

[image: image1]
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The morphology and taxonomy of three scuticociliates found in China, viz. Citrithrix smalli sp. nov., Homalogastra binucleata sp. nov., and Uronema orientalis Pan et al., 2015, were investigated. The small subunit ribosomal RNA (SSU rRNA) gene of these species, and the cytochrome c oxidase subunit I (COI) gene of Uronema orientalis, were sequenced and compared with those of related taxa to determine their systematic positions. The new monotypic genus Citrithrix gen. nov. is characterized by its lemon-shaped body, posteriorly located cytostome, dominant oral groove, and the compact structure of its multi-rowed membranelles 1 and 2 (M1, M2). Based on both morphological and molecular data, this new genus cannot be assigned to any known family and thus, a new family, Citrithrixidae fam. nov., is proposed within the order Philasterida. Homalogastra binucleata sp. nov., a brackish water form (salinity 2‰), differs from all congeners in having two macronuclear nodules. Uronema orientalis closely resembles the type population in all respects other than having fewer somatic kineties.

This article is registered in ZooBank under: urn:lsid:zoobank.org:pub:5727F18E-5421-446D-B22C-774783539FE4.
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INTRODUCTION

Ciliates in the subclass Scuticociliatia Small, 1967 are usually small in size, speciose and can be found in various environments such as aquatic as well as terrestrial habitats all over the world (Foissner et al., 1982, 1994; Lynn and Strüder-Kypke, 2005; Jankowski, 2007; Lynn, 2008). However, many scuticociliates lack a detailed description using modern methods resulting in problems of species identification, delineation and systematics (Borror, 1972; Carey, 1992; Jankowski, 2007; Song et al., 2009; Gao et al., 2016).

Recent studies on the ciliate fauna in coastal and freshwater habitats in China have revealed a much higher diversity of scuticocliates than was previously assumed (Song et al., 2009; Gao et al., 2012, 2013, 2014, 2017; Pan H. et al., 2016; Pan X. et al., 2016; Hu et al., 2019; Zhang et al., 2019; Liu et al., 2020; Pan et al., 2020). Among these, the philasterids are generally well-studied in terms of the application of modern silver staining and molecular methods to determine their taxonomy (Song et al., 2009; Liu et al., 2017). Six new genera and 22 new species have been added to the order Philasterida Small, 1967 since the beginning of the Twenty-first century (Aescht, 2001; Gong et al., 2007; Jankowski, 2007; Pan X. et al., 2016; Pan et al., 2020), which implies the diversity of this group may be underestimated.

During recent studies of marine and brackish water ciliates in China, three scuticociliates were investigated. Based on further morphological as well as molecular analyses, one of the species has been assigned to new genus and new family. The molecular phylogeny of all three species was investigated based on sequence data for the small subunit ribosomal RNA (SSU rRNA) gene and, for one species, the cytochrome c oxidase 1 (COI) gene.



MATERIALS AND METHODS


Collection and Isolation

Citrithrix smalli sp. nov. and Uronema orientalis Pan et al., 2015 were both collected from a bathing beach near the Zhanqiao Pier, Qingdao, China (Figure 1), the former from marine water on reefs (36°03'43” N; 120°19'12” E) in September 2016, and the latter from the intertidal zone (36°03'42” N; 120°19'25” E) in March 2017. Homalogastra binucleata sp. nov. was collected from an inland brackish water sewage ditch in Lanzhou (36°05'37” N; 103°44'58” E), China, in April, 2017 (Figure 1). In all three cases the sample comprised water and sediment after gently stirring the water.
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FIGURE 1. (A–F) Map, sampling sites and habitats. (A) Map of China. (B) Shandong Province, showing the location of Qingdao. (C,D) Photographs of sampling sites in Qingdao where Citrithrix smalli sp. nov. (C) and Uronema orientalis Pan et al., 2015 (D) were collected. (E) Gansu Province, showing the location of Lanzhou. (F) Photograph of sampling site in Lanzhou where Homalogastra binucleata sp. nov. was collected.




Morphological Studies

Observations of specimens in vivo and specimens stained with silver were performed to reveal the general morphology and ciliary pattern based on the methods described by Bai et al. (2020). The protargol silver proteinate reagent was made in-house according to Pan et al. (2013). Counts, measurements, and drawings of specimens were made according to Qu et al. (2020). Terminology and systematics followed Lynn (2008).



DNA Extraction, PCR Amplification and Sequencing

Genomic DNA extraction, polymerase chain reaction (PCR), and gene sequencing were conducted, mainly according to Chi et al. (2020). The SSU rRNA gene was amplified using the primers 82F (Jerome et al., 1996) and 18S-R (Medlin et al., 1988). The primers for the COI gene amplification were COI-NEW-17-F1 and COI-NEW-812-R2 (Zhang et al., 2019). To minimize the amplification errors, Q5 Hot Start High-Fidelity 2× Master Mix (New England BioLabs) was used (Wang et al., 2017). PCR for the SSU rRNA and COI genes were performed according to Chi et al. (2020) and Lynn and Strüder-Kypke (2006), respectively.



Phylogenetic Analyses

The SSU rRNA gene sequences of the three newly obtained isolates were aligned with 65 sequences from 50 related taxa, retrieved from GenBank. The accession numbers of these sequences are provided in the phylogenetic trees. Eight sequences of pleuronematids were selected as the outgroup. Alignments were conducted, edited, and trimmed according to Zhang et al. (2020). Comparisons of SSU rRNA gene sequences of Citrithrix smalli sp. nov., Homalogastra binucleata sp. nov., and Uronema orientalis with related sequences were performed, and the number of unmatched nucleotides and sequence identities were calculated, using the program BioEdit version 7.0.5.2 (Hall, 1999). The COI gene sequence of the newly isolated population of Uronema orientalis was compared with that of U. orientalis (MH605553).

