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Abstract—The review summarizes the results of first genomic and transcriptomic investigations of the liver
fluke Clonorchis sinensis (Opisthorchiidae, Trematoda). The studies mark the dawn of the genomic era for
opisthorchiids, which cause severe hepatobiliary diseases in humans and animals. Their results aided in
understanding the molecular mechanisms of adaptation to parasitism, parasite survival in mammalian biliary
tracts, and genome dynamics in the individual development and the development of parasite—host relation-
ships. Special attention is paid to the achievements in studying the codon usage bias and the roles of mobile
genetic elements (MGEs) and small interfering RNAs (siRNAs). Interspecific comparisons at the genomic
and transcriptomic levels revealed molecular differences, which may contribute to understanding the special-
ized niches and physiological needs of the respective species. The studies in C. sinensis provide a basis for fur-
ther basic and applied research in liver flukes and, in particular, the development of efficient means to pre-
vent, diagnose, and treat clonorchiasis.
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INTRODUCTION

What is known as “omics” (genomics, transcrip-
tomics, proteomics, etc.) is a priority field of modern
molecular biology especially in applying to dangerous
human parasites; this requires the use of new technol-
ogies and modern bioinformatics methods. Data from
such studies are of general biological importance, pro-
viding a means to better understand the molecular
basis of the advent and evolution of life and being of
applied significance as well. The data shed further
light on the biology of parasites and the specifics of
their molecular evolution. Genomic and transcrip-
tomic data are essential for understanding the molec-
ular mechanisms of the fine regulation of parasite rela-
tionships with intermediate and definitive hosts,
studying the molecular basis of the pathogenesis in
parasitic invasions, and developing new means to
diagnose, treat, and prevent helminthiases [1, 2]. Plat-
yhelminthes species are currently used to study expres-
sion and splicing of genes involved in vital physiologi-
cal processes, to design new and more effective anthel-
mintic drugs, and to understand the mechanisms of
tissue regeneration [3—6].

Liver flukes of the family Opisthorchiidae are clas-
sified by the WHO as the most dangerous (group 1)
biological carcinogens and by the International
Agency for Research in Cancer as risk factors for of

hepatobiliary cancer in humans [7, 8]. However, the
genomes and transcriptomes of these carcinogenic
liver flukes remained unstudied until recently. The
review summarizes the data from new genomic and
transcriptomic studies of the liver fluke Clonorchis sin-
ensis, which mark the dawn of the genomic era for
opisthorchiids. The data are compared with those
available for other species, primarily liver and blood
trematodes. Omics studies are of high theoretical and
applied significance, providing for rapid progress in
modern trematode research. Their results are promis-
ing for further developments in new and existing
research fields.

GENOMIC STUDIES

Organization of the Liver Fluke
Clonorchis sinensis Genome

Whole-genome sequencing was performed for ten
species from various families of the flatworms Platy-
helminthes, including the blood flukes Schistosoma
Japonicum (Genome Sequences and Functional Anal-
ysis Consortium, 2009) and S. mansoni [9]; the fresh-
water planarian Schmidtea mediterranea Benazzi et al.,
1975 [10]; the fox tapeworm Echinococcus multilocu-
laris Leuckart, 1863; the hydatid tapeworm E. granu-
losus Batsch, 1786 [11]; the pork tapeworm Taenia solium
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Linnaeus, 1758; the rodent tapeworm Hymenolepis
microstoma Dujardin, 1845 [12]; the monogenean ecto-
parasite Gyrodactylus salaris Malmberg, 1957 [13]; the
liver flukes C. sinensis [14] and Opisthorchis viverrini [15].

First data on genome sequencing in C. sinensis were
published only a few years ago [14]. The total C. sinen-
sis genome is 516 Mb in size [14], smaller than the
genome of its phylogenetically close relative O. viver-
rini (634.5 Mb) [15]. Of all trematodes, the common
liver fluke Fasciola hepatica has the largest genome
(1.3 Gb), but this is not a result of an increase in chromo-
some number, genome duplication, or repeat expansion.
A major part of noncoding DNA in the FE hepatica
genome is presumably involved in regulating gene
expression [16]. The blood fluke genomes are far
smaller, approximately 380—400 Mb [17], and cesto-
des have the smallest genomes (only 115—151 Mb)
among all flatworms [11, 12]. The biological specifics
of various species of Platyhelminthes make it possible
to assume than an increase in genome size is associ-
ated with a more complex life cycle. For instance, a
three-host life cycle is characteristic of the family
Opisthorchiidae, while a two-host cycle is known for
the family Shistosoma (i.e., with two or one intermedi-
ate host, respectively). In the case of nematodes, the
genome size is possibly associated with the effective
sizes of parasite and host populations [18].

