 2018;
Lewis et al., 2018; Bourland et al., 2020; Campello-Nunes et al., 2020; Lewis et al., 2020; Rotterova
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et al,, 2020; Li et al., 2021a; Li et al., 2021b; Zhuang et al., 2021).
As far as we know, more than half of known anaerobic ciliates
belong to class Armophorea Lynn, 2004.

Metopus Claparéde and Lachmann, 1858 is the most species-
rich anaerobic genus within this class, and includes more than 70
nominal species so far, which makes it morphologically
heterogeneous and suggests the need for a splitting (Esteban
et al., 1995; Bourland et al.,, 2014; Bourland et al., 2017a;
Bourland et al., 2017b; Omar et al., 2017; V&aén}'l and Foissner,
2017a; Vdacny and Foissner, 2017b; Bourland et 5;11., 2018a;
Bourland et al., 2018b; Rotterova et al., 2018; Vdacny and
Foissner, 2019; Bourland et al., 2020; Li et al., 2021). In the last
few years, a few new taxa, such as Apometopidae Foissner, 2016,
Tropidoatractidae Rotterova et al., 2018, and Heterometopus
Foissner, 2016, were established based on the unique
morphological features of some former Metopus species.
Continual discovery of new species infers that the species
diversity is still underestimated within this genus. Additionally,
considering that most species of Metopus have not been
described using modern methods, and less than 20 species are
available of ciliature and molecular data, intensive and extensive
survey from under-sampled areas are urgently required to unveil
the morphological and genetic biodiversity of this group of
ciliates. The taxonomy and phylogeny of this group are still
contentious. Metopus species are clustered into two main clades
in the phylogeny trees, while most species clustered away from
the type species. Interrelationship of the genus is chaotic due to
species of Metopus intersecting with substantial genera.
Morphology and molecular data from more species are needed
for further understanding and clarification of the genus.

The aim of the present study is to reveal the species diversity
and elucidate the interspecific relationship within the genus
Metopus. During a faunistic survey on ciliates along the coast
area of Qingdao, we isolated three marine forms and found that
they are new to science: M. paraes sp. n., M. spiculatus sp. n., and
M. parapellitus sp. n. Meanwhile, SSU rRNA gene sequencing
data were used to investigate their systematic positions. We also
discussed the interrelationship between type species and the
marine clade.

MATERIALS AND METHODS

Data Collection

Metopus paraes sp. n. and M. spiculatus sp. n. were found in
black, sulfide-rich sediments of intertidal zones in Bainidi,
Qingdao (E120°22’, N36°12’) in June 2020 and in Liujiawan,
Rizhao (119°26’, N35°17’) in March 2021, China, respectively.
The salinity of both environments was 30%o. M. parapellitus sp.
n. was collected from sulfide-rich marine sands near a sewage
outfall in Zhangqiao Pier, Qingdao (E120°19’, N36°04’), China, in
March 2021; the salinity was 27%o (Figure 1). Sediments and
water samples were collected using plastic bottles (500 ml) and
taken back to the laboratory. The samples were kept in anaerobic
jars with oxygen-scavenging chemicals (Thermo Scientific Oxoid

AnaeroGen) at room temperature (about 25°C). Five autoclaved
wheat grains were added to each bottle to promote the growth of
bacteria, and the anaerobic ciliates were observed after 2 weeks.

Morphological Observations

Living organisms were isolated with a micropipette and observed
at 100-1,000x magnification with bright-field and differential
interference contrast microscopy using a Zeiss AXIO Imager D2
microscope (Liu et al., 2021). Live cells and DAPI-stained cells
were observed under UV light to reveal the autofluorescence of
the prokaryotic symbionts and nucleus apparatus (Wu et al,
2020). Protargol staining was performed following the method
described in Wilbert (1975) to reveal the ciliature and nucleus
apparatus. Protargol powder was prepared according to the
protocol described by Pan et al. (2013). Measurements and
counts were performed at a magnification of 1,000x. A
drawing device was used to draw the specimens.

DNA Extraction, PCR Amplification,

and Sequencing

Three cells of each species were removed using autoclaved
micropipettes and washed five times in sterile marine water.
Each cell was placed in a 1.5-ml microcentrifuge tube. DNA
extraction was performed using the DNeasy Blood and Tissue
Kit (Qiagen, Germantown, MD) in accordance with the
manufacturer’s instructions. The SSU rRNA gene was
amplified using Q5 Hot Start high-fidelity DNA polymerase
(NEB, Ipswich, MA). The primers 18S-11F-Karyo (5’-
GCCAGTAGTSATATGCTTGTCT-3") and 5.8SR (5’-
TACTGATATGCTTAAGTTCAGCGG-3’) were used for
Metopus paraes sp. n. and M. spiculatus sp. n.; 82F (5-
GAAACTGCGAATGGCTC-3’) (Jerome et al., 1996) and 18SR
(5-TGATCCTTCTGCAGGTTCACCTAC-3) (Medlin et al,
1988) were used as primers for M. parapellitus sp. n. The PCR
products were purified using a FastPure Gel DNA Extraction
Mini Kit (Nanjing Vazyme Biotech, China) and then cloned
using a 5-min TA/Blunt-Zero Cloning Kit (Nanjing Vazyme
Biotech, China). Four clones were randomly selected and
cultured in a Lysogeny broth medium for 12 h and then
sequenced. Sequencing was performed bidirectionally by the
Tsingke Biological Technology Company (Beijing, China).

