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Structures in Eukaryotic Cells

Azra Kenarkoohi,”>> Amir Abdoli®,* Arman Rostamzad,” Mahmoud Rashnavadi,®
Razi Naserifar,’ Jahangir Abdi,’> Morteza Shams©®),> Arezoo Bozorgomid,7 Sepideh Saeb,®
Dhurgham Al-Fahad,’ Kosar Khezri,> and Shahab Falahi®?

IDepartment of Laboratory Sciences, School of Allied Medical Sciences, Iran

ZDepartment of Microbiology, Faculty of Medicine, Ilam University of Medical Sciences, Ilam, Iran

3Zoonotic Diseases Research Center, Ilam University of Medical Sciences, Ilam, Iran

1Zoonoses Research Centre, Jahrom University of Medical Sciences, Jahrom, Iran

®Department of Biology, Faculty of Sciences, Ilam University, Ilam, Iran

%School of Veterinary Medicine, Ilam University, Ilam, Iran

“Infectious Diseases Research Center, Health Institute, Kermanshah University of Medical Sciences, Kermanshah, Iran
8Qaen School of Nursing and Midwifery, Birjand University of Medical Sciences, Birjand, Iran

°Pharmaceutical Department, College of Pharmacy, University of Thi-Qar, Iraq

Correspondence should be addressed to Shahab Falahi; shahabivan@gmail.com
Received 21 April 2023; Revised 4 June 2023; Accepted 7 September 2023; Published 27 November 2023
Academic Editor: Shibiao Wan

Copyright © 2023 Azra Kenarkoohi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Introduction. Trichomonas vaginalis genome is among the largest genome size and coding capacities. Combinations of gene
duplications, transposon, repeated sequences, and lateral gene transfers (LGTs) have contributed to the unexpected large
genomic size and diversity. This study is aimed at investigating genomic exchange and seeking for presence of the CRISPR
CAS system as one of the possible mechanisms for some level of genetic exchange. Material and Methods. In this comparative
analysis, 398 publicly available Trichomonas vaginalis complete genomes were investigated for the presence of CRISPR CAS.
Spacer sequences were also analyzed for their origin using BLAST. Results. We identified a CRISPR CAS (Cas3). CRISPR
spacers are highly similar to transposable genetic elements such as viruses of protozoan parasites, especially megavirals, some
transposons, and, interestingly, papillomavirus and HIV-1 in a few cases. Discussion. There is a striking similarity between the
prokaryotes/Archaean CRISPR and what we find as eukaryotic CRISPR. About 5-10% of the 398 T. vaginalis possess a CRISPR
structure. Conclusion. According to sequences and their organization, we assume that these repeated sequences and spacer,
along with their mentioned features, could be the eukaryotic homolog of prokaryotes and Archaean CRISPR systems and may
involve in a process similar to the CRISPR function.
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1. Introduction

Trichomonas vaginalis (T. vaginalis) is the causative etiology
of the most prevalent nonviral sexually transmitted infection
in humans called trichomoniasis and was first introduced in
1836. This protozoan is a unicellular [1, 2], haploid member
of parabasalids that infect a wide range of animals and
humans, wildlife, livestock, and pets [3, 4]. In 2007, a whole
genome sequence project of T. vaginalis was performed and
showed an interesting big genome with 46,000 to 60,000
genes encoded on six chromosomes, which is among the
largest genome size and coding capacities ever seen [1, 5].
Repeated sequences and transposable elements form up to
45% of the genome. Combinations of gene duplications,
transposon, repeated sequences, and LGTs (lateral gene
transfers) have contributed to the unexpectedly large geno-
mic size (~170 Mbp) [5-7]. The high amount of lateral gene
transfer and duplication events are responsible for the large
genomic size in this organism that led to the expansion of
diverse families of genes. This parasite is dependent on the
mucosa and associated with the microbiota of the vagina,
but interactions between the T. vaginalis parasite and the
resident bacteria in the vaginal area are more complex and
clearly unknown phenomena [6]. T. vaginalis express a large
number of functional noncoding genes as transcript-only
copies in nonprotein-coding gene regions of the organism
genome [5, 7].

