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ABSTRACT

Fasciolosis, a food- and waterborne infection caused by the trematodes Fasciola hepatica and F. gigantica, is
recognized by WHO as a neglected zoonotic disease. Whereas F. hepatica is distributed worldwide in cooler
climates, F. gigantica occurs mainly in the tropics of Africa and Asia. The southern Caucasus, with Armenia, is one
of the most northern regions where both species occur and may produce hybrids. In this study, livestock in
central Armenia was surveyed for fasciolosis, the causative species were determined and the genetic diversity of
both species was estimated. Total prevalence in sheep (1794), cattle (324) and goats (9) was 21.2%, 15.7% and
44.4%, respectively. After morphological identification and sequencing of a mitochondrial (nad1) and a nuclear
marker gene (28S rRNA), 62 collected specimens were allocated to F. hepatica (n = 55) and F. gigantica (n = 7).
Intraspecific diversity was evaluated for the complete nadl gene, resulting in 29 haplotypes of F. hepatica and six
haplotypes of F. gigantica. Diversity was higher among F. gigantica than F. hepatica in the Armenian sample set, a
difference that was confirmed analyzing available sequences for both species worldwide. Maximum genetic
distance between haplotypes in global networks was 49 nucleotide steps for F. gigantica compared to 15 for F.
hepatica. In the available sample sets, F. hepatica showed higher diversity in western Asia and the Middle East
compared to Europe and eastern Asia, while for F. gigantica loosely structured clusters comprising mainly
western/southern Asian and African haplotypes could be identified. A distinct clade comprising haplotypes from
Zambia was basal in the phylogenetic tree. Biogeographical implications of these data are discussed.

1. Introduction

hippopotamus, is not known to be zoonotic (Dinnik and Dinnik, 1961).
The same applies to F. jacksoni of the Asian elephant, whose taxonomic

Human fasciolosis, a food- and waterborne infection caused by the
trematodes Fasciola spp., is recognized as a neglected zoonotic disease
by the World Health Organization (2007). The genus contains two
species infecting livestock and humans: Fasciola hepatica is generally
distributed in temperate regions worldwide (including cooler parts of
the tropics), F. gigantica is mainly present in tropical and subtropical
regions of Africa and Asia (World Health Organization, 2007). In some
regions (e.g. the Mediterranean and western Asia), the ranges of both
species overlap, and hybrid populations are known to occur (Agatsuma
et al., 2000; Mas-Coma et al., 2009; Peng et al., 2009). Both species
have similar two-host life cycles that involve ruminants and a range of
other mammals (including humans) as definitive hosts, and lymnaeid
snails as intermediate hosts. A third species, F. nyanzae, a parasite of
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placement in the genus Fasciola has been challenged (Caple et al., 1978;
Heneberg, 2013).

While the public health impact of human fasciolosis has only been
acknowledged recently (Ashrafi et al., 2014; Mas-Coma et al., 2014,
2018), both F. hepatica and F. gigantica are well-known causes of mor-
bidity and mortality in ruminant livestock. The annual economic loss in
animal production was estimated to exceed 3.2 billion US$ worldwide
(Mehmood et al., 2017). There is an apparent need for control strategies
to manage these trematodes in endemic regions, but inadequate
knowledge of the disease situation and varying transmission dynamics
in the different regions hinder control progress. Precise determination
of the species and their intraspecific variability as well as epidemiolo-
gical information from the various endemic regions are required to
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assess infection risks and design effective management strategies, be-
cause ecological requirements of the two species differ. F. gigantica is
adapted to truly aquatic snail hosts (e.g. Radix auricularia in Eurasia, R.
natalensis in Africa) and is therefore bound to the presence of perma-
nent water bodies. In contrast, F. hepatica uses the amphibious species
Galba truncatula (in addition to a range of aquatic lymnaeids), whose
ability to persist in seasonal wetlands by aestivating in dry mud dras-
tically enlarges the range of habitats suitable for transmission of this
parasite. The requirement for different temperatures during larval de-
velopment may also separate transmission localities of the two species
even in regions of range overlap (Mas-Coma et al., 2009).

