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The morphology and phylogeny of two new sessilid species, Zoothamnium weishanicum n. sp. and Epicarchesium sinense n. sp., two insufficiently known species, Zoothamnium arbuscula Ehrenberg, 1831 and Zoothamnium hentscheli Kahl, 1935, and a well-known species, Carchesium polypinum (Linnaeus, 1767) Ehrenberg, 1838, collected from freshwater habitats of China, were investigated. Zoothamnium weishanicum n. sp. is characterized by its inverted bell-shaped zooids, double-layered peristomial lip, alternately branched stalk, and two different-length rows in infundibular polykinety 3 (P3). Epicarchesium sinense n. sp. is recognized by its asymmetric-pyriform zooids, single-layered peristomial lip, conspicuous cortical blisters on the pellicle, dichotomously branched stalk, and P3 containing one short inner row and two long outer rows. Based on previous and newly obtained data of the three known species, improved diagnoses and redescriptions are provided including, for the first time, data on the infraciliature of Z. arbuscula and Z. hentscheli. In addition, we analyzed the phylogeny of each species based on SSU rDNA sequence data.
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INTRODUCTION

Ciliated protists (ciliates) are a group of unicellular eukaryotes with high species diversity and a cosmopolitan distribution (Song et al., 2009; Hu et al., 2019). They have been used widely in a variety of fields of investigation including cytology, evolutionary biology, and ecology (Chen et al., 2020; Wang Y.R. et al., 2019, 2020; Zhang et al., 2020; Zhu et al., 2020). Peritrichia Stein, 1859 is probably the most speciose subclass in the class Oligohymenophorea de Puytorac et al., 1974 with more than 1,000 nominal species collected from a wide range of habitats (Kent, 1880–1882; Entz, 1884; Penard, 1922; Kahl, 1935; Foissner et al., 1992; Lu et al., 2019; Wang Z. et al., 2020).

In the classification of Lynn (2008), Peritrichia is composed of two orders: Sessilida Kahl, 1933 and Mobilida Kahl, 1933. The species of order Sessilida are either solitary or colonial and are commonly attached to a substrate via a stalk, a scopula, or a lorica (Lynn, 2008). Although investigations of sessilids have been carried out for more than 300 years, many species are poorly described since they are known only from in vivo observations and information on their infraciliature, silverline system, and molecular phylogeny is lacking (Kahl, 1935; Precht, 1935; Nenninger, 1948; Sommer, 1951; Stiller, 1971; Bernerth, 1982; Foissner et al., 1992). These insufficient descriptions make the species identification of many sessilids extremely difficult, thus highlighting the need for their reinvestigation based on modern methods (Warren et al., 2018). Furthermore, new species are continuously being reported, suggesting that there is a large undiscovered diversity of sessilids (Canals and Salvadó, 2016; Kühner et al., 2016; Wang et al., 2017; Zhou et al., 2019a,b; Lu et al., 2020; Wu et al., 2020, 2021).

In the present study, five species representing three genera (Zoothamnium Bory de St. Vincent, 1824, Epicarchesium Jankowski, 1985, and Carchesium Ehrenberg, 1831) and two families (Zoothamniidae Sommer, 1951 and Vorticellidae Ehrenberg, 1838) are investigated. Zoothamnium is characterized by its colonial habit, transverse silverline system, continuous spasmoneme, and the contraction of the stalk in a “zig-zag” fashion (Bory de St. Vincent, 1824; Corliss, 1979). It contains more than 140 nominal species, about two-thirds of which lack data on their silverline system and/or infraciliature (Ji et al., 2015; Schuster and Bright, 2016; Shen et al., 2017; Lu et al., 2020; Mayen-Estrada and Dias, 2021). Epicarchesium is characterized by its colonial habit, discontinuous spasmoneme, tuberculate pellicle, reticulate silverline system, and the contraction of the stalk in a spiral fashion (Jankowski, 1985; Leitner and Foissner, 1997). Carchesium is similar to Epicarchesium but has a transverse silverline system, and its pellicle is not tuberculate (Ehrenberg, 1831; Kahl, 1935; Shen and Gu, 2016). Compared with Zoothamnium, Epicarchesium and Carchesium are poorly studied in terms of their morphology and phylogenetics and, with the exception of one or two species, morphological information based on modern standards and accurately identified SSU rDNA sequences are lacking for both genera.

During faunal surveys of freshwater ciliates in two widely separated locations in Shandong Province, China, five colonial sessilid peritrichs representing these three genera were isolated, giving the opportunity to investigate them using modern methods. Here we provide detailed morphological information based on the observations of specimens in vivo and after silver staining. We also sequenced their small subunit ribosomal DNA (SSU rDNA) and analyzed their phylogenetic relationships.



MATERIALS AND METHODS


Sample Collection

All the species were isolated in 2019 from freshwater habitats in either Weishan or Qingdao, Shandong Province, China (Figure 1A), using glass microscope slides as artificial substrates. Briefly, the slides were fixed onto a frame that was immersed in water at a depth of 1–2 m for 7–10 days to allow colonization by ciliates (Small, 1973).
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FIGURE 1. Sampling sites. (A) Map of Shandong Province to indicate the locations of the sampling sites. (B) Sampling site of Zoothamnium weishanicum n. sp., Jining. (C) Sampling site of Zoothamnium arbuscula, Jining. (D) Sampling site of Zoothamnium hentscheli, Jining. (E) Sampling site of Epicarchesium sinense n. sp., Jining. (F) Sampling site of Carchesium polypinum, Qingdao. T, temperature.


Zoothamnium weishanicum n. sp. was collected on June14, 2019 from Jiangjiaji River in Weishan (34°45′22.54″ N, 117°12′54.83″ E), where the water temperature was 23°C (Figures 1A,B). Zoothamnium arbuscula was collected on May 9, 2019 from an outflow of a wetland in Weishan (34°44′21.44″ N, 117°09′33.80″ E), where the water temperature was 18°C (Figures 1A,C). Zoothamnium hentscheli was collected on May 18, 2019 from a wharf in Weishan (34°45′8.63″ N; 117°09′0.51″ N), where the water temperature was 20°C (Figures 1A,D). Epicarchesium sinense n. sp. was collected on October 23, 2019 from an aquaculture pond in Weishan (34°45′59.56″ N, 117°09′22.65″ E), where the water temperature was 16°C (Figures 1A,E). Carchesium polypinum was collected on January 19, 2019 from a freshwater pond in Qingdao (36°03′57.96″ N, 120°20′24.16″ E), where the water temperature was 10°C (Figures 1A,F).



Investigation of Morphology

Colonies were removed from the slides using acupuncture needles and transferred with glass micropipettes. Live specimens were observed using differential interference contrast microscopy at magnifications of ×40 to ×1,000. The infraciliature was revealed by the protargol staining method (Wilbert, 1975; Ji and Wang, 2018). The silverline system was demonstrated using the “dry” silver nitrate method (Song and Wilbert, 1995; Foissner, 2014). Counts and measurements were performed at ×400–1,000 magnifications. Drawings of live organisms were performed based on actual observations and photomicrographs, while those of stained specimens were made with the help of a drawing device. The terminology is according to Warren (1986) and Foissner et al. (1992).



DNA Extraction, PCR Amplification, and Sequencing

For each species, five zooids were isolated and washed five times with distilled water to remove potential contamination. Genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the instruction of the manufacturer. The SSU rDNA was amplified using the primers 82F (5′-GAA ACT GCG AAT GGC TC -3′) (Jerome et al., 1996) and 18SR (5′-TGA TCC TTC TGC AGG TTC ACC TAC-3′) (Medlin et al., 1988). Q5® Hot Start High-Fidelity DNA Polymerase (NEB, Ipswich, MA) was used to minimize the possibility of PCR amplification errors. The PCR programs were designed according to Bai et al. (2020). The PCR products were sequenced bidirectionally by Tsingke Biological Technology Company (Qingdao, China).



Phylogenetic Analyses

The five newly obtained SSU rDNA sequences and 54 sequences of other peritrichs downloaded from GenBank (accession numbers are shown in Figure 12) were used for phylogenetic analyses. Four hymenostomatians (Glaucoma chattoni X56533, Ichthyophthirius multifiliis U17354, Tetrahymena corlissi U17356, and Tetrahymena pyriformis EF070254) were selected as outgroup taxa. All the SSU rDNA sequences were aligned using the GUIDANCE2 algorithm1 with default parameters (Landan and Graur, 2008; Sela et al., 2015). The two ends of the resulting alignment were trimmed manually in BioEdit v.7.0 (Hall, 1999). The final length of the alignment was 2,287 bp.

Maximum likelihood (ML) analysis with 1,000 bootstrap replicates was computed at CIPRES Science Gateway,2 using RAxML-HPC2 on XSEDE v.8.2.10 (Stamatakis, 2014) with GTRGAMMA + I model. Bayesian inference (BI) analysis was carried out using MrBayes v.3.2.6 on XSEDE (Ronquist et al., 2012) on CIPRES Science Gateway with GTR + I + G model selected by JModeltest v.2 (Darriba et al., 2012) under Akaike Information Criterion. Markov chain Monte Carlo simulations were run for 1,000,000 generations with a sample frequency of 100 generations. The first 25% of trees were discarded as burn-in. The run would finish after 1,000,000 generations if the split frequencies were below 0.01. All the remaining trees were used to calculate posterior probabilities using a 50% majority rule consensus. Tree topologies were visualized using MEGA v.7.0 (Kumar et al., 2016). The classification is mainly according to Lynn (2008) and Gao et al. (2016).



RESULTS


ZooBank Registration

Present work: urn:lsid:zoobank.org:pub:EC4C6372-5044-40C0-BE0C-790AF40632F0

Subclass Peritrichia Stein, 1859

Order Sessilida Kahl, 1933

Family Zoothamniidae Sommer, 1951

Genus Zoothamnium Bory de st. Vincent, 1824

Zoothamnium arbuscula Ehrenberg, 1831

(Figures 2A–G, 3A–S and Table 1)
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FIGURE 2. Zoothamnium arbuscula in vivo (A–C,F,G), after “dry” silver nitrate staining (D), and after protargol staining (E). (A,B) Different zooids, showing the shape variation. (C) Apical view of a mature colony; arrows mark the macrozooids. (D) Silverline system; arrow marks the trochal band. (E) Oral ciliature. (F) Branch structure; arrow marks the folds on the surface of the stalk, arrowhead marks the sheath of the spasmoneme, and double arrowhead marks the spasmoneme. (G) A developing colony; the structure in green is the spasmoneme. EM1, 2, epistomial membrane 1, 2; G, germinal kinety; H, haplokinety; Po, polykinety; P1–3, infundibular polykineties 1–3. Bars: 35 μm in panels (A,B) and 900 μm in panel (G).
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FIGURE 3. Photomicrographs of Zoothamnium arbuscula in vivo (A–K), after “dry” silver nitrate staining (L), and after protargol staining (M–S). (A) A developing colony. (B) Apical view of a mature colony; arrows mark the macrozooids. (C–I) Different zooids showing the shape variation; arrows in panels (C,F,G) mark the contractile vacuole, and arrows in panels (H,I) mark the macrozooids. (J) Macrozooid showing the macronucleus. (K) Detail of the stalk; arrow marks the folds on the surface, and arrowhead marks the spasmoneme. (L) Silverline system. (M,N) Two protargol-stained zooids showing the infraciliature and macronucleus; arrow in panel (M) marks epistomial membrane 2, arrowhead in panel (M) marks the trochal band, and arrow in panel (N) marks the infundibular polykineties. (O) Oral ciliature; arrow marks the germinal kinety. (P,Q) Infundibular polykineties 1–3 (P1–3); arrow in panel (P) marks the abstomal end of P2, and arrowhead in panel (P) marks the abstomal end of P3. (R,S) Part of the oral ciliature; arrow in panel (R) marks epistomial membrane 1, and arrow in panel (S) marks the abstomal end of P2. Bars: 900 μm in panel (A), 35 μm in panels (D–G), 100 μm in panel (J), and 25 μm in panels (M,N).



TABLE 1. Morphometrical characterization of five colonial sessilid peritrich species based on specimens in vivo (except where stated).

