
Variability in Secondary Structure of 18S Ribosomal RNA
as Topological Marker for Identification of Paramecium
species
Farah R. Shakoori,1 Fareeda Tasneem,1 K. Al-Ghanim,2 S. Mahboob,2 F. Al-Misned,2

Nusrat Jahan,3 and Abdul Rauf Shakoori2,4*
1Department of Zoology, University of the Punjab, Quaid-I-Azam Campus, Lahore 54590, Pakistan
2Department of Zoology, College of Science, King Saud University, P.O. Box 24555, Riaydh 11451, Kingdom of
Saudi Arabia

3Department of Zoology, Government College University, Lahore, Pakistan
4School of Biological Sciences, University of the Punjab, Quaid-I-Azam Campus, Lahore 54590, Pakistan

ABSTRACT
Besides cytological and molecular applications, Paramecium is being used in water quality assessment and for determination of saprobic
levels. An unambiguous identification of these unicellular eukaryotes is not only essential, but its ecological diversity must also be explored in
the local environment. 18SrRNA genes of all the strains of Paramecium species isolated from waste water were amplified, cloned and
sequenced. Phylogenetic comparison of the nucleotide sequences of these strains with 23 closely related Paramecium species from GenBank
Database enabled identification of Parameciummultimicronucleatum and Paramecium jenningsi. Some isolates did not show significant close
association with other Paramecium species, and because of their unique position in the phylogenetic tree, they were considered new to the
field. In the present report, these isolates are being designated as Paramecium caudatum pakistanicus. In this article, secondary structure of
18SrRNA has also been analyzed as an additional and perhaps more reliable topological marker for species discrimination and for determining
possible phylogenetic relationship between the ciliate species. On the basis of comparison of secondary structure of 18SrRNA of various
isolated Paramacium strains, and among Paramecium caudatum pakistanicus, Tetrahymena thermophila, Drosophila melanogaster, and
Homo sapiens, it can be deduced that variable regions are more helpful in differentiating the species at interspecific level rather than at
intraspecific level. It was concluded that V3 was the least variable region in all the organisms, V2 and V7 were the longest expansion segments
of D. melanogaster and there was continuous mutational bias towards G.C base pairing in H. sapiens. J. Cell. Biochem. 115: 2077–2088,
2014. © 2014 Wiley Periodicals, Inc.
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Small subunit ribosomal rRNA are ancient structures which
have been most frequently used as molecular clocks for the

phylogenetic studies [Srivastava et al., 2011; Xia et al., 2011; Chen
and Zhang, 2012; Yu et al., 2013]. Conservation of ribosomal RNA
sequences in the course of evolution is very important to maintain
three dimensional structure [Hofacker et al., 2002; Ueno et al., 2007;
Letsch et al., 2010]. Ribosomal RNA molecule folds to form an
extensive base-paired secondary structure as part of the formation
and function of ribosome in cellular protein synthesis [Voigt et al.,
2008]. Due to the slowly evolving property of 18S rRNA sequences,

the construction of their secondary structures has proven to be a
useful topographical marker. These markers are being used for
inferring better understanding of phylogenetic relationships among
organisms as well as their functional domains in ribosomes [Hwang
et al., 2000].

Primary nucleotide sequences of ribosomal RNA can be folded into
secondary structuralmodels throughWatson–Crick andwobble base-
pairing interactions between the bases. Hydrogen bonding between
the canonical (A.U; G.C), non canonical (G.U) and intermediate
unstable pairings (A.C) result in the formation of heliceswhereas other
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non pairing regions form the contiguous structures of hairpin loops,
terminal and lateral bulges [Varriale et al., 2008;Weigand et al., 2012].
RNA secondary structures can be divided into structurally “con-
served” and “variable” regions based on documenting the mutational
patterns responsible for the variation in the double helical regions,
loops or whole stems [Xia et al., 2003]. The large portion of the
ribosomal RNA exhibit conserved base pairing patterns which
provides an objective criterion to improve the alignment based on
structural information and the tree reconstruction process of
ribosomal RNA data sets. Both these criterions have been shown to
be helpful in developing the accuracy of phylogenetic affiliations
within various taxa [Marande et al., 2009].

Despite the fact that analysis of rRNA secondary structure models
has proven to be a powerful tool for establishing accurate
phylogenetic information, they are rarely being used in phylogenetic
analysis. The major reason is that the formation of a secondary
structure model is time consuming process, and there are very few
software packages which allow the simultaneous analysis of paired
and unpaired rRNA regions [Voigt et al., 2008]. However, ribosomal
RNA secondary structure models have been reported in literature by
a number of authors for various organisms [Strüder-Kypke et al.,
2001; Yi et al., 2009; Lee and Gutell, 2012; Gao et al., 2012, 2013;
Zhang et al., 2012] although no consensus model has been attained
in the case of Paramecium species.