The present study was conducted in Armenia, which is situated in
one of the areas where both F. hepatica and F. gigantica have been re-
corded from livestock (Mas-Coma et al., 2009), but where very few data
are available on frequency and genetic identity of these parasites
(Semyenova et al., 2006, 2005). Armenia, like neighbouring areas in
western Asia, is a region of particular interest for the study of livestock
parasites, because it is close to the ‘fertile crescent’, where domestica-
tion of most livestock species had occurred 11,000 to 10,000 years ago
(Zeder, 2008), and where eggs of F. hepatica were recently identified in
approximately 1500 years old paleofaeces (Askari et al., 2018). If this is
true, then a high proportion of the ancestral genetic polymorphism of
the original wildlife-transmitted parasites should have been preserved
in the secondary livestock cycles which dominate today.

Objectives of the study were (1) to estimate prevalence of fasciolosis
in different species of livestock from different regions of Armenia in
order to establish baseline data on the disease burden, (2) to char-
acterize the causative parasites and (3) to evaluate the diversity of the
two species in the context of the global genetic structure, based on
mitochondrial and nuclear marker genes.

2. Materials and methods
2.1. Detection, sampling and morphological identification of Fasciola spp.

The presence of Fasciola spp. was investigated in six regions of
central Armenia (Table 1). Livers from 2127 animals (1794 sheep, 324
cattle and 9 goats) were obtained from slaughterhouses and local
markets, and dissected for the presence of Fasciola flukes. For all ani-
mals from slaughterhouses, the province of origin is known, while
samples obtained at local markets around Yerevan may have originated
from either Kotayk, Ararat or Gegharkunik.

For molecular analyses, a total of 73 flukes were collected from 65
animals (50 sheep, 11 cattle and 4 goats) in three of the regions
(Kotayk, Ararat and Gegharkunik). Flukes were washed in physiological
saline and subsequently stored in 70% ethanol at room temperature.

All flukes were examined for morphological characteristics. A ten-
tative allocation to species was done using body shape and ration
length: width. As these simple criteria do not allow reliable separation
(Periago et al., 2006), the species allocation was confirmed by mole-
cular diagnosis.
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2.2. DNA isolation

To obtain DNA, a tissue piece of approximately 0.5 mm? was excised
from each fluke and lysed in 30 ul of 0.02 M NaOH for 20 min at 99 °C.
The lysates were centrifuged and the supernatant was used as DNA
template source for the following PCRs (Addy et al., 2017).

2.3. Amplification and sequencing of marker genes

2.3.1. Nuclear 28S ribosomal RNA (rRNA) gene

The first approach to discriminate the Fasciola species was an RFLP-
PCR of a partial 28S rRNA gene fragment with the restriction enzyme
Avall according to Marcilla et al. (2002). Due to ambiguous banding
patterns (data not shown) all fragments (approx. 520 bp) were se-
quenced.

2.3.2. Mitochondrial NADH dehydrogenase subunit 1 gene

The second investigated gene, the mitochondrial NADH dehy-
drogenase subunit 1 (nad1), was chosen for the high number of avail-
able GenBank entries from different geographic locations and in suffi-
cient fragment lengths. For the amplification of the complete nadl gene
(903 bp) a nested PCR was performed using newly designed primers.
The primer pair for the first PCR was, forward 5-TTT AAT TTA AGA
TGT GTG CTC TGC-3’ and reverse 5’-ATA TCA CAG TAA CCT GCT AAC
GC-3’ and for the nested PCR was, forward 5’-CGA GCG TTC GGT GGA
GG-3’ and reverse 5-GAC CTC TAA CCC CCA AAG CTA G-3'. All PCRs
were performed in 50 pl reaction mixtures containing 10 mM Tris —HCI
(pH 8.3), 50 mM KCl, 2mM MgCl,, 20 pmol of each primer, 0.2 mM
dNTPs, 1.25 U Ampli-Taq Polymerase (Applied Biosystems) and 2 pl
crude lysate or 1 pl of first PCR product. The conditions during ampli-
fication of all PCRs were as follows: initial denaturation step at 95 °C for
5 min; 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s and elongation at 72 °C for 60 s, followed by a final elongation step
at 72°C for 5min. PCR amplicons were purified using the High Pure
PCR Product Purification Kit (Roche, Mannheim-Germany) and se-
quenced (GATC Biotech AG, Konstanz-Germany).

Nucleotide sequence data reported in this paper are available in
GenBank /DDBJ/EMBL databases under accession nos. MG972375-
MG972409.