Two maximum likelihood (ML) analyses, i.e., RAxML (Stamatakis, 2014) and IQTREE, and one Bayesian inference (BI) analysis, were carried out according to Wang et al. (2019). The IQ-trees were constructed on IQTREE 2.0.6 (Minh et al., 2020) with 104 ultrafast bootstrap replicates (Hoang et al., 2018). The best-fit model (GTR + F + R3) was selected based on the Bayesian information criterion (BIC) using the in-built ModelFinder program (Kalyaanamoorthy et al., 2017).

BI analysis was performed with the best-fit model GTR + I + G, selected by the Akaike Information Criterion using MrModeltest 2 (Nylander, 2004). Markov chain Monte Carlo (MCMC) simulations were run with two sets of four chains for 107 generations at a sampling frequency of 102 and a burn-in of 104 trees (10%).

Tree topologies were visualized using SeaView version 4 (Gouy et al., 2010).




RESULTS


Morphological Study

Subclass: Scuticociliatia Small, 1967

Order: Philasterida Small, 1967

Citrithrixidae fam. nov.

ZooBank. urn:lsid:zoobank.org:act:F65C9B97-42EE-47A2-ABA8-DC8B581C289F

Diagnosis. Free-living philasterid with highly developed and compact membranelles 1 and 2; cytostome located in a long and conspicuous buccal grove; somatic ciliature of Uronematidae-type.

Type genus. Citrithrix gen. nov.

Citrithrix gen. nov.

ZooBank. urn:lsid:zoobank.org:act:9A7480F9-A487-40B5-9784-815368E5E09B

Diagnosis. Body lemon-shaped to cylindrical in outline; cytostome located in posterior half of cell within a conspicuous, concave oral groove; multi-rowed membranelles 1 and 2 extremely close-set and highly developed; membranelle 3 small; paroral membrane extends anteriorly to level of mid-region of membranelle 2; somatic kineties composed of dikinetids and monokinetids; single caudal cilium.

Etymology. The genus-group name Citrithrix is a composite of citri- (Latin noun; lemon) and thrix (Greek noun; hair~ciliate s.l.). It alludes to the typical lemon-shaped body. Feminine gender.

Type species. Citrithrix smalli sp. nov.

Citrithrix smalli sp. nov.

(Figures 2A–N; Table 1)
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FIGURE 2. (A–O) Citrithrix smalli sp. nov. from life (A,B,F–I), after protargol staining (C–E,J–N), and a comparison with related genera (O). (A) Right ventrolateral view of a representative cell, arrow shows the contractile vacuole. (B) Swimming trace, red arrow indicates the body rotation, blue arrow shows the swimming direction. (C,D) Left ventrolateral (C) and right dorsolateral (D) views of the holotype specimen, arrows indicate the apical plate. (E) Oral structure showing three-rowed membranelle 1. (F,G) Right ventrolateral views, showing the variation in body shape, arrow and arrowhead in F point to the apical plate and contractile vacuole, respectively, arrow in G indicates the oral groove. (H) Detail of pellicle, arrowheads mark the grooves on the ciliary rows. (I) Lateral view of rear end of cell, arrowhead points to the small depression at basal position, arrow indicates the caudal cilium. (J,K) Left ventrolateral (J) and right dorsolateral (K) views of the holotype specimen, arrowhead shows the glabrous apical plate. (L) Nuclear apparatus of an individual with several macronuclear nodules, arrowhead indicates the micronucleus. (M) Arrowhead marks the scutica. (N) Detailed view of oral apparatus. (O) An oral structure comparison with related genera and a body size and shape comparison with Myxophyllum magnum, all redrawn based on previous studies except for the new genus (Cawthorn et al., 1996; Song, 2000; Song and Wilbert, 2000; Xu and Song, 2000; Ma et al., 2006; Pan et al., 2015b). Arrow in M. magnum points to the buccal field. CC, caudal cilium; M1–3, membranelle 1–3; Ma, macronucleus; Mi, micronucleus; PM, paroral membrane; Sc, scutica; SK1, somatic kinety 1; SKn, somatic kinety n. Scale bars: 15 μm (A,C,D,F,G,J,K); 100 μm (O).



Table 1. Morphometric data for Citrithrix smalli sp. nov. (upper row), Homalogastra binucleata sp. nov. (middle row) and Uronema orientalis Pan et al., 2015 (lower row).

[image: Table 1]

ZooBank. urn:lsid:zoobank.org:act:94C52D9F-DE13-4D33-B40A-4328D9D88FD3

Diagnosis. Cell size about 25–35 × 10–20 μm in vivo; 19–22 somatic kineties; single macronucleus; M1 composed of two or three rows; M2 irregular pentagon-shaped; contractile vacuole terminally positioned; marine biotope.

Dedication. We dedicate the new species to Prof. Eugene B. Small, University of Maryland, USA, in recognition of his significant contributions to the taxonomy and classification of ciliates in general and scuticociliates in particular.

Type locality and habitat. Seawater on reefs at a sandy beach in Qingdao (36°03'18” N; 120°20'22” E), northern China. Salinity 40‰, water temperature about 20°C.

Deposition of type slide. One protargol slide containing the holotype specimen and several paratype specimens (registration number: LMJ2016091901) was deposited in the Laboratory of Protozoology, Ocean University of China, Qingdao, China.

SSU rRNA gene sequence. The length is 1640 bp, G + C content 45.00% and GenBank accession number MT982807.

Description. Body about 25–35 × 10–20 μm in vivo, lemon- or spindle-shaped, widest part about one-third down length of cell (Figures 2A,F,G). Anterior end prominently truncated with apical plate about one-quarter to one-third of maximum body width (Figures 2A,F). Buccal field deeply concaved, length one-third to half of cell length; cytostome located in posterior half of cell (Figures 2A,F,G). Pellicle conspicuously notched with longitudinal ridges between ciliary rows (Figures 2A,F–H). No extrusomes recognizable. Cytoplasm colorless to slightly grayish, usually containing a few bar-shaped crystals in anterior region of cell (Figures 2A,F,G). Most cells with single ellipsoidal macronucleus located in mid-body region, 10–15 μm in diameter (Figures 2D,J,K); two out of 25 specimens examined with several (six to seven) spherical macronuclear nodules, each about 5–6 μm across (Figure 2L). Micronucleus closely associated with macronucleus, ~3 μm across (Figures 2D,J,L). Single contractile vacuole caudally positioned, about 5 μm in diameter during diastole (Figures 2A,F), pulsating at intervals of 20–45 s. Somatic cilia about 7 μm long, densely arranged; single caudal cilium ~15 μm long, emerging from a small depression at posterior end of cell (Figures 2A,I).

