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The Chinese liver fluke, Clonorchis sinensis, causes the disease clonorchiasis, affecting ~35 million people in
regions of China, Vietnam, Korea and the Russian Far East. Chronic clonorchiasis causes cholangitis and can
induce a malignant cancer, called cholangiocarcinoma, in the biliary system. Control in endemic regions is
challenging, and often relies largely on chemotherapy with one anthelmintic, called praziquantel. Routine
treatment carries a significant risk of inducing resistance to this anthelmintic in the fluke, such that the discovery
of new interventions is considered important. It is hoped that the use of molecular technologies will assist this
endeavour by enabling the identification of drug or vaccine targets involved in crucial biological processes and/
or pathways in the parasite. Although draft genomes of C. sinensis have been published, their assemblies are
fragmented. In the present study, we tackle this genome fragmentation issue by utilising, in an integrated way,
advanced (second- and third-generation) DNA sequencing and informatic approaches to build a high-quality
reference genome for C. sinensis, with chromosome-level contiguity and curated gene models. This
substantially-enhanced genome provides a resource that could accelerate fundamental and applied molecular
investigations of C. sinensis, clonorchiasis and/or cholangiocarcinoma, and assist in the discovery of new in-
terventions against what is a highly significant, but neglected disease-complex.

Clonorchis sinensis
Third-generation sequencing
Advanced bioinformatics
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1. Introduction link between clonorchiasis and cancer, the cultural practice of eating

raw fish impedes efforts to control this disease-complex in endemic re-

Parasitic trematodes (flukes), including species of Schistosoma,
Opisthorchis and Clonorchis, infect hundreds of millions of people
worldwide [1]. In particular, the Chinese liver fluke, C. sinensis, causes
the disease clonorchiasis, which affects ~35 million people in parts of
China, Vietnam, Korea and the Russian Far East [2-5]. People become
infected with this fluke by ingesting raw or undercooked fish containing
metacercariae (arrested larval stage); juvenile flukes emerge from in-
dividual metacercariae in the lumen of the small intestine and then
migrate via the common bile duct into the hepatobiliary system or
pancreas where they develop to adult worms [4]. Chronic infection and
re-infection over years leads to cholangitis and can induce chol-
angiocarcinoma - a fatal cancer of the biliary system [6,7]. Despite this
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gions [8]. Current control relies largely on targeted or mass treatment of
people for C. sinensis infection with one drug - praziquantel [9]. How-
ever, the use of this drug alone has not been effective at controlling
clonorchiasis, and mass treatment has a significant risk of inducing
resistance in the fluke to praziquantel [9], such that the discovery and
development of new interventions (drugs or vaccines) remain a priority
[10].

Genomic explorations of C. sinensis can strongly underpin this focus
by identifying essential processes, pathways or molecules in this parasite
and/or involved in the disease pathogenesis, which could represent
possible intervention targets [11,12]. Draft genomes of C. sinensis from
Korea (Cs-k2) and China (Cs-c1 and Cs-c2) have allowed the inference of
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genes, encoded proteins as well as gene ontology networks and meta-
bolic pathways [13-15], enabling transcriptomic investigations of
C. sinensis [13-17] and other, comparative studies of flukes [11,18,19].
The sequencing and assembly of new genomic and transcriptomic re-
sources have been accompanied by the development of new informatic
tools and workflows to accelerate molecular research of this and related
carcinogenic flukes [15,20-22].

Despite these significant advances, a major limitation for profound
genomic and associated molecular and biochemical investigations of
C. sinensis has been the fragmented nature of available draft genomes
[13-15] assembled employing data produced using first- and/or second-
generation sequencing methods [reviewed by [23]]. Long-read and
long-range, so-called third-generation sequencing technologies are now
enabling substantially enhanced genome assemblies [24-28], achieving
improved scaffold contiguity and gene models, and allowing the dis-
covery of novel, structurally-complex and repetitive, non-coding DNA
regions, not adequately represented in previous draft genomes
[26,27,29,30]. These advances ‘open the door’ to tackling the problem
of fragmentation in the draft genome of C. sinensis. In the present study,
we employed a combination of Oxford Nanopore long-read (third-gen-
eration) and in situ Hi-C [31] (second-generation) sequencing technol-
ogies to produce data that, when combined with short-read data sets,
achieved a chromosome-level genomic assembly for C. sinensis.

