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ABSTRACT

Tetmemena saprai n. sp. was isolated from fresh-water samples collected from Okhla Bird Sanctuary,
Delhi, India and described based on its morphology, morphogenesis and molecular markers, namely
the small-subunit (SSU) rRNA gene and internal transcribed spacers (ITS1-5.8S-ITS2). The morphological
features of T. saprai n. sp. are as follows: colourless; rigid body with no cortical granules; water expelling
vesicle about 15 pm in size, located below the adoral zone of membranelles near the left body margin;
body size about 125-140 x 50-60 pm in live and about 100 x 45 pum in protargol preparations, with body
length : width ratio of around 2:1; undulating membranes in a Stylonychia-pattern; adoral zone about
44 pm in length with (on average) 45 adoral membranelles; 18 frontal-ventral-transverse cirri; one right
and one left marginal row; six dorsal rows including two dorsomarginals, of which the fourth row is
shortened anteriorly; three caudal cirri which are not equidistant; two macronuclear nodules; 2-4
micronuclei. A detailed morphogenetic study revealed the oral primordium to originate near the leftmost
transverse cirrus, and the involvement of five parental cirri (three frontals and two ventrals) in the for-
mation of streaks I-VI for the proter and opisthe. The genetic distance between T. saprai n. sp. and its con-
geners T. pustulata and T. vorax (S. vorax) varied from between 1% and 2% in the SSU rRNA gene and 1% and
6% in the ITS1-5.8S-ITS2 sequence. The secondary structures of the ITS1 and ITS2 RNA transcripts of four
different species of genus Tetmemena (T. saprai n. sp., T. pustulata, T. vorax and T. bifaria) were also com-
pared, revealing that the ITS1 region was more variable than ITS2. The morphological and morphogenetic
characterisation, and phylogenetic analyses based on the molecular markers, confirm that the present
species is a distinct species of the genus Tetmemena belonging to the subfamily Stylonychinae. This study
also reveals that the macronuclear ITS region can be a suitable candidate for species identification.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

of species from Oxytrichidae during the early years of the 21st cen-
tury has confirmed this subdivision, albeit with relatively stronger

In the late 1990s Berger divided the family Oxytrichidae into
two subfamilies, Oxytrichinae and Stylonychinae, on the basis that
the former had more “flexible” bodies and the latter more “rigid”
ones (Berger, 1999; Berger and Foissner, 1997). Sequence analysis

* Corresponding author.
E-mail address: helserehy@ksu.edu.sa (H.A. El-Serehy).
Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.jksus.2020.03.009

support for the Stylonychinae subfamily than the Oxytrichinae
(Bernhard et al., 2001; Hewitt et al., 2003; Schmidt et al., 2007).
Analyses based on molecular data have also strongly supported
the monophyly of the subfamily Stylonychinae (Bernhard et al.,
2001; Chen et al., 2013; Foissner et al., 2004; Hu et al., 2011;
Schmidt et al., 2007). The subfamily, Stylonychinae is characterised
by the rigid body mentioned above, a lack of cortical granules and
an adoral zone of membranelles that is usually more than 40% of
the body length (Berger and Foissner, 1997) and also includes the
so-called “18-cirri oxytrichids” (Berger, 1999).

The genus Tetmemena, first designated by Eigner (1999), is clas-
sified as a member of the subfamily Stylonychinae, family
Oxytrichidae, suborder stichotrichida, order hypotrichia within

1018-3647/© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
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the class Spirotrichea (Abraham et al., 2019; Adl et al., 2019; Lynn,
2008).

Species of the genus Tetmemena are characterised by elliptical
to ovoid shape, comparatively rigid pellicle; adoral zone of mem-
branelles formed like a question mark; endoral and paroral mem-
branes in a Stylonychia-pattern; transverse cirri arranged in a J-
shape; one right and one left marginal row; six dorsal rows formed
in an Oxytricha pattern; three caudal cirri, often distinctly elon-
gated (Eigner, 1997, 1999; Shao et al., 2013, 2015). Within the
genus, Tetmemena pustulata has been well characterised based on
silver staining, morphogenesis and SSU rRNA gene, ITS1-5.8S-
ITS2 sequences.

During an investigation of the diversity of fresh-water ciliates
within Okhla Bird Sanctuary in September 2013, an oxytrichid cil-
iate was isolated. Observations of its morphology both in vivo and
following protargol impregnation demonstrate that the isolate rep-
resents a novel species within the genus Tetmemena. In this study,
we describe its morphology and morphogenesis during cell divi-
sion. Moreover, the SSU rRNA gene and the ITS1-5.8S-ITS2 regions
of the new isolate were sequenced and analyzed, moreover, the
secondary structures of the ITS1 and ITS2 regions were compared
to investigate its systematic status and to assess its phylogenetic
position.

