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ABSTRACT

Fascioliasis causes high economic losses in livestock and underlies public health problems in rural areas, mainly
of low-income countries. The increasing animal infection rates in Bangladesh were assessed, by focusing on host
species, different parts of the country, and rDNA sequences. Fasciolid flukes were collected from buffaloes, cattle,
goats and sheep from many localities to assess prevalences and intensities of infection. The nuclear rDNA internal
transcribed spacer (ITS) region including ITS-1 and ITS-2 spacers was analyzed by direct sequencing and cloning,
given the detection of intermediate phenotypic forms in Bangladesh. The 35.4% prevalence in goats and 55.5%
in buffaloes are the highest recorded in these animals in Bangladesh. In cattle (29.3%) and sheep (26.8%)
prevalences are also high for these species. These prevalences are very high when compared to lowlands at
similar latitudes in neighboring India. The high prevalences and intensities appear in western Bangladesh where
cross-border importation of animals from India occur. The combined haplotype CH3A of Fasciola gigantica widely
found in all livestock species throughout Bangladesh fits its historical connections with the western Grand Trunk
Road and the eastern Tea-Horse Road. The “pure” F. hepatica sequences only in clones from specimens showing
heterozygotic positions indicate recent hybridization events with local “pure” F. gigantica, since concerted evo-
lution did not yet have sufficient time to homogenize the rDNA operon. The detection of up to six different
sequences coexisting in the cloned specimens evidences crossbreeding between hybrid parents, indicating
repeated, superimposed and rapidly evolving hybridization events. The high proportion of hybrids highlights an
increasing animal infection trend and human infection risk, and the need for control measures, mainly con-
cerning goats in household farming management. ITS-1 and ITS-2 markers prove to be useful for detecting recent
hybrid fasciolids. The introduction of a Fasciola species with imported livestock into a highly prevalent area of
the other Fasciola species may lead to a high nucleotide variation in the species-differing positions in the
extremely conserved fasciolid spacers. Results suggest that, in ancient times, frequent crossbreeding inside the
same Fasciola species gave rise to the very peculiar characteristics of the present-day nuclear genome of both
fasciolids.
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1. Background

Two liver fluke species of the genus Fasciola cause the zoonotic
trematodiasis called fascioliasis. This disease is of great veterinary
importance due to the high economic losses in livestock husbandry [1]
and has been demonstrated to underlie public health problems in many
rural areas, mainly in low-income countries of different continents. The
World Health Organization has therefore included this disease among
the group of foodborne trematodiases within the Neglected Tropical
Diseases (NTDs) to which priority should be given [2,3]. This is based on
its pathogenicity and the increasing emergence of this disease apparent
in the 1990 and 2000 decades. Recent studies have shown that infection
may affect the sufferer very early in life [4] and that severe clinical
pictures also develop during the long chronic phase and not only in the
short initial acute phase [5,6].

Both climate change, among which the global warming phenomenon
but also rainfall-rate changes, and other anthropogenic effects,
including man-made environmental modifications such as irrigation
projects, human and animal movements, and livestock importation/
exportation, are driving forces for the potential emergence of fascioliasis
in many areas, both in developed and developing countries [7,8].
Numerous studies have analyzed climate change impacts on animal
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fascioliasis, and others have also demonstrated the influence of both
climate and anthropogenic modifications of the milieu on human
fascioliasis [9,10].

Fasciola hepatica originated in cooler areas and mountainous foothills
of the Asian Near East in the latest Miocene to Early Pliocene, around 6.0
to 4.0 mya and perhaps shortly afterwards. Fasciola gigantica originated
in warm lowlands of southeastern Africa in the mid-Miocene, around
13.5 mya and later spread northward to the same Asian Near East
through the eastern Mediterranean Levantine Corridor [11]. Thus, both
fasciolids were present in the Fertile Crescent and took advantage of
human-guided movements of domesticated ruminants, equines and
camelids for subsequent further spread throughout the Neolithic and up
to the present day, F. hepatica expanding worldwide and F. gigantica
eastward into Asia [8]. The preference for warmer lowlands allowed
F. gigantica to spread along all southern latitudes of Asia up to South East
Asia and Pacific islands. On the contrary, multidisciplinary analyses
indicate that F. hepatica did not expand throughout these southern Asian
warm lowlands in the past, because of the development temperature
thresholds of this fasciolid [8].

From the public health point of view, F. gigantica was traditionally
only given secondary importance, but its higher pathogenicity [12], and
the increasing number of reports of human infection are leading to a
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Fig. 1. Geographic map of Bangladesh and neighboring countries, showing zones where human infection by fasciolid flukes have been reported. h.i.r. = human
infection reported (h.i.r. labels noted in zones of reports except in Myanmar). Background from composed satellite map of Asia orthographic projection by NASA (full

resolution of 1887 x 1962 pixels; public domain) via Wikimedia Commons.
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reconsideration of the scenario in Africa [13-15] and Asia [8,16].

In Asia, the very wide south-central region eastward from
Afghanistan has become a focus for studies on fascioliasis after recent
reports of human infection. In Bangladesh, there have only been two
human fascioliasis reports, one of a 22-year-old Bangladeshi women
diagnosed at a London hospital [17] and another of a 35-year-old house-
wife from Jamalpur [18]. This contrasts, however, with the number of
human infection cases reported in zones of other countries neighboring
Bangladesh, such as India including West Bengal [19,20], Assam [21]
and Arunachal Pradesh [19], Nepal [22-24] and Myanmar [25] (Fig. 1).
This scenario suggests the entire region of northward from the Bay of
Bengal and southward from the Himalayan chain to be a hot spot of
fascioliasis with human infection risk throughout very high-density
populated areas.

The present study had two objectives in agreement with the One-
Health focus recently prioritized by WHO for the strategic assessment
and control of neglected tropical diseases, mainly those with zoonotic
characteristics [26]. First, the purpose was to assess the distribution of
fasciolid liver flukes infecting the main livestock species (buffaloes,
cattle, goats and sheep) throughout the whole of Bangladesh by
including animals from the four different agro-ecological zones, i.e.
coastal, hilly, Barindh steppe, and floodplains, to verify the apparently
increasing rates, in which parts of the country, which animal species,
and in which types of zones this might be occurring. Second, the study
has focused on the genetic characterization of the liver flukes collected,
by means of DNA sequencing and cloning in the way to assess the po-
tential reasons for the aforementioned increasing problem in
Bangladesh.

A previous phenotypic assessment of fasciolid flukes from
Bangladesh demonstrated the existence of intermediate forms between
F. gigantica and F. hepatica by means of CIAS morphometry analyses
[27]. Therefore, the nuclear ribosomal DNA (rDNA) internal transcribed
spacers (ITS-1 and ITS-2) were used as molecular markers for
sequencing purposes, because the nuclear rDNA has been verified to
agree with fluke adult morphology whereas the mitochondrial DNA does
not always do so, potentially indicating hybrid origins of introgression
[28]. This is the first time that the complete sequences of both rDNA ITSs
have been used for fasciolid fluke assessment in Bangladesh.

2. Material and methods
2.1. Liver fluke materials

A total of 2295 adult flukes of fasciolids were collected directly from
the livers of the livestock species studied. Rubber-coated forceps were

used to avoid any structural damage to the flukes. Details of the speci-
mens of livestock species analyzed and their geographical origins of

Table 1
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localities, coordinates and agro-ecological zones are given in Table 1 and
Fig. 2.