2.4. Sequence analyses, phylogenetic trees and haplotype networks

DNA sequences were analyzed and edited using GENtle software v.
1.9 (Manske M., 2003, University of Cologne, Germany). The sequences
of the complete nadl gene were compared with the reference sequence
for F. hepatica (AF216697) and F. gigantica (NC024025), respectively
(Le et al., 2000; Liu et al., 2014), which differ at 76 nucleotide posi-
tions. The readable length of the 285 rRNA gene was approximately 520
bp and included 4 nucleotide sites that had been described as being
suitable for the discrimination of F. hepatica from F. gigantica (Marcilla
et al., 2002). Reference sequences were AJ440788 (F. hepatica) and

Table 1

Prevalence estimates of fascioliasis in sheep, cattle and goats of central Armenia.
Region Sheep Cattle Goat
(altitude m a.s.l.’)

n n infected % n n infected % n n infected %

Aragatsotn (900-1500 m a.s.l.) 226 21 9.3 40 3 7.5 - - -
Armavir (800-1000 m a.s.l.) 348 65 18.7 55 7 12.7 - - -
Ararat (800-1200 m a.s.l.) 408 152 37.3 84 19 22.6 - - -
Gegharkunik (1900-2200m a.s.l.) 242 43 17.8 49 7 14.3 - - -
Kotayk (1200-2000 m a.s.l.) 381 83 21.8 72 13 18.1 9 4 44.4
Vayots Dzor (1000-1500m a.s.l.) 189 17 9.0 24 2 8.3 - - -
Total 1794 381 21.2 324 51 15.7 9 4 44.4

* m a.s.l. = meter above sea level.
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Table 2
Accession Numbers of sequences used for phylogenetic and haplotype analyses.
Fasciola hepatica Fasciola gigantica
Country No. Acc. No Reference Country No. Acc. No Reference
China -1 AB477362 Peng et al. (2009) Myanmar -1 AB604007 Hayashi et al. (2018)
-2 AB477361 " -2 AB604008 "
-3 AB477360 " -3 AB604009 "
-4 AB477359 " -4 AB604010 "
-5 AB477358 " -5 AB604011 "
-6 AB477 357 " -6 AB604012 "
-7 AB604926 Ichikawa et al., unpublished -7 AB604013 "
-8 AB604927 " -8 AB604014 "
-9 AB604929 " -9 AB604015 "
-10 AB604930 " -10 AB604016 "
Egypt -1 AB554192 Amer et al. (2011) India -1 LC128314 Hayashi et al., unpublished
-2 AB554191 " -2 LC128315 "
-3 AB554190 " -3 LC128316 "
-4 AB554189 " -4 LC128317 "
-5 AB554188 " -5 LC128318 "
-6 AB554187 " -6 LC128320 "
-7 AB554186 " -7 LC128321 "
-8 AB554185 " -8 LC128322 "
-9 AB554184 " -9 LC128323 "
-10 AB554182 " -10 LC128319 "
Iran -1 MF628264 Maozeni et al., unpublished Iran -1 KX063830 Raeghi et al., unpublished
-2 MF628266 " -2 KF992227 Shafiei et al., unpublished
-3 MF628263 " -3 KX712320 Raeghi et al., unpublished
-4 MF628262 " -4 KX036358 "
-5 GQ175364 Sharifi et al., unpublished -5 KX036357 "
-6 GQ356033 Maozeni et al., unpublished -6 KX036356 "
-7 KF992222 Shafiei et al., unpublished -7 KX036355 "
-8 KF992226 " -8 KX021289 "
-9 KX021281 Raeghi et al., unpublished -9 KX021288 "
-10 KX021280 " Egypt -1 AB554176 Amer et al. (2011)
Italy -1 JF824680 Farjallah et al. (2013) -2 AB554174 "
-2 JF824679 " -3 AB554173 "
-3 JF824678 " -4 AB554172 "
-4 JF824677 " -5 AB554171 "
-5 JF824676 " -6 AB554169 "
Poland -1 KR422395 Norbury et al., unpublished -7 AB554167 "
-2 KR422393 " -8 AB554166 "
-3 KR422392 " -9 AB554164 "
-4 KR422390 " —-10 AB554159 "
-5 KR422397 " Ghana -1 MF490242 Addy et al. (2017)
Reference -1 AF216697 Le et al. (2000) -2 MF490243 "
(Australia)
-3 MF490244 "
-4 MF490245 "
-5 MF490247 "
Nigeria -1 LC142771 Ichikawa-Seki et al. (2017)
-2 LC142770 "
-3 LC142769 "
-4 LC142768 "
-5 LC142767 "
-6 LC142766 "
-7 LC142765 "
-8 LC142764 "
-9 LC142763 "
-10 LC142762 "
Zambia -1 AB207165 Itagaki et al. (2005)
-2 AB207167 "
-3 AB207166 "
-4 AB207164 "
-5 AB207163 "
-6 AB983833 Ichikawa-Seki et al., unpublished
-7 AB983837 "
-8 AB983836 "
-9 AB983832 "
-10 AB983834 "
Reference (China) -1 NC024025 Liu et al. (2014)
-2 KF543342 "
AJ439739 (F. gigantica) (Marcilla et al., 2002). statistical parsimony network was drawn with the same software with a
Intraspecific genetic variations (haplotypes) were analyzed for the fixed connection limit at 125 steps including the reference sequences