Locomotion by swimming moderately fast in upper layer of water, with anterior end swinging from side to side and body rotating continuously about longitudinal axis (Figure 2B).

Nineteen to 22 somatic kineties (SK), each commencing anteriorly around apical plate and extending almost to posterior end of cell (Figures 2C,D,J,K). SK composed of closely arranged dikinetids in anterior four-fifths of kinety and loosely arranged monokinetids in posterior one-fifth (Figures 2C,D,J,K). Somatic kinety 1 (SK1, first kinety on right of buccal field) composed of 24–31 kinetids of which 2–6 are monokinetids; mid somatic kinety on dorsal side composed of 18–25 kinetids of which 2–6 are monokinetids; somatic kinety n (SKn, first kinety on left of buccal field) composed of 18–29 kinetids including 0–4 monokinetids. Caudal complex consisting of three argentophilic granules (Figures 2D,K).

Oral apparatus consisting of three membranelles (M1–3) and one paroral membrane (PM). Characteristically M1 and M2 closely apposed, gap between them difficult to observe (Figure 2E). M1 comprising two or three longitudinal kinety rows that are progressively shortened at anterior ends (five cells of 25 examined having three-rowed M1) (Figures 2C,E,J,N). Rightmost row in M1 composed of eight or nine basal bodies, commencing anteriorly about one-sixth down length of cell; second row with seven or eight basal bodies; third row containing five or six basal bodies (Figures 2C,E,J,N). M2 irregular pentagon-shaped, usually consisting of two parts: upper left part with basal bodies arranged in triangle shape, and lower part with five or six horizontal kinety rows basically arranged in rectangle shape (Figures 2C,E,J,N). M3 slightly distant from M2, horizontally oriented, with six to 10 basal bodies (Figures 2C,E,J,N). PM on right side of oral groove, with basal bodies arranged in zig-zag pattern, length about one-quarter to one-third of cell length, anterior end commencing at level of middle portion of lower (rectangular) part of M2, posterior end terminating in mid-region of cell (Figures 2C,E,J,N). Scutica (Sc) located below posterior end of PM, usually consisting of three pairs of basal bodies (Figure 2C) or two pairs with additional one or two posteriorly located basal bodies (Figures 2C,E,J,N).

Genus: Homalogastra Kahl, 1926

Homalogastra binucleata sp. nov.

(Figures 3A–N; Table 1)


[image: Figure 3]
FIGURE 3. (A–O) Homalogastra binucleata sp. nov. from life (A,D–H), after protargol staining (B,C,I–N) and key to species of Homalogastra (O). (A) Right ventrolateral view of a representative individual, arrow shows the contractile vacuole, arrowhead points to the caudal cilium. (B,C) Left ventrolateral (B) and right dorsolateral (C) views of the holotype specimen, arrowheads in B and C indicate the gap between last two basal bodies in somatic kineties, arrow in C points to the micronucleus. (D,E) Cells showing the variations in body shape, arrow in D marks the caudal cilium, arrow in E indicates the apical plate, arrowhead shows the contractile vacuole. (F) Left lateral view of a compressed cell, arrowheads show the two macronuclear nodules. (G) Detail of pellicle, arrow marks the grooves on the ciliary rows, arrowhead points to the buccal field. (H) Detailed view, arrow indicates the caudal cilium. (I,J) Left ventrolateral (I) and right dorsolateral (J) views of the holotype specimen, arrow in J shows the apical plate and arrowhead points to the gap between last two basal bodies in somatic kineties. (K) Anterior ventral side of protargol-stained cell, arrow indicates the shortened anterior end of SKn. (L) Nuclear apparatus, showing the two macronuclear nodules. (M) Posterior half of stained cell, arrow points to the densely arranged monokinetids in SK1. (N) Oral apparatus except for membranelle 1. (O) A species key of Homalogastra. Two congeners are redrawn based on previous studies (Foissner et al., 1982; Pomp and Wilbert, 1988). CC, caudal cilium; M1–3, membranelle 1–3; Ma, macronucleus; PM, paroral membrane; Sc, scutica; SK1, somatic kinety 1; SKn, somatic kinety n. Scale bars: 12 μm.


ZooBank. urn:lsid:zoobank.org:act:F828E465-8119-4D59-9DD8-6B58C7870678

Diagnosis. Body spindle- or pear-shaped, about 20–30 × 10–15 μm in vivo; invariably two spherical macronuclear nodules; 11 somatic kineties; membranelle 1 highly reduced with only one pair of basal bodies, conspicuously separated from other membranelles; single caudal cilium; contractile vacuole caudally positioned; freshwater or brackish water habitat.

Etymology. The species-group name binucleata (having two nuclei) is a composite of the Latin numeral bi- (Latin numeral; two) and nucleatus, -a, -um [Latin adjective (m; f; n); kernel-like], and indicates the two macronuclear nodules, a diagnostic feature of the species.

Type locality and habitat. A brackish water sewage ditch in Lanzhou (36°05'37” N; 103°44'58” E), China. Salinity 2‰, water, temperature about 20°C.

Deposition of type slides. One protargol slide containing the holotype specimen (registration number: QZS2017043001-1) and one protargol slide with paratype specimens (registration number: QZS2017043001-2) were deposited in the Laboratory of Protozoology, Ocean University of China, Qingdao, China.

SSU rRNA gene sequence. The length is 1643 bp, G + C content 43.64% and GenBank accession number MT982808.