Bangladesh has an area of 147,570 km? and is bordered on the west,
north, and east by a 4095-km land frontier with India and, in the
southeast, by a short land and water frontier (193 km) with Burma
(Myanmar). It is a low-lying riverine country vulnerable to flood and
drought, located in South Asia with a largely marshy jungle coastline of
710 km on the northern littoral of the Bay of Bengal. The country has a
tropical monsoon climate characterized by heavy seasonal rainfall, high
temperatures, and high humidity with mild winters from October to
March, and hot, humid summers from March to June.

2.2. Fasciolid specimens and DNA markers for molecular
characterization

A total of 83 adult flukes were used for DNA sequencing purposes,
including specimens infecting buffaloes (n = 6), cattle (n = 29), goats (n
= 42) and sheep (n = 6). Fasciolid specimens were washed extensively in
physiological saline (0.85% NaCl) to remove blood and bile and finally
preserved in ethanol 70% until DNA extraction.

The sequence of the complete nuclear ribosomal DNA (rDNA) in-
ternal transcribed spacer region, including the spacers ITS-1 and ITS-2
and the 5.8S gene, which separate these was selected to characterize
the flukes. These two ITS markers have already proved to be useful for
the genetic characterization of Fasciola species and strains at local and
regional levels as well as in worldwide analyses, including the assess-
ment of the routes of spread [28].

2.3. Extraction, amplification and sequencing of DNA

For DNA extraction, a small part of the anterior body region of each
fasciolid was individually processed using the phenol-chloroform
extraction and ethanol precipitation method as previously described
[29-31]. Materials were suspended in 400 pl of lysis buffer (10 mM Tris-
HC], pH 8.0, 100 mM EDTA, 100 mM NacCl, 1% sodium dodecyl sulfate
SDS) containing 500 pg/ml Proteinase K (Promega, Madison, WI, USA).
The digestion was performed for 2 h at 55 °C, including shaking every
15 min. Methods previously outlined were followed concerning the
procedure steps [32]. The phenol-chloroform extraction and ethanol
precipitation method was applied for total DNA isolation. Each pellet
was dried and resuspended in 30 pl sterile TE buffer (pH 8.0), and
subsequently this suspension was stored at —20 °C until needed.

The selected DNA marker was amplified by PCR for each liver fluke
individual. Forward and reverse primers were designed in the regions
flanking the rRNA genes 18S and 28S for the subsequent amplification of
the complete ITS-1, 5.8S, ITS-2 region [29,33].

For the PCR amplification, the Biotools DNA polymerase® (Biotools

Agro-ecological zones, coordinates and altitudes of the localities in Bangladesh from where livestock specimens were analyzed for fasciolid fluke collection.

No. in map* Localities (Administrative Units) Agro-eco-logical zones Latitude Longitude Altitude (m)
1 Chittagong/Cox’s Bazar/Chakaria Coastal 21°45'41.36'N 92°04'33.45'E 11.21
2 Barisal /Bhola/Bhola Sadar Coastal 22°41'12.48'N 90°38'30.76"E 7.88
3 Chittagong/Rangamati/Rangamati Sadar 22°39'28.51'N 92°10'24.54'E 45.45
4 Sylhet/Sylhet/Sylhet Sadar 24°5423.77'N 91°50'50.29'E 21.21
5 Rajshahi/Naogaon/Patnitola Barindh steppe 25°02'40.55"N 88°45'19.68'E 24.24
6 Rajshahi/Naogaon/Shapahar Barindh steppe 25°07'30.31'N 88°35'24.50'E 44.85
7 Rajshahi/Naogaon/Naogaon Sadar Barindh steppe 24°48'39.24'N 88°56/'37.04'E 20.61
8 Rajshahi/Pabna/Ishwardi Floodplains 24°07'12.43'N 89°04'03.56'E 18.48
9 Dhaka/Mymensingh/Ishwarganj Floodplains 24°41'10.20'N 90°35'36.88'E 16.67
10 Rangpur/Lalmonirhat/Lalmonirhat Sadar Floodplains 25°58'26.15"N 89°17'02.26'E 37.58
11 Dhaka/Mymensingh/Mymensingh Sadar Floodplains 24°44'04.60'N 90°25'43.80'E 20.00
12 Rajshahi/Bogra/Dhunat Floodplains 24°41'29.12'N 89°32'10.33'E 16.36
13 Khulna/Jhenaidah/Shailkupa Floodplains 23°40'45.47'N 89°14'48.28'E 13.03
14 ?;;ﬂgfg::g‘ﬁ::h/ Floodplains 23°32/43.15'N 89°10'28.16'E 14.24

" For numbers of localities see map in Fig. 2.



S.A. Ahasan et al.

Grand Trunk
Road from Taxila
(Pakistan)

(1\[p] V.Y

Chandraketugach (close to Kolkata) @

° BANGLADESH

Tamralioti (Tamluk)

BAY OF BENGAL

One Health 17 (2023) 100614

Tea-Horse Road

e Rali (China)

Tea-Horse Road

fo Dali
(China)

f

*

MYANMAR Road

Mandala}; ( )

O\ 7eknat : ' S

Fig. 2. Geographic map of Bangladesh, showing the sites where the hosts of the liver flukes analyzed were collected. Coordinates and altitudes of each site are
indicated in Table 1. 1) Chakaria; 2) Bhola Sadar; 3) Rangamati Sadar; 4) Sylhet Sadar; 5) Patnitola; 6) Shapahar; 7) Naogaon Sadar; 8) Ishwardi; 9) Ishwarganj; 10)
Lalmonirhat Sadar; 11) Mymensingh Sadar; 12) Dhunat; 13) Shailkupa; 14) Jhenaidah Sadar. Yellow dots = rural localities where only rDNA ITS region sequences of
the combined haplotype Fg-CH3A of “pure” F. gigantica were found; red dots = rural localities where heterozygotic sequences of the rDNA ITS region were found;
pink dots = localities surrounding Mymensingh city where heterozygotic sequences of the rDNA ITS region were also found; pumpkin lines = routes from the West
followed by F. gigantica along the Grand Trunk Road; green lines = routes from the North and the East followed by F. gigantica along the Tea-Horse Road (for more
details about the Grand Trunk Road and the Tea-Horse Road, see [8]). Background from composed satellite map of Asia orthographic projection by NASA (full
resolution of 1887 x 1962 pixels; public domain) via Wikimedia Commons. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

B&M Labs. S.A., Madrid, Spain) was used in a Verity-96-well Thermal
Cycler (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA
USA). The program for this rDNA ITS region comprised one cycle of 2
min at 94 °C, 35 cycles of 1 min at 93 °C, 1 min at 55 °C and 1 min at
72 °C each, preceded by 2 min at 72 °C, and followed by a final cooling
at 4 °C.

For the purification of the PCR product, the Ultra Clean™ PCR Clean-
up DNA Purification System (MoBio, Solana Beach, CA, USA) was used
following the manufacturer’s protocol and eluted in 50 pl of 10 mM TE
buffer (pH 7.6). The final DNA concentration (in pg/ml) and the
absorbance at 260/280 nm were determined in an Eppendorf Bio-
Photometer (Hamburg, Germany).

Each PCR product was sequenced, for a definitive haplotype char-
acterization, on both strands by the dideoxy chain-termination method
performed with the Taq dye-terminator chemistry kit on an Applied
Biosystems 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA,
USA). The PCR primers were used as sequencing primers.

