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In the current study, the egg hatch test (EHT) has been evaluated as an in vitro technique to detect albendazole
(ABZ) resistance in Fasciola hepatica. The intra- and inter-assay variations of the EHT were measured by means of
the coefficient of variation in different fluke isolates and over time; then, the results of the EHT were compared
with the “gold standard” controlled efficacy test, which assesses the in vivo anthelmintic efficacy. The EHT was
used later to evaluate the intra-herd variability regarding the level of ABZ resistance in calves infected by the
same fluke isolate. Finally, several factors of the initial protocol were modified to improve the simplicity of the
assay, including the incubation time of eggs with the drug and the use of eggs collected from faeces. The greatest
uniformity between results within the assay and over time until 8 weeks after gallbladder collection (the
deadline proposed for egg analysis) was obtained with an ABZ concentration of 0.5 pM. The length of exposure
to ABZ was shown to be critical, as prolonged incubation (15 days) led to a change of ovicidal activity. The ABZ
concentration of 0.5 M is suggested as a possible discriminating dose to predict ABZ resistance, due to the close
agreement between the results of the EHT at an ABZ concentration of 0.5 pM and those of the in vivo assays.

1. Introduction

Intensive use of anthelmintics to control the most important parasite
infections that affect ruminants has resulted in the development of re-
sistance. This has been observed in sheep and cattle, where anthelmintic-
resistant gastrointestinal nematodes constitute a serious problem in dif-
ferent areas of the world (reviewed by Wolstenholme et al., 2004; Kaplan,
2004; Sutherland and Leathwick, 2011). It is well established that drug
resistance in pathogenic nematodes such as Haemonchus contortus and
Trichostrongylus colubriformis is a serious concern to livestock production. In
the same way, resistance to flukicides is becoming a serious problem
worldwide (Kelley et al., 2016). Fasciolosis, the disease produced by in-
fection with F. hepatica, is the cause of considerable losses in sheep and
cattle production systems all over the world (Fairweather, 2005), and it is
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also emerging as a major zoonosis (Mas Coma et al., 2018). Most reports of
F. hepatica resistance are related to triclabendazole (TCBZ) (Kelley et al.,
2016), the drug most used to control this trematode parasite. Reports of
TCBZ resistance include unrelated geographical regions such as Northern
Ireland, Scotland, Wales, Republic of Ireland, Australia, New Zealand,
Spain, Peru and Argentina, among others (reviewed by Kelley et al., 2016).
Albendazole (ABZ) is another benzimidazole (BZD) compound used against
nematode and liver fluke infections, in both sheep and cattle. However,
while TCBZ kills mature and immature stages of F. hepatica (Boray et al.,
1983), ABZ only targets mature liver flukes (McKellar and Scott, 1990).
Although the use of ABZ as a flukicide is not as widespread as that of TCBZ,
reports of resistance to ABZ in liver flukes have increased in recent years
(Alvarez-Sanchez et al.,, 2006; Sanabria et al., 2013; Novobilsky et al.,
2016).
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Clearly, there is a significant need for better management of drug
use in helminth control (Kotze et al., 2014). A key point is to identify
the presence of parasite populations resistant to specific drugs, in order
to avoid ineffective treatment and to slow the selection for resistance.
The development of accurate diagnostic methods is required by veter-
inarians to make correct drug-use decisions. The “gold standard”
method for the determination of drug activity against F. hepatica in
ruminants is the controlled efficacy test (CET) (Wood et al., 1995), in
which efficacy is determined by comparison of the number of flukes in
treated animals and in untreated controls. However, this methodology
has the disadvantage of its relatively high cost and the time required to
complete the study. The faecal egg count reduction test (FECRT) is
potentially useful for the diagnosis of anthelmintic resistance in F. he-
patica. The FECRT evaluates the number of F. hepatica eggs in faeces of
infected animals, before and after treatment. The susceptibility of a
given F. hepatica isolate is confirmed if a 95% reduction in faecal fluke
egg counts at 14 days post-treatment (pt) is achieved (Mooney et al.,
2009). However, the release of eggs stored in the gallbladder may
produce false positive results, even when the flukes have been effec-
tively removed by the drug treatment (Fairweather, 2011b). The co-
proantigen reduction test (CRT) (Flanagan et al., 2011a; b) and the
“histological approach”, which involves the evaluation of the mor-
phological changes induced by drug treatment (Hanna et al., 2010),
have been proposed as alternative methods for the diagnosis of drug
efficacy and/or resistance.