Despite a very long history of efforts and many struggles,
as well as extensive research into the development of more
diverse and effective drugs and vaccines, infectious diseases
still occupy a large part of human concerns in the field of
health and longevity [8, 9]. Among them, parasitic diseases
have gained particular importance due to their unknown
aspects and their emerging-remerging nature [10-14].

The cell and molecular aspects of the reciprocal interac-
tion between parasite and vaginal microbiota are not clearly
elucidated. Lateral genomic-transferred genes are stably
integrated and maintained and act as the way that helps
genetic information can transfer from one to unrelated
genomes and cells. It seems that LGTs are an indispensable
mechanism in genome evolution and diversity. LGTs, by
transmitting infection-related genetic elements and natural
selection factors between unrelated cells, may have critical
importance in the evolution of an organism’s lifestyle [15].
Infectious agents use various mechanisms to overcome cell
defence systems and host factors, the establishment of infec-
tion, resistance to chemotherapy and antibiotics, and induc-
tion of various symptoms and complications in the host,
many of which are still unknown to us, or we have little
information about them [3, 8, 16, 17]. Despite numerous
studies, many ambiguities in our knowledge about the most
basic cellular and molecular processes of T. vaginalis remain.
It is approved that genetic exchange occurs between
microbes. This theory is particularly important for its impli-
cations in rising resistance to metronidazole or parasite
virulence. Several comparative genomic analysis studies have
shown the possibility of genetic exchange during the para-
site’s life cycle [18]. Complete genome analyses showed
significant gene acquisition from prokaryotes by eukaryotic
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cells using the LGT process [6]. Whole genome analysis
and walking on T. vaginalis can lead to understanding the
core biological mechanisms regarding genome expansion,
gene duplication, and parasite-host interaction [1, 18].

About 70% of the Trichomonas genome is composed of
repeated sequences and transposon elements, which reflects
a massive, evolutionarily expansion of the genome that part
of these sequences are members of the high copy number
genes cluster, and 40,000 transposable element (TE) genes
are highly similar and distributed among 59 TE families [1,
3, 6, 19]. Another isolate, Trichomonas foetus strain K, has
a highly repetitive and abundant genome [3]. The genome’s
structure, organization, and size in T. vaginalis and the
results of several analyses proposed that T. vaginalis may
participate in gene exchange as early as this or in its recent
evolutionary history [4]. The reason why T. vaginalis have
such a large and unique structure genome and how the gene
expansion process occurred is unclear [19].

The first description of giant viruses in amoeba revolu-
tionized the scientific viewpoint on virus research and geno-
mics, leading to specific challenges in genetic diversity and
evolutionary biology. Mimivirus was isolated by coculturing
with Acanthamoeba spp. and was the most giant known
virus [20, 21].