The GC content of C. sinensis genomic DNA is
43.85% on average, higher than in blood trematodes of
the genus Schistosoma (36% on average) and similar to
that in O. viverrini (43.7%) [15]. The proportion of
repeats in the C. sinensis genome (32.25%) [19] is
comparable with the proportions reported for O. viver-
rini (30.6%) [15] and E hepatica (32%) [16] and is
lower than in the Schistosoma species (40.1—47.5%)
[15, 19]. Therefore, repeats are AT rich in liver and
blood flukes.

In total, 16268 protein-coding genes were found in
the liver fluke genome [14]. The set includes genes
involved in glycolysis, the tricarboxylic acid cycle, and
fatty acid metabolism, but lacks the key genes of fatty
acid biosynthesis. This circumstance is probably
related to the parasitic lifestyle because liver trema-
todes take lipids from the host bile. There are genes for
various proteases, kinases, phosphatases, tegument
proteins, and excretory/secretory products, as well as
host binding proteins and receptors, which play an
important role in parasite life. Some of them are rec-
ommended as targets for designing vaccines, drugs,
and diagnostic preparations. Genes for proteins
involved in carcinogenesis are of particular interest.
The set includes the genes for granulin, thioredoxin
peroxidase, fatty acid-binding proteins, and phospho-
lipase A2, which all belong to a group of cholangiocar-
cinoma-associated proteins. Key sex determination
genes were not identified in C. sinensis, which is a her-
maphrodite. At total of 53 genes related to sex determi-
nation, sexual differentiation, and reproduction were
identified as a result of genome sequencing.
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Interestingly, the SOX6 and DMRTI genes were
found, and their counterparts are known to act as sex-
determining genes in vertebrates. Apart from protein-
coding genes, there are genes for ribosomal (7), trans-
port (235), small nuclear (169), small nucleolar (509),
and micro (858) RNAs [14]. The genome of O. viver-
rini, another liver fluke, was predicted to include the
same number (16379) of protein-coding genes, of which
3015 are unique to the species [15]. Similar numbers were
observed for ribosomal (6), transport (189), and small
nuclear (229) RNAs, while the microRNA (miRNA)
genes are far fewer (178) than in C. sinensis [15]. The
difference possibly reflects the fact that the two
genomes have still not been studied comprehensively.

The number of gene families is similar among dif-
ferent trematode species (6910 in C. sinensis, 8898 in
S. japonicum, and 7317 in S. mansoni) and is compara-
ble with that in Drosophila melanogaster (7640) or Homo
sapiens (8841) [14]. The mean gene size (11.548 kb),
mean number of exons per gene (5.9), mean exon
length (2.007 kb), and gene density (the portion of
protein-coding sequences is 4.14%) estimated for the
16258 C. sinensis protein-coding genes are similar to
those in O. viverrini [16], S. mansoni, and S. japonicum
[14]. At the same time, the liver fluke genomes have
longer introns (up to 2.8—3.5 kb) as compared with the
Schistosome genomes; the intron size is 1.2- to 1.5-fold
greater in the former [15]. The mean sizes of introns
and exons tend to increase with the increasing genome
size. Their estimates for the F hepatica genome, which
is the largest in liver trematodes, are 3.7 kb (from 33 bp
to 17.5 kb) and 303 bp (from 36 bp to 1.369 kb), respec-
tively [16].

A comparative analysis of the trematode genomes
[14, 15] showed that structural genome variation is
high in Opisthorchiidae. There is limited genome syn-
teny not only between Opisthorchiidae and Schisto-
soma, but even between the closely related liver fluke
species C. sinensis and O. viverrini. The genome syn-
teny levels correlate with the similarity of amino acid
composition in predicted proteins. Proteins of the two
species have a greater similarity with each other
(80.3%) than with Schistosoma (less than 60%) and
especially tapeworm (less than 50%) proteins [15].
According to a functional classification of genes and
protein domains [14], approximately 60% of all pro-
tein domains are common for C. sinensis and other
taxa, being probably characteristic of all multicellular
organisms. The majority (71%) of the domains that
were not found in C. sinensis are also absent from the
Schistosoma species, and only a minor portion of the
domains found in C. sinensis were not detected in
Schistosoma, suggesting a greater loss of domains for
C. sinensis [14].