2. Materials and methods
2.1. Parasite material

In a previous study [32], adult worms of C. sinensis were obtained
from Syrian golden hamsters (Mesocricetus auratus), which had been
experimentally infected with metacercariae isolated from naturally
infected cyprinid fish (Pseudorasbora parva) in the Jinju-si, South
Gyeongsang Province, South Korea; one of the authors (W.-M. S.) con-
ducted this study [32], which had been approved (permit no. GNU-
2009-1001) by the Animal Care and Use Committee of Gyeongsang
National University, School of Medicine, Jinju, Korea. The worms
collected had been washed extensively in physiological saline and then
stored at —80 °C until use; some of them were used previously for
transcriptomic and genomic studies of C. sinensis [15,17].

2.2. Isolation of genomic DNA, and construction and sequencing of
Oxford Nanopore and in situ Hi-C libraries

High quality genomic DNA was isolated from 100 adults of C. sinensis
using the Circulomics Tissue Kit (Circulomics, Baltimore, MD, USA). The
integrity of the DNA was verified using an Agilent 4200 TapeStation
system (ThermoFisher) and using Genomic DNA ScreenTape (Thermo-
Fisher). Low molecular weight DNA was removed using a 5 or 20 kb
short-read eliminator (SRE) kit (Circulomics, Baltimore, MD, USA), and
the remaining, high molecular weight DNA was used to construct the
following genomic DNA libraries: Nanopore Rapid Sequencing (SQK-
RADO004; Oxford Nanopore Technologies; 5 kb SRE) and Ligation
Sequencing (SQK-LSK109; Oxford Nanopore Technologies; 5 and 20 kb
SRE), according to the manufacturer’s protocols. The SQK-RAD004 (5
kb SRE) and SQK-LSK109 (5 kb SRE) libraries were each sequenced in
separate flow cells (v.9.4.1; Oxford Nanopore Technologies). The flow
cell used to sequence the SQK-LSK109 (5 kb SRE) library was washed
using a Flow Cell Wash Kit (EXP-WSHO003; Oxford Nanopore
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Technologies) and re-used to sequence the SQK-LSK109 (20 kb SRE)
library. All libraries were sequenced using a MinION sequencer (Oxford
Nanopore Technologies). Following sequencing, bases were ‘called’
from raw FAST5 reads using the program Guppy v.3.1.5 (Oxford
Nanopore Technologies) and stored in the FASTQ format [33].

In situ Hi-C sequencing was performed as described previously [31].
The high molecular weight DNA from 100 C. sinensis adults was
restriction-digested with equal concentrations of CviAIl/Msel (New En-
gland Biolabs); the library was constructed and then sequenced using the
NextSeq500 platform (Illumina). The sequence data are available via the
DNA Zoo repository (Sequence Read Archive accession number:
SRX8933307) in the National Center for Biotechnology Information
(NCBI) database.

2.3. Scaffolding of C. sinensis genomic contigs, and removal of
contaminants

The new C. sinensis genome (designated Cs-k2.v2) was assembled
using the following methodology: Sequences from the published Korean
genome (Cs-k2.v1; NCBI BioProject PRINA386618) [15] were com-
bined with the in situ Hi-C data using Juicer v.1.6 [34], 3D-DNA
v.180922 [35] and Juicebox Assembly Tools v.1.9.8 (http:github.com
/aidenlab/Juicebox/wiki/Juicebox-Assembly-Tools/) to achieve
chromosome-length scaffolds. Unanchored sequences were examined
and scaffolded using available paired-end and mate-pair libraries (NCBI
BioProject PRINA386618) [15] and Oxford Nanopore long-read li-
braries (Supplementary Table S1) using platanus_allee v.2.0.2 [36],
requiring a minimum of 15 links for scaffold-joining. Error-corrected
long reads were then used to close gaps in chromosome-length and
unanchored scaffolds using TGS-GapCloser v.1.1.1 (https://github.
com/BGI-Qingdao/TGS-GapCloser). Redundancy was removed by
mapping long-read data to the genomic scaffolds, and haplotigs were
eliminated employing purge_haplotigs v.1.1.0 [37] using depths of 5, 10
and 95 reads (low, medium and high, respectively).