Paramecium is a genus of ciliate, belonging to the class
Oligohymenophorea and subclass Peniculita, and is known since
the beginning of microscopy that is, about 250 years ago. Its large
size (80–400mm), ease of cultivation, and cosmopolitan distribution
has made it a “universal laboratory animal” [Fokin, 2011]. Its
taxonomy has long history and is still changing. Based on the cells
shape and size, Woodruff [1921] divided the genus Paramecium into
two clearly defined groups; the aurelia group and bursaria group.
The members of the aurelia group viz. P. aurelia, P. caudatum, and
P. multimicronucleata, are with long spindle- or cigar-shaped
bodies; those of the bursaria group viz. P. bursaria, P. calkinsi,
P. putrinum, and P. trichium are with shorter, broader and
dorsoventrally flattened bodies. Then Jankowski divided the genus
into three subgenera [putrinum, woodruffi, and aurelia] based on
their morphological features [Strüder-kypke et al., 2000].

However, the genus Paramecium has been classified into four
subgenera [Fokin et al., 2004]. The first subgenus Chloroparame-
cium, named for its symbiotic relationship with the green alga
Chlorella, consists only of P. bursaria. This appears as basal node in
the tree presenting all the species of the genus. The second subgenus
Helianter includes P. putrinum and P. duboscqui, both of which
branch off in the genus after P. bursaria. The third subgenus,
Cypriostomum encompasses P. woodruffi, P. nephridiatum,
P. calkinsi and P. polycaryum. This subgenus is placed in the middle
of the genus tree. Finally, the fourth subgenus, named Paramecium
due to the fact that all of its species have a cigar-shape, contains the
following species: the P. aurelia species complex, P. jenningsi,
P. schewiakoffi, P. caudatum, P. multimicronucleatum, and some
rare species, namely, P. wichtermani, P. africanum, P. jankowski,
and P. ugandae [Fokin et al., 2004; Hoshina et al., 2006].

Among the 15 known species of Paramecium aurelia; four species
(P. biaurelia, P. primaurelia, P. sexaurelia, and P. tetraurelia) are

cosmopolitan in distribution, five species [P. septaurelia,
P. decaurelia, P. undecaurelia, P. dodecaurelia, and P. sonnebor-
niare] are known from US, while P. quadecaurelia has been reported
only from Australia [Przybos and Fokin, 2000; Przybos et al., 2002,
2003, 2005, 2008a,b, 2009, 2012]. P. novaurelia was described as
limited only to Europe, later on this species was also reported from
Asia (Turkey, Anatolian Upland). P. decaureliawas also known from
USA (Florida) alone but later on this was also recorded in Japan
[Przybos et al., 2007]. Likewise P. pentaurelia that was originally
reported from North America, Australia and Europe but afterwards it
was also recorded from Poland [Przybos et al., 2011].

Based on the random distribution of these species, the genus
Paramecium could be considered larger than assumed as many of
territories have still to be checked. One of the major reasons is
unbalanced Paramecium species sampling throughout the world [Li
et al., 2009]. Therefore it is necessary to investigate the rarely studied
areas such as South America, Africa, and tropical Asia or, on the
opposite, Arctic and Antarctic areas. Although European countries
are much more investigated as compared to Asian regions but even
there is continuous discovery of new species which brings idea that
the list of Paramecium species is still incomplete. Hence, the addition
of new species by more sampling is needed to resolve the phylogeny
within the Paramecium genus [Strüder-kypke et al., 2000].

The 1990’s have been regarded as the beginning of a new age in
ciliate systematics [Lynn and Struder-Kypke, 2002]. An update of
earlier classification of ciliates has started with the rRNA molecular
analysis that has recently become widely accepted to resolve the
problems of systematics as well as to reconstruct the phylogeny at
the species and subspecies levels [Shang et al., 2003; Breiner et al.,
2008]. The nucleotide sequences are functionally equivalent in all
organisms and their genes are highly conserved; therefore
phylogenies based on these sequences reveal such features of the
tree of life that can not be resolved by using simple morphological
approaches [Lukashenko, 2009].