2. Materials and methods

Water samples were collected on 18th September 2013 from
Okhla Bird Sanctuary (N28°32'43.5”, E77°18'41.7”), Delhi, India.
Water temperature and pH at the time of collection were 23 °C and
7.2 respectively. The cells were identified and isolated in vivo using
stereoscopic and phase contrast microscopes. The clonal cultures of
Tetmemena saprai n. sp. were maintained at 22-23 °C in Pringh-
sheim’s medium (Chapman-Andresen, 1958) was used for culturing.
Small pieces of boiled cabbage were added to promote the growth of
the bacteria which serve as the primary food source for the ciliates.
At some point the addition of cabbage was halted for a week in order
to starve the cells and encourage them to encyst. Cysts were identi-
fied and viewed under phase contrast microscopy to study their
morphology. Protargol impregnation and scanning electron micro-
scopy were used to visualise the surface ciliature (Foissner, 2014;
Kamra and Sapra, 1990). Nuclear observations were made by using
the Feulgen staining technique (Chieco and Derenzini, 1999). Bio-
metric characterisation was done at a magnification of 400 x and
1000 x directly from a phase contrast microscope. Line diagrams
were prepared using Corel Draw Graphics software. Classification
follows Berger (1999) and Lynn (2008), while general terminology
follows Berger (1999, 2001, 2006, 2007, 2008, 2011, 2012), Borro
(1972) and Wallengren (1900).

2.1. Generation time

The time it took T. saprai n. sp. to generate was calculated by
isolating a dividing cell in a separate cavity block to which a
small piece of boiled cabbage was added. The time taken for
each daughter cell to divide into two daughter cells was
observed and noted. This was done in triplicates to obtain a
mean value.

2.2. DNA extraction, amplification and sequencing

Total genomic DNA was extracted using Qiagen DNA blood and
tissue kit (Qiagen, India) with the cell concentration being 50 cells /
ml. PCR was performed to isolate the SSU rRNA gene and ITS1-5.8S-
ITS2 region. Primers used for isolating the SSU rRNA gene were 5’'-
AAC CTG GTT GAT CCT GCC AGT-3' as forward and 5'-TGA TCC TTC

TGC AGG TTC ACC TAC-3' as reverse (Lv et al., 2013; Medlin et al.,
1988), along with two internal primers: 5'-CGG TAA TTC CAG CTC
CAA TAG-3' as forward and 5'-AAC TAA GAA CGG CCA TGC AC-3’ as
reverse. Primers used for isolating the ITS1-5.8S-ITS2 region were
5’- GCT CCT ACC GAT TTC GAG TG-3' as forward and 5'-TTA AGT
TCA GCG GGT GAT CC-3' as reverse. The PCR protocol employed
was as follows: 95 °C for 5 min, 50 °C (for the SSU rRNA gene)/
54 °C (for the ITS1-5.8S-ITS2 region) for 1 min, 72 °C for 1 min, fol-
lowed by 30 identical amplification cycles of denaturation at 95 °C
for 45 s, annealing at 50 °C/54 °C for 45 s, extension at 72 °C for 45 s
and a final step of 95 °C for 45 s, 50 °C/54 °C for 45 s and a final
extension at 72 °C for 10 min. The PCR product was eluted using
QIAquick Gel Extraction kit (Qiagen, India). The eluted product
was sequenced using the Applied Biosystems 3130xl Automated
DNA sequencer.

2.3. Phylogenetic analyses

The phylogenetic position of T. saprai n. sp. on the basis of the SSU
rRNA gene was determined by retrieving sequences of 39 other taxa
including one outgroup from GenBank. Similarly, for the ITS1-5.8S-
ITS2 region, the phylogenetic position was determined by retrieving
16 other taxa including an outgroup. In both cases, Pseudourostyla
sp. (Urostylida) was selected as the outgroup taxon. The sequences
were aligned using ClustalX2 (Jeanmougin et al., 1998) and both
ends of the alignment were manually trimmed using BioEdit soft-
ware (Hall, 1999). Phylogenetic trees were constructed using both
the Maximum Likelihood (ML) method and Bayesian inference
(BI). ML analyses were carried out using RAXML-HPC2 v8.2.12 on
the CIPRES Science Gateway (Miller et al., 2010) and BI analyses by
using MrBayes 3.2.2 software (Ronquist and Huelsenbeck, 2003).
ML analysis was carried out with 1000 bootstrap replicates using
the GTR + gamma model. In the Bl method, the tree was constructed
using the GTR + G + I model with Markov chain Monte Carlo (MCMC)
simulation for 100,000 generations, with a burn-in of 250 genera-
tions. The GTR + G + [ model is recognized to be the most complex
model with the most parameter rich rate matrix thus, giving the
highest (maximised) likelihood to the data (Foster, 2003). This was
obtained by entering the command “Iset nst = 6 rates = invgamma”
in the MrBayes software after entering the data (Ronquist et al.,
2011).This generated General Time Reversible model with a propor-
tion of invariable sites and a gamma-shaped distribution of rates
across the sites (GTR + G +1). The genetic distances between T. saprai
n. sp. and its congeners were calculated by aligning them using BioE-
dit software.