Several new or putative virus families and groups have
been described to date. These families are Mimiviruses,
Marseilleviruses, Pandoraviridae, faustoviruses from Asfar-
viridae, Totiviridae, Pithovirus, Mollivirus, and virophages.
Also, some of these viruses may form new giant virus fami-
lies. These groups of viruses are phylogenetically related to
other large DNA virus families proposed to be classified in
Megavirales as a new order. Mimiviruses and Marseille-
viruses detected in human specimens and probably linked
to some pathogenic issues and other members appear to be
distributed in different environments [21, 22]. T. vaginalis
infected by double-stranded RNA viruses from the Totiviri-
dae family called the genus Trichomonasvirus. The virus’s
exact role in the organism’s virulence remains unknown
[17, 18]. Repeat families of T. vaginalis genomes can belong
to virus-like sequences, transposable sequences, retrotran-
sposon family, and unclassified sequences [1, 3, 5, 6, 15,
17-19, 23, 24]. The absence of a precise correlation between
the average pairwise difference between nucleotide
sequences and copy number of genes suggests a sudden
expansion as a mechanism for acquisition of these repeats
[19, 20, 25]. Amoebae can serve as a “melting pot” for
genetic exchange, where microorganisms in amoeba trade
their genetic content [6, 17, 22, 23, 26]. Furthermore, being
a place of exchange, the amoeba can participate in genetic
exchanges. It is shown that amoebae can transmit some
genes to some viruses by unknown mechanisms [26, 27].
The term CRISPR represents clustered regularly interspaced
short palindromic repeat, which was initially reported in the
Escherichia coli genome and, a few years later, the Archaea
domain. Similarities and homology were also discovered
between CRISPR’s spacer regions and sequences of bacterio-
phages and plasmids that infect bacteria and Archaean. This
discovery led to an understanding of CRISPR’s function in
the adaptive immune system in prokaryotic life [28, 29].
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The CRISPR repeats typically vary in size from 23 to 47
nucleotides, which are transcribed and cleaved into mature
CRISPR RNAs [30]. A well-accepted theory in evolutionary
biology is that CRISPR can be found only in most Archaea,
about 40% of prokaryotic cells, and a few prokaryotic viruses
(bacteriophages) [29, 31]. Microbial CRISPR CAS systems
known so far are involved in pathogenesis and virulence,
drug resistance, genetic processes, and defence against the
attack of foreign microorganisms or genetic elements and
host cell defence system [8, 32-39]. The exact mechanism
of genetic exchange between different organisms and
amoeba is still not fully understood. Also, different mecha-
nisms may play a role in this exchange due to the diversity
of organisms involved. Here, we report the probability for
functional occurrence of these systems in eukaryotic
genomes naturally and the introduction of CRISPR CAS as
one of the mechanisms that play an important role in genetic
exchange between Trichomonas and giant viruses.

2. Material and Methods

2.1. Sequences and Data Set. This comparative analysis
investigated 398 publicly available Trichomonas vaginalis
complete genomes or whole genome shotgun sequencing
projects from GenBank of different genotypes. Information
about downloaded genomes was obtained in the GenBank
(http://www.ncbinlm.nih.gov/genome/)  database,  the
keyword “Trichomonas vaginalis whole genome” or “Trich-
omonas vaginalis complete genome” was used, for retrieved
sequences of one isolate of Trichomonas vaginalis whole
genome selected to explore by clicking “See Genome Assem-
bly and Annotation report”.

Three hundred ninety-eight isolates were downloaded
and saved as FASTA format for seeking CRISPR CAS cluster
in the following steps. After analyzing the presence of CRISPR
CAS sequences by CRISPRCasFinder and assessing the repeat
sequences, 100 spacer sequences from CRISPR detected in
Trichomonas vaginalis strains obtained by evidence level 3
or 4 were also analyzed for their origin using Basic Local
Alignment Search Tool (BLAST). Exploring Trichomonas
vaginalis using a comparative full genome analysis approach
has advantages and drawbacks. Assessing the full genome
(or chromosome) sequences detailed information about
genome length and organization, revealing critical data about
genome composition and diversity and how genome seg-
ments are shared and exchanged through the entire genome.
However, the lack of full genome sequence for most amoeba
is one of the main limitations in using genomic data to analyze
gene exchange.

3. Characterization of CRISPR Cas Systems

In our survey, CRISPR was found using CRISPRCasFinder
(https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index)
with predefined and manual proofreading of the parameter.
The CRISPRCasFinder is usually used for easy, fast, and
reliable detection of CRISPRs and cas genes in the sequence
data submitted in different form by the user and is an update
of the CRISPRFinder software with more sensitivity and