2.4. Sequence analyses

The software Sequencher v. 5.4.6 (Gene Codes Co. MI, USA) was used
to edit and assemble the sequences. The electropherograms (ABI format)
of the rDNA intergenic sequence were thoroughly reviewed, especially
in the positions that differentiate between F. hepatica and F. gigantica,
using FinchTV v. 1.5 (Geospiza, Inc., Seattle, WA, USA; http://www.geo

spiza.com) and ClustalW to align them by means of default parameters
in MEGA X [34].

Corresponding penalties for gaps were included in pairwise and
multiple alignments. All changes, comprising transitions (ts), trans-
versions (tv) and insertions/deletions (indels), were considered as
character states in MEGA X. By means of the ALTER web server [35], the
sequences aligned were collapsed to haplotypes, counting gaps as dif-
ferences. Closely related sequences were searched by utilizing the
BLASTN programme from the National Center for Biotechnology Infor-
mation website (http://www.ncbi.nlm.nih.gov/BLAST). Comparative
analyses were performed with available rDNA ITS-1 and ITS-2 sequences
of F. gigantica, F. hepatica and Fasciola spp. downloaded from the Gen-
Bank and also with the fasciolid haplotype collection of the Valencia
WHO Collaborating Center.

To define Fasciola species and “pure” haplotypes, a total of 50 se-
quences were used for comparison purposes, including 20 sequences of
“pure” F. hepatica from Europe, the Americas and Algeria representing
the haplotypes Fh1A (GenBank Accession No. MG569980), Fh2A
(MG569978, MG569981), Fh3A (MK212150) and Fh1/2A (0Q064782);
and 30 sequences of “pure” F. gigantica from Africa representing the
haplotypes FglA (AJ853848), Fg2A (ON661090), and Fg-HtzA
(ON661091). The term “pure” is here used to refer to haplotypes of
fasciolid specimens appearing within the intraspecific variability shown
by populations of a Fasciola species where the other Fasciola species is
absent, as described and proposed previously [28]. These haplotypes are
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almost always homozygotes, but in a very few specimens a heterozygote
may be found (i.e., presenting a double peak in a given position indi-
cating the existence of two different nucleotides in that position
depending on the rDNA operon copy).

2.5. Cloning

Cloning procedures were applied to PCR products from specimens
whose electropherograms obtained by direct sequencing showed unex-
pected double peaks in relevant positions. The amplification products
from a subsample of 6 specimens with apparent heterozygotic sequences
and 1 control of “pure” F. gigantica, according to our DNA markers, were
cloned with pGEM-T Easy Vector System I (Promega, Madison, WI) and
introduced in Escherichia coli DH5a competent cells, to confirm the
identity of the heterozygous sequences. After the growth of colonies,
standard PCR of 8 different colonies per sample was performed and
individually sequenced. DNA sequencing and sequence analyses of the
clones were performed as described above.

2.6. DNA haplotype nomenclature

The terminology to identify the haplotype (H) of the two
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aforementioned DNA markers follows the previously proposed com-
bined haplotyping (CH) nomenclature [28,36]. According to this
nomenclature, ITS-2 haplotypes are defined by numbers, and ITS-1
haplotypes by capital letters. In combined haplotypes, the ITS-2 code
is noted before that of the ITS-1 because of the evolutionary usefulness
of ITS-2 for species differentiation. Worth mentioning is that haplotype
codes are only definitive when the sequences are complete, i.e. full-
length sequences. When dealing with fragments or incomplete se-
quences, haplotype codes are considered only provisional.

2.7. New sequences deposited in DNA repositories

Sequences of pure and hybrid haplotypes of fasciolids from
Bangladesh obtained in this study have been deposited in the GenBank
Data Library under Accession Nos. 0Q064778- 0Q064781.
3. Results

3.1. Fascioliasis infection rates

A total of 2352 fasciolid adult flukes were collected from 115
infected livestock specimens analyzed, including: (i) 10 infected from 18

Table 2
Prevalences and intensities of fasciolid flukes collected from buffaloes and cattle in Bangladesh.
No.in  Localities Buffaloes Cattle
map* (Administrative X K - K
K No. hosts Sex Age No. i.h. Total No. Intensity No. hosts Sex Age No. i.h. Total No. Intensity
Units) . . . .
analyzed ih. ih. (preva- flukes range analyzed ih. ih. (preva- flukes range
(years)  lence %) collected (mean) (years)  lence %) collected (mean)
Chittagong/Cox’s o 1
1 Bazar/ Chakaria 5 1M 6y 1 (20%) 121 - 5 1F Sy (20.0%) 23 -
3
Barisal /Bhola/ 7 26-67,
2 - - - - - - 1 M -
Bhola Sadar 8 ar 36V (38.8%) 307 (43.8)
3 f{l;:;i:;fj - - - - - - 11 1\}1 35y 2 28 7-21
’ B 18.1% 14.
Rangamati Sadar 1F (18.1%) 4.0
Sylhet/Sylhet/ 2 20-22 1
4 Sylhet Sadar 2 2M 34y o0 42 (21.0) 4 1M Sy (25.0%) 13 -
Rajshahi/ 1
5 Naogaon/Patnitola B - B - - a 6 M 6y (16.6%) 8 B
Rajshahi/ 1
0, — —
6 Naogaon/ 4 1M S5y 1 (25%) 82 7 1M 6y (14.3%) 13
Shapahar
Rajshahi/
7 Naogaon/Naogaon - - - - - - - - - - - -
Sadar
Rajshahi/Pabna/ 4 5 27-61 2 4 4-12
8 Ishwardi 6 iVIF 7Y (83.3m) 224 (44.88) 13 ;\’IF 36 (30.7%) 27 (6.75)
Dhaka/
9 Mymensingh/ - - - - - - - - - - - -
Ishwarganj
Rangpur/ 1
10 Lalmonirhat/ - - - - - - 5 1M 1.5y o 12 -
Lalmonirhat Sadar (20.0%)
Dhaka/ 6
11 Mymensingh/ - - - - - - 40 M, 1.5-4 @ 51 gu/ ) 44 (1;) 6_?:11)
Mymensingh Sadar 4F y e :
12 Rajshahi/Bogra/ B B B B B B B B B B B B
Dhunat
Khulna/ 1
1 2 9-34
1 henaidah 1 1M - M. — ’
3 Jhenaidah/ >y (100%) 3 6 s 45Y (3339 43 (21.5)
Shailkupa 1F
Khulna/ 4
. 6 7-103
14 Jhena%dah/ - - - - - - 18 M, 26y (33.3%) 267 (44.5)
Jhenaidah Sadar 2F
o 10 20-61 21 1.5-6 36 7-103
TOTAL 18 iVIl,: 3-7y (55.5%) 472 (38.0) 123 ll\il,F v (29.3%) 785 (28.3)

i.h. = infected hosts.
" For numbers of localities see map in Fig. 2.
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buffaloes dissected (prevalence of 55.5%) showing an infection intensity
of 20-61 flukes/animal (mean 38.0 flukes/animal); (ii) 36 infected from
123 cattle dissected (prevalence of 29.3%) showing an infection in-
tensity of 7-103 flukes/animal (mean 28.3 flukes/animal); (iii) 58
infected from 164 goats dissected (prevalence of 35.4%) showing an
infection intensity of 8-89 flukes/animal (mean 16.6 flukes/animal);
and (iv) 11 infected from 41 sheep dissected (prevalence of 26.8%)
showing an infection intensity of 3-31 flukes/animal (mean 11.7 flukes/
animal).