Genome comparisons in parasitic flatworms [13,
15] revealed genome features common for the ectopara-
site and endoparasite lineages. The features include, for
instance, a substantial reduction of the core gene set
(including homeodomain-containing genes) in bilateral
animals and loss of piwi and vasa, which code for regula-
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tory proteins and are thought to be of importance for ani-
mal development. It was concluded that functional fatty
acid biosynthesis pathways were generally lost and that
peroxisomes were lacking, although they are characteris-
tic of all eukaryotes other than parasitic protozoa. Addi-
tional evidence was obtained for the facts that opist-
hochriids are adapted to live in bile ducts and secrete
proteins to modulate host cell proliferation. In total,
5160 conserved orthologs were shared among the flat-
worm species under study, and 2037 orthologs found
in the opisthorchiids have diverged with respect to the
blood flukes and tapeworms [15].

Codon Usage

The frequencies of synonymous codons are known
to vary in all forms of life, the phenomenon being known
as codon usage bias. Such differences are now considered
as an important factor of gene expression and cell func-
tions, such as transcription factor binding, protein fold-
ing, ubiquitin modification, mRNA splicing, a regulation
of tissue-specific gene products, etc. [20—26]. A muta-
tion hypothesis and a natural selection hypothesis were
advanced to explain codon usage bias. The former
assumes that mutations are neutral and is often used to
explain the interspecific variation in codon usage. The
natural selection hypothesis assumes that synonymous
substitutions are capable of affecting the viability of
organisms and is usually used to explain codon usage bias
in genomes or genes [25].

Codon usage biases may be due to various factors,
including the gene expression level, RNA stability,
adaptation to growth conditions, etc. [24]. The nucle-
otide composition is the strongest determinant of
codon usage biases in interspecific comparisons. For
instance, in the case of the AT-rich S. mansoni
genome, an analysis of principal components reveals a
main trend in codon usage, which is highly correlated
with GC content in the third codon position [27]. In
general, preferential usage of a particular codon may
reflect a balance between mutational bias and natural
selection for optimized translation; in other words,
optimized codons should theoretically provide for
faster rates and higher accuracy of translation [24, 28].

Several regularities were observed for codon usage.
For instance, it is clear that the gene expression level
correlates positively with the extent of variation in
codon usage and negatively with the synonymous sub-
stitution rate between divergent species [25, 29].
Genes with maximum expression in the periods of
rapid growth and intense protein synthesis show
greater codon usage bias when compared with those of
slower growth periods [29]. In addition, codon usage
bias strongly affects heterologous gene expression, and
the use of certain codons may increase the expression
level by more than three orders of magnitude [25].
Therefore, codon optimization is often performed to
design high-expression constructs suitable for gene
therapy or gene vaccines. However, it should be noted
that codon optimization can affect protein conforma-
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tion and function, increase immunogenicity, and thus
reduce the treatment efficacy [26].

A total of 12515 codons from 38 coding sequences
were examined in a study of codon usage in C. sinensis
[27]. Deviations in the total GC content and GC con-
tent in the third codon position were not detected.
Theoretically, the species may therefore have rather
different codon usage strategies. At the same time,
codon usage bias was found to vary among certain
amino acids in C. sinensis. Amino acids that are
encode by two synonymous codons with A+U in the
first and second positions and those encoded by four
synonymous codons with G+C in the first and second
positions are a main source of codon usage bias. Dif-
ferences in combination of U and A in the first and
second positions results in the preferential use of G or
C in the third position, while a combination of G and
C in the first and second positions is capable of limit-
ing the use of G in the third position [27].

Several methods are designed to estimate the extent
of synonymous codon usage bias. The effective num-
ber of codons (Nc) was used in the case of C. sinensis
[28, 30]. The parameter Nc can theoretically vary from
20 in the case where a single codon is used for every
amino acid to 61 in the case where all codons are used
with equal frequencies. In C. sinensis, similar Nc val-
ues (51—53) were obtained only with complete coding
sequences (CDSs) of more than 400 codons. A trend
to a greater biases in short CDSs compared with longer
genes was observed in several invertebrates [31].