2.4. Secondary structure prediction of the ITS region

Sequences of ITS1 and ITS2 from four different species of the
genus Tetmemena (T. saprai n. sp., T. pustulata, T. vorax and T.
bifaria) were obtained individually by aligning them using BioEdit
software. Secondary structures of these genes were predicted using
mfold web server (http://unafold.rna.albany.edu/?q=mfold/RNA-
Folding-Form) (Wang et al., 2015; Zuker, 2003) with default set-
tings. The structures obtained were then viewed and edited using
RnaViz 2.0 software (Li et al, 2013; Rijk and Wachter, 1997;
Wang et al., 2015).

3. Results
3.1. Tetmemena saprai n. sp. (Fig. 1A-G, 2A-C, Table 1)
3.1.1. Diagnosis

Tetmemena saprai n. sp. with body size in vivo about 125-140
x 50-60 pm; rigid oxytrichid; dorsoventrally flattened with body
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Fig. 1. Photomicrographs of live (A), Scanning electron microscopic (B, C), Feulgen stained (D), Cyst (E) and protargol impregnated (F, G) cells of Tetmemena saprai n. sp. A. Live
cell in ventral view. B. Ventral view showing ciliature. C. Dorsal view showing ciliature; DK4 shortened anteriorly (arrow); dorsal bulge (double arrow) D. Two macronuclear
nodules and four micronuclei. E. Cyst showing wavy exocyst, spiny mesocyst and smooth endocyst. F. Ventral view of a vegetative cell with five transverse cirri arranged in a
J-shaped row. G. Dorsal view of a vegetative cell; DK4 shortened anteriorly (arrow); caudal cirri (arrow head) Scale bars: 20 um (A-C; F & G) and 10 pm (E).

length to width ratio around 2:1; body lanceolate anteriorly and
rounded posteriorly; two macronuclear nodules and 2-4 micronu-
clei; 42 adoral membranelles; 18 frontal-ventral-transverse cirri;

one right (about 28 cirri) and one left marginal (about 22 cirri) cir-
ral row; six dorsal rows with dorsal kinety 4 (DK,4) shortened ante-
riorly; two dorsomarginal rows; three caudal cirri; generation time
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Morphometric characterisation of protargol impregnated cells of Tetmemena saprai n. sp. Measurements in pm. Mean, arithmetic mean; Min, minimum; Max, maximum; SD,
standard deviation; CV, coefficient of variation in %; n, number of cells measured.

Character Mean Min Max SD cv n

Body, length 98.42 88.90 109.38 6.93 7.05 10
Body, width 47.39 43.40 53.38 3.46 7.30 10
Macronuclear nodules, number 2 2 2 0 0 25
Macronuclear nodule, length 21.91 19.60 23.98 1.43 6.51 10
Macronuclear nodule, width 8.82 7.53 9.98 0.81 9.22 10
Micronuclei, number 2-4 2 4 0.80 29.93 25
Micronucleus, diameter 1.91 0.17 2.63 0.96 50.09 10
Adoral membranelles, number 41.80 37 45 2.78 6.65 10
AZM, length 43.75 37.98 50.23 4.20 9.61 10
Left marginal row, number of cirri 22.10 20 25 1.52 6.90 10
Right marginal row, number 28.80 23 32 2.74 9.52 10
Frontal cirri, number 8 8 8 0 0 25
Post oral ventral cirri, number 3 3 3 0 0 25
Pretransverse cirri, number 2 2 2 0 0 25
Transverse cirri, number 5 5 5 0 0 25
Caudal cirri, number 3 3 3 0 0 25
Dorsal kineties, number 6 6 6 0 0 25
Dikinetids in DK; 29.27 27 33 1.74 5.93 11
Dikinetids in DK, 22.09 20 24 1.22 5.53 11
Dikinetids in DK3 19.45 17 22 1.69 8.71 11
Dikinetids in DK, 21.45 19 24 1.69 7.90 11
Dikinetids in DM, 11.82 11 14 0.87 7.39 11
Dikinetids in DM, 4.27 4 5 0.47 10.93 11
Dorsal bristles no. 108.36 99 115 5.03 4.64 11
Distance between CC; and ; 2.14 1.81 241 0.23 10.66 10
Distance between CC, and 3 2.70 1.81 3.1 0.36 13.38 10
Distance between Fg (I11/2) - UM 3.70 2.28 4.32 0.59 15.83 10
Distance between F; (1I/2) - Fg (11I/2) 4.39 3.39 5.63 0.70 15.93 10
Distance between F, (I/1) - Fg (I11/2) 10.72 8.77 12.44 1.12 10.44 10
Distance between F3 (I1/3) - Fg (I11/2) 11.42 9.51 12.91 1.12 9.70 10
Distance between Fy4 (I11/3) - Fg (I11/2) 9.17 7.62 10.14 0.75 8.13 10
Distance between Fs (VI/4) - Fg (111/2) 4.97 4.57 6.08 0.44 8.86 10
Distance between Fg (VI/3) - Fg (I11/2) 2.99 2.09 5.40 0.95 31.64 10
Distance between F; (IV/3) - Fg (I11/2) 2.66 224 3.94 0.51 19.28 10
Distance between V; (IV/2) - V; (V/4) 2.99 2.28 4.60 0.63 21.17 10
Distance between V, (V/4) - V3 (V/3) 5.91 5.31 6.67 0.42 7.11 10
Distance between Vs (V/3) - V4 (V/2) 5.10 4.39 5.99 0.59 11.57 10
Distance between V4 (V/2) - V5 (VI/2) 7.09 5.95 7.93 0.65 9.15 10