Phylogenetic Analyses

We created a dataset of 73 SSU rDNA sequences, including three
newly obtained sequences. These sequences were aligned using
the MUSCLE algorithm as described on the EMBL-EBI website
(https://www.ebi.ac.uk/Tools/msa/muscle/) (Madeira et al.,
2019). The alignments were manually edited by trimming both
ends using Bioedit 7.2.3 (Hall, 1999). The final dataset of
unambiguously aligned characters consisted of 1,654 positions.
Phylogenetic trees were constructed using the maximum
likelihood (ML) and Bayesian (BI) methods. ML analysis was
performed in RAXML 8.2.12 (Stamatakis, 2014) according to the
GTRGAMMA model. Node support was assessed by 1,000
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Liujiawan in Rizhao. (D) The sewage outfall of Zhangiao Pier in Qingdao.

bootstrap pseudoreplicates. BI analysis was performed using the
GTR + I + G model with MrBayes 3.2.6 (Ronquist et al., 2012).
Markov Chain Monte Carlo simulations were run for 10,000,000
generations with a sampling frequency of 100 generations; the
first 25% of trees were removed as burn-in.

Topology Testing

The approximately unbiased (AU) test (Shimodaira, 2002) was
performed on the SSU rDNA dataset to test the robustness of
phylogenetic associations of particular interest (Chi et al., 2021).
The constrained ML tree was generated with the enforced
hypothetical relationship of respective target taxa and using the
same parameter as the unconstrained ML tree. The site-wise
likelihoods for the resulting constrained and non-constrained
topologies were calculated using PAUP (Swofford, 2002) and
then analyzed by CONSEL (Shimodaira and Hasegawa, 2001) to
obtain p-values.

Terminology
Terminology is based on that used by Lynn (2008) and Foissner
and Agatha (1999). False kinetids are short, oblique kineties

FIGURE 1 | Sample location. (A) Map showing the location of Qingdao and Rizhao, China. (B) The sludge-rich beach of Bainidi in Qingdao. (C) The beach of

produced by the highly ordered kinetids of the perizonal stripe
(Foissner and Agatha, 1999).

RESULTS

ZooBank Registration
Present work urn:lsid:zoobank.org:pub:F3AC3B76-F9D4-4B43-
8320-47C38689380E

Metopus paraes sp. n. urn:lsid:zoobank.org:act:AA8E07B1-
5AED-48B4-89F4-42D6FB6788EF

Metopus spiculatus sp. n. urn:lsid:zoobank.org:act: BBFC7268-
48EA-496E-B295-9F736C987C2E

Metopus parapellitus sp. n. urn:lsid:zoobank.org:act:0FAB16
7E-D392-4527-AF17-5F1C80D5E65F

Morphological Descriptions
Ciliophora Doflein, 1901

Armophorea Lynn, 2004

Metopida Jankowski, 1980
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Metopidae Kahl, 1927
Metopus Claparéde and Lachmann, 1858
Metopus paraes sp. n. (Figures 2, 3 and Table 1)

Diagnosis

Marine form about 110-125 x 40-45 um in vivo. Body shape
ellipsoidal to obconical, slightly dorsoventrally flattened. Preoral
dome convex, about 50% of body length. Cortical granules colorless,
ellipsoidal, arranged in lines. Macronucleus elongate, non-extending
to preoral dome. On average, 23 somatic kineties including 9 preoral
dome kineties. Perizonal stripe rows never forming false kineties.
The adoral zone is composed of 42 membranelles on average,
occupying about 40% of body length. Paroral membrane
stichomonad. Elongate caudal cilia about 25 um long.

Type Locality
Sludge sediments of intertidal zone in Bainidi, Qingdao (E120°22’,
N36°12'), China.

Type Materials

The protargol slide containing the holotype (Figures 2E, F, 3C, D)
(registration number: ZWB202006220101) and another slide
containing other paratypes (registration number: ZWB20200
6220102) were deposited in the Laboratory of Protozoology,
Ocean University of China, Qingdao, China. The holotype and
relevant paratypes were marked by black ink circles on the backs of
the slides.

Etymology

The species group name paraes is a composite of the Greek prefix
para- (close to, similar to, resembling) and the species group
name es, indicating that the new species resembles but differs
from the species Metopus es.

Description

Size in vivo 110-125 x 40-45 um and in protargol preparations
95-130 x 20-50 um. Shape elongate, ellipsoidal to obconical,
shrink and blunt posteriorly (Figures 2A, 3A, B, E, G, H).
Widest at preoral dome. Length:width ratio including preoral

somatic kineties. Scale bars: 30 um.

