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Abstract
The morphology and molecular phylogeny of freshwater pleurostomatid ciliates are insufficiently explored. In the present 
study, we investigated three new Amphileptus species discovered in Lake Weishan and its vicinity, northern China, using 
standard alpha-taxonomic methods. Amphileptus paracarchesii sp. nov. is characterized by a lateral fossa (groove) in the 
posterior body portion, four macronuclear nodules, contractile vacuoles distributed along the dorsal margin, and 4–6 left 
and 44–50 right somatic kineties. Amphileptus pilosus sp. nov. differs from congeners by having 4–14 macronuclear nod-
ules, numerous contractile vacuoles scattered throughout the cytoplasm, and 22–31 left and 35–42 right somatic kineties. 
Amphileptus orientalis sp. nov. is characterized by two ellipsoidal macronuclear nodules, three ventral contractile vacuoles, 
and about four left and 31–35 right somatic kineties. Phylogenetic analyses of nuclear small subunit ribosomal DNA (SSU 
rDNA) sequences indicate that the family Amphileptidae might be monophyletic while the genus Amphileptus is paraphyl-
etic, as Pseudoamphileptus macrostoma robustly groups with Amphileptus sp. Although deep phylogenetic relationships of 
amphileptids are poorly resolved, multiple well-delimited species groups are recognizable within the genus Amphileptus.
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Introduction

The main goals of alpha-taxonomy are to describe new spe-
cies and to re-describe insufficiently known species. Sound 
taxonomic research is the basis for all types of diversity and 
phylogenetic studies. Foissner et al. (2008) estimated that as 
much as 83‒89% of the ciliate diversity is still undescribed, 
which makes reporting of new species an important and 
timely objective. This holds also for pleurostomatids (order 
Pleurostomatida Schewiakoff, 1896), which are raptorial 
ciliates that are free-swimming or glide on substrates and 
are commonly found in a variety of aquatic environments. 
They are important constituents of aquatic microbial food 
webs due to their predation upon bacteria, algae, flagellates, 
and other ciliates, especially peritrichs (Foissner et al. 1995; 
Lynn 2008).

Amphileptidae Bütschli, 1889, are the second-most 
speciose family in the order Pleurostomatida. The name-
bearing genus Amphileptus Ehrenberg, 1830 is the oldest 
genus of the family. It can be morphologically separated 
from other amphileptid genera by the following combination 
of features: (1) a narrowly rounded anterior body end that 
is not curved in a hook-like fashion; (2) right ciliary rows 
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that form a suture in the anterior body half; (3) left somatic 
kineties that run meridionally and hence never encircle the 
cell; (4) a single perioral kinety that runs along the right and 
left side of the oral slit; and (5) perioral kineties that begin 
with dikinetids and continue posteriorly as monokinetids 
(Ehrenberg 1830; Foissner 1984; Foissner and Leipe 1995; 
Lynn 2008; Vd’ačný et al. 2015). However, some Amph-
ileptus species deviate more or less significantly from this 
general pattern. Their anterior body end might be curved 
as in A. paracarchesii sp. nov., for example, the right cili-
ary rows could form an additional suture in the posterior 
body half (e.g., A. ensiformis, A. fusidens, A. fusiformis, 
A. litonotiformis, A. pleurosigma, and A. procerus) (Song 
and Wilbert 1989; Song 1991) and, rarely, the left somatic 
kineties form an additional, albeit inconspicuous, anterior 
suture (for example, in A. pilosus sp. nov.). Three species 
(A. meiianus, A. parafusidens, and A. yuianus) have three 
rather than two perioral kineties (Lin et al. 2005; Song and 
Wilbert 1989). Such an unusual variability in key taxonomic 
characters in amphileptids indicates their homoplastic nature 
and should be analyzed in the future with increased taxon 
and molecular marker sampling.

To date, about 60 nominal Amphileptus species have been 
reported (Foissner et al. 1995; Fryd-Versavel et al. 1975; 
Hu et al. 2019; Kahl 1931, 1933; Song and Wilbert 1989; 
Song et al. 2009; Stokes 1886; Vuxanovici 1960; Wu et al. 
2021a). Like many other pleurostomatids, Amphileptus 
species often share a similar body shape, which makes the 
identification of living specimens very difficult. This is one 
of the reasons why the research history of Amphileptus is 

full of confusion and misidentifications. Therefore, it is 
necessary to circumscribe species of Amphileptus using a 
combination of molecular data and detailed observations of 
specimens both in vivo (including the shape and location of 
extrusomes, the number and position of contractile vacuoles, 
and the morphology and arrangement of cortical granules) 
and following protargol impregnation (including details 
of the nuclear apparatus and the somatic and oral ciliary 
pattern).

During the past two decades, our knowledge about the 
Amphileptidae has been significantly extended (e.g., Chen 
et al. 2011; Lin et al. 2005, 2007; Pan et al. 2014; Song et al. 
2004; Sonntag and Foissner 2004; Wu et al. 2015, 2021a). 
Most of the recent studies have, however, focused mainly on 
marine and brackish species, while freshwater taxa remain 
comparatively understudied. Unbalanced taxon sampling 
affects the reliability of phylogenetic analyses. In the pre-
sent study, we explored some freshwater habitats of northern 
China where we discovered three new Amphileptus species 
and determined their phylogenetic position using SSU rDNA 
sequences (Fig. 1).

ZooBank registration number of this work: urn:lsid:zoobank.
org:pub:FC380587-5D52-4991-BF7A-019EEB19012C.

Results

Family Amphileptidae Bütschli, 1889
Genus Amphileptus Ehrenberg, 1830

Fig. 1  Sampling locations and 
habitats. A Maps of China and 
Shandong Province, red circle 
shows the location of Lake 
Weishan. B Sampling site of A. 
paracarchesii sp. nov. C Sam-
pling site of A. pilosus sp. nov. 
D Sampling site of A. orientalis 
sp. nov.
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Amphileptus paracarchesii sp. nov. (Figs. 2, 3; 
Table 1)

Diagnosis. Body lanceolate, about 185–380 × 50–90  μm 
in vivo; a lateral fossa (groove) in posterior body portion; 
four macronuclear nodules; contractile vacuoles distributed 
along dorsal margin; extrusomes very narrowly ovate to 

clavate, arranged in an apical group and scattered throughout 
cytoplasm; cortical granules dot-like and colorless; 4–6 
left and 44–50 right kineties; right anterior suture; perioral 
kinety 1 dikinetid in anterior one-third of body, monokinetid 
in posterior two-thirds; freshwater habitat.

Type material. A protargol slide with the holotype 
specimen circled by black ink, and two further slides with 
protargol-stained paratype specimens, have been deposited 

Fig. 2  Amphileptus paracarchesii sp. nov. from life (A–G) and after 
protargol impregnation (H, I). A Left view of a representative indi-
vidual, red arrow denotes the curved and twisted anterior body end, 
red arrowhead shows the lateral fossa (groove). B Shape variants, red 
arrows denote the anterior group of extrusomes. C Oral extrusomes. 
D Frontal view, showing cortical granules (arrowheads) of the left 
side. E A contracted individual, red arrow points to the apical group 

of extrusomes, red arrowhead marks the lateral groove. F Detail 
showing the lateral groove (arrowhead). G Nuclear apparatus. H Cili-
ary pattern of the left side of the holotype specimen. I Ciliary pattern 
of right the side of the holotype specimen, red dashed line shows the 
anterior suture. DB dorsal brush, LSK left somatic kineties, PK1 peri-
oral kinety 1, PK2 perioral kinety 2, RSK right somatic kineties. Scale 
bars = 100 μm (A, B, E, H, I), 5 μm (C)
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in Laboratory of Protozoology, Ocean University of 
China, with registration numbers ZGAT2020120701, 
ZGAT2020120702, and ZGAT2020120703, respectively.