Description. Body about 20–30 × 10–15 μm in vivo, spindle-shaped, with oral groove in mid- to posterior region, cytostome located about two-thirds down length of cell (Figures 3A,D,E,G). Anterior end conspicuously pointed, with a small apical plate (Figures 3A,D–F). Pellicle with twisted shallow grooves along cilia rows (Figures 3A,G). No extrusomes detectable. Cytoplasm colorless, usually containing several irregular-shaped crystals in anterior half of cell (Figures 3D–F). One contractile vacuole caudally located, about 4–5 μm in diameter during diastole, pulsating at intervals of 35–45 s (Figures 3A,D,E,H). Invariably two spherical macronuclear nodules (in 46 individuals examined), closely apposed, each nodule about 5 μm in diameter (Figures 3C,I,J,L). Usually one micronucleus, about 1.5 μm in diameter, in anterior half of body. Somatic cilia about 7 μm long; single caudal cilium about 15–20 μm in length (Figures 3A,H).

Locomotion by rapid swimming while rotating continuously about longitudinal body axis or by crawling on substrate.

Constantly 11 somatic kineties (Figures 3B,C,I,J). Anterior ends commencing below apical plate except for SKn, which shortened anteriorly and commencing slightly above level of M1 (Figures 3B,I). SK1 comprising dikinetids in anterior three-fifths of body and densely arranged monokinetids in posterior two-fifths (Figures 3B,I,M). Other kineties composed of dikinetids in anterior four-fifths of kinety and loosely arranged monokinetids in posterior one-fifth (Figures 3B,C,I,J). Conspicuous gap between last two basal bodies in each somatic kinety with exception of SK1 and SKn (Figures 3B,C,I,J). SK1 composed of 18–23 kinetids of which 9–13 are monokinetids; mid somatic kinety on dorsal side composed of 14–18 kinetids including 2–4 monokinetids; SKn composed of 13–15 kinetids including 3–5 monokinetids. Caudal cilium monokinetid.

Oral apparatus typical of genus. M1 with two basal bodies longitudinally arranged, located apically in buccal field and clearly separated from M2 and M3 (Figures 3B,I,K). M2 two-rowed, each row with four basal bodies, situated in mid-region of cell (Figures 3B,I,N). M3 also two-rowed, each row comprising about eight to 10 basal bodies, horizontally oriented and located close to M2 (Figures 3B,I,N). Paroral membrane on right side of oral groove, two-rowed with basal bodies arranged in a zig-zag pattern; anterior end commencing at level of middle portion of M2, terminating posteriorly about two-thirds down length of cell, occupying about one-fifth of body length (Figures 3B,I,N). Scutica located below posterior end of paroral membrane, consisting of one pair of basal bodies (Figures 3B,N).

Family: Uronematidae Thompson, 1964

Genus: Uronema Dujardin, 1841

Uronema orientalis Pan et al., 2015

(Figures 4A–O; Table 1)
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FIGURE 4. (A–P) Uronema orientalis Pan et al., 2015 from life (A,E–H), after protargol staining (B–D,I–O), and comparison of the oral apparatus with that in related population/species (P). (A) Right ventrolateral view of a representative cell, arrow shows the contractile vacuole and arrowhead points to the caudal cilium. (B,C) Ventral (B) and dorsal (C) views of a specimen with a gap in the mid-region of M1, arrows indicate the apical plate. (D) Oral apparatus of the Qingdao population of Uronema orientalis, and the variation of M1 structure. (E) Left ventrolateral view, arrow marks the contractile vacuole, arrowhead shows the clustered crystals at anterior of cell. (F) Left lateral view, arrowhead indicates the depressed buccal field on ventral side. (G) Individual with prominent depressions (arrowheads), arrow shows the apical plate. (H) Detail of pellicle, showing the buccal field (arrow) and ridges between ciliary rows (arrowheads). (I) Oral apparatus of a protargol-stained cell. (J,K) Ventral (J) and dorsal (K) views of a protargol-stained specimen, showing the ciliature and nuclear apparatus. (L–N) Variety of M1 structures that are bipartite. (O) Protargol-stained cells, revealing the structures of the posterior end (left cell) and the anterior end (right cell). (P) Comparison of oral apparatus with that in related population/species, all redrawn based on previous studies (Uronema orientalis, original population: Pan et al., 2015a; U. apomarinum: Liu et al., 2020; U. gallicum: Pérez-Uz and Song, 1995; U. heteromarinum: Pan et al., 2010; U. marinum: Song et al., 2009), arrows point to M1. CC, caudal cilium; M1–3, membranelle 1–3; Ma, macronucleus; Mi, micronucleus; PM, paroral membrane; Sc, scutica; SK1, somatic kinety 1; SKn, somatic kinety n. Scale bars: A, E–G: 15 μm; B, C, I–K: 10 μm.


Improved diagnosis. Marine Uronema with 15 to 20 somatic kineties, single macronucleus and single micronucleus; body size about 25–55 × 12–30 μm in vivo, with narrowed anterior end; cytostome constantly sub-equatorial; membranelle 1 one-rowed or partly two-rowed, occasionally divided into two parts; membranelle 2 two-rowed; contractile vacuole caudally located, contractile vacuole pore positioned at end of the second somatic kinety.

Deposition of voucher slides. Three voucher slides containing protargol-stained specimens (registration numbers: LMJ2017031004, LMJ2017031003-1, LMJ2017031003-2) were deposited in the Laboratory of Protozoology, Ocean University of China, Qingdao, China.

SSU rRNA gene sequence. The length is 1633 bp, G + C content 42.38% and GenBank accession no. MT982806.

COI gene sequence. The length is 764 bp, G + C content 27.75% and GenBank accession no. MT981149.

