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Prostomatean ciliates play important roles in the flow of material and energy in aquatic
microbial food webs, and thus have attracted wide attention for over a century. Their
taxonomy and systematics are, however, still poorly understood because of their
relatively few taxonomically informative morphological characters. In this study, two new
prostomateans, Lagynus binucleatus sp. n. and Foissnerophrys alveolata gen. n., sp. n.,
collected from a freshwater pool and the intertidal zone of a sandy beach, respectively,
in Qingdao, China, are investigated using living observation, protargol staining, and SSU
rRNA gene sequencing methods. The genus Lagynus is redefined, and the new species
L. binucleatus sp. n. is established based on significant morphological differences with
similar forms. Furthermore, a new genus, Foissnerophrys gen. n., is established based
on a combination of morphological and molecular data with £ alveaolata sp. n. the
type species by monotypy. The identities of intracellular prokaryotes of these two new
species are discussed based on fluorescence in situ hybridization (FISH) data and newly
obtained 16S rBNA gene sequences.

Keywords: biodiversity, ciliated protozoa, intracellular prokaryote, molecular systematics, new taxa, SSU rRNA
gene

INTRODUCTION

The class Prostomatea Schewiakoff, 1896 is one of the smallest in the phylum Ciliophora Doflein,
1901 in terms of species and genus richness (Lynn, 2008). Nevertheless, its members are commonly
found in freshwater, marine, and soil habitats worldwide (Kahl, 1930; Carey, 1992; Foissner et al.,
1994, 1999; Song et al., 2009; Chen et al., 2010, 2012; Hu et al., 2019; Sikder and Xu, 2020). As
abundant components of aquatic ecosystems, prostomateans play several important ecological
roles utilizing a wide range of bacteria and microalgae as food (Madoni et al., 1990; Epstein and
Shiaris, 1992; Simek et al., 1996; Weisse and Montagnes, 1998; Nakamura and Hirata, 2006; Lynn,
2008). For example, the marine genus Tiarina Bergh, 1881 has been reported to control the growth
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of algae that cause red tides (Jeong et al, 2002), while the
ectoparasite Cryptocaryon irritans Brown, 1951 can cause skin
diseases in marine fishes (Dickerson and Dawe, 2006). Symbiotic
partnerships between ciliate hosts and intracellular bacteria or
microalgae have also been recorded in this group. For example,
symbiotic bacteria have been discovered in Urotricha ovata
Kahl, 1926 (de Puytorac and Grain, 1972), and the microalga
Symbiodinium has been found in a calcifying Tiarina (Mordret
et al.,, 2016). However, species identification and evolutionary
relationships of prostomateans remain difficult due to the lack of
ciliature information and molecular data.

Corliss  (1979) assigned prostomateans to a single
order in the subclass Gymnostomatia Corliss, 1974 (class
Kinetofragminophora de Puytorac et al, 1974). Based on
ultrastructural data and the tube-like cytopharynx (“rhabdos”),
Small and Lynn (1985) united the classes Prostomatea
Schewiakoff, 1896 and Litostomatea Small and Lynn, 1981 into
the subphylum Rhabdophora Small, 1976. In the classification
system proposed by Lynn (2008), the class Prostomatea
contains two orders: Prostomatida Schewiakoff, 1896 and
Prorodontida Corliss, 1974.

The order Prostomatida is characterized by having a truly
apical oral region, perioral kineties that form obvious paratenes,
and the absence of both a brosse and toxicysts (Lynn, 2008).
Prostomatida contain only two families, namely, Metacystidae
Kahl, 1926 and Apsiktratidae Foissner et al., 1994. Metacystids
can be recognized by their bipolar somatic kineties, conspicuous
transverse perioral kineties surrounding the cytostome and,
in some species, the presence of a lorica (Small and Lynn,
1985). Based on body shape and the presence or absence of
a monokinetidal oral ring, Metacystidae are divided into three
genera, namely, Metacystis Cohn, 1866, Vasicola Tatem, 1869,
and Pelatractus Kahl, 1930 (Kahl, 1930; Small and Lynn, 1985).
Despite a long research history, comparatively little information
is available for metacystids and only a few species, all belonging
to the genus Metacystis, have been reported in detail (Kahl, 1930;
Small and Lynn, 1985; Song and Wilbert, 2002; Aladro-Lubel and
Martinez-Murillo, 2003; Arregui et al., 2010; Zhang et al., 2015).

The order Prorodontida is characterized by the oral region
that is located apically or slightly subapically and by the
presence of both a brosse and toxicysts (Lynn, 2008). It
contains nine families including Lagynidae Sola et al., 1990, the
type genus of which is Lagynus Quennerstedt, 1867. Lagynus
is easily distinguished from most other prostomateans by
having a bottle-shaped or fusiform body and an annular neck.
Quennerstedt (1867) established Lagynus to accommodate those
species of Lacrymaria Bory de Saint Vincent, 1824, that are
only slightly contractile. Lagynus elegans (basionym: Lacrymaria
elegans Engelmann, 1862) was designated as the type species.
Kahl (1930), however, did not accept this classification, so he
transferred all species of Lagynus to the genera Lacrymaria
Bory de Saint Vincent, 1824, Enchelys Miiller, 1773, Enchelyodon
Claparede and Lachmann, 1859, and Trachelocerca Ehrenberg,
1840. Corliss (1979) considered Lagynus to be a nomen nudum,
so this genus was not accepted in his systematic revision of
ciliates. Following further investigations, Foissner (1983) and
Sola etal. (1990) confirmed that Lagynus differs significantly from

Lacrymaria in having a crown of nematodesmata surrounding
the oral region and a short brosse that is not attached to
the somatic kineties and hence differs from the dorsal brush
in Haptorida Corliss, 1974. Consequently, Sola et al. (1990)
established the new family Lagynidae for Lagynus. Foissner et al.
(1995) subsequently confirmed the taxonomic status of this
genus. Nevertheless, of the three nominal Lagynus species, only
L. elegans has been described in detail. Moreover, the lack of
molecular data has hampered knowledge and understanding of
the systematics of Lagynus. This genus should be, therefore,
redefined based on new information.

In the present work, two new species, one prostomatid and
one prorodontid are described, and their molecular phylogenies
based on SSU rRNA gene sequence data are analyzed. In addition,
their intracellular prokaryotes are investigated by fluorescence
in situ hybridization (FISH) and 16S rRNA gene sequencing in
order to better understand the ecological function of these ciliates
in aquatic ecosystems.

MATERIALS AND METHODS

Sample Collection and Morphological
Methods

Lagynus binucleatus sp. n. was collected from a freshwater
pond in the Zhongshan Park, Qingdao, China (36°03'47"N,
120°20'23"E), on October 17, 2019, when the water temperature
was 24.5°C. Foissnerophrys alveolata gen. n., sp. n. was collected
from the intertidal zone of a sandy beach at the Taipingjiao Park,
Qingdao, China (36°03'06"N, 120°22'16”E), on August 26, 2019,
when the water temperature was 26°C, and the salinity was 31%o
(Figure 1). Water samples with sediment or sand were collected
using bottle caps after gently stirring the water. In the case of the
freshwater pond, sediment samples were taken from the surface
layer of the pond-bed using a Pasteur pipette and then diluted
with untreated habitat water.

After collection, samples were transferred to Petri dishes.
Living cells were isolated from the cultures with a micropipette
and observed at 100-1000x magnification using bright field
and differential interference contrast microscopy. The protargol
staining method described by Wilbert (1975) was used to
reveal the ciliature and nuclear apparatus. The protargol powder
was made according to Pan et al. (2013). Morphometric
measurements and counts were performed at a magnification
of 1,000 x. Drawings of living cells were produced using freehand
sketches and photomicrographs, while drawings of silver-stained
specimens were produced with the help of a drawing device.
Terminology and systematics are mainly according to Foissner
et al. (1995).

Terminology
Brosse: distinctive field of clavate cilia arising from three
or more specialized kineties or kinetal segments, often
oriented obliquely to the body axis; characteristically found
in prorodontine prostomes.

Paratene: condition or presence of recognizable repeating
kinetid patterns that are oriented orthogonal to the longitudinal
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FIGURE 1 | Map and satellite image showing location of Qingdao and photographs showing sampling sites. (A) Map of China, showing location of Qingdao.
(B) Satellite image of Shandong Province, showing location of Qingdao. (C,D) Photographs of sampling sites in Qingdao where Foissnerophrys alveolata gen. n.,

sp. n. (C) and Lagynus binucleatus sp. n. (D) were collected.

axis of the ciliate’s body, thus parallel to the equator or eventual
fission furrow; paratenes superficially give the impression
that the organism’s kineties run circumferentially rather than
longitudinally in the part of the body affected.

Cervical kineties (CeK): paratenes composed of comparatively
loosely arranged kinetosomes in the “neck” region, i.e., between
perioral kineties and ordinary somatic kineties.

Perioral kineties (PK): paratenes composed of closely arranged
kinetesomes between circumoral kinety and cervical kineties.

