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Abstract

Ciliates are highly divergent unicellular eukaryotic organisms with nuclear dualism and a highly specialized ciliary pattern.
They inhabit all biotopes and play crucial roles in regulating microbial food webs as they prey on bacteria, protists and even
on microscopic animals. Nevertheless, subtle morphological differences and tiny sizes hinder proper species identification
for many ciliates. In the present review, an attempt has been made to elaborate the various approaches used by modern day
ciliate taxonomists for species identification. The different approaches involved in taxonomic characterization of ciliates such
as classical (using live-cell observations, staining techniques, etc.), molecular (involving various marker genes) and statistical
(delimitation of cryptic species) methods have been reviewed. Ecological and behavioural aspects in species identification
have also been discussed. In present-day taxonomy, it is important to use a ‘'total evidence' approach in identifying ciliates,
relying on both classical and molecular information whenever possible. This integrative approach will help in the mergence
of classical methods with modern-day tools for comprehensive species description in future.

INTRODUCTION

Ciliated protists (Ciliates) are a highly diverse clade of
eukaryotic micro-organisms that are morphologically very
complex and highly differentiated taxa among single-celled
organisms [1]. They exhibit high species diversity, with over
4000 free-living ciliates described [2]. Ciliates have a num-
ber of distinctive structural and functional features, such as
their extremely complex subcellular and organellar struc-
tures, structurally and functionally different macronuclear
and micronuclear genomes, sexual reproduction by conju-
gation, whole genome duplications, patterns of cortical
structure with semi-autonomous mechanisms of inheritance
and morphogenesis, evidence of epigenetic mechanisms,
broad array of ecological niches and lifestyles, and rapid
evolutionary radiation at the species population level owing
to their short generation times [3]. Their role is immense as
they are part of the microbial loop, function as recyclers,
remineralizers of organic material in terrestrial and aquatic
systems, they prey upon the bacteria and smaller protists
and maintain the ecosystem balance. These distinctive char-
acteristics make them extremely useful models in studies of
cell biology, molecular biology, genetics, ecology and

evolution [4, 5]. They have been used extensively as model
systems for assessing heavy metal toxicity in freshwater eco-
systems [6-9], to detect stress-induced morphological
anomalies [10-12] and in the expression of genes such as
hsp70, superoxide dismutase and metallothionein [13-15].

There are generally two major approaches used for identifi-
cation of ciliates: the traditional method of live cell mor-
phology, fixation, staining and morphometrics and, more
recently, DNA-based methods. Nowadays, taxonomy is
more focused on an integrative approach combining classi-
cal and molecular approaches. Ciliate taxonomy was tradi-
tionally done using microscopic techniques involving
observation of live or fixed cells with details of the ciliature
or silver-line system. With improvements in optical micros-
copy and the wider application of silver impregnation meth-
ods, detailed descriptions of ciliature, oral apparatus,
nuclear apparatus and ultrastructure have been done and
various new species have been described in previous years
[16-19]. In addition, due to advances in molecular taxon-
omy techniques, phylogenetic studies have become increas-
ingly important in the last three decades [20-22]. The
application of powerful and ultra-rapid nucleic acid
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sequencing techniques for phylogenetic studies have been
utilized to a great extent in taxonomic studies.

The present review aims to discuss the different morpholog-
ical and molecular methods involved in identification of cili-
ate species along with various statistical approaches to
delimit cryptic species. Also, the role of ecological and
behavioural aspects in the taxonomic characterization of cil-
iate species has been reviewed. Further, to have a complete
species description, an integrative approach is suggested
combining morphological and molecular methods and sta-
tistical tools as well as complementary features involving
ecology and behaviour.

CILIATE TAXONOMY

Classification of the phylum Ciliophora

For the classification of phylum Ciliophora, two main classi-
fication systems are widely used. One is given by Corliss [19],
which is based on morphological characters and the other by
Lynn [4], which is inferred mainly from ultrastructural char-
acters and small subunit (SSU) rRNA gene sequences, which
are broadly consistent at class level but differ widely at order
or family levels [23]. According to Lynn [4], there are about
300 families and 57 orders of ciliates. As per the recently
updated classification given by Adl et al. [24], the phylum
Ciliophora is divided into two subphyla namely, Postodes-
matophora and Intramacronucleata. Postodesmatophora
includes two classes Karyorelictea and Heterotrichea. Intra-
macronucelata have been divided into two groups: SAL and
CONThreeP. SAL includes Spirotrichea and Lamellicorticata
(i.e. Armophorea and Litostomatea). The SAL group also
includes three other ciliates, the species Mesodinium, Caria-
cothrix and Phacodinium, but their phylogenetic positioning
is still doubtful. The group CONThreeP includes Colpodea,
Oligohymenophorea, Nassophorea, Phyllopharyngea, Pros-
tomatea and Plagiopylea (Fig. 1) [24-27].