Type locality. A touring boat port of Lake Weishan, 
China (N34°34′40.80″, E117°23′52.80″).

ZooBank registration number. Urn:lsid:zoobank.
org:act:5324DEE9-57C2-4086-AE91-10314ABB2AE1.

Etymology. Composite of the Greek adjective “para-” 
(beside, near) and the species-group name carchesii, 

indicating the high morphological similarity of the new 
species to A. carchesii Stein, 1867.

SSU rDNA sequence. The SSU rDNA sequence of A. par-
acarchesii sp. nov. has been deposited in GenBank (acces-
sion no. OL828281). The sequence is 1563 nucleotides long 
and has a GC content of 42.48%.

Description. Body about 185–380 × 50–90 μm in vivo, 
typically lanceolate in lateral view, anterior end curved and 
twisted clockwise from right to left (Figs. 2A, B, E, 3A, 

Fig. 3  Amphileptus paracarchesii sp. nov. from life (A–H, J, L–M) 
and after protargol impregnation (I, K, N). A, B Right side view, 
arrows point to the groove, arrowhead shows the curved anterior body 
end. C Nuclear apparatus, arrowheads denote the four macronuclear 
nodules. D, G, J Shape variants, arrowheads mark the macronu-
clear nodules, arrow denotes the posterior groove. E Detail showing 
the apical group of extrusomes (arrow). F Detail showing the lateral 
groove situated in the posterior body region (arrow). H Contractile 

vacuoles (arrowheads). I Detail of the oral apparatus, showing a sin-
gle perioral kinety right and left of the oral slit. K, N Detail of the 
anterior body portion, showing the ciliary pattern of the right and 
left sides of the holotype specimen. L A contracted individual, arrow 
shows the curved anterior body end. M Cytoplasmic extrusomes 
(arrowheads). Abbreviations: PK1, perioral kinety 1. PK2, perioral 
kinety 2. Scale bars = 100 μm
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L); highly contractile (Fig. 3A, L); neck region conspicuous 
occupying almost 1/4 of cell length, posterior region nar-
rowed and tail-like occupying about 7% of cell length; fossa 
(groove) in posterior portion of left side, about 37–41 μm 
long (Fig. 3A, B, D, G, J). Nuclear apparatus in center of 
trunk region. Macronucleus invariably consists of four nod-
ules; individual nodules ellipsoidal, about 15–25 × 8–12 μm 
in size in  vivo; nucleoli globular to irregular, small to 
medium-sized, evenly distributed in macronuclear nodules 
(Figs. 2A, B, G, 3B–D). Micronuclei not observed. About 
10 contractile vacuoles arranged in a row along dorsal body 
margin, 10–14 μm in diameter during diastole, pulsating 
every 30 s (Fig. 2A, B, H). Extrusomes very narrowly ovate, 
sometimes slightly curved, about 11.0–15.0 × 1.2‒1.5 μm 
in vivo; 2‒4 extrusomes attached to oral slit forming an 
apical group, numerous other extrusomes scattered through-
out cytoplasm; impregnated deeply with protargol method 
used (Figs. 2A–C, E, 3E, M). Cortex very flexible; cortical 
granules dot-like, colorless, about 0.5 μm across, ordinar-
ily spaced between adjacent left somatic kineties (Fig. 2D). 
Cytoplasm grayish, contains numerous granules (ca. 

0.5–1.0 μm across) rendering cell opaque (Figs. 2A, E, 3A, 
L). Swims slowly while rotating about longitudinal body 
axis; feeds by attaching to stalk of sessile peritrichs using 
fossa as a sucker (Figs. 2F, 3A, B, F, G).

Somatic cilia about 10–13 μm long in vivo, very densely 
arranged on right side (Fig. 2A, E), sparsely distributed on 
left side and hence undetectable in vivo. Ciliary pattern as 
shown in Figs. 2H, I, 3I, K, N. About 44–50 right kineties 
including perioral kinety 2; intermediate kineties progres-
sively shortened anteriorly forming a suture (Figs. 2H, I, 3K, 
N); 4‒6 left kineties including perioral kinety 1 and dorsal 
brush (Figs. 2H, 3N). Fossa lined by cilia that very likely 
have a thigmotactic function. Dorsal brush kinety composed 
of densely spaced dikinetids in anterior body third and of 
monokinetids in posterior two-thirds (Fig. 2H).

Oral slit extends over two-thirds down length of body, 
marked by dikinetids of perioral kineties. Perioral kinety 1 
runs along left margin of oral slit, consists of densely spaced, 
oblique dikinetids in anterior body third and monokinetids 
in posterior two-thirds. Perioral kinety 2 extends along 
right margin of oral slit, consists of densely spaced, oblique 

Table 1  Morphometric 
characteristics of Amphileptus 
paracarchesii sp. nov. (upper 
line), Amphileptus pilosus 
sp. nov. (middle line) and 
Amphileptus orientalis sp. 
nov. (lower line). Data based 
on protargol-impregnated 
specimens

CV coefficient of variation (%), HT holotype, Max maximum, Min minimum, n number of specimens 
investigated, SD standard deviation
a Perioral kinety 2 included
b Perioral kinety 1 and dorsal brush kinety included

Character HT Min Max Mean Median SD CV n

Body length (μm) 233 184 334 239 233 52.91 22.3 22
298 215 359 278 283 40.80 13.4 20
190 162 290 213 208 57.04 15.8 28

Body width (μm) 55 47 74 59 60 6.44 11.0 22
84 59 91 72 69 9.63 13.4 20
55 30 85 48 46 12.33 25.8 28

Number of right  kinetiesa 47 44 50 47 47 1.74 3.7 54
37 35 42 38 38 2.03 5.4 21
33 31 35 33 33 1.29 3.9 31

Number of left  kinetiesb 6 4 6 5 5 0.50 9.5 55
27 22 31 27 28 2.23 8.3 20
4 4 5 4 4 0.57 15.9 30

Number of dorsal brush dikinetids 78 59 103 77 75 11.01 14.3 51
95 66 165 125 130 24.50 19.7 21
56 47 74 63 65 7.85 12.5 22

Number of macronuclear nodules 4 4 4 4 4 0 0 38
7 4 14 8 8 2.27 27.4 21
2 2 2 2 2 0 0 30

Length of macronuclear nodule (μm) - 27 71 40 39 9.27 23.0 36
36 25 42 33 34 4.30 13.0 21
50 32 67 43 42 8.88 20.8 29

Width of macronuclear nodule (μm) - 14 46 30 29 7.28 24.4 36
24 21 32 26 26 3.36 12.7 21
3 20 50 30 27 7.57 25.4 29
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dikinetids in anterior body half and monokinetids in posterior 
half (Figs. 2H, 3I). Nematodesmata not recognizable either 
in vivo or and after protargol impregnation.