Little work has been done on this genus throughout the world
particularly in Asian regions; therefore, the additions of new species
by increased sampling are needed to resolve the phylogeny within
the Paramecium genus. The present study was aimed at isolating and
purifying Paramecium species from water samples originating from
various regions of the Punjab province, Pakistan. The 18S rRNA gene
was used as a molecular marker for the characterization of these
isolated species. Inferred from sequence information topological tree
along with related genera obtained from GenBank was constructed
to achieve a picture of phylogenetic relationship of these species
within the genus Paramecium. Secondary structures based on the
primary nucleotide sequences of 18S rRNA sequences of all isolated
Paramecium species have been compared to derive some common
criteria of phylogenetic relationships.

MATERIALS AND METHODS

CULTURING AND IDENTIFICATION OF PARAMECIA
Paramecium species were sampled from water bodies of different
localities [Lahore, Kasur, Mansehra, Sheikhupura] of the Punjab
Province, Pakistan. Paramecia were isolated and raised in a bold
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basal salt medium [0.25 g/l NaNO3, 0.025 g/LMgSO4�7H2O, 0.075 g/L
K2HPO4, 0.175 g/L KH2PO4, 0.025 g/L NaCl, 0.05 g/L EDTA, 0.031 g/L
KOH, 0.04 g/L FeSO4�7H2O, 0.001M H2SO4, 0.01142 g/L H3BO3,
0.00881 g/L ZnSO4�7H2O, 0.00144 g/L MnCl2�4H2O, 0.00071 g/L
MoO3, 0.00157 g/L CuSO4�5H2O and 0.00049 g/L Co(NO3)2�6H2O],
diluted 1:1000 with distilled water. The medium was bacterized the
day before use with wheat grains by adjusting pH at 7.4–7.6
[Shakoori et al., 2004]. Initial identification of paramecia was done
by observing its body shape, morphological features and movement
patterns [Curds, 1982; Curds et al., 1983].

ISOLATION OF GENOMIC DNA
Genomic DNA was isolated by incubating Paramecium cells with
10mM Tris-HCl [pH 7.5] for 10–12 h at 27 °C before harvesting them
by low speed centrifugation at 6741x g at 7 °C for 10min. The cells
were lysed by using lysis buffer (42% urea, 0.30M NaCl, 10mM Tris-
HCl [pH 7.5], 10mM EDTA, 10% Nonidet P40 and 1% SDS). The lysis
mixture was extracted twice with phenol:chloroform (1:1) by
following Sambrook and Russell [1989] DNA extraction method.

PCR AMPLIFICATION
A set of primers Euk For 50-AATATGGTTGATCCTGCCAGT-30 and
Euk Rev 50-TGATCCTTCTGCAGGTTCACCTAC-30 were used to
amplify the conserved region of 18S rDNA as used by Regensbo-
genova et al. [2004]. PCR was performed in a final volume of 50mL
comprising 10mM dNTPs; 5mL MgCl2; 3mL of 10x buffer, 1mL
10mM of each primer and 1mL of 2.5 U Taq-polymerase (Fermentas,
USA). PCR amplification protocol comprised one cycle of 5min at
94 °C, followed by five cycles, each of one min denaturation at 94 °C,
2min annealing at 43 °C, and 2min extension at 72 °C, and 30 cycles,
each of one min at 94 °C, 2min at 50 °C and 2min at 72 °C; and
finally ending the cycle at 72 °C extension for 20min.

CLONING AND SEQUENCING OF 18S rRNA GENE
After confirmation of appropriate size, each PCR product was
purified using Nucleospin Extract 11 (Macherey–Nagel Germany)
and were inserted into a pTZ57 R/T cloning vector (Fermentas
#K1214). Plasmids were harvested by using Quiagen Kit (QIA prep
spin) and sent to Macrogen (South Korea) for sequencing.
Subsequent sequencing was performed in both directions using
primer walking.

PHYLOGENETIC ANALYSIS
The18SrRNAgene sequences available fromGenBank/EMBLdatabases
[www.ncbi.nlm.nih.gov] with the following accession numbers: Para-
mecium multimicronucleatum [AB252006, AB252007, AB255361],
Paramecium tetraurelia [EF502045, X03772, AB252009, AB252008,
AF149979], Paramecium jenningsi [AF100311], Paramecium schewia-
koffi [AJ54882], Paramecium primaurelia [AF100315], Paramecium
caudatum [AF217655,AB252005,AB252004,AB252003],Paramecium
duboscqui [HM140398,AM236094,AF100312],Parameciumwoodruffi
[AF255362],Parameciumnephridiatum [AF100317, AF100316], Para-
mecium putrinum [AF255360], Paramecium bursaria [AB252000,
AB252001, AB252002, AB219526, AB206543, AB206542,
AB206541, AB206540, AB206539, AB206538, AB206537], Parame-
cium calkinsi [AF100301, AF100310], Paramecium bursaria

[AB206545, AF100314] and Paramecium polycaryum [AF100313],
were compared with 18SrRNA gene sequences of isolates of present
study. The closely related species fromGenBank Database were used
to align with all isolated Paramecium species by using Megaline
alignment programme. The phylogenetic tree was constructed to
ascertain the relationship of all isolated Paramecium species by
using Clustal X.