FIGURE 2 | Metopus paraes sp. n. from life (A, C) and after protargol staining (B, D-F). (A) Ventral view of a representative individual, showing body shape.
(B) Different shapes of macronucleus, arrows showing micronucleus. (C) Cortical granules from lateral view. (D) Structure of membranelles from the mid-portion of
the adoral zone. (E, F) Ventral (E) and dorsal (F) views of the holotype, showing dome kineties, perizonal stripe, adoral membranelles, paroral membrane, and other
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FIGURE 3 | Metopus paraes sp. n. from life with bright-field (A, G, H, K, M), and differential interference contrast (B, E, F, L) illuminations, and after protargol
staining (C, D, I, J). (A, B, E) Ventral view showing body shape and caudal cilia (arrowheads) and kinetal furrows (arrows). (C, D) Ventral (C) and dorsal (D) view of
the holotype showing ciliature and macronucleus. (F) Right ventral view showing dorsal-ventrally flattened posterior body (arrowhead). (G) Right ventral view showing
caudal cilia (arrowhead) and the proximal end of the adoral zone (arrow). (H) Ventral view showing contractile vacuole (arrowhead). (I) Paroral membrane (arrowhead).
(J) Macronucleus and micronucleus. (K) Lateral view showing cortical granules (arrowhead). (L) Arrangement of cortical granules (arrowheads). (M) Arrangement and
color of cortical granules (arrowheads). Ma, macronucleus; Mi, micronucleus; PM, paroral membrane. Scale bars: 40 um.

e

)

dome 3.5:1 on average, slightly dorsoventrally flattened,
especially at the posterior end, about 30 pum thick at the
middle part of the cell while 10 um at the posterior end
(Figure 3F); anterior part and posterior part projecting
forward from lateral view, conferring a slightly curved
appearance. Preoral dome convex, overhanging left margin,
occupying about 50% of body length (Figures 3A, B, E, G, H).

Cortex flexible, prominent kinetal furrows at 5 um intervals
(Figure 3B). Cortical granules ellipsoidal and colorless, about
0.5 x 0.2 um in vivo, arranged in about 4 lines between ciliary
rows (Figures 2C, 3K-M). Cytoplasmic granules variable in size,
ranging from about 0.5 to 3 um, packed densely across the cell
except for the posterior end and aggregated at the anterior pole
(Figures 2A, 3A, B, F). Single macronucleus elongate, shape
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varying from C-shape to sigmoidal, up to 55 um long in the
middle part of the cell, non-extending to the preoral dome; filled
with numerous nucleoli. Single micronucleus, spherical at the
middle part of macronucleus, about 4 um in diameter
(Figures 2B, 3J). Contractile vacuole terminally located,
rectangular, about 25 pm in width (Figures 2A, 3H).
Swimming pace moderate, rotating around the long axis.

Besides perizonal stripe cilia and about 7 caudal cilia up to 15 um
and 25 um long, respectively, other somatic cilia about 12 um long
in vivo (Figures 2A, 3A, B, E, G). On average, 23 (range: 21-24)
somatic kineties and 9 preoral dome kineties (Figures 2E, F, 3C, D;
Table 1). The perizonal stripe is invariably composed of dikinetids
arranged in five rows, never forming false kineties; rows 1-5
narrowly spaced; rows 1-3 about 1 pm apart; rows 3-5 about 2
pum apart. Row 5 separated from dome kinety 1 by a conspicuous
gap (about 3.5 um wide). Axis of dikinetids in perizonal stripe rows
1 and 2 parallel to kinety axis, while rows 3-5 inclined about 45° to
kinety axis (Figures 2E, F, 3C, D). Somatic kineties composed of
dikinetids, both basal bodies ciliated at the anterior part while only
one basal body ciliated posteriorly. The axis of dikinetids in both
ends of each somatic kinety inclined about 45° but those in the
middle part are parallel to kinety axis (Figures 2E, F, 3C, D). The
adoral zone consisted of about 42 (35-46) membranelles on
average, occupying about 40% of body length, and extending
parallel to the dome brim; longest membranelles at mid-portion,
about 12 um wide (Figures 2D-F, 3C). Paroral membrane about 30
um long, composed of a single file of ciliated basal bodies
(Figures 2E, 3G, I).

Metopus spiculatus sp. n. (Figures 4, 5 and Table 2)

Diagnosis

Marine form about 55-100 x 25-40 im in vivo. Body shape oblong
to ovoid. Preoral dome extremely compressed, distal end curved
and tapered into a conspicuous beak-like structure. Posterior body
tapered sharply into an about 25 pm long tail. Cell surface covered
by a layer of rod-shaped ectosymbionts arranged perpendicularly.
Cytoplasm filled with needle-like intracytoplasmic structures,
aggregate in the anterior part. Elongate ellipsoidal macronucleus

centrally located below the preoral dome and spherical
micronucleus. On average, 21 somatic kineites including 5 preoral
dome kineties. Perizonal stripe rows 1 and 2 forming false kineties.
The adoral zone consisted of about 20 membranelles, occupying
about 30% of body length. Paroral membrane double-rowed with
one about twice as long as the other.

Type Locality
Sulfide-rich sediments in an intertidal zone in Liujiawan, Rizhao
(119°26', N35°17’), China.

Type Materials

The protargol slide containing the holotype (Figures 4G, H, 5D,
E) (registration number: ZWB202103290301) and two other
slides containing paratypes (registration numbers: ZWB20210
3290302-03) were deposited at the Laboratory of Protozoology,
Ocean University of China, Qingdao, China. The holotype and
relevant paratypes were marked by black ink circles on the backs
of the slides.