[image: Table 1]
1831 Zoocladium arbuscula n. sp.—Ehrenberg, Abh. dt. Akad. Wiss. Berl., Jahr 1831: 94 (original description)

1838 Zoothamnium arbuscula Ehrenberg, 1831—Ehrenberg, Infusionsthierchen, p. 289 (revision)

1892 Zoothamnium arbuscula Ehrenberg, 1831—Entz, Math. Naturw. Ber. Ung., 10: 5 (detailed redescription based on observation in vivo)

1903 Zoothamnium geniculatum n. sp.—Ayrton, J. Quekett Microsc. Club, 8: 407 (synonym; population in England, with illustrations)

1925 Zoothamnium geniculatum Ayrton, 1903—Wesenberg-Lund, K. danske Vidensk. Selsk. Skr., 10: 1 (redescription and life history based on observation in vivo)

1929 Zoothamnium arbuscula Ehrenberg, 1831—Furssenko, Arch. Protistenk.,67: 377–495

1935 Zoothamnium arbuscula Ehrenberg, 1839—Kahl, Tierwelt Dt1., 30: 745, Figures 140 (15–17), 141 (4–8) (revision)

1962 Zoothamnium arbuscula Ehrenberg, 1831—Biernacka, Polskie Arch. Hydrobiol., 10: 67, Figure 134 (habitat; population density and biomass)

1980 Zoothamnium arbuscula Ehrenberg, 1831—Müller, Mikrokosmos, 69: 222, 334 (redescription based on German population, with photomicrographs)

1988 Zoothamnium arbuscula Ehrenberg, 1831—Xu, Chin. J. Zool., 23: 8 (ecological investigation)

1992 Zoothamnium arbuscula Ehrenberg, 1831—Foissner et al., Informationsberichte des Bayer. Landesamtes für Wasserwirtschaft, 5/92: 158–162, Figures 1–22 (revision)

1996 Zoothamnium arbuscula Ehrenberg, 1831—Foissner and Berger, Freshw. Biol., 35: 385 (illustrations)

2016 Zoothamnium arbuscula Ehrenberg, 1831—Shen and Gu, Fauna Sinica: Invertebrata 45: 187–188, Figure 223 (redescription)

Although Zoothamnium arbuscula has been reported many times, details of its infraciliature were hitherto unknown (Ehrenberg, 1831, 1838; Ayrton, 1903; Wesenberg-Lund, 1925; Furssenko, 1929; Kahl, 1935; Biernacka, 1962; Müller, 1980; Xu, 1988; Foissner et al., 1992; Foissner and Berger, 1996; Shen and Gu, 2016). Here we provide details of its infraciliature and an improved diagnosis based on previous reports and our new data.


Improved Diagnosis

The colony was up to 3,500 μm high. Accessory branches radiate from the main stalk, forming an inverted dome-like outline, with micro- and macrozooids. The microzooids were inverted bell-shaped, 40–80 × 30–65 μm in vivo. The macrozooids were nearly globular, up to 150 μm in diameter. The peristomial lip was single-layered and strongly everted. One contractile vacuole was dorsally located, at the same level as the peristomial lip. The macronucleus is typically C-shaped and transversely oriented. The infundibular polykinety 3 (P3) consists of three equal-length rows, terminating adstomally above infundibular polykinety 1 (P1). Transverse silverlines numbered about 75 from the peristome to the trochal band and about 50 from trochal band to scopula. Freshwater is the habitat.



Description Based on Weishan Population

The colony was with micro- and macrozooids. The microzooids were inverted bell-shaped, about 50–80 × 30–65 μm in vivo (Figures 2A,B, 3C–G,I). The peristomal lip was about 35–40 μm in diameter, single-layered, and strongly everted (Figures 2A,B, 3C–G,I,J). The peristomal disc was moderately elevated in fully extended zooids (Figures 2A, 3D–G). The macrozooids were nearly globular, about 150 μm in diameter (Figures 2C, 3B,H,I,J). The pellicular striations were extremely fine.

The cytoplasm was colorless, usually containing numerous vacuoles with yellow and/or green contents, possibly the remains of ingested algae. A single contractile vacuole was located at the dorsal wall of the infundibulum, about the same level as the peristomial lip (Figures 2A,B, 3F,G). The macronucleus of most microzooids was typically C-shaped and transversely oriented (Figures 2A, 3M,N), the macronucleus of microzooids at the end of the branches varied in shape (Figures 2B,F, 3G), and the macronucleus of macrozooids was usually C-shaped (Figure 3J). A micronucleus was not observed.

The colony was up to 3,500 μm tall, usually containing more than 100 zooids and with accessory branches that radiate from the apical end of the main stalk forming an inverted dome-like outline (Figures 2C,G, 3A,B,H). The main stalk consists of three parts: a basal part without spasmoneme, about 25 μm across; a middle part with a central bundle of transparent fibrils, about 40 μm across; and an upper part with sturdy spasmoneme, about 60 μm in diameter (Figure 2G). The spasmoneme was covered by a sheath with a rough surface, comprising bundles of fibrils (stalk myonemes) within a transparent membrane, which was about 40 μm across its widest point (Figures 2F, 3K).

The oral ciliature was of the usual type for sessilid peritrichs. Haplokinety and polykinety make approximately 1.25 circuits around the peristome before entering the infundibulum where they make a further circuit (Figures 2E, 3M–O). Three infundibular polykineties (P1–P3) were each composed of three rows of kinetosomes (Figures 2E, 3M–Q). P1 is continuous with polykinety and terminates adstomally below P2 and P3, with P2 about twice the length of P3 and terminating adstomally at the convergence of P1 and P3 (Figures 2E, 3M–Q). The rows of P1 were nearly equal in length (Figures 2E, 3O,P). The inner two rows of P2 converge abstomally with P1, and the outer row of P2 separated abstomally from the inner two rows (Figures 2E, 3P,S). P3 consists of three almost-equal-length rows of kinetosomes, terminating adstomally above P1 (Figures 2E, 3N–Q). There were two epistomial membranes (EM1 and EM2): EM1, long, was located at the entrance of the infundibulum (Figures 2E, 3O,R), while EM2 was located in front of the distal ends of haplokinety and polykinety (Figures 2E, 3M). The germinal kinety lies parallel to haplokinety in the upper half of the infundibulum (Figures 2E, 3O). The trochal band consists of dikinetids, located about two-thirds down the length of zooid (Figures 2D, 3M,N).

The silverline system consists of closely spaced transverse silverlines, numbering about 75 (N = 3) from the peristome to the trochal band and about 50 (N = 3) from the trochal band to the scopula (Figures 2D, 3L).

Zoothamnium hentscheli Kahl, 1935

(Figures 4A–G, 5A–S and Table 1)
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FIGURE 4. Zoothamnium hentscheli in vivo (A–E), after “dry” silver nitrate staining (F), and after protargol staining (G). (A,B) Different zooids showing the shape variation. (C) Arrows mark the pellicle with attached detritus. (D) A developing colony covered with detritus. (E) A mature colony; the structure in green is the spasmoneme. (F) Silverline system. (G) Oral ciliature. EM1, 2, epistomial membrane 1, 2; G, germinal kinety; H, haplokinety; Po, polykinety; P1–3, infundibular polykineties 1–3. Bars: 35 μm in panels (A–C), 300 μm in panel (D), and 500 μm in panel (E).
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FIGURE 5. Photomicrographs of Zoothamnium hentscheli in vivo (A–J), after “dry” silver nitrate staining (K), and after protargol staining (L–S). (A) A mature colony. (B) A developing colony. (C–I) Different zooids showing the shape variation; arrows mark the contractile vacuole. (J) Detail of stalk; arrow marks the spasmoneme. (K) Silverline system. (L,M) Two protargol-stained zooids showing the ciliature; arrow in panel (L) marks the P3, arrowhead in panel (L) marks the trochal band, and arrow in panel (M) marks the germinal kinety. (N,O) Infundibular polykineties 1–3 (P1–3) (image processed by the reverse function via Photoshop); arrow marks the adstomal end of P3. (P–S) Part of the oral ciliature; arrow in panel (P) marks the germinal kinety, arrowhead in panel (P) marks the abstomal end of P2, arrow in panel (Q) marks epistomial membrane 1, arrow in panel (R) marks epistomial membrane 2, and arrow in panel (S) marks the adstomal end of P2. Bars: 500 μm in panel (A), 300 μm in panel (B), 35 μm in panels (C–F,H,I), and 25 μm in panels (L,M).


1916 Zoothamnium spec. a.—Hentschel, Mitt. Zool. Mus. Hamb., 33: 16–17, Figure 2 (description, unnamed)

1935 Zoothamnium hentscheli Kahl, Tierwelt Dtl., 30: 747 [establishment of a new species according to the description of Hentschel (1916); revision]

1952 Zoothamnium hentscheli Kahl, 1935—Hammann, Arch. Hydrobiol., 47: 217 (redescription, with illustrations)

1988 Zoothamnium hentscheli Ehrenberg, 1831 –Xu, Chin. J. Zool., 23: 8 (ecological investigation)

Zoothamnium hentscheli was first described by Hentschel (1916) without a species name (Zoothamnium spec. a). Kahl (1935) named it Zoothamnium hentscheli. To date, this species has been reported several times; however, the details of its infraciliature remain unknown, which necessitates a reinvestigation (Hentschel, 1916; Kahl, 1935; Hammann, 1952; Xu, 1988). We collected a population of this species from Weishan and made a detailed redescription. An improved diagnosis based on previous and present data is also supplied.


Improved Diagnosis

The colony was up to 1,500 μm high. The stalk was alternately branched. The zooids were inverted bell-shaped, about 50–85 × 30–45 μm in vivo, and often densely covered with detritus. The peristomial lip was single-layered and moderately everted. The peristomial disc was slightly elevated. A contractile vacuole was dorsally located at the same level as the peristomial lip. The macronucleus was C-shaped and transversely oriented. The infundibular polykinety 3 (P3) consists of three approximately equal-length rows and terminates adstomally above infundibular polykinety 1 (P1). Transverse silverlines numbered about 65 from the peristome to the trochal band and about 30 from the trochal band to the scopula. Freshwater is the habitat.



Description Based on Weishan Population

The zooids were usually inverted bell-shaped, 50–80 × 30–40 μm in vivo, and often densely covered with detritus (Figures 4A–C, 5C–I). The peristomial lip was about 35–45 μm in diameter, single-layered, and moderately everted (Figures 4A,B, 5C–I). The peristomial disc was slightly elevated above the peristomial lip in fully extended zooids (Figures 4A,B, 5C–E,G–I). The pellicular striations were extremely fine (Figures 4F, 5K).

The cytoplasm was colorless and contained several gray or colorless granules. A single contractile vacuole was located at the dorsal wall of the infundibulum at the same level as the peristomial lip (Figures 4A,B, 5F–H). The macronucleus was C-shaped and transversely oriented (Figures 4A,B, 5L,M). The micronucleus not observed.

The colony was up to 2,500 μm tall. The stalk alternately branched. The branches progressively narrowed and shortened from the main stalk to the terminal branches (Figures 4D,E, 5A,B). The spasmoneme was with numerous mitochondria (Figure 5J).

The oral ciliature was of the usual type for sessilid peritrichs. Haplokinety and polykinety make approximately 1.25 circuits around the peristome before entering the infundibulum (Figures 4G, 5L,M). The infundibular polykineties (P1–P3) were of three rows (Figures 4G, 5L–O,S). The rows of P1 were nearly equal in length (Figures 4G, 5L,N,O,S). The adstomal end of P2 terminates at the convergence of P1 and P3 (Figures 4G, 5L–O,S). The abstomal end of the inner row of P2 converges with P1; the abstomal end of the outer row of P2 was detached from the inner two rows (Figures 4G, 5P). P3 terminates adstomally above P1, with the rows equal in length (Figures 4G, 5L–O,S). There were two epistomial membranes (EM1 and EM2): EM1, located at the entrance of the infundibulum (Figures 4G, 5Q), and EM2, located near the distal ends of haplokinety and polykinety (Figures 4G, 5R). Germinal kinety lies parallel to haplokinety in the upper half of the infundibulum (Figures 4G, 5L,M). The trochal band consists of dikinetids, located about two-thirds down the length of zooid (Figures 5L,M).

The silverline system consists of closely spaced transverse silverlines, numbering about 65 (N = 1) from the peristome to the trochal band and about 30 (N = 1) from the trochal band to the scopula (Figures 4F, 5K).

Zoothamnium weishanicum n. sp.