ANALYSIS OF SECONDARY STRUCTURES OF 18S rRNA
The secondary structure of 18S rRNAs of all Paramecium species
obtained through a RNA structure programme (http://rna.urmc.
rochester.edu/RNAstructure.html) were used as a criterion for
phylogenetic relationship among different species of Paramecium.
Analysis of RNA models was based on documenting the mutational
patterns responsible for variation in the double helical regions,
loops or whole stems. Models were analyzed by comparing the
structures of the same species (viz., FT1 with FT2, FT4, FT5, and FT6
with FT7, FT8) or closely related species (FT2 with FT3). However,
FT6 was used to compare the secondary structures of
T. thermophila, D. melanogaster, and H. sapiens to determine
conserved homologous regions. The nucleotides were numbered
after every 50 nucleotides. Terminologies of Ouvrard et al. [2000]
were used to explain secondary structures. Briefly, the glossary
adopted was as follows: Stem, right handed double helix composed
of a succession of complementary hydrogen bonded nucleotides
between paired strands; Single strand, unpaired nucleotides
separating strands; Hairpin loop, stem closed distally by a loop
of unpaired nucleotides; Terminal bulge, succession of unpaired
nucleotides at the end of a hairpin loop; Lateral bulge, succession of
unpaired nucleotides on one strand of a stem; Internal bulge, group
of nucleotides from the two opposite strands unable to form
canonical base pairs; Junction or multibranched loop, succession of
group of unpaired nucleotides joining the last proximal pairing of
several stems; Compensatory base to maintain structure, mutation
on one strand of a stem following initial mutation of a
complementary substitution; Semi-compensatory substitution,
mutation of a base on one strand not affecting structure (A.U or
G.C replaced by G.U). The mismatched nucleotides were highlighted
by using different colors.

RESULTS AND DISCUSSION

MORPHOLOGICAL IDENTIFICATION
All strains were recognized as members of the Paramecium aurelia
group, since they had slipper shaped body rounded at the front and
pointed at the back (Supplementary Fig. 1). Slipper shaped body is
one of the distinguishing characteristics between aurelia and
bursaria group of the genus Paramecium.

MOLECULAR IDENTIFICATION/RIBOTYPING
PCR amplification reactions of all eight strains yielded a fragment of
approximately 1.8 Kb. These 18SrDNA fragments were cloned in
pTZ57R/T vector and were used for transformation of E. coli DH5a
cells. 18SrDNA genes of all strains were nucleotide sequenced. Initial
sequencing was based onM13 forward andM13 reverse primers. The
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internal primers of small subunit rDNAwere designed on the basis of
initial results (primer walking) for the final sequencing. Sequences
were verified for identity by comparing with the 18SrRNA sequences
of Paramecium species available in GenBank. The percentage
similarities of our results with GenBank sequences divided our
sequences into two groups. FT1, FT2, FT4, and FT5 showed
maximum similarity (97.7–98.4%) with Paramecium multimicro-
nucleatum, and FT4 showed 99.7% similartity with Paramecium
jenningsi. FT6, FT7, and FT8 showedweaker (96.3–96.5) resemblance
with Paramecium multimicronucleatum (Table I). The sequences
were submitted to GenBank Database to get their accession numbers
(Table II).

PHYLOGENETIC ANALYSIS
The homology values and the absolute number of mismatching
nucleotides of all isolated Paramecium species sequences were
calculated. The absolute number of mismatched nucleotides ranged

from 4 to 91. The homology values showed the extent of variation
from 0.945 to 1.00 (Table III).