DNA Extraction, PCR Amplification, and
Sequencing

Single cells were isolated under the dissecting microscope and
washed in filtered water from the original sample (Bai et al.,
2020). Extraction of genomic DNA from a single cell was
performed using DNeasy Blood and Tissue Kit (QIAGEN,
Hilden, Germany) following the manufacturer’s instructions (Wu
et al., 2020). The genomic DNA was stored at —80°C prior to
further processing. Q5 Hot Start high fidelity DNA polymerase
(NEB, Ipswich, MA, USA) was used to amplify the SSU rRNA

gene using primers Euk-A (5'-AAYCTGGTTGATYYTGCCAG-
3’) and Euk-B (5-CYGCAGGTTCACCTACRG-3), resulting in
a near-complete SSU rDNA fragment (Medlin et al., 1988).
Cycling parameters of PCR amplification were as follows: one
cycle of initial denaturation at 98°C for 30 s, followed by 18
cycles of amplification (98°C, 10 s; 69°-51°C touchdown, 30 s;
72°C, 1 min), and another 18 cycles (98°C, 10 s; 51°C, 30 s;
72°C, 1 min), with a final extension of 72°C for 5 min (Jiang
et al, 2021). The PCR products were sequenced directly in
both directions by four reactions (18SE, 18SR, 900F, and 900R)
by TSINGKE (Qingdao, China). Contigs were assembled using
Seqman (DNAStar).

For intracellular bacteria, the 16S rRNA gene was amplified
using primers Bacteria-16SF (AGAGTTTGATCATGGCTCAG)
and Bacteria-16SR (TAGGGTTACCTTGTTACGACTT)
according to Medlin et al. (1988) and Miller et al. (2014).
For archaea, the 165 rRNA gene was amplified using
Pro-341F  (CCTACGGGNBGCASCAG) and  Pro-805R
(GACTACNVGGGTATCTAATCC) (Takahashi et al, 2014).
The parameters of PCR amplification were the same as those
for 18S. The PCR products were purified by EasyPure PCR

Frontiers in Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 686929


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jiang et al.

Description of Two Prostomateans

Purification Kit (TransGen Biotech, China) and then cloned
by pClone007 Blunt Simple Vector Kit (Tsingke, China).
Transformed cells were grown overnight at 37°C in LB media
with 0.05 mg/ml ampicillin. Two individuals of ciliates were
examined, and for each individual, eight clones were selected
randomly and sequenced directly in both directions by two
reactions (Bacteria-16SF, Bacteria-16SR) by TSINGKE (Qingdao,
China). To ensure the credibility of the results, only the samples
with high similarity (99.70% sequence similarity threshold) to
known sequences from NCBI were considered in our analyses.
The 16S rRNA gene sequences obtained in this study are
deposited in the GenBank database under accession numbers
MW979568-MW979575.

Phylogenetic Analyses

In addition to the newly obtained SSU rRNA gene sequences
of Lagynus binucleatus sp. n. and Foissnerophrys alveolata
gen. n., sp. n., another 110 sequences downloaded from
the GenBank were used in the phylogenetic analyses
(for accession numbers, see Figure 6). The compressed
subtree contains 12 populations of Coleps viridis (accession
numbers: MT253672-MT253675, MT253678-MT253685). The
oligohymenophoreans Anoplophrya marylandensis (AY547546),
Frontonia vernalis (U97110), Paramecium calkinsi (AF100301),
and Paratetrahymena parawassi (FJ876969) were chosen as
outgroup taxa. All sequences were aligned using the MUSCLE
program at the European Bioinformatics Institute (available
at http://www.ebi.ac.uk/Tools/msa/muscle/). The primers on
both ends of the resulting alignment were trimmed using the
BioEdit 7.2.0.5 program (Hall, 1999; Zhang et al., 2020). The
final alignment used for the phylogenetic analyses had 1,857
nucleotide positions.

Maximum likelihood (ML) analysis was carried out using
RAXML-HPC2 v.8.2.10 on XSEDE on the CIPRES Science
Gateway with GTR + I 4+ G as the optimal model (Stamatakis,
2014). Bayesian inference (BI) analysis was performed with
MrBayes v.3.2.6 on XSEDE (Ronquist et al., 2012) on the CIPRES
Science Gateway, using the GTR + I + G model as selected by
MrModeltest v.2.2 according to the Akaike Information Criterion
(AIC) for BI (Nylander, 2004). Markov chain Monte Carlo
(MCMC) simulations were then run with two sets of four chains
for 10,000,000 generations at a sampling frequency of 100 and
a burn-in of 25,000 trees (25%). All remaining trees were used
to calculate the posterior probabilities using a majority rule
consensus. MEGA v.6.0 (Kumar et al., 2016) analyses were used
to visualize the tree topologies.

Whole-Cell Fluorescence in situ

Hybridization (FISH) and DAPI Staining

The procedure used for FISH basically followed those of Fried
et al. (2002); Gong et al. (2016), and Zhao et al. (2020). The
probes for bacteria were a mixture of universal prokaryote probes,
Eub338, I, II, and III (Amann et al., 1995; Daims et al., 1999),
and the probe for archaea was Arc915 (Raskin et al., 1994).
Cells were washed in sterile water and then fixed with filtered
Bouin’s solution (50% final concentration) on glass microscope

slides (MATSUNAMI, FRR-04). Slides with ciliates were placed
in the dark for at least 24 h and then washed with sterile water
three times. Cells were dehydrated in a graded series of 30,
50, 80, and 100% ethanol (5 min each step). The cells were
covered with hybridization buffer using the preparation method
described by Zhao et al. (2020) and incubated at 46°C for 2 h.
After hybridization, the cells were eluted at 48°C for 30 min with
wash buffer and rinsed with deionized water. Finally, DAPI (50
ng/ml) was added onto the slides to stain DNA. All steps were
performed in the dark. The slides were observed under a confocal
laser scanning microscope at excitation wavelengths of 450-490,
546, and 365 nm for the Eub, Arc, and DAPI signals, respectively.

RESULTS

ZooBank Registration

Present work: LSIDurn:sid:zoobank.org:pub:87ABF569-
9C0B-4873-9DFA-BA26FD5A45C6.

Lagynus binucleatus sp. n.: LSIDurn:lsid:zoobank.org:act:FBB
14E3C-0BAF-4BD8-B634-41B5425BFDBD.

Foissnerophrys gen. n.: LSIDurn:Isid:zoobank.org:act: EAD3B6
72-72F2-4001-BFFC-B64C77193274.

Foissnerophrys alveolata gen. n., sp. n. LSIDurn:sid:
zoobank.org:act:85D2325F-F757-499F-86F1-832B5C6B4ED4.

Morphological Descriptions
Class: Prostomatea Schewiakoff, 1896
Order: Prorodontida Corliss, 1974
Family: Lagynidae Sola et al., 1990
Genus: Lagynus Quennerstedt, 1867

Improved Diagnosis

The body was bottle-shaped or spindle-shaped, rounded in cross-
section; cytostome apical; neck region encircled by furrows and
slightly contractile; macronuclear nodule(s) ovoidal; circumoral
kinety composed of dikinetids; three or four brosse kineties;
perioral kineties present; and caudal cilium absent.

Lagynus binucleatus sp. n.
(Figures 2A-0, 3A-J and Table 1)

Diagnosis

Cell size was 165-340 x 20-60 pm in vivo; with two
macronuclear nodules, one micronucleus; contractile vacuole
terminal; brosse consists of three pairs of kinetids; four perioral
kineties, anterior three double-rowed, posterior one single-
rowed; 8-14 cervical kineties; and 28-38 somatic kineties.

Etymology

The species-group name binucleatus (Latin adjective; having
two nuclei) is a composite of the Latin numeral bi- (two) and
Latin adjective nucleatus (kernel-like), and refers to the two
macronuclear nodules, a distinguishing feature of this species.
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FIGURE 2 | Photomicrographs of Lagynus binucleatus sp. n. in vivo (A-L), after DAPI staining (M), and after fluorescence in situ hybridization (FISH) (N-0O).

(A) Lateral view of a representative individual, showing the flat posterior end of the body (arrow). (B-D) Shape variants, the flat posterior end of the body at different
angles relative to the main body axis (arrows) and furrows in the neck region (arrowhead). (E) The contractile vacuole (arrow). (F) Side view of anterior portion of the
cell, showing the nematodesmata (arrow) and perioral cilia (arrowhead). (G) Side view of the anterior portion of the cell, showing annular furrows (arrow) and oral
bulge (arrowhead). (H) Side view of anterior portion of the cell, showing the furrows around the neck. (l,J) Showing a smaller individual. (K) The macronuclear
nodules and micronucleus (arrow). (L) The cortical granules (arrows). (M) The macronuclear nodules (arrow) and micronucleus (arrowhead). (N,0) The macronuclear
nodules (arrows), bacteria (N), and archaea (O) scattered in the cytoplasm (arrowheads). Scale bars: 70 pm (A=E), 90 wm (l,J).

Type Locality and Habitat
The locality and habitat are a freshwater pond in the Zhongshan
Park, Qingdao (36°03'47”N, 120°20'23"E), and the water
temperature was about 24.5°C.

Deposition of Type Slide

One protargol slide containing the holotype specimen
(registration number: JLM2019101701-1), and two protargol
slides (registration numbers: JLM2019101701-2, 2019101701-3)
containing several paratype specimens, were deposited in the
Laboratory of Protozoology, Ocean University of China.