I. Classical/traditional approaches: morphology-
based species identification

(a) Microscopic observations

Live cell observations

To observe live ciliates under the stereoscopic or phase
contrast microscope, cells are picked and dropped on a
non-greasy clean slide. It is difficult to observe the detailed
ciliature in fast-moving ciliates, therefore cells are immobi-
lized or slowed down first by using Protoslo (Carolina Bio-
logical Supply Co)/methyl cellulose/polyoxresin WSR. All of
these increase the viscosity of the water, thereby slowing the
movement of the organism. However, this method often
changes the shape of the cells or causes premortal altera-
tions in various cell structures, hence, is not recommended.
The preferable method is thus to select and pick cells using
an appropriate micropipette and place them on a slide in a
very small drop of fluid. Excess water/medium is removed
and the slide is covered with a coverslip after applying Vase-
line/petroleum jelly at the corners of the coverslip. The
petroleum jelly corners are pressed with a mounted needle

until the ciliates become slightly squeezed between the slide
and the coverslip [28]. Also, there are immobilization tech-
niques by means of commercially obtained microcompres-
sors or do-it-yourself methods [29]. Photomicrographs can
be recorded with a camera mounted on the microscope only
after the cells are properly immobilized. Ciliature can be
studied to some extent (Fig. 2).

Scanning electron microscopy (SEM)

SEM allows a three-dimensional view of the ciliates and
details can be documented which are difficult to reveal with
other methods. The procedure involves fixation for 30 min
in Parducz fixative containing four parts 2% osmium
tetroxide (OsO,) and one part saturated mercuric chloride
(HgCl,). The cells are then washed in 0.05 M Na-cacodylate
buffer (five times) [28] (Fig. 3a, b). The cells are transferred
with a drop of buffer to the preparation chamber. The
chamber is then dehydrated using alcohol series and dried
in critical-point drying apparatus and coated with gold. Pre-
pared cells are viewed at X 10 000 magnification.

(b) Staining procedures

Silver impregnation method

Many cytological techniques are useful for studying the
morphology of protozoa, but the most widely used among
them is the silver impregnation method. Silver impregna-
tion is undertaken to reveal the ciliature and the silverline
patterns (Fig. 3c—e and Fig. 4). Major techniques followed
are silver carbonate staining [30], silver nitrate staining [31]
and silver proteinate/protargol staining [32]. These impreg-
nation protocols have been further modified and used
according to different classes of ciliates [28, 32-36].

The wet silver nitrate method (Chatton and Lwoff staining)
works well with different kinds of ciliates, especially with
hymenostomes (e.g. Tetrahymena, Paramecium, Cyclidium),
holophryids (e.g. Holophrya), most colpodids (e.g. Colpoda,
Bresslauides) and some euplotids (e.g. Euplotes). Less con-
vincing results are usually obtained with peritrichs (e.g. Vor-
ticella), heterotrichs (e.g. Spirostomum, Metopus), oligotrichs
(e.g. Halteria) and most hypotrichs (e.g. Oxytricha, Urostyla).
Wet methods provide valuable information on the somatic
and oral ciliature as well as the silverline networks (dorsal
argyrome) which are, however, often rather faintly stained.
The shape of the cells is usually well preserved, which is of
advantage to the investigation (Fig. 3c—e). Modifications
have been described by various authors [37-39].

The silver proteinate impregnating technique (protargol)
serves to reveal the morphological key features of the ciliates
such as the ciliature as well as the nuclear apparatus, extru-
somes and various fibers (e.g. nematodesmata, basal body
appendages etc). This is an impregnation technique, not a
colouration technique whose impregnating agent is the sil-
ver proteinate which stains the kinetosomes or basal bodies
of the cilia. It is also important to mention that protargol is
no longer commercially available and needs to be synthe-
sized in-house by the protocol suggested by Pan et al. [40]
with improvements [41, 42]. The impregnation procedure
involves fixation of ciliates in Bouin’s fixative/Stieve’s fluid/
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Fig. 1. Classification of the phylum Ciliophora (adapted from Adl et al. [24]). (?) in the figure indicates insertae sedies of Cariacothrix,

Mesodinium and Phacodinium in the SAL group.

ethanol/formalin, etc. [28, 43], followed by enrobement in
Meyer’s albumin, coagulation of the albumin film by form-
aldehyde-methanol solutions, bleaching in sodium hypo-
chlorite (3 %), staining in protargol (0.8 %) for 30 min and
lastly developing the stain and dehydration, clearing in
xylene and mounting in DPX/Canada Balsam. To locate the
macro- and micronuclear nodules or the cytoplasmic inclu-
sions clearly, the pH of the protargol solution has to be
adjusted by adding ammonium hydroxide (28-30 %) drop-
wise [44]. The entire procedure is time consuming, but can
be used to study the key morphological features of the cili-
ates such as the pattern of the buccal ciliature, i.e. the undu-
lating membranes and the adoral zone of membranelles, the
pattern of the dorsal ciliature, i.e. the number and develop-
mental pattern of the dorsal kineties, number and origin of
marginal cirral rows, number of caudal and extra cirri pres-
ent or absent, the pattern of the ventral ciliature, in particu-
lar the number of the frontal-ventral-transverse (FVT) cirri
and arrangement of frontoventral cirri (Fig. 4). These pat-
terns are genus- and species-specific, as illustrated by Berger
and Foissner [45] and Shao et al. [46].

FLUTAX staining of ciliates

This methodology has recently been proposed [47, 48] as a
simple and easy alternative to silver staining methodologies
to identify ciliates. Images obtained after FLUTAX staining

reveal the key characteristic features useful for identification
of the ciliate species (Fig. 3f, g). The staining successfully
shows the main ciliature patterns and location of structures
important for the taxonomic identification of ciliates.
FLUTAX (7-O-[N-(4-fluoresceincarbonyl)-L-alanyl] taxol) is a
fluorescent derivative of taxol (Paclitaxel) that binds specifi-
cally to microtubules and, since the main structures with
taxonomic value in ciliates are microtubular, this method is
valuable. It can also be used as vital staining since it does not
always require previous fixation or permeabilization,
although a permeabilization process might provide better
results in some ciliates such as hypotrichs, which are nor-
mally difficult to stain with silver impregnation due to their
fragility [47].