According to the subgeneric classification, all Paramecium
species of this study fell under the subgenus Paramecium based
on 18S rDNA sequence analysis. Phylogenetic tree based on all the
eight Paramecium sequences, along with their GenBank sequence
entries, is shown in Figure 1, where three distinct clades are obvious.
This was contrary to the conclusion derived from the percentage
similarity of 18srRNA sequences as shown in Table I. First clade of
this study appeared as a group of four species of P. multi-
micronucleatum (FT1, FT2, FT4, and FT5), the second one comprised
P. jenningsi (FT3) and the third clade was closer to P. caudatum (FT6,
FT7, and FT8). In fact phylogenetic comparison does not support the
close association of the third clade with any other species of the
present isolates. This group was quite distant from other species
showing its separate position in the tree potentially indicating that
this species is new to the field. It is being designated as Paramecium

TABLE II. Identification of Isolated Paramecium Species Based on Homology Analysis of 18S rRNA With Their Accession Numbers

Sr # Strain designation Species name Geographic origins Accession numbers

1 FT1 P. multimicronucleatum Kasur HE650906
2 FT2 P. multimicronucleatum Kasur HE650907
3 FT3 P. jenningsi Lahore HE662760
4 FT4 P. multimicronucleatum Sheikhupura HE662761
5 FT5 P. multimicronucleatum Sheikhupura HE662762
6 FT6 P. caudatum_Pakistan isolate� Mansehra HE662763
7 FT7 P. caudatum_Pakistan isolate� Mansehra HE662764
8 FT8 P. caudatum_Pakistan isolate� Mansehra HE662765

�Paramecium caudatum pakistanicus

TABLE I. Comparison of Multiple Alignments of 18SrRNA Sequences of Eight Paramecium Species With Each Other and With Previously
Reported Paramecium Species Sequences

Name of organisms FT1 FT2 FT3 FT4 FT5 FT6 FT7 FT8

FT1 *** 99.8 96.6 99.7 99.4 95.1 94.9 95.1
FT2 *** *** 96.9 99.8 99.3 95.1 94.9 95.0
FT3 *** *** *** 96.8 96.4 96.3 96.1 96.3
FT4 *** *** *** *** 99.4 95.2 94.7 94.8
FT5 *** *** *** *** *** 94.9 94.5 94.6
FT6 *** *** *** *** *** *** 99.0 99.3
FT7 *** *** *** *** *** *** *** 99.1
FT8 *** *** *** *** *** *** *** ***
P. multi- micronucleatum (3) 98.0–98.4 98.1–98.4 96.7–96.8 98.0–98.4 97.7–98.1 95.0–95.1 95.0–95.1 95.0–95.1
P. tetraurelia (4) 96.3–96.6 96.2–96.7 99.0–99.3 96.3–96.6 95.9–96.3 95.9–96.3 95.9–96.4 95.9–96.3
P. primaurelia (1) 96.6 96.8 99.3 96.6 96.4 96.3 96.2 96.2
P. jenningsi (1) 96.7 96.6 99.7 96.7 96.3 96.5 96.3 96.5
P. schewakoffi (1) 96.2 96.5 99.0 96.2 96.1 96.1 96.0 96.0
P. caudatum (4) 94.2–94.5 94.3–94.5 95.2–95.4 94.2–94.5 94.0–94.2 94.8–95.1 94.8–95.1 94.7–95.0
P. woodruffi (1) 94.2 94.3 94.3 94.2 94.0 93.8 93.8 93.7
P. nephridiatum (2) 94.1 94.3 94.1 94.1 93.9 93.6 93.7 93.5
P. polycarium (1) 92.7 92.8 93.2 92.7 92.6 93.1 92.7 93.0
P. duboscqui (2) 93.3–93.9 93.5–94.0 93.5–93.8 93.3–93.9 93.4–93.8 93.4–93.8 93.2–93.7 93.3–93.8
P. calkinsi (2) 93.2–93.3 93.2–93.5 93.6–93.8 93.3–93.3 92.9–93.3 92.8–93.0 92.9–93.0 92.7–93.0
P. putrinum (1) 93.6 93.8 93.5 93.6 93.5 92.8 93.1 92.7
P. bursaria (7) 92.2–92.4 92.6–93.0 92.1–92.6 92.2–92.4 92.2–92.9 92.2–92.3 92.1–92.2 92.1–92.2
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caudatum pakistanicus. Based on morphological features, all
these three species (P. multimicronucleatum, P. jenningsi, and
P. caudatum) belong to theaurelia subgroupof theParameciumgenus.