Description
The body is about 165-340 x 20-60 pwm in vivo; the ratio
of length to width is about 5-9:1 (Figures 2A-E,L]J, 3A and

Table 1). The cell is generally fusiform and progressively
narrows from middle toward the anterior and posterior ends
both in vivo and after protargol staining; flexible, slightly
contractile especially in the neck region, and both contraction
and extension occur slowly (Figures 2A-J, 3A). The main
anterior part of the cell is cylindrical and wider than the
rest of the body; the posterior 25-35% of the body is
flattened, transparent with almost no inclusions, and with
distinct striations on the surface (Figures 2A-J). There are
three distinct annular striations between the oral bulge and
neck (Figure 2G). Inconspicuous step-like furrows are found
around the neck (Figure 2D), and there are densely arranged
longitudinal striations between furrows (Figure 2H). The pellicle
is conspicuously notched with longitudinal ridges (Figures 2A-
C). The ectoplasm is transparent, with numerous spherical,
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FIGURE 3 | Drawings (A-F) and photomicrographs (G=J) of Lagynus binucleatus sp. n. in vivo (A) and after protargol staining (B=J). (A) Lateral view of a
representative individual, showing general appearance of body, the contractile vacuole (arrow), and the perioral cilia (arrowheads). (B,C) Side views of the holotype
specimen, showing ciliary pattern of the cell and cervical kineties (CeK). (D) Ciliary pattern of the anterior portion of the cell, showing the circumoral kinety (CK),
brosse (double arrowhead), and perioral kineties (PK). (E) The distribution of cortical granules. (F) Showing the macronuclear nodules (arrow) and micronucleus
(arrowhead). (G) Side view of the anterior portion of the cell, showing the brosse (arrow). (H) Side view of the anterior portion of the cell, showing the circumoral
kinety (arrowhead) and oral basket (arrow). (I) Side view of the anterior portion of the cell, showing the cervical kineties (arrows) and nematodesmata (arrowhead).
(J) Lateral view, showing ciliary pattern and nematodesmata (arrow). CK, circumoral kinety; CeK, cervical kineties; PK, perioral kineties. Scale bars: 70 pm (A), 120

nm (B,C), 80 um (J).

colorless cortical granules (about 0.5 wm in diameter) densely
arranged in longitudinal rows and separated into several
groups, and each group with one to five granules (Figures 2L,
3E). The cytoplasm is colorless, packed with brown granules
and small spheres (2-6 pm in diameter) in the mid-region
of the body rendering the cell gray at low magnifications
(Figures 2D,]). There are invariably two ellipsoidal macronuclear
nodules, closely apposed in the mid-region of cell, and each
nodule is about 14-23 x 8-14 wm in vivo, 15-25 x 8-
22 pm after protargol staining (Figures 2K,M, 3F and Table
1). There is a single ellipsoidal micronucleus, approximately
5-6 x 3-4 um in vivo, closely associated with, sometimes
located between, macronuclear nodules (Figures 2K,M, 3F).
The single contractile vacuole is terminally positioned, about
14-21 pm in diameter when fully expanded (Figure 2E).
Locomotion is by swimming moderately fast in the upper
layer of water, either with the anterior end swinging from
side to side or along a helical trajectory by rotating about
the main body axis.

The somatic cilia are 10- to 13-pum long, densely arranged. In
total, there are 28-38 somatic kineties, each composed of densely
packed monokinetids that are arranged regularly in the anterior
body half and irregularly in the posterior half (Figures 3B,C,J
and Table 1). The brosse consists of three pairs of kinetids
(Figures 3D,G and Table 1). There are 8-14 cervical kineties,
distributed along furrows that encircle the neck region, composed
of monokinetids (Figures 3B,C,I, and Table 1).

The oral bulge is rather conspicuous because it is distinctly
projecting from the body proper, especially in protargol-stained
specimens (Figures 2G, 3G,H); the cytostome is situated in
the center of the oral bulge. The oral basket is well-developed
(about 10 pm x 5 pm) with clearly visible nematodesmata,
each about 10- to 13-pm long (Figures 2F, 3H-J and Table
1). There is one circumoral kinety composed of dikinetids, with
each pair of kinetosomes vertically aligned (Figures 3D,H and
Table 1). There are four perioral kineties, three anterior rows
composed of dikinetids, with the posterior-most row composed
of monokinetids; the perioral cilia, which emerge from the
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TABLE 1 | Morphometric data on Lagynus binucleatus sp. n. and Foissnerophrys alveolata gen. n., sp. n. after protargol staining. Measurements in pum.

Character Min Max M Mean SD CcVv N
Body, length 153 310 241 237.0 38.4 16.2 30
86 164 106 112.9 21.9 19.4 30
Body, width 21 54 39 411 13.3 32.4 30
28 59 42 431 9.5 22.1 30
Ratio of body length to body width 5 9 6 6.3 1.9 30.7 30
2 4 2.7 0.4 15.8 30
Ma, number 2 2 2 2.0 0 0 30
1 1 1 1.0 0 0 30
Ma, length 15 25 21 20.4 2.9 14.2 30
16 26 19 19.4 2.8 14.3 30
Ma, width 8 22 11 11.8 2.7 23.1 30
10 23 15 15.1 2.8 18.8 30
Ratio of Ma length to Ma width 1 2 1.8 0.3 16.5 30
1 1 1.3 0.1 12.7 30
SK, number 28 38 33 33.1 2.7 8.0 30
41 47 44 44.0 2.1 4.7 30
Circumoral kineties, number 1 1 1 1.0 0 0 30
1 1 1 1.0 0 0 30
Perioral kineties, number 4 4 4 4.0 0 0 30
5 5 5 5.0 0 0 30
Cervical kineties, number 8 14 11 111 1.5 13.7 30
2 3 2 2.3 0.5 20.3 30
Brosse rows, number 3 3 3 3.0 0 0 30
OB, length 8 11 9 9.5 0.7 7.7 30
OB, width 3 6 5 4.6 0.6 13.8 30
Ratio of OB length to OB width 2 3 2 21 0.2 10.4 30
Nematodesmata, length 21 38 30 30.3 4.4 14.5 30

CV, coefficient of variation (%); M, median; Ma, macronuclear nodules; Max, maximum; Min, minimum; n, number of specimens examined; OB, oral basket; SD, standard

deviation; SK, somatic kineties; —, no data available.

anterior end of the cell are conspicuous and approximately 15-
to 18-pum long (Figures 2F, 3D,G,H, and Table 1).

Class: Prostomatea Schewiakoff, 1896
Order: Prostomatida Schewiakoff, 1896
Foissnerophrys gen. n.

Diagnosis

The body is spindle-shaped to cylindrical; the circumoral kinety
is composed of dikinetids; perioral kineties are present; brosse,
contractile vacuole, caudal cilium, and lorica are absent.

Dedication

This genus is dedicated to Prof. Dr. Wilhelm Foissner (Salzburg
University) in acknowledgment of his achievements in the field
of ciliate taxonomy. The name is a composite of the surname
Foissner and the Greek noun ophrys (eyebrow~cilia~ciliate) and
has a feminine gender.

Type Species

Foissnerophrys alveolata sp. n.

Species Assigned
Foissnerophrys alveolata sp. n.

Foissnerophrys alveolata gen. n., sp. n.
(Figures 4A-L, 5A-K, and Table 1)

Diagnosis

The cell size is 75-150 x 20-45 pwm in vivo; the body is elongate
with a conspicuous alveolar layer covering the surface; with single
macronucleus and single micronucleus; five perioral kineties, two
anterior double rowed, three posterior single rowed; two or three
cervical kineties; and 41-47 somatic kineties.

Etymology
The species-group name alveolata (Latin adjective) is a composite
of the Latin noun alveolus (vesicle) and the suffix ~ata (having
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FIGURE 4 | Photomicrographs of Foissnerophrys alveolata gen. n., sp. n. in vivo (A=), after DAPI staining (J) and after fluorescence in situ hybridization (FISH) (K,L).
(A,B) Lateral view of a representative individual showing the cortical granules (arrow) and furrows in ectoplasm (arrowhead). (C) The pattern of silverline system,
perioral cilia (arrow), and cortical granules (arrowhead). (D) The spherical inclusions in the cell. (E) The macronucleus (arrowhead) and cortical granules (arrows).
(F-H) Shape variants. (I) The flat posterior end of the body (arrowhead) and cortical granules (arrow). (J) The macronucleus (arrow) and micronucleus (arrowhead).
(K,L) The macronucleus (arrows), bacteria (K), and archaea (L) scattered in the cytoplasm (arrowheads). Scale bars: 40 um (A,B), 60 um (F-H).

something) and refers to the alveolar layer, a main distinguishing
feature of this species.

Type Locality and Habitat

The locality and habitat are the intertidal zone of a sandy
beach at the Taipingjiao Park, Qingdao (36°03'06"N,
120°22/16"E), China. The salinity is 31%o, water temperature is
about 26°C.

Deposition of Type Slide

One protargol slide containing the holotype specimen
(registration number: JLM2019082602-1), and two protargol
slides (registration numbers: JLM2019082602-2, 2019082602-3)
containing several paratype specimens, were deposited in the
Laboratory of Protozoology, Ocean University of China.

Description
The cell size is about 75-150 x 20-45 pm in vivo when fully
extended, with a length-width ratio of about 3-5:1 (Figures 4A,B,

5A,B and Table 1). The cell is flexible and contractile (Figure 5F).
The body shape is highly variable among different individuals,
usually spindle shaped, progressively narrowed from middle to
both ends, with a rounded head (Figures 4A,B,F-H, 5A,B).
Distinct furrows appear in the neck region when the body
contracts (Figures 4A, 5A). Single ellipsoidal macronucleus are
located in the mid-body region, 12-14 pm across in vivo,
16-26 x 10-23 pm after protargol staining (Figures 4E,J-
L and Table 1). Single globular micronucleus adjacent to
the macronucleus, about 2 pwm in diameter, are observable
after DAPI staining (Figure 4J). No contractile vacuole is
observed. Cortical granules are colorless, rod-shaped, about 2.0-
2.5 x 0.7-0.8 pm, equally spaced and distributed regularly in
longitudinal rows, oriented orthogonal to the cell membrane
(Figures 4A,C,I, 5E,H). A pattern of the silverline system is
easily recognized in vivo, consisting of one polygon between
each kinety (Figures 4C, 5E). The ectoplasm is hyaline and
flexible, forming a clear margin around the endoplasm, distinctly
furrowed in the neck region (Figures 4A,I). The cytoplasm is
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FIGURE 5 | Drawings (A-H) and photomicrographs (I-K) of Foissnerophrys alveolata gen. n., sp. n. in vivo (A,B,E,F,H) and after protargol staining (C,D,G,I,K).