For visualization of the microtubular system, derivatives of
FLUTAX, i.e. FLUTAX 1 and 2 (defluorated variant of FLUTAX
1) are used. For FLUTAX 1 staining, single cells are incu-
bated with 1 uM FLUTAX 1 for 10 min and placed in a drop
of antifading agent which facilitates FLUTAX entry into the
cells. Then, cells are mounted with a coverslip and
observed immediately with an epifluorescence microscope
[48]. For FLUTAX 2 staining, ciliates are permeabilized by
using 0.5 % saponin in PHEM buffer [49] and are fixed in
2% paraformaldehyde dissolved in PHEM buffer for 10-
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Fig. 2. Live cell images of selected fresh water ciliates isolated from Delhi, India. Species: (a) Tetememena; (b) Aponotohymena; (c) Oxy-
tricha granulifera; (d) Paraurostyla coronata; (e) Pseudokeronopsis; (f) Pseudourostyla; (g) Urostyla; (h) Laurentiella; (i) Gastrostyla; (j) Spiro-
stomum; (k) Euplotes aediculatus; () Euplotes woodruffi; (m) Aspidisca; (n) Euplotes; (o) Cyclidium; (p) Stentor; (q) Blepharisma; (r)
Paramecium; (s) Frontonia; (t) Loxodes; (u) Vorticella; (v) Lacrymaria. Bars a-f, n, 0, 20 um; g-m, g-v, 50 um; p, 100 um.

15s prior to incubation with FLUTAX 2 [47]. These prepara- stable as long as they are not exposed to the wavelength
tions can be observed immediately or stored under cold, exciting the fluorochrome. Once exposed, the fluorescence
dark and wet conditions for a few days. Preparations are is quickly exhausted and the preparation loses its integrity;

Fig. 3. (a-h) Photomicrographs depicting different techniques used for ciliate identification. (a—b) Scanning electron micrographs of
(a) ventral surface and (b) dorsal surface of Tetmemena. (c-e) Wet silver nitrate staining of (c) ventral surface, (d) dorsal surface of
Euplotes aediculatus and (e) dorsal surface of Euplotes encysticus. (f-g) FLUTAX staining revealing the ciliary structure of (f) Sterkiella
cavicola (ventral view) and (g) Tetrahymena thermophila (dorsal view) [(f) and (g) adapted from Arregui et al. [47] and [48], respectively].
(h) Fluorescence in situ hybridization and 4,6-diamidino-2-phenylindole (DAPI) staining of Condylostoma stained with the Cy3-labelled
probe Pspe210 and DAPI with 20 % formamide concentration [(h) adapted from Zhan et al. [53]]. AZM, adoral zone of membranelles;
UM, undulating membrane; CVP, contractile vacuole pores. Bars, 20 um.
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Fig. 4. Protargol-impregnated images showing ventral surface of selected ciliates. Species: (a) Tetmemena; (b) Notohymena; (c) Oxytri-
cha granulifera; (d) Gastrostyla; (e) Paraurostyla coronata; (f) Pseudourostyla cristata; (g) Urostyla; (h) Anteholosticha; (i) Histriculus histrio;
(j) Strongylidium; (k) Laurentiella; (I) Euplotes aediculatus; (m) Euplotes woodruffi; (n) Euplotes; (o) Chilodonella; (p) Colpoda; (q) Aspidisca;

(r) Blepharisma. Bars, 20 um.

hence, no permanent slides can be kept, which is one
major drawback of this technique. Another drawback is
that not all the subpellicular microtubules associated with
the infraciliature are visualized. Apart from these disad-
vantages, efficiency, ease of use and rapidity of this
method show that it is a good technique for ciliate species
identification [47, 48].

Fluorescence in situ hybridization (FISH)

The FISH approach has the potential to allow easy and
unequivocal identification of ciliates within complex sam-
ples by simple yes/no detection (getting a signal or not)
[50]. Fluorescent probes have been used for a long time in
the field of bacterial taxonomy [51], but this technique has
seldom been used to identify ciliates without the need to
refer to morphological characters. The new protocol pro-
vided by Fried et al. [52], is an adaptation of FISH com-
bined with silver staining protocols to rapidly detect and
identify ciliates. Another advantage of FISH is that, once a
probe has been tested, no cultivation and sequencing is
needed to identify cells in complex samples and sequence-
based phylogenetic conclusions can be assigned to a mor-
photype in situ [53] (Fig. 3h). It can be used easily to
monitor ciliates and other protists living in different

environments and the ecological function of particular cili-
ate species can be studied using grazing experiments (addi-
tion of stained food organisms) to the predator species [54].
The FISH technique implies the use of various fluoro-
chrome-labelled oligonucleotide probes which hybridize to
a target sequence within an intact cell, resulting in coloured
signals that are detected with a fluorescence microscope
[53]. This technique has been applied successfully in some
ciliates e.g. Glaucoma scintillans [52], Glaucomides bromeli-
cola [55] and Pseudocohnilembus persalinus [53].