higher specificity and indication on the CRISPR orientation.
Identification of cas genes in this program was done using
MacSyFinder to determine CRISPR Cas type and subtype.
Also, for more investigation and searching for possible Cas
homolog in the genome, a search for identification of Cas
or its homolog was performed on the Pfam and TIGRFAMs
databases using the BLAST program. BLAST can be used as
a reliable tool to infer similarity and functional and evolu-
tionary connections between two genomes and sequences
or to identify members of gene families. Searches for similar-
ities between the spacer and possible ancestor were per-
formed using the NCBI nucleotide BLAST service at http://
www.ncbi.nlm.nih.gov/BLAST/ against a complete database
or limited database like databases from RefSeq of virus
sequences (date 2019-06-16) or on the database like Env-nt
(date 2019-06-16) at NCBI. The default parameters of the
program were used. The BLAST tool detects sequences of
local similarity between genomes. This program searches
the protein or nucleotide sequences and compares them to
different databases and presents the results based on statisti-
cal significance between matches [40, 41]. Due to the short
size of the spacer sequences (<50 nt) as well as the large size
of data in main databases, the significance and accuracy of
the BLAST performance were again confirmed by an itera-
tive process. First, only similar sequences with the best
Expect-values (E-values) were selected. The E-value cutoft
was set because of unexpected discontinuity between related
and unrelated sequences to another similar sequences.
Finally, sequence similarity, E-value, and sequence relation-
ship were used as search criteria for each spacer to confirm
positive results and recognize false negatives [40]. CRISPR-
CasFinder uses several criteria for selecting sequences as true
repeats and spacers, and the percentage of identity between
spacers must be below 60%. The presence of related proteins
in the vicinity of the cluster and its folding properties is a
more decisive criterion that would override such homology
thresholds [42].

4. Results

4.1. Presence of CRISPR System in Trichomonas vaginalis.
We identified an unusual long chain of 20-60bp tandemly
repeated sequences, interspaced by 15-55bp unique spacer
sequences. Repeated sequences also possess short inverted
repeats, like what Mojica et al. reported in the Archaea [29,
43]. These repeated sequences, in conjunction with spacers,
extend for about 600 to 1500bp and can naturally lead to
the characteristic configuration of secondary structures as
described for prokaryotic CRISPRs. Repeated sequences
and spacers are flanked by up to 100 bp unique sequences.
Repeats and spacer organization detected in our survey are
shown (Figure 1).

All the loci reveal the same infrastructure, such as the
repeated sequences of a conserved 20-60bp and a spacer
(12-55bp). The size of the regions, as determined by com-
parative analysis, directly relates to the number of repeats
and spacers in a given row [44]. In our survey, proposed
CRISPR sequences were observed in different evidence levels
between 1 and 4. These levels are assigned based on overall
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SRR 2 2 GCCAAAGAAGGARGAAAAGAAGGT TGARATCARGGTAGAAGAGAAGCCARAGGAAGAACCARAGAAGGAAGAAGAGAAGAAG
CCAGAACCAAAGAAGGAGGAAGAAAAGAAACCAGAACCAAAGAAGGAAGARAAGAAGARAGATARTGATTACTAT TATTCCGATGAATACTA
CTCTGATTCCGAATCAGAAAAGAAACCAGAGCCARAGARAGAAATCAAACACAAGAAACT TTCTATTGTTGAATACTCAGATGATGAGAAAT
TCAAGTTCGAAGAGRAAGCCAAAGGAAGAARAGRAGCCTGAACCARAGAAAGAGGAAAAGARACCAGAACCARAGAAGGAAGAAGAGAAGCCA
ARGACABAGATTGATGTCGAAATARAGAAGAAAGACAACGATTACTATTATTCTGACGAATACTATTCTGAT TCAGAAGACGARAAGAAGCC
CGARCCAAAGAAGGAAGAGAAGRAGCCCGAACCAAAGAAGGARAGARAAGARACCAGAACCAAAGAAGGAAGARRAGAAACCAGRACCARAGA
AGGAAGAAAAGAAACCAGAACCAAAGAAGGAAGAGAAGAAGCCAGAACCAARGAAGGAAGAARAGAAGCCAAAGAAACA SNENNENNEENEN

FIGURE 1: A representative CRISPR in Trichomonas vaginalis genome: 24 repeats (yellow highlight) and 23 spacers and leader sequence (red

highlight).

