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Abstract

Two oxytrichid ciliates, Stylonychia (Metastylonychia) nodulinucleata Shi and Li, 1993 and Gastrostyla steinii Engelmann,
1862; collected from Huguangyan Maar Lake and Shenzhen Mangrove Nature Protection Area, southern China, respectively,
were investigated using standard methods. The uncommon species Stylonychia (Metastylonychia) nodulinucleata can be recog-
nized by its large body size, the conspicuous caudal cirri in vivo, and a moniliform macronucleus. We provide the first record of
the small subunit ribosomal RNA (SSU rRNA) gene sequence for the species. The division of Stylonychia into two subgenera
based on morphological and morphogenetic data is supported by the phylogenetic analyses, in which Stylonychia (Metastylony-
chia) nodulinucleata is placed as a sister branch to the clade including all the sequences of Stylonychia (Stylonychia) mytilus
complex. The first brackish water population of Gastrostyla steinii is described in detail, with emphasis on its morphogenesis,
which corresponds well with previous populations. In the phylogenetic trees, all the available Gastrostyla sequences, except for
Gastrostyla sp. Y2 (KT780432) (probably a misidentification), nest together in the big group of the subfamily Stylonychinae
with moderate to high support (ML/BI, 91%/0.95), very likely revealing the monophyly of the genus Gastrostyla.

© 2017 Elsevier GmbH. All rights reserved.
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Introduction

The Oxytrichidae Ehrenberg, 1830 is one of the largest
groups within the Spirotrichea Biitschli, 1889. Comprising
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et al. 2015; Song et al. 2009). Recently, this group has been
proven to be much more diverse than originally supposed,
largely as a result of faunistic investigations of new habitats
(e.g. Chen et al. 2015; Fan et al. 2015; Foissner 2016; Hu
and Kusuoka 2015; Jung et al. 2015; Kumar et al. 2015; Lu
etal. 2015; Shao et al. 2011, 2014a, 2014b; Singh and Kamra
2015; Singh et al. 2013; Wang et al. 2016). The oxytrichid
genus Stylonychia was established by Ehrenberg (1830) with
S. mytilus designated as the type species by Fromentel (1875).
So far, 12 valid species have been assigned to it, of which only
Stylonychia nodulinucleata Shi and Li, 1993 has a monili-
form macronucleus (Berger 1999, 2001; Eigner 1997, 1999;
Foissner 2016; Gupta et al. 2001; Kumar and Foissner 2017;
Shi and Ammermann 2004). Another oxytrichid genus, Gas-
trostyla, with more than 18 frontal-ventral-transverse cirri,
was established by Engelmann (1862) with G. steinii, from
the so-called Diebesgraben in Bonn, Germany, as the type.
Subsequently, G. steinii was isolated and redescribed from
various freshwater and/or terrestrial habitats worldwide, pos-
sibly excepting the polar region, and there is no brackish
water record available substantiated by detailed morpholog-
ical data (Berger 1999; Foissner et al. 2002). Here, we give
a first record for Gastrostyla steinii from a Chinese brackish
water body with the original salinity of 15%o, and supply a
detailed description of its morphogenesis.

In this work, we also describe the morphology and SSU
rRNA gene sequence of Stylonychia nodulinucleata. Phylo-
genetic analyses based on SSU rRNA gene sequences were
also made to reveal the systematic position of the two species.

Material and Methods
Sample collection, observation and terminology

Samples containing Stylonychia nodulinucleata were col-
lected from a freshwater lake, Huguangyan Maar Lake
(temperature 20.0 °C; pH 8.3), in Zhanjiang (21°09'21”N;
110°17'28”E), southern China on November 5, 2013. Inves-
tigations for S. nodulinucleata were made from specimens of
raw cultures, thatis, not from cloned individuals. However, its
body shape, distinct caudal cirri, and a moniliform macronu-
cleus reasonably exclude admixture of related species.

Samples containing Gastrostyla steinii were collected
from a mixture of water and sediments with organic debris
found in a small puddle (temperature 21.3°C; pH 7.4) in
Shenzhen Mangrove Nature Protection Area (22°31'53"'N;
114°00'36"'E), southern China on November 22, 2015. Gas-
trostyla steinii was recovered from the samples at a salinity
of 5%o, with an original salinity of 15%o (Gastrostyla steinii
appeared during the cultivation experiments of tolerance of
salinity for Euplotes parawoodruffi). Studies for Gastrostyla
steinii were from clonal cultures, which were maintained in
Petri dishes at about 25 °C for several weeks, using mineral
water (freshwater) with rice grains to enrich the growth of
bacterial food for the ciliates.

Living cells were observed and measured using bright
field and differential interference contrast microscopy at
40-1000x magnification. Protargol staining according to
Wilbert (1975) was used to reveal the infraciliature and
nuclear apparatus. This method led to inflation of the stained
cells. Counts and measurements on stained specimens were
performed at a magnification of 1000x with an ocular
micrometer. Drawings were made with the help of a draw-
ing attachment and photomicrographs. In dividers, parental
cirri are shown as outlines and newly formed ones are shown
as filled outlines. Terminology is according to Berger (1999)
and Foissner et al. (2002).