To remove contaminants, genomic scaffolds were fragmented into
1000 bp, non-overlapping regions, and subjected to homology searching
and taxonomic classification using centrifuge v.1.04beta [38] utilising
an indexed version of the NCBI non-redundant nucleotide (nt) database
(https://ccb.jhu.edu/software/centrifuge/; 3 March 2018). Contigs
containing non-overlapping regions that aligned over <10% to nucleo-
tide sequences from species within the phylum Platyhelminthes, and >
10% to sequences derived from members of the Chordata (representing
the hamster host of C. sinensis) or any other taxa were subjected to
BLASTn v. 2.5.0 [39] homology searches to sequences in the NCBI nt
database (accessed March 2020) [40]. Sequences were removed if the
matches to nucleotide sequences in the NCBI nt database did not
represent platyhelminths, or if they were contigs of <10,000 nucleotides
in length and did not contain aligned protein-coding genes from Cs-k2.
vl [15] using gmap v.2019-09-12 [41].

2.4. Gene model prediction and functional annotation

Gene models predicted from Cs-k2.vl and submitted to NCBI
(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/003/604/175/GCA
_003604175.1_ASM360417v1/GCA_003604175.1_ASM360417v1_gen
omic.gff.gz) [15] were transferred to the new scaffolds of genome Cs-k2.
v2 using liftOver [42]. First, a chain file was created using the genomes
Cs-k2.v1 and Cs-k2.v2 using the doSameSpeciesLiftOver.pl script. Then,
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gene models were transformed from the genome feature format (GFF) to
the gene prediction (GP) format, and transferred to the Cs-k2.v2 genome
using the liftOver chain file. Transferred gene models were updated
using funannotate v.1.7.4 (https://github.com/nextgenusfs/funann
otate/) and wusing available RNA-seq data (NCBI BioProject
PRJNA386618) [15] and inferred protein sequence data sets for other
flatworm species available via ParaSite v.WBPS14 in WormBase [43].
The evidence modeler (EVM) v.1.1.1 [44] matrix was weighted as fol-
lows: Cs-k2.v1 liftOver GFF file: 10, PASA v.2.4.1 [44]: 5, augustus
v.3.3.3 [45]: 2, location of aligned proteins of flatworms other than
C. sinensis: 1 and StringTie v2.1.2 [46]: 1. New gene models were refined
using funannotate, and 5'- and 3'-untranslated regions inferred by PASA
were included. The final Cs-k2.v2 GFF file was compared with the Cs-k2.
v1 liftOver and gmap GFF files, to assign gene models that were retained
(beginning with CSKR_1 and retaining the Cs-k2.v1 gene number), that
were new, or that resulted from the combination or fragmentation of Cs-
k2.v1 gene models (beginning with CSKR_2). The completeness of the
gene set was assessed (protein-mode) using the tool BUSCO v 4.0.2 [47].
The annotation of each inferred amino acid sequence was achieved using
InterPro v5.35 [48], EggNOG mapper v.5.0 [49] and/or homology to
proteins in the databases Swiss-Prot within UniProtKB (accessed March
2020) [50] and/or MEROPS release 12 [51] using DIAMOND (v. 0.9.21)
BLASTp (E-value <107%) [52]. Evidence of gene transcription was
inferred by mapping available RNA-seq data (NCBI BioProject
PRJINA386618) [15] to the genome using HISAT2 (v. 2.1.0) [53]. Read
counts from each library were inferred using FeatureCounts (v.1.6.4)
[54] and normalised to ‘counts per million’ (CPM) using the edgeR
package (v.3.26.8) [55]. Gene models were inferred to have transcrip-
tional support if one or more library had a CPM value of >0.5. Evidence
of gene ontology (GO) enrichment in transferred (CSKR_1) or revised/
new (CSKR_2) gene models was assessed using topGO (v.2.36.0; bioco
nductor.org/packages/release/bioc/html/topGO.html).