A comparative analysis of the genomes and the
amino acid composition of translated protein-coding
domains in flatworms made it possible to assume that
the genomes of the opisthorchiids C. sinensis and
O. viverrini code for arginine, alanine, glycine, pro-
line, and valine amino acid residues more frequently,
and asparagine, isoleucine, serine, and tyrosine less
frequently than the genomes of blood flukes [15]. It is
promising to further study codon usage biases associ-
ated with mutational pressure or translational selec-
tion in liver flukes [27].

Retrotransposons

Mobile genetic elements (MGEs) were found in
the genomes of various species and are most diverse in
invertebrates [32]. All MGEs are divided into two
main classes by the mode of their transposition: retro-
transposons, whose transposition involves a RNA
intermediate (copy and paste), and DNA transposons,
whose DNA is transposed directly. Each of the classes
is divided into subclasses, superfamilies, and families
by integration mechanism and structural features. Retro-
transposons (LTR, non-LTR, and tyrosine recombinase
ones) were found in all eukaryotes from fungi to mam-
mals [33, 34]; these MGEs seem to be associated with
sexual reproduction [35]. DNA transposons (self-repli-
cating, cut-and-paste, and rolling-circle ones) are the
most ancient MGE group and are found in all pro-
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karyotes and eukaryotes [33, 34]. It is of interest that
MGE:s of the first class were observed in both flatworms
and round worms, while MGEs of the other class are typ-
ical of parasitic nematodes, but not trematodes and tape-
worms [36]. More than 30 different MGEs are currently
known for mammalian helminths [34].

As members of the repetitive DNA fraction, MGEs
were initially thought to be junk or egoistic DNA or
genome parasites. Then it became clear that, apart
from exerting a negative effect, these genome elements
positively contribute to evolution of the host genomes
and can be renamed as “potentially useful domesti-
cated elements” [34]. Genomic domestication may
lead to substantial functional evolution of MGEs [34,
37—39]. MGEs were observed to coevolve with the
host genome and to play an important role in shaping
and maintaining the host chromosomes, modifying
gene expression, and separating the genome into chro-
mosome domains with epigenetic marks [34, 36, 40—
43]. Presumably, transcriptional activity of retrotrans-
posons is specifically controlled by the host and plays
a certain role in organ regeneration in animals [41].
Understanding the mechanisms of regeneration in
animals, including flatworms, can greatly contribute
to human regenerative medicine [3, 6]. It is of both
theoretical and applied interest that retroelements can
perform important functions during embryo develop-
ment and, in particular, affect the pluripotent status of
cells [41]. Many retrotransposons are species or genus
specific, providing a means to design sensitive and
specific molecular diagnostic tests, which are espe-
cially important in the case of parasitic species [44].
Retrotransposons can generate specific genetic pat-
terns associated with clinical manifestations of dis-
eases, thus being of interest as the subjects of epidemi-
ological and medical studies [36]. MGEs are main
candidate vehicles that mediate horizontal gene trans-
fer (HGT) between reproductively isolated species.
HGT events are currently considered to be a main
driving force in evolution of the eukaryotic genome
[45, 46], and the parasite—host system provides an
optimal model to study this phenomenon [47—51].

Moving in the genome and integrating into new
sites, MGEs cause potentially harmful genetic varia-
tion from simple sequence polymorphism to dramatic
changes in chromosome structure and integrity and
inactivation of neighbor genes [34]. MGE excision
and insertion induces mutagenesis, which may occur
at a rate one order of magnitude higher than the spon-
taneous mutation rate [52]. Mutations due to retro-
transposon insertion are more stable than mutations
caused by DNA transposons [53].

Organisms developed special protective mecha-
nisms to suppress uncontrollable MGE proliferation
and transposition, including epigenetic processes,
such as transcriptional and posttranscriptional gene
silencing. However, various physiological stress fac-
tors, for instance, changes in temperature or host
migration to new environments, can distort epigenetic
silencing and activate MGEs, leading to their prolifer-
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ation [51]. Based on the data on their great potential in
creating genetic variation, retrotransposons are recog-
nized as important evolutionary factors that contrib-
ute to the phenotypic variation, ecological adaptation,
a remodeling of the host genome, and, in the long
term, speciation [34, 36, 40, 54—58]. Understanding
the MGE structure and activity will shed further light
on the evolutionary history and phylogenetic relation-
ships of between MGEs and the host genome and will
facilitate the development of transgene technologies
useful for studying the structure, function, and expres-
sion regulation of genes in parasitic species [36].