(A) Lateral view of a representative individual, showing general appearance of body, cortical granules (arrow), and furrows in ectoplasm (arrowhead). (B) Different
body shape, showing the flat posterior end of the body (arrow). (C,D) Side views of the holotype specimen, showing ciliary pattern of the cell and cervical kineties
(CeK). (E) The distribution of cortical granules and pattern of silverline system. (F) Lateral view of a specimen showing its contractility. (G) Ciliary pattern of the anterior
portion of the cell showing the circumoral kinety (CK) and perioral kineties (PK). (H) Portion of cortex, showing the hyaline ectoplasm (arrow) and cortical granules
(arrowhead). (I) Lateral view of holotype specimen showing ciliary pattern and macronucleus. (J,K) Side view of anterior portion of the cell showing the circumoral
kinety (arrowheads) and perioral kineties (arrows). CeK, cervical kineties; CK, circumoral kinety; PK, perioral kineties. Scale bars: 40 wm (A=D,l), 60 pm (F).

colorless, but the anterior portion of the body is usually opaque
and grayish due to the presence of numerous highly refractive
inclusions and cytoplasmic granules, ellipsoidal or globular, ca.
1-3 pm in diameter (Figures 4D,E); the remainder of the cell is
nearly transparent, with sparsely scattered granules (Figures 4E,I,
5A,B). Locomotion is by swimming slowly with the anterior end
swinging from side to side.

The somatic cilia are about 6-8 pm long in vivo. In
total, there are 41-47 somatic kineties, mainly consisting of
monokinetids and extending almost through the entire body
length (Figures 5C,D,I and Table 1). In the anterior half of
the body, somatic kinetosomes are arranged in regular kineties,
but in the posterior half of the body, kinetosomes are scattered
in an irregular pattern (Figures 5C,D,I). Two or three rather
indistinct cervical kineties encircle the neck region between the
perioral kineties and the anterior end of the somatic kineties
(Figures 5C,D and Table 1).

The cytostome is apical, and the oral bulge is indistinct
in vivo but noticeably convex after protargol staining
(Figure 5I). The oral basket and nematodesmata are not

recognizable either in vivo or after silver staining. The
circumoral kinety consisting of densely spaced dikinetids
is situated at the base of the oral bulge, and only one
kinetosome of each dikinetid bears a cilium (Figures 5G,J,K
and Table 1). There are five perioral kineties, with the
anterior two rows composed of dikinetids and the posterior
three rows composed of monokinetids (Figures 5G,],K
and Table 1); the perioral cilia are about 9 or 10 pm
long (Figure 4C).

Molecular Phylogeny Based on SSU

rRNA Gene Sequences
The SSU rRNA gene sequences of Lagynus binucleatus sp. n.
and Foissnerophrys alveolata gen. n., sp. n. were deposited in
the GenBank database with accession numbers, lengths, and
guanine—cytosine (GC) content as follows: MW481207, 1,709 bp,
43.42% and MW481206, 1,723 bp, 42.86%, respectively.

The topologies of the SSU rRNA gene trees constructed
using ML and BI analyses are similar, therefore, only the ML
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Bayesian inference (BI) posterior probabilities, respectively. Asterisks (*) reflect disagreements in topology between the Bl and ML trees. The scale bar corresponds to

0.05 expected substitutions per site.

SSU rDNA
ML/BI

:100/1.00

~
3
3
g
a
i~4
g
£
=3
@
3
&

oissnerophrys alveolata g. n. sp. n. |
Sonderia vorax HF547270
Parasonderia vestita JN857941
Plagiopyla frontata Z29440

Plagiopyla sp. FJ875150
Trimyema finlayi MF074215
Trimyema minutum AJ292526

sp. n. MW481207

| ouTGROUP

0.05
Colepidae

Holophryidae

ejejoanfe sAiydoioussio

VAILNOQO¥O¥d ¥3A¥O
V31VINOLSOdd SSIVO

Prorodontidae
Holophryidae
ORDER PROSTOMATIDA

-Plagiopyla nasuta 229442

I CLASS PLAGIOPYLEA

Balanionidae

Urotrichidae

Plagiocampidae
Cryptocaryonidae

Placidae

tree is shown here with support values from both algorithms
(Figure 6). Three main subclades are recognizable: (1) Family
Placidae forms the basal subclade within the class Prostomatea.
(2) Colepidae, Holophryidae, Prorodontidae, and Metacystis
similis form a subclade with very weak support (ML 48%,
BI 0.93). It is noteworthy that Metacystis similis, the only
available prostomatid sequence, clusters in the clade formed
by Prorodontidae and Holophryidae with full support. (3) All

other groups, the two new species, and the class Plagiopylea
form a subclade with very poor support (ML 36%, BI 0.82).
Plagiopyleans nest within the class Prostomatea and cluster
with Foissnerophrys alveolata sp. n. with maximum support.
Lagynus binucleatus sp. n., Plagiocampidae, Urotrichidae, and
several unidentified environmental sequences form a very weakly
supported clade. Therefore, the position of this new species
remains unresolved.
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Fluorescence in situ Hybridization (FISH)
and 16S rRNA Gene Sequence Analysis

of Intracellular Prokaryotes

The distributions of bacteria and archaea within the cells of
Lagynus binucleatus sp. n. were similar, both being concentrated
in the anterior half of the body in filamentous or flocculent
forms (Figures 2N,0). However, the red fluorescence of
the Eub338 probes was relatively stronger in the middle of
the body, while conversely, the green fluorescence of the
Arc915 probes was stronger in the anterior part of the body.
Four bacterial sequences were found with high similarity
(> 99.70%) to known sequences, namely, Corynebacterium
tuberculostearicum (NR028975) (99.86%), Paracoccus sanguinis
(NR135883) (99.86%), Leclercia adecarboxylata (NR104933)
(99.80%), and Brevundimonas vesicularis (NR037104) (99.71%).
Among these, C. tuberculostearicum belongs to Actinobacteria,
while the rest belong to Proteobacteria, i.e., P. sanguinis
and B. vesicularis (Alphaproteobacteria), and L. adecarboxylata
(Gammaproteobacteria).

In Foissnerophrys alveolata sp. n., the distribution of the
two kinds of fluorescence was similar, both being concentrated
in the anterior half and the posterior end of the body, but
the aggregation shapes differed. Most of the red fluorescence
aggregations are spherical or block shaped and appear to be
surrounded by food vacuoles (Figure 4K). In contrast, the
green fluorescence aggregations are rod shaped or globular
and bear a stronger resemblance to archaea (Figure 4L).
Furthermore, the green fluorescence is stronger than the red
fluorescence in the posterior end of the cell (Figures 4K, L).
Four of the bacterial sequences were found with high similarity
(>99.70%) to known sequences, namely, Staphylococcus
haemolyticus (NR113345) (99.93%), Staphylococcus epidermidis
(NR036904) (99.86%), Prolinoborus fasciculus (NR104948)
(99.79%), and Paracoccus sphaerophysae (NR117441) (99.78%).
Two of these (S. haemolyticus and S. epidermidis) belong to
the class Bacilli (phylum Firmicutes), whereas the other two
(Prolinoborus fasciculus and Paracoccus sphaerophysae) belong to
the phylum Proteobacteria.

DISCUSSION

Morphological Comparison and
Systematics of Lagynus binucleatus
sp. n.

Based on its body shape and infraciliature, especially the brosse
and perioral kineties, Lagynus binucleatus sp. n. corresponds well
with the genus Lagynus Quennerstedt, 1867 (Quennerstedt, 1867;
Sola et al., 1990; Foissner et al., 1995). Hitherto, only three known
congeners have been described, i.e., L. elegans (Engelmann, 1862)
Quennerstedt, 1867, L. cucumis (Penard, 1922) Foissner, 1987,
and L. verrucosa Foissner, 1983. Lagynus binucleatus sp. n. can
be easily separated from each of these by having two (vs. one)
macronuclear nodules (Figure 2K; Penard, 1922; Foissner, 1983;
Sola etal., 1990). In addition, L. elegans differs from L. binucleatus
sp. n. by having three to five conspicuous annular furrows in the

neck region (vs. about 11 inconspicuous furrows in the latter)
and in the composition of the brosse, i.e., three or four rows,
each with four to six kinetosomes in L. elegans vs. three rows,
each comprising a pair of kinetosomes in L. binucleatus sp. n.
(Figure 3G; Sola et al., 1990; Foissner et al., 1995) (Table 2).

Lagynus cucumis is similar to L. binucleatus sp. n. in shape
(Figures 2A, 3A). Although no infraciliature data are available
for L. cucumis, these species can be clearly separated by certain
characters in vivo. For example, L. cucumis possesses a shorter
body (100-190 pm vs. 180-230 pwm), collecting channels that
extend from the contractile vacuole to the mid-region of the
cell (vs. collecting channels absent in L. binucleatus sp. n.), and
conspicuous longitudinal grooves on the anterior half of the
body (vs. longitudinal grooves absent in L. binucleatus sp. n.)
(Penard, 1922) (Table 2).