The distribution of prevalences and intensities according to the lo-
calities, sex and age of the hosts for buffaloes and cattle are noted in
Table 2 and those of goats and sheep in Table 3.

3.2. Sequence analysis of the rDNA ITS1-5.8S-ITS2 region

The geographical origin of the 83 flukes molecularly analyzed
infecting the four animal species according to localities in Bangladesh is
noted in Table 4. The sequencing of these fasciolid specimens provided
four different haplotypes.

Only one of the haplotypes corresponded to “pure” F. gigantica and is

One Health 17 (2023) 100614

ascribed to the combined haplotype Fg-CH3A (GenBank Accession No.
0Q064778), including a 950-bp-long ITS1-5.8S-ITS2 region of 50.42%
GC content. This haplotype was the most abundant, occurring in 65
flukes (78.31%) of the total flukes analyzed, and was detected in the four
animal species (cattle, buffalo, sheep and goats).

The other three combined haplotypes occurred in the remaining 18
specimens, i.e. 21.68% of the total fluke samples, and were also detected
in the four animal species studied. These three haplotypes are charac-
terized by showing double peaks which were detected in the careful
inspection of the electropherograms of the rDNA ITS1, 5.8S, ITS2 se-
quences of these liver fluke specimens. These double peaks appeared in
the specific positions known to differentiate between F. hepatica and
F. gigantica, suggesting heterozygotes. Three types of sequences pre-
senting double peaks could be distinguished:

a) with double peaks in all such differentiating positions of the ITS-1
and ITS-2;

b) with double peaks in some (but not in all) such positions of the ITS-1
and ITS-2);

Table 3
Prevalences and intensities of fasciolid flukes collected from goats and sheep in Bangladesh.
No. in Localities Goats Sheep
map* (Administrative R . . R
Units) No. hosts Sex Age No. i.h. Total No. Intensity No. hosts Sex Age No. i.h. Total No. Intensity
analyzed ih. ih. (preva- flukes range analyzed ih. ih. (preva- flukes range
(years)  lence %) collected (mean) (years)  lence %) collected (mean)
Chittagong/Cox’s 1
1 Bazar/ Chakaria 6 M 2y (16.6%) ° - - - - - - -
9 Barisal /Bhola/ B B B B B B B B B B B a
Bhola Sadar
Chittagong/
3 Rangamati/ - - - - - - - - - - - -
Rangamati Sadar
4 Sylhet/Sylhet/ 9 1\}[ 1.5-4 3 62 11-27
Sylhet Sadar ok y (33.3%) (20.7) N N N N N N
Rajshahi/ 1
5 Naogaon/ 5 1M 2y (20.0%) 11 - 5 1M 2y 1 (20%) 3
Patnitola e
Rajshahi/
6 Naogaon/ - - - - - - - - - - - -
Shapahar
Rajshahi/ 2 4
1.5-3 4 4-34 1.5-3 6 6-16
7 Naogaon/Naogaon 16 M, o 85 ’ 22 M, o 65
Sadar o F y (25.0%) (21.25) o F y (27.3%) (10.3)
2
Rajshahi/Pabna/ 1.5-4 5 6-17
1 M - - - - - -
8 Ishwardi 5 3 1’7 y (33.3%) 55 (11.0)
Dhaka/
. 1.5-3 5 8-43
9 Mymensmgh/ 18 5M v (27.8%) 118 (23.6) - - - - - -
Ishwarganj
Rangpur/ 1
10 Lalmonirhat/ 4 1M 15y (25.0%) 26 - 4 1M 15y 1 (25%) 31 -
Lalmonirhat Sadar e
16
Dhaka/
M 1.5-3 28 4-34
11 Mymensingh/ 63 ’ ) 121 4 1M 2y 1 (25%) 8 -
Mymensingh Sadar le y (44.4%) (2125
Rajshahi/Bogra/ 1
12 Dhunat 3 M2y (333 124 - - B - - - -
Khulna/ 1
1.5-2 2 9-34 1
13 Jhenaidah/ 5 M, 33 3 1M 1.5 11 -
Shailkupa 1F y (40.0%) (15.5) y (33.3%)
Khulna/ 6
1.5-4 7 8-89 1
14 Jhenaidah/ 22 M, o 322 3 1F 2y o 11 -
Jhenaidah Sadar 1F y (31.8%) (46.0) (33.3%)
37 s
M, 1.5-4 58 8-89 1.5-3 11 3-31
TOTAL 164 21 y (35.4%) 966 (16.6) 4 :13\/11,: y (26.8%) 129 (11.7)
F

i.h. = infected hosts.
" For numbers of localities see map in Fig. 2.
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Table 4
Number of fasciolid flukes used for DNA sequencing according to localities and host species, including haplotypes found.
No. in Localities Buffaloes Cattle Goats Sheep
map* (Administrative
Units) No. No. No.hetero- No. No. No.hetero- No. No. No.hetero- No. No. No.hetero-
Flukes pure zygotic flukes pure zygotic flukes pure zygotic flukes pure zygotic
studied Fg- haplot. studied Fg- haplot. studied Fg- haplot. studied Fg- haplot.
3A 3A 3A 3A
Chittagong/Cox’s
! Bazar/ Chakaria B ! B B B - ! ! B - - -
9 Barisal /Bhola/Bhola B B B 7 7 B B B B _ _ _
Sadar
Chittagong/
3 Rangamati/ - - - 2 2 - - - - - - -
Rangamati Sadar
4 Sylhet/Sylhet/Sylhet 9 9 B 1 1 B 3 3 B B B B
Sadar
5 Rajshahi/Naogaon/ - - - 1 1 - 1 1 - 1 1 Htzl
Patnitola
6 Rajshahi/Naogaon/ 1 B 1 Hizl 1 1 B B B B B B B
Shapahar
7 Rajshahi/Naogaon/ B B B ~ _ B 9 9 B 9 2 Hizl
Naogaon Sadar
8 Rajshah{/Pabna/ 9 1 1 Hezl 1 1 B _ _ _ B B B
Ishwardi
Dhaka/Mymensingh/
9 X - - - - - - 1 1 - - - -
Ishwarganj
Rangpur/
10 Lalmonirhat/ - - - 1 1 - 4 3 1 Htzl 1 1 Htzl
Lalmonirhat Sadar
Dhaka/Mymensingh/ 2 Htzl
u Mymensingh Sadar B B B ° ° - % 17 6 Htz2 E E B
12 Rajshahi/Bogra/ B B B B B B 1 1 B B B B
Dhunat
Khulna/Jhenaidah/
13 Shailkupa - - - 2 2 - ! ! B - - -
Khulna/Jhenaidah/
14 Jhenaidah Sadar - - - 3 2 1 Htz3 3 1 2 Htzl 1 1 -
5 Htzl
TOTAL 6 4 2 Htzl 29 28 1 Htz3 42 31 6 2 4 Htzl
6 Htz2

* For numbers of localities see map in Fig. 2.

c) with double peaks in such positions only in the ITS-2 and not in the
ITS-1.