Amphileptus pilosus sp. nov. (Figs. 4, 5; 
Table 1)

Diagnos i s .  Body  e longa te - lanceo la te ,  abou t 
240–450 × 60–100 μm in vivo; macronucleus moniliform, 
composed of 4–14 nodules; numerous contractile vacuoles 
scattered throughout cell; extrusomes clavate, attached to 
anterior half of oral slit and scattered throughout cell; corti-
cal granules dot-like, grayish; 22–31 left and 35–42 right 
kineties; right anterior suture, right posterior suture, right 
ventral semi-suture, and indistinct left anterior suture; perio-
ral kinety 1 dikinetid, terminates above mid-portion of cell; 
freshwater habitat.

Type material. A protargol slide with the holotype speci-
men circled by black ink, and three further protargol slides 
with paratype specimens, have been deposited in Laboratory 
of Protozoology, Ocean University of China, with registra-
tion numbers ZGAT2020111601-1, ZGAT2020111601-
2, ZGAT2020111601-3, and ZGAT2020111601-4, 
respectively.

Type locality. A fishpond located in the vicinity of Lake 
Weishan Wetland, China (N34°45′58.44″, E117°09′25.60″).

ZooBank registration number. urn:lsid:zoobank.
org:act:976CCC1C-24E3-4576-A8D9-21F37A78A8FB.

Etymology. The Latin adjective pilosus (hairy) refers to 
the dense ciliation of the new species in comparison with 
congeners.

SSU rDNA sequence. The SSU rDNA sequence of A. 
pilosus sp. nov. has been deposited in GenBank (accession 
no. OL828282). The sequence is 1515 nucleotides long and 
has a GC content of 42.31%.

Description. Body about 240–450 × 60–100 μm in vivo, 
slightly contractile, elongate-lanceolate in lateral view, ante-
rior end bluntly pointed to narrowly rounded, not twisted 
(Figs. 4A, B, 5A–G); neck region occupies about 15% of 
body length; posterior end gradually tapering, narrowly 
rounded, never tail-like (Figs.  4A, B, 5A–G). Nuclear 
apparatus extends through most of trunk. Macronucleus 
moniliform, consists of 4–14 ellipsoidal nodules about 
23–30 × 13–15 μm in size in vivo; nucleoli globular to 
irregular, small to medium-sized, evenly distributed over 
macronuclear nodules (Fig.  4A, B, D). Single globular 
micronucleus, 8 μm in diameter after protargol impreg-
nation, closely associated with one of the macronuclear 
nodules (Fig. 5L). Ten to 15 contractile vacuoles scattered 
throughout cell periphery, about 5–8 μm in diameter during 
diastole (Figs. 4A, B, 5A, B, G, K). Extrusomes clavate, 
almost straight or slightly curved, ca. 5.0–6.0 × 0.7–0.8 μm 

in vivo, some attached to anterior half of oral slit, others 
scattered throughout cell, impregnate strongly with the 
protargol method used (Figs. 4A–C, 5H, N). Cortex very 
flexible; cortical granules grayish, dot-like, ca. 0.5–1.0 μm 
in diameter, densely spaced between adjacent left somatic 
kineties (Fig. 4E). Cytoplasm grayish, studded with numer-
ous granules and several 2.0–5.0 μm-sized food vacuoles 
rendering cell opaque (Figs. 4A, 5A–G). Locomotion by 
gliding slowly over substrate. When feeding, attaches to stalk 
of sessilid peritrich prey.

Somatic cilia about 7–9 μm long in vivo, very densely 
arranged on right side, not detected on left side in liv-
ing specimens (Figs. 4A, 5J). Ciliary pattern as shown in 
Figs. 4F–H, 5I, M, N. About 35–42 right kineties including 
perioral kinety 2, intermediate kineties shortened anteriorly 
and posteriorly forming an anterior and a posterior suture 
(Figs. 4H, 5N), ventralmost kineties progressively shortened 
in posterior body region forming an inconspicuous semi-
suture (Figs. 4F, 5M). About 22‒31 left kineties includ-
ing perioral kinety 1 and dorsal brush; intermediate kine-
ties shortened anteriorly forming an indistinct suture due to 
loosely spaced basal bodies (Fig. 4G). Dorsal brush kinety 
composed of closely spaced dikinetids in anterior body half 
and of monokinetids in posterior half (Fig. 4G).

Oral slit occupies about 40% of body length, marked 
by dikinetids of perioral kineties. Perioral kinety 1 runs 
along left margin of oral slit, terminates above cell equa-
tor, consists of densely spaced, obliquely oriented dikinetids 
(Figs. 4G, 5I). Perioral kinety 2 extends along right margin 
of oral slit, consists of narrowly spaced, obliquely oriented 
dikinetids in anterior body half and of monokinetids in pos-
terior body half (Figs. 4G, 5I). Nematodesmata not recogniz-
able in vivo or after protargol impregnation.

Amphileptus orientalis sp. nov. (Figs. 6, 7; 
Table 1)

Diagnosis. Body lanceolate, about 160–430 × 50–85 μm 
in vivo; two macronuclear nodules; three contractile vacu-
oles at ventral margin; extrusomes acicular, some attached 
to anterior 20–25% of oral slit, others mainly scattered 
in anterior body portion; cortical granules dot-like and 
colorless; 4–5 left and 31–35 right kineties; right ante-
rior suture; perioral kinety 1 dikinetid in anterior portion, 
monokinetid in posterior portion; freshwater habitat.

Type material. A protargol slide with the holotype 
specimen circled by black ink, and one further pro-
targol slide with paratype specimens, have been depos-
ited in Laboratory of Protozoology, Ocean University of 
China, with registration numbers ZGAT20201023-1 and 
ZGAT2020102301-2, respectively.
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Type locality. A wetland close to the mouth of the 
Xuehe River at Lake Weishan, China (N34°46′1.11″, 
E117°09′14.11″).

ZooBank registration number. urn:lsid:zoobank.
org:act:13A8D2FC-710E-4DCE-8F0D-36415EC447A4.

Etymology. The Latin adjective orientalis (oriental) 
refers to the Chinese origin of the new species.

SSU rDNA sequence. The SSU rDNA sequence of A. 
orientalis sp. nov. has been deposited in GenBank (accession 
no. OL828283). The sequence is 1591 nucleotides long and 
has a GC content of 42.61%.