Amplification of DNA and molecular
phylogenetic analyses

One to several cells were washed four times in filtered
(0.22 wm) habitat water using a micropipette, and then trans-
ferred to a 1.5 mL microfuge tube with a minimum volume
of water. Genomic DNA was extracted using the DNeasy
Blood & Tissue Kit (Qiagen, CA) according to the manufac-
turer’s instructions. Amplification and sequencing of the SSU
rRNA gene were performed according to Zhao et al. (2015).
The SSU rRNA gene was amplified by PCR with primers
18S-F (5'-AACCTGGTTGATCCTGCCAGT-3') and 18S-R
(5-TGATCCTTCTGCAGGTTCACCTAC-3") (Medlin et al.
1988). The PCR product was sequenced directly in both
directions using primers 18S-F, 18S-R and three internal
primers (Wang et al. 2016) at Sunny Biotechnology (Shang-
hai, China).

We selected a set of 82 SSU rRNA gene sequences
downloaded from the National Center for Biotechnology
Information (NCBI) Database to construct phylogenetic
trees. Four oligotrichous ciliates were selected as out-
group taxa, and NCBI accession numbers are given after
the species names in the phylogenetic tree (Fig. 7).
Ten urostylids selected are as follows: Apobakuella
fusca (JNO08942), Bergeriella ovata (FJ754026), Diax-
onella pseudorubra (GU942564), Hemicycliostyla sphagni
(FJ361758), Monocoronella carnea (FJ775726), Notho-
holosticha fasciola (FJ377548), Pseudokeronopsis flava
(DQ227798), Pseudourostyla cristata (F1598608), Urolep-
topsis citrina (FJ870094), and Urostyla grandis (AF164129).
All sequences were aligned in GUIDANCE and ambigu-
ous columns in the alignment were removed with default
parameters (below 0.93) using the GUIDANCE web server
with the MUSCLE alignment algorithm (Edgar 2004;
Sela et al. 2015). The resulting alignment was manu-
ally edited by removing both primers using the program
BIOEDIT 7.2.5 (Hall 1999). The final alignment used for
phylogenetic analyses included 1759 sites and 82 taxa.
Maximum likelihood (ML) analysis, with 1000 bootstrap
replicates, was carried out using RAXML-HPC2 on XSEDE
v. 8.2.9 (Stamatakis et al. 2008) on the CIPRES Science
Gateway (URL: http://www.phylo.org/sub_sections/portal)
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(Miller et al. 2010). The DNA partition was analyzed with
GTR + gamma (Gao et al. 2016). The program MrModeltest
v.2.0 (Nylander 2004) selected the GTR + 1+ G (general time
reversible + invariable sites + gamma) as the best model with
Akaike Information Criterion (AIC), which was then used for
Bayesian inference (BI) analysis. BI analysis was performed
with MrBayes 3.2.6 on XSEDE (Ronquist et al. 2012), with
1,000,000 generations, a sampling frequency of 100, and
a burn-in of 2500 trees. The remaining trees were used to
calculate the posterior probabilities with a majority-rule con-
sensus. According to Hillis and Bull (1993), bootstrap values
<70% were considered as low, 70-94% as moderate, and
>95% as high support. For posterior probabilities, values
<0.70 were considered as low, 0.70-0.94 as moderate, and
>0.95 as high support (Alfaro et al. 2003). Tree topologies
were visualized using SeaView v 4.6.1 (Gouy et al. 2010)
and MEGA 6.0 (Tamura et al. 2013). The systematic clas-
sification follows Berger (1999), Eigner (1997, 1999), Lynn
(2008) and Adl et al. (2012).

Results

Stylonychia nodulinucleata Shi and Li, 1993
(Fig. 1A-C, Fig. 2A—-P, Table 1)

Morphology of the Chinese population

Cell size in vivo 180-240 x 80-110 pm (n=6). Body
rigid, outline obovate, with anterior end broadly rounded or
obliquely truncate, posterior end rounded and narrower than
anterior end, widest at middle of buccal field. Right margin
slightly to distinctly convex, left margin usually concave at
mid-body (Figs. | A, 2 A-C). Dorsoventrally flattened about
2:1, anterior and posterior quarter of cell thin and hyaline,
dorsal side frequently convex, ventral side almost flattened
(Fig. 2D). Macronucleus moniliform, composed of four to
eleven, usually eight, macronuclear nodules connected by
fine strand, arranged like a question mark, individual nod-
ules globular to ellipsoid, or even sausage-like (Figs. 1B,C, 2
F,G,J-P). One to six globular to ellipsoidal micronuclei, near,
or adjacent to, macronuclear nodules, approximately 4-5 pum
across in vivo. One contractile vacuole about 20-25 pum in
diameter in diastole, near left margin of body about at level
of cytostome (Fig. 2B). Cortical granules not present. Cyto-
plasm colourless, packed with numerous irregularly shaped
granules (2-5 wm in size) and several food vacuoles (approx.
5-20 pmin diameter) usually present in middle region of cell,
containing small flagellates and diatoms, rendering cells dark
and opaque (Fig. 2A—C,F). Locomotion by moderately fast
crawling on substrate or swimming around long body axis,
sometimes staying immobile on substrate, with only adoral
membranelles swirling .