Etymology

The Latin adjective “spiculatus” refers to the distinctive, beak-like
anterior protrusion.

Description

Size about 55-100 x 25-40 pm. Cell gray and opaque. Shape oblong
to ovoid, posterior part tapered acutely into an about 25 pum long tail
(Figures 4A, F, 5A-C). Length:width ratio including the preoral
dome 2.4:1 on average (n = 15). Preoral dome extremely
compressed and slightly twisted, overhanging left margin, tapered
into a beak-like structure terminally, occupying about 30% of body
length (Figures 4A, F, 5A, B). Body posterior to the preoral dome
ellipsoidal in cross-section. Cortex flexible, cortical granules
globular, about 0.5 pm in diameter, colorless, loosely arranged in
rows, distinguishable only at the preoral dome and at the cell margin
due to the coverage of ectosymbionts elsewhere. Cell entirely
covered by a layer of rod-shaped, 1.5 x 0.5 um ectosymbiotic
prokaryotes arranged perpendicularly, except for most of the

TABLE 1 | Morphometric characteristics of Metopus paraes sp. n. based on protargol-stained specimens. Measurements in um.

Characteristics Mean M SD CcvV Min Max n
Body, length 108.9 110 9.6 8.8 94 130 15
Body, width 33.4 34 9.2 27.6 21 49 14
Body, length-width, ratio 3.5 3 0.9 27.0 2 5 14
Anterior cell end to distal end of the adoral zone, distance 12.7 14 3.2 251 7 17 15
Distance from the anterior pole to the distal end of macronucleus: body length, % 1.7 12 2.8 241 6 16 15
Anterior cell end to proximal end of the adoral zone, distance 61.5 61 3.9 6.3 55 69 15
Distance from the anterior cell end to the proximal end of the adoral zone: body length, ratio in % 56.8 57 5.1 9.0 42 63 15
Macronucleus, length 48.1 50 4.6 9.6 39 55 15
Macronucleus, width 8.6 8 1.9 225 6 14 15
Adoral membranelles, number 42.0 43 3.0 7.2 35 46 15
Somatic kineties, number 23.0 23 0.9 4.0 21 24 15
Preoral dome kineties, number 9.0 9 1.1 12.0 8 1 14
Longest adoral membranelle, length 11.5 12 1.5 12.7 8 14 15
Perizonal ciliary stripes, number 5.0 5 0.0 0.0 5 5 15
Paroral membrane, length 30.0 30 4.4 14.6 25 41 12

CV, coefficient of variation (%); M, median; Max, maximum;, Min, minimum; n, number of specimens examined.
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and somatic kineties. PM, paroral membrane. Scale bars, 30 um.

preoral dome and tail zone (Figures 4A, D, 5A-C, F, H, J, K).
Cytoplasm colorless, cytoplasmic granules variable in size, ranging
from about 0.5 um to 2 um. Needle-shaped unidentified
intracytoplasmic structures (about 9 um long) densely packed at
the anterior pole and sparsely distributed throughout other portions
of the cell, often observed in the tail (Figures 4A-D, 5A, F).
Macronucleus about 30 pim long in vivo and about 25 um long in
protargol preparations; elongate ellipsoidal, at the middle-upper
part of the cell, not extending beyond the adoral zone into the
preoral dome. Micronucleus spherical, about 3 um across, in
depression in the right margin, anterior portion of macronucleus
(Figures 4A, 5D, E, G). Contractile vacuole terminal, slightly
rightwards, spherical, 10 pm across (Figures 4A, 5B, C).
Swimming pace moderate; rotating on the long axis.

Besides perizonal stripe cilia up to 25 um long, other somatic
cilia including cilia on tail about 10 um in length in vivo
(Figures 4A, 5A-C, H). An average of 21 (range: 19-25) somatic
kineties, about 3.5 um apart, extending to posterior tail, including
five (4-6) dome kineties; composed of dikinetids (Figures 4G, H,

Dt e
o
&

P

B
.
s
:

FIGURE 4 | Metopus spiculatus sp. n. from life (A, D, F) and after protargol staining (B, C, E, G, H). (A) Ventral view of a representative specimen, showing body
shape, ectosymbionts, contractile vacuole, beak-like preoral dome end (arrowhead), and posterior tail (arrow). (B) Structure of membranelles from the mid-portion of
the adoral zone. (C) Two paroral membranes. (D) Ectosymbionts (arrowheads) and needle like structures (arrow). (E) Part of the perizonal stripe and false kineties.
(F) Different body shapes. (G, H) Ventral (G) and dorsal (H) view of the holotype showing perizonal stripe, dome kineties, paroral membranes, adoral membranelles,

5D, E; Table 2). Perizonal stripe invariably consists of dikinetids
arranged in five rows; rows 1-5 closely spaced at intervals of less
than 0.5 um. Rows 1 and 2 more densely spaced, forming false
kineties; no distinct gap between row 5 and dome kinety 1.
Dikinetids axis of perizonal stripe parallel to kinety axis in rows
1-2, slightly inclined in row 3, inclined about 45° to kinety axis in
rows 4-5 (Figures 4E, G, H, 5D, E, I). The adoral zone is composed
of about 20 (17-22) membranelles, occupying about 30% of body
length; shorter than the dome brim and perizonal stripe at the
anterior part; the longest membranelles at mid-portion, about 6.5
pm long (Figures 4G, 5D, M). The paroral membrane is composed
of two parallel rows of basal bodies; one about 19 um long and the
other about 10 um long (Figures 4C, G, 5D, L).
Metopus parapellitus sp. n. (Figures 6, 7 and Table 3)