Fig. 2. Line diagrams showing protargol impregnated vegetative cells of Tetmemena saprai n. sp. A. From life B. Ventral surface C. Dorsal surface. AZM, adoral zone of
membranelles; CC;_3, caudal cirri; DK;_4, dorsal kineties; DM;_,, dorsomarginal kineties; EM, endoral membrane; LMC, left marginal cirri; PM, paroral membrane; RMC, right
marginal cirri; 11/2, buccal cirri; I/1, 11/3, 111/3, frontal cirri; VI/4, VI/3, 1IV/3, 11I/2, frontoventral cirri; IV/2, V[4, V[3, postoral ventral cirri; V/2 and VI/2, pretransverse ventral

cirri; 11/1, 111/1, IV/1, V/1, VI/1, transverse cirri. Scale bars: 20 pm.
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Fig. 3. Line diagrams of the ventral surface of Tetmemena saprai n. sp. showing the morphogenetic stages (based on protargol impregnated cells). A, B. Origin of OP as a few
kinetosomes near the leftmost transverse cirrus (I/1). C. Kinetosomes proliferate, OP moves anteriorly and loses its connection with (II/1), origin of streak I of opisthe from OP
(arrow). D. Disaggregation of IV/3 to form streak IV-VI for proter (arrow), disaggregation of V/4 to form streaks V and VI for opisthe (double arrowhead), formation of streaks
I-1II anteriorly (double arrow) and disaggregation of IV/2 to form streak IV for opisthe (arrowhead) E. Primordial streaks IV-VI of proter formed from IV/3 (arrow),
disaggregation of frontal cirri I1I/2 (double arrow) and II/2 (arrowhead), disaggregation of 1V/2 forming complete set (I-VI) of primordial streaks for opisthe (double
arrowhead). F. Differentiation of cirri in a 1, 3, 3, 3, 4, 4 pattern, within-row formation of marginal primordia for RMC (arrowheads) and LMC (double arrowheads). G, H. Late

divider. OP, oral primordium. Scale bars: 20 pm.

about eight hours; resting cysts with three layers: wavy outer
layer, spiny middle layer and smooth inner layer.

3.1.2. Type locality and ecology

The Okhla Bird Sanctuary (N28°32'43.5”, E77°18'41.7") is a bird
sanctuary covering approximately 4 square kilometers at the Okhla
- barrage over the Yamuna River in Delhi, India. Between Okhla -
village to the west and Gautam Budh Nagar to the east the site con-
tains a large lake, and the sanctuary is surrounded by thorny shrub,
grassland and wetland. The sediment consists of organic debris and
fine sand. Water hyacinths grow extensively. The samples were
collected at a depth of approximately one meter.

3.1.3. Voucher material

The protargol impregnated slide containing the holotype speci-
men (Acc. No.: Pt.3665) has been deposited in the Zoological Sur-
vey of India, Kolkata, India.

3.1.4. GenBank submission

The nucleotide sequences of SSU rRNA gene and ITS1-5.8S-ITS2
region were deposited in GenBank with accession numbers
KP336401 and KT731103, respectively.

3.1.5. Etymology
The species name acknowledges Professor G. R. Sapra’s contri-
butions to the field of ciliate biology.
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Fig. 4. Photomicrographs of the ventral surface of Tetmemena saprai n. sp. showing the morphogenetic stages (based on protargol impregnated cells). A, B. Origin of OP as a
few kinetosomes near the leftmost transverse cirrus (I[/1) (arrow), origin of streak I from OP (arrow). C. Disaggregation of IV/3 to form streaks IV-VI for proter (arrow),
formation of streaks I-IIl (double arrow) from OP for opisthe, and disaggregation of V/4 (arrowhead). D. Disaggregation of V/4 (arrow) to form streaks V and VI and
disaggregation of IV/2 to form streak IV (arrowhead) for opisthe E. Disaggregation of frontoventral cirrus I11/2 to form streak III of proter (arrowhead), and of 1I/2 (arrow) to
form streak II; complete set of streaks formed for opisthe (double arrow). F. Differentiation of cirri in a 1, 3, 3, 3, 4, 4 pattern in the proter and opisthe (arrows), within-row
formation of marginal primordia for RMC (arrowhead) and LMC (double arrowhead). G. Late divider showing formation of new dorsomarginals (arrow) close to newly formed

RMC. H. Cell in cytokinesis. OP, oral primordium. Scale bars: 20 pm.

