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Abstract

Background: Several markers have been described to characterise the population
structure and genetic diversity of Fasciola species (Fasciola hepatica (F. hepatica) and
Fasciola gigantica (F. gigantica). However, sequence analysis of a single genomic locus
cannot provide sufficient resolution for the genetic diversity of the Fasciola parasite
whose genomes are ~1.3 GB in size.

Objectives: To gain a better understanding of the gene diversity of Fasciola isolates
from western Iran and to identify the most informative markers as candidates for
epidemiological studies, five housekeeping genes were evaluated using a multilocus
sequence typing (MLST) approach.

Methods: MLST analysis was developed based on five genes (ND1, Pepck, Pold, Cyt b
and HSP70) after genomic DNA extraction, amplification and sequencing. Nucleotide
diversity and phylogeny analysis were conducted on both concatenated MLST loci and
each individual locus. A median joining haplotype network was created to examine the
haplotypes relationship among Fasciola isolates.

Results: Thirty-three Fasciola isolates (19 F. hepatica and 14 F. gigantica) were included
in the study. A total of 2971 bp was analysed for each isolate and 31 sequence types
(STs) were identified among the 33 isolates (19 for F. hepatica and 14 for F. gigantica
isolates). The STs produced 44 and 42 polymorphic sites and 17 and 14 haplotypes
for F. hepatica and F. gigantica, respectively. Haplotype diversity was 0.982 + 0.026 and
1.000 + 0.027 and nucleotide diversity was 0.00200 and 0.00353 + 0.00088 for F. hep-
atica and F. gigantica, respectively. There was a high degree of genetic diversity with a
Simpson’s index of diversity of 0.98 and 1 for F. hepatica and F. gigantica, respectively.
While HSP70 and Pold haplotypes from Fasciola species were separated by one to three
mutational steps, the haplotype networks of ND1 and Cyt b were more complex and
numerous mutational steps were found, likely due to recombination.
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1 | BACKGROUND

Fasciolosis, a geographically widespread disease, is caused by the liver
flukes Fasciola hepatica (F. hepatica) Linnaeus, 1758 and Fasciola gigan-
tica (F. gigantica) Cobbold, 1856. The lifecycle of both species requires
a mammal’s definitive host harbouring adult worms in its bile duct
and lymnaeid snails as intermediate hosts infected by the larval stage
(Mas-Coma et al., 2019; Saadatnia et al., 2022).

Fasciolosis is considered as the most important helminth infection
of the livestock in Iran with a prevalence ranging from 0.1% to 91.4%
(Ashrafi, 2015). The endemic nature of fasciliasis leads to economic
concerns not only because of decreased a growth, weight, fertility and
condemnation of the infected liver but also for public health reasons as
two large outbreaks of human fascioliasis occurred during the past two
decades in Iran (Bashiri et al., 2021; Bozorgomid et al., 2018). A combi-
nation of slaughterhouse and molecular studies revealed the presence
of F. hepatica and F. gigantica as well as hybrids between the two species
in Iran; however, few studies have reported the genetic diversity of
these parasites (Bozorgomid et al., 2018; Rokni et al., 2018).

Investigating the genetic diversity of Fasciola isolates in the live-
stock is of interest because they play a key role in spreading infection.
F. hepatica and F. gigantica can generally be distinguished on the basis
of morphological criteria but the existence of parthenogenic (asper-
mic) Fasciola flukes with intermediate morphological characteristics
between the two species can cause confusion (Aryaeipour et al., 2017).
Several markers have been developed and used to assess the pop-
ulation structure of Fasciola species such as the ribosomal internal
transcribed spacer (ITS), phosphoenolpyruvate carboxykinase (Pepck),
DNA polymerase delta (Pold), cytochrome c oxidase | (COI) and the
NADH dehydrogenase (ND) genes (Bozorgomid et al., 2020; Heydar-
ian et al., 2022; Kasahara et al., 2021; Shafiei et al., 2014). It has been
reported that the genetic diversity of this parasite may have a role
in drug resistance, virulence, pathogenicity, clinical characteristics of
the disease and certain epidemiological features (Lalor et al., 2021).
However, sequence analysis of a single genomic locus cannot provide
sufficient resolution for the genetic diversity of the Fasciola parasite
whose genomes are ~1.3 GB in size (Cwiklinski et al., 2015).