Diagnosis

Marine form with a size of about 50-100 x 25-40 wm in vivo.
Shape ovate to oblong. Preoral dome slightly overhanging left
margin and occupying about 50% of body length. Rod-shaped
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FIGURE 5 | Metopus spiculatus sp. n. from life with differential interference contrast (A, F, H) iluminations, bright-field (B, C, J, K), and after DAPI staining (G) and after
protargol staining (D, E, 1, L, M). (A-C) Ventral view showing different body shapes, arrowheads showing spine of dome, and arrow showing posterior spine. (D, E) Ventral
(D) and dorsal (E) views of the holotype showing ciliature and macronucleus. (F) Unidentified filiform intracytoplasmic structures (arrows). (G) Macronucleus and micronucleus.
(H) Posterior spine and ectosymbionts (arrowhead). (I) Perizonal stripe and false kineties. (J) Cortical granules on preoral dome. (K) Lateral view showing ectosymbionts. (L)
Two rows of paroral membrane (arrowheads). (M) Adoral membranelles. Mi, micronucleus; Ma, macronucleus. Scale bars: 35 um (A, G) and 30 um (B-E).

ectosymbionts distributed throughout the cell surface
perpendicularly to the cell surface. Macronucleus broadly
ellipsoidal, never extending to the preoral dome. On average,
32 somatic kineties including 15 preoral dome kineties. Perizonal
stripe rows never forming false kineties. The adoral zone is
composed of 21 membranelles on average, occupying about 50%
of body length, never extending onto the dorsal surface. Paroral
membrane stichomonad. Long caudal cilia about 30 um long,
located at the rear end and right posterior part.

Type Locality
Sulfide-rich marine sands near a sewage outfall in Zhangqiao Pier,
Qingdao (E120°19’, N36°04"), China.

Type Materials
The protargol slide containing the holotype (Figures 6H, I, 7D, E)
(registration number: ZWB202103170101) and two paratypes slides

(registration number: ZWB202103170102, ZWB202103170103)
were deposited at the Laboratory of Protozoology, Ocean
University of China, Qingdao, China. The holotype and relevant
paratypes were marked by black ink circles on the backs of the slides.

Etymology

The species-group name parapellitus is a composite of the Greek
prefix para- (close to, similar to, resembling) and the species-group
name pellitus, indicating that the new species resembles but differs
from the subspecies Metopus contortus pellitus Kahl, 1932
(originally described as Metopus contortus var. pellitus Kahl, 1932).

Description

Size in vivo 50-100 x 25-40 um and in protargol preparations
50-95 x 20-40 um. Length:width ratio including preoral dome
2.7:1 on average. Shape ovate to oblong, dorsoventrally flattened,
about 13-20 um in width and slightly curved from lateral view
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TABLE 2 | Morphometric characteristics of Metopus spiculatus sp. n. based on protargol-stained specimens. Measurements in um.

Characteristics Mean
Body, length 75.7
Body, width 313
Body, length-width, ratio 2.4
Tall, length 13.5
Tail length:body length, ratio in % 17.8
Anterior cell end to distal end of the adoral zone, distance 6.1
Distance from the anterior pole to the distal end of macronucleus: body length, % 8.3
Anterior cell end to proximal end of adoral zone, distance 28.6
Distance from the anterior cell end to the proximal end of the adoral zone: body length, ratio in % 38.5
Macronucleus, length 25.3
Macronucleus, width 8.5
Micronucleus, number 1.0
Adoral membranelles, number 20.0
Somatic kineties, number 21.0
Preoral dome kineties, number 5.0
Longest adoral membranelle, length 6.4
Perizonal ciliary stripes, number 5.0
Paroral membrane 1, length 18.8
Paroral membrane 2, length 9.5

80
30
2
14
18
6
8
27
40
25
8
1
19
21
5
7
5
19
10

SD

12.5
3.5
0.4
4.2
4.3
0.8
1.6
3.9
6.4
4.1
1.7
0.0
1.5
1.5
0.7
0.9
0.0
21
1.0

cv

16.2
1.2
17.8
30.7
24.3
12.5
19.9
18.7
16.8
16.1
20.4
0.0
7.7
7.0
16.5
14.2
0.0
1.3
11.0

Max

100
40

20
25

12
35
48
33
12

22
25

[oe]

22
11

15
15
15
15
15
15
15
15
15
15
15
11
15
15
15
15
15
15
15

CV, coefficient of variation (%); M, median; Max, maximum, Min, minimum; n, number of specimens examined.

Mi, micronucleus. Scale bars: 30 um (A, G), 50 um (G), and 25 um (H, ).