3.1.6. Description

Body 125-140 x 50-60 um in vivo (Fig. 1A), 100 x 45 um on
average in protargol preparations (Fig. 1F, G, Table 1); rigid;
dorsoventrally flattened with lanceolate anterior and rounded pos-
terior ends; cortex colourless; cortical granules absent; two
macronuclear nodules; macronuclei ellipsoidal with 19-23 x 7.
5-10 pum (stained); 2-4 micronuclei (Fig. 1D); micronuclei globular
of 0.1-2.6 pm in diameter (stained); contractile vacuole about
15 pm in size, located below the adoral zone of membranelles near
the left body margin (Figs. 1A and 2A); voracious feeder of algae,
bacteria, other small ciliates like Tetrahymena and even exhibits
cannibalism; locomotion slow to moderately crawling on the bot-
tom of the petri dish; generation time 8 + 0.5 hrs; resting cysts

about 20-23 pm across in vivo; outer surface wavy, middle layer
spiny and inner layer smooth with distinct macronuclear nodule
(Fig. 1E).

Infraciliature is as shown in Figs. 1B, C, F, G and 2A-C. Adoral
zone of membranelles less than 50% of the body length with 37-
45 adoral membranelles, cilia about 8 um long, Undulating mem-
branes in a Stylonychia pattern. 18 frontal-ventral-transverse
(FVT) cirri, including three frontal, one buccal, four frontoventral,
three postoral ventral, two pretransverse ventral and five trans-
verse cirri. Frontal cirri slightly larger than buccal and frontoven-
tral cirri; the posterior most ventral VI/2 lies adjacent to the
transverse VI/1. Of the five transverse cirri, four are characteristi-
cally arranged in an oblique row adjoining the fifth cirrus.
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Fig. 5. Photomicrographs and line diagrams of the dorsal surface of Tetmemena saprai n. sp. showing morphogenetic stages (based on protargol impregnated cells). A, E.
Within- row formation of the dorsal primordia for the proter and opisthe (arrows); B, F. Unequal split of the third dorsal primordia (arrows). C, G. Formation of fourth dorsal
row after splitting (arrows), caudal cirri formed at the ends of newly formed DKj, ; & 4 (double arrows) for proter and opisthe. D. Cell in cytokinesis. Scale bars: 20 pum.

Consistently, one left marginal row with 20-25 cirri and one right
marginal row with 23-32 cirri, posterior ends of the marginal rows
are not confluent.

Dorsal ciliature composed of four kineties and two dorso-
marginal rows, dorsal cilia about 4 um long, dorsal rows 1-6 com-
posed of 27-33, 20-24, 17-22, 19-24, 11-14, 4-5 bristles,
respectively; first three dorsal kineties 1-3 almost bipolar, DKy
shortened anteriorly at the level of the 4th or 5th bristle of DKj3
(Figs. 1C, G and 2C)_ Caudal cirri invariably three and not equidis-
tant, about 11 pum long, located at the ends of dorsal kineties 1, 2
and 4 (Fig. 2C).

3.2. Morphogenesis:

3.2.1. Oral apparatus and ventral ciliature (Fig. 3A-H; Fig. 4 A-H)
The oral primordium (OP) arises as a few kinetosomes near the
leftmost transverse cirri /1. After the first 8 or 9 kinetosomes have
been formed the OP moves anteriorly, away from II/1. The pri-
mordium extends to the level of the posterior end of the adoral
zone of membranelles (Figs. 3A, B, C and 4A, B). Membranelles dif-
ferentiate from the anterior-right portion of the OP to form the
adoral membranelles of the opisthe and splits into three primordial
streaks I-III (Figs. 3D and 4C). Simultaneously, the posterior-most
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Fig. 6. Phylogenetic tree based on SSU rDNA sequences and using GTR + I + G as the nucleotide substitution model showing the position of Tetmemena saprai n. sp.
(highlighted in bold and indicated with an arrow). Each node contains bootstrap values from ML analysis while the posterior probabilities are from BI. Accession numbers are
provided after species names. The symbol “~” at the nodes indicates disagreement between the two methods. The scale bar corresponds to 0.01 expected substitutions per

site.

frontoventral cirrus 1V/3 differentiates and forms a common pri-
mordium for streaks IV-VI of the proter (Figs. 3D and 4C). Postoral
ventral cirrus V/4 differentiates into primordia for streak V and VI
and cirrus IV/2 differentiates to form primordial streak IV for the
opisthe (Figs. 3D, E and 4C, D). Frontoventral cirri, II/2 and 111/2 dif-
ferentiate into primordial streaks II and III respectively for the pro-
ter (Figs. 3E and 4E). The left frontal cirrus of the opisthe, I/1
develops from the leftmost anlage. In the proter, the parental
undulating membranes are reorganised and form the left frontal
cirrus, I/1. The newly formed FVT cirri migrate to their final posi-
tions (Figs. 3F, G, H and 4F, G, H).