The egg hatch test (EHT) is another potentially useful approach to
detect ABZ resistance in flukes. This test is based on the capacity of BZD
compounds, mainly the methylcarbamates, to affect fluke egg devel-
opment and hatching (Coles and Briscoe, 1978; Alvarez et al., 2009).
The EHT appears to be able to discriminate between resistant and
susceptible isolates (Canevari et al., 2014; Rdbles-Pérez et al., 2014),
and it was recently used in Sweden to test the efficacy of ABZ in sheep
naturally infected with F. hepatica (Novobilsky et al., 2016). However,
the use of such methodology to detect ABZ resistance in liver flukes
requires further development and standardisation. Therefore, the main
goal of the work reported in this study was to validate an in vitro fluke
EHT for the detection of ABZ resistance in F. hepatica isolates.

2. Materials and methods
2.1. Fluke isolates

Different F. hepatica isolates were used in the present study:

Cullompton isolate. It was first obtained (1998) from sheep
slaughtered at an abattoir in Cullompton, Devon, UK, and has been kept
in Queens University, Belfast, UK, since 1999 (Fairweather, 2011a).
This isolate has been characterized as susceptible to both triclabenda-
zole (TCBZ) (Walker et al., 2004; McConville et al., 2009; Devine et al.,
2010, 2012; Toner et al.,, 2010; Flanagan et al., 2011b) and ABZ
(Buchanan et al., 2003; McConville et al., 2006; Alvarez et al., 2009).

Cajamarca isolate. It has been maintained under laboratory condi-
tions at the Laboratorio de Diagndstico Veterinario, Facultad de
Ciencias Veterinarias, Universidad Nacional de Cajamarca, Cajamarca,
Pert. This isolate behaves as resistant to TCBZ (Ortiz et al., 2013) and
ABZ (Canevari et al., 2014).

Uru-mon isolate. It was kindly provided by Dr. Gonzalo Suarez,
Montevideo, Uruguay. No data on the drug susceptibility/resistance of
this isolate was available before the present study.

Spanish (SP) isolates. Eggs from the SP isolates were recovered from
the gallbladders of calves naturally infected with F. hepatica at the
slaughter house in Leén, Spain. The calves belonged to eight different
herds (isolates SP1 to SP8). Prior to this study, their drug susceptibility/
resistance status was unknown.

Argentinean (AR) isolates. Eggs from the AR isolates were obtained
from faecal material of steers naturally infected with F. hepatica and
belonging to four different farms located in the Entre Rios Province,
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Argentina (isolates AR1 to AR4). Their drug susceptibility/resistance
status was unknown before this study.

2.2. Description of the egg hatch test

The in vitro EHT described in the current study was based on a
previous study (Alvarez et al., 2009). In brief, eggs of different fluke
isolates were collected from gallbladders of infected animals by suc-
tioning bile with a 10 mL syringe and a 19 G needle. After collection,
the bile was washed several times using tap water and eggs were re-
covered by sedimentation. The eggs were identified and stored at 4 °C in
darkness until required. Working solutions of ABZ were prepared by
dissolution of ABZ (=99% purity, Sigma-Aldrich, St. Louis, MO, USA)
in pure methanol to reach final concentrations of 500, 50 and 5 uM.
Fluke eggs (approximately 200) in 1 mL of water were incubated at
25 °C in darkness for a 12 h period with ABZ, at concentration of 5, 0.5
or 0.05nmol/mL. Ten pL of each working solution or methanol was
added to the egg suspension, reaching a final methanol concentration of
1% (v/v). In each assay, between 3 and 5 replicates were used for each
drug concentration. Control eggs were incubated only with 10 uL of
methanol in 1 mL of water. After incubation, all eggs were gently wa-
shed with tap water three times to facilitate drug removal, and kept in
darkness at 25 °C for 15 days. After this period, eggs were exposed to
light for 2 h to stimulate the hatching of miracidia. Immediately after-
wards, 1 mL of 10% (v/v) buffered formalin was added to each tube in
order to prevent further hatching of eggs. Hatched and unhatched
(undeveloped) eggs were evaluated using an optical microscope (DM IL,
Leica, Germany). The term “hatched eggs” includes hatched and em-
bryonated eggs. In all test, embryonated eggs represent no more than
10% of total “hatched eggs”. Approximately 90-110 eggs were counted
in order to estimate the proportion of hatched eggs in each tube. The
percentage of eggs hatched is presented as the arithmetic mean =
standard deviation (SD). The ovicidal activity, expressed as a percen-
tage, was estimated for each dose using the following formula:

% eggs hatched in control — % eggs hatched after drug incubation

Ovicidal activity (%) = -
% eggs hatched in control

X 100

To compare several EHT results, a parametric test (Student’s t-test or
ANOVA + Tukey) was carried out using the Instat 3.0 Software (Graph
Pad Software, CA, USA). A value of P < 0.05 was considered to be
statistically significant.