FIGURE 6 | Metopus parapellitus sp. n. from life (A=C, E) and after protargol staining (D, H, 1), and M. vestitus (E) and M. contortus pellitus (F) after Kahl, 1932.
(A) Ventral view of a representative specimen, showing body shape, ectosymbionts, contractile vacuole, and long caudal cilia. (B) Ectosymbionts (arrows). (C) Left
view showing body shape. (D) Structure of membranelles from the mid-portion of the adoral zone. (E) Micronucleus and macronucleus. (F) Metopus vestitus after
Kahl (1932). (G) M. contortus pellitus after Kahl, 1932. (H, 1) Ventral (H) and dorsal (l) view of the holotype, showing ciliature and macronucleus. Ma, macronucleus;
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paroral membrane. Scale bars: 35 um.

FIGURE 7 | Metopus parapellitus sp. n. from life with bright-field (A, F, G, J), differential interference (B, C, I, K) illuminations and UV light (H, L), and after protargol
staining (D, E, M, N). (A) Ventral view showing body shape, paroral membrane (arrowhead), and contractile vacuole (arrow). (B) Ventral view showing body shape
and the proximal end of the adoral zone (arrowhead). (C) Dorsal view showing body shape and macronucleus (arrow). (D, E) Ventral (D) and dorsal (E) view of

the holotype, showing ciliature and macronucleus. (F) Left view showing body dorsoventrally flattened body. (G) Ventral view showing caudal cilia (arrowheads).

(H, L) Autofluorescence of ectosymbionts (arrows) and zone lacking ectosymbionts (arrowhead). (I) Micronucleus and macronucleus. (J) Cytoplasmic granule
aggregation at the anterior pole of the cell (arrowhead). (K) Lateral view of ectosymbionts (arrow) and the layer of mucus (arrowheads). (M) Adoral membranelles and
paroral membrane. (N) Right lateral view showing the distal end of perizonal stripe row 5. AM, adoral membranelles; Ma, macronucleus; Mi, micronucleus; PM,

(Figures 6A, C, 7A-C, F). Cell light gray, dark at anterior pole
due to cytoplasmic granule aggregate. Preoral dome convex and
slightly overhangs left margin, inclined 45° to long axis;
occupying about 50% of body length. Cortex flexible,
prominent kinetal furrows at perizonal stripe (Figures 6A,
7A). Cortical granules not observed due to coverage of
ectosymbionts. Rod-shaped ectosymbionts about 0.5 x 2.5 um
in vivo, arranged perpendicularly, distributed throughout cell
surface but lacking in most part of preoral dome; covered by a
layer of thick homogeneous mucus; autofluorescence under UV
light, suggesting that the symbionts may belong to methanogens
(Figures 6A, B, 7A, H, K, L). Scattered, spherical cytoplasmic
globules about 1-2 wm. Anterior pole aggregate composed of
densely packed 1-3-pum light gray spherical to rectangular
granules (Figures 6A, 7A-C, G). Single macronucleus broadly
ellipsoidal, at the anterior part, not extending to the preoral
dome but a little higher than the middle adoral zone; composed

of numerous nucleoli about 1.5 pm. Single micronucleus 6 pm
across, spherical, in top edge depression of macronucleus
(Figures 6A, E, 7I). Contractile vacuole terminal, rounded,
about 13 um across (Figures 6A, 7A). Swimming pace
moderate; rotating around the long axis.

Perizonal stripe cilia and somatic cilia up to 20 um and 12 um
long in vivo, respectively. About five caudal cilia 30 um long in
vivo, located at the right rear end of the body (Figures 6A, 7G),
On average, 32 (range 28-35) somatic kineties and 15 dome
kineties (Figures 6H, I, 7D, E; Table 3). Somatic kineties are
composed of dikinetids with both bosal bodies ciliated. The
perizonal stripe is invariably composed of dikinetids arranged
in five rows, extending slightly onto the dorsal surface; rows 1-3
closely spaced with about 1-1.5 um intervals, rows 3-5 more
loosely spaced with about 2.5-3.5 m intervals; no conspicuous
gap between row 5 and dome kinety 1 (Figures 6H, 7D, N).
Dikinetids of perizonal stripe and dome kineties have both basal
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TABLE 3 | Morphometric characteristics of Metopus parapellitus sp. n. based on protargol-stained specimens. Measurements in um.

Characteristics

Body, length

Body, width

Body, length-width, ratio

Anterior cell end to distal end of the adoral zone, distance

Distance from the anterior pole to the distal end of macronucleus: body length, %
Anterior cell end to proximal end of adoral zone, distance

Distance from the anterior cell end to the proximal end of the adoral zone: body length, ratio in %

Macronucleus, length
Macronucleus, width

Adoral membranelles, number
Somatic kineties, number

Preoral dome kineties, number
Longest adoral membranelle, length
Perizonal ciliary stripes, number
Paroral membrane, length

Mean M SD Ccv Min Max n
70.0 70.3 12.0 17 50.0 95.0 15
27.3 25.0 8.0 29 20.0 40.0 15
2.7 3.0 0.6 21 2.0 4.0 15
8.9 8.0 3.0 33 6.0 17.0 15
12.9 13.0 41 32 7.0 23.0 15
36.3 36.0 4.3 12 12.0 27.0 15
53.0 52.0 9.7 18 35.0 80.0 15
16.9 16.0 9.7 22 12.0 27.0 15
9.5 10.0 1.6 16 7.0 13.0 15
21.3 21 1.3 6 19 23 15
31.5 31 2.2 7 28 35 15
14.7 15 0.8 6 13 16 14
8.9 9.0 0.9 10 8 11 15
5.0 5 0.0 0 5 5 15
21.6 22.0 1.7 8 19.0 25.0 15