Multilocus sequence typing (MLST) was originally recommended
as a power discriminatory method and reproducibility based on sin-
gle nucleotide polymorphism (SNP) in 5-7 housekeeping genes for
phylogenetic study of bacterial pathogens (Maiden et al., 2013).
It was later used to characterise population genetic structure of

Conclusions: Although HSP70 and Pold genes from F. gigantica were invariant over the
entire region of sequence coverage, MLST was useful for investigating the phylogenetic
relationship of Fasciola species. The present study also provided insight into markers
more suitable for phylogenetic studies and the genetic structure of Fasciola parasites.

Fasciola hepatica, Fasciola gigantica, genetic diversity, Iran, multilocus sequence typing

different parasite species such as Enterocytozoon bieneusi, Giardia duo-
denalis, Cryptosporidium sp., Leishmania spp., Trichomonas vaginalis and
Trypanosoma cruzi (Banu et al., 2019; Costache et al., 2020; Herrera
et al, 2017; Li et al., 2021; Malatyali et al., 2020). To gain a better
understanding of the phylogenetic and population structure of Fasci-
ola species, the MLST scheme was developed based on five genes of

Fasciola isolates in livestock from western Iran.

2 | METHODS

2.1 | Samples collection and genomic DNA
extraction

A total of 68 flukes were obtained from the infected livers (sheep n =
16, cattle n = 48, and goat n = 4) during randomly repeated visits of
slaughterhouses in Kermanshah Province, Iran from April 2015 to July
2017. The specimens were preserved in ethanol (70%) and transferred
to the Helminthology Laboratory, School of Public Health, Tehran Uni-
versity of Medical Sciences, Tehran, Iran. Thirty-five adult fluke were
randomly selected for molecular studies. Genomic DNA was extracted
from the posterior part of each fluke using the DNGTM-plus Kit (Cin-
naGen, Tehran, Iran) according to the manufacturer’s instructions and
stored at - 20°C until use. Samples were previously identified as F. hep-
atica or F. gigantica based on PCR-RFLP of the ITS-1 region with Rsal
enzyme and the samples of F. gigantica were sequenced based on the
ND1 gene (Rokni et al., 2020).

2.2 | Selection of loci, amplification and sequencing

Amplification was performed based on five genes including heat
shock protein 70 (HSP70), DNA polymerase delta (Pold), phospho-
enolpyruvate carboxykinase (Pepck), cytochrome b (Cyt b) and NADH
dehydrogenase subunit 1 (ND1). The primers for the target genes
were designed using the publicly available Primer3plus program and
checked for specificity using the NCBI Primer-BLAST tool (http://www.
nchi.nlm.nih.gov/tools/primer-blast/). The primers were synthesised
by Macrogen Inc., Korea. All primers used in this study are listed in
Table 1.

PCR amplification reactions were performed in a final volume

of 30 pl containing 0.5 pM of each primer, 15 pl Red Master Mix
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TABLE 1 Characterisation of gene markers and primers used in this study
Size of aligned
Amplicon size fragment Annealing Reference
Target gene Primer sequence (bp) analysed (bp) temp, (°C) orsource
Heat shock protein 70 F: GATTGTTCTCGTTGGTGGTTCG 724 668 62 This study
(HSP70) R: GCATTTGCTTGATATGGTGCTG
DNA polymerase delta F: ATCCTATCCCCGTCGTATGCTG 630 398 62 This study
(Pold) R: GCTTATGGTGAGAGGCGAGG
Phosphoenolpyruvate F: TCGCCTGCGTGCTATCAATC 822-876 810-811 62 This study
carboxykinase (Pepck) R: GCATCACCAACGGCACAC
Cytochrome b (Cyt b) F: CAGGTGTTGTCTGGGGTTG 970 523 64 This study
R: CCAACCACAATCCCTTAAACAT
NADH dehydrogenase F: AAGGATGTTGCTTTGTCGTGG 660 570 55 This study
subunit 1 (ND1) R: GGAGTACGGTTACATTCACA

(Ampliquon, Denmark), 0.5 uM of each primer and 1.25 pl of DNA
(<250 ng). Amplification was conducted in a thermal cycler (Eppendorf,
Germany) with an 5-min initial denaturation at 95°C, followed by 30
amplification cycles [denaturation at 94°C for 45 seconds, annealing at
the appropriate temperature for each gene for 45 s (Table 1) and elon-
gation at 72°C for 1 min] followed by a final extension step at 72°C
for 5 min. The amplification products (3 ul) were electrophoresed on
a 1.5% agarose gel containing the DNA stain Simply Safe (Eurx, Cat.
No. E4600-01). The PCR products were purified using the QIAquick
PCR Purification Kit (Qiagen). DNA sequencing of purified PCR prod-
ucts was carried out at Macrogen Inc., Korea using similar primers used
for the PCR.