length, minimal and maximal repeats and spacer length,
maximal and minimal spacer size in relation to repeat size,
the highest percentage of identity between spacers allowed,
the number of mismatches allowed between repeats and
number, and similarity to consensus sequence and are wide-
spread in the genomes of examined organisms. But based on
CRISPRCasFinder and other evidence level criteria, we only
accept sequences with evidence level 4 as real CRISPR; we
found the eukaryotic CRISPR (eCRISPR) in approximately
1-5 percent of assessed genome (more than 50000
sequences) of different family, during the survey, so far. All
reported eCRISPR were related based on sequence identity
and may be functional to bacterial and archaeal CRISPR.
Comparative analysis showed the common characteristics
of the eCRISPR and pCRISPRs, as they are perched in inter-
genic regions of genomes and contain several direct repeats
of short sequence with very low sequence variation in con-
sensus frame; repeat chains are dispersed with nonconserved
spacer sequences and flanked by about 100-200 base pair
leader sequences [45-47]. On the other hand, primary
observation showed that the length and number of spacers
and repeats in the eukaryotic CRISPR are usually shorter
than their prokaryotic homolog. It seems that the length of
spacers in a given genome is shorter, and instead, the num-
ber of spacers in that genome is higher. This phenomenon
may occur due to limited reproductive power, as well as a
lower incidence of agents infecting protozoan (viruses,
etc.), and consequently, a lower chance of gaining spacers
for eukaryotes. Another observed phenomenon that
enhances the probability of eukaryotic CRISPR to be func-
tional is the variation in the length of a CRISPR with similar
repeats in different populations of a single family. The pres-
ence of CRISPR with variable lengths (due to differences in
the number and type of spacers), but the similar repeat
sequences in some members of a single family in our study,
can be indicative for the function of eukaryotic CRISPR. The
fact that the organization of these cluster repeats remained
conserved in several categories of organism pointed to a
more common role of these genomic organizations [45,
48]. For the detection of cas genes, it is necessary to identify
open reading frames (ORF) [49]. In the next step, identified
ORFs are searched by the MacSyFinder program using the
hidden Markov model search of a library of known Cas
proteins [50]. The Cas type and subtype are found by analy-
sis of Cas clusters [50-52].

We found the cas gene of genotype 3(Cas3) in the vicin-
ity of the CRISPR sequence. These genes have a positive
orientation in some isolates and a negative orientation in

others. Interestingly, in one case, we found two copies of
the cas gene in a given isolate having both positive and
negative orientation, which may present a functional exam-
ple of gene duplication. CRISPR’s association with the cas
gene strongly confirms the organization of the classical
CRISPR CAS cluster (Figure 2).

Furthermore, we analyzed some of the bacterial and
bacteriophage complete genomic sequences and found the
presence of CRISPR sequences in the absence of relative
Cas (data not shown), offering different sources for Cas to
obtain. On the other side, we found eukaryotic viruses
(Orthopoxvirus: Variola virus) that harbour Cas-3 (Cas3_
0_I) without having CRISPR sequences and Acanthamoeba
mimivirus carrying CRISPR clusters with different evolu-
tionary and evidence levels (data not showed).

5. The Origin of New Spacers and Mechanisms
Involved in CRISPR Adaptation
(Spacer Acquisition)

A similarity search to the intervening sequences was done
mainly in the nucleotide sequence database (GenBank-
NCBI) using the Basic Local Alignment Tools (BLASTn pro-
gram) to determine the origin of CRISPR spacer sequences.
The preliminary results show that CRISPR spacers have
acceptable similarity to original sequences of chromosomal
or external transposable genetic elements such as viruses of
protozoan parasites (in our primary survey, usually and
specially dsDNA viruses, family Mimiviridae), bacteria
(mostly Enterobacteriaceae, some lactobacillus, and few
other urinary tract-associated bacteria), some transposons,
and, interestingly, papillomavirus and HIV-1 in few cases.
The CRISPR cluster in Trichomonas seems to acquire new
repeat sequences by selective uptake of viral or bacterial
DNA, providing promising tools for evolutionary and epide-
miologic studies. It is known that intervening sequences of
prokaryotic repeats are derived from foreign genetic ele-
ments of unrelated organisms. We analyzed the mentioned
spacers using BLAST for sequences of the viral genomes
and against the complete GenBank database.