nadl gene using TCS software v.1.8 (Clement et al., 2000). The for F. hepatica, F. gigantica and F. jacksoni (KX787886, Le et al.,
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Table 3
Species identification of the Fasciola fluke samples.
Sample Region™ Host Species identification
species
morphological® molecular®
28S rRNA gene nadl gene
91%® 116%® 269% 533® F.hep/F.gig* species haplotype AccNos

F. hepatica according to nadl analysis

1 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 MG972375

2 A sheep F. hep DP F. hep F. hep F. hep 3/1% F. hep FhO1l "

3 A sheep F. hep F. hep F. hep F. hep F. hep 4/0 F. hep Fho1 "

4 A sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fho1 "

5 A sheep F. hep F. hep F. hep F. hep F. hep 4/0 F. hep FhO1 "

6 K sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep FhOl "

7 K sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fho1 "

8 K sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 "

9 K sheep F. hep F. hep F. hep F. hep F. hep 4/0 F. hep FhO1l "

10-1 G sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fho1 "

10-2 G sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep FhO1 "

11 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 "

12-1 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 "

13 G sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 "

14 K sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh02 MG972376

15 K sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh02 "

16 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh02 "

17 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh03 MG972377

18 G sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh03 "

19 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fho3 "

20-1 A sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep FhO3 "

21 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh04 MG972378

22 G sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fho4 "

23 G sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO5 MG972379

24 A sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh0o6 MG972380

25 A sheep F. hep F. hep F. hep F. hep F. hep 4/0 F. hep Fh07 MG972381

26 A sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh08 MG972382

27 A sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh09 MG972383

28 A sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh1l0 MG972384

29 A sheep F.gig F. gig F. hep F. hep F. hep 3/1 F. hep Fhll MG972385

30 K sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh12 MG972386

31 K sheep F. hep DP F. hep F. hep F. hep 3/1% F. hep Fh13 MG972387

32 G sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh14 MG972388

33 G sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh15 MG972389

34 G sheep F. hep F. hep F. hep F. hep F. hep 4/0 F. hep Fh16 MG972390
12-2 A sheep F. hep DP F. hep F. hep F. hep 3/1% F. hep Fh17 MG972391

35 K sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh18 MG972392

36 K sheep F. hep F. hep F. hep F. hep F. hep 4/0 F. hep Fh19 MG972393

37 K sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh20 MG972394

38 K sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh21 MG972395
20-2 A sheep F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh22 MG972396
39-1 K sheep F. hep DP F. hep F. hep F. hep 3/1% F. hep Fh23 MG972397
39-2 K sheep F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh24 MG972398

40 K goat F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 MG972375

41 K goat F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 "

42 K goat F. hep F. hep F. hep F. hep F. hep 4/0 F. hep FhO1 "

43 U cattle F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 "

44 U cattle F. hep DP F. hep F. hep F. hep 3/1* F. hep FhO1 "

45-1 U cattle F. hep F. gig F. hep F. hep F. hep 3/1 F. hep Fh02 MG972376

46 U cattle F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh02 "

47 U cattle F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh25 MG972399
48-1 U cattle F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh26 MG972400
48-2 §) cattle F.gig DP F. hep F. hep F. hep 3/1* F. hep Fh27 MG972401

49 U cattle F. hep F. hep F. hep F. hep F. hep 4/0 F. hep Fh28 MG972402

50 0] cattle F. hep DP F. hep F. hep F. hep 3/1* F. hep Fh29 MG972403

F. gigantica according to nadl analysis

51 K sheep F. hep F. gig F. gig DP F. gig 1/3* F.gig Fg01 MG972404

52 A sheep F.gig F. gig F. gig DP F. gig 1/3* F.gig Fg02 MG972405

53 K sheep F. hep F. gig F. gig DP F. gig 1/3* F.gig Fg03 MG972406
54-1 K sheep F.gig F. gig F. gig F. hep F. gig 1/3 F.gig Fg04 MG972407
54-2 K sheep F.gig F. gig F. gig F. hep F. gig 1/3 F.gig Fg05 MG972408

55 U cattle F.gig F. gig F. gig DP F. gig 1/3* F.gig Fg01 MG972404
45-2 U cattle F.gig F. gig F. gig DP F. gig 1/3* F.gig Fg06 MG972409

#Geographic origin of the samples; A = Ararat, K = Kotayk, G = Gegharkunik, U = unknown, but either A, K or G.