Three large frontal cirri forming triangular pattern, one
buccal cirrus, all about 35-40 wm long in vivo. Frontoven-
tral and ventral cirri about 30-35 pm long in vivo. Invariably

four frontoventral cirri with small bases; three of them (IV/3,
VI/3, VI/4) almost arranged in a line, cirrus III/2 just at or
slightly behind level of cirrus IV/3. Three postoral ventral
cirri arranged in triangular pattern, with anterior one at or
slightly in front of level of cytostome. Two relatively large
pretransverse ventral cirri, the anterior one at same level as
leftmost transverse cirrus. Above-mentioned cirri all posi-
tioned right of midline. Usually five transverse cirri, separated
in two groups of three and two cirri, long and very broad, with
cilia about 45-50 pm long in vivo, only the two right ones
protruding slightly or distinctly beyond posterior end of cell
(Fig. 2H,I). One left and one right marginal row, distinctly
separated posteriorly, composed of about 22-30 and 27-45
cirri, respectively. Marginal cirri fine and thin compared to
body size, about 20-25 pwm long in vivo.

Consistently six dorsal kineties, dorsal kineties 1-3
strongly curved rightwards anteriorly, almost extending
entire body length, dorsal kinety 4 slightly curved and dis-
tinctly shortened anteriorly, dorsal kineties 5 and 6 curved
leftwards and slightly shortened anteriorly and posteriorly,
terminating a little more anteriorly than dorsal kineties 1-4
(Fig. 1C). Dorsal bristles about 3—4 p.m long in vivo (Fig. 2E).
Three caudal cirri, one each at the end of dorsal kineties 1, 2,
4, widely separated, usually straight, but sometimes flexible,
about 60—65 pm long (Fig. 2A—C); left caudal cirrus located
just behind posterior end of left marginal row, middle one
slightly right of midline, right one subterminal at right cell
margin (Figs. Fig 11B, 2G).

Adoral zone of membranelles occupying 47-58% (on aver-
age 53%) of body length in protargol preparations, composed
of 53-63 membranelles, commencing anteriorly near right
margin of ventral surface (DE-value, distance between dis-
tal end of adoral zone of membranelles and anterior body
end: adoral zone length, percentage, about 43% on aver-
age). Cilia of membranelles about 25-35 wm long in vivo.
Paroral and endoral membranes parallel to each other, sit-
uated on right wall of peristome, optically crossed in some
stained preparations due to flattening, both about half the
length of buccal field. Paroral membrane consisting of two
rows of basal bodies, almost same length as endoral mem-
brane; endoral membrane single-rowed, extending slightly
more anteriorly than paroral (Fig. 1B).

Deposition of specimens

Five voucher slides with protargol-stained specimens were
deposited in the Laboratory of Protozoology, OUC, China,
with registration numbers LXT20131105041/1-5.

Gastrostyla steinii Engelmann, 1862 (Fig. 3A—N,
Fig. 4A-G, Fig. 5A-F, Fig. 6A-H, Table 1)

Morphology of the Chinese population

Cells about 105-170 x 40-70 pm in vivo. Body semi-rigid
and noncontractible. Body elliptical in outline, both ends
rounded, sometimes posterior end slightly broader than ante-
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Table 1. Morphometric characterization of Stylonychia nodulinucleata (upper line) and Gastrostyla steinii (lower line).