Also, even traces of HPV and HIV sequences and other
organisms that live in the vaginal area and have a close eco-
logical and epidemiological relationship with Trichomonas
were observed, which is confirmed and shown in Table 1
using BLAST.

We detect a series of spacers, some recently acquired by
T. vaginalis strains, possibly in a clearly polarized fashion.
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DS113177_1_trichomonas_vaginalis_G3_1047229024141_genomic_scaffold_whole_genome_shotgun_sequence_12

CAS

Type CAS

Start 53,285

End 318,084

Gene name Start
Cas3_0_1 53,285

Cas3_0_1 316,546

End Orientation
56,656 -

318,084 +

DS113279_1_trichomonas_vaginalis_G3_1047229023709_genomic_scaffold_whole_genome_shotgun_sequence_3

CAS

Type CAS

Start 42,315

End 43,655

Gene name Start End Orientation
Cas3_0_1 42,315 43,655 +

DS113385_1_trichomonas_vaginalis_G3_1047229022456_genomic_scaffold_whole_genome_shotgun_sequence_2

CAS

Type CAS

Start 15,239

End 16,513

Gene name Start End Orientation
Cas3_0_1 15,239 16,513 +

DS113448_1_trichomonas_vaginalis_G3_1047229019539_genomic_scaffold_whole_genome_shotgun_sequence_4

CAS

Type CAS

Start 68,257

End 69,426

Gene name Start End Orientation
Cas3_0_1 68,257 69,426 -

FIGURE 2: A representative position, common types, and orientation of CAS cluster found in 4 Trichomonas vaginalis isolates.

The majority of these spacers belong to the genome of a
giant virus. The spacers have homologous parts at different
positions in the ancestor genomes.

6. Discussion

Many factors (environmental and host factors or factors
related to the pathogen or simultaneous coinfections) can
be involved in the pathogenesis of an infection, the host’s
response and performance, and the disease outcome [4, 6,
8, 16, 23, 25, 33, 34, 36]. The presence and functioning of
many of these factors are still unknown. The CRISPR and
Cas systems are composed of different adaptation modules
and effector components that seem to have at least partially
independent evolutionary trajectories (Figure 3). Compara-

tive genome analysis reveals the presence of transposons
and transposable elements, Cas protein, homologs of Cas
protein, and integrase in our evaluated cells. If our hypothe-
sis is correct and confirmed by experimental laboratory
methods, it will not only change our concept of the CRISPR
technology but also provide a basis for new approaches to
the application of CRISPR in diseases as well. CRISPR
sequences, with the widest distribution among repeated
sequence family in the world of the genome, were reported
in almost all assessed archaeal genomes and about 50 and
1-5% of bacterial and mentioned eukaryotic cells, respec-
tively (-hitherto-). This finding in the first step seems to
prove our hypothesis and reject the earlier theory that
CRISPR sequences have not been found in any eukaryotic
genome to date.
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-~ G OC ARAGAAGGARGAARARGAAGGT TGAAATCARGG TAGAAGAGARGCCAARGGARGAACT AR AGARGGAAGAAGAGARGARG
CCAGARCCAAAGAAGGAGGANGANANGAANCCAGANCCARAGANG! TACTATTAT ATACTA
CTOTGATTGEGAATCAGARAAGAAALC AGAGCAAAGAARGARATE ARATA AR AAACTTTTCTATTGTTGAATAGTUAGATGATGAGAMAT
TCAAGTTCGA c cA
ANGACAAAGATTCATOTCRAAATAAAGAAGAANGACAACGAT TACTATTATTC TOACCAATAC TAT TCTOAT TCAGAAGACGAMAGAAGCT

COARCCARAGARGGAAGIGARGAAGCCORARCCARAH

CCAGAACC,

CAGRRCE SCAGAACCARAGA

CAGRACCAAAGARGGANGAARNGAAGOCAAAGAANC AT

Unique spacer

I

Cas genes Leader sequence

Direct repeats

FIGURE 3: Schematic illustration of a CRISPR Cas system components comprising of a cluster of cas genes, a leader sequence, and repeats

and spacers.