®F. hep = F. hepatica; F. gig = F. gigantica.

®Pposition of the four nucleotide exchanges between F. hepatica and F. gigantica starting with the first nucleotide of AccNo. AJ440788 (Marcilla et al., 2002).
*Indicates sequences where at one position a doublepeak (DP) either referring to F. hepatica or F. gigantica, respectively, was detected.
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Fg02

% F. hepatica AF216697; Fh05; Fh09;
Fh12; Fh13; Fh14; Fh17; Fhi8; Fh19;
Fh22; Fh23; Fh25; Fh26; Fh27; Fh28;

Fg06

16 120 ——O
Fgo3
Fg04
Fg01

F. gigantica

F. gigantica NC024025

F. jacksoni

Fig. 1. Haplotype network based on the complete nadl gene (904 bp), including all samples from Armenia together with reference sequences of F. hepatica, F.
gigantica and F. jacksoni. Circle sizes (area) are proportional to the number of samples belonging to a specific haplotype. The circle with the asterisk represents 15
distinct haplotypes (including the reference sequence), all one mutational step from the central haplotype FhO1. The smallest unnamed circles are hypothetical
intermediate haplotypes, not found in this study. The small figure (above the detailed network) shows all intermediate haplotypes for better visual presentation of the

genetic distances.

unpublished).

The phylogenetic analysis was based on maximum likelihood and
calculated using MEGA 7 software (Kumar et al., 2016) with the sub-
stitution model HKY + G and tested with 1000 bootstrap replications.
Fasciola jacksoni and Fasciolopsis buski (NC030528, Ma et al., un-
published) were used as outgroups. From the Armenian sample set, only
one sample of each haplotype was included.

The nad1 haplotypes of F. hepatica and F. gigantica found in Armenia
were compared with published haplotypes from other regions world-
wide. For this purpose, the nad1l sequences were shortened to the length
of previously published sequences (535 bp), a haplotype network was
drawn using the TCS software v. 1.8 and a maximum likelihood analysis
was carried out with MEGA 7. The GenBank sequences used for the
analyses are listed in Table 2.

3. Results
3.1. Prevalence of Fasciola spp.

Prevalence estimates for fasciolosis in 2127 slaughtered animals are
presented in Table 1. Total prevalence across all host species and re-
gions was 20.5% (436/2127). Infection was more frequent in sheep
(21.2%-381/1794) compared to cattle (15.7%-51/324), while 4 out of
only 9 examined goats were positive. Geographical spread of pre-
valence was similar for sheep and cattle, the most affected province
being Ararat with 37.3% and 22.6% infected sheep and cattle, respec-
tively, followed by Kotayk, Armavir and Gegharkunik. Least affected
were Aragatsotn and Vayots Dzor with < 10% prevalence in both spe-
cies.

25

3.2. Species identification

Out of 73 collected flukes, 62 (from 55 host individuals) yielded all
targeted gene sequences and could be determined. Morphologically, 55
flukes corresponded to F. hepatica, 7 flukes to F. gigantica. Nadl hap-
lotypes fell into two clearly separable clusters, where 53/55 F. hepatica
morphotypes grouped in the F. hepatica cluster, and 5/7 F. gigantica
morphotypes grouped in the F. gigantica cluster (Table 3). In all of the
62 flukes, the majority (3—4 of 4) nucleotide sites of the 285 rRNA gene
that were used to distinguish F. hepatica and F. gigantica (Marcilla et al.,
2002) showed the alleles consistent with the results of the nad1 analysis
(including the four specimens with the diverging morphological ap-
pearance). The flukes were therefore diagnosed according to the se-
quence data, which resulted in 55 specimens of F. hepatica and 7 spe-
cimens of F. gigantica. Only in 8 of the 55 F. hepatica all four 28S rRNA
marker alleles were in agreement, while in nucleotide position 91 the
majority of specimens showed double peaks (n = 31) indicating het-
erozygosity, or showed the allele typical for F. gigantica (n = 16). Of the
7 specimens typed as F. gigantica, none showed agreement in these 4
positions. Alleles in nucleotide position 269 were either heterozygous
(double peaks) (n = 5) or showed the allele typical for F. hepatica
(n = 2) according to Marcilla et al. (2002) (Table 3).