(Figures 6A–E, 7A–Q and Table 1)
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FIGURE 6. Zoothamnium weishanicum n. sp. in vivo (A,B,D), after “dry” silver nitrate staining (C), and after protargol staining (E). (A,B) Different zooids showing the shape variation; arrows in panel (A) mark the double-layered peristomial lip, arrow in panel (B) marks the contractile vacuole, and arrowhead in panel (B) marks the micronucleus. (C) Silverline system; arrow marks the trochal band. (D) Two mature colonies. (E) Oral ciliature. EM1, 2, epistomial membrane 1, 2; G, germinal kinety; H, haplokinety; Po, polykinety; P1–3, infundibular polykineties 1–3. Bars: 40 μm in panels (A,B) and 500 μm in panel (D).
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FIGURE 7. Photomicrographs of Zoothamnium weishanicum n. sp. in vivo (A–I), after “dry” silver nitrate staining (J), and after protargol staining (K–Q). (A,B) Two mature colonies. (C–H) Different zooids showing the shape variation; arrows mark the contractile vacuole. (I) Detail of stalk. (J) Silverline system. (K) Part of the oral ciliature; arrow marks epistomial membrane 1, and arrowhead marks the abstomal end of P2. (L,M) Two protargol-stained zooids showing the infraciliature; arrow in panel (L) marks P3, arrow in panel (M) marks the germinal kinety, and arrowhead in panel (M) marks the trochal band. (N) Part of the oral ciliature; arrow marks epistomial membrane 2. (O) Part of protargol-stained zooid; arrow marks the micronucleus. (P,Q) Infundibular polykineties 1–3 (P1–3); asterisk marks the adstomal end of P3. Bars: 700 μm in panel (A), 40 μm in panels (C–G), and 30 μm in panels (L,M).



Diagnosis

The colony was up to 1,400 μm high. The stalk was alternately branched. The zooids were inverted bell-shaped, usually 55–90 × 30–45 μm in vivo. The peristomial lip was double-layered and strongly everted. The peristomial disc was moderately elevated. A single contractile vacuole was dorsally located, at the same level as the peristomial lip. The macronucleus was C-shaped and transversely oriented. The infundibular polykinety 3 (P3) consists of two different-length rows of kinetosomes and terminates adstomally above infundibular polykinety 1 (P1). There were transverse silverlines numbering about 55 from the peristome to the trochal band and about 33 from the trochal band to the scopula.



Type Locality

Jiangjiaji River in Weishan (34°45′22.54″ N, 117°12′54.83″ E), Jining, China (Figures 1A,B).



Deposition of Slides

One protargol slide (registration number: WT2019061401–01) with the holotype specimen circled in ink, a second protargol slide with paratype specimens (registration number: WT2019061401–02) and one “dry” silver nitrate slide with paratype specimens (registration number: WT2019061401–03), were deposited in the Laboratory of Protozoology, Ocean University of China (OUC), Qingdao, China.



Etymology

The species–group name “weishanicum” refers to the area (Weishan) where the sample was collected.



Zoobank Registration

Zoothamnium weishanicum n. sp.: urn:lsid:zoobank.org:act:CF02 AEF7-8CDC-4F99-84B7-1F8240437B46



Description

The zooids were inverted bell-shaped, about 55–90 × 30–45 μm in vivo (Figures 6A,B, 7C–H). The peristomial lip was about 30–50 μm in diameter, double-layered, and strongly everted (Figures 6A,B, 7C–E). The peristomial disc convex was clearly elevated above the peristomial lip in fully extended zooids (Figures 6A,B, 7C–H). The pellicular striations were extremely fine (Figure 7J).

The cytoplasm was colorless, usually containing numerous vacuoles with yellow and/or green contents, possibly the remains of ingested algae. A contractile vacuole was situated at the dorsal wall of the infundibulum, at the same level as the peristomial lip (Figures 6A,B, 7G,H). The macronucleus was C-shaped and transversely oriented (Figures 6A,B, 7L,M). The micronucleus was located within the curvature of the macronucleus (Figures 6B, 7O).

The colony was up to 1,400 μm tall, usually with fewer than 50 zooids. The stalk was alternately branched; the branches progressively narrowed and shortened from the main stalk to the terminal branches (Figures 6D, 7A). The stalk sheath was colorless, with inconspicuous longitudinal striations (Figure 7I).

The oral ciliature was typical for sessilid peritrichs. Haplokinety and polykinety make approximately 1.5 circuits around the peristome and a further turn within the infundibulum (Figures 6E, 7L,M). P1 and P2 had three rows each; P3 had two rows (Figures 6E, 7L,M,P,Q). The three rows of P1 were nearly equal in length. P2 terminates adstomally at the convergence of P1 and P3 (Figures 6E, 7L,M,P,Q). The abstomal ends of the inner two rows in P2 converge with P1 and diverge from the outer row (Figures 6E, 7K). The inner row of P3 was longer than the outer row which terminates adstomally above the inner row (Figures 6E, 7P,Q). There were two epistomial membranes (EM1 and EM2): EM1 was located at the entrance of the infundibulum (Figures 6E, 7K); EM2 was located close to the distal ends of haplokinety and polykinety (Figures 6E, 7N). The germinal kinety runs parallel to haplokinety in the upper half of the infundibulum (Figures 6E, 7L,M). The trochal band consists of dikinetids, located about two-thirds down the length of zooid (Figures 7L,M).

The silverline system consists of closely spaced transverse silverlines, numbering about 55 (N = 3) from the peristome to the trochal band and about 33 (N = 3) from the trochal band to the scopula (Figures 6C, 7J).

Family Vorticellidae Ehrenberg, 1838

Genus Epicarchesium Jankowski, 1985

Epicarchesium sinense n. sp.

(Figures 8A–E, 9A–P and Table 1)
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FIGURE 8. Epicarchesium sinense n. sp. in vivo (A–D) and after protargol staining (E). (A,C) Different zooids showing the shape variation. (B) Detail of the pellicle; arrow marks a tubercle on the surface, and arrowheads mark the reticulate pattern. (D) A mature colony; arrows mark the discontinuous spasmoneme (in green). (E) Oral ciliature. EM, epistomial membrane; G, germinal kinety; H, haplokinety; Po, polykinety; P1–3, infundibular polykineties 1–3. Bars: 30 μm in panels (A,C) and 250 μm in panel (D).
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FIGURE 9. Photomicrographs of Epicarchesium sinense n. sp. in vivo (A–J), after protargol staining (K–O), and after “dry” silver nitrate staining (P). (A) A mature colony. (B–G) Different zooids showing the shape variation; arrows mark the contractile vacuole. (H) Detail of the stalk; arrow marks the discontinuous spasmoneme. (I) Detail of the pellicle; arrows mark the tubercles. (J) Reticulate pellicle. (K,L) Two protargol-stained zooids showing the infraciliature; arrow in panel (K) marks the epistomial membrane, arrowhead in panel (K) marks the trochal band, and arrow in panel (L) marks the haplokinety. (M) Infundibular polykineties 1–3 (P1–3). (N) Part of the oral ciliature; arrow marks the abstomal end of P2. (O) Part of the oral ciliature (image processed by the reverse function via Photoshop); arrow marks P3. (P) Silverline system. Bars: 250 μm in panel (A), 30 μm in panels (B–F), and 20 μm in panels (K,L).



Diagnosis

The colony was up to 750 μm tall. The stalk was dichotomously branched. The zooids were asymmetric pyriform, about 45–60 × 30–40 μm in vivo. The peristomial lip was single-layered and everted. The peristomial disc was slightly elevated. A contractile vacuole was ventrally located below the level of the peristomial lip. The macronucleus was J-shaped. The infundibular polykinety 3 (P3) has three rows and terminates adstomally at the same level as infundibular polykinety 1 (P1). The inner row of P3 was about half the length of the other two rows. The reticulate silverlines system, with about 37 transverse silverlines from the peristome to the trochal band and about 23 from the trochal band to the scopula. Freshwater is the habitat.



Type Locality

A freshwater aquaculture pond in Lake Weishan (34°45′59.56″ N, 117°09′22.65″ E), Jining, China (Figures 1A,E).



Deposition of Slides

One protargol slide (registration number: WT2019102301–01) with the holotype specimen circled in ink, a second protargol slide with paratype specimens (registration number: WT2019102301–02), and one “dry” silver nitrate slide with paratype specimens (registration number: WT2019102301–03) were deposited in the Laboratory of Protozoology, Ocean University of China (OUC), Qingdao, China.



Etymology

The species–group name “sinense” refers to the country (China) where it was first isolated.



Zoobank Registration

Epicarchesium sinense n. sp.: urn:lsid:zoobank.org:act:3201 DFC4-131A-4444- BB3B-F7822C6CD327



Description

The zooids were asymmetric pyriform, 45–60 × 30–40 μm in vivo (Figures 8A,C, 9B–G). The peristomial lip was about 35–40 μm in diameter, single-layered, and moderately everted (Figures 8A,C, 9B–F). The peristomial disc was slightly elevated above the peristomial lip in fully extended zooids (Figures 8A,C, 9B–F). The pellicle was reticulate, and the tubercles were ca. 0.5–1.5 μm in diameter (Figures 8B, 9I,J).

The cytoplasm was colorless, usually containing numerous vacuoles with yellow and/or green contents, possibly the remains of ingested algae. A single contractile vacuole was located at the ventral wall of the infundibulum below the level of the peristomial lip (Figures 8A,C, 9B,C). The macronucleus was J-shaped (Figures 8A,C, 9K,L). A micronucleus was not observed.

The colony was up to 750 μm tall, usually with fewer than 20 zooids. The stalk was dichotomously branched. The spasmoneme is discontinuous and extends throughout the colony (Figures 8D, 9A).

The oral ciliature was genus-typical. Haplokinety and polykinety make approximately 1.25 circuits around the peristome before entering the infundibulum (Figures 8E, 9K,L). All three infundibular polykineties (P1–P3) were of three rows (Figures 8E, 9M,O). P2 terminates adstomally at the convergence of P1 and P3 (Figures 8E, 9K–M,O). P2 converges abstomally with P1 (Figures 8E, 9N). P3 terminates adstomally at the same level as P1; the inner row of P3 was about half the length of the other two rows, and the inner row terminates abstomally ahead of the other two rows (Figures 8E, 9K,M,O). Only one epistomial membrane was observed, located at the entrance of the infundibulum (Figures 8E, 9K). The germinal kinety lies parallel to haplokinety in the upper half of the infundibulum (Figures 8E, 9K,L). The trochal band consists of dikinetids, located about two-thirds of the way down the length of zooid (Figures 9K,L).

The silverline system consists of reticulate silverlines, with about 37 (N = 1) transverse silverlines between the peristome and the trochal band and 23 (N = 1) between the trochal band and the scopula (Figure 9P).

Genus Carchesium Ehrenberg, 1831

Carchesium polypinum (Linnaeus, 1758) Ehrenberg, 1830

(Figures 10A–E, 11A–M and Table 1)
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FIGURE 10. Carchesium polypinum in vivo (A–C,E) and after protargol staining (D). (A,B) Different zooids showing the shape variation. (C) Pellicular striations; arrow marks the trochal band. (D) Oral ciliature. (E) A developing colony; arrows mark the discontinuous spasmoneme (in green). EM, epistomial membrane; G, germinal kinety; H, haplokinety; Po, polykinety; P1–3, infundibular polykineties 1–3. Bars: 25 μm in panels (A,B) and 700 μm in panel (E).



[image: image]

FIGURE 11. Photomicrographs of Carchesium polypinum in vivo (A–G), after protargol staining (H–L), and after “dry” silver nitrate staining (M). (A) A developing colony. (B–D,F) Different zooids showing the shape variation; arrow marks the contractile vacuole. (E) Pellicular striations; arrow marks the trochal band. (G) Detail of the stalk; arrow marks the discontinuous spasmoneme. (H,I) Two protargol-stained zooids showing the infraciliature; arrow in panel (H) marks the trochal band, arrowhead in panel (H) marks the germinal kinety, and arrow in panel (I) marks the infundibular polykinety 3. (J) Oral ciliature; arrow marks the epistomial membrane, and arrowhead marks the infundibular polykineties (image processed by the reverse function via Photoshop). (K) Infundibular polykineties 1–3 (P1–3); arrow marks the adstomal end of the inner row of P3. (L) Part of the oral ciliature; arrow marks the abstomal end of P2. (M) Silverline system; arrow marks the trochal band. Bars: 800 μm in panel (A), 30 μm in panels (C–E), and 30 μm in panels (H,I).
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FIGURE 12. Maximum likelihood (ML) tree inferred from SSU rDNA sequences, revealing the phylogenetic positions of Zoothamnium weishanicum n. sp., Z. arbuscula, Z. hentscheli, Epicarchesium sinense n. sp., and Carchesium polypinum (marked by arrows and red font). Numbers near the nodes denote maximum bootstrap values of ML out of 1,000 replicates and posterior probability of Bayesian inference. The scale bar indicates five substitutions per 100 nucleotide positions.