Many of the unusual phenomena and complications that
we observe in different microorganisms may be due to
systems and mechanisms that are unknown. Given the above,
there is a striking similarity between the prokaryotes-
Archaeans CRISPR and what we find as eCRISPR. We
believe that the unexpected beneficial effects of eCRISPR
might be revealed by confirmation of mentioned sequences
as functional CRISPR in Eucaryota. Time-dependent increase
in repeat and spacer number and length must be shown dur-
ing the proliferation and life span of carrier cells. CRISPRs
size is increased by duplication (replicating) of the repeat
sequences and (during) adding a new spacer sequence. The
mechanism of spacer addition is still unknown [44]. Only
about 5-10% of the 398 sequenced T. vaginalis possess a
CRISPR structure. These genomic fragments can act as pow-
erful and easy-to-use phylogenetic markers in complement to
other methods. Differences in the detected cluster’s length
may be that acquiring new spacers is not done at a constant
rate in the Trichomonas species life cycle but rather that some
unknown conditions can trigger an increased activity.
CRISPR sequences and Cas protein genes are present in
Trichomonas vaginalis but not in all isolates, as well as the
number and type of repeats and spacers, and therefore, the
length and sequence composition of these clusters are differ-
ent in isolates carrying these structures.

Today, in addition to classical studies using animal or
microbial models and laboratory experiments, various types
of computational models, software, comparative techniques,
and predicted three-dimensional structures based on the
data obtained from genome-protein sequencing data and
computer-aided calculations and designs are developed and
used in biomedical research. These methods are capable of
predicting and recognizing new genes, proteins, patterns,
and biological pathways, or identifying homologous proteins
or structures in other types of cells and organisms, or creat-
ing evidence or understanding of their presence and func-
tion with high precision, accuracy, and cost-effectiveness
[28, 31, 36, 39, 45, 48, 50-55].

In the present study, about 50,000 eukaryotic sequences
were analyzed, among which there were 398 full genomes
of Trichomonas vaginalis. About 10% of Trichomonas vagi-
nalis sequences contained CRISPRK-like structures. In these
structures, different combinations of CRISPR and CAS were
observed in different sizes and positions.

Based on sequences of putative spacer that we find in
this study, it is possible that the T. vaginalis CRISPR CAS
system has some role against the attack of genetic elements
or virus invading protozoan cells or in horizontal gene
transfer probably through a mechanism similar to what
occurs in bacteria.

These observations may indicate the presence of a partic-
ular function or role for this structure in the host organisms.
Comparative analysis showed a high similarity between
these structures and prokaryotic crisps in terms of genetic
sequencing and organization, suggesting the possibility of
acquiring these structures from bacterial ancestors.

Lateral gene transfer is a nonsexual mechanism for the
transfer (acquisition and fixation) of genetic materials between
the recipient organism from a foreign donor cell. It can be
proposed as a possible mechanism for a rapid repossession
of new capabilities or features like utilization of new metabo-
lites, resistance to or degradation of disinfectants and antibi-
otics, or defence against invader genetic elements or viruses
(bacteriophages in case of bacteria) (Figure 4).

The mechanism for acquisition and uptake of foreign
genomes by bacteria like conjugation, transduction, and
transformation, or via gene transferring elements such as
transposon agents and a more interesting phenomenon,
CRISPR CAS systems, are well described. But the mecha-
nisms that are involved in the transfer or acquisition of genes
in eukaryotic cells, especially in a natural environment, are
not fully known or not well described. Some processes like
phagocytosis, transposable element transfers, gene duplica-
tions, and LGTs were proposed as possible mechanisms for
gene acquisition in Trichomonas vaginalis [6, 8, 23, 24].
Recently, the role of gene transfer (HGT or LGT) has been
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F1GURE 4: Proposed mechanism of CRISPR/Cas immunity to invader agents (viruses). The CRISPR/Cas system provides immunity to virus,
and its main features can be described by three distinct stages: (1) acquisition, (2) processing, and (3) interference.