Of the 55 F. hepatica flukes, 43 were recovered from sheep, 9 from
cattle and 3 from goats. F. gigantica originated from sheep (n = 5) and
cattle (n = 2). Where more than one fluke was collected from an in-
dividual host animal (5 sheep and 2 cattle), only in one case did the
sequences of 2 flukes show complete identity. In case of one cattle, a
mixed infection with F. hepatica and F. gigantica was observed (Table 3).

Geographically, F. hepatica came from Kotayk (n = 17), Ararat
(n = 20) and Gegharkunik (n = 9), F. gigantica from Kotayk (n = 4) and
Ararat (n = 1). The geographic origin of the remaining 9 F. hepatica and
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Fig. 2. Phylogenetic relationship of all Armenian Fasciola hepatica and Fasciola gigantica haplotypes, based on a maximum likelihood analysis of the complete nad1

gene (904 bp). Fasciola jacksoni and Fasciolopsis buski are outgroups.

2 F. gigantica samples could not be defined more precisely, except that
they originate from one of these three provinces.

3.3. Phylogenetic and haplotype analyses of the nadl gene

Intraspecific genetic variation analysis of the complete nadl gene
(904 bp) of the Armenian sample set resulted in 29 haplotypes (among
55 flukes) of F. hepatica and six haplotypes (among 7 flukes) of F. gi-
gantica (Table 3). A parsimony network with all samples, reference
sequences for both species and, in addition, the reference sequence of F.
jacksoni was created (Fig. 1). For the phylogenetic analysis Fasciolopsis
buski as a more basal member of the Fasciolidae (Lotfy et al., 2008) was
included as outgroup (Fig. 2). The haplotype network of F. hepatica was
dominated by a central haplotype (Fh01) and closely related variants
arranged in star-like manner, that represented 19 Armenian samples
and included the Chinese reference sequence AF216697; in addition,
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the network contained some more distantly related haplotypes (Fig. 1).
In clear contrast, the few samples of F. gigantica showed a far higher
genetic diversity and more complex network structure than F. hepatica,
with the most distantly related haplotypes separated by 32 theoretical
mutation steps. For comparison F. jacksoni was included to visualize the
distances between the species.

To place the Armenian network topology of both species in a global
perspective, additional haplotype networks and phylogenetic trees were
created that included additional sequences from different geographic
regions available in GenBank. Reduction of the sequence length from
903 to 535 bp was necessary to allow a comparison with the published
sequences. This resulted in a decline from 29 to 23 Armenian F. hepatica
haplotypes, while the haplotype number remained identical for F. gi-
gantica. The resulting F. hepatica network shows three clusters, where
samples from China were confined to two of them (around haplotypes
FhOl and Fh04), and samples from Europe to the third (around
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central haplotypes 1, 2 and 3, respectively, are identical.

haplotype Fh02), with the exception of haplotype FhO1 itself, which
could be found in Europe as well. Samples from Armenia, Iran and
Egypt were, interestingly, distributed both in the ‘European’ and ‘East
Asian’ clusters (Fig. 3). These clusters are also apparent in the phylo-
genetic tree (Fig. 4).

The haplotype network of F. gigantica shows a far higher diversity
and complexity, with various clusters corresponding to the geo-
graphical origin of the samples (Fig. 5). These include a closely related
South / East Asian cluster, and a loosely connected group of clusters,
that contains all samples from northern, western and southern Africa.
Haplotypes from Armenia and Iran are either distributed in inter-
mediate positions between African and Asian clusters, or, in case of
some haplotypes, seemingly derive from one the ‘African’ clusters. This
geographical arrangement is likewise clearly visible in the phylogenetic
tree (Fig. 6), where an Asian clade is separated from the mainly African
intermixed with some western Asian haplotypes. A rather divergent
cluster consists exclusively of samples from Zambia. This group is al-
ready clearly separated within the haplotype network (Fig. 5), and,
interestingly, occupies a basal position in the phylogenetic tree (Fig. 6).
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4. Discussion

Data on the frequency and identity of livestock parasites, obtained
at slaughtering facilities, often suffer uncertainties concerning the
precise origin of the host animals due to movement of livestock within
countries and across borders. In the case of Armenia, livestock imports
from foreign countries are minimal. For cattle, out of 590,585 animals
present in Armenia in 2018, only 2398 animals were imported, mainly
for breeding purposes (State Service for Food Safety, Ministry of
Agriculture, unpublished). Sheep are not imported for slaughter, except
for animals from Russia to be slaughtered in Armenia and destined for
meat export to Iran. Such animals are kept separate, slaughtered with
different religious requirements and were not included in this study.
Our samples were from slaughtering facilities that serve a limited
geographical area (province, or group of neighbouring provinces).
However, no attempt was made to locate the origin of animals within a
province, whose borders therefore serve as sampling grid.