Description. Body about 160–430 × 50–85 μm in vivo; 
highly contractile; elongate-lanceolate in extended state, 
broadly lanceolate when contracted; anterior end bluntly 
pointed to narrowly rounded, not twisted; neck region 

Fig. 4  Amphileptus pilosus sp. nov. from life (A–E) and after pro-
targol impregnation (F–H). A Left view of a representative individ-
ual, arrowheads point to the scattered contractile vacuoles. B Shape 
variants. C Oral extrusomes. D Nuclear apparatus. E Frontal view, 
showing cortical granules (arrowheads) of the left side. F Detail of 
the ventral margin of the posterior body region, showing the semi-
suture made by progressively shortened ventral rightmost kineties 
and perioral kinety 2. G Ciliary pattern of the left side of the holo-

type specimen, asterisk marks the terminus of perioral kinety 1, 
dashed line denotes the rather indistinct anterior suture. H Ciliary 
pattern of the right side of the holotype specimen, dashed line marks 
the anterior suture, green-shaded area delimits the posterior suture. 
DB dorsal brush, PK1 perioral kinety 1, PK2 perioral kinety 2, RSK 
right somatic kineties. Scale bars = 100  μm in A, B, G, H; scale 
bars = 5 μm in C 
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occupies about 18% of body length, conspicuous in extended 
cells; posterior end gradually tapering and narrowly rounded, 
never tail-like (Figs. 6A, 7A–G). Nuclear apparatus in center 
of trunk. Invariably two macronuclear nodules; individual 
nodules separated from each other in vivo, while abutting in 
protargol-impregnated cells; nodules globular to ellipsoidal, 
about 30–50 × 20–40 μm in size in vivo; nucleoli usually 
irregular, medium to large-sized, evenly distributed over 
macronuclear nodules (Figs. 6A–C, 7N). Micronucleus not 
observed. Three contractile vacuoles along ventral margin, 
pulsating every 1 min; during diastole, anterior two vacuoles 
about 20 μm in diameter, subterminal vacuole up to 30 μm 
in diameter (Figs. 6A, B, 7B). Extrusomes acicular, usually 

almost straight, rarely curved; about 9.0–11.0 × 0.5–0.7 μm 
in vivo; some attached to anterior 20–25% of oral slit, 
others scattered mainly in anterior body portion; impregnate 
strongly with the protargol method used (Figs. 6A, B, D, 
7H, L). Cortex very flexible; cortical granules colorless, dot-
like, approximately 1.0 μm in diameter, ordinarily spaced 
between adjacent kineties on both right and left side of body 
(Figs. 6E, 7M). Cytoplasm grayish, studded with numerous 
granules and several 4–8 μm-sized food vacuoles rendering 
cell opaque (Figs. 6A, 7A–G, K). Locomotion by gliding on 
substrate or occasionally by swimming while rotating about 
long body axis.

Fig. 5  Amphileptus pilosus sp. nov. from life (A–H, J–K) and after 
protargol impregnation (I, L–N). A–G Shape variants, red arrow-
heads denote the contractile vacuoles scattered throughout the body. 
H Cytoplasmic extrusomes (white arrowheads). I Detail of two perio-
ral kineties, one right and one left of the oral slit. J Anterior suture 
made by abutting ciliary rows on the right side (white arrowheads). 
K Detail showing contractile vacuoles (red arrowheads). L Nuclear 
apparatus, white arrowhead marks the micronucleus closely associ-

ated with the moniliform macronuclear strand. M Detail of the ven-
tral margin of the posterior body region of the holotype specimen, 
showing the suture made by progressively shortened right kineties 
(white arrowheads). N Detail of the anterior region of the right side 
of the holotype specimen, showing the oral extrusomes attached 
to the oral slit (red arrowhead) and the scattered cytoplasmic ext-
rusomes (white arrowheads). PK1 perioral kinety 1, PK2 perioral 
kinety 2. Scale bars = 100 μm
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Somatic cilia about 9–11 μm long in vivo, ordinarily 
arranged on right side, not detected on left side (Figs. 6A, 
7I, O). Ciliary pattern as shown in Figs. 6F–H, 7J, P–R. 
About 31–35 right kineties including perioral kinety 2; 
intermediate kineties progressively shortened anteriorly 
forming a suture (Figs. 6H, 7Q). Four or five left kineties 
including perioral kinety 1 and dorsal brush (Figs. 6F, G, 
7R). Left somatic kineties consisting of loosely spaced 
dikinetids in anterior body third, continues posteriorly as 
a row of loosely spaced monokinetids. Dorsal brush kinety 
composed of ordinarily spaced dikinetids in anterior body 
third, continues posteriorly as a row of ordinarily spaced 

monokinetids; brush bristles about 2 μm long in vivo 
(Figs. 6F, G, 7R).

Oral slit extends almost to mid-portion of cell, marked 
by dikinetids of perioral kineties. Perioral kinety 1 runs 
along left margin of oral slit, perioral kinety 2 runs along 
right margin; both perioral kineties extend to about mid-
body with ordinarily spaced, oblique dikinetids and 
continue posteriorly with ordinarily to narrowly spaced 
monokinetids; dikinetidal portion of perioral kinety 2 
slightly longer than that of kinety 1 (Figs. 6F, G, 7P, R). 
Nematodesmata not recognizable in vivo or after protargol 
impregnation.

Fig. 6  Amphileptus orientalis sp. nov. from life (A–E) and after 
protargol impregnation (F–H). A Left view of a representative indi-
vidual, arrowheads point to the three ventral contractile vacuoles. B 
Shape variants, arrowheads denote the three contractile vacuoles. C 
Nuclear apparatus. D Oral extrusomes. E Cortical granules (arrows) 
of the left side. F Detail of the anterior region of the left side, show-

ing the oral and somatic ciliary pattern. G Ciliary pattern of the left 
side of the holotype specimen. H Ciliary pattern of the right side of 
the holotype specimen, red dashed line denotes the anterior suture. 
DB dorsal brush, PK1 perioral kinety 1, PK2 perioral kinety 2, RSK 
right somatic kineties. Scale bars = 100 μm
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Comparison of SSU rDNA sequences 
and phylogenetic analyses

Sequence differences among amphiletid species range from 
none to 129 nucleotide positions. There are no nucleotide 
differences between A. paracarchesii sp. nov. and A. para-
pleurosigma Zhang et al., 2022, or between A. orientalis 
sp. nov. and A. bellus (Figs. 8, 9). On the other hand, A. 
paracarchesii sp. nov. and A. orientalis sp. nov. differ from 
other congeners by 2–79 and 52–92 nucleotide positions, 
respectively. Amphileptus pilosus sp. nov. differs from other 

amphileptids by 78–129 nucleotides, which corresponds to 
sequence similarities ranging from 91.47 to 94.84% (Figs. 8, 
9).

Topologies of phylogenetic trees generated by maximum 
likelihood (ML) and Bayesian inference (BI) are congruent, 
therefore only the ML tree is presented (Fig. 10). The family 
Amphileptidae (represented here by the genera Amphileptus 
and Pseudoamphiletus) is monophyletic although with low 
to moderate support (69% ML, 0.95 BI). The family Amph-
ileptidae is divided into four more or less distinct subclades. 
The first subclade consists of Amphileptus sp. (FJ870086), 

Fig. 7  Amphileptus orientalis sp. nov. from life (A–G, H, I, K, M–O) 
and after protargol impregnation (J, L, P–R). A–F Left side views 
of extended or only slightly contracted individuals, arrows mark the 
ventral contractile vacuoles. G Left side view of a contracted individ-
ual. H Cytoplasmic extrusomes (arrowheads). I Lateral view, show-
ing the dorsal brush bristles (arrowhead). J Detail showing the very 
loosely arranged left somatic kineties (arrowheads). K Food vacuole 
(arrow). L Extrusomes attached to the oral slit (arrow). M Details of 

cell surface, showing cortical granules (arrowheads) of the left side. 
N Showing the two macronuclear nodules. O Somatic cilia (arrow-
heads) of lateral rightmost side kineties. P Detail of the oral appara-
tus, showing two perioal kineties, one right and one left of the oral 
slit. Q, R Details of the anterior region of the right (Q) and the left 
(R) side of the holotype specimen, showing the ciliary and extrusome 
patterns. Ma macronuclear nodules. PK1 perioral kinety 1, PK2 peri-
oral kinety 2. Scale bars = 100 μm
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Pseudoamphileptus macrostoma, and A. dragescoi (19% 
ML). The robust clustering of Amphileptus sp. with P. mac-
rostoma causes paraphyly of the genus Amphileptus. The 
second subclade comprises A. paracarchesii sp. nov., A. 
weishanensis Zhang et al. 2022, A. parapleurosigma, and A. 
procerus (99% ML, 1.00 BI). The third subclade comprises 
six species (A. multinucleatus, A. shenzhenensis, A. cocous, 
A. spiculatus, A. aeschtae, and A. litonotiformis) (91% ML, 
1.00 BI). Finally, Amphileptus orientalis sp. nov. and A. bel-
lus form a fully supported clade that groups with A. pilosus 
sp. nov. though with variable support (65% ML, 0.95 BI).