E-coli
ACCESSION: UTI189|886538|887045

E-coli
ACCESSION: CP091427_5

Melioribacter roseus
ACCESSION: NC018178

Trichomonas vaginalis
ACCESSION: DS113478

FIGURE 5: Predicted secondary structure for different CRISPR sequence from different prokaryotic organism and Trichomonas vaginalis.

Results have been computed using RNAfold 2.5.1.

proposed as an important factor in part of the change in
eukaryotic proteome content, and its expansion and evolu-
tion, but the mechanisms of acquisition and stabilization of
transferred sequences in eukaryotas genome are still unclear.
According to previous reported rates and pattern for lateral/
horizontal gene transfer in eukaryotic microbes, most of
these transferred genes or genetic elements are usually inte-
grated to target genome one-to-one and bordered by genes
that are inherited vertically (repetitive sequences) on the
chromosome of the host organism (as shown in Figure 1)
and are in accordance with common features of classic
CRISPR CAS system structures. However, recent findings
suggest that transposable genetic elements may also facilitate
the acquisition or transfer of genes or genetic sequences from
prokaryote or other microbes (like viruses) to unicellular
eukaryotes [15, 23, 24, 26, 27, 56].

Predicted secondary structure for different CRISPR
sequence from different prokaryotic organism (two E.coli

and Melioribacter roseus) and Trichomonas vaginalis are
shown in Figure 5. Results have been computed using RNA-
fold 2.5.1. webserver (Gruber AR, Lorenz R, Bernhart SH,
Neubock R, Hofacker IL).

6.1. The Vienna RNA Website (Nucleic Acids Research,
doi:10.1093/nar/gkn188). The RNAfold service is a web
server that can predict the structures of MFE (minimum free
energy) and the probabilities of base pair from sequences of
single DNA or RNA and will draw secondary structures for
single strand DNA or RNA sequences. As can be seen, the
difference in the secondary structure between prokaryotes
and even between the two CRISPR systems of the two E.coli
bacteria and also with Trichomonas vaginalis is observed,
which is usually due to the difference in the nucleotide com-
position of the repetitive sequences and also the difference in
the nucleotide sequence of spacers due to the acquisition
from different origins.
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7. Conclusion

According to sequences and their organization, we assume
that these repeated sequences and spacer, along with their
mentioned features, could be the eukaryotic homolog of pro-
karyotes and Archaean CRISPR systems and may involve in
a process similar to the CRISPR function [45]. Investigation
in higher eukaryotes and experimental analysis are recom-
mended. The phenomenon that these unique -clusters
remained as conserved regions in all domains of cells can
show a possible essential and also a more general role for
these unique sequences. These cluster fragments were found
in approximately all Archean and 50% of bacteria but in less
than 5-10% of mentioned eukaryotic cells, making them the
widest prevalent family of repeated sequences in the living
organism. Here, based on our finding, it seems that it could
reject the earlier theory that CRISPR Cas structures and
sequences have not been previously described or reported
in any eukaryotic genomes [45]. Contrary to classic studies
that are primarily based on the frequency of infection and
demographic data, newer studies are concentrated on
intraspecies molecular characteristics and differences, new
phenomena, and unusual complications in a group of organ-
isms, followed by the determination of possible mechanisms
and microbe-host interactions along with the frequency of
infection and demographic data.

Considering the roles that have been reported for CRISPR
CAS systems in bacteria—from drug resistance, pathogenesis,
and virulence to the interaction with the human immune
system—if the natural presence of CRISPR CAS or structures
with similar functions is proven, there will be fundamental
changes in our view and practice to the pathogenesis and
treatment of many organisms and related diseases.
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