2.3 | Genetic differentiation and haplotype
network analysis

The sequences for each gene were visually checked for the detection of
any missing or ambiguous (heterozygous) sites when two peaks over-
lapped in a chromatogram. The sequences were edited and aligned
using the Bioedite software v. 1.9 (Hall, 1999). To determine the genetic
diversity, the following indices were calculated for each gene and each
species using the DnaSP v5.1 software (Rozas et al., 2017): the num-
ber of segregating sites (polymorphic) (S), number of haplotypes (H),
haplotype diversity, nucleotide diversity (z) and their corresponding
standard deviations (SD). Tajima’s D values were calculated to test the
neutral theory of evolution. Positive values correspond to positive or
balancing selection, whereas negative values correspond to negative or
purifying selection. A median joining haplotype network was created to
examine the haplotypes relationship among Fasciola isolates using the
PopART software (Leigh & Bryant, 2015).

2.4 | Phylogenetic analysis
The MEGA 6.0 software was used to choose the best-fitting models
of molecular evolution (Kumar et al., 2018). Phylogenetic relation-

ships among individual gene sequences and concatenated sequences

were constructed using the Maximum Likelihood (ML) method. Fur-
thermore, for the concatenated sequences, Neighbour-Net analysis
was performed with SplitsTree version 4.11.3 using uncorrected p-
distances (Huson & Bryant, 2006). Both phylogenetic analyses were
done with 1000 bootstrap replicates.

2.5 | Discriminatory power

To assess discriminatory power of different genes, Simpson’s index of
diversity was calculated based on the probability of two unrelated
strains being characterised as the same type (Hunter & Gaston, 1988).
The Simpson’s index of diversity values are between 0.0 and 1.0. A
value of 0.0 indicates that all strains in a population are of the same

type and a value of 1.0 indicates high species diversity and complex

community.
3 | RESULTS
3.1 | PCR amplification and DNA sequencing

Of 35 DNA samples extracted, 33 were amplified by PCR and
sequenced successfully for the five selected markers (F. hepatica: n
= 19, F. gigantica: n = 14). Two samples were excluded from further
analysis because of the poor quality of the sequences of one or more

markers.

3.2 | SNP analysis and nucleotide diversity

Polymorphic sites ranged between 4 (Cyt b and HSP70) and 19 (Pepck)
for F. hepatica and between O (Pold and HSP70) and 21 (ND1) for F.
gigantica. The nucleotide diversity varied between 0.00103 + 0.00041
(HSP70) and 0.00630 + 0.00216 (Pepck) for F. hepatica and between O
(Pold and HSP70) and 0.00899 + 0.00182 (Cyt b) for F. gigantica. For
F. hepatica, the highest discriminatory power and haplotype diversity
were observed in the ND1 gene (Table 2). For F. gigantica, the highest
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discriminatory power and haplotype diversity are observed in the Cyt b

A N gene.
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FIGURE 1 TCS haplotype network obtained from HSP70 (a), Pold (b), Cyt b (c), ND1 (d) and Pepck (e) sequences. The area of each circle is
proportional to the haplotype frequency, and each branch represents one mutation

(Figure 3). The presence of parallelograms in SplitsTrees was evidence
for recombination, which was statistically confirmed by the phi test
(p <0.05) for both Fasciola species (p <0.05). Thus, recombination is
believed to be a relatively common evolutionary process in Fasciola
flukes. Due to recombination events, Fasciola species may be close to
one another hampering accurate identification, especially in areas with
an overlapping distribution of both species.

4 | DISCUSSION

Phylogenetic studies based on both mitochondrial and nuclear DNA
genes such as ITS, Pepck, Pold, COI and ND are widely used for Fasci-
ola species. Although the heat shock protein gene has been used for
specific identification of a number of protozoan and helminth species
and their differentiation, based on our current knowledge, heat-shock
protein 70 (HSP70) gene has not been used to evaluate the genetic vari-
ation and diversity of Fasciola species. Therefore, in the present study,
an MLST tool targeting HSP70 + ND1 + Pold + Pepck + Cytb genes
was developed for F. hepatica and F. gigantica. The analysis revealed
that less 1.5% of the 2971 nucleotides at the five sequenced gene
fragments were polymorphic. This tool allowed the identification of
at least 17 MLST subtypes of F. hepatica and 14 MLST subtypes of
F. gigantica.