Various MGEs were found (mostly in silico) in
species of the phylum Platyhelminthes and account
for a substantial portion of their genomes [34, 36, 41,
42]. The C. sinensis genome harbors 691 families of
repetitive sequences, including long terminal repeat
(LTR) and non-LTR retrotransposons [14]. In the
O. viverrini genome, 61.8% of all repeats are retro-
transposons, including LTR retrotransposons and
LINEs, which account for larger portions (13.1 and
5.85%, respectively) of genomic DNA than in C. sin-
ensis [15]. In Schistosoma species, MGEs with copy
numbers ranging from 20 to 50 thousand account for
40—-50% of the genome [42]. Some sequences are
capable of vertical transmission (to offspring), while
some others lack this capability. The pattern of their
presence or absence greatly varies in the course of the
parasite life cycle, i.e., some sequences are found at
the adult (marita) stage, while others occur in
miracidia or cercariae, etc. [44, 50]. Virtually all flat-
worm MGESs are transcribed, sometimes, to a high
level. Approximately 14% of all transcripts code for
sequences with putative reverse transcriptase homol-
ogy in S. mansoni cercariae [44].

Because retrotransposons induce variation via het-
erogeneous integration followed by sequence diver-
gence, these polymorphic regions are possible to detect
with arbitrary PCR primers as random amplified poly-
morphic DNA (RAPD) [59]. A RAPD analysis made it
possible to isolate and characterize a new liver fluke ret-
rotransposon, which was termed C. sinensis retrotrans-
poson 1 (CsRnl). The full-length LTR retrotrans-
poson Gulliver was described in the S. japonicum
genome, first in Platyhelminthes. However, it was
found that its sequence is damaged, although it is
expressed at the transcriptional level. CsRn I is the first
intact LTR retrotransposon that preserves its mobility
and occurs at a high copy number, more than 100 per
haploid genome. The element has a continuous open
reading frame (ORF), which codes for 1304 amino
acid residues and has a similarity to the Pol ORF of
Ty3/gypsy-like LTR retrotransposons. It is notewor-
thy that Gag encoded by CsRn [ has a unique cysteine-
histidine (Cys-His) motif, CHCC, in place of the con-
ventional CCHC motif. Owing to its high copy num-
ber and mobility, CsRn I may play an important role in
evolution of the C. sinensis genome, including its
remodeling [56, 60].
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The phylogenetic relationships of retrotransposons
are still poorly understood. In total, 29 retrotrans-
posons were isolated in Digenea and grouped in one
non-LTR and three LTR families. A phylogenetic
analysis showed that C. sinensis CsRn 1 and Paragoni-
mus westermani PwRn1 (whose structure was studied
comprehensively) are new LTR retrotransposons of
the Ty3/gypsy superfamily (Metaviridae according to the
International Committee on Taxonomy of Viruses),
whose members lack env. The elements form a sepa-
rate, highly conserved clade, which is thought to
evolve only in the genomes of multicellular organisms
[59, 60].

A phylogenetic analysis of the LTR sequences clus-
tered multiple C. sinensis CsRn I copies into four sub-
groups that differ in the time of integration into the
host genome during evolution of the species. It is
noteworthy that CsRnl insertions occur predomi-
nantly in heterochromatic or gene-depleted chromo-
some regions. Several explanations were advanced for
this selectivity. For instance, the selectivity was associ-
ated with an important role that heterochromatin
plays in the chromosome structure and genome integ-
rity, with tolerance of host defense mechanisms (due
to a low density of functional genes in the regions
involved), or the induction of phenotypic variation
mediated by the effect that CsRn I exerts on expression
of heterochromatin-adjacent genes. A likely consecu-
tive transfer of elements from different CsRnl sub-
groups into the C. sinensis genome is supported by data
on differential sequence divergence and heteroge-
neous integration patterns. The lowest divergence was
observed for members of a group that spread recently,
while its members are highly polymorphic among
individual trematode genomes [59, 60].

Small Interfering RNAs

MicroRNAs (miRNAs) were recently described as a
new class of small noncoding RNAs that regulate protein
expression by recognizing specific mRNAs. Since their
first description, more than 28 thousand miRNAs of
more than 200 species have been accumulated in the
miRBase database (http://www.mirbase.org/). Small
interfering RNAs are involved in key biological pro-
cesses, such as development, differentiation, apopto-
sis, and proliferation [61, 62], and play an important
role in the gene expression regulation, epigenetic
modification, and the regulation of heterochromatin
activity [63]. Although miRNAs and proteins bound
with them are among the most abundant ribonucleopro-
tein complexes of the cell, some of them are expressed
only in few cells or only in specific environmental condi-
tions. Special computational approaches were developed
to identify such miRNAs in silico [64, 65].