Discussion

Comparison of Amphileptus paracarchesii sp. nov. 
with similar species

Amphiletpus paracarchesii sp. nov. resembles A. carchesii, 
A. parapleurosigma (Fig. 11E), A. quadrinucleatus (Drag-
esco and Njiné, 1971) Fryd-Versavel et al., 1975 (Fig. 11F), 
and A. weishanensis (Fig. 11G) in terms of its body size and 
numerous contractile vacuoles (Supplementary Table S1). 
The new species is most similar to A. carchesii. Besides hav-
ing four macronuclear nodules, a dorsal row of contractile 
vacuoles, similar numbers of ciliary rows and a freshwater 

Fig. 8  Nucleotide differences in SSU rDNA sequences among the three new species (yellow asterisks) and other related taxa. Numbers represent 
nucleotide positions in the reference alignment. Dots represent matched sites, while dashes (‒) indicate deletions

Fig. 9  Pairwise comparison of SSU rDNA sequences of 14 Amphileptus species and Pseudoamphileptus macrostoma. Numbers of different 
nucleotide positions are below the diagonal, while sequence similarities are above the diagonal
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habitat, both species also share a peculiar fossa (groove) 
that is ciliated and situated in the posterior portion of the 
left body side. The fossa is used as a sucker, i.e., it serves for 
attaching to the stalk of sessile peritrichs, the preferred prey 
organisms of these species. Indeed, A. carchesii was first dis-
covered on a colony of the sessilid peritrich ciliate Carche-
sium polypinum (Stein 1867). Subsequently, several popu-
lations were reported and studied using live observations 
(Canella 1960; Edmondson 1906; Gelei 1936; Kahl 1931, 
1935; López-Ochoterena 1965; Schneider 1988). Foissner 
et al. (1995) reviewed previous studies, provided detailed 
diagnostic characters, and supplied also original in vivo and 
scanning electron microscope (SEM) photomicrographs, and 
hence their study might be considered as the authoritative 
redescription (Fig. 11A–D). Amphileptus paracarchesii sp. 
nov. can be clearly distinguished from A. carchesii by the 
morphology of the anterior body end and the absence/pres-
ence of a slime thread. The anterior body end is curved and 

twisted clockwise when viewed from the anterior aspect in 
A. paracarchesii sp. nov., while narrowly rounded and not 
twisted in A. carchesii. This distinguishing feature could 
be recognized in illustrations made by Edmondson (1906), 
Kahl (1931, 1935), and Canella (1960) as well as in the light 
and SEM micrographs provided by Foissner et al. (1995). 
Interestingly, some sort of twisting can be detected in Gelei’s 
(1936) drawings. Nevertheless, due to the lack of detailed 
morphological data and molecular information, the identity 
of Gelei’s specimens remains questionable. The other dis-
tinctive feature that separates these two species is the pres-
ence or absence of a slime thread. Amphileptus carchesii 
has a conspicuous slime thread that emerges from the pos-
terior end of the lateral fossa. This thread is used as a lasso 
for attaching to the stalk of its peritrich prey. This peculiar 
structure and behavior were well documented by Edmondson 
(1906), Canella (1960), and Foissner et al. (1995). However, 

Fig. 10  Phylogenetic tree based on SSU rDNA sequences, showing 
the systematic positions of A. paracarchesii sp. nov., A. pilosus sp. 
nov., and A. orientalis sp. nov. Bootstrap values for maximum like-

lihood (ML) and posterior probabilities for Bayesian inference (BI) 
were mapped onto the best-scoring ML tree. The scale bar denotes 
one substitution per one hundred nucleotide positions
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we have never observed this structure in A. paracarchesii sp. 
nov., hence we consider it a key species-specific character.

Amphileptus parapleurosigma and A. weishanensis 
can be separated from A. paracarchesii sp. nov. by the 
location of its contractile vacuoles (at ventral and dorsal 
margins vs. at dorsal margin only) and the number of right 
somatic kineties (19–24 in A. parapleurosigma and 56–61 
in A. weishanenesis vs. 44–50 in A. paracarchesii sp. nov.) 
(Zhang et al. 2022a). Furthermore, A. parapleurosigma 
has two macronuclear nodules (vs. invariably four nodules 

in A. paracarchesii sp. nov.) and A. weishanensis possesses 
filiform extrusomes attached to the oral slit along its 
whole length (vs. narrowly ovate to clavate extrusomes 
attached only to the anterior portion of the oral slit in A. 
paracarchesii sp. nov.).

Amphileptus quadrinucleatus has four macronuclear 
nodules like A. paracarchesii sp. nov. (Dragesco and Njiné 
1971). However, it can be distinguished from the latter 
by the location of its contractile vacuoles (at ventral and 
dorsal margins vs. dorsal margin only), by having fewer 

Fig. 11  Species similar to Amphileptus paracarchesii sp. nov., A. 
pilosus sp. nov., and A. orientalis sp. nov. A Amphileptus carchesii, 
redrawn from Edmonson (1906). B Amphileptus carchesii, redrawn 
from Kahl (1935). C Amphileptus carchesii, redrawn from López-
Ochoterena (1965). D Amphileptus carchesii, redrawn from Canella 
(1960). E Amphileptus parapleurosigma, redrawn from Zhang et  al. 
(2022a). F Amphileptus quadrinucleatus, redrawn from Dragesco 
and Njiné (1971). G Amphileptus weishanensis, redrawn from Zhang 
et al. (2022a). H Amphileptus shenzhenensis, redrawn from Wu et al. 
(2021a). I Amphileptus litonotiformis, redrawn from Song (1991). J 
Amphileptus aeschtae, redrawn from Lin et al. (2007). K Apoamph-
ileptus claparedii, redrawn from Foissner et al. (1995). L Amphilep-
tus multinucleatus, redrawn from Wu et al. (2021a). M Amphileptus 
cocous, redrawn from Wu et al. (2021a). N Apoamphileptus robertsi, 

redrawn from Lin and Song (2004). O Amphileptus branchiarum, 
redrawn from Wenrich (1924). P Amphileptus ensiformis, redrawn 
from Song and Wilbert (1989). Q Amphileptus affinis, redrawn from 
Song and Wilbert (1989). R Amphileptus eigneri, redrawn from Lin 
et  al. (2007). S Amphileptus gui, redrawn from Lin et  al. (2005). T 
Amphileptus marinus, redrawn from Pan et  al. (2014). U Amphile-
ptus songi, redrawn from Song et  al. (2004). V Amphileptus spicu-
latus, redrawn from Wu et  al. (2015). W Hemiophrys rotundus, 
redrawn from Kahl (1931). X Hemiophrys pectinata, redrawn from 
Kahl (1931). Y Hemiophrys muscicola, redrawn from Kahl (1931). Z 
Hemiophrys bivacuolata, redrawn from Kahl (1931). Z1 Hemiophrys 
meleagris, redrawn from Kahl (1931). Z2 Amphileptus wilberti, 
redrawn from Pan et al. (2014). Scale bars = 80 μm
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right somatic kineties (30–34 vs. 44–50), and by its habitat 
(marine vs. freshwater) (Dragesco and Njiné 1971).