The present survey data confirm previous reports of central Armenia
as a high-endemicity region for livestock fasciolosis with 21.2% of 1794
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sheep and 15.7% of 324 cattle found infected. These figures are con-
siderably lower compared to previous surveys with > 50% infection in
sheep (Badeyan et al., 2001; Tonakanyan, unpublished). This can be
explained by the fact that, in our survey, the majority of sheep were
under one year of age with correspondingly lower prevalence. Within
the country, there was considerable variation of prevalence with Ararat
province as the most heavily affected part of Armenia (37.3% infection
in sheep, 22.6% in cattle). This province includes the Ararat plains, an
area with extensive natural wetlands that support the lifecycle of Fas-
ciola spp. by providing suitable habitats for intermediate host snails. In
contrast, the low-prevalence provinces of Aragatsotn and Vayots Dzor
are characterized by mountainous landscape and steppe vegetation
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with a far lower proportion of wetland habitats. Overall, these pre-
valence data from Armenia are at a similar level as in neighboring areas
of Iran (Daryani et al., 2006; Eslami et al., 2009; Mas-Coma, 2004;
Moghaddam et al., 2004). In most studies sheep and cattle are the most
frequently infected livestock animals, while goats (whose browsing
behavior puts them at lower risk of ingesting metacercariae) are usually
far less frequently infected (Ashrafi, 2015). Our results seem to be
contradictory (four out of nine examined goats infected), but this is
likely due to the low number of sampled animals. There are no data
available on human fasciolosis in Armenia both in publications and
unpublished data banks (Gevorgian, unpublished). However, human
cases have been frequently reported from neighboring countries like
Iran, Georgia and Turkey (Ashrafi, 2015; Moghaddam et al., 2004;
Yilmaz and Godekmerdan, 2004; Zirakishvili and Potshverija, 2009),
which suggests that the lack of data from Armenia is due to non-re-
porting by the diagnosing institutions. The public health system in
Armenia should therefore be sensitized to the presence of this zoonosis.

Armenia is situated in a region of overlapping geographic ranges of
F. hepatica and F. gigantica, which are known to hybridize. Although our
analysis of gene sequences confirmed the preliminary initial morpho-
logical species allocation in 58 of 62 flukes, the nuclear sequences did
not give unequivocal results. Based on the alleles of four nucleotide
sites of the 28S rRNA gene, which had been described as species-diag-
nostic, only 8 of the 62 flukes belonged 100% to either species (all F.
hepatica). Of the 55 flukes allocated to F. hepatica, 16 showed the cor-
responding F. gigantica-allele and 31 showed double peaks, all at nu-
cleotide site 91. Of the 7 flukes allocated to F. gigantica, 5 showed the
corresponding F. hepatica-allele and 2 showed double peaks, all at nu-
cleotide site 269. Double peaks in electropherograms of a recombinant
gene like the 28S rRNA is an indication of heterozygosity resulting from
hybridization between the two taxa, while homozygote alleles typical
for other species indicate previous genetic introgression. However, to
confirm hybridizations within the Armenian sample set, additional
nuclear marker genes like ITS1 or the DNA polymerase delta (pold) will
have to be analyzed. Such signs of cross-breeding between the two
species have been observed earlier in nuclear genes and indicate the
close relationship between the two species, whose geographical ranges
are assumed to have come into contact rather recently as a result of
movement of livestock (Agatsuma et al., 2000; Itagaki et al., 2005; Mas-
Coma et al., 2009; Peng et al., 2009).

Intraspecific genetic variation of the nadl gene was high in both
species with 29 haplotypes among the 55 F. hepatica specimens and six
haplotypes among the seven F. gigantica specimens. Reducing the se-
quence length to 535 bp, the number of haplotypes was 23/55 and 6/7,
respectively. This is the highest genetic diversity of F. hepatica and F.
gigantica in the Middle East / West Asian region reported so far.
Previous studies from Armenia and Iran reported six haplotypes among
30F. hepatica samples (based on a 745 coxI-nadlconcatenated frag-
ment) and eight haplotypes among 90 F. hepatica samples (based on a
535 bp nadl fragment), respectively (Reaghi et al., 2016; Semyenova
et al., 2006).