SECONDARY STRUCTURE ANALYSIS
The secondary structures of 18S rRNA sequences of all isolated
Paramecium species have been drawn on the basis of comparative
criteria in this study. Conserved and variable nucleotide regionswere
identified using multiple alignments of the present study sequences
with available sequences from GenBank (Supplementary Fig. 2a–g).
The predicted models of all secondary structures folded into 44
helices along with eight expansion segments (V1–V5 and V7–V9).
The numbering system of Nelles et al. [1984] has been followed in
this study for identification of helices. Nearly all of the variations are
contributed by fast evolving regions (V2, V4, and V7) that have been
reported to be farthest from the functional region. V1, V5, V8, and
V9 regions are less variable in size and are supposed to be closer to
the functional region. V3 and V6 with least variability are found to
be quite close to the functional region [Gagnon et al., 1996;
Milyutina et al., 2001].

INTRASPECIFIC VARIATION IN Paramecium multimicronucleatum
(FT1,2,4,5)
The predicted secondary structure models of all Paramecium
multimicronucleatum (FT1, FT2, FT4, and FT5) were compared to
resolve the phylogeny at intraspecific level. Despite four substitu-
tional differences between FT1 and FT4 in the primary sequence, no
effect was observed in their secondary structure. FT4model therefore
is not being discussed here. The overall secondary structures of all
species showed same configuration except the helices 21–23 (Figs. 2
and 3). Helix 21 comprises V4 region along with six sub helices
(E21_2, E21_5, E21_6, E21_7, E21_8, and E21_9). Helix 21 is seen
branching off from the internal loop of helix 14 in FT1 as against the
more profound single stable helix in FT2. In FT5 (Fig. 3), however,
this helix appeared as a junctional bridge between the two internal
loops. E21_2, E21_5 and E21_6 are the most conserved sub helices in
V4 region among all Paramecium species. E21_7 appeared as a short
stem with terminal hairpin loop (GGAAUA) among FT1 and FT2
(Figs. 2 and 3) whereas in FT5 (Fig. 3) this helix appeared as a
connecting bridge between the two junctional loops. E21_8 (40 bp)
folded into similar structural pattern among all species, except for

the absence of an internal loop (AGG, UAA) in FT1 (32 bp) which is a
part of coaxial junction loop. E21_9 appeared as an independent sub
helix in FT2, whereas in all other species, this sub helix is connected
with helices 22 and 23. The area spanning helices 22 and 23 in FT2
and helices 23–26 in FT5 is the most variable in terms of number of
helices and the primary sequence within the helices. The interesting
thing about this region is that, it is in the core segment area, beyond
the hyper-variable V4 zone. In the case of FT2, helix 22 is shown
starting as separate helix and extends several bases beyond the
junction. This extension is designated as 22_1, as opposed to FT1 and
FT5, where this is single stable helix with internal and terminal
hairpin loops. Addition of bases at seven different sites and two
substitutional differences resulted in splitting of helix 23 into two
helices in FT2 as opposed to FT1. However, in the case of FT5, this
helix is in junction with E21_7 of V4 zone where it failed to form an
independent sub helix. Addition of four nucleotides and three semi-
compensatory substitutions in FT5 are documented beyond helix 23.
These additions and substitutions caused the length variation of this
region which resulted in different structural motifs of 24–26 helices
from the proposed models of FT1 and FT2. It can be concluded here
that although there are no differences at the primary sequence level
in the variable regions, but the additions and substitutions at
core segment resulted in different structural configurations at V4
region. Similar conclusions were drawn by Zimmermann et al.
[2011] who showed that variations at intraspecific level are very low
and V4 region is not powerful enough to discriminate the cryptic
species.

COMPARISON OF Paramecium jenningsi (FT3) AND
P. multimicronucleatum (FT4)
Figure 4 shows interspecific variation between P. jenningsi and
P. multimicronucleatum. Zone V1 (20 bp long) is well conserved in
both species. Four substitutional changes were observed within
terminal loop of stem 10 in V2 region (109 bp) without disturbing
their secondary structure. V3 zone (54 bp) also appeared undisturbed,
despite three substitutional mutations: one in internal and two in
terminal loops. These helices prove the assumption proposed by
Ouvrard et al. [2000] that substitutions are less important in bulges,
compared to those in stems. In V4 region (305bp) E21 appeared as
one of the more variable regions with seventeen mutational
differences and the addition of two base pairs in FT3. This sub

TABLE III. Homology and nucleotide distance data between all eight isolatedParamecium 18SrRNA sequences. The upper right half of the table
gives homology values H for all pair-wise comparisons of Paramecium small subunit rRNA sequences. H¼ m/(mþ uþ gl2) where m is the
number of sequence positions with matching nucleotides in the two sequences, u is the number of sequence positions with non-matching
nucleotides and g is the number of sequence positions that have a gap in one sequence opposite a nucleotide in the other sequence. The absolute
number of base changes between nucleotide sequences is shown in the lower half of the table