In all, five parental cirri (two postoral ventral and three fron-
toventral cirri) are involved in the origin of the two sets of six pri-

mordial streaks each for proter and opisthe of the cell. Streaks I-VI
differentiate into 1, 3, 3, 3, 4, 4 cirri, respectively (Figs. 3F and 4F).

3.2.2. Marginal and dorsal ciliature (Figs. 3F, G, 4F, G, 5A-G)

A few cirri from the anterior and middle parts of the parental
marginal rows are incorporated within the row to form the mar-
ginal cirral primordia (Figs. 3F and 4F). These marginal cirral pri-
mordia extend posteriorly and differentiate into new marginal
cirri replacing the parental marginal rows. Simultaneously, two
sets of primordia are formed for the three dorsal kineties 1-3
which extend in two directions and the parental dorsal kineties
are incorporated or resorbed (Fig. 5A, E). The third dorsal
primordium splits into two parts forming primordia for dorsal
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site.

kineties 3 and 4, respectively (Fig. 5B, C, F). Caudal cirri develop at
the posterior ends of the dorsal kineties 1, 2 and 4 and are not
equidistant (Fig. 5C, G). Dorsomarginal rows develop at/near the
anterior end of the newly formed right marginal rows of the proter
and opisthe and extend posteriorly (Figs. 3G and 4G).

3.2.3. SSU rRNA gene sequence

The SSU rRNA gene sequence of T. saprai n. sp. has been submit-
ted to GenBank with the accession number KP336401. The length
of the sequence was 1695 bp. On the basis of this sequence, the
genetic distance was calculated with its congeners retrieved from
GenBank [sequences from two different strains of T. pustulata
viz., KM222092 and X03947 and T. bifaria FM209296].

The genetic distance between T. saprai n. sp. and T. pustulata
(KM222092) was 0.94% (16 nucleotide differences in 1695 bp)
while with T. pustulata (S. pustulata) (X03947) it was 1.95% (33-
nt differences in 1695 bp) and with T. bifaria (S. bifaria)
(FM209296) it was 1.89% (32 nt differences in 1695 bp). In the phy-
logenetic tree T. saprai n. sp. showed monophyletic relationship
with T. pustulata (KM222092) with high support (100-% bootstrap
value and 1.00 BI) and was paraphyletic with T. pustulata (X03947)
with moderate support (73-% bootstrap value and 0.74 BI) (Fig. 6).

3.2.4. ITS1-5.8S-ITS2 sequence

ITS1-5.8S-ITS2 sequence of T. saprai n. sp. has also been submit-
ted to GenBank with the accession no. KT731103. The length of the
sequence was 667 bp. On the basis of this sequence, the genetic
distance was calculated with its congeners retrieved from GenBank
(sequences from two different strains of T. pustulata viz.,
KM222037 and AJ286791, T. bifaria (AJ286796) and T. vorax
(AJ286795)).

The genetic distance between T. saprai n. sp. and T. pustulata
(KM222037) was 1.01% (5 nt differences in 493 bp); while with
T. vorax (S. vorax) (AJ286795) it was 4.24% (28 nt differences in
661 bp); with T. pustulata (S. pustulata) (AJ286791) it was 4.08%

(27 nt differences in 662 bp) and with T. bifaria (AJ286796) it
was 6.15% (41 nt differences in 667 bp). In the phylogenetic tree,
T. saprai n. sp. showed a monophyletic relationship with T. pustu-
lata (KM222037, Chinese population) with high support (100%
bootstrap value and 0.99 BI) and is paraphyletic with T. pusilla
(AJ286793) and T. vorax (AJ286795) with moderate support (72%
bootstrap value, 0.99 Bl and 57% bootstrap value, 0.73 BI, respec-
tively). T. saprai also showed a paraphyletic relationship with a
German population of T. pustulata (AJ286791), (88% bootstrap
value and 0.84 BI) (Fig. 7).

3.2.5. Secondary structures of the ITS region in genus Tetmemena

The available sequences of the ITS1-5.8S-ITS2 region of T. pustu-
lata (KM222037, AJ286791), T. vorax (AJ286795) and T. bifaria
(AJ286796) along with T. saprai n. sp. were selected in order to pre-
dict their secondary structures. The secondary structures of ITS1
and ITS2 of these four ciliate species have one large loop and two
helices (I and II; Fig. 8). The secondary structure of ITS1 was found
to be more variable in T. bifaria with changes in one of helices
when compared with other species of the genus Tetmemena. Some
nucleotide changes were noticed in both the ITS1 (Fig. 8A-E) and
ITS2 (Fig. 8F-]) region among these ciliate species, except for T.
pustulata (KM222037), which appeared to be similar to T. saprai
n. sp. In having few nucleotide variations in the whole length of
ITS1-5.8-ITS2 region.