1758 Sertularia polypina Linnaeus, Systema Naturae, p. 816 (original description, without illustration)

1830 Carchesium polypinum—Ehrenberg, Abh. dt. Akad. Wiss. Berl., Jahr 1830: 41 (combining author)

1838 Carchesium polypinum (Linne, 1758)—Ehrenberg, Infusionsthierchen, p. 278 (revision)

1854 Carchesium polypinum—Stein, Infusionsthiere auf ihre Entwickelungsgeschichte untersucht, p. 78 (redescription based on observation in vivo)

1922 Carchesium corymbosum—Penard, Etudes Infusoires, p. 260 (synonym; description with illustrations)

1935 Carchesium (Vorticella) polypinum Linne, 1758—Kahl, Tierwelt Dtl., 30: 738 (revision)

1962 Carchesium polypinum (Kent) Linne, 1758—Liebmann, Handbuch der Frischwasser und Abwasser-Biologie I, p. 363 (saprobiological characteristics)

1974 Carchesium polypinum—Foissner and Schiffmann, Protistologica, 10: 491, 504 (morphometric characterization and silverline system)

1992 Carchesium polypinum (Linnaeus, 1758) Ehrenberg, 1830—Foissner et al., Informationsberichte des Bayer. Landesamtes für Wasserwirtschaft, 5/92: 137–148, Figures 1–32 (revision)

Carchesium polypinum is a common freshwater species that has been reported many times (Linnaeus, 1758; Ehrenberg, 1830, 1838; Stein, 1854; Penard, 1922; Kahl, 1935; Liebmann, 1962; Foissner and Schiffmann, 1974; Foissner et al., 1992). An improved diagnosis based on previous and present data and a detailed redescription based on the Qingdao population are supplied.


Improved Diagnosis

The colony was up to 2,500 μm high. The stalk was dichotomously branched. The zooids were inverted bell-shaped, 35–140 × 35–70 μm in vivo. The peristomial lip was single-layered and moderately everted. One contractile vacuole was located at the ventral wall of the infundibulum below the level of the peristomial lip. The macronucleus was J-shaped. Infundibular polykinety 3 (P3) terminates adstomally at the same level as P1; the inner row of P3 was about half the length of the other two rows. There were transverse silverlines numbering 70–80 from the peristome to the trochal band and about 30–50 from the trochal band to the scopula. Freshwater is the habitat.



Description Based on Qingdao Population

The zooids were usually inverted bell-shaped, 35–65 × 35–60 μm in vivo (Figures 10A,B, 11B–F). The peristomial lip was about 60–85 μm in diameter, single-layered, and moderately everted (Figures 10A,B, 11B,F). The peristomial disc was usually slightly elevated above the peristomial lip in fully extended zooids (Figures 10A,B, 11B,F). The pellicular striations were extremely fine (Figures 10C, 11E,M).

The cytoplasm was colorless, usually containing several gray or colorless granules. A single contractile vacuole was ventrally located below the level of the peristomial lip (Figures 10A,B, 11C). The macronucleus was J-shaped (Figures 10A,B, 11H,I). A micronucleus was not observed.

The colony was up to 2,500 μm tall. The stalk was dichotomously branched, and the spasmoneme was discontinuous, extending throughout colony (Figures 10E, 11A).

The oral ciliature was genus-typical. Haplokinety and polykinety make approximately 1.25 circuits around the peristome before entering the infundibulum (Figures 10D, 11J,H,I). The infundibular polykineties (P1–P3) had three rows (Figures 10D, 11J–K). The three rows of P1 were nearly equal in length (Figures 10D, 11J–K). P2 terminates adstomally at the convergence of P1 and P3 (Figures 10D, 11K). P2 converges adstomally with P1 (Figures 10D, 11K). The inner row of P3 was about half the length of the other two rows. P3 terminates adstomally at the same level as P1 (Figures 10D,K). Only one epistomial membrane was observed, located at the entrance of the infundibulum (Figures 10D, 11J). Germinal kinety lies parallel to haplokinety in the upper half of the infundibulum (Figures 10D, 11H). The trochal band consists of dikinetids, located about three-quarters of the way down the zooid length (Figures 11H,I).

The silverline system consists of closely spaced transverse silverlines, numbering about 75 (N = 3) between the peristome and the trochal band and about 40 (N = 3) between the trochal band and the scopula (Figures 10C, 11E,M).



Molecular Data and Phylogenetic Analyses

The newly obtained SSU rDNA sequences of the five species have been deposited in the GenBank database with length (bp), GC content, and accession numbers as follows: Zoothamnium arbuscula—1,708 bp, 43.74%, MZ478144; Zoothamnium hentscheli—1,605 bp, 43.61%, MZ478143; Zoothamnium weishanicum n. sp.—1,570 bp, 43.31%, MZ478142; Epicarchesium sinense n. sp.—1,622 bp, 42.54%, MZ478145; and Carchesium polypinum—1,619 bp, 42.74%, MZ478146.

The phylogenetic trees based on SSU rDNA sequences using BI and ML methods have similar topologies; therefore, only the ML tree is shown here with support values from both algorithms (Figure 12). In the phylogenetic tree, the members of Zoothamniidae were grouped into three clades (clades I–III), resulting in the polyphyly of Zoothamniidae. Clade I clusters with one group of Epistylididae (ML 94% and BI 1.00), forming a clade that is sister to clade II (ML 97% and BI 1.00). Clade III is located outside the assemblage formed by clade I, clade II, and Epistylididae (ML 94% and BI 1.00). Zoothamnium arbuscula and Z. hentscheli nest within clade I. The new sequence of Z. arbuscula is sister to the previously reported sequence (KU363261), while the Weishan population of Z. hentscheli groups with Z. arbuscula rather than with Z. hentscheli (KM222118). Zoothamnium weishanicum n. sp. is located in clade II and is sister to Z. arcuatum with full support. Epicarchesium sinense n. sp. and Carchesium polypinum fall within the Vorticellidae assemblage. Epicarchesium sinense n. sp. clusters with E. pectinatum with moderate to high support (ML 81% and BI 1.00), forming a clade that is sister to the crown group comprising Vorticella, Carchesium, Pseudovorticella, and three species of Epicarchesium (E. corlissi, E. variable, and E. abrae). The Qingdao population of C. polypinum groups with two previously sequenced populations (GU187053 and HM852990) to form a clade that is sister to Vorticella. The molecular data based on the alignments of SSU rDNA sequences supports the validity of each of the five species investigated here and their separation from morphologically similar species (Figures 13, 14).
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FIGURE 13. Table of nucleotide variations based on SSU rDNA sequences. The numbers in the header indicate the unmatched site positions. (A) Zoothamnium arbuscula (Weishan population) with other populations and similar congeners. (B) Zoothamnium hentscheli (Weishan population) with another population and similar congeners.
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FIGURE 14. Table of nucleotide variations based on SSU rDNA sequences. The numbers in the header indicate the unmatched site positions. (A) Zoothamnium weishanicum n. sp. with similar congeners. (B) Epicarchesium sinense n. sp. with similar congeners. (C) Carchesium polypinum (Qingdao population) with other populations and similar congeners.




DISCUSSION


Comments on Zoothamnium arbuscula Table 2

Zoothamnium arbuscula is a very common species that has been recorded many times (Ehrenberg, 1831, 1838; Ayrton, 1903; Wesenberg-Lund, 1925; Furssenko, 1929; Kahl, 1935; Biernacka, 1962; Müller, 1980; Xu, 1988; Foissner et al., 1992; Foissner and Berger, 1996; Shen and Gu, 2016). Ehrenberg (1831) gave the first description of this species and redescribed it 7 years later (Ehrenberg, 1838). Kahl (1935) made a revision including historical reports, a list of synonyms, an improved diagnosis, and notes on its distribution. He synonymized Zoothamnium geniculatum Ayrton, 1903 and Z. geniculatum sensu Wesenberg-Lund (1925) with Z. arbuscula and deemed that the marine population of Z. arbuscula sensu Kent (1880–1882) needed to be re-examined. Foissner et al. (1992) also made a revision of this species and questioned the identity of marine populations reported under the name Z. arbuscula. Ji et al. (2005a) and Wu et al. (2020) reported two marine species (Z. pararbuscula Ji et al., 2005 and Z. apoarbuscula, Wu et al., 2020, respectively) that are morphologically similar to Z. arbuscula. Thus, we speculate that Z. arbuscula is a freshwater species and the marine populations reported under the name Z. arbuscula are populations of Z. pararbuscula, Z. apoarbuscula, or other species.


TABLE 2. Comparison of Zoothamnium arbuscula (Weishan population) with other populations and closely related congeners.
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Foissner et al. (1992) proposed the following diagnostic characteristics for the identification of Z. arbuscula: (i) differentiated zooids, microzooids that were bell-shaped, and macrozooids that were mostly ellipsoidal and rarely spherical; (ii) macronucleus that was usually C-shaped and located in the center of the zooid; (iii) a contractile vacuole was located at the dorsal wall of the infundibulum; (iv) the primary stalk was divided into three parts, including a basal part where the spasmoneme is absent and an upper part that is very thick; and (v) colony umbellate, each main branch feather-like. The Weishan population fits sufficiently well with all the above-mentioned characters and the original description of Z. arbuscula for us to conclude that they are conspecific.

Zoothamnium arbuscula is characterized by its umbellate colony shape and differentiated zooids, which distinguished it from most other congeners except Z. pararbuscula and Z. apoarbuscula.

Zoothamnium pararbuscula can be distinguished from Z. arbuscula by its shorter colony (1,500 vs. 2,800–3,500 μm in vivo), relatively smaller microzooids (35–65 × 30–40 vs. 50–80 × 30–65 μm in vivo), the even diameter of the primary stalk which is not conspicuously narrowed in the basal region (vs. uneven diameter and narrowed), and having fewer silverlines between the trochal band and the scopula (25–35 vs. 46–52) and its marine (vs. freshwater) habitat (Ji et al., 2005a).

Zoothamnium apoarbuscula differs from Z. arbuscula in having a shorter colony (385–900 vs. 2,800–3,500 μm tall in vivo), relatively smaller microzooids (25–50 × 20–30 vs. 50–80 × 30–65 μm in vivo), the reticulated surface of its spasmoneme (vs. smooth surface with granules) in the primary stalk, the P2 at about the same length as P3 (vs. P2 about twice as long as P3), and its marine (vs. freshwater) habitat (Wu et al., 2020).



Comments on Zoothamnium hentscheli Table 3

Zoothamnium hentscheli was first described by Hentschel (1916) as “Zoothamnium sp. a.” and was renamed Z. hentscheli by Kahl (1935). Foissner et al. (1992) synonymized Z. hentscheli with Z. kentii Grenfell, 1884 based on both having a characteristic detritus coat. Wu et al. (2020) discussed the differences between them and considered that they are separate species, which is consistent with Ji et al. (2006, 2009).


TABLE 3. Comparison of Zoothamnium hentscheli (Weishan population) with other populations and closely related congeners.
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We identified the Weishan population as Z. hentscheli after comparing it with the original descriptions and redescriptions of all morphologically similar species of Zoothamnium. It closely resembles Z. hentscheli in the characteristic detritus coat on the zooids and stalk, the elongated inverted bell-shaped zooids, the single-layered and everted peristomial lip, the irregular alternately branched stalk, the shape and position of the macronucleus, the position of the contractile vacuole, and freshwater habitat. Thus, we identified our population as Z. hentscheli.

In addition to Z. kentii, one other species is very similar with Z. hentscheli, i.e., Z. parahentscheli, Sun et al., 2009, and two other congeners have a characteristic detritus coat, i.e., Z. apohentscheli Wu et al., 2020 and Z. wangi Ji et al., 2005. However, all of these are marine species, whereas Z. hentscheli is a freshwater species (Ji et al., 2005b, 2011, 2015; Sun et al., 2009; Wu et al., 2020). Furthermore, Z. parahentscheli can be easily separated from Z. hentscheli by its taller colony (up to 2,000 μm vs. up to 1,500 μm tall), wider primary stalk (20–28 vs.13–15 μm across), and shorter accessory branches (mostly 50–200 μm long vs. mostly over 300 μm long) (Sun et al., 2009; Ji et al., 2015). Zoothamnium apohentscheli differs from Z. hentscheli in having a smaller zooid (40–65 × 25–40 vs. 50–80 × 30–40 μm in vivo) (Wu et al., 2020). Zoothamnium wangi can be separated from Z. hentscheli by its smaller colony (up to 1,000 μm vs. up to 1,500 μm tall) and the two-rowed (vs. three-rowed) infundibular polykinety 3 (Ji et al., 2005b, 2011).