2.5. Assessing genome completeness and contiguity

The completeness of the Cs-k2.v2 genome was assessed (in genome-
mode) using BUSCO v 4.0.2 [47]. Genome-wide synteny between the
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repeat-masked Cs-k2.v2 and previous, published repeat-masked scaf-
folds for Cs-k2.vl and Cs-c2 [13,15] were assessed using CACTUS
v.2019.03.01-1 [56] and QUAST v.5.0.2 [57]. For both comparisons,
synteny was inferred using the hierarchical alignment (HAL) output file
and the halSyteny program in the CACTUS package, employing the
following settings: -maxAnchorDistance, 1,000,000 -minBlockSize
10,000. Links between scaffolds were bundled using bundlelinks in
circos tools v.0.23 [58] using the following settings: min_bundle_size =
2e®, min_bundle_ membership = 1 and max_gap = 1e°. Scaffolds were
reordered and visualised using circos v.0.69-8 [58]. Protein-encoding
single copy orthologs (SCOs) of C. sinensis (Cs-k2.v2), Schistosoma
mansoni [59] and Echinococcus multilocularis [60] from WormBase
Parasite VWBPS14 [43] were inferred using OrthoFinder [61]. The
genomic locations of SCOs in Cs-k2.v2, S. mansoni or E. multilocularis
were bundled separately using bundlelinks in circos tools using the
following settings: min_bundle_size = 1e4, min_bundle_membership = 5
and max_gap = 1e®. Scaffolds were reordered and visualised using circos
v.0.69-8 [58].

3. Results
3.1. Genome assembly

The long-read and in situ Hi-C sequence data (24.8 Gb, 44-fold
coverage; Supplementary Table S1) were combined with available
paired-end and mate-pair read data for Cs-k2.vl [15] to produce a
genome assembly of 558 Mb (designated Cs-k2.v2; scaffold N50/N90 =
168.7/30 Mb; scaffold L50/L90 = 2/6; Table 1). This assembly con-
tained 78 contiguous sequences, compared with 2776 and 4348 in
previous assemblies of Cs-k2.v1 and Cs-c2, respectively [13,15]. The
BUSCO metrics for genome completeness were consistent with Cs-k2.v1
(Table 1). Most aligned, unique in situ Hi-C reads inferred 211,627
‘inter-chromosomal’ and 1,217,745 ‘intra-chromosomal’ contacts
(Fig. 1A; Supplementary Table S2).

Features of the Clonorchis sinensis reference genome (Cs-k2.v2) compared with those of previous assemblies (C-k2.v1 and Cs-c2) [13,15].

Assembly C. sinensis Korea C. sinensis Korea C. sinensis China
Cs-k2.v2 C-k2.vl Cs-c2

Number of scaffolds 78 2776 4348

Total size of scaffolds 558,124,894 562,768,885 547,288,241

Longest scaffold 222,349,635; 10,571 8,861,937; 501 20,508,42; 300

Number of scaffolds >100 K, 1 M; 10 M 22;7,7 542; 204; 0 1411; 44; 0

N50 scaffold length; L50 scaffold count 168,711,085; 2 1,628,761; 103 417,486; 408

Scaffold %GC 43.84 42.56 44.03

Scaffold %N 0.52 3.16 0.03

Number of contigs 1604 15,580 6190

Longest contig 3,786,446 793,193 1,089,335

Number of contigs >100 K; 1 M 923; 150 1465; 0 1815; 1

N50 contig length; L50 contig count 844,777; 202 89,578; 1746 233,037; 719

Contig %GC 44.07 43.95 44.05

Genome completeness and accuracy:
Complete BUSCOs"
Complete single-copy BUSCOs

618 (64.8%)
612 (64.2%)

618 (64.8%)
611 (64.1%)

597 (62.6%)
588 (61.6%)

Complete and duplicated BUSCOs 6 (0.6%) 7 (0.7%) 9 (0.9%)
Fragmented BUSCOs 62 (6.5%) 66 (6.9%) 83 (8.7%)
Genome-wide differences” 241 3187
Contigs containing differences” 147 1328

Total length of contigs containing differences” 237,316,409 432,813,610

# Number of Benchmarking Universal Single-Copy Orthologs (BUSCOs) identified (genome-mode) and percentage of the 954 genes within the Metazoa_odb10

dataset.

b Metrics predicted using the program QUAST [57]. Genome-wide differences based on comparison with the reference genome (Cs-k2.v2).
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Table 2
Features of the Clonorchis sinensis reference gene set (Cs-k2.v2) compared with
those previously reported (C-k2.v1 and Cs-c2) [13,15].