Description of the Qingdao population. Body about 25–40 × 12–20 μm in vivo, basically cylindrical in shape, anterior end truncated, with a glabrous apical plate about one-third of maximum body width, posterior end rounded (Figures 4A,E,G). Buccal cavity about one-quarter of body length, cytostome located in mid-body region (Figures 4A,E,F). Pellicle thin with inconspicuous notches and, in some individuals, prominent depressions on ventral and dorsal sides (Figure 4G). Extrusomes not detected. Cytoplasm colorless to grayish. Several irregular-shaped crystals usually clustered in anterior third of cell, forming a “black spot” when viewed at low magnification (Figures 4A,E–G). One spherical macronucleus, 8–12 μm in diameter, located in mid-region of cell; single spherical micronucleus, about 2 μm in diameter, adjacent to macronucleus (Figures 4C,K). One caudally located contractile vacuole, about 5 μm in diameter, pulsating at intervals of 20–50 s (Figures 4A,E). Somatic cilia about 5–7 μm in length; single caudal cilium about 12–15 μm long (Figure 4A).

Locomotion by swimming moderately fast without fixed pattern, or by crawling on substrates; sometimes suspended in water with anterior end moving in circles.

Fifteen to 17 somatic kineties, usually 16 (only two cells with 15 somatic kineties out of 115 cells examined). Each kinety commencing around apical plate and extending almost to rear end of cell (Figures 4B,C,I–K,O). SKn extending posteriorly further than other somatic kineties (Figures 4B,O). Generally, kineties composed of closely arranged dikinetids in anterior half and loosely arranged monokinetids in posterior half (Figures 4B,C,I–K). First dikinetid in SKn closely apposed to that in SK1, leaving a conspicuous space between first two dikinetids in SKn (Figures 4B,J,O). SK1 composed of 16–22 kinetids of which 4–13 are monokinetids; middle somatic kinety on dorsal side composed of 13–21 kinetids including 2–18 monokinetids; SKn composed of 15–19 kinetids including 3–11 monokinetids. Caudal cilium monokinetid (Figures 4C,K,O).

Oral apparatus typical of genus. M1 located about one-fifth down length of cell, about equal to M2 in length; in most cases, M1 partly two-rowed, that is, about eight basal bodies arranged in five transverse rows of which first and fourth rows each has only one basal body (Figure 4D). Occasionally (in eight out of 79 individuals examined) with gap in anterior or mid-portion dividing M1 into two parts, five or six transverse rows in total, making M1 slightly longer than M2 (Figures 4B,D,J,L–N). M2 located about one-third down length of cell, consisting of two equal-length longitudinal kinety rows (Figures 4B,D,I,J). M3 comprising about eight to 10 basal bodies arranged in a small patch below M2 (Figures 4B,D,I,J). Paroral membrane on right side of buccal field, comprising two rows of basal bodies arranged in a zig-zag pattern, about one-fifth of body length, commencing anteriorly at level of mid-portion of M2 and terminating posteriorly about two-thirds down length of cell (Figures 4B,D,I,J). Scutica located below posterior end of PM, usually consisting of three pairs of basal bodies arranged in Y-shape (Figures 4B,D,I,J).



Molecular Phylogenies and Sequence Comparisons

The topologies of the SSU rRNA gene trees constructed by two ML methods (RAxML and IQTREE) and one BI method (MrBayes) are generally congruent. Therefore, only the RAxML tree is presented here with support values from all algorithms (Figure 5).


[image: Figure 5]
FIGURE 5. RAxML tree inferred from SSU rRNA gene sequence data, red arrows point out the three newly sequenced populations. Numbers at nodes denote RAxML bootstrap values/IQTREE ultrafast bootstrap values/Bayesian inferences posterior probabilities. Asterisks (*) indicate mismatches of the topologies between RAxML, IQTREE and/or Bayesian inferences conducted in MrBayes. Fully supported (100%/100%/1.00) nodes are marked with black dots. The scale bar corresponds to five substitutions per 100 nucleotide positions. All branches are drawn to scale. The systematic classification mainly follows Lynn (2008).


Citrithrix smalli sp. nov. MT982807 clusters with Myxophyllum magnum JQ956547 with strong to full support (98% RAxML, 98% IQ, 1.00 MrBayes) (Figure 5). The clade formed by C. smalli and M. magnum, a highly specialized parasitic form, then clusters with full support (100% RAxML, 100% IQ, 1.00 MrBayes) with the group containing all other representative sequences of the order Philasterida used in this study (Figure 5). Currently, few data are available to infer the evolutionary relationships and taxonomic rank of the C. smalli + M. magnum clade, but this basal branch very likely represents a lineage at about suborder level.

We compared the sequence identity of the SSU rRNA gene among C. smalli sp. nov., M. magnum, Anophyroides haemophila, Miamiensis avidus, Glauconema trihymene and Paramesanophrys typica, and found that C. smalli sp. nov. MT982807 differs in 28–71 nucleotides from the others with a sequence identity ranging from 95.6 to 98.2% (Figure 6A).
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FIGURE 6. (A, B) Comparisons of SSU rRNA and the COI gene sequences. (A) Comparisons of the SSU rRNA gene sequences of Citrithrix smalli sp. nov. (upper matrix), Homalogastra binucleata sp. nov. (middle matrix), and Uronema orientalis Pan et al., 2015 (lower matrix), with their related sequences. The lengths of each alignment after trimming both ends are shown. The lower left values in each matrix are numbers of unmatched nucleotides, while the upper right numbers indicate the sequence identity. (B) Comparison of the COI gene sequences between Uronema orientalis MT981149 (from the present study, with arrowhead) and Uronema orientalis MH605553 (from the original population). The final alignment length is 755 positions, with a 100% sequence identity.


All five sequences of the genus Homalogastra group together forming a clade in the SSU rRNA gene tree (Figure 5). Homalogastra binucleata sp. nov. falls outside the group formed by H. setosa EF158847, H. setosa EF158848, and H. parasetosa MG581969, with medium to full support (78% RAxML, 95% IQ, 1.00 MrBayes). However, H. setosa GU590870 branches separately from these four Homalogastra sequences rather than clustering with the two strains of H. setosa. In the SSU rRNA gene sequence alignment of the five Homalogastra species/strains, H. binucleata sp. nov. MT982808 differs from the other Homalogastra sequences in 48 to 74 nucleotides and has a sequence identity ranging from 95.4 to 97.0% (Figure 6A).