Quantitative protargol stain (QPS)

QPS is a promising technique to bridge the gap between the
taxonomic and quantitative methods. This technique is
based on protargol impregnations combined with a filtra-
tion method for cell enumeration. The quality of the stain is
reproducible and ranks equally with established protargol
techniques used in ciliate taxonomy. The method was first
developed by Montagnes and Lynn [33] and then later on
odified by Skibbe [56]. Skibbe’s method reduced the total
time of preparation from 15 to 27 h to less than 4 h. In addi-
tion to the staining of basal body structures, cilia and the
nuclear apparatus of the protozoan cells, the QPS also
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Fig. 5. Feulgen-stained nuclei of ciliates. Species: (a) Notohymena;, (b) Gastrostyla; (c) Oxytricha granulifera; (d) Paraurostyla coronata;
(e) Tetmemena; (f) Laurentiella; (g) Pseudourostyla cristata; (h) Blepharisma; (i) Euplotes aediculatus; (j) Euplotes woodruffi; (k) Euplotes; (1)

Paramecium. Bars, 10 ym.

provides information about the content of food vacuoles
and presence of endosymbionts [56].

Feulgen, DAPI and methyl green pyronin staining for nuclei

Although the nucleus of the ciliates is stained well with the
protargol, the Feulgen reaction is mainly used to reveal the
nuclear apparatus very selectively as the protargol stains
other cytoplasmic inclusions too sometimes and it becomes
difficult to understand the nuclear morphology [28]. In this
technique, DNA is stained specifically as the Schiff’s reagent
reacts with the aldehyde groups present in the deoxyribose
molecules which are exposed by HCI hydrolysis. The stain-
ing intensity is also proportional to the DNA concentration
[57]. This technique reveals the nuclear cytology in different

ciliate species, as illustrated in Fig. 5. The technique briefly
involves fixation of cells for 15-20 min in Carnoy’s fixative
(four parts methanol and one part glacial acetic acid or three
parts ethanol and one part glacial acetic acid), followed by
adding one or two drops of fixed cells onto a clean glass
slide with a dropper. After the cells are dried and fixed on
slides, they are washed with distilled water. Further, acid
hydrolysis is done by keeping the fixed slides in 1 N HClI for
7 min at 60 °C. Again, slides are washed and stained in Feul-
gen stain for 25-30 min, followed by differentiation in water
and dehydration in alcohol series (30%, 50 %, 70 % for
5min each; 90 %, 100 % for 10 min each), clearing in xylene
(10-15 min) and mounting in DPX/Canada Balsam [58].
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Fig. 6. General organization of the eukaryotic ribosomal genes showing hypervariable regions in the small and large subunit rRNA
genes. ETS, external transcribed spacers; SSU, small subunit; ITS, internal transcribed spacer; LSU, large subunit.

DAPI (4, 6-diamino-2-phenylindole dihydrochloride) is a
fluorescent dye that binds to nuclear DNA. The fluoro-
chrome is excited by UV light and can be observed with epi-
fluorescence microscopy. The procedure involves fixing the
cells with Lugol’s solution [59]. Sodium thiosulphate is
added to bleach the fixed sample and reduce darkness of the
Lugol’s fixed cells, which enhances the brightness of the
fluorescence. Cells can also be fixed with either 8 % parafor-
maldehyde/0.2 % Triton-X 100 in a 1:5 ratio, or 20 % para-
formaldehyde/50 % RNALAter/5 % Trizol in a 1:6 ratio for
15 min on microscopic slides and washed [60]. Further, 1 pg
ml~" DAPI solution is added to the sample and incubated
for 3-4 min in the dark. This is then observed with epifluor-
escence microscopy using a UV filter (365 nm). DAPI stain-
ing is a rapid and reliable technique to reveal the nuclei in
ciliates, but certain precautions need to be taken to effec-
tively use it. For example, if higher concentrations of DAPI
are used, it may stain the cytoplasm and the nucleus will not
be distinguishable. Bleaching using sodium thiosulphate
needs to be done in a controlled way otherwise the cells will
become colourless and difficult to be traced. Also, DAPI-
stained samples should be kept away from bright light, as
DAPI is light sensitive and fades quickly, hence it not rec-
ommended for long-term preservation [53, 61, 62].

The methyl green pyronin method is a simple, quick and
easy technique wherein nucleic acids such as DNA and
RNA are differentially stained in green and red, respectively,
and thus the nuclear morphology is revealed. But it also
stains mucocysts in many ciliates (except those of tetrahy-
menids and many haptorids). The methyl green/pyronin
mixture is prepared from 37ml 0.5% aqueous pyronin,
13 ml purified 0.5 % aqueous methyl green and 50 ml acetate
buffer pH 4.8 (119 ml 0.2 M sodium acetate and 81 ml 0.2 N
acetic acid) [63]. The technique involves mixing of one drop
of fluid containing ciliates with one drop of methyl green
pyronin and mixing the drops by gently swivelling the slide
[28, 43]. The drawback of this technique is that it does not
specifically stain DNA; therefore, there can be difficulties in
observing the nucleus, especially the micronucleus since
they are very small in size and there can be more than one
in many ciliate species.