Comments on Zoothamnium weishanicum n. sp. Table 4

Zoothamnium weishanicum n. sp. is characterized by its double-layered peristomial lip, slender zooids, alternately branched stalk, and freshwater habitat. Ji et al. (2005b) identified a population of Z. duplicatum sensu Kahl (1933) and an unnamed Zoothamnium population, i.e., Zoothamnium sp. sensu Kahl (1935) as populations of Z. nii Ji et al., 2005. Both populations were collected at Bremerhaven as epibionts of the hydrozoan Cordylophora sp. and identified as marine forms (Kahl, 1933, 1935). The original descriptions reveal that both populations closely resemble Z. weishanicum n. sp. in having a double-layered peristomial lip, an alternately branched stalk, a C-shaped macronucleus, and a dorsal contractile vacuole. Nevertheless, both differ from the latter in their marine (vs. freshwater) habitat. Furthermore, Z. nii can be separated from Z. weishanicum n. sp. by its wider zooids (40–50 vs. 30–45 μm in vivo), three-rowed (vs. two-rowed) infundibular polykinety 3, and marine (vs. freshwater) habitat (Ji et al., 2005b). Thus, we agree with Ji et al. (2005b) and accept that the two populations reported by Kahl (1933, 1935) are conspecific with Z. nii.


TABLE 4. Comparison of Zoothamnium weishanicum n. sp. with closely related congeners.
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Only a few other species of Zoothamnium have a double-layered peristomal lip, two of which should be compared with Z. weishanicum, namely, Z. arcuatum Ji et al., 2015 and Z. zhanjiangense Shen et al., 2017. Zoothamnium arcuatum can be separated from Z. weishanicum n. sp. by the number of rows in infundibular polykinety 3 (three vs. two) and its brackish water (vs. freshwater) habitat (Ji et al., 2015). Zoothamnium zhanjiangense differs from Z. weishanicum n. sp. by its larger zooids (80–100 × 45–55 vs. 55–90 × 30–45 μm in vivo), three-rowed (vs. two-rowed) infundibular polykinety 3, and brackish water (vs. freshwater) habitat (Shen et al., 2017).



Comments on Epicarchesium sinense n. sp. Table 5

Hitherto, only five species of Epicarchesium have been described: E. abrae (Precht, 1935) Ji et al., 2004, E. corlissi Sun et al., 2006, E. granulatum (Kellicott, 1887) Jankowski, 1985, E. pectinatum (Zacharias, 1897) Foissner et al., 1999, and E. variable (K sters, 1974) Sun et al., 2009.


TABLE 5. Comparison of Epicarchesium sinense n. sp. with congeners and morphologically similar species of Carchesium.
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Epicarchesium abrae can be distinguished from E. sinense n. sp. by the appearance of its pellicle (smooth or only slightly tuberculate vs. with conspicuous cortical blisters), the position of the contractile vacuole (dorsally located vs. ventrally located), the middle row of P3 terminating near the adstomal end of P2 (vs. terminating beyond the adstomal end of P1), and its marine (vs. freshwater) habitat (Ji et al., 2004).

Epicarchesium corlissi can be easily separated from E. sinense n. sp. by its more slender zooid shape (60–70 × 25–35 vs. 45–60 × 30–40 μm in vivo), double-layered (vs. single-layered) peristomal lip, shorter colony (300 vs. 400–750 μm tall), smooth (vs. tuberculate) pellicle, and its marine (vs. freshwater) habitat (Sun et al., 2006).

Epicarchesium granulatum can be distinguished from E. sinense n. sp. by having larger zooids (65–105 × 30–60 vs. 45–60 × 30–40 μm in vivo), two (vs. one) contractile vacuoles, and stalk with septa (vs. smooth stalk) (Jankowski, 1985; Leitner and Foissner, 1997).

Epicarchesium pectinatum can be easily separated from E. sinense n. sp. by its campaniform (vs. pyriform) zooids, two (vs. one) contractile vacuoles, taller colony (up to 1.36 vs. 400–750 μm tall), main stalk with (vs. without) wedge-like structures, and its pelagic (vs. sessile) lifestyle (Foissner et al., 1999).

Epicarchesium variable differs from E. sinense n. sp. by its larger zooid (100–120 × 50–65 vs. 45–60 × 30–40 μm in vivo), smooth (vs. tuberculate) pellicle, the adstomal end of P3 terminating above the adstomal end of P1 (vs. below the adstomal end of P1 in E. sinense), and its marine (vs. freshwater) habitat (Sun et al., 2009).

Considering that the pellicular striations of Epicarchesium sinense n. sp. in vivo are fine, it could easily be misidentified as a Carchesium species. To confirm that our new species is not a misidentified known Carchesium species, it should also be compared with two morphologically similar Carchesium species, i.e., C. epistylis Clapar de and Lachmann, 1858, and C. cyclopidarum Nenninger, 1948. Carchesium epistylis can be distinguished from E. sinense n. sp. by its C-shaped (vs. J-shaped) macronucleus and stalk with (vs. without) septa (Claparède and Lachmann, 1858; Kahl, 1935). Carchesium cyclopidarum can be easily separated from E. sinense n. sp. by its C-shaped (vs. J-shaped) macronucleus (Nenninger, 1948; Stloukal and Matis, 1997).



Comments on Carchesium polypinum Table 6

Carchesium polypinum is a well-known peritrich with a global distribution and is widely used in studies of ecology, cytology, and genetics (Foissner et al., 1992; Miao et al., 2004; Gentekaki and Lynn, 2009, 2012; Boas et al., 2018; Vlaičević et al., 2021). However, many populations have been reported without morphological information or voucher specimens. Furthermore, the zooid shape and the size of C. polypinum collected from different environments were variable during our study. The Qingdao population matches closely the main characters of C. polypinum as described by Ehrenberg (1831, 1838) and as summarized in the revision by Foissner et al. (1992), including the following: (i) the single-layered and everted peristomial lip, (ii) the dichotomously branched stalk, (iii) the J-shaped macronucleus, (iv) the contractile vacuole located at the ventral wall of the infundibulum below the level of the peristomial lip, (v) the height and the shape of the colony, (vi) the pattern of the oral ciliature, and (vii) the freshwater habitat (Ehrenberg, 1830, 1838; Foissner et al., 1992). Because the zooids of the Qingdao population are smaller than those of other populations, we suggest that the size range of C. polypinum zooids should be extended.


TABLE 6. Comparison of Carchesium polypinum (Qingdao population) with other populations and closely related congener.

[image: Table 6]
One other freshwater species with a similar zooid shape should be compared with the present population, namely, C. epistylis Claparede and Lachmann, 1850. Carchesium epistylis differs from C. polypinum by its C-shaped (vs. J-shaped) macronucleus and stalk with (vs. without) septa (Claparède and Lachmann, 1858; Kahl, 1935). Therefore, the identity of the Qingdao population as C. polypinum is not in doubt.



Phylogenetic Analyses

The phylogenetic tree inferred from SSU rDNA sequence data shows that the genus Zoothamnium is non-monophyletic and the species are grouped into three clades, which is consistent with previous studies (Li et al., 2008; Zhuang et al., 2018; Lu et al., 2020; Wu et al., 2020). The Weishan population of Zoothamnium hentscheli and Z. arbuscula are nested within clade I along with Z. arbuscula (KU363261), Z. pararbuscula, and Z. apoarbuscula. Within this clade, however, Z. hentscheli does not cluster with Z. hentscheli (KM222118), although no morphological information is available for the latter, so its identity could not be confirmed. Zoothamnium weishanicum n. sp. clusters with Z. arcuatum with maximal support (100% ML and 1.00 BI) in clade II. These two sequences differ by only two base pairs and share several morphological similarities including zooid shape, the double-layered peristomial lip, the shape and the position of the macronucleus, and the position of the contractile vacuole. However, the oral ciliature differs significantly in that P3 is two-rowed in Z. weishanicum n. sp. but is three-rowed in Z. arcuatum (Ji et al., 2015).

As expected, Epicarchesium and Carchesium group within the family Vorticellidae. Epicarchesium is non-monophyletic, which is consistent with previous studies (Sun et al., 2016; Zhuang et al., 2018; Lu et al., 2020). Epicarchesium sinense n. sp. is most closely related to E. pectinatum which is supported by morphological and ecological data such as their pellicle with conspicuous cortical blisters and their freshwater habitat (Jankowski, 1985; Leitner and Foissner, 1997). The Qingdao population of C. polypinum groups with the other two populations of C. polypinum (GU187053 and HM852990). It is noteworthy that several of the sequences identified as C. polypinum differ significantly from each other. However, since most of these lack morphological information or voucher specimens, it is difficult to verify the species identity of these sequences.



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 in the article/supplementary material.



AUTHOR CONTRIBUTIONS

TW performed the experiments and drafted the manuscript. LD performed the phylogenetic section. ZW, HE-S, SA-F, YL, and AW checked all the data related and helped to improve the draft. BL and CW supervised and organized to complete the work. All authors read and approved the final manuscript.



FUNDING

This work was supported by the Natural Science Foundation of China (project number: 32030015) and the Researchers Supporting Project Number (RSP-2021/7), King Saud University, Riyadh, Saudi Arabia.



ACKNOWLEDGMENTS

We thank Weibo Song and Xiaozhong Hu, Ocean University of China, for their constructive suggestions during manuscript drafting. We also thank Mingzhen Ma, Ocean University of China, for the help on SSU rDNA sequencing. Our special thanks are given to the “Weishan Wetland Station” for the institutional support.


FOOTNOTES

1http://guidance.tau.ac.il/ver2/

2http://www.phylo.org


REFERENCES

Ayrton, W. (1903). On Zoothamnium geniculatum, a new infusorian. J. Queckett Club (Microscopical) Ser. 2, 407–410.

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.2019.125659

Bernerth, H. (1982). Ökologische untersuchungen im kühlwassersystem eines-konventionellen Großkraftwerks am untermain unter besonderer-berücksichtigung der ciliaten (Protozoa). Cour. Forsch. Inst. 57, 1–246. doi: 10.1159/000382181

Biernacka, I. (1962). Die protozoenfauna in der danziger bucht: die protozoen in einigen biotopen der seeküste. Pol. Arch. Hydrobiol. 10, 39–109.

Boas, J. A., Senra, M. V. X., Fonseca, A. L., and Dias, R. J. (2018). Ciliated microeukaryotes (Alveolata: Ciliophora) of a lotic urban system located in minas Gerais-Brazil. Braz. J. Biol. 79, 543–547. doi: 10.1590/1519-6984.187301

Bory de St. Vincent, M. (1824). “Essai d’une classification des animaus microscopiques,” in Encyclopédie Méthodique eds J. V. F. Lamouroux, J. B. Bory de St. Vincent E. Deslongchamps Agasse, Paris, 816–817.

Canals, O., and Salvadó, H. (2016). Description of Epistylis camprubii n. sp., a species highly tolerant to ammonium and nitrite. Acta Protozool. 55, 7–18. doi: 10.4467/16890027AP.16.002.4043

Chen, X., Wang, C. D., Pan, B., Lu, B. R., Li, C., Shen, Z., et al. (2020). Single-cell genomic sequencing of three peritrichs (Protista, Ciliophora) reveals less biased stop codon usage and more prevalent programmed ribosomal frameshifting than in other ciliates. Front. Mar. Sci. 7:602323. doi: 10.3389/fmars.2020.602323

Claparède, É, and Lachmann, J. (1858). Études Sur les Infusoires et les Rhizopodes. Mém Inst Natn Génev 5 (year 1857), Vol. I. 1–260.

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

Darriba, D., Taboada, G. L., Doallo, R., and Posada, D. (2012). jModelTest 2: more models, new heuristics and parallel computing. Nat. Methods 9, 772–772. doi: 10.1038/nmeth.2109

Ehrenberg, C. G. (1830). Beitrage zur Kenntnifs der Organisation der Infusorien und Ihrer Geographischen Verbreitung, Besonders in Sibirien. Abh. dt. Akad. Berlin: Wiss, 1–88.

Ehrenberg, C. G. (1831). Über die Entwickelung und Lebensdauer der Infusionsthiere; nebst Ferneren Beiträgen zu Einer Vergleichung Ihrer Organischen Systeme. Abh. dt. Akad. Berlin: Wiss, 1–154.

Ehrenberg, C. G. (1838). Die Infusionsthierchen als Vollkommene Organismen. Ein Blick in das Tiefere Organische Leben der Natur. Leipzig: Leopold Voss.

Entz, G. (1884). Über Infusorien des golfes von neapel. Mitt. Zool. Stat. Neapel 5, 289–444.

Foissner, W. (2014). An update of ‘basic light and scanning electron microscopic methods for taxonomic studies of ciliated protozoa’. Int. J. Syst. Evol. Microbiol. 64, 271–292. doi: 10.1099/ijs.0.057893-0

Foissner, W., and Berger, H. (1996). A user-friendly guide to the ciliates (Protozoa, Ciliophora) commonly used by hydrobiologists as bioindicators in rivers, lakes, and waste waters, with notes on their ecology. Freshw. Biol. 35, 375–482. doi: 10.1111/j.1365-24271996.tb01775.x

Foissner, W., Berger, H., and Kohmann, F. (1992). Taxonomische und ökologische revision des saprobiensystems–band ii: peritrichia, heterotrichida, odontostomastida. Imformationsberichte des Bayer. Landesamtes für Wasserwirtschaft 5/92, 1–502.