Features C. sinensis C. sinensis C. sinensis
Korea Korea China
Cs-k2.v2 C-k2.vl Cs-c2
Number of genes/mRNA 13,489/ 14,936/ 13,634/
14,408 14,936 13,634
Retained/new gene models 11,256/2233
Gene length® 18,637 + 15,143 + 17,725 +
21,269 17,316 19,238
mRNA length 1748 + 1700 1437 + 1464 1592 + 1569
Coding domain length 1497 + 1559 1437 + 1464 1592 + 1569
Exon length 254 + 348 233 + 323 231 + 297
Intron length 2893 + 4371 2745 + 3732 2755 + 3599
Protein length 498 + 520 479 =+ 488 529 + 523
Completeness:
Complete BUSCOs” 699 (73.3%) 609 (63.8%) 564 (59.1%)
Complete single-copy 691 (72.4%) 603 (63.2%) 554 (58.1%)
BUSCOs
Complete and duplicated 8 (0.8%) 6 (0.6%) 10 (1.1%)
BUSCOs
Fragmented BUSCOs 42 (4.4%) 76 (8.0%) 116(12.2%)

B 240 4 C. sinensis Cs-k2.v2 o=
C. sinensis Cs-k2.v1
220 — C. sinensis Cs-c2 «
S. mansoni
200 N50 = 168.7 Mb E. multilocularis
L50 =2
180 —
mn
& 160 o
E 140
s
g 120
e}
£ 100
©
@ 80
N50 = 50.5 Mb!
60 - L50=3
40 — N50 =13.8 Mbl_,
L50 =4 e
20 /
0 - =
[ T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Percentage of assembled genome

Fig. 1. Completeness of the reference genome (Cs-k2.v2) of Clonorchis sinensis.
Panel A: Hi-C matrix of the spatial clustering of Hi-C reads to the seven inferred
chromosomes (NIRIO12-codes; left) in Cs-k2.v2. An interactive Hi-C contact
map [94] is available at www.dnazoo.org/assemblies/Clonorchis sinensis.
Panel B: Comparison of the scaffold lengths of the Cs-k2.v2 genome with those
of draft genomes of C. sinensis from Korea (Cs-k2.v1), C. sinensis from Chinese
(Cs-c2) and reference genomes available for the blood fluke Schistosoma man-
soni and for the taeniid tapeworm Echinococcus multilocularis. The N50 and L50
values for the reference genomes are indicated.

3.2. Inference of seven chromosomes

The final assembly comprised two large (designated NIRI01200014
and NIRI0O120005) and five small (NIR01200068, NIR01200048,
NIR01200042, NIR01200017 and NIR01200006) chromosome-length
scaffolds containing 99.2% of all assembled scaffolds, with abundant,
off-diagonal peaks being indicative of telomeres (Fig. 1A). The two large
chromosome-length scaffolds contained >50% of the entire 558 Mb
genome (L50 = 2), as distinct from chromosomes inferred for the ge-
nomes of S. mansoni (N50 = 50.5 Mb; L50 = 3) and E. multilocularis (N50
= 13.8 Mb; L50 = 4) (Fig. 1B).
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? Lengths presented as mean + standard deviation.

b Number of Benchmarking Universal Single-Copy Orthologs (BUSCOSs)
identified (protein-mode), and percentage of the 954 genes within the Meta-
zoa_odb10 dataset.

Table 3
Features of transferred and revised/new gene models in the Clonorchis sinensis
reference gene set (Cs-k2.v2).

Transferred gene
models (CSKR_1)

Revised/new gene
models (CSKR_2)

Number of genes 11,256 2233
mRNA length 1743 + 1603° 1433 + 1876
Coding domain length 1515 + 1478 1212 +£1721

Untranslated regions (UTRs)

Number of genes with 5'~UTRs 5718 (51%)" 1134 (51%);1181 (53%)

5-UTR length 104 +£137 128 + 326
Number of genes with 3'~-UTRs 6314 (56%) 1134 (51%);1181 (53%)
3'-UTR length 313 + 279 295 + 335

Evidence of transcription
Homology searches
InterProScan
PFAM domains
Gene Ontology results
Biological process
Molecular function
Cellular component

8288 (74%) 1765 (79%)
7399 (66%)
6259 (56%)
5512 (49%)
3212 (29%)
4424 (39%)
1873 (17%)

1078 (48%)
863 (39%)
750 (34%)
481 (22%)
599 (27%)
319 (14%)

a
b

Lengths presented as mean + standard deviation.
Number of genes and percentage of total gene models.

¢ Genes with transcription support in metacercariae, juvenile and/or adult
stages (more than 0.5 counts per million).