This distribution allows us to group the aforementioned sequences in
three heterozygotic types of combined haplotypes, for which ones we
assigned the haplotype nomenclature Fg/Fh-Htz1, Fg/Fh-Htz2, Fg/Fh-
Htz3, respectively. The most abundant proved to be the haplotype Fg/
Fh-Htzl. The distribution of the combined haplotype Fg-CH3A of
“pure” F. gigantica and the aforementioned three heterozygotic types of
combined haplotypes according to localities is noted in Table 4, and
according to host species in Table 5.

The “pure” Fg-3A combined haplotype was found in 66.66% of
buffaloes, 96.55% of cattle, 73.81% of goats and 33.33% of sheep. The

heterozygotic combined haplotypes were found in 33.33% of buffaloes,
3.44% cattle, 26.19% goats, and 66.66% of sheep. Among the combined
heterozygotic haplotypes, Fg/Fh-Htz1 is the only one shared by three
host species (buffaloes, goats and sheep), while the haplotypes Fg/Fh-
Htz2 and Fg/Fh-Htz3 were detected in only one host species, namely
goats and cattle respectively (Tables 4 and 5). So, the goat is the only
animal species in which the “pure” F. gigantica combined haplotype plus
two types of hybrid haplotypes were detected.

Polymorphic sites in nucleotide positions in the sequence alignment
of the whole nuclear rDNA ITS region including the ITS-1 and ITS-2
between “pure” F. hepatica, “pure” F. gigantica and Bangladeshi haplo-
types are listed in Table 6.

When analyzing the two ITS markers individually, the ITS-1

Table 5

Distribution of the combined haplotypes of the rDNA transcribed spacer region according to definitive host species.
Host species Buffalo Cattle Goat Sheep
Total fasciolid No. = 83 No. =6 No. = 29 No. = 42 No. =6

“Pure” F. gigantica Fg-CH3A 4 (66.66%)

No. = 65
Hybrid Fg/Fh-Htz 2 (33.33%)
No. =18

Heterozygotic haplotypes
Fg/Fh-Htz1
No. =11 (61.11%)
Fg/Fh-Htz2 -
No. = 6 (33.33%)
Fg/Fh-Htz3 -
No. =1 (5.55%)

2 (18.18%)

28 (96.55%) 31 (73.81%) 2 (33.33%)

1 (3.44%) 11 (26.19%) 4 (66.66%)
- 5 (45.45%) 4 (36.36%)
- 6 (100%) -

1 (100%) - -
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Polymorphic sites in the sequence comparison of the complete transcribed spacer region of the nuclear rDNA and in the ITS-1 and ITS-2 between haplotypes of
‘genetically pure’ Fasciola hepatica from livestock in Europe, the Americas and Algeria, haplotypes of ‘genetically pure’ F. gigantica from livestock in African countries,
and the haplotypes of “pure” and heterozygotic fasciolid samples from Bangladesh (in bold).

Fasciola ITS-2, ITS-1 Polymorphic sites
species Combined haplotypes Intergenic Region (ITS-1, 5.8, ITS-2)

24 114 208 286 306 797 821 834 860 866 874 909 917 924

Polymorphic sites Polymorphic sites
ITS-1 ITS-2

24 114 208 286 306 210 234 248 273 279 288 322 330 337
F. hepatica 1A C A C T C T T A C C C T T G
F. hepatica 2A C A C T C T T A C C T T T G
F. hepatica 1/2A% C A C T C T T A C C C/T T T G
F. hepatica 3A C A C T C T T A C C C A T G
F. gigantica 1A T T T A T T C A T T C T - A
F. gigantica 2A T T T A T T C C T T C T - A
F. gigantica 1/2A%* T T T A T T C C/A T T C T A
F. gigantica 3A T T T A T C C A T T C T A
Fg/Fh Htzl T/C T/A T/C A/T T/C C/T C/T A T/C T/C C T - A/G
Fg/Fh Htz2 T/C T T/C A/T T C C A T T C T - A/G
Fg/Fh Htz3 T T T A T C C/T A T/C T/C C T A

" Heterozygotic in position 874,288 not differentiating between F. hepatica and F. gigantica [Bargues et al., 2021 - see 31].
" Heterozygotic in position 834,248 not differentiating between F. hepatica and F. gigantica [Bargues et al., 2021 - see 11].

haplotype HA proved to have the same sequence of 432 nucleotides and
a 51.16% GC content in all specimens presenting the combined haplo-
type Fg-CH3A of the ITS region. The 5.8S gene was identical in all
specimens, with 154 base pairs and 53.25% GC. The 364-bp-long and
48.35% GC ITS-2 was the only one exhibiting a mutation in position 210
of the ITS-2 alignment, that differentiates it from pure haplotypes of Fg-
H1, Fg-H2 and Fg-H1/2. This polymorphic position does not differen-
tiate between F. hepatica and F. gigantica (Table 6).

In the case of Fg/Fh hybrid haplotypes found, only two ITS-1 se-
quences presented heterozygotic positions, namely five positions in the
Fg/Fh-Htz1 and three positions in Fg/Fh-Htz2 that differentiate between
F. hepatica and F. gigantica (Table 6). The hybrid haplotype Fg/Fh-Htz3
presented an ITS-1 base-to-base coinciding with the sequence of “pure”
F. gigantica (Table 6).

Regarding the ITS-2, all hybrid Fg/Fh haplotypes detected in
Bangladesh presented heterozygotic positions differentiating between
F. hepatica and F. gigantica, namely four positions in the Fg/Fh-Htz1 and
three positions in the Fg/Fh-HTZ3, whereas in only one position in the
Fg/Fh-HTZ-2 (Table 6).

3.3. rDNA ITS1-5.8S-ITS2 region sequences obtained by cloning

A total of seven specimens from five localities were selected for
cloning (Table 7), taking into account their peculiarities of double peak
positions in their electropherograms obtained by direct sequencing,
including one specimen used as control in whose sequence no double
peaks were present. A total of 56 rDNA complete intergenic sequences
were finally obtained after individually sequencing eight different col-
onies per each of the seven aforementioned samples.

The 8 clones of the control proved to be “pure” F. gigantica, and
among the other 48 clone sequences, 27 proved to be “pure” F. gigantica
(56.25%), five were “pure” F. hepatica (10.42%), and the 16 remaining
appeared to be Fg/Fh hybrids (33.33%). Polymorphic sites in the posi-
tions differentiating between F. hepatica and F. gigantica among the se-
quences of the 56 clones obtained are shown in Table 8.

The intra-individual analysis of the clone sequences within each of
the six cloned specimens presenting double peaks evidenced a high
heterogeneity of mixed sequences in the fluke specimens differing ac-
cording to localities (Table 7):

- 6 different sequences (2 “pure” and 4 heterozygotic) in the fluke

infecting buffalo from Shapahar;

5 different sequences (2 “pure” and 3 heterozygotic) in the fluke

infecting a sheep from Naogaon Sadar;

4 different sequences (3 “pure” and 1 heterozygotic) in the fluke

infecting another sheep from Naogaon Sadar;

- 5 different sequences (1 “pure” and 4 heterozygotic) in the fluke
infecting a goat from Lalmonirhat Sadar;

- 5 different sequences (2 “pure” and 3 heterozygotic) in the fluke

infecting a sheep from Lalmonirhat Sadar;

2 different sequences (1 “pure” and 1 heterozygotic) in the fluke

infecting a cattle specimen from Shailkupa.