The updated information on the genus Lagynus allows a
reevaluation of the classification of species L. verrucosa Foissner,
1983, and its assignment to the genus Lagynus. The perioral
kineties of L. verrucosa are composed of slightly spiraling
longitudinal rows and, hence, very likely correspond to head
kineties of the order Lacrymariida Lipscomb and Riordan,
1990. On the other hand, the perioral kineties of L. elegans
and L. binucleatus sp. n. are composed of circular rows
(Foissner, 1983). Lagynus verrucosa also clearly differs from its
congeners in the orientation of its somatic kineties (circularly vs.
longitudinal) (Foissner, 1983). Most importantly, no description
of L. verrucosa has included the brosse, the presence of which is
an important diagnostic characteristic of Prorodontida (Corliss,
1974; Lynn, 2008). The presence of spiraling head kineties is
a characteristic feature of Lacrymariidae de Fromentel, 1876
(Litostomatea, Lacrymariida) (Quennerstedt, 1867; Kahl, 1930;
Foissner, 1983; Foissner et al., 1995). Therefore, we suggest
that L. verrucosa be transferred to Lacrymariidae, although it
cannot be assigned to any known genus within this family
(i.e., Lacrymaria Bory de Saint Vincent, 1824, Pelagolacrymaria
Foissner et al, 1999, Phialina Bory de Saint Vincent, 1824,
and Phialinides Foissner, 1988), and may, therefore, represent
a new genus (Kahl, 1930; Foissner, 1988; Foissner et al,
1999). Further information on the morphology and molecular
phylogeny of L. verrucosa is needed in order to determine its
correct systematic position.

In the SSU rRNA gene tree, Lagynus binucleatus sp. n.
branches independently from other families of the order
Prorodontida, thus, supporting the validity of the family
Lagynidae. Furthermore, Lagynidae is more closely related to
Cryptocaryonidae, Plagiocampidae, and Urotrichidae, than to
other families of the order Prorodontida. However, these findings
are based on very limited taxon sampling and on only a single
gene. Therefore, more data are needed in order to determine the
evolutionary relationships within the Prorodontida.

Morphological Comparison and
Systematics of Foissnerophrys alveolata

gen. n., sp. n.
Based on the apical cytostome and the lack of brosse and
toxicysts, Foissnerophrys alveolata sp. n., should be assigned
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TABLE 2 | Comparison of Lagynus binucleatus sp. n. with congeners.

Characteristics Lagynus binucleatus

sp. n.

L. elegans (Engelmann,
1862) Quennerstedt,

L. cucumis (Penard,
1922) Foissner, 1987

165-340 x 20-60 pm
153-310 x 21-79 pm

Body size in vivo
Body size after protargol staining

Body shape Spindle shaped
Presence of distinct neck No
Ma, number 2
Ma, shape Ellipsoidal
Mi, number 1

Mi, shape Ellipsoidal
Presence of collecting channels No
Brosse rows, number 3
Number of kinetosomes per brosse row 2

SK, number 28-38
Circumoral kineties, number 1
Perioral kineties, number 4
Cervical kineties, number 8-14

Data source Present study

1867
90-200 x 40-60 pm 100-190 um
75.5-116.2 x 40.5-54.6 -
wm
Bottle shaped Cylindroid
Yes No
1 1
Ellipsoidal to reniform Ellipsoidal
1 -
Ellipsoidal -
- Yes
3or4 -
4-6 -
32-50 -
1 -
3 —
3-5 4-5
Sola et al., 1990; Foissner Penard, 1922
etal.,, 1995

Ma, macronucleus (or macronuclear nodules); Mi, micronucleus; SK, somatic kineties.

TABLE 3 | Comparison of Foissnerophrys gen. n. with related genera.

Genus Foissnerophrys gen. n. Metacystis Cohn, 1866 Vasicola Tatem, 1869 Pelatractus Kahl, 1930

Body shape Spindle shaped Cylindrical Ovoid Spindle shaped

Body tapered at rear Yes No Yes Yes

SK, orientation Longitudinal Transverse Transverse Longitudinal

Presence of monokinetid oral ring No No Yes No

Presence of terminal vacuole No Yes No Yes

Presence of bulge on terminal vacuole - Yes - No

Presence of caudal cilium No Yes Yes No

Caudal cilium, number - One One or more -

Presence of lorica No Yes or no Yes Yes

Presence of CV No Yes or no Yes or no Yes

CV, position - Mid-body Terminal Mid-body

CV, number - One One One or more

Data source Present study Kahl, 1930; Small and Kahl, 1930; Small and Kahl, 1930; Small and
Lynn, 1985 Lynn, 1985 Lynn, 1985

CV, contractile vacuole; SK, somatic kineties.

to the order Prostomatida, which comprises only two families,
i.e,, Apsiktratidae Foissner et al., 1994, and Metacystidae Kahl,
1926 (Lynn, 2008). The new taxon can be distinguished from
the Apsiktratidae by having a spindle-shaped (vs. ovoidal)
body and perioral kineties (vs. lacking in the latter), and
by the absence (vs. presence) of a collar-like appendix at
the anterior end of the body (Foissner et al, 1994). In
having an alveolar layer over the cortex and conspicuous
circumferential paratenes (perioral kineties) around the neck
region, F. alveolata gen. n., sp. n. resembles several species
of Metacystidae (Figures 4A,I, 5G,H) (Kahl, 1930). The
Metacystidae currently include three genera, but the new species
cannot be assigned to any of them.

Metacystis Cohn, 1866, can be separated from Foissnerophrys
alveolata sp. n. by the presence (vs. absence) of a terminal vacuole,
the presence (vs. absence) of a caudal cilium, the orientation
of the somatic kineties (transverse vs. longitudinal), and the
cylindrical (vs. spindle-shaped) body (Kahl, 1930; Small and
Lynn, 1985) (Table 3).

Vasicola Tatem, 1869, clearly differs from Foissnerophrys
alveolata sp. n. in body shape (ovoidal vs. spindle-shaped), the
orientation of the somatic kineties (transverse vs. longitudinal),
and the presence (vs. absence) of a lorica (Kahl, 1930) (Table 3).

Pelatractus Kahl, 1930 most closely resembles Foissnerophrys
alveolata sp. n. in terms of its spindle-shaped body, longitudinal
somatic kineties, and the absence of a caudal cilium. Nevertheless,
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the former can be distinguished from F. alveolata sp. n.
by the presence (vs. absence) of a lorica, the presence (vs.
absence) of a terminal vacuole, and by the presence (vs.
absence) of one or more contractile vacuoles (Kahl, 1930;
Small and Lynn, 1985) (Table 3).

In the SSU rRNA gene tree, Foissnerophrys alveolata gen.
n., sp. n. was closely related to the class Plagiopylea. However,
Metacystis similis KT272408 failed to cluster with the new species
and instead was sister to the Prorodontidae + Holophryidae
clade with full support. Therefore, the findings of the
present and previous studies indicate that the brosse might
not be a suitable character for distinguishing between the
orders Prostomatida and Prorodontida. Consequently, more
work needs to be carried out to answer this question
and to determine the evolutionary relationships within the
class Prostomatea.

In conclusion, both the morphological and the molecular
data indicate that our new species cannot be assigned to any
extant genus. A new prostomatid genus, Foissnerophrys gen. n.,
is, thus, proposed. As mentioned above, familial assignment of
the new genus cannot be determined at present. Foissnerophrys
gen. n. should, therefore, be classified as incertae sedis within the
order Prostomatida.

The Distribution and Identification of

Intracellular Prokaryotes

With the development of molecular techniques, an increasing
number of endosymbiotic prokaryotes have been discovered in
anaerobic ciliates. Most archaeal symbionts in these ciliates are
methanogens (Fenchel and Finlay, 1991; Embley and Finlay,
1993; Fenchel, 1993; Finlay et al., 2000; Shinzato et al., 2007;
Hackstein et al., 2008), and most bacterial symbionts are
from the phylum Proteobacteria (Fokin et al., 2000; Beier
et al, 2002; Edgcomb et al, 2011; Schrallhammer et al,
2011; Boscaro et al., 2012; Vannini et al., 2012; Gong et al,
2014). In contrast, bacterial symbionts of other phyla, such
as Firmicutes and Verrucomicrobia, seem to be rare (Petroni
et al, 2000; Shinzato et al., 2007). Prostomateans, especially
in the genera Coleps Nitzsch, 1827, Holophrya Ehrenberg,
1831, and Urotricha Claparede and Lachmann, 1859, have been
reported to feed on a variety of bacteria (Madoni et al., 1990;
Epstein and Shiaris, 1992; Simek et al., 1996). Furthermore,
symbiotic bacteria have been reported in Holophrya sp.,
Holophray teres (Ehrenberg, 1834) Foissner et al,, 1994, and
Urotricha ovata Kahl, 1926 (de Puytorac and Grain, 1972;
Fokin, 2012). Although we did not obtain sequences of archaea,
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sequences of bacteria belonging to the phylum Proteobacteria
were detected in both L. binucleatus sp. n. and F. alveolata
gen. n.,, sp. n. In the absence of starvation culture and
environmental sequencing, we cannot be sure whether these
prokaryotes were ingested food organisms or endosymbionts.
However, we can be sure that the bacteria associated with
prostomateans are closely related to species commonly found
in planktonic and benthic habitats, i.e., according to our
16S rRNA data, they had 99.70% similarity to sequences of
Brevundimonas vesicularis, Leclercia adecarboxylata, Paracoccus
sanguinis, Paracoccus sphaerophysae, and Prolinoborus fasciculus.
We believe that these initial attempts are meaningful for research
on microbial food webs and symbiotic relationships between
eukaryotes and prokaryotes.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.
ncbinlm.nih.gov/, MW481207,  https://www.ncbi.nlm.nih.
gov/, MW481206, https://www.ncbi.nlm.nih.gov/, MW979568,
https://www.ncbinlm.nih.gov/, MW979569,  https://www.
ncbinlm.nih.gov/, MW979570,  https://www.ncbi.nlm.nih.
gov/, MW979571, https://www.ncbi.nlm.nih.gov/, MW979572,
https://www.ncbi.nlm.nih.gov/, MW979573, https://www.ncbi.