Comparision of Amphileptus pilosus sp. nov. 
with similar species

Compared to its congeners, A. pilosus sp. nov. is unique 
in having the following combination of features: (1) an 
anterior and a posterior suture on the right side of the 
body; (2) an anterior suture on the left side of the body; 
(3) a semi-suture made by several posteriorly shortened 
kineties along the ventral margin of the right side of the 
body; and (4) perioral kinety 1 terminating above the mid-
portion of the cell. Nevertheless, in terms of the body 
shape and the numerous scattered contractile vacuoles, 
eight species resemble the new species, namely, A. asech-
tae Lin et al., 2007 (Fig. 11J), A. branchiarum Wenrich,  
1924 (Fig. 11O), A. cocous Wu et al., 2021 (Fig. 11M), 
A. litonotiformis Song, 1991 (Fig. 11I), A. multinucleatus 
Wang, 1934 (Fig. 11L), A. shenzhenensis Wu et al., 2021,  
(Fig. 11H), Apoamphileptus claparedii (Stein, 1867) Lin 
and Song, 2004 (Fig. 11K) and Apoamphileptus robertsi 
Lin et al., 2004 (Fig. 11N). Besides the unique ciliary pat-
tern, A. pilosus sp. nov. can be distinguished from each of 
these by possessing more left somatic kineties (22–31) 
and clavate extrusomes. For further differences, see Sup-
plementary Table S2.

Comparision of Amphileptus orientalis sp. 
nov. with its similar congeners

As concerns its nuclear apparatus and the location of its 
contractile vacuoles, A. orientalis sp. nov. resembles ten 
congeners and four Hemiophrys species (Supplementary 
Table S3), namely, A. affinis Song and Wilbert, 1989 
(Fig. 11Q), A. bellus Wu et al., 2015, A. eigneri Lin et al., 
2007 (Fig. 11R), A. ensiformis Song and Wilbert, 1989 
(Fig. 11P), A. gui Lin et al., 2005 (Fig. 11S), A. mari-
nus (Kahl 1931) Pan et al., 2014 (Fig. 11T), A. rotun-
dus (Kahl, 1926) Foissner, 1988 (Fig. 11W), A. songi 
(Song, 2004) Pan et al., 2014 (Fig. 11U), A. spiculatus 
Wu et al., 2015 (Fig. 11V), A. wilberti Pan et al., 2014 
(Fig. 11Z2), H. pectinata Kahl, 1926 (Fig. 11X), H. mus-
cicola Kahl, 1931 (Fig. 11Y), H. bivacuolata Kahl, 1931 
(Fig. 11Z), and H. meleagris (Ehrenberg, 1835) Kahl, 1931 
(Fig. 11Z1). Although Foissner (1984) considered Hemi-
ophrys Wrześniowski, 1866 (type species H. diaphanes 
Wrześniowski, 1866 by monotypy) to be a synonym of 

Amphileptus (type species A. cygnus Ehrenberg, 1830 
by subsequent designation by Fromentel, 1875), the four 
aforementioned Hemiophrys species have not been for-
mally transferred to Amphileptus. Because Kahl (1931) 
recognized both genera as valid, their type species are very 
insufficiently known and have no associated molecular 
information, we prefer to tentatively keep them in Hemi-
ophrys and do not suggest any new combinations.

The new species is most similar to A. bellus, A. marinus, 
and A. wilberti. However, A. orientalis sp. nov. differs from 
A. bellus by having only one type of acicular extrusomes, 
(vs. two types, type I rod-shaped, type II spindle-like) and 
fewer left somatic kineties (4–5 vs. 6–7). Amphileptus ori-
entalis sp. nov. can be distinguished from A. marinus and 
A. wilberti by having more right somatic kineties (31–35 
vs. 13–21 in A. marinus and 15–19 in A. wilberti) and fewer 
left somatic kineties (4–5 vs. 5–8 in A. marinus and 7–8 in 
A. wilberti). Furthermore, the new species can be separated 
from A. marinus by having acicular (vs. fusiform) extru-
somes (Pan et al. 2014; Song et al. 2004).

Amphileptus orientalis sp. nov. can be distinguished from 
A. ensiformis, A. affinis, A. eigneri, A. gui, and A. songi by 
the oral extrusome pattern. In A. orientalis sp. nov., the oral 
extrusomes are attached to the anterior 20–25% of the oral 
slit, whereas in A. songi they are distributed along the whole 
ventral margin and the posterior portion of the dorsal mar-
gin, and in the remaining species they form an apical group 
(Lin et al. 2005, 2007; Song and Wilbert 1989; Song et al. 
2004). Amphileptus orientalis sp. nov. differs from A. spicu-
latus by having a longer body (160–430 μm vs. 85–150 μm), 
more right somatic kineties (31–35 vs. 11–14), fewer left 
somatic kineties (4–5 vs. 6–8), and acicular (vs. pyriform) 
extrusomes (Wu et al. 2015).

Kahl (1931) described five Hemiophrys species that 
resemble A. orientalis sp. nov. in terms of their morphol-
ogy in vivo, namely, H. rotunda, H. pectinata, H. muscicola, 
H. bivacuolata, and H. meleagris. Hemiophrys rotunda was 
transferred to Amphileptus by Foissner (1988), while the 
remaining four species remain members of the genus Hemi-
ophrys. Amphileptus orientalis sp. nov. is distinguished from 
all of these species except H. meleagris by its longer body 
(160–430 μm vs. 160–200 μm in A. rotundus, 200 μm in 
H. pectinata, 130 μm in H. muscicola, and 100–130 μm in 
H. bivacuolata) and in having more right somatic kineties 
(31–35 vs. 15–16 in A. rotundus, 10 in H. pectinata, 8 in 
H. bivacuolata). Hemiophrys meleagris differs from A. ori-
entalis sp. nov. by having more contractile vacuoles (6 vs. 
3), filiform (vs. acicular) extrusomes, and by the shape of 
the posterior end of the body (acutely tapered vs. rounded) 
(Kahl 1931).



466 Marine Life Science & Technology (2022) 4:452–470

1 3

Morphological and molecular evolution

The order Pleurostomatida is consistently recovered as a 
monophyletic group in morphological cladistic analyses and 
SSU rDNA phylogenies (Chi et al. 2021; Gao et al. 2008; 
Pan et al. 2020; Rajter and Vd’ačný 2017; Vd’ačný et al. 
2011a, b, 2014, 2015; Wu et al. 2017, 2022; Zhang et al. 
2012, 2022b; present study). Based on morphological and 
molecular data, pleurostomatids are currently divided into 
five families: Amphileptidae, Epiphyllidae, Litonotidae, Par-
alitonotidae, and Protolitonotidae. In the SSU rDNA tree, 
each family is monophyletic apart from Protolitonotidae, 
which is paraphyletic as Protolitonotus clampi clusters with 
Epiphyllidae rather than Protolitonotidae (Fig. 10).