Organism FT1 FT2 FT3 FT4 FT5 FT6 FT7 FT8

FT1 0.996 0.967 0.997 0.993 0.995 0.953 0.952
FT2 10 0.995 0.992 0.952 0.952 0.951 1.002
FT3 57 58 0.967 0.962 0.966 0.965 0.966
FT4 4 12 60 0.993 0.967 0.949 0.949
FT5 13 18 72 8 0.945 0.947 0.945
FT6 82 89 61 82 91 0.995 0.995
FT7 83 90 62 84 88 7 0.990
FT8 85 91 61 87 92 7 8
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helix is shorter in length (30 bp) in FT4, compared to its
correspondence helix (36 bp) in FT5. This zone is hypervariable in
terms of its primary structure but showed less variability in terms of
its secondary structure. Four compensatory and twelve semi-
compensatory changes have been observed in this helix. These
substitutions resulted in the appearance of single nucleotide bulges

at positions 624 (A), 629 (G), and 640 (A) in shorter stem of FT4.
Addition of two nucleotides at positions 634 (C) and 635 (U) in this
helix of FT3 moved the single nucleotide bulges of FT4 into the stem,
facing their opposite nucleotides in such a manner that helped to
form the canonical base pairs. It can be assumed that the formation
of two Watson-Crick base pairs viz., C . G at 614 . 646 and G . C at

Fig. 1. Phylogenetic tree showing the relationship of eight Paramecium species with the previously reported sequences of different Paramecium species fromGenBank Database.
Spumella sp. is taken as an outgroup species.
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630 . 640 in this helix makes it more stable than the model for FT4.
Sub helix 21_5 showed substitutions at five different sites in primary
sequence but without any change in structural configuration of both
species. V5 (34 bp), V7 (72 bp) and V8 (151 bp) showed well

conserved shapes of secondary structures in both species, although
some substitutional changes appeared at different sites within these
zones but without affecting the structural configuration of both
models. The original configurations of secondary structures of both

Fig. 2. Secondary structure of 18S rRNA of P. multimicronucleatum (FT1). This structure was used for comparison with that of FT2 and FT5 strains of P. multimicronucleatum.
Structural differences between different isolates have been highlighted with different colors in the on-line-version of the article. In the print version this differentiation has been
done by using different types of arrows (hollow and solid) and solid triangles.
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models are retained because majority of the differences appeared
within the bulges. Variable region V9 (104 bp) showed altered
configuration of both models with four substitutional changes. Helix
43 of FT3 in this expansion zone emerged as an independent helix as
opposed to FT4 where it is part of the core segment rather than
bordering it as a separate helix.

COMPARISON OF Paramecium caudatum pakistanicus WITH
ANOTHER CILIATE, FRUIT FLY AND HUMAN
The secondary structure of 18S rRNA of phylogenetically diverse
taxa have been compared to appreciate the persistence of
homologies and development of dissimilarities during the course
of evolution. The sequence of 18S rRNA of a protozoan ciliate
Paramecium caudatum pakistanicus was aligned with sequences of
another ciliate Tetrahymena thermophila, a fruit fly Drosophila
melanogaster and human Homo sapiens (Supplementary Fig. 2a–g).
On analysis of core segments, 70 common variation sites were