2.3. Validation of the egg hatch test

2.3.1. Intra- and inter-assay variability

With the aim of validating the EHT technique (intra-assay varia-
bility), a total of 8 gallbladders were collected from naturally infected
cows belonging to different herds (herd 1 to 8) at the slaughter house in
Ledn, Spain (isolates named SP1 to SP8). The gallbladders were trans-
ported at 4 °C to the laboratory, where the eggs were collected prior to
carrying out the EHT as previously described (section 2.2). Within the
same test, the intra-assay variation was measured by testing the same
isolate in replicates of between 3 and 5; the coefficient of variation (CV)
percentage was calculated for each concentration using the mean
hatching rate and its SD. The CV was calculated as CV = (SD/
mean) x 100.

The inter-assay variation over time was determined by evaluating
the ovicidal activity in the same isolate at different time periods after
the collection of gallbladders. Isolates SP1-SP4 were tested at 2, 4 and 8
weeks after collection (ac); isolates SP5-SP8 at 2 weeks and 6 months
ac. Additionally, the isolate Uru-mon was tested on the day of collection
and 45 days later. The CV between assays, ovicidal activity and its SD
were calculated, after repeating the EHT at least three times over time.

2.3.2. Association between in vivo and in vitro tests
A comparison between the results of the EHT and the gold standard
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test to assess the anthelmintic efficacy, the CET (Wood et al., 1995),
was carried out. Eggs from a specific F. hepatica isolate (Uru-mon),
maintained under laboratory conditions (Sanabria et al., 2013), were
obtained from the gallbladder of one experimentally infected sheep
(infected with 100 metacercariae), sacrificed by stunning followed by
exsanguination 16 weeks post-infection (pi). The EHT was performed as
previously described (section 2.2) and the ABZ ovicidal activity (%) was
estimated. At the same time, a CET was carried out with 8 Corriedale
sheep obtained from a farm located in an area free of F. hepatica. Eggs
from the Uru-mon isolate were incubated (at 25°C, for 15 days) to
obtain miracidia and then lymnaeid snails were infected with hatched
miracidia in order to produce metacercariae. The sheep were orally
infected with 75 metacercariae each. At week 16 pi and after copro-
logical confirmation of the infection (Ueno and Goncalves, 1988), an-
imals were randomly distributed either to an untreated control group or
to an ABZ-treated (7.5 mg/kg, Baxen 3.8%°, Tecnofarm, Argentina,
intraruminal administration) group. At day 14pt all animals were
stunned and exsanguinated immediately and flukes were recovered and
counted from all sheep following the protocol described by Wood et al.
(1995). The efficacy of ABZ was determined by the comparison of fluke
burdens in treated versus untreated control animals. The following
equation expresses the percentage of efficacy against F. hepatica for the
ABZ-treated group (T) when compared with the untreated control (C):

mean fluke burden in C — mean fluke burden in T

Efficacy (%) = X 100

mean fluke burden in C

The criterion for efficacy was a statistically significant difference in
fluke burdens between treated and untreated control groups with effi-
cacy =90% (Wood et al., 1995). Liver fluke counts were compared by a
non-parametric unpaired test (Mann-Whitney), using the Instat 3.0
Software (Graph Pad Software, CA, USA).

2.3.3. Intra-herd variability using the egg hatch test

The variability of the resistance to ABZ among animals infected by
the Cajamarca isolate was measured by the EHT described in this study.
Eight cows were experimentally infected with metacercariae obtained
from the Cajamarca isolate (400 metacercariae/animal) at the facilities
of the Cajamarca University (Pert). F. hepatica eggs were obtained di-
rectly from the gallbladder (Section 2.2) after sacrifice of animals at the
local abattoir. Eggs collected from individual animals were transported
at 4°C in darkness to the Pharmacology Laboratory in Tandil, Argen-
tina, to perform the EHT, following the protocol previously described
(Section 2.2) but using only the two highest ABZ concentrations (5 and
0.5 uM). The EHT was performed using F. hepatica eggs obtained from
the gallbladder of each animal (eight different tests).