Data on miRNAs of parasitic worms were obtained in
astudy of 17 nematode, 11 trematode, and 8 cestode spe-
cies [66]. In particular, data on the genomics, transcrip-
tomics, and bioinformatics of Schistosoma (S. mansoni,
S. japonicum, and S. haematobium) suggest a miRNA-
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mediated silencing system for at least the two first spe-
cies. The expression patterns of genes involved in RNA
interference greatly vary among different developmen-
tal stages of parasites [67, 68]. In parasitic nematodes,
miRNAs are probably involved in ecological adapta-
tion and behavioral regulation [64]. In the pig nema-
tode Ascaris suum, miRNA expression starts extremely
early, immediately after fertilization and before pronu-
clear fusion and the first cleavage division of the
zygote, that is, at the developmental stage that was
long believed to be a transcriptional quiescence stage
[69]. Some miRNAs are conserved among a broad
range of species, while others are specific to helminths
or individual species.

RNA interference is of special interest in studying
the coevolutionary interactions in parasite—host and
host—pathogen systems [63]. The most important
problem is understanding the role that miRNAs play
in the growth and development of parasites and evolu-
tion of their capability to regulate invasion of host
mammals [70]. Parasites intensely release exosomes
and other extracellular structures, which contain spe-
cific proteins, RNAs, and, sometimes, genomic DNA.
Fusion of extracellular structures of the parasite and
its host provides a channel for parasite—host interac-
tions [71]. Extracellular vesicles are involved in the
spreading of the pathogen and contribute to the regu-
lation of the host immune response. In the case of
O. viverrini, extracellular vesicles induce pro-inflam-
matory and carcinogenic phenotypes in human chol-
angiocytes [66].

MiRNAs hold a great potential as therapeutic and
diagnostic targets for controlling human and animal
parasitic diseases [66, 70, 72]. For instance, certain
changes in miRNA profile were strongly associated
with particular tumor subtypes or disease stages in
intrahepatic cholangiocarcinoma [66]. Great atten-
tion is attracted by a group of circulating extracellular
miRNAs identified recently. These miRNAs are pas-
sively released from necrotic cells in liver diseases or
actively secreted into vesicular structures (e.g., exo-
somes) and are stable in biological fluids, such as the
urine and blood serum or plasma. The serum levels of
miR-192 and miR-21 in patients may be used as bio-
markers of cholangiocarcinoma induced by the liver
fluke O. viverrini [71]. In addition, miR-122 is one of
the best studied and most interesting miRINAs as diag-
nosis and treatment of liver disorders [73—77].

Six new and 62512 conserved miRNAs of 284 fam-
ilies were identified and cloned in the first study of
liver fluke miRNAs [78]. This miRNA diversity possi-
bly helps C. sinensis to easily extend its host range in cer-
tain circumstances. On the other hand, the abundance of
conserved miRNAs indicates that they are still evolving
and that the formation or elimination of particular
miRNA families is a common event [78, 79].

The majority of C. sinensis miRNAs are 20—23 nt
in size, 21- and 22-nt miRNAs are the most common,
and uracil is the predominant nucleotide. It is note-
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worthy that the so-called seed regions were not
detected in positions 1 and 9, while they are common
in human, animal, and plant miRNAs. A classifica-
tion of conserved miRNAs showed that C. sinensis
miRNAs (all still innovative and conserved families)
belong to three branches (vertebrate, insect, and nem-
atode) on a phylogenetic tree. Two main strategies of
using miRNAs were noted for C. sinensis. One is pre-
serving the great diversity of miRNA families known
for various animals. The other is maintaining strongly
conserved regions and regions with high innovative
activity (mostly in the central and terminal miRNA
regions), which ideally suits the parasite in its complex
life cycle and host changes [78]. To complete its life
cycle, a parasite has to continuously adapt to interme-
diate and definitive hosts (which may change them-
selves or change their response to infestation) and to
continuously changing environmental conditions.
Both highly conserved regions and regions with high
innovative activity are consequently necessary for par-
asite miRNAs, which contribute to the high adaptive
potential of parasites and allow them to extend their
host range.