4. Discussion
4.1. Comparison of Tetmemena saprai n. sp. with its congeners

T. saprai n. sp. is distinct from other species of the genus that
have been described thus far in so far as it exhibits a new combi-
nation of characters. Although it appears to be closely related to
T. pustulata (Shao et al., 2013; Wirnsberger et al., 1985) it is distinct
in several respects, as shown in Table 3.
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Fig. 8. Secondary structures of the internal transcribed spacer 1 and 2 (ITS1 and ITS2) RNA transcript of four species of Tetmemena (T. saprai n. sp, T. pustulata, T. vorax and T.
bifaria). Diagrams of ITS1 (A-E) and ITS2 (F-]) illustrate a large loop with two helices, labelled I and II. The red circle marks the only nucleotide variation between T. saprai n.
sp. and T. pustulata (AJ286791), blue squares indicate the nucleotide variation between T. saprai n. sp. and T. vorax (AJ286795) and pink pentagons show nucleotide variations
between T. saprai n. sp. and T. bifaria (AJ286796). Arrows indicate the differences in the loop between the species. The symbol *** marks the gaps in the nucleotide sequence.

Table 2
Morphometric comparison of Tetmemena saprai n. sp. with other species belonging to Tetmemena-pustulata vorax complex. Measurements in pm.

Character Tetmemena saprai Tetmemena pustulata Tetmemena pustulata Tetmemena vorax Tetmemena bifaria
n. sp. (present (Wirnsberger (Shao et al., 2013) (Wirnsberger (bi3 and bi4 from
investigation) et al,, 1985) et al.,, 1985) Kumar et al., 2016)
pul pu2 pu3 pud bi3 bi4
Body length 98.42 65 94 79 53 97.20 115 82 100.20
Body width 47.39 34 47 36 26 40.40 51.50 42 45.50
Macronuclear no. 2 2 2 2 - 2 2 2 2
Macro length 21.91 14 18 15 11.50 15.50 17 12.10 18.80
Macro width 8.82 7 7 6.10 10.80 12 8.70 12.20
Micronuclear no. 2-4 2 2 2 2 2 2 2.10 -
Micro diameter 1.91 4 4 4 - - 4 245 -
AZM no. 41.80 35 38 34 32.10 38.70 50.50 27 29
AZM length 43.75 35 49 42 29 41.70 - 36.50 47
LMC no. 22.10 19 21 19 14.90 20.50 33 11.70 12.60
RMC no. 28.80 26 31 27 24.20 20.00 24 14.20 14.60
FC no. 8 8 8 8 8 8 8 8 8
VC no. 5 5 5 5 5 5 5 5 5
TC no. 5 5 5 5 5 5 5 5 5
CC no. 3 3 3 3 3 3 3 3 3
Dorsal rows no. 6 6 6 6 6 6 6 6 6
DK, 29.27 - - - - 28 - 19.40
DK, 22.09 - - - 21.60 - 18.50 -
DK3 19.45 - - - - 22.20 - 15.30 -
DKy 2145 - - - - 21.50 - 12.60 -
DM, 11.82 - - - - 9.70 - 6.70 -
DM, 4.27 - - - - 6.70 - 4.20 -
Dorsal bristles no. 108.36 - - - - 109.70 - 76.7 -
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Comparison of Tetmemena saprai n. sp. with its congeners.

Character Tetmemena saprai n. sp. (Present Tetmemena pustulata Tetmemena pustulata (Shao et al. 2013) Tetmemena vorax
Investigation) (Wirnsberger et al. 1985) (Wirnsberger et al. 1985)
Shape Anterior end lanceolate and Posterior Elliptical and both end Elliptical or Ovoid and posterior end Anterior end rounded
end rounded rounded rounded and posterior end
tapering
Size 100 x 45 pm not much variation 48-129 x 26-83 pm, 75-115 x 40-60 pm 93-137 x 48-55 pm,
variation in related variation in related
populations populations
DK4 Terminates before anterior half of the Extends anteriorly (Full Extends anteriorly (Full complete row) Terminates before

Central Dorsal Bulge
Position of Frontal Cirri

body (Shortened anteriorly)

No bulge
Posterior 4 frontal cirri are arranged in

complete row)

Strongly bulged
Posterior 4 frontal cirri

Posterior 4 frontal cirri are arranged in an

anterior half of the body
(Shortened anteriorly)
No bulge

Posterior 4 frontal cirri

an oblique, hook-shaped row

F8-UM = 3.70 umF8 with other Frontal
cirri = 6.62 pym row
Distance between V2, V3 and V4 is less
and equidistantV3-V4 = 5.10 pym V4-