Il. Molecule-based species identification

Molecular systematics is an emerging field of study in the
area of ciliate systematics and often preferred over morpho-
logical data. The fact that many genes accumulate mutations
at different rates and this difference is based on how much a

gene can tolerate without losing its function is the basis for
studying molecules in systematics. For example, histone
molecules may become non-functional if some amino acids
are replaced with different ones. On the other hand, the
internal transcribed spacers (ITS) of rRNA can still fold
properly even if many of its nucleotides are changed. Thus,
ITS can accumulate mutations more rapidly than the histo-
nes. Therefore, such genes are used as molecular markers in
studying ciliate systematics. In some cases, the morphologi-
cal data becomes insufficient to distinguish two organisms
at phylum, class, order, family, genus or species levels, thus
analysis of the biomolecules is considered, which are large
in number and can provide more accurate information to
differentiate between two morphologically similar species.
In other words, molecular information gives resolution
below the species level [64]. Molecular data are easier to
obtain and sometimes the only information available to
trace the evolutionary history of a species. Each of the nucle-
otide variations should be considered as a character and is
therefore an independent entity [65]. Thus, molecular iden-
tification has been proposed to serve as an alternative taxo-
nomic approach for identifying the immense diversity of
living organisms [66-68].

Small subunit (SSU) and large subunit (LSU) rRNA genes
The SSU rRNA gene was the first molecular marker to be
employed [69]. Ribosomal RNA genes are one of the best
molecules to be used till date for studying taxonomy because
they are universal and are composed of highly conserved as
well as variable regions [70]. In all eukaryotic organisms,
the ribosome consists of SSUs having the 18S rRNA gene
and the LSU with 5.8, 5 and 28S rRNA molecules (Fig. 6).
rRNA genes are evolving more slowly than the protein-
coding genes and are therefore particularly important in
phylogenetic analysis. Numerous studies suggest the use of
SSU rRNA gene sequences of ciliates to examine phyloge-
netic positions among them [71-73]. Currently, SSU rRNA
gene sequences comprise the largest assemblage of ciliate
data. In recent years, it has become clear that the SSU rRNA
gene might be too conserved to uncover cryptic species of
ciliates [74-76].

ITS sequences and 5.8S sequence data (ITS1-5.85-ITS2)

Considerable effort has been dedicated to the search for
alternative gene markers that will adequately reveal genetic
diversity and provide better resolution especially at the tips
of the ciliate tree. Additional molecular markers that are
increasingly used for investigating  phylogenetic
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relationships among the ciliates include the internal tran-
scribed sequences and 5.8S sequence data (ITS1-5.8S-ITS2)
and tree reconstruction using them [77, 78]. The external
transcribed spacer (ETS) and the internal transcribed
spacers (ITS1 and ITS2) are the flanking regions of the SSU
and the 5.8S rRNA which do not become part of the mature
rRNA but their sequences and structures are required for
the correct processing. ITS1 is located between SSU rRNA
and 5.8S rRNA, and ITS2 is located between 5.8S rRNA and
LSU rRNA [79] (Fig. 6). They accumulate a higher number
of variations and are therefore suitable markers for phyloge-
netic studies [70]. Also, ITS1 is found to be more variable
than the ITS2 gene, indicating that ITS1 is more suitable for
species-level identification. Thus, SSU rRNA genes, LSU
rRNA genes and ITS1-5.8S-ITS2 have been used extensively
in phylogenetic analyses [64, 80].

Species identification by using phylogenetic analyses
involves selection of a single or multiple marker genes pref-
erably the most frequently used SSU rRNA, ITS1-5.8S-1TS2,
LSU rRNA, mitochondrial COI (cytochrome oxidase I)
gene [76] or others such as actin [81], a-tubulin [82], B-
tubulin [81], elongation factor la [83] and histone 4 [84,
85]. PCR is performed for the particular marker gene
selected with the help of specific primers (Table 1). The
sequences obtained are used to reconstruct phylogenetic
trees by using different software. Tree-building software
that are commonly used are MEGA, PHYLIP, PAUP, PhyML,
etc. The reconstructed trees are then viewed and analysed to
understand the relationships among the species of interest
[23, 86].

DNA barcoding

DNA barcoding is a technique that involves the use of short
standardized DNA regions to identify species [87]. Many
molecular marker genes such as hypervariable regions (V4,
V9) of 18S rRNA gene, COI gene, ITS1-5.85-ITS2 region
and the D1-D2 region of the LSU rRNA have been sug-
gested as barcoding genes [64] (Fig. 6). This technique
involves the method of amplifying and sequencing these
short stretches of DNA directly from the environment
employing high throughput sequencing techniques such as
454 pyrosequencing and Ilumina/Solexa sequencing for esti-
mating the complete diversity [88, 89]. It yields a million
sequence reads in a single run, but results in much shorter
sequences >500-700bp at the most [90]. Because of this
length limitation, these studies target short segments of
DNA such as the hypervariable regions.

i. Hypervariable regions of the 18S rRNA gene

The entire region of 18S rRNA gene is around 1771 bp long
(except in Litostomatea with 1635-1641bp [40, 91], but
there are specific stretches of DNA which are variable and
are used in species identification. Prime candidates are the
eight hypervariable regions V1-V5 and V7-V9. The V4
region is the longest of all regions: it comprises about
253.5bp and correlates well with the entire sequence of the
18S gene with respect to the sequence information. The V2
region also correlates well, but is shorter with 161.8 bp on

an average. All other hypervariable regions are shorter than
100bp and have lower correlation values [92]. The V9
region is also used immensely in high throughput sequence
analyses of eukaryotic diversity [88, 93, 94] and has been
suggested as a prime candidate especially for measuring
protist lineage richness [94]. This is because V9 is of com-
paratively shorter length (75-150bp) and has apparently
lower sequencing error as compared to the longer V4 region
[93]. It appears to yield less biased results across the broad
taxonomic groups with general eukaryotic primers [89].