identified among the secondary structure models of all these species
(Fig. 5; Supplementary Figures 3 and 4). Apart from the common
variation sites, species specific mutational changes were also
observed in core segments. In T. thermophila, when compared
with P. caudatum, 38mutational differences resulted in 11G.C, 3U.A,
and 3U.G base pairs, whereas the remaining variation sites were
detected in hair pins or junctional loops forming no base pairs.
D. melanogaster was found to be different at 33 sites including 9A.U
and 5G.C. H. sapiens showed 32 differences with wholly or partially
compensatorymutations including 10G.C, 2G.Uand2A.Ubase pairs.
InV1expansion zone,helix4ofT. thermophila folded into single stem
byclosing the terminal hair pin loop, similar toP. caudatum. However,
one compensatory and one semi-compensatory mutations; U.U
[60.81], A.G [61.80] of P. caudatum replaced by C.G [59.92] and
C.G [60.91], respectively, in T. thermophila led to the formation of
compact stem by removing the internal bulge of this helix in
P. caudatum. The structural configuration of this region in
D. melanogaster and H. sapiens appeared to be in conjunction with
the 5th helix forming a long stem. However, a short stem of nine
conserved residues appear to branch off at the junctional site of 4th
and 5th helix in H. sapiens. V2 region varies in length from 106 in
P. caudatum, to 124 in T. thermophila, 135 in D. melanogaster and to
173 in H. sapiens. This hyper variable region with 38 common
variation sites among all four species folded into different structural
shapes. An insertion of long nucleotides in this region increased the
length of helix 8 inH. sapiens as opposed to its corresponding helix in
other species. An interesting phenomenon of these insertions is their
biased trend towardsG.C base pairswhich reduced the A.U percentage
of this zone to 29% as opposed to 61% in P. caudatum, 63% in
T. thermophila and 61% in D. melanogaster (Table IV). Despite
mutational changes at 20 different sites, V3 region was identified as
least variable in terms of its length and base pair composition.
P. caudatum (65 bp) was recognized as 57%, T. thermophila (68 bp) as
61%, D. melanogaster (70 bp) as 60% and H. sapiens (68bp) as 58%
A.U rich. V4 zone emerged as second hyper variable region with 92
common mutational sites in all the four species. These wholly and
partially compensatorymutations resulted in structural configuration
of seven subhelices of helix 21. D. melanogaster was observed as
longest in length (314bp) with an insertion of 81 base pairs. However,
despite the insertion of these nucleotides the A.U base compositions
remain almost the same in P. caudatum (57%), T. thermophila (62%)
and D. melanogaster (66%) with the exception of H. sapiens where it
was reduced to 39%. Structural configuration of the V5 region folded
into single stemwith an internal and terminal hairpin loops in all three
species exceptH. sapienswhere the replacement of A.UwithG.C pairs
removed the internal bulge completely and terminal hairpin loop
partially. V7 appeared as the second longest region ofD.melanogaster
(192bp) with the insertion of 98 nucleotides. V8 expansion segment
showed almost the same length size (140–144) in all the four species.
However, the base substitutions reduced the A.U content to 44% in
H. sapiens as opposed to 53–59% in other species which resulted in
different structural models of V8 regions. Secondary structure of V9
length variable region predicts the same model for all the four species
despite the presence of dozens of base substitutions. This structural
conservation, despite substitutional differences, proves their functional
role in structure formation as also proposed by Ouvrard et al. [2000].

Fig. 3. Comparison of V4 region of secondary structures of 18SrRNA of FT2
and FT5 strains of P. multimicronucleatum. Structural differences between
different isolates have been highlighted with different colors in the on-line-
version of the article. In the print version this differentiation has been done by
using different types of arrows (hollow and solid) and solid triangles.
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Fig. 4. Secondary structure of 18S rRNA of Paramecium jennigsi (FT3) and V4 and V9 regions of P. multimicronucleatum (FT4). The base pair substitutions of both the species
have been highlighted with blue color in the on-line-version, and also with solid triangle in the printed version.
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Fig. 5. Comparison of secondary structure of 18S rRNA of Paramecium caudatum pakistanicus (FT6) and Tetrahymena thermophila. This structure has also been used to
compare with those of Drosophila melanogaster (Supplementary Fig. 3) and Homo sapiens (Supplementary Fig. 4).
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CONCLUSIONS

Three different Paramecium species viz., P. multimicronucleatum,
P. jenningsi and P. caudatum pakistanicus were identified from the
local environment, based on 18S rRNA analysis. The isolate
identified as P. caudatum pakistanicus here, however showed
weak similarity with the 18S rRNA sequence of P. caudatum from
the data bank. In fact the clade containing this species was at quite a
distance from other species in the phylogenetic tree, suggesting their
novelty from this part of the world. This isolate has been designated
as Paramecium caudatum pakistanicus. This article also considers
secondary structure of 18S rRNA as an additional and perhaps more
reliable topological marker for species discrimination and for
determining possible phylogenetic relationship between the ciliate
species. On the basis of secondary structural comparison among
P. caudatum, T. thermophila, D. melanogaster, and H. sapiens it can
be deduced that variable regions are more helpful in differentiating
the species at interspecific level rather than at intraspecific level. V3
region was observed as the least variable throughout the kingdom.
V2 and V7 are the longest expansion segments of D. melanogaster.
Nearly all of the A.U richness of this species is contributed by the
expansion segments of V2, V4, and V7. It is also interesting to note
that there is continuous mutational bias towards G.C base pair
composition in H. sapiens making it more favorable and energeti-
cally stable by releasing it for the need of RNA–RNA or RNA–protein
interaction for stabilization.
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