The eight clones of the control specimen infecting a cattle beast from
Jhenaidah Sadar were all identical and proved to correspond to a “pure”
F. gigantica, thus demonstrating the accuracy of the results of the cloning
procedure.

Table 7
Intraindividual sequence heterogeneity of the ITS1-5.8S-ITS2 rDNA region found in the cloned samples showing double peaks in key positions of their
electropherograms.

Sample No. No. in map Localities (Administrative Units) Host species Type of clones*

(Number of sequences)

1 6 Rajshahi/Naogaon/Shapahar Buffalo Fh.a (1); Fg.b (3); Cl-b (1); Cl-c (1); Cl+j (1); Cl-k (1)

2 7 Rajshahi/Naogaon/Naogaon Sadar Sheep Fh.a (1); Fg.b (4); Cl-e (1); Cl-f (1); Cl-g (1)

3 7 Rajshahi/Naogaon/Naogaon Sadar Sheep Fh.a (1); Fg.a (1); Fg.b (5); Cl-d (1)

4 10 Rangpur/Lalmonirhat/Lalmonirhat Sadar Goat Fg.b (4); Cl-a (1), Cl-d (1), Cl-e (1), Cl-m (1)

5 10 Rangpur/Lalmonirhat/Lalmonirhat Sadar Sheep Fh.a (2); Fg.b (3); Cl-a (1); Cl-h (1); Cl-i (1)

6 13 Khulna/Jhenaidah/Shailkupa Cattle Fg.b (7); Cl-1 (1)

7% 14 Khulna/Jhenaidah/Jhenaidah Sadar Cattle Fg.b (8)

* Clone type nomenclature according to Table 8.
" Positive control.
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Haplotypes of the ITS1-5.8S-ITS-2 rDNA region found in the clones obtained in the seven cloned specimens, showing nu-
cleotides in the positions differentiating between Fasciola hepatica and F. gigantica.

Haplotypes Clone Number of Polymorphic sites
gplll;?da)nd code clones (n= 56*) Intergenic Region (ITS-1, 5.8S, ITS-2)
ybri
24 114 208 286 306 797 821 860 866 917 924
Polymorphic sites Polymorphic sites
ITS-1 ITS-2
24 114 208 286 306 210 234 273 279 330 337

F. hepatica Cl-Fh.a 5 Cc A [ T [ T T C Cc T G
F. gigantica Cl-Fg.a 1 T T T A T T [ T T - A
F. gigantica Cl-Fg.b 34* T T T A T [ C T T A
F.g./F. h. Cl-a 2 C T T A T [ [ T T - A
F.g./F. h. Cl-b 1 Cc A T A T [ Cc T T - A
F.g./F. h. Cl-c 1 Cc T C A T [ Cc T T T G
F.g./F. h. Cl-d 2 Cc A [9 T [9 [ 9 T T T G
F.g./F. h. Cl-e 2 Cc A 9 T [9 [9 9 T T - A
F.g./F. h. CI-f 1 Cc A [ T [ T T T T - A
F.g./F. h. Cl-g 1 Cc A C T T Cc [ T T - A
F.g./F. h. Cl-h 1 T A C T [ [ Cc T T A
F.g./F. h. Cl-i 1 T T C T C C [ T T - A
F.g./F. h. Clj 1 T T [ T [ T T Cc Cc T G
F.g./F. h. Cl-k 1 T T T T [ T T Cc Cc T G
F.g./F. h. CI-l 1 T T T A T T T Cc Cc - A
F.g./F. h. Cl-m 1 T T T A T T T Cc Cc T G

Color in nucleotide positions: brown = nucleotides characterizing F. hepatica; blue = nucleotides characterizing F. gigantica;
black = nucleotides of polymorphic position not differentiating between F. hepatica and F. gigantica.

* Including the 8 clones of the control.
4. Discussion
4.1. Fascioliasis and livestock husbandry practices in Bangladesh

Bangladesh is the world’s eighth most densely populated country,
with 84.4% of its population living in rural areas [37]. Livestock are an
essential component of the rural economy and the livelihood of the
household subsistence farmers. About 75% of the people rely on live-
stock to some extent for their livelihood, providing employment for the
poorer segments of the population [38], mostly landless, marginal and
small farmers. There is a rapid growth in demand for livestock products
due to increase in income, rising population, and urban growth, which
has led to a significant increase in small-scale dairy farming over the last
few years. However, despite Bangladesh having one of the highest
densities of livestock in the world, it has not been able to meet domestic
demands for meat, milk, and leather. Increased disease loads and often-
reported emerging and reemerging infectious diseases appear to un-
derlie this situation. This is due to animal husbandry practices [39] and
to climate-change impact. Indeed, Bangladesh is listed as one of the most
vulnerable countries for global climate change due to its unique
geographical location linked to sub-tropical monsoon climate [37].

In this country, there are currently (i) around 24.20 million cattle
including an annually slaughtered total of 3.5 million [36], (ii) 26.60
million goats [40] with an annually slaughtered total of around 15
million [41], (iii) 3.40 million sheep [42], and (iv) 1.47 million buf-
faloes [43]. Most of these animals are raised by small-scale farmers who
own 1-2 head of cattle and 2-3 head of goat/sheep. The management
system is a subsistence farming type, combining both tethering and
scavenging with few or no inputs for breeding, feeding and healthcare,
and covering nearly 80% of the livestock farming environment [44].

Thus, goats and cattle are the most important livestock species in
Bangladesh by far. Goats may be considered the main resource of this
country. The production and marketing of goats is one of the oldest and
most widespread livestock enterprises in this country, with small-holder
farmers as the main actors in goat rearing. Approximately 65% of
households are connected with goat farming either as a primary or
secondary occupation. An analysis of the goat supply chain shows that
goats from the local areas are distributed throughout the country [41].
The native Black Bengal goat is a well-adapted, highly prolific breed that
can be easily raised on low-quality feed and with little investment.

Infectious diseases are, however, an important threat to productivity,
causing a mortality of nearly 45% [40,41]. This could lead local farmers
to import goats. Imported exotic breeds and/or commercial strains have
resulted in crossbreeds by crossing with native types/varieties [44].
Such crossbred animals are today evident in Bangladesh [45]. Unfor-
tunately, information on goat importation into Bangladesh is neither
available in the literature nor directly from farmers who keep this under
strict confidentiality [41].

Regarding cattle, Bangladesh has one of the highest cattle densities:
145 animals/km? compared with 90 for India, 30 for Ethiopia, and 20
for Brazil [37]. This number is still insufficient for the national internal
requirements and, consequently, many bulls and oxen are smuggled
from India to Bangladesh regularly. Around 40% of the annually
slaughtered cattle are imported through cross-border trade. The
informal supply chain between India and Bangladesh for cross-border
trading of cattle accounts for 1.5 million head every year (around
20,000 to 30,000 cattle daily). Traders from both India and Bangladesh
bring thousands of cattle to Putkhali market which is very close to the
border and only five km from Benapole Port Station, along the route
from Kolkata to Dhaka [37]. From 2019, however, this trade has
decreased due to increased internal production in ruminant husbandry.

Unfortunately, animal quarantine measures are not applied to
informal importation practices, nor to officially registered imports
because of insufficient manpower and funds to enforce the Animal
Quarantine Act (Act no-VI of 2005) enacted by the Parliament of
Bangladesh [37]. Moreover, liver fluke infection is not looked for in the
freely released imported animals, nor are those animals preventatively
treated against fascioliasis before being added to local herds.