Apart from Homalogastra, other species/strains of Uronematidae cluster with Parauronematidae and Entodiscidae (48% RAxML, 85% IQ, 0.76 MrBayes). The genus Uronema is not monophyletic (Figure 5). The newly sequenced Uronema orientalis MT982806 clusters with two U. orientalis sequences (KF840517, MH574791) from the same population (Pan et al., 2015a) with high or full statistical support (99% RAxML, 99% IQ, 1.00 MrBayes), and then groups with the Parauronematidae + Entodiscidae + Uronema marinum (GQ259749; GQ465466) clade (Figure 5). Sequence comparison of the SSU rRNA gene shows that there is no difference between U. orientalis MT982806 and two previous U. orientalis sequences (KF840517, MH574791) (Figure 6A). The COI gene sequence of the present population of U. orientalis (MT981149) is identical to that of the original population (MH605553) after trimming both ends of the alignment, giving 755 nucleotides in the final alignment (Figure 6B).




DISCUSSION


Morphological Comparison and Phylogenetic Analyses of Citrithrix smalli gen. nov., sp. nov.

Citrithrix smalli gen. nov., sp. nov. has a distinct oral structure (extremely close-set M1 and M2 when compared with morphologically similar genera) which slightly resembles that of parauronematids (Figure 2O). However, the new taxon can be distinguished from all four known genera of parauronematids [i.e., Miamiensis, Glauconema, Parauronema, and Potomacus (Table 2)] by the long, conspicuously deep oral groove (vs. absent or inconspicuous in the latter four genera) and the closely apposed M1 and M2 (vs. M1 and M2 clearly separated in the latter four genera) (Thompson and Moewus, 1964; Thompson, 1966, 1967; Grolière, 1974; Wilbert and Kahan, 1981; Song and Wilbert, 2000; Ma et al., 2006). In addition, Citrithrix gen. nov. is not closely related to the parauronematids in the SSU rRNA gene tree (Figure 5).


Table 2. Comparison of Citrithrix nov. gen. with related genera.
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Three genera in the family Orchitophryidae, namely Paranophrys, Anophryoides, and Paramesanophrys, should be compared with Citrithrix gen. nov. since the M1 and M2 of all these genera are multi-rowed (Table 2). Citrithrix gen. nov. differs from them mainly in the presence of an oral groove, the arrangement of M1 and M2, and the position of the anterior end of the PM (Thompson and Berger, 1965; Borror, 1972; Czapik and Wilbert, 1986; Cawthorn et al., 1996; Song and Wilbert, 2000; Song et al., 2002; Pan X. et al., 2016).

These morphological differences are reflected in the molecular analyses in the present study: Citrithrix smalli sp. nov. is well-separated from the families Parauronematidae, Orchitophryidae and Philasteridae, which belong to the core part of the order Philasterida, and occupies the basal position within the order suggesting that Citrithrix gen. nov. may represent the ancestral group of philasterids (Figure 5).

Although Citrithrix smalli sp. nov. clusters with Myxophyllum magnum JQ956547 and shows a sequence identity of 98.2% (Figures 5, 6A), the former differs significantly from the latter in its morphology and ecology, e.g., the number of somatic kineties, the oral structure, and the free-living (vs. parasitic) life-style (Xu and Song, 2000).

In conclusion, both the morphological and the molecular data indicate that our new taxon cannot be assigned to any extant family. A new family, Citrithrixidae fam. nov., is thus proposed within the order Philasterida.



Morphological Comparison and Phylogenetic Analyses of Homalogastra binucleata sp. nov.

Based on its body size and shape, conspicuous oral groove and oral structure, Homalogastra binucleata sp. nov. corresponds well with the genus diagnosis of Homalogastra (Liu et al., 2020). Hitherto there are only two known congeners, i.e., H. setosa (type species) and H. parasetosa (Table 3).


Table 3. Comparison of Homalogastra binucleata sp. nov. with congeners.
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Homalogastra binucleata sp. nov. can easily be separated from both congeners by having two (vs. one) macronuclear nodules. In addition, it differs from H. parasetosa in the structure of its M1 which comprises a pair of basal bodies in H. binucleata sp. nov. (and H. setosa) vs. M1 two-rowed, each row with three basal bodies, in H. parasetosa (Figure 3O) (Kahl, 1931; Buitkamp, 1977; Foissner et al., 1982; Pomp and Wilbert, 1988; Alekperov, 2005; Liu et al., 2020).

In the SSU rRNA gene tree, H. binucleata sp. nov. nests within the Homalogastra clade (Figure 5). The SSU rRNA gene sequence of our new species has the highest sequence identity with H. parasetosa MG581969 (97%), although there are 48 unmatched nucleotides (Figure 6A). Therefore, clarification of the phylogenetic relationships among Homalogastra species awaits data from more gene markers and from additional populations and species. Such data might also be helpful to determine how their morphological characteristics reflect their evolutionary relationships.



Morphological Comparison and Phylogenetic Analyses of Qingdao Population of Uronema orientalis Pan et al., 2015

Uronema orientalis was established by Pan et al. (2015a) mainly according to its bipartite M1 and its high number of somatic kineties. The Qingdao population resembles the original population in cell size, shape and oral structure, but it differs from the latter by having: fewer somatic kineties, i.e., 15–17, usually 16 (vs. constantly 20 in the type population); each kinety with mono- and dikinetids (vs. each kinety usually comprises monokinetids only in the type population); M1 partly two-rowed that occasionally with a gap (vs. one-rowed and divided by a gap, but the stability of M1 structure is not available in the original report). Besides, the extrusomes in the current population are not detected (vs. bar-shaped extrusomes, 4 μm in length in the original population) (Pan et al., 2015a) (Figures 4D,J,L–N,P).