As concerns the family Amphileptidae, the name-bear-
ing genus Amphileptus is paraphyletic due to Pseudoam-
phileptus macrostoma (AY102173) nesting within it. The 
Amphileptidae consists of four subclades. The first subclade 
includes Amphileptus sp. (FJ870086), Pseudoamphileptus 
macrostoma and possibly A. dragescoi although the statis-
tical support for the position of latter is low. The second 
subclade comprises A. paracarchesii sp. nov., A. weishan-
ensis, A. parapleurosigma, and A. procerus. Interestingly, 
all members of the second subclade share an apical group 
of extrusomes. The third subclade comprises six species (A. 
multinucleatus, A. shenzhenensis, A. cocous, A. spiculatus, 
A. aeschtae, and A. litonotiformis) whose close kinship is 
morphologically supported by the possession of a row of 
contractile vacuoles along the ventral margin, an unusual 
feature in pleurostomatids. In the fourth subclade, which is 
made by A. pilosus sp. nov., A. orientalis sp. nov., and A. 
bellus, the former species has a comparatively long branch. 
Interestingly, A. pilosus sp. nov. has a peculiar ciliary pat-
tern, i.e., the presence of the anterior and posterior sutures 
on the right side, an anterior suture on the left side, and a 
postoral semi-suture on the right side. Nonetheless, SSU 
rDNA phylogenies suggest that this deviating and complex 
ciliary pattern might be a species-level rather than a genus-
level character (Fig. 10). This hypothesis is also corrobo-
rated by the rather high variability in the presence/absence 
of the right posterior suture within the genus Amphileptus 
(Table 2). Since there are some further peculiarities in the 
somatic ciliary pattern, the branch leading to A. pilosus sp. 
nov. is comparatively long and the statistical support for its 
position is variable, we cannot exclude the possibility that it 
represents a separate genus. However, we retain A. pilosus 
sp. nov. within the genus Amphileptus pending the availabil-
ity of greater taxon sampling and sequences of more gene 
markers.

Hitherto, 30 Amphileptus species have been studied using 
protargol impregnation and, therefore, their ciliary pattern 

is known. These species consistently exhibit a right anterior 
suture, which was traditionally considered a generic char-
acter (Foissner and Leipe 1995; Vd’ačný et al. 2015). Only 
12 species (including A. pilosus sp. nov.) have, in addition, 
a right posterior suture (Table 2). Interestingly, members of 
the family Epiphyllidae also possess both an anterior and a 
posterior suture on the right side of the body. Given their 
molecular phylogenies, the possession of two sutures on the 
right side is very likely a homoplastic character that evolved 
convergently in amphileptids and ephiphyllids. Another 
homoplastic feature of amphileptids might be the number 
of perioral kineties. According to Foissner and Leipe (1995), 
the family Amphileptidae was defined, inter alia, by having 
two perioral kineties. However, three Amphileptus species 
(A. meiianus, A. parafusidens and A. yuianus) have three 
perioral kineties, similar to members of the family Litonoti-
dae (Lin et al. 2005; Song and Wilbert 1989). Due to the lack 
of molecular data, the generic affiliation of these three spe-
cies could not be tested and remains questionable. It is note-
worthy that A. pilosus sp. nov. also differs from its congeners 
by its oral ciliary pattern, i.e., its perioral kinety 1 terminates 
above the mid-portion of the cell and is entirely built from 
dikinetids, whereas it continues to the posterior end of the 
body as monokinetds in all other congeners (Table 2). Nev-
ertheless, the molecular data support the classification of A. 
pilosus sp. nov. within the family Amphileptidae (Fig. 10).

It is well known that the SSU rDNA sequence does not 
necessarily carry a species-specific signal, i.e., distinct spe-
cies could share an identical SSU rDNA sequence (e.g., 
Doerder 2019; Lynn and Strüder-Kypke 2006; Rataj and 
Vd’ačný 2021). This is the case both for A. paracarchesii sp. 
nov. and A. parapleurosigma, and for A. orientalis sp. nov. 
and A. bellus. However, A. paracarchesii sp. nov. distinctly 
differs from A. parapleurosigma by the nuclear apparatus (4 
vs. 2 macronuclear nodules), the contractile vacuole pattern 
(dorsal row vs. dorsal and ventral rows of vacuoles), and 
the number of the right somatic kineties (44–50 vs. 19–24) 
(Zhang et al. 2022a). Amphileptus orientalis sp. nov. can be 
clearly distinguished from A. bellus by its extrusome pattern 
(extrusomes attached to the anterior 20%–25% of the oral 
slit vs. along the entire oral slit and tail), the number of left 
somatic kineties (4–5 vs. 6–7), and the habitat (freshwa-
ter vs. brackish). These findings support the ascertain that 
100% identity of SSU rDNA sequences does not necessarily 
correlate with morphospecies conspecificity. Consequently, 
SSU rDNA does not appear to be an appropriate barcode 
for members of the genus Amphileptus and species identi-
ties need to be confirmed by morphological analyses and/or 
by faster evolving molecular markers such as ITS2 and COI 
gene sequences.
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Materials and methods

Sample collection

Amphileptus paracarchesii sp. nov. was collected from 
a touring boat port (Fig.  1B) of Lake Weishan, China 
(N34°34′40.80″, E117°23′52.80″) on 7th December 2020. 
The water temperature was 10 °C, the pH was 8.28, and the 
DO was 11.75 mg/L.

Amphileptus pilosus sp. nov. was sampled from a fish-
pond (Fig. 1C) located in the vicinity of Lake Weishan, 
China (N34°45′58.44″, E117°09′25.60″) on 11th November 
2020. The water temperature was 15 °C.

Amphileptus orientalis sp. nov. was isolated from a wet-
land close to the mouth of the Xuehe River (Fig. 1D) in Lake 
Weishan Wetland, China (N34°46′1.11″, E117°09′14.11″) 
on 23rd October 2020. The wetland was densely populated 
with aquatic plants and the water temperature was 18 °C.

Table 2  Comparison of Amphileptus species with respect to their somatic and oral ciliary patterns and habitat

BW brackish water, FW freshwater, LAS left anterior suture, MW marine water, PK perioral kinety, RAS right anterior suture, RPS right posterior 
suture, RVS right ventral semi-suture
a Data from illustrations
+, present; −, absent
Type 1: PK1 begins with dikinetids and continues posteriorly with monokinetids
Type 2: PK1 terminates above the mid-portion of cell with dikinetids
References: [1] Lin et al. (2007); [2] Song and Wilbert (1989); [3] Wu et al. (2015); [4] Wu et al. (2021a); [5] Lin et al. (2005); [6] Song (1991); 
[7] Pan et al. (2014); [8] Zhang et al. (2022a); [9] Foissner et al. (1995); [10] Song et al. (2004)