Position of Ventral Cirri

V5 =7.09 um V2-V3 = 591 ym equidistant
Distance between T3 Less Less
and T4
OP Origin Tq De-novo

are arranged in an
oblique, hook-shaped

Distance between V2,V3
and V4 are almost

oblique, hook-shaped row are arranged in two pairs
F8-UM = 6.30 umF8 with other Frontal separated by a gap
cirri = 5.20 pm -

Distance between V2,V3 and V4 is more ,
and almost equidistantV3-V4 = 10 um V4-

More gap between V2
and V3 and V3 is closer

V5 =125 um V2-V3 = 9.90 um to V4
Less More
De-novo T, and T,

4.2. Justification for the establishment of a new species

T. saprai n. sp. possesses characteristic features of the genus
Tetmemena. In light of the differences in morphology and mor-
phometry, as well as morphogenetic and molecular data between
the presently investigated species and other reported species of
Tetmemena, it is affirmed that this species belongs to the
Tetmemena-pustulata-vorax complex but is distinctly a new species
(Tables 2 and 3). Morphological and ontogenetic information has
helped in inferring phylogenetic relationships in many reported
taxon of ciliates (Chen et al., 2017; Gupta et al., 2001; Kumar and
Foissner, 2017; Shi and Li, 1993; Shi and Ammermann, 2004).

4.3. Phylogenetic position of Tetmemena saprai n. sp.

T. saprai n. sp. lies in a cluster belonging to the pustulata-vorax
complex of the family Oxytrichidae. The phylogenetic analysis
based on the SSU rRNA gene sequence supports the monophyly
of the genus Tetmemena. T. saprai n. sp. shows a monophyletic rela-
tionship with only one of the strains of T. pustulata (KM222092)
and a paraphyletic one with T. bifaria (FM209296) and one of the
strains of T. pustulata (X03947) (Fig. 6). Since the SSU rRNA gene
is highly conserved it is known to be most suitable for interspecific
separation but not at intraspecific level (Gao et al., 2010; Yi et al.,
2008). In comparison to the SSU rRNA gene, the ITS region (ITS1-
5.8S-ITS2 region) shows relatively high variation in nucleotide
sequences, making it more suitable for biodiversity analysis (Gao
et al., 2010). This contention is strongly supported by the present
study in that the genetic distance within the genus Tetmemena cal-
culated on the basis of the SSU rRNA gene was was 1-2% whereas it
was 1-6% on the basis of the ITS region. It is known from previous
studies that even 1% nucleotide variation can be considered suffi-
cient for designation as a new species (Schmidt et al., 2007). Since
the nucleotide variation in T. saprai n. sp. with other known species
of genus Tetmemena is more than 1%, this would suggest that T.
saprai n. sp. is a distinct species, and this conclusion is in fact
strongly supported by the predicted secondary structures of the
ITS region, in that these show remarkable variations in the helices
between T. saprai and its congeners. Since, the percentage of
nucleotide variations calculated on the basis of the ITS region
was more than that for SSU rRNA gene.

Remarks on the synonymy of T. saprai n. sp and S. notophora
sensu Sapra and Dass 1970.

Over the last two decades the investigation of biodiversity
among various fresh water bodies in India has shown the wide-
spread presence of the species we designate as T. saprai n. sp.
The morphological and morphogenetic description of S. notophora
sensu Sapra and Dass (1970) from Delhi, India, corresponds well
with T. saprai n. sp. In fact, Berger (1999) synonymised S. notophora
sensu Sapra and Dass 1970 with T. pustulata (S. pustulata). It is
agreed that S. notophora sensu Sapra and Dass (1970) is different
from S. notophora described by Kahl (1932) but is also distinctly
different from T. pustulata (S. pustulata). While we would agree that
S. notophora sensu Sapra and Dass (1970) is different from the S.
notophora described by Kahl (1932) we would argue that it is also
distinctly different from T. pustulata (S. pustulata). The similarity
between S. notophora sensu Sapra and Dass (1970) and T. saprai
n. sp. suggests that in future all papers concerning S. notophora
from India should be referring to T. saprai n. sp.

5. Conclusion

In light of the tools available to present day taxonomy, an inte-
grated approach is required in order to arrive at confident identifi-
cation of closely related species (Clamp and Lynn, 2017;
Santoferrara and McManus, 2017; Sun et al.,, 2016; Warren et al.,
2017). Comparisons are available of various species of Stichotrines
based on molecular markers (Dai and Xu, 2011; Gao et al., 2016;
Paiva et al.,, 2009; Schdmidt et al., 2007; Tamura et al., 2011),
which also include species of Stylonychia and Tetmemena but in
the absence of in-depth morphological and morphogenetic infor-
mation, a detailed comparison with T. saprai n. sp. is not feasible.
It is clear, therefore, that more data concerning the morphology,
ontogenetic processes and more gene information of other species
of are still required to achieve a comprehensive understanding for
the whole genus Tetmemena.
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