Looking at the calculated parsimony network of the Armenian
Fasciola spp. haplotypes, the highest number of F. hepatica samples (18
of 55) belonged to one haplotype (FhO1) that forms the center of a
cluster including the majority (21) of F. hepatica haplotypes found in
Armenia; only 8 haplotypes are in more distant position, although
clearly belonging to the F. hepatica cluster. In contrast, the (admittedly
few) F. gigantica samples grouped loosely in three rather distant clus-
ters, indicating a greater genetic diversity than F. hepatica.

Analyzing the position of ‘Armenian’ haplotypes in a global F. he-
patica network, all haplotypes from Europe (except the ubiquitous
FhO1) form a separate cluster around haplotype Fh02, while haplotypes
from East Asia are exclusively found in two different clusters around
haplotypes FhO1 and Fh04. In contrast, haplotypes found in western
Asia and the Middle East (Armenia, Iran, Egypt) are distributed
throughout the global network, indicating a far higher genetic diversity
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in that region compared to Europe and eastern Asia. The low number of
sequences available for this analysis does not allow further conclusions,
but a higher genetic diversity in areas around the Middle East would be
in line with the history of livestock domestication in the ‘fertile cres-
cent’ (Zeder, 2008). A higher proportion of the genetic polymorphism
of the parasite (that initially evolved in wild animals ancestral to li-
vestock) would have been preserved there, part of the diversity having
been lost during livestock movements to eastern Asia, Europe and,
hence, to other continents during the period of European settlement
(Mas-Coma et al., 2009; Valero et al., 2018).

The origin of the species F. hepatica in temperate Eurasia is sup-
ported by its close adaptation to the snail host Galba truncatula, which
had initially a European distribution (although by now it is present
almost globally due to human activities) (Mas-Coma, 2005), and the
minimum temperature needed for larval development, which is far
lower for F. hepatica than for in its tropical sister species (Malone et al.,
1998).

The global nadl haplotype network of F. gigantica confirms the
higher genetic diversity, which was already apparent among the
Armenian haplotypes. The maximum genetic distances between two F.
gigantica haplotypes, measured using hypothetical mutational steps,
was 49 compared to 15 in the global F. hepatica network. The high
intraspecific genetic variability of F. gigantica has been demonstrated
before in various studies with African or Asian specimens
(Chaichanasak et al., 2012; Hayashi et al., 2015; Ichikawa-Seki et al.,
2017); we could show that this high level of intraspecific variance is
also true for specimens collected in one of the most northern geographic
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range of the F. gigantica distribution, indicating a prolonged history of
introductions that is also visible from the positions of western Asian
haplotypes in the global haplotype network. There, as with F. hepatica,
geographic associations are clearly visible. Most haplotypes found in
Armenia group together with haplotypes known from southern Asia and
Iran, while haplotypes from western Africa from a cluster together with
those known from Egypt. An interesting cluster is formed by a group of
isolates from Zambia, which are rather distant to both other clusters. As
these Zambian isolates also form the basal clade in the phylogenetic
tree, it is intriguing to speculate about a phylogeographic origin of the
species in southern (possibly eastern) Africa, followed by gradual ex-
pansion into northern/western Africa and hence, via the Middle East, to
Asia. This is in agreement with the detailed hypothesis forwarded by
Mas-Coma et al. (2009) and contradicts previous suggestions of an
Asian origin of F. gigantica (Lotfy et al., 2008). However, the com-
paratively low number of isolates available for this study does not allow
further conclusions. As F. gigantica parasitizes a large range of wild
African ruminant species — probably its original hosts (Mas-Coma et al.,
2009) — more comprehensive studies on flukes from African wildlife
will certainly be the key to gain further insights into the geographical
origin of F. gigantica.

It is intriguing to see, that, after centuries of livestock trade, such
geographical clustering of genetic variants is still recognizable in the
case of parasites that predominantly infect livestock, although trans-
locations of isolates can be assumed by the ‘appearance’ of single
haplotypes in clusters of geographically distant samples. Further data
will be required to resolve the global genetic structure of these
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parasites, based on epidemiologically stringent sampling strategies in
terms of samples size, sample independence and geographical spacing.
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