Character® Mean M SD CV Min Max n
Body, length 222.2 220.0 25.5 11.5 162.0 261.0 16
176.2 173.0 20.4 11.6 145.0 210.0 16
Body, width 121.6 124.0 14.3 11.8 90.0 148.0 16
98.1 100.5 13.9 14.1 75.0 127.0 16
Body width: length, percentage 54.8 54.5 29 5.2 50.2 60.5 16
55.6 56.0 4.3 7.8 50.0 64.9 16
Body length: width, ratio 1.8 1.8 0.1 52 1.7 2.0 16
1.8 1.8 0.1 7.6 1.5 2.0 16
Adoral zone length 117.0 118.0 12.3 10.5 93.0 143.0 16
65.4 67.0 7.1 10.8 52.0 75.0 15
Adoral zone length: Body length, percentage 52.8 52.6 34 6.4 46.6 58.1 16
37.3 36.2 4.1 11.1 324 44.7 15
Body length: Adoral zone length, ratio 1.9 1.9 0.1 6.4 1.7 2.1 16
2.7 2.8 0.3 10.5 2.2 3.1 15
Distal end of AZM to anterior body end, distance® 50.8 50.5 7.9 155 37.0 62.0 16
DE-value® 433 42.7 4.7 10.8 35.3 52.6 16
Adoral membranelles, number 57.2 57.0 2.8 4.9 53.0 63.0 16
35.1 35.5 2.2 6.3 31.0 38.0 14
Frontal cirri, number 3.0 3.0 0.0 0.0 3.0 3.0 13
3.0 3.0 0.0 0.0 3.0 3.0 16
Buccal cirrus, number 1.0 1.0 0.0 0.0 1.0 1.0 13
1.0 1.0 0.0 0.0 1.0 1.0 16
Frontoventral cirri, number® 4.0 4.0 0.0 0.0 4.0 4.0 12
Parabuccal cirrus, number® 1.0 1.0 0.0 0.0 1.0 1.0 14
Postoral ventral cirri, number 3.0 3.0 0.0 0.0 3.0 3.0 13
1.0 1.0 0.0 0.0 1.0 1.0 13
Pretransverse ventral cirri, number 2.0 2.0 0.0 0.0 2.0 2.0 15
3.7 4.0 0.6 16.8 3.0 5.0 15
Transverse cirri, number 5.0 5.0 0.4 7.3 4.0 6.0 16
4.1 4.0 0.3 6.2 4.0 5.0 16
Cirri in anterior part of FVR, number® 3.5 4.0 0.5 14.7 3.0 4.0 13
Cirrus IV/3, number® 1.0 1.0 0.0 0.0 1.0 1.0 14
Cirri in posterior part of FVR, number® 11.2 11.0 0.6 54 10.0 12.0 11
Total cirri in FVR, number® 15.8 16.0 0.6 3.8 15.0 17.0 11
All cirri, number® ¢ 21.3 21.0 0.8 3.9 20.0 23.0 10
Left marginal cirri, number 25.4 25.0 2.2 8.6 22.0 30.0 13
24.9 25.0 24 9.7 20.0 28.0 16
Right marginal cirri, number 37.6 38.0 4.0 10.5 27.0 45.0 14
28.3 28.0 1.9 6.7 26.0 32.0 16
Caudal cirri, number 3.0 3.0 0.0 0.0 3.0 3.0 14
3.0 3.0 0.0 0.0 3.0 3.0 16
Dorsal kineties, number 6.0 6.0 0.0 0.0 6.0 6.0 6
6.0 6.0 0.0 0.0 6.0 6.0 16
Dikinetids in dorsal kinety 1, number® 28.9 28.0 2.6 9.1 24.0 32.0 15
Dikinetids in dorsal kinety 2, number® 25.8 26.0 22 8.6 22.0 29.0 13
Dikinetids in dorsal kinety 3, number® 19.6 19.0 2.5 12.5 15.0 23.0 10
Dikinetids in dorsal kinety 4, number® 20.1 20.0 22 11.1 17.0 24.0 15
Dikinetids in dorsal kinety 5, number® 11.9 11.5 1.9 15.6 10.0 16.0 14
Dikinetids in dorsal kinety 6, number® 6.2 6.0 0.9 14.8 5.0 8.0 10
Macronuclear nodules, number 7.8 8.0 1.3 17.2 4.0 11.0 25
4.0 4.0 0.0 0.0 4.0 4.0 16
Anteriormost macronuclear nodule, length 20.9 21.0 33 15.6 17.0 29.0 15
29.3 28.0 3.8 13.0 23.0 37.0 16
Anteriormost macronuclear nodule, width 14.0 13.0 2.3 16.2 11.0 18.0 15
23.4 23.0 3.8 16.3 15.0 30.0 16
Posteriormost macronuclear nodule, length 26.9 27.0 8.3 31.1 15.0 45.0 15

23.1 23.0 3.0 12.9 17.0 28.0 16
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Table 1 (Continued)

Character® Mean M SD CvV Min Max n

Posteriormost macronuclear nodule, width 13.3 14.0 2.2 16.5 9.0 16.0 15
20.6 21.5 3.2 15.6 15.0 27.0 16

Micronuclei, number 2.9 3.0 1.4 473 1.0 6.0 19
3.0 3.0 0.9 30.9 2.0 5.0 15

AZM, adoral zone of membranelles; CV, coefficient of variation in %; DE-value, distance between distal end of adoral zone of membranelles and anterior body
end: adoral zone length, percentage; FVR, frontoventral row; M, median; Max, maximum; Mean, arithmetic mean; Min, minimum; #n, sample number; SD,
standard deviation.

2All data are based on protargol-stained specimens. Measurements in pm.

YData for Stylonychia nodulinucleata.

“Data for Gastrostyla steinii.

dAll cirrd, except the frontal, buccal, transverse, marginal and caudal cirri.

rior one, margins parallel or slightly convex (Fig. 3I-K).
Dorsoventrally flattened about 2:1. Four macronuclear nod-
ules arranged in a line, positioned in midline or slightly left of
it (Fig. 3B,N). Two to five micronuclei, about 4-5 wm across,
attached to macronuclear nodules (Fig. 3B). One contractile
vacuole about 15 wm in diameter in diastole, at about mid-
body or slightly in front of it (Fig. 3N). Cytoplasm colourless,
containing numerous 1-5 pm-sized, irregularly shaped crys-

tals and shining granules (Fig. 3N). Cortical granules not
present. Locomotion by slow to moderately fast crawling on
substrate, occasionally swimming.

All cirri on ventral side about 20-25 pm long in life,
except for the large transverse cirri with cilia about 30 pm
long. Caudal cirri about 25 pwm long in vivo. Invariably
three frontal cirri (I/1, 1I/3, 1I1/3), one buccal cirrus (I1/2),
one parabuccal cirrus (III/2), and one postoral ventral cir-