Most (11,256 of 13,489; 83.4%) gene models for Cs-k2.v2 were
transferred successfully from Cs-k2.v1 and updated (CSKR_1 accession
numbers), and 2233 new or revised gene models (CSKR_2 accession
numbers) were added (Tables 2 & 3; Supplementary Table S3). The
characteristics of the gene models were usually consistent with previous
data sets for Cs-k2.v1 and Cs-c2 (Table 2; Fig. 2), and more complete,
with fewer fragmented or duplicate BUSCOs being present in the gene
set for Cs-k2.v2. The messenger RNA sequences inferred were markedly
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B. Cs-k2.v1

C. Cs-c2

Fig. 2. Characteristics of the gene sets inferred for Clonorchis sinensis. Distribution of gene, mRNA, coding domain and protein lengths for gene sets representing
C. sinensis from Korea (Cs-k2.v2 and Cs-k2.v1) and C. sinensis from China (Cs-cn2). Length distributions are displayed using violin and box plots, with red dashed lines
indicating average lengths. Coding sequence (CDS); messenger RNA (mRNA). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

longer as ~50% of gene models included untranslated regions (UTRs)
(Tables 2 & 3; Fig. 2).

Average mRNA (CSKR_1: 1743 + 1603 bp; CSKR_2: 1433 + 1876
bp), coding sequence (CSKR_1: 1515 + 1478 bp; CSKR_2: 1212 + 1721
bp) and 5'- (CSKR_1: 104 + 137 bp; CSKR_2: 128 + 326 bp) and 3'- UTR
lengths (CSKR_1: 313 + 279 bp; CSKR_2: 295 + 335 bp) of 11,256
transferred (CSKR_1) and 2233 revised/new gene models (CSKR_2) were
similar, with considerable length variation being a feature common to
both gene sets (Table 3). There was support for gene transcription in
metacercarial, juvenile and/or adult C. sinensis stages for most trans-
ferred (CSKR_1: 74%) and revised/new gene models (CSKR_2: 79%),
although a higher proportion of transferred gene models encoded pro-
teins with homology to conserved InterProScan (66%) and PFAM (56%)
domains than the revised/new gene models (InterProScan: 48%; PFAM:
39%). Similarly, more transferred gene models (CSKR_1: 49%) could be
annotated with Gene Ontology terms than in the revised/new gene set
(CSKR_2: 39%). Specifically, 29%, 39% and 17% of transferred gene
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models and 22%, 27% and 14% of revised/new gene models were
associated with ‘biological process’, ‘molecular function’ and ‘cellular
component’ terms, respectively. There was no significant enrichment in
ontology terms for either gene set.

3.3. Synteny

Upon pairwise comparison, there was marked synteny between the
Cs-k2.v2 assembly and previous draft genome assemblies for C. sinensis
(Cs-k2.vl and Cs-c2) as well as the genomes of S. mansoni and
E. multilocularis (Fig. 3). Synteny was greatest between Cs-k2.v2 and Cs-
k2.v1 (Fig. 3A; Table 4), with 96.1% (n = 459) of scaffolds in the latter
aligning to 99.3% (n = 9) of the former in 527 circos-bundles containing
541 syntenic blocks (62.0% of all syntenic blocks inferred). Synteny
between Cs-k2.v2 and Cs-c2 was somewhat limited (Fig. 3B; Table 4),
with 64.8% of the Cs-c2 scaffolds (n = 686) aligning to 99.2% of the Cs-
k2.v2 genome (n = 7) in 838 circos-bundles containing 900 syntenic
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blocks - equating to 19.2% of all syntenic blocks inferred. QUAST
metrics suggested more genomic rearrangements or mis-assemblies in
Cs-c2 than in Cs-k2.v1 (cf. Table 1).

The seven chromosomes inferred for Cs-k2.v2 were syntenic to re-
gions within the S. mansoni and E. multilocularis genomes containing
392,668,716 (95.9%; n = 8 chromosomes) and 106,004,081 (92.2%; n
= 10 chromosomes) nucleotides, respectively (Table 4). There were 163
syntenic blocks (with 1108 of all 4917 SCOs) between Cs-k2.v2 and
S. mansoni (Fig. 3C; Table 4), and 177 blocks (with 1613 of 4136 SCOs)
between Cs-k2.v2 and E. multilocularis (Fig. 3D; Table 4).