ii. Mitochondrial cytochrome c oxidase subunit | (COI) gene
The utility of mitochondrial cytochrome ¢ oxidase subunit I
(COI) gene in DNA barcoding studies was first introduced
by Hebert and colleagues [87, 95]. The cytochrome ¢ oxi-
dase is a mitochondrial protein and is located in the inner
mitochondrial membrane. COI is one of the most conserved
mitochondrial protein-coding genes in animals and thus
has a phylogenetic importance [96]. Additionally, mito-
chondrial genes have higher evolutionary rates than nuclear
coded genes (e.g. SSU rRNA) and should be better suited to
discriminate between closely related taxa [75, 97]. Even
though it has been successfully used as a barcoding gene in
many animal groups, its utility in protists has been studied
to some extent in the recent years [98-100]. It was first suc-
cessfully sequenced in ciliates species Tetrahymena and Par-
amecium (class Oligohymenophorea) [101, 102]. The COI
gene is on average 2000-2200 nt long and includes an insert
of about 300 nt long, which is used as a barcode to discrimi-
nate species [87]. The COI gene shows high divergence
within ciliates and the insert region which is present in all
classes is even more divergent. The resolution of COI at the
intraspecific level is much greater than that of any nuclear
genes and shows great potential to identify species on the
basis of molecular data and to resolve the relationships of
closely related ciliate taxa and uncover cryptic species. How-
ever, it is worthy to note that no universal primer sets of the
COI gene are available to cover all groups of ciliate species
[74, 103]. In the case of some ciliate groups, especially Litos-
tomatea, Armophorea and some spitrotrich ciliate species,
universal primer sets of the COI gene do not work [75]. In
particular, ciliates like the armophoreans which inhabit
anoxic ecosystems [4] and thereby lack functional mito-
chondria (e.g. functional COI gene) [103]. Recently, a new
set of COI primers was designed to amplify this gene suc-
cessfully in all spirotrichean ciliate species by using an in sil-
ico approach (Table 1). COI amplicons of 478 bp in around
69 populations of spirotrich ciliates were successfully
obtained [103].

Secondary structures of hypervariable regions and ITS1
and ITS2 regions

Comparisons of secondary structures of hypervariable
regions V2, V4, V7 and V9 of the SSU rRNA gene have
been used and they show high degree of variability. The
structures have been found to vary significantly within a
genus and have been proved to be useful in species identifi-
cation as well. In a study, Wang et al. [20] predicted the sec-
ondary structure of these four regions of the SSU rRNA
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gene of 45 urostylids. Structural comparison has shown that
the V4 region is the most effective in revealing interspecific
relationships, while the V9 region is suitable at family or
higher level. The V2 region is also informative but was
found unable to reflect phylogenetic relationships at family
or lower level. The V7 region was found to be least informa-
tive. Therefore, secondary structure analysis had also pro-
vided clues about the phylogenetic relationships of
problematic genera and provides better understanding of
their phylogeny.

ITS1 and ITS2 genes have specific folding patterns and loop
formations which can be utilized in phylogenetic analyses
and understanding the species identity. Comparisons can be
done at genus and species level using the primary sequence
[104]. The rate of evolutionary changes in the ITS1 and
ITS2 is also more than 100 times higher than that of 18S
rRNA gene, making it one of the most popular markers in
phylogenetic studies [80, 105]. Although both the ITS1 and
ITS2 contain sufficient conserved regions and variable
regions, ITS2 seems to contain more information potentially
useful for comparisons at family, order and even higher
levels.

The putative secondary structures of ITS gene can be pre-
dicted using the default settings of the mfold web server
(http://unafold.rna.albany.edu/?q=mfold) [106, 107]. The
structures can then be edited using RnaViz 2.0 software
which is a user-friendly, portable windows-type program
for producing secondary structure drawings of RNA mole-
cules [108].

Regions of the LSU rRNA gene other than the hyper-
variable region of the SSU rRNA gene and certain
divergent regions of the large subunit rRNA gene have
also been explored to identify up to species level and to
differentiate between cryptic species [109, 110]. LSU
regions have been found to have advantages such as a
faster evolutionary rate than SSU regions, less intra
clonal and intra individual variablilty than ITS and con-
siderably higher universality than COI [111-113].
Recently, two adjacent regions, D1-D2 have been stud-
ied; an amplified product of around 800-1300bp can be
obtained for a broad range of species with some specific
PCR optimizations [70, 85, 111]. Studies using the LSU
region have already been successfully done in the dia-
toms, dinoflagellates, tintinnid ciliates, Paramecium spe-
cies and Frontonia species [64] and therefore it has
proven to be a good candidate barcording gene, but fur-
ther exploration in different group of ciliates needs to
be carried out in future.

lll. Statistical analysis based species identification

Variability is a phenomenon of life and it can arise due to
geographical isolation or by genetic factors such as genetic
drift and other evolutionary processes. Thus, the problem of
cryptic species arises and thereby difficulty in revealing the
hidden diversity of ciliates. Numerous strains need to be
examined, preferably from widespread locations, to be

confident that any significant differences observed are not
simply due to local genetic variations. Reproductive isola-
tion among species needs to be studied before assigning two
species as different, but it is practically difficult especially
when two species to be compared are located in geographi-
cally different locations and belong to different habitats.
Hence, quantification and statistical analysis of the morpho-
logical descriptions are required in order to avoid bias
[114, 115].