Fig. 1. A—C Morphology and ciliature of Stylonychia nodulinucleata in vivo (A) and after protargol staining (B, C). (A) Ventral view of
a representative individual. (B, C) Ventral (B) and dorsal (C) views of representative specimens, showing ciliature and nuclear apparatus,
arrows mark the caudal cirri, arrowheads indicate the micronuclei. AZM, adoral zone of membranelles; BC, buccal cirrus; CV, contractile
vacuole; EM, endoral membrane; FC, frontal cirri; FVC, frontoventral cirri; LMR, left marginal row; Ma, macronuclear nodules; PM, paroral
membrane; PTVC, pretransverse ventral cirri; PVC, postoral ventral cirri; RMR, right marginal row; TC, transverse cirri; 1-6, dorsal kineties.
Scale bars =100 pm.
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Fig. 2. A-P Morphology and ciliature of Stylonychia nodulinucleata in vivo (A-E, bright field; F-I, differential interference contrast) and
after protargol staining (J-P). (A—C) Ventral views of representative individuals, showing body shape, contractile vacuole (arrowhead), and
the long caudal cirri (arrows). (D) Lateral view of a representative specimen. (E) Dorsal bristles (arrowheads) in vivo. (F) Ventral view of a
heavily squeezed cell, showing food vacuoles, irregularly shaped granules, and macronuclear nodules. (G) Portion of ventral view, showing
moniliform macronucleus (arrows) and micronuclei (arrowheads). (H, I) Ventral views of posterior portion, showing specimens with five (H)
and six (I) large transverse cirri. (J-P) Ventral views, showing ciliature and variations of shape and number of the macronuclear nodules,

arrowheads indicate micronuclei. Scale bars =100 wm.

rus (IV/2) (Fig. 3A,E). Frontoventral row consisting of three
parts: anterior part, three or four cirri originating from frontal-
ventral-transverse cirral anlage (FVTA) VI; middle part, one
cirrus (IV/3); posterior part, ten to twelve cirri coming from
FVTA V. Three to five, mostly four pretransverse ventral
cirri originating from FVTA VI. Usually four, rarely five
large transverse cirri, arranged in an oblique row, all pro-

truding distinctly beyond posterior end of cell (Fig. 3FE,M).
One left and one right marginal row, nearly confluent posteri-
orly, with 20-28 and 26-32 cirri, respectively. Invariably six
dorsal kineties, dorsal kineties 1-3 almost extending entire
body length, dorsal kinety 4 only slightly shortened anteri-
orly, usually two dikinetids between dorsal kineties 3 and 4
(Fig. 3B,G,H, arrowheads); dorsal kineties 5 and 6 strongly
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Fig. 3. A-N Morphology and ciliature of Gastrostyla steinii in vivo (I, J, L, bright field; K, M, N, differential interference contrast) and
after protargol staining (A—H). (A-D) Ventral (A, C) and dorsal (B, D) views of representative specimens, showing ciliature and nuclear
apparatus, arrow in (A) marks parabuccal cirrus, arrows in (B) mark micronuclei, arrowhead in (A) marks cirrus IV/3, arrowheads in (B)
indicate dikinetids between dorsal kinety 3 and 4, hatched lines show cirri originating from the same frontal-ventral-transverse cirral anlage.
(E) Ventral view of anterior portion, showing postoral ventral cirrus (arrow) and cirrus IV/3 (arrowhead). (F) Specimen with five transverse
cirri and four pretransverse cirri (arrowheads) originated from frontal-ventral-transverse cirral anlage VI. (G, H) Dorsal views of posterior
portion, showing dorsal kineties 1-4, arrowheads indicate dikinetids between dorsal kinety 3 and 4, arrows mark caudal cirri. (I-K) Ventral
views of representative individuals. (L) Resting cyst, focusing on the surface. (M) Ventral view, showing transverse cirri protruding beyond
posterior end of cell and ventral cirri aligning in a longitudinal row. (N) Ventral view of a heavily squeezed cell, showing contractile vacuole
and four macronuclear nodules (arrowheads). AZM, adoral zone of membranelles; BC, buccal cirrus; CC, caudal cirri; CV, contractile vacuole;
EM, endoral membrane; FC, frontal cirri; FVR1, anterior part of frontoventral row; FVR2, posterior part of frontoventral row; LMR, left
marginal row; Ma, macronuclear nodules; PM, paroral membrane; PTVC, pretransverse ventral cirri; PVC, postoral ventral cirrus; RMR,
right marginal row; TC, transverse cirri; 1-6, dorsal kineties. Scale bars =80 pwm.
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shortened posteriorly (Fig. 3B,D,G,H). Dorsal bristles about
3—4 pwm long in vivo. Three slightly elongated caudal cirri,
one each at end of dorsal kineties 1, 2, 4, optically positioned
in small gap between ends of marginal rows (Fig. 3B,D,H).

Adoral zone of membranelles occupying about 37% of
body length in protargol preparations, composed of 31-38
membranelles, only four or five membranelles reaching
right margin of cell. Cilia of membranelles approximately
20-25 pmlong in vivo. Undulating membranes in Oxytricha-
pattern, paroral and endoral membrane almost equal in
length, optically intersecting near their anterior ends, with
the former extending anteriorly to latter, paroral, consisting of
two rows of basal bodies, endoral single-rowed (Fig. 3A,C,E).
Resting cysts spherical, about 40-50 pm in diameter in life,
with strongly wrinkled surface (Fig. 3L).