Further studies using deep sequencing technolo-
gies identified 33 new and 18 conserved miRNAs in
C. sinensis, 43 new and 17 conserved miRNAs in
O. felineus, and 20 new and 16 conserved miRNAs in
O. viverrini [80]. In silico methods made it possible to
predict 178 conserved miRNA genes. Expression lev-
els of conserved miRNAs vary among different species
and developmental stages (O. felineus). An analysis of
the genomic organization of miRNA genes in three
opisthorchiid species (C. sinensis, O. felineus, and
O. viverrini) supported the existence of two gene clus-
ters (miR-71/miR-2 and let-7/miR-100/mir-125)
and one intronic miRNA (the miR-190 gene is an intron
of the talin gene) [80]. It is of interest that the copy num-
ber of the first cluster varies among different flatworm
groups and that certain miRNAs of the miR-71 and
miR-2 families display sex-associated expression (in
Schistosoma) or are involved in regeneration (in pla-
narians). The second cluster, which is conserved
among almost all Deuterostomia taxa, was found to be
disintegrated in flatworms, including opisthorchiids,
with a complete loss of miR-100 [80].

In recent experiments, RNA interference was used
to silence the enolase gene in the liver fluke to demon-
strate the biological significance of enolase [81]. The
approach is thought to be useful for further identifica-
tion of functional genes in the liver fluke. A study in
F. hepatica showed that a knockdown of the cathepsin
L and B genes via RNA interference exerts a preventive
effect against newly excysted juveniles and that a vac-
cine with cathepsin L1 partly protects against F hepatica
infestation and subsequent disease development [82,
83]. Use of miRNAs to study the mechanisms that
regulate expression of functionally important genes
will greatly contribute to understanding the biological
basis of antigen variation and evasion of the host
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immune response in parasites [84] and developing
new-generation antiparasitic drugs [65, 70, 72].

TRANSCRIPTOME STUDIES

Approximately 2500000 ESTs are available from
the dbEST database for human parasites, and 444049
of the ESTs belong to trematodes, including especially
dangerous species, such as F hepatica, S. mansoni,
S. japonicum, Paragonimus westermani, O. viverrini,
O. felineus, and C. sinensis (http:/www.ncbi.nlm.nih.
gov/dbEST/dbEST smary.html). A C. sinensis EST
database was published [85] (http://pathod.cdc.go.kr/
clonorestdb/) and is considered as a resource to study
the functional genomics of parasites.

A series of transcriptome studies were performed in
C. sinensis [86—92]. In total, 52745 ESTs were derived
from C. sinensis, adults, metacercariae, and eggs, shar-
ing 12830 EST sequences. The 12830 ESTs were fur-
ther categorized by putative molecular function and
relevant biological processes. The molecular function
category included proteins binding with ATP, zinc
ions, and protein molecules (48—49%); protein pos-
sessing enzymatic catalytic activity, including protein
kinases and oxidoreductases (39%); and proteins
related to transport activity (5%). The biological pro-
cess category was mostly associated with proteins
involved in cell processes, such as protein phosphory-
lation, translation, and transcription (35—36%); pro-
teins involved in metabolism, including proteolysis,
oxidation, and carbohydrate metabolism (33—34%);
and proteins regulating biological processes, such as
transcription (8%) and signal transmission (8%).
Among particular categories, the most numerous in
the molecular function group were proteins binding
with nucleotides, nucleic acids, and ions and proteins
possessing hydrolase and transferase activities. In the
biological process group, the most numerous were
proteins involved in polypeptide and nucleic acid
metabolisms and proteins involved in transport and
cell localization [89—91].

A transcriptome analysis of eggs, metacercaria, and
adults showed that the majority of C. sinensis genes are
differentially expressed at particular stages [88, 91] and
that their expression correlates with biological and
physical features of the particular developmental
stage. Between-stage differences were observed in
C. sinensis, O. viverrini, and O. felineus for home-
odomain-coding genes and genes of G-proteins asso-
ciated with receptors and neuroactive signaling sys-
tems of species [91, 93, 94]. High-level expression was
observed for genes involved in energy metabolism,
motility, and reproduction in adults; genes involved in
minimal metabolism and definitive host adaptation in
metacercariae; and embryonic genes in eggs [91, 93,
94]. In total, 30 genes showed the most intense expres-
sion in the C. sinensis genome. Metacercariae incu-
bated in a bilious medium expressed 16 genes, which
are involved in energy metabolism and modulation of
regulatory signals for cell growth and proliferation and
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the development of newly excysted juveniles [91]. In
the O. felineus genome, 11114 are expressed at both of
the developmental stages; 648 genes, only in adults;
and 903, only in metacercariae [93, 94]. Substantial
changes in transcriptome profile (especially in the
protease and tubulin gene families) occur in £ hepatica as
well when the parasite migrates from the stomach
through the abdominal cavity and the liver to mature
in bile ducts. Differential expression during infestation
was observed for antioxidant system and detoxifica-
tion genes, potentially accounting for the stage-spe-
cific effects of various anthelmintic drugs [16].
Genomic and transcriptomic studies in C. sinensis
showed that a total of 9459 genes are expressed in all
tissues examined. Of these, 272, 51, 648, and 81 are
expressed exclusively in the oral sucker, the ovary, the
testis, and muscles, respectively [92].