i. Multivariate morphometric analyses

The extent of morphological variation within and among
populations need to be studied using multivariate techni-
ques which is rarely used in ciliate taxonomy [115].
Advanced techniques for morphometric analysis provide
more useful and powerful tools in identifying the differences
between ciliate populations, detecting differences among
groups, and to differentiate between same species. Multivar-
iate morphometrics is a formidable tool for determination
of patterns of variation at species level for ciliates. Morpho-
metric methods have been developed and applied to dis-
criminate various ciliate species. The use of multivariate
techniques such as principal components and discriminant
analyses to quantify morphometric variables are also receiv-
ing increased attention in ciliate taxonomy. Multivariate
morphometrics comprises a wide spectrum of methodologi-
cal approaches. The choice of a particular method or
approach depends on the data being used, hypotheses to be
tested and questions being asked.

Analysis of variations in quantitative measures of patterns
of cirral placement on the ventral surface can be used to
study the processes of population differentiation and can be
interpreted to resolve taxonomic problems. Similarly, the
stability of morphological structural patterns can be ascer-
tained using such analyses [116]. In vivo as well as protar-
gol-impregnated specimens are utilized for such analyses
that provide a wealth of information required to delimit
morphospecies, taking into account for variability. Recently,
a multivariate approach was used to investigate the qualita-
tive and quantitative morphometrical variation of five Afri-
can Semispathidium species [115] and of six new Australian
species of the genus Metopus [117]. Various methods like
cluster analyses (CA) using the computer program SYNTAX
2000 [118], principal component analysis (PCA) and
canonical discriminant analysis (CDA) were conducted
using SAS software [119] to find out variations in the mor-
phometric features such as number of ciliary rows, the
length:width ratio of macronucleus, etc. Similarly, Irwin
et al. [120] studied the diversification of mobilid Peritrichs
and applied linear discriminant analysis (LDA) to assess the
variation between two populations of Trichodina domerguei.
Foissner and Schubert [121] applied discriminant analysis
to separate two species of Colpoda (Colpoda aspera from
Colpoda elliotti). Ginoris et al. [122] showed that discrimi-
nant analysis together with neural networks is a potentially
alternative tools to identify taxa by computer analysis of
their digital images.
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ii. Bayesian delimitation approaches

It has been known that different genes or genomic regions
may have different evolutionary histories (gene trees), due
to several biological processes including the coalescent pro-
cess in ancestral species, gene duplication and horizontal
gene transfer [123-125]. Use of morphological data alone
may thus underestimate the number of species and, in par-
ticular, may fail to identify cryptic species. Most of the
sequence data for the closely related species or recently
diverged species, for which species delimitation may be
most problematic, will provide poorly resolved gene trees.
Moreover, branch lengths on gene trees are important since
they provide information about the ancestral population.
These problems can be overcome by a Bayesian method for
calculating the posterior probabilities of potential species
delimitations using multilocus sequence data. This method
provides support for different species delimitations using
recently developed theoretical models that combine species
phylogenies and gene genealogies via ancestral coalescent
processes [126]. The method requires multiple sequences
from multiple genes/loci of closely related species to statisti-
cally compare the genetic distances among them and assign
posterior probability values. A unique feature of the method
is that biologists can incorporate information on plausible
species membership from morphology, paleontology and
other sources by specifying different priors in the Bayesian
model.

IV. Ancillary approaches to species identification

Ecology

Ciliate morphology is closely related to the function of the
organism in nature; hence it is necessary to understand the
role of ciliates in its particular environment, which is again
related to the behaviour of the ciliate. In other words, to
identify a species to its completeness it is important to have
a proper knowledge about its surroundings. It has been
known that many ciliate species co-occur in homogenous
environments, indicating a wide range of their ecological
niches. The ecological niche of a ciliate community com-
prises the ciliate species present in any given area along with
the other abiotic and biotic factors interacting with the cili-
ate community inhabiting that area. The originality of a spe-
cies and its functional distinctiveness are important for
quantifying how a given species contributes to the func-
tional diversity of a community and to ecosystem function-
ing [127]. In-depth studies involve the application of high-
resolution phylogenetic, genomic and the most recent
‘omic’ analyses (metagenomics, metatranscriptomics, meta-
proteomics and communities’ metabolomics) [128]. Appli-
cation of the ‘omic’ techniques to the environmental
samples will not only result in documentation of the rare/
hidden species [129] but also their functional ecological
roles. If a rare species is isolated from a rare habitat, how
different is its genetic makeup from a similar species iso-
lated from a common habitat is a question yet to be
answered. For example, genomic comparison and gene
expression analysis studies revealed that Euplotes focardii
living in cold environments such as Antarctica and the

Arctic has lost the heat shock response modulated by the
Hsp70 gene with respect to mesophilic species of Euplotes,
most likely due to constant cold environments in the Ant-
arctic Ocean [130]. Similarly, comparative RNAseq analysis
of Tetrahymena thermophila exposed to different concen-
trations of pesticides revealed how toxins might affect
expression of conservative ribosomal proteins [131]. These
modifications are excellent example of phenotypic plasticity
in adaptation to physical parameters (i.e. low temperatures,
concentration of pesticides, etc.), suggesting the role of
gene—environment interactions. Therefore, physical param-
eters such as temperature, salinity and pH of the water, sedi-
ment or soil from which samples are taken should be valued
and recorded [132].