CV, coefficient of variation (%); M, median; Max, maximum, Min, minimum; n, number of specimens examined.

bodies ciliated; axis of dikinetids in perizonal stripe parallel to
kinety axis in rows 1-2; inclined about 45° to kinety axis in rows
3-5, never forming “false kineties”. The adoral zone comprises
about 21 membranelles, occupying about 50% of body length,
never extends onto dorsal surface, proximal portion enclosed in
the buccal cavity, the longest membranelles at mid-portion,
about 9 um wide (Figures 6D, H, 7D, M). The paroral
membrane is about 26 um in length, originating in the buccal
cavity at the proximal end of the adoral zone, composed of a
single file of ciliated basal bodies (Figures 6B, 7D, M).

SSU rDNA Sequence and Phylogenetic Analyses

The SSU rDNA sequence of Metopus paraes sp. n. is 1,638 bp
long, with a GC content of 43.71% and the NCBI accession
number OM801553. The sequence of the species is most similar
to that of Urostomides bacillatus (KY025569), with an identity of
94.83%. The SSU rDNA sequence of M. parapellitus sp. n. is
1,589 bp long, with a GC content of 44.37%; the NCBI accession
number is OM801555. Apart from one unidentified environment
sequence, the sequence of M. parapellitus sp. n. is most similar to
that of M. contortus (KY432957), with an identity of 98.05%. The
SSU rDNA sequence of M. spiculatus sp. n. is 1,650 bp long, with
a GC content of 43.88%; the NCBI accession number is
OMS801554. The sequence of M. spiculatus sp. n. is most
similar to that of M. vestitus (MF360251), with an identify
of 98.04%.

The topologies of the phylogenetic trees from the ML and BI
analyses were identical; therefore, only the ML tree topology is
shown; the support values are derived from both algorithms
(Figure 8). Armophorea were recovered polyphyletic; they
intersected with Litostomatea, Muranotrichea, Parablepharismea,
Cariacotrichea, and Odontostomatea and consisted of two unrelated
clades, namely, Metopida/Clevelandellida and Armophorida.
Apometopidae were confirmed monophyletic and members
belonging to the family Tropidoatractidae grouped together.
Metopidae and Clevelandellida grouped together with a weak
support (38/0.51), while Clevelandellida formed a monophyletic
group inside with robust support (99/1.00). The Metopidae/

Clevelandellida clade is composed of two main clades. One is a
low-support clade (29/0.59) that consists of M. es (Miiller, 1776)
Lauterborn, 1916, Brachonella contorta (Levander, 1894) Jankowski,
1964, and B. pulchra (Kahl, 1927) Bourland et al,, 2018, and six
marine species of Metopus. The other has high support (96/1.00)
and consists of the remaining metopids and all clevelandellids.
Three species from the present study clustered with three marine
relatives, viz., M. vestitus Kahl, 1932, M. paravestitus Li et al., 2021,
and M. contortus (Quennerstedt, 1867) Kahl, 1932, forming a high-
support marine clade (89/1.00), which is parallel to the clade (51/
0.69) that consists of M. es and two Brachonella species. Within the
marine clade, M. paraes sp. n. branched off early, and the remaining
species form a cluster with full support. Metopus spiculatus sp. n.
first clusters with M. vestitus with full support, both being sister to
M. paravestitus almost with maximum support. Metopus
parapellitus sp. n. and M. contortus also constitute a robust clade
parallel to the clade containing the above-mentioned
marine species.

DISCUSSION

Comparison With Similar Species

The three species described in the present study are characterized
by a five-rowed perizonal stripe, a left torsion in the anterior cell
portion, and a frontal lobe that overhangs an obliquely situated
adoral zone of membranelles. Therefore, these three species
should be assigned to the genus Metopus (Esteban et al., 1995).
In addition to traditional taxonomic features, ectosymbiont is
also an important feature in identifying these anaerobic species
(Esteban et al., 1995; Li et al., 2021a).

Metopus paraes sp. n. is mainly characterized by a
combination of the following characteristics: (i) seawater
habitat, (ii) an in vivo size of 110-125 x 40-45 um, (iii) 35-46
adoral membranelles and 21-24 somatic kineties, and (iv) long
caudal cilia. It most closely resembles M. es in body size, number
of somatic kineties, and adoral membranelles. However, our
form can be distinguished from M. es by the long caudal cilia
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FIGURE 8 | Phylogenetic tree based on SSU rDNA sequences. The tree was constructed by the maximum likelihood method in RA x ML (GTRGAMMAI model).
The values at branches represent support in bootstrap values (maximum likelihood method)/posterior probabilities (MrBayes method). New sequences in bold.
Yellow bars represent freshwater or soil ciliates in Metopidae. Blue bars represent marine ciliates in Metopidae. Red stars mark ciliates with double-rowed membrane
in Armophorea. Asterisks (*) reflect disagreements in topology between Bl and ML trees. The scale bar represents 5 changes per 100 positions.

| Spirotrichea

(present vs. absent) and the habitat (marine vs. freshwater). Due
to its medium size, elongated body shape, and marine habitat, the
new species should also be compared with M. nivaaensis Esteban
et al., 1995, M. halophila sensu Esteban et al., 1995, Metopus
contortus (Quennerstedt, 1867) Kahl, 1932, and M. paravestitus
Li et al., 2021. Our form can be distinguished from M. nivaaensis
by the lower number of somatic kineties (21-24 vs. 50) (Esteban
etal., 1995). It can be separated from M. halophila sensu Esteban
etal., 1995, and M. paravestitus by the ectosymbionts (lacking vs.
present). Finally, our form has fewer somatic kineties than M.
contortus (21-24 vs. about 40) (Kahl, 1932; Esteban et al., 1995;
Bourland et al., 2017a; Li et al., 2021a).