Only three of the five loci examined in this study were polymorphic
inF. gigantica. Unlike what is already reported for F. hepatica and F. gigan-
tica, both species were almost identical in nucleotide polymorphism.
However, evaluation of more genetic markers and a large number of
samples from different geographical areas and more diverse hosts are
needed to have a better understanding of the factors affecting the
genetic diversity of the Fasciola parasite

HSP70, a protein with a molecular weight of 70 kDa, is a suit-
able biomarker for environmental contamination monitoring, and drug
resistance (Fuqua et al., 1994; Moreira-de-Sousa et al., 2018). It has
also been successfully amplified and employed as a DNA marker for
molecular investigations of Onchocerca fasciata and some protozoa
such as Giardia, Cryptosporidium and Leishmania (Mirzaei et al., 2018;
Nemati et al., 2017; Squire & Ryan, 2017). Nevertheless, HSP70 was
approximately invariant over the entire region of sequence cover-
age; hence, it is not recommended for genetic characterisation and
phylogenetic analysis of Fasciola species.

In previous studies, Pepck and Pold genes were used to distinguish
the aspermic Fasciola flukes from those of F. hepatica and F. gigan-
tica (Itagaki et al., 2022; Thang et al., 2020). The results showed
that these genes successfully discriminated Fasciola species using the
PCR-RFLP and multiplex PCR techniques. By contrast, Kasahara et al.
(2021) recently reported that multiplex PCR based on Pepck gene was

unable to discriminate between F. hepatica flukes accurately. They also
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reported that unlike a number of eukaryotes in which the Pepck gene
has a single copy, F. hepatica has multiple loci. However, the results of
the present showed that the use of mitochondrial genes was more suit-
able for epidemiological studies of Fasciola species compared to Pold
and Pepck genes due to the higher diversity of haplotypes and more
complex haplotype networks.

The high genetic diversity of the ND1 gene was evident in most
branches of the ML tree and lower genetic diversity of HSP70 and Pold
genes were evident in a small number of phylogenetic tree branches.
The results of the trees from the sequences of the ND1, Cyt b and Pepck

genes showed that even the populations within each group were placed
in separate subclades indicating the high accuracy of these three genes
in showing the genetic relationships of the populations within each
group thus suggesting their appropriateness for population genetic
studies. On the other hand, ML trees resulting from the sequences of
HSP70 and Pold genes were unable to differentiate between popula-
tions in each clade, indicating the lack of necessary efficiency of these
two genes in population genetic studies.

Simpson’s index, which is used to assess the discriminative ability of
typing methods, was higher for MLST than for the single locus typing

85US01 T SUOWIWIOD BA 1810 3|qeot(dde 8y} Aq peusenob afe Safie YO 8SN JO SajnJ o A%JqiT8UlUQ AS]IM UO (SUONIPUCD-PUE-SWS)/LI0O"AB | IMARe.d [u[UO//:SANL) SUONIPUOD Pue SWis | 8U1 89S *[£202/60/50] U0 AkeiqiTauliuo A8|im ‘(ouleAnge T) aqnopesy Aq G66°€SWA/Z00T 0T/I0P/W00 A8 | Aleiq 1 uluoy/Sdny wolj pepeojumod ‘Z ‘€202 ‘S60TES0Z



NAZARI ET AL.

2 | WILEY

method. The small sample sizes and the widespread geographical origin
of the samples studied here could lead to the overestimation of Simp-
son’s index. However, the number of isolates used in this assessment
was small (n = 33), and further investigation is needed to accurately
assess the relative abilities of the two methods.

In conclusion, an MLST tool was developed to genotype Fasciola
species. HSP70 was approximately invariant over the entire region
of the sequence coverage; hence, it is not recommended for genetic
characterisation and phylogenetic analysis of Fasciola species. Thus,
genetic variants should be further studied by searching new candidate
genes. These studies should analyse a larger number of specimens from
more diverse regions and assess the relationship among MLST sub-
types, host specificity, morphological characteristics and geographical

distribution.
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