Behaviour

Behaviour of ciliates is a complex phenomenon which not
only involves cellular motility but other vitally important
activities such as feeding, reproduction, sexual activity,
avoidance of danger and search for safety, colonization of
new habitats, etc. [133]. Such behaviour is formed out of the
adaptive tricks that were used by various ciliate species in
the past in order to overcome biological and environmental
challenges. Thus, ciliate behaviour, in reality, is a response
of the organism to its constantly changing environment. For
example, capability of encysting to avoid extreme conditions
of temperature or dryness or producing carnivorous giants
[134] to overcome periods of severe starvation [135] are
part of behavioural attributes with respect to the environ-
ment. Patterns of crawling or swimming, jumping and
escape behaviour, feeding, contractility, formation of stalks,
temporary attachment, alternation of rests and movement,
are some important behavioural parameters which can be
recorded. Soleymani et al. [136] studied usefulness of
advanced movement features and morphological data in
classifying different species of ciliates. This was done by
using automated video analysis which recorded movement
(e.g. ciliate trajectory, speed, linearity) and morphology (e.g.
cell size, cell shape) in a number of individuals in order to
classify ciliate species. It is also important to note that
behaviour is dependent on their present environment (food
type and abundance, temperature, pH, substrate type, light,
etc.) and convergent behaviours are conserved across taxa
and they are similar at least in congeners [132]. Thus, it can
only be regarded as a complementary feature and not as a
method for ciliate species identification.

Ricci devised original approaches and techniques to investi-
gate the motile behaviour of ciliates. Central to his studies
was the concept of the ethogram and of the ways in which it
varies in different ciliates and under different conditions.
Ethograms help us to find the relationships between the size
and behaviour of ciliates. Study on locomotory behaviours
of two Uronychia species (Uronychia transfuga and Urony-
chia setigera) indicated that the velocity and gripping behav-
iour in the locomotion varied in both the species depending
on their sizes [137]. In a recent study, a multivariate
approach, using 35 quantitative, 12 derived ratios and 3
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qualitative variables documented that interspecies differen-
ces are bigger than intraspecies ones [138]. Consequently, it
may be concluded that each species has a distinct type of
locomotory behaviour. Detailed ethograms are, however,
available for only a few ciliates [139-142]. A comparative
study on locomotory behaviour of two predatory ciliates,
Coleps and Spathidium, suggest that their locomotory
behaviours are different where Coleps show similarity to
that of Tetrahymena since they fall in the same cluster
CONThreeP and Spathidium with Litonotus which falls in
the same class Litostomatea. This study supports that loco-
motory behaviour reflects evolutionary history rather than
cell geometry and/or predatory lifestyle [138].

V. Integrative approach for species identification

The present-day taxonomic approach is to integrate differ-
ent aspects of biology into studying one concept [143].
The integrative approach aims to take full advantages of
the advances in technology by combining them with tradi-
tional approaches [3, 144-146]. In simple words, integra-
tive taxonomy is a mix of morphological and molecular
methods for the identification of organisms [147]. It also
provides a means of documentation of taxonomic descrip-
tions that will provide the sort of ‘portal’ to other sources
of information (e.g. genetic and ecological) that can con-
tribute to the cross-disciplinary research that can link the
events and draw inference on how the present-day biodi-
versity must have been shaped from that past events [132,
148] and maybe it can predict the future events that is yet
to happen.

Some successful models for studying integrative taxonomy
of ciliates have already been presented in oligotrich species
Novistrombidium testaceumn and Strombidium inclinatum
where behavioural data, morphological data and sequences
of the SSU rRNA gene are used for species redescription
[149]. In another study, Frontonia species have been delin-
eated by combining live observations, silver staining meth-
ods and genetic information from the coxl subunit gene,
nuclear ITS genes, hypervariable region D2 of the LSU
rRNA gene and V2 and V4 hypervariable regions of the
SSU rRNA gene [64]. Spirostomum species were also stud-
ied recently using multiple molecular markers (ITS1-5.8S-
ITS2 region), the secondary structure of the ITS2 region
and 18 and 28S (D1-D2) sequences [80]. The integrative
approach has been used to understand the phylogeny of
spathidiids [150], the positioning of the problematic taxon
Protocruzia [21], the diversification of peritrich ciliates
[151] and diversification of parasitoid apostomes, the
pseudocollidae [152].

Gap in research and future perspectives

Since the microbial eukaryotic communities highly influ-
ence the health of the freshwater and soil ecosystems, there
is a fundamental need to document the taxonomic composi-
tion of freshwater and soil ciliate diversity in unexplored
regions or habitats using systematic biodiversity surveys.
Attempts should be made to characterize unknown species

of unexplored areas by using an integrative approach com-
bining morphology and molecules. Thus, biodiversity
research is the foundation of all kinds of higher and applied
research. Comprehensive and time-to-time diversity esti-
mates of different habitats and a biogeographic map for rel-
atively common species need to be generated. This
information is critical to manage and conserve the func-
tional properties of the ecosystems for the long term, partic-
ularly in areas vulnerable to human activities. Considering
the importance of ciliate taxonomy/biodiversity studies,
funds need to be raised solely for studying this research area
and more training opportunities need to be provided for
young researchers to gain expertise in this field.
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