Morphogenesis

Divisional morphogenesis commences with the formation
of the oral primordium in the opisthe, which occurs as group
of closely spaced basal bodies near the left transverse cir-
rus (Fig. 4A). Nearby parental cirri remain intact, so do not
contribute to the oral primordial formation. Subsequently,
with the proliferation of basal bodies, the oral primordium
lengthens (Figs. 4B, 6A). Very soon, the oral primordium
differentiates into new membranelles beginning at the right
anterior portion and progressing posteriorly (Figs. 4C, 6 B).
At the same time, anlagen I-VI of proter and opisthe are
formed separately (i.e., no primary primordia present). In the
proter, the parental buccal cirrus (II/2) begins to dediffer-
entiate into FVTA II; the parental parabuccal cirrus (I11/2)
contributes to the formation of FVTA III; cirrus IV/3 (per-
haps together with the anteriormost cirrus of the posterior
portion of the frontoventral row) forms FVTA IV-VI. In
the opisthe, FVTA I-III possibly comes from the oral pri-
mordium, the postoral ventral cirrus (IV/2) contributes to the
construction of FVTA 1V, two cirri of parental frontoventral
row form FVTA V and VI (Figs. 4C, 6B). Then, the oral pri-
mordium of the opisthe continues to form new membranelles
posteriorly. Meanwhile, the parental undulating membranes
dedifferentiate into the undulating membrane anlage (FVTA
I) of the proter, and the left frontal cirrus is generated from the
undulating membrane anlage in both dividers. All the frontal-
ventral-transverse cirral anlagen lengthen to long streaks and
begin to differentiate into new cirri (Figs. 4E, 6C, E). At the
next stage (Figs. 4F, 6D), when the differentiation of the oral
primordium is almost complete, the anterior part of the new
adoral zone of membranelles curves rightwards in the opis-
the. The undulating membrane anlage splits longitudinally
into paroral and endoral membranes in both proter and opis-
the. From the middle stage to late stage (Figs. 5 A,C,E, 6
H), the new paroral and endoral membranes are formed and
arranged in Oxytricha-pattern. The new adoral zone of mem-
branelles in the opisthe bends further towards the right, and
the parental adoral zone is completely retained in the proter.
The FVTA I-VI differentiate into new cirri in the pattern of

1:2:3:3: 11-13: 7-10 from left to right and migrate to their
final position in both dividers.

The marginal anlagen develop intrakinetally during the
early-middle stage by dedifferentiation of the parental struc-
tures (Figs. 4E, 6C). Then, all of them lengthen towards both
ends of the dividing cell (Figs. 5A,C, 6E). Finally, all marginal
anlagen generate new cirri that replace the old structures
(Figs. 5E, 6F).

On the dorsal side, new dorsal kineties are formed in a
typical Oxytricha-pattern by two groups of primordia (Figs.
4D,G, 5B,D,F, 6F,G; for details, see Berger 1999; p. 73)).

Division of the nuclear apparatus proceeds in the usual
way: in the early stage, replication bands are present, then all
the macronuclear nodules completely fuse into a single mass,
which then splits into nodules for both proter and opisthe in
the late stage (Figs. 4D,G, 5B,D,F).

Deposition of specimens

Two voucher slides with protargol-stained specimens were
deposited in the Laboratory of Protozoology, OUC, China,
with registration numbers LXT2015112203/1-2.

SSU rRNA gene sequence and phylogenetic
analyses (Fig. 7)

The SSU rRNA gene sequences of Stylonychia nodulin-
ucleata and Gastrostyla steinii were deposited in GenBank
database with accession numbers KY353799 and KY 353800,
respectively. The length and GC content of SSU rRNA gene
sequences are 1723 bp and 45.10% for Stylonychia nodulin-
ucleata and 1708 bp and 44.61% for Gastrostyla steinii,
excluding primer sites.

The topologies of the ML and BI trees inferred from SSU
rRNA gene sequences are generally congruent with variable
support values. Therefore we present here the ML tree with
bootstraps and included posterior probabilities (Fig. 7). In
both analyses, Stylonychia (Metastylonychia) nodulinucle-
ata is placed as a sister branch to the clade of 17 sequences
within the Stylonychia (Stylonychia) mytilus complex (S.
mytilus, S. lemnae, S. harbinensis, and S. ammermanni)
with moderate to high support (ML/BI, 94%/1.00), far away
from S. notophora. All the Gastrostyla sequences, except for
Gastrostyla sp. Y2 (KT780432) (probably a misidentifica-
tion), group together with moderate to high support (ML/BI,
91%/0.95) in the large group of the subfamily Stylonychinae.

Discussion

Comparison of Stylonychia nodulinucleata with
other populations

Considering the body shape, the ciliature, the short undu-
lating membranes, and the unique moniliform macronucleus,
our isolate should be identified as Stylonychia nodulinucle-
ata. So far, this species has been redescribed once from
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Fig. 4. A—-G Morphogenesis of Gastrostyla steinii after protargol staining. (A, B) Ventral views of early dividers, showing oral primordium
of the opisthe. (C, D) Ventral (C) and dorsal (D) views of the same specimen, showing the newly formed adoral membranelles (arrowhead in
C), the frontal-ventral-transverse cirral anlagen dedifferentiated from parental cirri, and the dorsal kinety anlagen formed in dorsal kineties
1-3, arrows in (D) mark replication bands of macronuclear nodules, arrowheads in (D) indicate micronuclei. (E) Ventral view of an early-
middle divider, showing the streak-like frontal-ventral-transverse cirral anlagen, the marginal anlagen, and the left frontal cirri originated from
undulating membrane anlagen (arrowheads). (F, G) Ventral (F) and dorsal (G) views of the same middle divider, showing cirri differentiated
from frontal-ventral-transverse cirral anlagen, fragmentation of dorsal kinety 3, and the newly formed dorsomarginal kineties. DKA, dorsal
kinety anlagen; DK1-6, new dorsal kineties; EM, parental endoral membrane; LMA, left marginal anlagen; Ma, macronuclear nodules; Mi,
micronuclei; OP, oral primordium of the opisthe; PM, parental paroral membrane; RMA, right marginal anlagen; TC, transverse cirri; [-VI,
frontal-ventral-transverse cirral anlagen; 1-6, parental dorsal kineties. Scale bars = 80 pm.