In syntenic regions, chromosomal arrangements were then compared
(Figs. 3 & 4). Between Cs.k2.v2 and S. mansoni, a one-to—one relationship
was seen for the five small chromosomes (i.e. NIR0O1200068-SM5,
NIR01200048-Z, NIR01200042-SM7, NIR01200017-SM1  and
NIR01200006-SM1), whereas the two large chromosomes inferred for
Cs-k2.v2 related to more than one S. mansoni chromosome (i.e. NIR-
101200056-SM3/Z and NIRI01200014-SM1/SM2/SM4/SM6). A similar
pattern was seen between Cs-k2.v2 and E. multilocularis, with one-to-one
relationships for four small chromosomes (NIR0O1200068-EMS,
NIR01200048-EM3, NIR01200017-EM2 and NIR01200006-EM71),
andregions in three inferred Cs-k2.v2 chromosomes, each linking to more
than one chromosome (NIRIO1200056-EM2/EM3/EM5, NIR012
00042-EM9/EM10 and NIRI01200014-EM1/EM4/EM6) (Fig. 4).

4. Discussion

Despite recent advances in parasite genomics [11,13,15,18,19],
many published draft genomes of helminths are fragmented, including
those of socioeconomically important liver flukes (see WormBase
ParaSite; https://parasite.wormbase.org/index.html). To tackle such
fragmentation in the genomic assembly of the key carcinogenic fluke,
C. sinensis [15], we employed in situ Hi-C and long-read data sets,
together with available short-read data, to assemble the first complete
reference genome (558 Mb) for this opisthorchid trematode. Presently,
this is the largest helminth genome assembled to chromosome-
contiguity, now providing an excellent resource for comparative
genomic and molecular parasitological research.

Here, we showed that the contiguity of this reference genome led to
major improvements in the inferred gene set for C. sinensis, including
2233 new or revised gene models. The revised/new gene models
resulted from the improved contiguity of genome scaffolds with no ev-
idence of an enrichment of one or more gene ontology terms when
compared with the Cs-k2.v2 gene set. The RNA-Seq libraries repre-
senting metacercarial, immature and adult C. sinensis stages, respec-
tively, provided transcriptional support for most (~75%) genes and 5'-
and/or 3'-UTRs for more than ~50% of gene models. Herein, on
average, for C. sinensis, 5~UTRs (~104 bp) and 3'-UTRs (~313 bp) were
shorter than the curated UTRs in S. mansoni (5’ UTR: 348 + 534 bp; 3’
UTR: 650 + 819 bp) and other invertebrates (5'-UTR: 222 bp; 3'-UTR:
445 bp) [62]. Shorter UTRs could reflect compact genes in C. sinensis or a
limitation in accurately predicting full-length UTRs using in silico
methods [63]. The latter limitation appears to be reflected in suboptimal
annotation of genes of flatworms and many other invertebrates [43,64].
In future, mRNA and/or 5-end RNA sequencing [65] of multiple
developmental stages (including miracidium, sporocyst, redia and
cercaria) as well as long-read RNA-Seq data, should assist in curating
gene models. Moreover, continued efforts are required to annotate
presently unknown genes using orthology-based assignment [66],
paving the way for subsequent studies of gene expression and regulation
in this worm. For example, elucidating the relationships/interactions of
new full-length mRNAs with non-coding RNAs available for C. sinensis
[67] would be informative. Logically extending previous work [e.g.,
[18,19,68,69-71]], we expect that this new genomic resource for
C. sinensis will significantly facilitate studies of the evolution of protein
families, population genetics and comparative genomics of flatworms.

Published works [72-76] indicate that C. sinensis and related species
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exhibit significant genetic complexity and variability. Importantly, there
is substantial variation in the karyotype of C. sinensis between studies.
For example, Zadesenets et al. [77] reported seven chromosome pairs
(2n = 14), whereas Park [78] recorded 28 (2n = 56), and other, allo-
zyme electrophoretic investigations [72] provide evidence of cryptic
species. The seven largest scaffolds assembled here (i.e. inferred chro-
mosomes) correspond to a karyotype with five pairs of small chromo-
somes and two pairs of large chromosomes (2n = 14) (Figs. 1 and 3), in
accordance with the findings of Zadesenets et al. [77].