nlm.nih.gov/, MW979574, and https://www.ncbi.nlm.nih.
gov/, MW979575.
AUTHOR CONTRIBUTIONS

XH conceived and designed the manuscript. L] carried out the
live observation, protargol staining, and wrote the manuscript.
WZ performed the data analyses. HE-S, SA-F, and AW revised the
writing of the manuscript. All authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (project nos. 41976086 and 41776133). We
also thank the Researchers Supporting Project No. (RSP-2021/7),
King Saud University, Riyadh, Saudi Arabia.

treatment plant. J. Euk. Microbiol. 57, 362-368. doi: 10.1111/j.1550-7408.2010.
00484.x

Bai, Y., Wang, R, Liu, W. W., Warren, A., Zhao, Y., and Hu, X. Z. (2020).
Redescriptions of three tintinnine ciliates (Ciliophora: Tintinnina) from
coastal waters in China based on lorica features, cell morphology, and
rDNA sequence data. Eur. J. Protistol. 72:125659. doi: 10.1016/j.ejop.2019.12
5659

Beier, C. L., Horn, M., Michel, R., Schweikert, M., Gortz, H. D., and Wagner, M.
(2002). The genus Caedibacter comprises endosymbionts of Paramecium spp.
related to the Rickettsiales (Alphaproteobacteria) and to Francisella tularensis

Frontiers in Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 686929


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1111/j.1550-7408.2003.tb00118.x
https://doi.org/10.1128/mmbr.59.1.143-169.1995
https://doi.org/10.1111/j.1550-7408.2010.00484.x
https://doi.org/10.1111/j.1550-7408.2010.00484.x
https://doi.org/10.1016/j.ejop.2019.125659
https://doi.org/10.1016/j.ejop.2019.125659
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jiang et al.

Description of Two Prostomateans

(Gammaproteobacteria). Appl. Environ. Microbiol. 68, 6043-6050. doi: 10.
1128/aem.68.12.6043-6050.2002

Bergh, R. S. (1881). Bidrag Til Cilioflagellaternes Naturhistorie: Forelobige
Meddelelser. Copenhagen: Bianco Lunos.

Bory de Saint Vincent, J. B. M. (1824). Encyclopédie Méthodique, Histoire
Naturelle Des Zoophytes ou Animaux Rayonnés. Tome Second. Paris: Agasse,
562-563.

Boscaro, V., Vannini, C., Fokin, S. I, Verni, F., and Petroni, G. (2012).
Characterization of “Candidatus Nebulobacter yamunensis” from the
cytoplasm of Euplotes aediculatus (Ciliophora, Spirotrichea) and emended
description of the family Francisellaceae. Syst. Appl. Microbiol. 35, 432-440.
doi: 10.1016/j.syapm.2012.07.003

Brown, E. M. (1951). A new parasitic protozoan, the causal organism of a white
spot disease in marine fish Cryptocaryon irritans gen. and sp. n. Proc. Zool. Soc.
London. 11, 1-2.

Carey, P. G. (1992). Marine Interstitial Ciliates. London: Chapman and Hall.

Chen, X. R,, Gao, S, Liu, W. W., Song, W. B., Al-Rasheid, K. A., and Warren, A.
(2012). Taxonomic descriptions of three marine colepid ciliates, Nolandia sinica
spec. nov., Apocoleps caoi spec. nov. and Tiarina fusa (Claparéde & Lachmann,
1858) Bergh, 1881 (Ciliophora, Prorodontida). Int. J. Syst. Evol. Microbiol. 62,
735-744. doi: 10.1099/ijs.0.026302-0

Chen, X. R, Wang, Y. G, Long, H. A, Al-Rasheid, K. A., Warren, A., and
Song, W. B. (2010). Morphological studies on two marine colepid ciliates from
Qingdao, China, Nolandia orientalis spec. nov. and Pinacocoleps similis (Kahl,
1933) comb. nov. (Ciliophora, Colepidae). Eur. J. Protistol. 46, 254-262. doi:
10.1016/j.ejop.2010.06.002

Claparéde, R. E, and Lachmann, J. (1859). Etudes Sur Les Infusoires et Les
Rhizopodes. Genéve: Kessmann.

Cohn, F. (1866). Neue infusorien im seeaquarium. Z. Wiss. Zool. 16, 253-302.

Corliss, J. O. (1974). Remarks on the composition of the large ciliate class
Kinetofragmophora de Puytorac et al., 1974, and recognition of several new taxa
therein, with emphasis on the primitive order Primociliatida n. ord. J. Protozool.
21, 207-220. doi: 10.1111/j.1550-7408.1974.tb03643.x

Corliss, J. O. (1979). The Ciliated Protozoa: Characterization, Classification, and
Guide to the Literature, 2nd Edn. Paris: Pergamon Press.

Daims, H., Briihl, R., Amann, R., Schleifer, K. H., and Wagner, M. (1999).
The domain-specific 482 probe EUB338 is insufficient for the detection
of all bacteria: development and evaluation of 483 a more comprehensive
probe set. Syst. Appl. Microbiol. 22, 434-444. doi: 10.1016/s0723-2020(99)80
053-8

de Fromentel, E. (1876). Etudes Sur Les Microzoaires ou Infusoires Proprement Dits
Comprenant de Nouvelles Recherches Sur Leur Organisation, Leur Classification
et la Description Des Espéces Nouvelles ou Peu Connues. Paris: G. Masson.

de Puytorac, P., Batisse, A., Bohatier, J., Corliss, J. O., Deroux, G., Didier, P., et al.
(1974). Proposition d’une classification du phylum Ciliophora Doflein, 1901
(réunion de systématique, Clermont-Ferrand). Compt. Rend. Acad. Sci. 278,
2799-2802.

de Puytorac, P., and Grain, J. (1972). Bactéries intramitochondriale et particularités
de Pultrastructur cytostomo-pharyngienne chez le cilié Urotricha ovata Kahl.
CR Soc. Biol. 166, 604-611.

Dickerson, H. W., and Dawe, D. L. (2006). Ichthyophthirius multifiliis and
Cryptocaryon irritans (phylum Ciliophora). Fish Dis. Disord. 1, 116-153. doi:
10.1079/9780851990156.0116

Doflein, F. (1901). Die Protozoen als Parasiten und Krankheitserreger Nach
Biologischen Gesichtspunkten Dargestellt. Waldachtal: Fischer.

Edgcomb, V. P., Leadbetter, E. R, Bourland, W., Beaudoin, D., and Bernhard, J.
(2011). Structured multiple endosymbiosis of bacteria and archaea in a ciliate
from marine sulfidic sediments: a survival mechanism in low oxygen, sulfidic
sediments? Front. Microbiol. 2:55. doi: 10.3389/fmicb.2011.00055

Ehrenberg, C. G. (1831). Uber die Entwickelung und Lebensdauer der
Infusionsthiere; nebst ferneren Beitrigen zu einer Vergleichung ihrer
organischen Systeme. Abh. dt. Akad. Wiss. Berl. 1832, 1-154.

Ehrenberg, C. G. (1834). Dritter beitrag zur erkenntriss grofler organisation
in der richtung des kleinsten raumes. Abh. dt. Akad. Wiss. Berl. 1835,
145-336.

Ehrenberg, C. G. (1840). Das grossere infusorienwerk (Diagnosen von 274 neuen
infusorien). Abh. dt. Akad. Wiss. Berl. 1840, 197-219.

Embley, T. M., and Finlay, B. J. (1993). Systematic and morphological diversity of
endosymbiotic methanogens in anaerobic ciliates. Antonie van Leeuwenhoek 64,
261-271. doi: 10.1007/bf00873086

Engelmann, T. W. (1862). Zur naturgeschichte der infusionsthiere. Z. Wiss. Zool.
11, 347-393.

Epstein, S. S., and Shiaris, M. P. (1992). Rates of microbenthic and meiobenthic
bacterivory in a temperate muddy tidal flat community. Appl. Environ.
Microbiol. 58, 2426-2431. doi: 10.1128/aem.58.8.2426-2431.1992

Fenchel, T. (1993). Methanogenesis in marine shallow water sediments: the
quantitative role of anaerobic protozoa with endosymbiotic methanogenic
bacteria. Ophelia 37, 67-82. doi: 10.1080/00785326.1993.10430378

Fenchel, T., and Finlay, B. J. (1991). Endosymbiotic methanogenic bacteria in
anaerobic ciliates: significance for the growth efficiency of the host. J. Protozool.
38, 18-22. doi: 10.1111/j.1550-7408.1991.tb04788.x

Finlay, B. J., Maberly, S. C., and Berninger, U. G. (2000). Microbial Diversity in
Priest Pot: A Productive Pond in the English Lake District. Cumbria: Freshwater
Biological Association.