Foissner, W., Berger, H., and Schaumberg, J. (1999). Identification and Ecology of Limnetic Plankton Ciliates. Munich: Bavarian State Office for Water Management.

Foissner, W., and Schiffmann, H. (1974). Vergleichende Studien an argyrophilen Strukturen von vierzehn peritrichen Ciliaten. Protistologica 10, 489–508.

Furssenko, A. (1929). Lebenscyclus und morphologie von Zoothamnium arbuscula Ehrenberg (Infusoria Peritricha). Arch. Protistenk 67, 376–500.

Gao, F., Warren, A., Zhang, Q. Q., Gong, J., Miao, M., Sun, P., et al. (2016). The all-data-based evolutionary hypothesis of ciliated protists with a revised classification of the phylum Ciliophora (Eukaryota, Alveolata). Sci. Rep. 6, 24874. doi: 10.1038/srep24874

Gentekaki, E., and Lynn, D. H. (2009). High-level genetic diversity but no population structure inferred from nuclear and mitochondrial markers of the peritrichous ciliate carchesium polypinum in the grand river basin (North America). Appl. Environ. Microbiol. 75, 3187–3195. doi: 10.1128/AEM.00178-09

Gentekaki, E., and Lynn, D. H. (2012). Spatial genetic variation, phylogeography and barcoding of the peritrichous ciliate Carchesium polypinum. Eur. J. Protistol. 72, 305–313. doi: 10.1016/j.ejop.2012.04.001

Grenfell, J. G. (1884). On some new infusoria from bristol. J. Microsc. Nat. Sci. 3, 133–138.

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. doi: 10.1021/bk-1999-0734.ch008

Hammann, I. (1952). Ökologische und biologische untersuchungen an süsswasserperitrichen. Arch. Hydrobiol. 47, 177–228.

Hentschel, E. (1916). Biologische untersuchungen über die tierischen und pflanzlichen Bewuchs im Hamburger Hafen. Mitteilungen aus dem Zoologischen Museum in Hamburg, 1–176. doi: 10.1111/j.1439-0396.1943.tb00158.x

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

Jankowski, A. W. (1985). Life cycles and taxonomy of generic groups scyphidia, heteropolaria, Zoothamnium and cothurnia (class Peritricha). Trudy Zool. Inst., Leningr 129, 74–100.

Jerome, C. A., Lynn, D. H., and Simon, E. M. (1996). Description of Tetrahymena empidokyrea n. sp., a new species in the Tetrahymena pyriformis sibling species complex (Ciliophora, Oligohymenophorea), and an assessment of its phylogenetic position using small-subunit rRNA sequences. Can. J. Zool. 74, 1898–1906. doi: 10.1139/z96-214

Ji, D. D., Kim, J. H., Shazib, S. U. A., Sun, P., Li, L. F., and Shin, M. K. (2015). Two new species of Zoothamnium (Ciliophora, Peritrichia) from Korea, with new observations of Z. parahentscheli Sun et al., 2009. J. Eukaryot. Microbiol. 62, 505–518. doi: 10.1111/jeu.12205

Ji, D. D., Shin, M. K., Choi, J. K., Clamp, J. C., and Al-Rasheid, K. A. S. (2011). Redescriptions of five species of marine peritrichs, Zoothamnium plumula, Zoothamnium nii, Zoothamnium wangi, Pseudovorticella bidulphiae, and Pseudovorticella marina (Protista, Ciliophora). Zootaxa 2930, 47–59. doi: 10.11646/zootaxa.2930.1.4

Ji, D. D., Song, W. B., Al-Rasheid, K. A. S., and Li, L. F. (2005a). Taxonomic characterization of two new marine peritrichous ciliates, Pseudovorticella clampi n. sp. and Zoothamnium pararbuscula n. sp. (Protozoa: Ciliophora: Peritrichida) from north China. J. Eukaryot. Microbiol. 52, 159–169. doi: 10.1111/j.1550-7408.2005.05-3353.x

Ji, D. D., Song, W. B., and Warren, A. (2004). Rediscovery and redescription of the marine peritrichous ciliate Epicarchesium abrae (Precht, 1935) nov. comb. (Protozoa, Ciliophora, Peritrichia). Eur. J. Protistol. 40, 219–224. doi: 10.1016/j.ejop.2004.03.002

Ji, D. D., Song, W. B., and Warren, A. (2005b). Two new marine sessile peritrichous ciliates (Protozoa, Ciliophora). Acta Zootax. Sin. 30, 702–705. doi: 10.1360/jos162021

Ji, D. D., Song, W. B., and Warren, A. (2006). Redescriptions of three marine peritrichous ciliates, Zoothamnium alternans Claparède et Lachmann, 1859, Z. sinense Song, 1991 and Z. commune Kahl, 1933 (Ciliophora: Peritrichia), from north China. Acta Protozool. 45, 27–39.

Ji, D. D., Sun, P., Warren, A., and Song, W. B. (2009). “Colonial sessilids peritrichs,” in Free-Living Ciliates in the Bohai and Yellow Seas, China, eds W. B. Song, A. Warren, and X. Z. Hu (Beijing: Science Press), 217–256.

Ji, D. D., and Wang, Y. F. (2018). An optimized protocol of protargol staining for ciliated protozoa. J. Eukaryot. Microbiol. 65, 705–708. doi: 10.1111/jeu.12515

Kahl, A. (1933). “Ciliata libera et ectocommensalia,” in Tierwelt Nord Ostsee 23, (Teil II, c3) eds G. Grimpe and E. Wagler 29–146

Kahl, A. (1935). Urtiere order protozoa. I: wimpertiereorder Ciliata (Infusoria) 4 peritricha und Chonotricha. Tierwelt Dtl. 30, 651–886.

Kent, W. S. (1880–1882). A Manual Of The Infusoria: Including A Description Of All Known Flagellate, Ciliate, And Tentaculiferous Protozoa British And Foreign, And An Account Of The Organization And Affinities Of The Sponges. London: David Bogue. (Vol. I, 1880: 1–432; Vol. II, 1881: 433–720; Vol. II, 1882: 721–913; Vol. III, 1882: Plates).

Kühner, S., Simão, T. L., Safi, L. S., Gazulha, F. B., Eizirik, E., and Utz, L. R. (2016). Epistylis portoalegrensis n. sp. (Ciliophora, Peritrichia): a new freshwater ciliate species from southern Brazil. J. Eukaryot. Microbiol. 63, 93–99. doi: 10.1111/jeu.12252

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

Küsters, E. (1974). Ökologische und systematische untersuchungen der aufwuchsciliaten im königshafen bei List/Sylt. Arch. Hydrobiol. Suppl. 45, 789–795.

Landan, G., and Graur, D. (2008). Local reliability measures from sets of co-optimal multiple sequence alignments. Pac Symp. Biocomput. 13, 15–24. doi: 10.1142/9789812776136_0003

Leitner, A. R., and Foissner, W. (1997). Taxonomic characterization of Epicarchesium granulatum (Kellicott, 1887) Jankowski, 1985 and Pseudovorticella elongata (Fromentel, 1876) nov. comb., two peritrichs (Protozoa, Ciliophora) from activated sludge. Eur. J. Protistol. 33, 13–29. doi: 10.1016/S0932-4739(97)80018-1

Li, L. F., Song, W. B., Warren, A., Shin, M. K., Chen, Z., Ji, D. D., et al. (2008). Reconsideration of the phylogenetic positions of five peritrich genera, Vorticella, Pseudovorticella, Zoothamnopsis, Zoothamnium, and Epicarchesium (Ciliophora, Peritrichia, Sessilida), based on small subunit rRNA gene sequences. J. Eukaryot. Microbiol. 55, 448–456. doi: 10.1111/j.1550-7408.2008.00351.x

Liebmann, H. (1962). Handbuch der Frischwasser und Abwasser-Biologie. Band I. Biologie des Trinkwassers Badewassers, Fischwassers, Vorfluters und Abwassers. München: R. Oldenbourg, 588.

Linnaeus, C. (1758). Systemae Naturae, 10th Edn, Vol. I. Stockholm: Laurentii Salvii, 823.

Lu, B. R., Li, L. F., Hu, X. Z., Ji, D. D., Al–Rasheid, K. A. S., and Song, W. B. (2019). Novel contributions to the peritrich family Vaginicolidae (Protista, Ciliophora), with morphological and phylogenetic analyses of three poorly known species within genera Pyxicola, Cothurnia and Vaginicola. Zool. J. Linn. Soc. 187, 1–30. doi: 10.1093/zoolinnean/zlz009

Lu, B. R., Shen, Z., Zhang, Q. Q., Hu, X. Z., Warren, A., and Song, W. B. (2020). Morphology and molecular analyses of four epibiotic peritrichs on crustacean and polychaete hosts, including descriptions of two new species (Ciliophora, Peritrichia). Eur. J. Protistol. 73:125670. doi: 10.1016/j.ejop.2019.125670

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

Mayen-Estrada, R., and Dias, R. J. P. (2021). A checklist of species of the family Zoothamniidae (Ciliophora: Peritrichia), symbionts of crustaceans. Zootaxa 4949:zootaxa.4949.3.7. doi: 10.11646/zootaxa.4949.3.7 zootaxa.4949.3.7∗,

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

Miao, W., Yu, Y. H., Shen, Y. F., and Zhang, X. Y. (2004). Intraspecific phylogeography of Carchesium polypinum (Peritrichia, Ciliophora) from China, inferred from 18S-ITS1-5.8 S ribosomal DNA. Sci. China Ser. C Life Sci. 47, 11–17. doi: 10.1360/02yc0157

Müller, M. (1980). Das strauch-glockentier Zoothamnium. Beobachtungen an einer protozoenkolonie. Mikrokosmos 69, 222–225.

Nenninger, U. (1948). Die peritrichen der umgebung von erlangen mit besonderer berücksichtigung ihrer wirtsspezifittät. Zool. Jahrb., (Syst. Oekol. Geogr. Tiere) 77, 169–266.

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

Precht, H. (1935). Epizoen der kieler bucht. Nova Avta Leopold 3, 405–474.

Ronquist, F., Teslenko, M., Van Der Mark, P., Ayres, D. L., Darling, A., Höhna, 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

Schuster, L., and Bright, M. (2016). A novel colonial ciliate Zoothamnium ignavum sp. nov. (Ciliophora, Oligohymenophorea) and its ectosymbiont Candidatus Navis piranensis gen. nov., sp. nov. from shallow-water wood falls. PLoS One 11:e0162834. doi: 10.1371/journal.pone.0162834

Sela, I., Ashkenazy, H., Katoh, K., and Pupko, T. (2015). GUIDANCE2: accurate detection of unreliable alignment regions accounting for the uncertainty of multiple parameters. Nucleic Acids Res. 43, W7–W14. doi: 10.1093/nar/gkv318

Shen, Y. F., and Gu, M. R. (2016). Fauna Sinica: Invertebrata Ciliophora Oligohymenophorea Peritrichida, Vol. 45. Beijing: Science press.

Shen, Z., Ji, D. D., Yi, Z. Z., Al-Rasheid, K. A. S., and Lin, X. F. (2017). Morphology and phylogenetic placement of three new Zoothamnium species (Ciliophora: Peritrichia) from coastal waters of southern China. J. Eukaryot. Microbiol. 64, 266–277. doi: 10.111/jeu.12358

Small, E. B. (1973). A study of ciliate protozoa from a small polluted stream in east-central Illinois. Am. Zool. 13, 225–230. doi: 10.1093/icb/13.1.225

Sommer, G. (1951). Die peritrichen ciliaten des Großen Plöner Sees. Arch. Hydrobiol. 44, 349–440.

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

Song, W. B., and Wilbert, N. (1995). “Benthische ciliaten des Süßwassers,” in Praktikum der Protozoologie, ed. R. Röttger (Stuttsgart: Gustav Fischer Verlag), 156–168.

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

Stein, F. (1854). Die Infusionsthiere Auf Ihre Entwickelungsgeschichte Untersucht. Leipzig: W. Engelmann.

Stein, F. (1859). Über die in der ostsee Wismar Beobachteten Inf. Deutsche Akademie der Wissenschaften zu Berlin. Berlin: Deutsche Akademie der Wissenschaften, 10.

Stiller, J. (1971). Szájkoszorús csillósok–peritricha. Faun. Hung. 105, 1–245.