Based on the morphological differences, the current population can be a new subspecies of Uronema orientalis. However, the locations of the inhabitation of the current and the original populations are not geographically separate. In addition, the sequence comparisons of the SSU rRNA and COI genes of the two populations show that the sequences of each gene are identical (Figure 6), strongly supporting the identity of the current population as U. orientalis. Therefore, it is reasonable to treat the current population as U. orientalis Pan et al., 2015 with some morphological variations.



Morphological Comparison of Uronema orientalis Pan et al., 2015 With Closely Related Congeners

Considering the structure of the oral apparatus and the somatic ciliature, four Uronema species should be compared with Uronema orientalis Pan et al., 2015, namely U. gallicum Pérez-Uz and Song, 1995, U. apomarinum Liu et al., 2020, U. heteromarinum Pan et al., 2010, and U. marinum Dujardin, 1841 (Figure 4P; Table 4).


Table 4. Comparison of Uronema orientalis Pan et al., 2015 with selected congeners.
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Uronema orientalis most closely resembles U. gallicum in the M1 structure, that is, occasionally bipartite with a gap in the anterior or mid-region of M1 dividing it into two parts (Figures 4D,J,L–N,P). However, the latter can be distinguished from the former by its slimmer body shape (body width in vivo 8–11 μm vs. 12–30 μm in U. orientalis), and in having fewer somatic kineties (13–15 vs. 15–20 in U. orientalis) (Pérez-Uz and Song, 1995; Pan et al., 2015a).

Uronema orientalis can be separated from the other three Uronema species mainly by the number of somatic kineties and by the structure of M1 and M2 (Song et al., 2009; Pan et al., 2010; Liu et al., 2020) (Figures 4B–D,P; Table 4).
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Character

Body size in vivo

Body size after protargol staining
Body shape

Pelicle

M1 structure

Number of SK

Number of macronucleus (or
macronuclear nodules)

Habitat
Data source

M1, membranelle 1; SK, somatic kineties.

Homalogastra binucleata sp. nov.

20-30 x 10-15pm
23-28 x 12-17pm
Spindle-shaped in outline

Thin and rough, with twisted shallow
grooves along cilia rows

One-rowed, with two basal bodies

1
2

Brackish water
Present study

Homalogastra setosa Kahl, 1926

15-80 x 7-15um

20-25 x 9-13um
Spindle-shaped in outline
Weakly notched along ciii rows

One-rowed, with two basal bodies

12
1

Soil
Kahi (1931) and Foissner et al. (1982)

Homalogastra parasetosa Liu et al.,
2020

20-30 x 10-15 um
20-35 x 12-25 um
Spindle-shaped to oval in outline

Basically smooth, with straight shallow
grooves along cilia rows

Two-rowed, each row with three basal
bodies

10-14
1

Brackish water and soil

Buitkamp (1977), Pomp and Wilbert
(1988), Alekperov (2005), and Liu et al
(2020)
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Character Min Max Mean Median sD SE cv n

Body length (in vivo) (wm) 2 35 305 30 414 1.69 136 5
20 30 245 24 254 0.77 10.4 1"
2 40 335 35 378 1.09 13 12
Body width (in vivo) (wm) 10 20 15.7 17 388 1.58 248 6
10 15 120 12 2,00 0.60 16.67 1
12 20 16.1 15 227 0.66 14.4 12
Ratio of body lengthvbody width (in vivo) 1.75 250 201 1.86 033 0.13 163 3
1.67 2.40 2.06 2,00 022 0.07 10.76 1
1.94 233 209 204 0.16 0.05 7.7 12
Body length (wm) 2 35 29.4 30 299 0.60 102 25
23 28 255 25 1.51 0.45 59 1
20 35 282 28 410 058 145 50
Body width (um) 12 25 21.0 22 313 0.63 14.9 25
12 17 163 15 127 0.38 83 1
10 25 165 165 4.44 0.63 270 50
Buceal field length (um) 11 16 138 14 1.50 0.30 109 25
13 17 158 16 1.40 0.42 89 1
9 15 1.7 11 1.32 0.19 1.3 50
Raito of buccal field length/body length 0.39 0.60 0.47 0.47 0.06 0.01 135 25
054 068 062 0561 004 001 60 1
033 050 042 043 005 001 15 50
Number of SK 19 22 205 21 087 0.17 43 25
11 11 11.0 11 0 [ 0 1
15 17 162 16 047 0.04 29 115
Number of kinetids in SK1 24 31 269 27 1.51 0.30 56 25
18 23 20.3 20 1.42 0.43 70 1
16 22 192 19 1.43 0.20 75 50
Nurmber of monokinetids in SK1 2 3 44 4 1.20 024 292 25
9 13 106 10 112 034 105 1
4 13 9.1 9 2.42 034 266 50
Number of kinetids in middle SK 18 25 215 22 171 034 79 25
14 18 150 15 148 036 79 1
13 21 17.0 17 1.76 0.25 103 50
Number of monokinetids in middle SK 2 6 32 3 096 0.19 299 25
2 4 30 3 0.45 0.13 14.9 11
2 18 100 10 371 052 37.1 50
Number of kinetids in SKn 18 29 23.4 23 265 053 1.3 25
13 15 138 14 083 028 60 9
15 19 168 17 134 027 80 25
Number of monokinetids in SKn 0 4 2.1 2 122 024 588 25
3 5 40 4 071 024 17.7 9
3 11 80 9 223 0.45 280 25
Number of macronuclei 1 7 1.4 1 158 031 1062 25
2 2 20 2 0 0 o 46
1 1 1.0 1 0 0 0 50
Diameter of macronucieus (wm) 5 15 120 12 271 054 226 25
4 9 58 56 073 0.1 126 46
6 12 91 9 135 0.19 14.9 50
Numiber of micronuclei 1 1 10 1 o 0 0 20
1 3 1.4 1 061 0.15 448 17
1 1 1.0 1 0 0 o 9
Diameter of micronucleus (wm) 20 40 24 20 059 0.13 250 20
1.0 15 13 1.4 020 0.05 150 17
15 3.0 19 20 0.49 0.16 257 9