Foissner, W. (1983). Taxonomische Studien iiber die Cilidten des
Grof3glocknergebietes (Hohe Tauern, Osterreich): I. Familien Holophryidae,
Prorodontidae, Plagiocampidae, Colepidae, Enchelyidae und Lacrymariidae
nov. fam. Ann. naturhist. Mus. Wien 84, 49-85. doi: 10.1007/bf01082301

Foissner, W. (1987). Miscellanea nomenclatorica ciliatea (Protozoa: Ciliophora).
Arch. Protistenk. 133,219-235. doi: 10.1016/s0003-9365(87)80054- 4

Foissner, W. (1988). Gemeinsame Arten in der terricolen Ciliatenfauna (Protozoa:
Ciliophora) von Australien und Afrika. Stapfia 17, 85-133.

Foissner, W., Berger, H., Blatterer, H., and Kohmann, F. (1995). Taxonomische
und Okologische Revision der Ciliaten des Saprobiensystem - Band IV:
Gymnostomatea, Loxodes, Suctoria. Bayer: Landesamtes fiir Wasserwirtschaft.

Foissner, W., Berger, H., and Kohmann, F. (1994). Taxonomische und Okologische
Revision der Ciliaten des Saprobiensystems - Band III: Hymenostomata,
Prostomatida Nassulida. Bayer: Landesamtes fiir Wasserwirtschaft.

Foissner, W., Berger, H., and Schaumburg, J. (1999). Identification and Ecology of
Limnetic Plankton Ciliates. Bayer: Landesamtes fiir Wasserwirtschaft.

Fokin, S. 1. (2012). Frequency and biodiversity of symbionts in representatives of
the main classes of Ciliophora. Eur. J. Protistol. 48, 138-148. doi: 10.1016/j.ejop.
2011.12.001

Fokin, S. I., Sabaneyeva, E. V., Borkhsenius, O. N., Schweikert, M., and Gértz, H. D.
(2000). Paramecium calkinsi and P. putrinum (Ciliophora, Protista) harboring
alpha-subgroup bacteria in the cytoplasm. Protoplasma 213, 176-183. doi:
10.1007/bf01282155

Fried, J., Ludwig, W., Psenner, R., and Schleifer, K. H. (2002). Improvement of
ciliate identification and quantification: a new protocol for fluorescence in situ
hybridization (FISH) in combination with silver stain techniques. Syst. Appl.
Microbiol. 25, 555-571. doi: 10.1078/07232020260517706

Gong, J., Qing, Y., Guo, X. H.,, and Warren, A. (2014). “Candidatus Sonnebornia
yantaiensis”, a member of candidate division ODI, as intracellular bacteria
of the ciliated protist Paramecium bursaria (Ciliophora, Oligohymenophorea).
Syst. Appl. Microbiol. 37, 35-41. doi: 10.1016/j.syapm.2013.08.007

Gong, J., Qing, Y., Zou, S. B, Fu, R, Su, L., Zhang, X. L, et al. (2016). Protist-
bacteria associations: Gammaproteobacteria and Alphaproteobacteria are
prevalent as digestion-resistant bacteria in ciliated protozoa. Front. Microbiol.
7,1-16. doi: 10.1002/9781118960608.bm00001

Hackstein, J. H., de Graaf, R. M., van Hellemond, J. J., and Tielens, A. G. (2008).
“Hydrogenosomes of anaerobic ciliates,” in Hydrogenosomes and Mitosomes:
Mitochondria of Anaerobic Eukaryotes, ed. ]. Tachezy (Berlin: Springer), 97-112.
doi: 10.1007/7171_2007_109

Hall, T. A. (1999). BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/ NT. Nucleic Acids Symp. Ser. 41, 95-98.

Hu, X. Z, Lin, X. F,, and Song, W. B. (2019). Ciliate Atlas: Species Found in the
South China Sea. Beijing: Science Press.

Jeong, H. J., Yoon, J. Y., Kim, J. S., Yoo, Y. D., and Seong, K. A. (2002). Growth
and grazing rates of the prostomatid ciliate Tiarina fusus on red-tide and toxic
algae. Aquat. Microb. Ecol. 28, 289-297. doi: 10.3354/ame028289

Jiang, L. M., Wang, C. C., Zhuang, W. B., Li, S., and Hu, X. Z. (2021). Taxonomy,
phylogeny, and geographical distribution of the little-known Helicoprorodon
multinucleatum Dragesco, 1960 (Ciliophora, Haptorida) and key to species
within the genus. Eur. J. Protistol. 78:125769. doi: 10.1016/j.ejop.2021.125769

Frontiers in Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 686929


https://doi.org/10.1128/aem.68.12.6043-6050.2002
https://doi.org/10.1128/aem.68.12.6043-6050.2002
https://doi.org/10.1016/j.syapm.2012.07.003
https://doi.org/10.1099/ijs.0.026302-0
https://doi.org/10.1016/j.ejop.2010.06.002
https://doi.org/10.1016/j.ejop.2010.06.002
https://doi.org/10.1111/j.1550-7408.1974.tb03643.x
https://doi.org/10.1016/s0723-2020(99)80053-8
https://doi.org/10.1016/s0723-2020(99)80053-8
https://doi.org/10.1079/9780851990156.0116
https://doi.org/10.1079/9780851990156.0116
https://doi.org/10.3389/fmicb.2011.00055
https://doi.org/10.1007/bf00873086
https://doi.org/10.1128/aem.58.8.2426-2431.1992
https://doi.org/10.1080/00785326.1993.10430378
https://doi.org/10.1111/j.1550-7408.1991.tb04788.x
https://doi.org/10.1007/bf01082301
https://doi.org/10.1016/s0003-9365(87)80054-4
https://doi.org/10.1016/j.ejop.2011.12.001
https://doi.org/10.1016/j.ejop.2011.12.001
https://doi.org/10.1007/bf01282155
https://doi.org/10.1007/bf01282155
https://doi.org/10.1078/07232020260517706
https://doi.org/10.1016/j.syapm.2013.08.007
https://doi.org/10.1002/9781118960608.bm00001
https://doi.org/10.1007/7171_2007_109
https://doi.org/10.3354/ame028289
https://doi.org/10.1016/j.ejop.2021.125769
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jiang et al.

Description of Two Prostomateans

Kahl, A. (1926). Neue und wenig bekannte Formen der holotrichen und
heterotrichen Ciliaten. Arch. Protistenk. 55, 191-438.

Kahl, A. (1930). Urtiere Oder Protozoa. I: Wimpertiere Oder Ciliate (Infusoria) 1.
Allgemeiner Teil und Prostomata. Munich: Die Tierwelt Deutschlands.

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi: 10.1093/molbev/msw054

Lipscomb, D. L., and Riordan, G. P. (1990). The ultrastructure of Chaenea teres and
an analysis of the phylogeny of the haptorid ciliates. J. Protozool. 37, 287-300.
doi: 10.1111/§.1550-7408.1990.tb01149.x

Lynn, D. H. (2008). The Ciliated Protozoa: Characterization, Classification, and
Guide to the Literature, 3rd Edn. Dordrecht: Springer.

Madoni, P., Berman, T., Hadas, O., and Pinkas, R. (1990). Food selection and
growth of the planktonic ciliate Coleps hirtus isolated from a monomictic
subtropical lake. J. Plankton Res. 12, 735-741. doi: 10.1093/plankt/12.4.735

Medlin, L., Elwood, H. J., Stickel, S., and Sogin, M. L. (1988). The characterization
of enzymatically amplified eukaryotic 16S-like rRNA-coding regions. Gene 71,
491-499. doi: 10.1016/0378-1119(88)90066-2

Miller, A. W., Kohl, K. D., and Dearing, M. D. (2014). The gastrointestinal tract
of the white-throated woodrat (Neotoma albigula) harbors distinct consortia
of oxalate-degrading bacteria. Appl. Environ. Microbiol. 80, 1595-1601. doi:
10.1128/aem.03742-13

Mordret, S., Romac, S., Henry, N., Colin, S., Carmichael, M., Berney, C., et al.
(2016). The symbiotic life of Symbiodinium in the open ocean within a new
species of calcifying ciliate (Tiarina sp.). ISME J. 10, 1424-1436. doi: 10.1038/
isme;j.2015.211

Miiller, O. F. (1773). Vermium Terrestrium et Fluviatilium, seu Animalium
Infusoriorum, Helminthicorum et Testaceorum Non Marinorum Succincta
Historia. Havniae & Lipsiae: Heineck & Faber.

Nakamura, Y., and Hirata, A. (2006). Plankton community structure and trophic
interactions in a shallow and eutrophic estuarine system, Ariake Sound, Japan.
Aquat. Microb. Ecol. 44, 45-57. doi: 10.3354/ame044045

Nitzsch, C. L. (1827). “Cercaria,” in Allgemeine Encyclopddie der Wissenschaften
und Kiinste, eds J. C. Ersch and J. G. Gruber (Leipzig: Gleditsch), 66-69.

Nylander, J. A. A. (2004). MrModeltest version 2. Uppsala: Evolutionary Biology
Centre.

Pan, X. M., Bourland, W. A, and Song, W. B. (2013). Protargol synthesis:
an in-house protocol. J. Euk. Microbiol. 60, 609-614. doi: 10.1111/jeu.
12067

Penard, E. (1922). Etudes Sur Les Infusoires D’eau Douce. Genéve: Georg & Cie.

Petroni, G., Spring, S., Schleifer, K. H., Verni, F., and Rosati, G. (2000). Defensive
extrusive ectosymbionts of Euplotidium (Ciliophora) that contain microtubule-
like structures are bacteria related to verrucomicrobia. Proc. Natl. Acad.
Sci.U. S. A. 97, 1813-1817. doi: 10.1073/pnas.030438197

Quennerstedt, A. (1867). Bidrag till sveriges infusorie-fauna. Acta Univ. Lund. 4,
1-48.