Australia (Kumar and Foissner 2017). Compared with the
type population isolated from marsh water of Morshan Town
in Heilongjiang Province, China (Shi and Li 1993), the
Zhanjiang population has a relatively smaller body size
in vivo (180-240 x 80-110 pwm vs. 270-310 x 95-110 p.m)

and fewer adoral membranelles (53-63 vs. 70-75.). How-
ever, because limnetic ciliates in different habitats can have
variable body sizes, these variations can be considered
as population dependent (Foissner et al. 2002). Moreover,
the present population resembles the Australian one well,
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Fig. 5. A-F Morphogenesis of Gastrostyla steinii after protargol staining. (A, B) Ventral (A) and dorsal (B) views of the same divider,
showing the newly formed caudal cirri (arrowheads) and the completely fused macronuclear mass, arrows mark the micronuclei. (C, D)
Ventral (C) and dorsal (D) views of a middle-late divider, showing the new undulating membranes, arrows mark the micronuclei. (E, F)
Ventral (E) and dorsal (F) views of a late divider, showing the migration of the newly formed cirri, hatched lines show cirri originating from
the same frontal-ventral-transverse cirral anlage, arrows mark the micronuclei. DK1-6, new dorsal kineties; EM, new endoral membrane;
LMR, left marginal row; Ma, macronuclear nodules; PM, new paroral membrane; RMR, right marginal row; 1-6, parental dorsal kineties.

Scale bars =80 pm.

for instance, in the body size (180-240 x 80-110 wm vs.
210-250 x 90-115 pm), the number of adoral membranelles
(53-63 vs. 52-70), the number of left marginal cirri (22-30
vs. 24-31), the number of right marginal cirri (27-45 vs.
35-46), and the number of macronuclear nodules (on average
8 vs. 7) (Kumar and Foissner 2017).

Biogeographic considerations of Stylonychia
nodulinucleata

As proposed by Kumar and Foissner (2017), Stylonychia
nodulinucleata can be considered a flagship in the cili-
ate world, possibly with a restricted distribution, especially
because members of the S. mytilus complex have been inves-



X. Luo et al. / European Journal of Protistology 60 (2017) 119-133 129

B N

o\

PR Y

A BNNALD

F

Fig. 6. A—H Morphogenetic photomicrographs of Gastrostyla steinii after protargol staining. (A) Ventral view of an early divider, showing
oral primordium of the opisthe. (B) Ventral view of the same specimen as Fig. 4C, showing the newly formed adoral membranelles (arrow),
the dedifferentiated parental cirri (arrowheads), and the replication band of macronuclear nodules (double arrowheads). (C) Ventral view of
an early-middle divider, showing the streak-like frontal-ventral-transverse cirral anlagen, the left marginal anlagen (arrows), and the right
marginal anlage (arrowhead). (D) Ventral view of the same specimen as Fig. 4F, showing cirri differentiated from frontal-ventral-transverse
cirral anlagen. (E, F) Ventral (E) and dorsal (F) views of a divider with eight frontal-ventral-transverse cirral anlagen in the opisthe, arrowheads
in (E) and (F) mark the right marginal anlagen, arrows in (E) indicate the left marginal anlagen, arrows in (F) mark the dorsomarginal anlagen
fragmented from right marginal anlagen. (G) Dorsal view of a middle divider, showing the completely fused macronuclear mass, the newly
formed dorsomarginal kineties (arrows), the fragmentation of dorsal kinety 3 (double arrowheads), and the parental dikinetids (arrowheads).
(H) Ventral view of a late divider, showing the migration of the newly formed cirri. Ma, macronucleus; OP, oral primordium of the opisthe.
Scale bars =80 wm.

tigated intensively globally (Berger 1999). Except for the paper), and almost black soil (pH 5.2) from Australia (the

original population isolated from marsh water of North East Tropic of the Southern Hemisphere; Kumar and Foissner
China (the transition zone of the Holarctic; Shi and Li 1993), 2017), suggesting a wider distribution for this species. The
there are two more recent records from Maar Lake of south- appearance of distributional restriction for free-living ciliates

ern China (the Tropic of the Northern Hemisphere; present may, for the most part, reflect insufficient faunistic surveys of
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new habitats. That is, the trajectory of our understanding of
free-living ciliate biogeography may now be from the “mod-
erate” towards a more “minimal” endemicity model (Bass
and Boenigk 2011).