The synteny of large regions in the two large chromosomes to six
chromosomes of S. mansoni or E. multilocularis suggests an interesting
evolution of chromosomes in flatworms. Although presently unknown,
we hypothesise that the arrangement of the two large chromosomes
(>200 Mb) in C. sinensis is consistent with an ancestral flatworm kar-
yotype. There seems to be a trend for more and smaller chromosomes in
‘decendant’ trematode species, based on current karyotype information
[79-81]. For example, karyotypes can vary from as few as six pairs in
Opisthorchis viverrini [79] to 12 pairs in Fascioloides magna [81]. Beyond
liver flukes, the karyotype of the (basal) monogenean, Eudiplozoon nip-
ponicum, has five pairs, which is the smallest number reported to date for
a flatworm [82]. This evidence stimulates the hypothesis that basal
trematodes have fewer chromosomes. We believe that comparative cy-
togenetic and genomic investigations of flatworm species are warranted
to study the evolution of chromosomal arrangements, to test this hy-
pothesis and to attempt to establish the evolutionary processes or
mechanisms that have led to chromosomal fusion and/or fragmentation
events in the Trematoda.

The sex chromosome (Z) of dioecious trematodes — schistosomes —
has been the subject of extensive study [59,80,81,83-85]. The synteny
observed here between the “core ancestral” Z region (first 10 to 30 Mb)
of the chromosome of S. mansoni [83] and the beginning of ‘chromo-
some’ NIRI01200056 (first 5 to 80 Mb) of C. sinensis as well as chro-
mosome 5 of the hermaphroditic tapeworm E. multilocularis [60] suggest
that genes in this region could be involved in sexual differentiation,
development and reproduction. Although almost nothing is known
about the sex chromosome system and the evolution of gene dosage-
compensation in hermaphroditic trematodes [86], work on the Z-chro-
mosome gene content of African (S. mansoni and S. haematobium) and
Asian (S. japonicum) schistosomes and lineage-specific evolutionary
strata, using genomic, transcriptomic and proteomic approaches, has
indicated that schistosomes have a reduced expression of Z-linked genes
in females and an upregulation in both females and males [83], in
accordance with the first step of Ohno’s classic model of the evolution of
dosage-compensation [87]. This information appears to provide a basis
to start comparing and contrasting the evolution of gene-dosage of the
chromosome responsible for sex determination in dioecious and her-
maphroditic trematodes as well as the processes of sexual differentiation
within hermaphrodites, and of reproductive biology at the genetic and
molecular levels. The C. sinensis reference genome now provides a sound
platform to explore this area.

The completion of a reference genome for C. sinensis provides
improved insights into the genomic landscape of a cancer-causing
parasite, responsible for a significant neglected tropical disease in Asia
[3]. The reference genome and revised gene models can now underpin
post-genomic explorations of the parasite’s molecular biology, disease
pathogenesis and the link between C. sinensis and cholangiocarcinoma.
For instance, the genome will enable detailed analyses of genetic vari-
ation within C. sinensis, the discovery/characterisation of cryptic species
[72] and definition of genetic markers to identify sibling species, if they
exist. Importantly, the enhanced genomic resource will underpin func-
tional genomic work on selected stages of C. sinensis. Given that gene-
specific knockdown by double-stranded RNA interference (RNAi)
[88-90] and CRiSPR/Cas systems [22] are known to work in liver flukes,
we believe that genome-assisted drug target discovery could provide a
complementary approach to the screening of drugs for new anthelmin-
tics [8,81,91]. A future aim will be to identify genes or expressed
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proteins whose inactivation by one or more drugs will selectively kill
C. sinensis and not harm the mammalian host, interfere with reproduc-
tive processes and/or disrupt the parasite’s life cycle.

Recent advances in the prediction of gene essentiality from func-
tional genomic information (e.g., lethality) for other metazoan organ-
isms employing machine learning-coupled approaches (e.g., [92,93])
can now be combined with RNAi- or CRISPR/Cas9-based screening of
C. sinensis to construct a functional genomics-informatics workflow to
validate predicted and prioritised targets. Focussing on select panels of
molecules, such as peptidases, GPCRs, kinases and ion channels, and
understanding their involvement in the host-parasite interplay and/or
disease, should assist in the design of new drugs or a vaccine against
C. sinensis.

Although this study focussed on the genome of an isolate of C. sinensis
from Korea, the exquisite effectiveness of our approach of using com-
bined sequence data sets and advanced informatics to finish a large
genome (>500 Mb) should be readily applicable to other flatworm
parasites of major animal and human health importance globally. We
believe that the present, substantially-improved C. sinensis genome will
accelerate both fundamental and applied investigations of clonorchiasis
and cholangiocarcinoma, and enable the development of new in-
terventions for this important neglected tropical disease-complex.
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