All data are based on randomly selected protargol-stained specimens except where stated otherwise. CV, coefficient of variation in %; Max, maximum; Mean, arithmetic mean; Min,
minimumy; n, number of specimens observed; SD, standard dewiation; SE, standard error of arithmetic mean; SK, somatic kineties; SK1, first somatic kinety on right of buccal field; SKn,
first somatic kinety on left of buccal field.
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Genus Citrithrix nov.  Miamiensis ~ Glauconema  Parauronema Potomacus  Paranophrys  Anophryoides —Paramesanophrys

gen. Thompson&  Thompson, ~ Thompson, ~ Thompson, ~ Thompson&  de Puytorac & Panetal., 2016
Moewus, 1964 1966 1967 1966 Berger, 1965 Groliére, 1979
Bodyshape  Lemon-shaped Plump pyriform  Usually reniform, Usually ovalto  Basically Usually Elongated ovoid  Elongated,
to cylindrical in highly eliptical fusiform elongated oval spindle-shaped
outline; widest at asymmetrical or cylindrical
anterior one third when viewed
of cell laterally
Anteriorend  Yes No Yes Yes No No NA No
truncated?
Buccalfield  Yes No Yes Yes No No No Yes
concave?
With basal Yes No No No NA No No Yes
depression from
which caudal
lium emerges?
Number of 2013 2 208 2 20r3 3 3 2
longitudinal rows
in M1
Rows in M1 No Yes No Yes Yes No No Yes
equal in length?
Structure of M2 Basalbodies 4 or5 208 20r3 Blongitudinal  Blongitudinal 4 longitudinal  Irregularly
clustered intwo  longitudinal rows longitudinal longitudinal rows o more,  rows, unequalin rows, equalin  multi-rowed
parts: upper-ieft rows, unequalin rows, almost  almost equalin  length length, forming a
trangle and length equalinlength  length slightly curved
lower five or six rectangle
horizontal rowed
rectangle
Lengthof M2 Longerthan M1 LongerthanM1 Samelengthas Sightlylonger  Longer than M1 Much shorter  Longer than M1 Longer than M1
relative to M1 Mi than M1 than M1
Distance Extremely short, Shorterthan  Shorterthanor ~ Slightly shorter ~ Shorter thanor ~ Much shorter  Shorter than  Shorter than length
between M1 and ot well lengthof M equaltolength  thanlengthof  equaltolength  thanlengthof  lengthof M1 of M1
M2 separated of M1 Mi of M1 M1
Structure of PM  Double-rowed inSingle-rowed in  Double-rowed in Double-rowed in Double-rowed in Double-rowed in Double-towed  Double-rowed in
zig-zag pattern  anterior 1/3and  zig-zag pattem  zig-zag pattem  zig-zag pattern  zig-zag pattern Zig-zag pattern
rest 2/3
double-rowed in
zig-zag pattern
Position of Mid portion of  Right frontend ~ Aboutaat first 1/3 Mid portionof ~ Mid portion of  Right frontend  Right frontend  Posterior end of M3
anterior end of  lower rectangle  of M2 ofM2onright M2 onright side M2 on right side ~of M2 of M2
PM of M2 on right side
side
Datasource  Presentstudy ~ Thompsonand  Thompson Thompson Thompson Thompsonand ~ Cawthometal. PanX. etal. (2016)
Moewus (1964)  (1966) and Ma ~ (1967), Groliére  (1966) Berger (1965),  (1996)
andSongand  etal. (2006)  (1974), Wibert Borror (1972),
Wilbert (2000) and Kahan Czapik and
(1981), and Wilbert (1986),
Song and Song and
Wilbert (2000) Wilbert (2000),
and Song et al
(2002)

M1 and 2, membranelle 1 and 2; NA, not available; PM, paroral membrane.
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Characters

Body size in vivo

Body size after
siver staining

Body shape

Pellicle

Extrusomes

M1 structure

Number of
longitudinal
Kinety rows in
M2

Number of SK

Habitat
Data source

M1 and 2, membranelle 1 and 2; n, number of specimens observed: SK, somatic kineties.

U. orientalis
Pan etal., 2015

25-65 x 12-30pm
26-68 x 12-35pm

Basically cylindrical
in outline

Thin and
inconspicuously
notched
Bar-shaped, about
4pmlong

One- or partly
two-rowed;
occasionally with a
gap in anterior or
mid-portion

15-20

Marine

Present study; Pan
etal. (2015a)

U. gallicum
Pérez-Uz & Song,
1995

20-30 x 8-11pm
21-28 x 9-14pm

Usually elongated,
well-nourished cells
often ovoid

Thin and
inconspicuously
notched

Fine and rod-like,
about 2um long
One-rowed, with
6-7 widely spaced
kinetosomes in a
row that sometimes
seems to break in
the middie

3

1315 (usually 14, n
=74)
Marine

Pérez-Uz and Song
(1995)

U. apomarinum
Liu et al., 2020

25-85 x 10-15um
25-82 x 10-15pm

Elongate-ovate in
outline, anterior end
slightly pointed
Thin and
inconspicuously
notched

Not detected

Parlly two-rowed,
consisting of ca. 6-8
basal bodies, totally
arranged in five
transverse rows

12-13

Brackish water
Liu et al. (2020)

U. heteromarinum
Pan et al., 2010

25-50 x 10-25pm
30-60 x 20-30pm

Usually elliptical to
cylindrical

Notched with
conspicuous
reticulate ridges
Bar-shaped, about
2pum long
One-rowed,
consisting of ca. 4-7
basal bodes,
well-separated from
other membranelies

15-16

Marine
Pan et al. (2010)

U. marinum
Duijardin, 1841

25-85 x 10-15 um
28-89 x 14-20 um

Elongate-eliptical in
outline

Basically smooth

Bar-shaped, about
2pum long
One-rowed with 5-7
basal bodies

12-14

Marine

Song et al. (2009)
and Pan et al. (2010)
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