M. spiculatus sp. n. can be distinguished from all other
Metopus by the following characteristics: (i) marine habitat, (ii)
rod-shaped ectosymbionts, (iii) a beak-like structure at the
preoral dome end, (iv) a posterior body that tapers into a tail,
(v) an in vivo size of 75-100 x 30-40 wm, (vi) 17-22 adoral
membranelles and 19-25 somatic kineties, and (vii) needle-like

intracytoplasmic structures. The new species resembles M.
vestitus Kahl, 1932 (Figure 6G) in most features except the
distinct beak-like preoral dome end (present vs. lacking). Similar
to this new species, M. caudatus, Tropidoatractus acuminatus
and Tropidoatractus spinosus are medium-sized, and have an
oblong body and one acute tail, but all of them lack
ectosymbionts, which are considered as an important feature
for species identification (Esteban et al., 1995; Rotterova et al.,
2018; Li et al., 2021a). In addition, M. rostratus Kahl, 1932 and
Tropidoatractus levanderi Rotterova et al,, 2018 also possess a
beak-like preoral dome end, but both lack a long tail and
conspicuous ectosymbionts as shown in our form (Kahl, 1932;
Foissner, 2016a; Rotterova et al., 2018).

M. parapellitus sp. n. is mainly characterized by the following
characteristics: (i) marine habitat, (ii) rod-shaped ectosymbionts,
(iil) long caudal cilia located at the rear end and right posterior
body, (iv) an in vivo size of 80-100 x 25-30 wm, and (v) 28-35
somatic kineties and 19-23 adoral membranelles. The species
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most closely resembles M. contortus pellitus (Figure 6F); these
two can be distinguished by body shape (ovate to oblong vs. short
ovate), the distribution of caudal cilia (rear end and right
posterior body vs. rear end and both sides of the posterior
body), and the position of the adoral zone (never extending to
the dorsal surface vs. extending to the dorsal surface) (Kahl,
1932). Moreover, both Palmarella salina and Planometopus
contractus have an adoral zone located only at the ventral side.
However, they possess fewer adoral membranelles than M.
parapellitus sp. n. (6-11 vs. 19-23 and 13-15 vs. 19-23)
(Rotterova et al., 2018). The species can be easily distinguished
from M. contortus by the number of somatic kineties (28-35 vs.
37-47), the number of adoral membranelles (19-23 vs. 33-45),
and the ectosymbionts (present vs. lacking) (Esteban et al., 1995).
Due to its medium size, ovate body shape, and marine habitat,
our species should also be compared with M. halophila sensu
Esteban et al., 1995, M. nivaaensis, and M. paravestitus. The
species differs from M. halophila sensu Esteban et al., 1995 in the
numbers of somatic kineties (28-35 vs. about 20) and of adoral
membranelles (19-23 vs. 12-15) (Esteban et al., 1995). M.
parapellitus sp. n. also has fewer somatic kineties than M.
nivaaensis (28-35 vs. about 50) and fewer adoral membranelles
than M. paravestitus (19-23 vs. 27-36) (Li et al., 2021a).

Phylogenetic Position

Consistent with previous studies, our analyses showed that the class
Armophorea is non-monophyletic (Bourland et al., 2017a; Bourland
et al., 2017b; Omar et al., 2017; Rotterova et al., 2018; Li et al., 2021).
The obligate anaerobic classes Odontostomatea, Parablepharismea,
Cariacotrichea, and Muranothrichea and the partially anaerobic class
Litostomatea clustered between the armophorean clades Metopida/
Clevelandellida and Armophorida, suggesting possible relationships
between these anaerobic groups.

The present study further corroborates the systematic
composition of the genus Metopus (Bourland et al., 2017a;
Bourland et al,, 2017b; Omar et al., 2017; Rotterova et al.,
2018; Li et al, 2021). Previous studies suggested that Metopus
was heterogeneous and should be split (Bourland et al., 2017a)
and the work progresses on (Bourland and Wendell, 2014;
Foissner, 2016a; Foissner, 2016b; Bourland et al.,, 20173;
Bourland et al., 2017b; Vda¢ny and Foissner, 2017b; Bourland
et al,, 2018a; Bourland et al., 2018b; Rotterova et al., 2018;
Bourland et al., 2020). Perhaps most known species of Metopus
from the Metopidae/Clevelandellidae clade will be placed in
some other taxa, eventually leaving type species, M. es, and its
phylogenetically related species as the “true” Metopus.
Brachonella possesses a dominant peroral dome and extreme
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