Identification of the Shenzhen population of
Gastrostyla steinii

Gastrostyla steinii was first reported from Bonn, Ger-
many in 1862 (Engelmann 1862). Subsequently, it was
isolated and redescribed from freshwater and/or terrestrial
habitats almost worldwide. The size of G. steinii reported is

rather variable, from only 70 pm long up to 300 x 130 um
(Berger 1999; Foissner et al. 2002). The Shenzhen popu-
lation is about 105-170 x 40-70 pm in vivo, which is in
the range of body size described. Apart from slight dif-
ferences in the number of frontoventral and pretransverse
ventral cirri, the Shenzhen population corresponds well with
the previous descriptions in diagnostic features (body shape,
infraciliature, morphogenetic features, and four macronu-
clear nodules), and matches, especially well, the population
described by Foissner et al. (2002), even with regard to the
number of frontoventral and pretransverse ventral cirri, thus
the species identification is not in doubt.
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Morphogenetic comparison of Gastrostyla steinii
among populations

Detailed data on the ontogenesis of Gastrostyla steinii were
published by Walker and Grim (1973), Hemberger (1982) and
Foissner et al. (2002). Most ontogenetic events of the Shen-
zhen population agree well with previous studies, especially
the origination of the frontal-ventral-transverse cirral anlagen
(FVTA), which confirms the stability of morphogenetic pro-
cess. The minor difference is that more cirri originate from
FVTA V and VI in our population compared with others.
This leads to more cirri in the frontoventral row and more
pretransverse cirri. In this work, we give information on the
fate of the parental dorsal row dikinetids, only several of those
in dorsal kineties 1-3 contribute to the formation of dorsal
kinety anlagen, most of them being retained unchanged until
the middle-late stage.

Phylogenetic analyses of Stylonychia

Berger (1999) included eleven species within the genus
Stylonychia; three of which have been transferred to 7et-
memena, viz., T. pustulata, T. bifaria, and T. vorax (Berger
2001; Eigner 1997, 1999). Since then, four more species have
been added to the genus Stylonychia, viz., S. ammermanni,
S. gibbera, S. notophorides, and S. harbinensis (very likely
a synonym of S. ammermanni) (Foissner 2016; Gupta et al.
2001; Shi and Ammermann 2004). However, several of the
12 species assigned to Stylonychia, so far, possibly belong
to the genus Tetmemena, which is also proposed by previ-
ous studies (Kumar and Foissner 2017; Kumar et al. 2016).
In addition, Kumar and Foissner (2017) proposed to divide
the genus Stylonychia into two subgenera, S. (Stylonychia),
and S. (Metastylonychia), mainly based on the macronuclear
feature and the ontogenetic information. This is supported by
the phylogenetic analyses (Fig. 7), all the sequences of the S.
(S.) mytilus complex (S. (S.) ammermanni, S. (S.) harbinen-
sis, S. (S.) lemnae, and S. (S.) mytilus) clustering in a clade
(ML/BI, 79%/0.99), which is placed as a sister group to S.
(Metastylonychia) nodulinucleata with moderate to high sup-
port (ML/BI, 94%/1.00). The phylogenetic trees show that S.
(S.) notophora (no morphological data are available for this
population, and misidentification cannot be excluded) groups
together with Tetmemena pustulata, instead of with other Sty-
lonychia species. This placement also agrees well with the
morphological evidence. All the species of the S. (S.) mytilus
complex and S. (Metastylonychia) nodulinucleata share the
following features, different from S. notophora, features of
which are similar to Tetmemena species: (1) body outline
obovate, with anterior end broadly rounded or obliquely
truncated vs. body outline elliptical; (2) three caudal cirri
widely spaced vs. caudal cirri narrowly spaced; (3) dorsal
kineties 1-4 more or less distinctly curved rightwards ante-
riorly vs. not curved (Berger 1999; Gupta et al. 2001; Kumar

and Foissner 2017; Kumar et al. 2016; Shi and Ammermann
2004).

Monophyly and phylogenetic position of the
genus Gastrostyla

Berger (1999) treated Gastrostyla, including eight species,
as a genus of unclear position within the family Oxytrichi-
dae. Now, with several of them transferred to other genera
and more species added, Gastrostyla is a genus with six
species included (Berger 2008; Foissner 2016; Foissner et al.
2002, 2004; Gong et al. 2007; Song and Wilbert 1997; Xu
et al. 2000). So far, only the sequences for the type species,
Gastrostyla steinii, and three unidentified Gastrostyla species
are available. In our phylogenetic analyses, five Gastrostyla
spp. form a moderately to highly supported clade (ML/BI,
91%/0.95) within the subfamily Stylonychinae. However,
Gastrostyla sp. Y2 (KT780432) with no morphological infor-
mation available, very likely a misidentification, groups with
Oxytricha granulifera in the subfamily Oxytrichinae.

So far, Gastrostyla appears to be a monophyletic group
of the subfamily Stylonychinae, consistent with the mor-
phologic and morphogenetic features (body rigid/semi-rigid,
cortical granules lacking, dorsal morphogenesis in Oxytricha
pattern). However, as proposed by Foissner et al. (2002,
2004), Gastrostyla may be paraphyletic because of rather
conspicuous morphological and ontogenetic differences in
the individual species. Thus, the confirmation of the mono-
phyly of Gastrostyla needs additional molecular information
of other species.
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