An interspecific transcriptome analysis yielded
additional evidence for parasite adaptation to life in
bile ducts; revealed certain specifics in metabolism
and gene networks of parasites; and showed several
molecular differences, which are possibly related to the
specifics of the niche and physiological needs of particu-
lar species [89—91, 93—96]. For instance, the liver fluke
transcriptomes lack polyamine synthesis enzymes,
including catalase, methylthioribose 1-phosphate isom-
erase, and ornithine decarboxylase. Genes involved in
methionine release and peroxisome biogenesis are lost
(O. felineus has 17 orthologous groups, while there are
39 groups in soil nematode and 71 groups in human).
In contrast, increased gene copy numbers were
observed in comparisons with free-living species for
several gene families, such as the MD-2 lipid-binding
protein, calmodulin, and cathepsin families. The most
intense transcription was observed for the genes that
are necessary for parasitic life, that is, anaerobic respi-
ration, reproduction, detoxification, outer surface
integrity, and nutrition (e.g., the genes for myoglobin,
vitellin, glutathione S-transferase, and cysteine prote-
ases). Transcripts of cholangiocarcinoma-related
genes and genes involved in neurotransmission were
found in all opisthorchiids. The finding makes it pos-
sible to assume that opisthorchiids have serotoniner-
gic, glutaminergic, and cholinergic neuronal networks
(which agrees with the data on high conservation of
the trematode nervous system) and that types of their ion
channels are consistent with their parasitic lifestyle and
positions of the phylogenetic tree of living organisms.

Transcriptome comparisons were performed for
S. japonicus, S. mansoni, F. hepatica, O. felineus,
O. viverrini, and C. sinensis and showed that the liver
flukes have the highest predicted protein sequence
homology with each other, reflecting their close phy-
logenetic relationships and biological similarity [89,
90, 94]. Intotal, 12665, 13634, and 14269 ORF-contain-
ing transcripts were found in O. felineus, O. viverrini, and
C. sinensis, respectively. Of the 456 core eukaryotic
genes, 445 were identified, and missing genes are
absent from S. mansoni as well (and, probably, other
trematode species) [94]. Interspecific comparisons of
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a larger scale can isolate the fraction of genes that are
highly conserved among model eukaryotic organisms.
The fraction includes the genes for actin, tubulin,
translation elongation factor 1, valosin-containing
proteins, glycogen phosphorylase, and heat shock
proteins. Transcriptome comparisons between free-
living (Caenorhabditis elegans and Schmidtea mediter-
ranea) and parasitic worms showed that C. sinensis is
closer to the parasitic species, consistently with its life-
style [89, 90, 94]. At the same time, predicted C. sin-
ensis proteins have higher homology (20%) with pro-
teins of mammals (Mus musculus and Homo sapiens)
than with proteins of the soil nematode C. elegans
(15%). This molecular similarity probably allows the
parasite to regulate the host response at the biochem-
ical and immune levels [89, 90].

Transcriptome information on main regulators of
the development, bile chemotaxis, and physico-meta-
bolic pathways of C. sinensis is of importance for iden-
tifying new drug targets and diagnostic antigens. A set
of candidate targets includes male sterility proteins,
cathepsin L-like cysteine protease A, protein P5 pre-
cursor, Cryptosporodium mucin, TGF-B1 receptor,
and some other proteins [91].

To conclude, genomic and transcriptomic studies
in the trematode C. sinensis provide new basic data
that are essential for understanding the biology and
molecular evolution of helminths pathogenic or car-
cinogenic to humans, thus being of social, economic,
and medical importance. The studies open new
opportunities for designing highly sensitive diagnostic
tests and new-generation drugs to treat parasitic infes-
tations and associated pathologies.
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