The results of our livestock surveys demonstrate that fascioliasis is
distributed throughout the whole country of Bangladesh and in all agro-
ecological zones analyzed. Worth mentioning is that there is no locality
in which uninfected animals could be found, which indicates a high
infection risk of fascioliasis everywhere. Taking into account that buf-
faloes, cattle, goats and sheep are well-known liver-fluke reservoir hosts
[46-48], it may be concluded that all livestock species participate in the
diffusion and maintenance of the fasciolid life cycle in this country.

The prevalences found in the four livestock species prove to be very
high and thus confirm the present fascioliasis problem in Bangladesh.
The prevalence of 35.4% found in goats appears to be the highest
recorded in this animal species in Bangladesh so far, when compared to
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the range of 3.8-32% noted in a previous review [49]. The same may be
concluded for the prevalence of 55.5% we found in buffaloes, higher
than the previous range of 19-51% reported for this animal in the
country [49]. Our prevalences of 29.3% in cattle and 26.8% in sheep are
also very high, despite lying within the respective ranges of 15-66% and
8.4-31% previously reported for these two livestock species in
Bangladesh [49].

These prevalences also appear to be very high when compared to
lowland plain areas of similar latitudes in the neighboring India. Prev-
alences of 13.90%, 10.79%, 2.78% and 2.35% in buffaloes, cattle, sheep
and goats, respectively, were found in epidemiological studies con-
ducted in different geo-climatic zones (hills, tarai and plains) in six
states of northern India. Even the highest prevalences found during the
seasonal peaks in these zones (11.84% cattle, 15.57% buffaloes, 4.60%
sheep, 2.71% goats) [50] were markedly lower than the prevalences in
Bangladesh. In the nearby Indian state of Uttar Pradesh, mean and
monthly peak prevalences of 2.02% and 13.3% in goats and 1.69% and
5.1% in sheep, respectively [51], were also very low compared to
Bangladesh. Prevalences were also similarly low in the Indian state of
Rajasthan, including 12.68% in buffaloes followed by 9.70% in cows
and 7.5% in goats [52].

In the case of buffaloes, however, the behavioral tendency of this
species to congregate in freshwater bodies underlie very high preva-
lences in some localities, such as 31.14% in northern Indian states [50],
37.5% in Uttar Pradesh [53], and even up to a local 94% in the north-
eastern part of Uttar Pradesh [54], which fits a similarly impressively
very high local prevalence of 72.0% found in the lymnaeid vector Radix
acuminata in one transmission focus in the easternmost area of Gor-
akhpur of this Indian state, the so-far highest worldwide record of fas-
ciolid infection in a lymnaeid population [55].

An analysis of prevalences and intensities from the ecological and
geographical points of view shows that the highest infection rates are
found in the floodplains and in the western part of the country. Flood-
plains are evidently appropriate habitats for the characteristics of the
fascioliasis transmission foci, given the requirements for surface fresh-
water of the aquatic/amphibious lymnaeid snail vectors. Moreover,
these results fit well with the predicted geographical distribution of
animal fascioliasis in Bangladesh according to a risk map based on three-
year data [49]. Interestingly, the high prevalences and intensities appear
in western Bangladesh where cross-border importation of animals from
the state of West Bengal of India occur.

4.2. rDNA ITS1-5.8S-ITS2 region sequence variation

4.2.1. Original arrival of Fasciola gigantica

The geographical location underlies the role as a crossroad played by
Bangladesh during the great human-guided domesticated animal
movements over thousands of years in southern Asia (Fig. 2). In the
West, the use of cattle, equines and dromedaries as pack animals and
goats and sheep as livestock for subsistence purposes, along the Grand
Trunk Road from the Near East and Afghanistan through Pakistan and
the northern plains of India up to Bangladesh allowed for the arrival and
colonization of the latter country by the warm-lowland-preferring fas-
ciolid species F. gigantica [8]. In the East, Bangladesh traded with
southern China and further with South East Asia by connecting with the
Tea-Horse Road via a northern route through Kamrup in Indian Assam
and a southern route via eastern Indian Manipur, both traversing the
mountainous regions of upper Burma (present-day Myanmar) and
ending in Bengal. Equines and cattle, but also yaks at high altitudes,
were used as pack animals on the Tea-Horse Road [8]. The mule was the
key animal species, because it is a powerful pack animal very useful in
long distance movements along difficult rugged mountainous routes
[56], such as those the Tea-Horse Road traversed. Mules have recently
proved to be efficient reservoirs in the spread of fascioliasis [57]. This
might explain the combined haplotype Fg-CH3A found widely distrib-
uted in all livestock species throughout Bangladesh and which proved to
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be identical to the haplotype recently reported from Vietnam (GenBank
Acc. No. MN970009) [58].

4.2.2. Arguments against an old arrival of Fasciola hepatica

The detection of combined haplotypes of “pure” F. hepatica in the
sequences of the clones obtained needs further analysis.

The only way for the arrival of “pure” F. hepatica in the past could
have been from the North by the Tea-Horse Road through the Tibetan
capital Lhasa and subsequently via the Indian mountain pass at the In-
dian Sikkim state located in between Nepal and Bhutan (Fig. 2). Indeed,
the Tea-Horse Road connected with the eastern routes of the northern
Silk Road where the cooler temperatures facilitated the spread of
F. hepatica [8]. Moreover, the main lymnaeid species vector of
F. hepatica, Galba truncatula, is known to be today present in both Nepal
and Bhutan, transhumant agropastoralism has traditionally been prac-
ticed in western Bhutan since ancient times, and there was a secondary
south-north road which started at the Jaldhaka river in India, just
northward from present-day Bangladesh [8].

However, the absence of Galba/Fossaria snail species in the lowlands
of Bangladesh and surrounding India and the high temperatures of these
lowlands not fitting within the range of the development temperature
thresholds of F. hepatica make it hard to envisage such an entry in the
past.

4.2.3. Arguments indicating a very recent introduction of Fasciola hepatica
The detection of these “pure” F. hepatica sequences only in clones
obtained from specimens showing heterozygotic positions indicate hy-
bridization phenomena occurred evolutionarily very recently. In other
words, results suggest that native “pure” F. gigantica to have crossbred
very recently with introduced F. hepatica specimens, so that concerted
evolution did not yet have sufficient time to homogenize the rDNA
operon. The obtaining of different sequences in the clones from several
individual fasciolid specimens indicates the same phenomenon.

Although the time needed for the rDNA operon to homogenize
different formerly coexisting sequences remains unknown, recent
studies suggest that it may need at least several generations over a
number of years when only lymnaeid vector species specific for a given
Fasciola species are present [31]. In Bangladesh, only two lymnaeid
species belonging to the Radix group are present, namely R. acuminata
and R. luteola, both involved in the transmission of F. gigantica [8]. This
means that the evolutionary vector filter will act favoring the F. gigantica
genotype [31].

Moreover, the detection of different sequences coexisting in the
rDNA operon of the cloned specimens is clear evidence not only of recent
hybridizations, but also crossbreeding between parental specimens
which were already hybrids, indicating repeated, superimposed and
rapidly evolving hybridization events.