Stloukal, E., and Matis, D. (1997). Epibiontné nálevníky čeĺade vorticellidae (Ciliophora, Peritrichea) niektorých lokalít západného Slovenska. Folia Faun. Slovaca 2, 31–40.

Sun, P., Clamp, J., Xu, D. P., Huang, B. Q., and Shin, M. K. (2016). An integrative approach to phylogeny reveals patterns of environmental distribution and novel evolutionary relationships in a major group of ciliates. Sci. Rep. 6:21695. doi: 10.1038/srep21695

Sun, P., Ji, D. D., Warren, A., and Song, W. B. (2009). “Solitary sessilid peritrichs,” in Free-living ciliates in the Bohai and Yellow Seas, China, eds W. B. Song, A. Warren, and X. Hu (Beijing: Science Press), 217–256.

Sun, P., Song, W. B., and Warren, A. (2006). Taxonomic characterization of two marine peritrichous ciliates, Epicarchesium corlissi n. sp. and Pseudovorticella jiangi n. sp. (Ciliophora: Peritrichia), from northern China. Eur. J. Protistol. 42, 281–289. doi: 10.1016/j.ejop.2006.07.004

Vlaičević, B., Kepčija, R. M., and Čerba, D. (2021). Structure and dynamics of the periphytic ciliate community under different hydrological conditions in a Danubian floodplain lake. Limnologica 87:125847. doi: 10.1016/j.limno.2020.125847

Wang, Y. R., Jiang, Y. H., Liu, Y. Q., Li, Y., Katz, L. A., Gao, F., et al. (2020). Comparative studies on the polymorphism and copy number variation of mtSSU rDNA in ciliates (Protista, Ciliophora): implications for phylogenetic, environmental, and ecological research. Microorganisms 8:316. doi: 10.3390/microorganisms8030316

Wang, Y. R., Wang, C. D., Jiang, Y. H., Katz, L. A., Gao, F., and Yan, Y. (2019). Further analyses of variation of ribosome DNA copy number and polymorphism in ciliates provide insights relevant to studies of both molecular ecology and phylogeny. Sci. China Life Sci. 62, 203–214. doi: 10.1007/s11427-018-9422-5

Wang, Z., Bourland, W. A., Zhou, T., Yang, H., Zhang, C. X., and Gu, Z. M. (2020). Morphological and molecular characterization of two Trichodina (Ciliophora, Peritrichia) species from freshwater fishes in China. Eur. J. Protistol. 72:125647. doi: 10.1016/j.ejop.2019.125647

Wang, Z., Zhou, T., Guo, Q. X., and Gu, Z. M. (2017). Description of a new freshwater ciliate Epistylis wuhanensis n. sp. (Ciliophora, Peritrichia) from China, with a focus on phylogenetic relationships within family Epistylididae. J. Eukaryot. Microbiol. 64, 394–406. doi: 10.1111/jeu.12375

Warren, A. (1986). A revision of the genus Vorticella (Ciliophora: Peritrichida). Bull. Br. Mus. nat. Hist. (Zool.) 50, 1–57. doi: 10.5962/p.18297

Warren, A., Patterson, D. J., Dunthorn, M., Clamp, J. C., Achilles-Day, U. E. M., Aescht, E., et al. (2018). Beyond the “Code”: a guide to the description and documentation of biodiversity in ciliated protists (Alveolata, Ciliophora). J. Eukaryot. Microbiol. 64, 539–554. doi: 10.1111/jeu.12391

Wesenberg-Lund, C. (1925). Contributions to the biology of Zoothamnium geniculatum Ayrton. K. danske Vidensk. Selsk. Skr. 10, 1–53. doi: 10.1007/978-3-319-23534-9_1

Wilbert, N. (1975). Eine verbesserte Technik der Protargol Impräg-nation für 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

Wu, T., Li, Y. Q., Zhang, T. T., Hou, J., Mu, C. J., Warren, A., et al. (2021). Morphology and molecular phylogeny of three Epistylis species found in freshwater habitats in China, including the description of E. foissneri n. sp. (Ciliophora, Peritrichia). Eur. J. Protistol. 78:125767. doi: 10.1016/j.ejop.2021.125767

Xu, Z. K. (1988). Peritrichous ciliates in fresh water and half-salt water from Tianjin Area. Chin. J. Zool. 23, 5–9. (in Chinese),

Zhang, T. Y., Dong, J. Y., Cheng, T., Duan, L. L., and Shao, C. (2020). Reconsideration on taxonomy of the marine ciliate Neobakuella aenigmatica Moon et al., 2019 (Protozoa, Ciliophora, Hypotrichia). Mar. Life Sci Technol. 2, 97–108. doi: 10.1007/s42995-020-00032-4

Zhou, T., Wang, Z., Yang, H., and Gu, Z. M. (2019a). Two new colonial peritrich ciliates (Ciliophora, Peritrichia, Sessilida) from China: with a note on taxonomic distinction between Epistylididae and Operculariidae. Eur. J. Protistol. 70, 17–31. doi: 10.1016/j.ejop.2019.05.003

Zhou, T., Wang, Z., Yang, H., and Gu, Z. M. (2019b). Morphological and molecular identification of epibiontic sessilid Epistylis semiciculus n. sp. (Ciliophora, Peritrichia) from Procambarus clarkia (Crustacea, Decapoda) in China. Int. J. Parasitol. Parasites Wildlife 10, 289–298. doi: 10.1016/j.ijppaw.2019.09.006

Zhu, C. Y., Bass, D., Wang, Y. T., Shen, Z., Song, W. B., and Yi, Z. Z. (2020). Environmental parameters and substrate type drive microeukaryotic community structure during short-term experimental colonization in subtropical eutrophic freshwaters. Front. Microbiol. 11:555795. doi: 10.3389/fmicb.2020.555795

Zhuang, Y., Clamp, J. C., Yi, Z. Z., and Ji, D. D. (2018). Phylogeny of the families Zoothamniidae and Epistylididae (Protozoa: Ciliophora: Peritrichia) based on analyses of three rRNA-coding regions. Mol. Phylogenet. Evol. 118, 99–107. doi: 10.1016/j.ympev.2017.09.023

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wu, Wang, Duan, El-Serehy, Al-Farraj, Warren, Liu, Wang and Lu. 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.


OPS/images/fmicb-12-718821-g008.jpg
\

\\

\\\\\N\\\\\\\
; u\\\\%\\‘?\\s\\;\\
\§\\\\‘\\N”' Ilpl | \ A\" :‘ T

/






OPS/images/fmicb-12-718821-g007.jpg





OPS/images/fmicb-12-718821-g009.jpg





OPS/images/fmicb-12-718821-g004.jpg
i

PRSI 1P W
i

|
|
g

\ kuuum—mw §
i W
Yol

“\\‘\‘\
\‘\“‘“\ i\ \
\\(:‘\x\x‘\\mm\r«;\ﬂ"‘ il 'y

.. \\‘\“\,\\“\[\\vlvvm!l(lllv!/////////
\ '
/ % /4
i/ /
/






OPS/images/fmicb-12-718821-g003.jpg





OPS/images/fmicb-12-718821-g006.jpg
A \\\\\\\ \\\ N “\WW\ ““”””"”mlum..
! i)
m'\\!'\ “\\\\s\“\k);m iy /////”/Z“”
% L

gl
\\\\\\\\\\\ ““““\\\\\\\\“
\ \\\\\\\ y

p \y\é\;\\\ )
m ]UV'

e
!y
/// >

\\\\\\\\\\\\\\\
\' \\\ \\\\\\\\\\l
g{\\\\\\\\\\\\\\\\‘






OPS/images/fmicb-12-718821-g005.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Morphology, Taxonomy, and Phylogenetic Analyses of Five Freshwater Colonial Peritrich Ciliates (Alveolata, Ciliophora), Including the Descriptions of Two New Species



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Collection



		Investigation of Morphology



		DNA Extraction, PCR Amplification, and Sequencing



		Phylogenetic Analyses







		RESULTS



		ZooBank Registration



		Improved Diagnosis







		Description Based on Weishan Population



		Improved Diagnosis







		Description Based on Weishan Population



		Diagnosis



		Type Locality



		Deposition of Slides



		Etymology



		Zoobank Registration







		Description



		Diagnosis



		Type Locality



		Deposition of Slides



		Etymology



		Zoobank Registration







		Description



		Improved Diagnosis







		Description Based on Qingdao Population



		Molecular Data and Phylogenetic Analyses







		DISCUSSION



		Comments on Zoothamnium arbuscula Table 2



		Comments on Zoothamnium hentscheli Table 3



		Comments on Zoothamnium weishanicum n. sp. Table 4



		Comments on Epicarchesium sinense n. sp. Table 5



		Comments on Carchesium polypinum Table 6



		Phylogenetic Analyses







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Microbiology

The Morphology, Taxonomy,
and Phylogenetic Analyses
of Five Freshwater Colonial
Peritrich Ciliates (Alveolata,
Ciliophora), Including
the Descriptions of Two New
Species









OPS/images/fmicb-12-718821-g011.jpg





OPS/images/fmicb-12-718821-t002.jpg
Species Zooid length  Zooid width Colony height Stalk Spasmoneme P2 Number of Habitat Data source
invivo (wm) invivo (nm) in vivo (um) surface silverlines?
Z. arbuscula 50-80 30-65 2,800-3,500  Narrowed at Smooth About twice as long as 46-52 Fw Present study
the basal part P3
Z. arbuscula 40-70 = Up to 6,000 Narrowed at Smooth = - FW Ehrenberg,
the basal part 1831; Kahl,
1935; Foissner
etal., 1992
Z. pararbuscula 35-65 30-40 up to 1,500 Consistently Smooth About twice as long as 25-35 MW Jietal., 2005a
evenly wide P3
Z. apoarbuscula 25-50 20-30 385-900 Narrowed at Reticulated About as long as P3 o MW Wu et al., 2020

the basal part

FW, freshwater; MW, marine water; P2, infundibular polykinety 2; P8, infundibular polykinety 3; —, data not available.

afrom trochal band to scopula.
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Species Zooid length Zooid width Branching Colony height Number Habitat Data source
in vivo (wm) in vivo (wm) pattern of in vivo (pm) ciliary rows in
stalk P3
Z. hentscheli 50-80 30-40 Alternate Up to 1,500 3 FW Present study
Z. kentii 90?2 45b Regularly Up to 2,300° - FW Grenfell, 1884
dichotomous
Z. kentii 50-90 30-45 Irregular, usually Up to 2,300 - FW Foissner et al.,
alternate 1992
Z. hentscheli 63-84 35-42 Irregular, usually Up to 1,200 - FW Hentschel,
alternate 1916; Kahl,
1935
Z. parahentscheli 50-75 3040 Alternate Up to 2,000 3 MW Sunetal,
2009; Jiet al.,
2015
Z. apohentscheli 40-65 25-40 Alternate Up to 1,700 3 MW Wu et al., 2020
Z. wangi 65-90 45-55 Alternate Up to 1,000 2 MW Jietal., 2005b,
2011

FW, freshwater; MW, marine water; P3, infundibular polykinety 3; —, data not available.
a1/285 inch in Grenfell (1884).
Pinferred from “the length being nearly twice the breadth” in Grenfell (1884).
©1/11 inch in Grenfell (1884).