Raskin, L., Stromley, J. M., Rittmann, B. E., and Stahl, D. A. (1994). Group-
specific 16S rRNA hybridization probes to describe natural communities of
methanogens. Appl. Environ. Microbiol. 60, 1232-1240. doi: 10.1128/aem.60.
4.1232-1240.1994

Ronquist, F., Teslenko, M., Van Der Mark, P., Ayres, D. L., Darling, A., Hohna, S.,
et al. (2012). MrBayes 3.2: efficient Bayesian phylogenetic inference and model
choice across a large model space. Syst. Biol. 61, 539-542. doi: 10.1093/sysbio/
sys029

Schewiakoff, W. T. (1896). The organization and systematics of the infusoria
aspirotricha (Holotricha auctorum). Zap. Imp. Akad. Nauk. 4, 1-395.

Schrallhammer, M., Schweikert, M., Vallesi, A., Verni, F., and Petroni, G. (2011).
Detection of a novel subspecies of Francisella noatunensis as endosymbiont of
the ciliate Euplotes raikovi. Microbiol. Ecol. 61, 455-464. doi: 10.1007/s00248-
010-9772-9

Shinzato, N., Watanabe, I., Meng, X. Y., Sekiguchi, Y., Tamaki, H., Matsui, T, et al.
(2007). Phylogenetic analysis and fluorescence in situ hybridization detection
of archaeal and bacterial endosymbionts in the anaerobic ciliate Trimyema
compressum. Microbiol. Ecol. 54, 627-636. doi: 10.1007/s00248-007-9218- 1

Sikder, M. N. A., and Xu, H. (2020). Seasonal variations in colonization dynamics
of periphytic protozoa in coastal waters of the Yellow Sea, northern China. Eur.
J. Protistol. 72:125643. doi: 10.1016/j.ejop.2019.125643

Simek, K., Macek, M., Pernthaler, J., Straskrabové, V., and Psenner, R. (1996). Can
freshwater planktonic ciliates survive on a diet of picoplankton? J. Plankton Res.
18,597-613. doi: 10.1093/plankt/18.4.597

Small, E. B. (1976). A proposed subphyletic division of the phylum Ciliophora
Doflein, 1901. Trans. Am. Microsc. Soc. 95, 739-751.

Small, E. B.,and Lynn, D. H. (1981). A new macrosystem for the phylum Ciliophora
Doflein, 1901. BioSystems 14, 387-401. doi: 10.1016/0303-2647(81)90045-9
Small, E. B., and Lynn, D. H. (1985). “Phylum ciliophora, doflein, 1901,” in An
Illustrated Guide to the Protozoa, eds J. J. Lee, S. H. Hutner, and E. C. Bovee

(Kansas: Society of Protozoologists, Lawrence), 393-575.

Sola, A. I, Guinea, A., Longas, J. F., and Fernandez-Galiano, D. (1990). Buccal
and somatic infraciliature of Lagynus elegans (Engelmann, 1862) Quennerstedt,
1867 (Ciliophora, Prostomatea): remarks on its systematic position. J. Protozool.
37,328-333. doi: 10.1111/j.1550-7408.1990.tb01154.x

Song, W. B., Warren, A., and Hu, X. Z. (2009). Free-Living Ciliates in the Bohai and
Yellow Seas. Beijing: Science Press.

Song, W. B., and Wilbert, N. (2002). Faunistic studies on marine ciliates form
the Antarctic benthic area, including descriptions of one epizoic form, 6 new
species and 2 new genera (Protozoa: Ciliophora). Acta Protozool. 41, 23-61.

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/
bioinformatics/btu033

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., and Nishijima, M. (2014).
Development of a prokaryotic universal primer for simultaneous analysis of
bacteria and archaea using next-generation sequencing. PLoS One 9:105592.
doi: 10.1371/journal.pone.0105592

Tatem, J. G. (1869). On a new infusorium. Monthly Micr. J. 1, 117-118. doi:
10.1111/§.1365-2818.1869.tb00733.x

Vannini, C., Ferrantini, F., Ristori, A., Verni, F., and Petroni, G. (2012).
Betaproteobacterial symbionts of the ciliate Euplotes: origin and tangled
evolutionary path of an obligate microbial association. Environ. Microbiol. 14,
2553-2563. doi: 10.1111/j.1462-2920.2012.02760.x

Weisse, T., and Montagnes, D. J. S. (1998). Effect of temperature on inter- and
intraspecific isolates of Urotricha (Prostomatida, Ciliophora). Aquat. Microb.
Ecol. 15, 285-291. doi: 10.3354/ame015285

Wilbert, N. (1975). Eine verbesserte Technik der Protargolimpragnation fiir
Ciliaten. Mikrokosmos 64, 171-179.

Wu, T, Li, Y. Q, Lu, B. R, Shen, Z., Song W. B., and Warren A. (2020).
Morphology, taxonomy and molecular phylogeny of three marine peritrich
ciliates, including two new species: Zoothamnium apoarbuscula n. sp. and Z.
apohentscheli n. sp. (Protozoa, Ciliophora, Peritrichia). Mar. Life Sci. Technol.
2, 334-348. doi: 10.1007/s42995-020-00046-y

Zhang, X. M., Ji, D. D., Zhang, Q. Q. and Li, C. H. (2015). Description
and phylogeny of a new prostomatid, Metacystis similis nov. spec. (Protista,
Ciliophora) from the East China Sea. Zootaxa 4033, 584-592. doi: 10.11646/
zootaxa.4033.4.8

Zhang, T. Y., Dong, J. Y, Cheng, T, Duan, L. L, and Shao C.
(2020). Reconsideration of the taxonomy of the marine ciliate
Neobakuella  aenigmatica Moon et al, 2019 (Protozoa, Ciliophora,
Hypotrichia). Mar. Life Sci. Technol. 2, 97-108. doi: 10.1007/s42995-020-00
032-4

Zhao, W. S., Li, M., Xiong, F., Zhang, D., Wu, S. G, Zou, H, et al
(2020). Identification of intracellular bacteria in the ciliate Balantidium
ctenopharyngodoni (Ciliophora, Litostomatea). J. Euk. Microbiol. 67, 417-426.
doi: 10.1111/jeu.12791

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Jiang, Zhuang, El-Serehy, Al-Farraj, Warren and Hu. 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 Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 686929


https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1111/j.1550-7408.1990.tb01149.x
https://doi.org/10.1093/plankt/12.4.735
https://doi.org/10.1016/0378-1119(88)90066-2
https://doi.org/10.1128/aem.03742-13
https://doi.org/10.1128/aem.03742-13
https://doi.org/10.1038/ismej.2015.211
https://doi.org/10.1038/ismej.2015.211
https://doi.org/10.3354/ame044045
https://doi.org/10.1111/jeu.12067
https://doi.org/10.1111/jeu.12067
https://doi.org/10.1073/pnas.030438197
https://doi.org/10.1128/aem.60.4.1232-1240.1994
https://doi.org/10.1128/aem.60.4.1232-1240.1994
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1007/s00248-010-9772-9
https://doi.org/10.1007/s00248-010-9772-9
https://doi.org/10.1007/s00248-007-9218-1
https://doi.org/10.1016/j.ejop.2019.125643
https://doi.org/10.1093/plankt/18.4.597
https://doi.org/10.1016/0303-2647(81)90045-9
https://doi.org/10.1111/j.1550-7408.1990.tb01154.x
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1371/journal.pone.0105592
https://doi.org/10.1111/j.1365-2818.1869.tb00733.x
https://doi.org/10.1111/j.1365-2818.1869.tb00733.x
https://doi.org/10.1111/j.1462-2920.2012.02760.x
https://doi.org/10.3354/ame015285
https://doi.org/10.1007/s42995-020-00046-y
https://doi.org/10.11646/zootaxa.4033.4.8
https://doi.org/10.11646/zootaxa.4033.4.8
https://doi.org/10.1007/s42995-020-00032-4
https://doi.org/10.1007/s42995-020-00032-4
https://doi.org/10.1111/jeu.12791
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Taxonomy and Molecular Phylogeny of Two New Species of Prostomatean Ciliates With Establishment of Foissnerophrys gen. n. (Alveolata, Ciliophora)
	Introduction
	Materials and Methods
	Sample Collection and Morphological Methods
	Terminology
	DNA Extraction, PCR Amplification, and Sequencing
	Phylogenetic Analyses
	Whole-Cell Fluorescence in situ Hybridization (FISH) and DAPI Staining

	Results
	ZooBank Registration
	Morphological Descriptions
	Improved Diagnosis
	Diagnosis
	Etymology
	Type Locality and Habitat
	Deposition of Type Slide
	Description
	Diagnosis
	Dedication
	Type Species
	Species Assigned
	Diagnosis
	Etymology
	Type Locality and Habitat
	Deposition of Type Slide
	Description

	Molecular Phylogeny Based on SSU rRNA Gene Sequences
	Fluorescence in situ Hybridization (FISH) and 16S rRNA Gene Sequence Analysis of Intracellular Prokaryotes

	Discussion
	Morphological Comparison and Systematics of Lagynus binucleatus sp. n.
	Morphological Comparison and Systematics of Foissnerophrys alveolata gen. n., sp. n.
	The Distribution and Identification of Intracellular Prokaryotes

	Data Availability Statement
	Author Contributions
	Funding
	References