Species RAS RPS LAS RVS Number 
of PK

Type of PK1 Habitat Reference

A. paracarchesii sp. nov  + – – – 2 Type 1 FW Present work
A. orientalis sp. nov  + – – – 2 Type 1 FW Present work
A. pilosus sp. nov  +  +  +  + 2 Type 2 FW Present work
A. aeschtae Lin et al., 2007  + – – – 2 Type 1 MW [1]
A. affinis Song and Wilbert,  1989a  +  + a – – 2 Type 1 FW [2]
A. agilis (Penard, 1922) Song and Wilbert,  1989a  + – – – 2 Type 1 FW [2]
A. bellus Wu et al., 2015  + – – – 2 Type 1 BW [3]
A. cocous Wu et al., 2021  +  + a – – 2 Type 1 BW [4]
A. eigneri Lin et al., 2007  + – – – 2 Type 1 MW [1]
A. ensiformis Song and Wilbert,  1989a  +  + – – 2 Type 1 FW [2]
A. falcatus Song and Wilbert,  1989a  +  + – – 2 Type 1 FW [2]
A. fusidens (Kahl 1926) Song and Wilbert  1989a  +  + – – 2 Type 1 FW [2]
A. fusiformisa  +  + – – 2 Type 1 FW [2]
A. gui Lin et al., 2005  + – – – 2 Type 1 MW [5]
A. litonotiformis Song,  1991a  +  + – – 2 Type 1 MW [6]
A. marinus (Kahl, 1931) Pan et al., 2014  + – – – 2 Type 1 MW [7]
A. meiianus Song and Wilbert,  1989a  + – – – 3 Type 1 FW [2]
A. mutinucleatus Wang, 1934  + – – – 2 Type 1 BW [4]
A. parafusidens Song and Wilbert,  1989a  +  + – – 3 Type 1 FW [2]
A. parapleurosigma Zhang et al., 2022  + – – – 2 Type 1 FW [8]
A. pleurosigma (Stokes, 1884) Foissner,  1984a  +  + – – 2 Type 1 FW [2]
A. proceroformis Song and Wilbert,  1989a  +  + – – 2 Type 1 FW [2]
A. procerus (Penard, 1922) Song and Wilbert,  1989a  +  + – – 2 Type 1 FW [2]
A. puncatatus (Kahl, 1926) Foissner, 1984  + – – – 2 Type 1 FW [9]
A. shenzhenensis Wu et al., 2021  + – – – 2 Type 1 FW [4]
A. songi Pan et al., 2014  + – – – 2 Type 1 MW [10]
A. spiculatus Wu et al., 2015  + – – – 2 Type 1 BW [3]
A. yuianus Lin et al., 2005  + – – – 3 Type 1 FW [5]
A. weishanensis Zhang et al., 2022  + – – – 2 Type 1 FW [8]
A. wilberti Pan et al., 2014  + – – – 2 Type 1 MW [7]
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Amphileptus paracarchesii sp. nov. and A. pilosus sp. nov. 
were collected using microscope slides that served as artificial 
substrates for the growth of biofilms when left immersed in 
the water for a sufficient period of time (Wu et al. 2021b). 
Samples were cultured in Petri dishes with habitat water 
at room temperature (about 20 °C). Some rice grains were 
added to stimulate the growth of bacteria that served as a food 
source for ciliates. Amphileptus paracarchesii sp. nov. was 
investigated immediately after collection as it was sufficiently 
abundant on setting up the culture. In contrast, A. pilosus sp. 
nov. only became sufficiently abundant after three days of 
cultivation in the laboratory. Amphileptus orientalis sp. nov. 
was sampled directly from the wetland using pipettes. After 
transportation to the laboratory, it was also cultivated in Petri 
dishes supplied with some rice grains.

Observation and identification

Live cells were observed using bright field and differential 
interference contrast microscopy (BX53, Olympus, Japan) 
at 100–1000 × magnification following the recommendations 
of Foissner (2014). The protargol impregnation of Wilbert 
(1975) was used to reveal the ciliary pattern and nuclear 
apparatus. The protargol reagent was synthesized accord-
ing to the in-house protocol of Pan et al. (2013). Drawings 
of stained specimens were made with the help of a camera 
lucida and photomicrographs. Counts and measurements 
were conducted at a magnification of 1000 × . Terminology 
and systematics are mainly according to Foissner and Leipe 
(1995), Foissner and Xu (2007), and Wu et al. (2017).

DNA extraction, PCR amplification, and DNA 
sequencing

For each species, a single cell was isolated from raw cul-
tures and washed five times with filtered habitat water to 
avoid contamination. Genomic DNA was extracted using 
the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Ger-
many) according to the manufacturer’s instructions. PCR 
amplification of the nuclear SSU rDNA was performed 
with the Q5 Hot Start High-Fidelity 2 × Master Mix DNA 
polymerase and the universal eukaryotic primers 82F (5’-
GAA ACT GCG AAT GGC TC-3’) and 5.8S-R (5’-TAC 
TGA TAT GCT TAA GTT CAG CGG-3’) (Gao et al. 2012; 
Jerome et al. 1996) for A. pilosus sp. nov. and 18S-F (5’-
AAC CTG GTT GAT CCT GCC AGT-3’) and 18S-R (5’-
TGA TCC TTC TGC AGG TTC ACC TAC-3’) (Medlin 
et al. 1988) for A. paracarchesii sp. nov. and A. orienta-
lis sp. nov. Cycling parameters followed the protocol of 
Chi et al. (2020). PCR products were sequenced in both 
directions using the Sanger method in Tsingke Biotechnol-
ogy Co. Ltd., Qingdao, China, using the PCR primers and 
three internal primers: pro + B (5’-GGT TAA AAA GCT 

CGT AGT-3’), 900F (5’-CGA TCA GAT ACC GTC CTA 
GT-3’), and 900R (5’-ACT AGG ACG GTA TCT GAT 
CG-3’) (Wang et al. 2017). Sequencing fragments were 
assembled into contigs using SeqMan ver. 7.1 (DNAStar) 
and the final partial SSU rDNA sequences were edited in 
BioEdit ver 5.0.6 (Hall 1999).

Phylogenetic analyses

In addition to the three newly obtained Amphileptus 
sequences, SSU rDNA sequences of 57 pleurostomatids 
and 11 other free-living litostomateans (outgroup) were 
downloaded from the GenBank database (for accession num-
bers, see Fig. 8) for phylogenetic analyses. Sequences were 
aligned by the Muscle algorithm on the webserver Guidence 
(http:// guida nce. tau. ac. il/ ver2/) with default settings (Sela 
et al. 2015). Sequences were trimmed to common length 
in BioEdit. The final alignment comprised 1652 characters, 
including 464 variable and 361 parsimony-informative sites. 
Phylogenetic trees were constructed using maximum likeli-
hood (ML) and Bayesian inference (BI) analyses. ML analy-
ses were carried out with RAxML-HPC2 (Stamatakis 2014) 
on XSEDE ver. 8.2.12 on the CIPRES Science Gateway 
(Miller et al. 2010) under the GTRGAMMA model and with 
1000 rapid bootstrap pseudoreplicates. Bayesian inference 
analyses were conducted using MrBayes ver. 3.2.7 (Ron-
quist et al. 2012) on the CIPRES Science Gateway under the 
GTR + I + G model, which was selected as the best-fit model 
by MrModeltest ver. 2.2 via the Akaike Information Crite-
rion (Nylander 2004). Bayesian analyses were run for ten 
million generations with a sampling frequency of 100. The 
first 10,000 trees were discarded as burn-in. MEGA ver. 10.2 
was used to display the tree topologies (Kumar et al. 2018).
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