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-718821-g013.jpg
ATGTCTCTCCAGTAGTCATA TTGTCTCAAAGATTAAGCCATGCATGTGTTAGTATAAGTACTGTACAGCGAAACTGCGAATGGCTCATTAAAACAGTTATAGTTTATTTGAT

TGA..CTG. . ... S SRETN BA W S SR W o W WY A2, v e 9iBies e e ms o gsce igerimier Bl o pmsannie: ous » 4, Gle o 0.y w mrioviss o 310 w68 e o porwe PR | .. NP —————
.......................... CLissni: padndisBeausds sl slac s nBE s ssaziicds s P Rtnamsa Dz vpsaes am fis g b s

......... Bl isai %o v allibls i Che © o i 570 8 o & o il e o 10 e W I o SRR o D B R e e

....................... Los s wwais, @ 0 s Chensress

AATCGAAAGTTACAC TGGGCGCGTATT GGACAGAAGCCTGAGGCATCCACTGTT - GTCTGTACACCCTTGCATAGCGGTCGC TATTACCGATTGAGTGCATAGGTGAACCTT

Bis sl S GRS T B s B B C: T ECAA s s: o5 Bl TG Pocmaran@ mEwaseaE o5 s
o e ol rape we e e e e e C. . P.TCAA. . o oo T.A.. o o e ms cne rey e e e e e
............... AR . TAGACGACG-TCTCA. .AT. . TC. .T.A.TT:::: +——AG: ;A-.T.TiT:C.TG: ;Ai:vsviss ssnonssvsnsasesisBesiasssissnssiss
.................... GAYGACG. . . TT.T . A TC. o v olBR o iR B — v sl ~RODTTTA . T i ATA. i v i B @@s s e b s as aole &8 5 5 55 508 556 s
.............. AAA . TAGACGACG-TCTC. . .AT. .TC. .T.A.TTuv .o u="Ree A= T T T C. TG, sl s voonic samesesssissionsssdosssssessss s
.............. AR Bsi i GACG: : 5T 5« TLCTC, . T-A.TT.: A sa v e s LD T AMGCEGER: : « dunn avissad s ¥ do s b oo bis s € 403 b4 bis
CTTGAGTAGCGTCTCGTGCCTC! GAATATCAAGTAAACCTTTGCACTTAGAGGAAATAAAAGTCGTAACAAGGTTTCC
.......... 2B ATB e BemilL. 5 . 36 -0 SRR ST BT o: B - e 1B AR REE - W A5 8% 5 5 B S S
..... 1 v % %G sllBs sBbens iy @6 Wi &SP F BB TS BE 96 BF © RO FEE RS 055 BE 55 58 5 8 5 58 8
.......... BB ol EBe: o Bwrn Ts cor om0, 101 i vevion @785 v Wxve B e e ecie
........... s € BTRA dBiia TG o § o % W HIE T SRR S o e s i Al m e e B o B e A e e B B &

MZ478143 Z. hentscheli ATCAGTTATAGTTTATTTGATAATCTC TGGCAGTACGGCGTT CGGAACGTATAGTCGCCTCATTCATTAGTTAAA TGAACACTTGCCATAGCGTTTI CCGTTTCGCGTTAAAAA
KNPSRS . . . . . . ...........c00c00.. ve s By 2 d T AGACCGT TC.T.ATCTAATAT. . T ACTTC Gicisss B L SRR o R . [P R Ts- SBRA 555 s
RS04 7 gmrenzziy | S Firie: o W oA o HIOAYCCE . . D B s JERAG. L. G AR TR . JIT., = BTR: e Tiliu—6 G0 sa e 55 s
MERICSE 2 maal i) | AAA. ...TT.AGACCGT TC T.ATCT.ATAT..T. AC'I"I'C G...... .A..T...C.TTG..A...... T.. AAL ... ...
DQ662853 Z. pararbuscula | - - - - - - - - - - Cisngsrnas v AR nas b L PR EGT: : 5 s AT T AT. P .CT-AETTC.G. A : G~ o5 ss s T..ATTGCGA. . .. .CT. .. s eeeennnnn
KY675175 Z. wangi i o DG AT A% COGA. « JTARTAT . AcATT .o+ - ConCAGT. . —6-T: . Wl .. PP aBsions 4G T

KY675162 Z. plumula C.-...TG.AT.A...CCG.T..GTAATAT.A.AT..... B dCRCG i+ Cs —s & wwws T v s PP el B8 e P

MZ478143 Z. hentscheli TTAAGTAAACCTTTGCACTTAGAGGAAATAAAAGTCGTAACAAGGTTTCC

KM222118 Z. hentscheli .. ....... $ R SR n RS B B e COEE R W e § & B5 08 e L E0N 5
KEVO000A 7 Nriernicdiuni - - - - - - - - - W% R & RAORGLRS. § B 5 VRSERS HE WS B 5 R B 5 (SR e
KM887956 Z. parahentscheli - - - - - - - - . ... . ... .. —

DQ662853  Z. pararbuscula . .G. . . . .. o i) B B 28 58 S S B 6 5 s gy il -

KY675175 Z. wangi
KY675162  Z. plumula





OPS/images/fmicb-12-718821-g012.jpg
Vorticella campanula DQ662849
Vorticella convallaria DQ868348
Vorticella fusca DQ190468
Carchesium polypinum GU187053
Carchesium polypinum HM852990

89/1.000p 5]
85/1.00

100/1.00¢f &=

Z%‘gg' ****=Carchesium polypinum MZ478146 —~F—
96/1.00{ o o« o o Pseudovorticella paracratera DQ662847
S S U rDNA 99/1.00¢|} * 2 Pseudovorticella punctata DQ190466

91/1.00 Epicarchesium corlissi KY 675182
ML/BI 86/1.00-F+<p Epicarchesium variable KY675180
100/1. (g Epl(}:larchesmm abrae DQ1\1/19£2%145
icarchesium sinense n. s —~—
0.05 81/1.004eesepes -L_E, It]carchesmm pectinatum I%U363260
Apocarchesmm arndti GQ221940
100/1.00 'Apocarchesium rosettum GU187056
Vorticella microstoma DQ868347
100/1.00 ! Opisthonecta minima EF417834

Mantoscyphidia branchi KP698210 o e
10071 00— Scyphidia ubiquita KP698207 B Scyphidiidae

100/1.00 Eptstylts camprubii KP713786 . -
’—| CEpistylis wenrichi AF335515 I Epistylididae
94/1-00|100/1.00 Epistylis chrysemydis AF335514

00/1 D+ e Zoothamnium hentscheli KM222118
i Zoothamnium parahentscheli KM887956
Zoothamnium apoarbuscula MT031923

<
o
=
9]
D
Q
)
@

2%:43 ''''''''''' | Zoothamnium pararbuscula DQ662853
88/1.00 67/0.99 Zoothamnium intermedium KE790904
I 64/1.00 Zoothamnium wangi KY675175
100/1.00° {[ L Zoothamnium apohentscheli MT031924

97/1.4

(=}

Zoothamnium hentscheli MZ.478143 —
| Zoothamnium arbuscula KU363261
88/1.00L Zoothamnium arbuscula M7Z478144 —~€—
Zoothamnium parahiketes KY675159
Mpyoschiston duplicatum JN836351
W) Zoothamnium grossi KM887954
E. sinense n. sp.  C. polypinum 0o I e o Zoothamnium dt{p{icatum DQ662851
10071 00desbondob 53 Zoothamnopsis sinica DQ190469
100/1.004 e efs oo eloeedecesd Zoothamnium mucedo KY675156

— 57/0.72

99/1.00e cpoeefopdecss
51/0.71de cfoeeodelfedes
84/1.00¢geofese

94/1.04

100/1.00 o9/1 00| [— Z00thamnium hartwigi MHS37104

Zoothamnium maximum KY675155

Zoothamnium paraentzii KY675160

Zoothamnium weishanicum n. sp. MZ478142 —=—
1 Zoothamnium arcuatum KM887955

8/0.98| —Zooth i hanji KU870459
S U B C LAS S ! 56/0.88 Z():otlilm:llzinzﬂgfg;‘;nl‘%%ggo46l
P E R | TR | C H | A 100/1.00! Zoothamnium nii DQ66285

Zoothamnium niveum DQ8683
96/1.01 Zoothamnium ignavum KX669262
> ; Zoothamnium lpluma DQ662854
690 93| — Zoothamnium pelagicum DQ868351
85/0.99L-Zoothamnium alternans MT031922

100/1.001 Thuricola kellicottiana MH035975
Thuricola folliculata MH035974 .. .
89/1_|A00 ; Cothurnia salina KT956998 I Vaginicolidae
100/T.00

Cothurnia annulata KU363275
Campanella umbellaria AF401524

w{_} Pseudepistylis songi KM222115 I Epistylididae
86/0.98 Epistylis galea AF401527
B Outgroup

O
~
=
=
~
72
=
7
72
—
-
=
=
>

— o
O
=
—
(=3
(=]

SepliuwWey}007






OPS/images/fmicb-12-718821-t001.jpg
Character

Zooid length (jvm)

Zooid width (um)

Diameter of peristomial lip (um)

Height of colony (m)

Number of silverlines,peristome to trochal band®

Number of silverlines, trochalband to scopula®

Species

Z. weishanicum n. sp.

Z. arbuscula
Z hentscheli
E. sinense n. sp.
C. polypinum

Z. weishanicum n. sp.

Z. arbuscula
Z hentscheli
E. sinense n. sp.
C. polypinum

Z. weishanicum n. sp.

Z. arbuscula
Z hentscheli
E. sinense n. sp.
C. polypinum

Z. weishanicum n. sp.

Z. arbuscula
Z hentscheli
E. sinense n. sp.
C. polypinum

Z. weishanicum n. sp.

Z. arbuscula®
Z hentscheli
E. sinense n. sp.?
C. polypinum

Z. weishanicum n. sp.

Z. arbuscula®
Z. hentscheli
E. sinense n. sp.?
C. polypinum

Max

90
80
80
60
65
45
65
40
40
60
50
55
45
40
85

1,400

3,500

1,500

750

2,500
55
83
65
37
77
33
52
30
23
47

Min
55
50
50
45
35
30
30
30
30
35
30
35
35
35
60

1,000
2,800
750
400
2,400
51
72
65
37
71
32
46
30
23
36

Mean

76.0
62.3
65.4
52.0
51.2
37.5
40.4
32.7
33.0
49.2
38.0
41.9
40.0
38.5
74.6
1,275.0
3,233.3
1,125.0
562.5
2,450.0
53.3
76.3
65.0
37.0
74.0
32.7
49.7
30
23.0
42.0

SD

11.01
9.27
10.30
4.22
7.68
5.40
11.45
3.88
4.22
7.03
7.89
5.96
2.89
2.41
6.91
184.84
378.59
530.33
165.2
70.71
2.08
5.86

3.00
0.58
3.21

5.57

cv

14.5
14.9
15.7
8.1
15.0
14.4
28.3
11.9
12.8
14.3
20.8
14.2
7.2
6.3
9.3
14.5
1.7
474
29.4
2.9
3.9
7.7

4.1
1.8
6.5

13.3

W = =<4 W Www= = WwwuwnNnN N

CV, coefficient of variation in %, Max, maximum, Min, minimum; Mean, arithmetic mean, n, number of specimens investigated; SD, standard deviation, -, data not available.

aRough data.

bData based on “dry” silver nitrate-stained specimens. All data are based on the populations investigated in the present study.
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Species Zooid length  Zooid width Colony Ma Stalk with  Number of silverlines = Number of silverlines Data source
in vivo (wm) in vivo (pm) height septa from peristome to from trochal band to
in vivo (pm) trochal band scopula
C. polypinum 35-65 35-60 2,400-2,500 J-shaped No 7177 36-47 Present study
C. polypinum 80-140 - up to 2000 J-shaped No 85-100 56-65 Ehrenberg, 1830;
Kahl, 1935;
Foissner et al.,
1992
C. epistylis 50 = - C-shaped Yes = = Claparéde and

Lachmann, 1858;
Kahl, 1935

Ma, macronucleus: —, data not available.
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Species Zooid length
in vivo (um)

Z. weishanicum n. sp. 55-90
Z. arcuatum 63-94
Z. zhanjiangense 80-100
Z. nii 70-80

Zooid width
in vivo (um)

30-45
32-41

45-55
40-50

Branching
pattern of
stalk

Alternate

Irregular, usually
alternate

Alternate
Alternate

Number ciliary
rows in P3

Habitat

BW

BW
MW

Data source

Present study
Jietal, 2015

Shen et al., 2017
Ji et al., 2005b

BW, brackish water; FW, freshwater; MW, marine water; P3, infundibular polykinety 3.
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Species Zooid Zooid Colony cv Ma PL Pellicle with Stalk with Main stalk Pelagic Habitat Data
length width height conspicuous  septa with source
in vivo in vivo in vivo cortical wedge-

(wm) (wm) (nm) blisters like
structure

E. sinense n. sp.  45-60 30-40 400-750 One, ventral J-shaped Single-layered Yes No No No FW Present

study

E. abrae 45-85 35-55 300-500 One, dorsal J-shaped Single-layered No No No No MW Jietal,

2004

E. corlissi 60-70 2535 300 One, ventral J-shaped Double-layered No No No No MW  Sunetal.,

2006

E. variabile 100-120 50-65 400-500 One, ventral J-shaped Single-layered No No No No MW  Sunetal,
2009

E. pectinatum 40-70 60 Up to 1,360 Two, ventral J-shaped Single-layered Yes No Yes Yes FW Foissner

et al., 1999

E. granulatum 65-105 30-60 400 Two, ventral C-shaped Single-layered Yes Yes No No FW  Jankowski,
or 1985;

3-shaped Leitner and

Foissner,

1997

C. epistylis 50 - - One, ventral C-shaped Single-layered - Yes No No FW  Claparede
and

Lachmann,

1858; Kanhl,

1935

C. cyclopidarum 50 30-35 300 One, ventral C-shaped Single-layered - No No No FW  Nenninger,
1948;

Stloukal

and Matis,

1997

CV, contractile vacuole; FW, freshwater; Ma, macronucleus;, MW, marine water; PL, peristomial lip.
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