The aforementioned, both official and informal procedures of live-
stock importation in recent years in Bangladesh due to the non-stop
increasing intranational demand explain well the wide variation of
hybrid fasciolid specimens found and agree with the previous descrip-
tion of fasciolid intermediate forms reported from this country [27].
Regarding official livestock importation during the 1973-2014 period,
information obtained about cattle imported from other countries is
illustrated in Table 9, in which exporting countries presenting only
F. hepatica as Australia and Spain are noted.

Different banding patterns obtained by PCR restriction fragment
length polymorphism (PCR-RFLP) applied to the ITS-1 of fasciolids of
livestock from Bangladesh also suggested the existence of sequences of
both F. gigantica and Fasciola sp. within individual flukes, although this
technique did not allow for the obtaining of the sequences and their
nucleotide position analyses, whereas a 535-bp-long fragment of the
mtDNA nadl gene proved to represent that of F. gigantica close to those
known in other Asian countries, i.e. no introgression indicating hy-
bridization was found [59]. Interestingly, a combination of an
F. gigantica haplotype and an F. hepatica haplotype suggesting
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Table 9
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Information on official importation of cattle into Bangladesh, after respective government approval processes, in the 1973-2014 period.

Year Country of origin Breed Description of cattle Total no. of head Remarks Information source*
Cow/Heifer Bull/Bullcalf
1973 Australia Friesian 62 2 64 Gift 1
1973 Australia Jersy 58 3 61 Gift 2
1987 Pakistan Sahiwal 95 5 100 Import 3
1989 Spain Friesian 69 3 72 Gift 4
1990 Pakistan Sahiwal 80 20 100 Import 5
1992 Pakistan Sahiwal 96 - 96 Import 6
1993 Australia AFS** 150 - 150 Import 7
1995 Australia Friesian 250 4 254 Import 8
2006 Australia Friesian 25 (Pregnant) 25 Import 9
2012 India*** - - - 1,287,800 Influx®
2013 India*** - - - 1,796,904 Influx”
2013 Australia Jersy - 7 7 Import 10
2013 Australia Friesian - 17 17 Import 11
2014 Australia Friesian - 2 2 Import 12
2014 India*** - 1,746,514 Influx®

" influx: local term used in Bangladesh to refer to an indiscriminately, randomly importation (lacking records and carried out without following standard importation

procedures).

* 1-7 and 9: Central Cattle Breeding Station, Department of Livestock Services, Bangladesh; 8: Personal communication with Maj. (Rt.) Aktaruzzaman, owner of the

Gochhata Dairy & Fish Farm; 10-12: Department of Livestock Services, Bangladesh.

" AFS: Australian Friesian.

“** Information from National Board of Revenue, Segunbaagicha, Dhaka, earned influx revenue but details data not available.

hybridization was found in the nuclear intron 4 of domain 2 of the
taurocyamine kinase gene (TkD2Int4) when cloning and sequencing a
fasciolid specimen infecting cattle from Bangladesh [60].

The finding of the heterozygotic sequences concentrated in the lo-
calities at the western part of Bangladesh (with the exception of the two
central localities surrounding of Mymensingh, easily understandable
due to the demands of such a large city) (compare Table 4 and Fig. 2),
further indicate a role of the livestock importation from neighboring
India. The analysis of the distribution of heterozygotic hybrid combined
haplotypes according to host species additionally indicates that goats
may play a crucial role in the diffusion of hybrid specimens, mainly
through the uncontrolled small-scale household farming management
and the goat supply chain which distributes animals throughout the
country.

5. Concluding remarks

The high infection rates by fasciolids in buffaloes, cattle, goats and
sheep indicate a high human infection risk throughout Bangladesh,
especially given that 84% of its population lives in rural areas and 75%
of the people rely on livestock. This suggests that human fascioliasis may
be underestimated in this country and local physicians should be made
aware of the cause and diagnosis of this disease.

The high proportion of hybrid fasciolids found in the livestock
analyzed moreover highlights a potential increasing infection trend in
animals, when taking into account the usually higher spreading power of
hybrid forms in cases in which they prove to be viable, i.e. transmissible
by the locally available lymnaeid snail vector species. Consequently,
human infection risk may also increase, similarly as it has recently
occurred in Vietnam [16].

Finally, the recent increase in hybridization events emphasizes the
need to put suitable quarantine measures in place, to include liver fluke
diagnosis and treatments for imported animals, and to make efforts to
help rural people control the disease in their farming management,
mainly concerning goats. The capacity of fasciolid metacercariae to
infect different host species independently of the Fasciola host species
isolate of origin [61-63], indicates that each of the four host species
studied may act as a reservoir for the other host species.

The results of this study highlight the importance of livestock man-
agement regarding the transmission, epidemiology, spread and control
of fascioliasis within a One Health strategy against human and animal
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fascioliasis, as it has been already observed in a human fascioliasis hy-
perendemic area [64]. Moreover, the molecular assessment demon-
strates the appropriateness of DNA marker sequencing of the fasciolid
causal agents within such a One Health strategy when dealing on a
country in which both Fasciola species may be involved, as known
throughout the continents of Asia and Africa where the two fasciolids
overlap in many regions [65]. The sequences of the rDNA ITS-1 and ITS-
2 markers prove to be highly useful for the detection of recent hybrid
fasciolids. This study shows the high degree of variation that ITS-1 and
ITS-2 may reach in the species differing positions in these hermaphro-
ditic flukes able to crossbreed, when:

(i) one Fasciola species is introduced by livestock importation into an
area where there was originally only the other Fasciola species,
and

(ii) high infection prevalence and intensity rates facilitate the
occurrence of many and repeated crossbreeding encounters of
different fluke species within a biliary canal or gallbladder of a
host individual.

It should be highlighted that ITS-1 and ITS-2 are extremely
conserved in Fasciola species [11,28]. This markedly differs from ITSs in
other invertebrates in which accumulation of mutations, insertions such
as microsatellite and minisatellite repeats [66], and sometimes even
duplications such as pseudogenes [67] occur. In Fasciola, microsatellites,
minisatellites or pseudogenes have never been reported, and mutations
are very rare outside of the few positions allowing for the differentiation
of the two species. In the species F. nyanzae specific to the hippopot-
amus, the very few specific mutations in the ITSs concern the same
positions differing between F. hepatica and F. gigantica [11]. This in-
dicates that, in Fasciola, the function of ITS-1 and ITS-2 in the production
of precursor molecules and mature rRNA products may be more
important than in other organisms, i.e. including nucleotide positions
surrounding the processing sites subject to functional constraints similar
to those acting on the rRNA genes. Mutations in other positions poten-
tially able to disrupt the secondary structures in the ITS regions, which
may reduce or eliminate the production of precursor molecules and
mature rRNA products, do not appear. Indeed, an analysis shows that
none of the differences between the three Fasciola species in this region
would affect the secondary structure [68].

In its turn, these hybridization phenomena between the two Fasciola
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species found in Bangladesh also suggest that crossbreeding events
should have been frequent inside the same Fasciola species infecting
domestic animal species regularly used for goods transport along very
long distances in round trips in several world zones during thousands of
years in the past, when situations of concentration of high numbers of
animals facilitating high infection rates should have occurred and no
anti-fasciolid treatments were available. These monospecific Fasciola
crossbreeding events should have undoubtedly underlaid the peculiar
characteristics observed at present in the nuclear genome of these her-
maphroditic fasciolid flukes throughout [8], in aspects such as the
extreme length of the genome, gene duplication, polymorphisms and
very high repeat content [69,70].
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