2.4. Calculation of the resistance ratio by means of the Egg Hatch Test

The resistance ratio was calculated for the Uru-mon isolate (Section
2.3) as its EC50 (the concentration required to inhibit 50% of the viable
eggs) divided by the EC50 of an ABZ-susceptible isolate (Cullompton).
For calculating the EC50 in both isolates (Cullompton and Uru-mon),
two Corriedale sheep were orally infected with 100 F. hepatica meta-
cercariae each, one with the Cullompton isolate and the other with the
Uru-mon isolate. At week 16 pi, and after a 24 h fasting period, both
animals were stunned and exsanguinated immediately. Gall bladders
were processed and EHTs were carried out as previously described
(Section 2.2), but with the following final concentrations of ABZ: 5, 0.5,
0.05, 0.005 or 0.0005 uM. EC50 values were determined by plotting the
concentration of each isolate versus the percentage of ovicidal activity.
Data was analysed using non-linear regression with GraphPad Prism
software (GraphPad Software Inc., USA). EC50 values and 95% con-
fidence intervals (CI) were calculated for each isolate. Significant dif-
ferences in IC50 between isolates were based on overlap of 95% CI.
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2.5. Modifications of the standard protocol for the Egg Hatch Test

Several factors in the initial protocol were modified to improve the
simplicity of the assay.

2.5.1. Incubation time with ABZ

The effect of increasing the incubation time of eggs with ABZ was
tested. The EHT was performed following the previous protocol
(Section 2.2) or incubating the eggs without ABZ removal (15 days of
egg-drug exposure), using eggs from the Uru-mon isolate (Section 2.3).
The mean ( + SD) percentage of hatched eggs and the ABZ ovicidal
activity (%) was estimated.

2.5.2. Eggs isolated from faeces

In order to explore the utility of the EHT for the diagnosis of ABZ
resistance in F. hepatica in live animals, the EHT was evaluated using
eggs recovered by sedimentation (MAFF, 1986) from faeces of naturally
infected steers (14-17 months old) belonging to four commercial farms
located in the Entre Rios province, Argentina (AR1 to AR4 isolates). The
result of the EHT was compared with the results obtained with the in
vivo FECRT, in order to compare ABZ resistance in liver flukes estimated
by both methods. In each farm, 20 steers naturally infected with F.
hepatica were included in the FECR study. F. hepatica infection was
confirmed in all steers by measuring the number of F. hepatica eggs per
gram (EPG) by a coprological sedimentation method (Ueno and
Goncalves, 1988). On each farm, steers were randomly assigned into
two groups (n = 10), a group treated orally with ABZ (10 mg/kg, Val-
bazen® 10% suspension, Zoetis, Argentina), and an untreated control
group. Faecal samples were individually collected from the rectum of
each steer the day before treatment (day -1) and on day 15 pt (for cli-
matic reasons the samples were collected on day 15 pt instead day
14 pt). The efficacy of ABZ was assessed according to the formula re-
commended by the WAAVP (Coles et al., 1992):

FECRT (%) = 100 X (1 — [T = C])

where T is the arithmetic mean EPG count in the treated group at 15
days pt, and C is the arithmetic mean EPG count in the control group at
15 days pt. The 95% confidence intervals were calculated as described
by Coles et al. (1992). The EPGs, expressed as arithmetic means
( = SD), were compared by the non-parametric Kruskal-Wallis test
using the Instat 3.0 Software (Graph Pad Software, CA, USA).

For the EHT, faecal samples from each farm (approx. 500 g) were
collected from animals of each control group, and maintained at 4 °C
during transport to the laboratory. Liver fluke eggs were isolated from
the faeces by sequential filtration procedures. Briefly, aliquots of 100 g
of faecal material were put in a mortar with 250 mL of distilled water;
the material was broken down and 50 mL of additional water was
added. The mixture was poured sequentially through a series of through
meshes with apertures of 250, 150 and 50 um. F. hepatica eggs were
retained in the 50 um mesh. Retained eggs were recovered in a glass
(250 mL) by flushing water (in reverse direction) through the mesh.
Collected eggs were maintained at 4 °C in tap water until the EHT was
performed, within 15 days after collection. The EHT was performed on
the samples from the four farms as previously described (Section 2.2).
According to Canevari et al. (2014), when the ovicidal activity was
higher than 70% or lower than 40%, the isolate was considered to be
resistant or susceptible, respectively; intermediate values indicate sus-
picions of resistance.

2.6. Ethical issues

Animal procedures and management protocols were carried out in
accordance with the Animal Welfare Policy (Act 087/02) of the Faculty
of Veterinary Medicine, Universidad Nacional del Centro de la
Provincia de Buenos Aires (UNCPBA), Tandil, Argentina (http://www.
vet.unicen.edu.ar).
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Table 1
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Percentage of hatched eggs (mean + SD) and ovicidal activity (%) obtained for different Fasciola hepatica isolates (SP1 to SP4) following incubation in albendazole

(ABZ) according to the week of analysis after collection (ac) of gallbladders.

Isolate ABZ Concentration (uM) Eggs hatched (%) Ovicidal activity (%)
2 weeks ac 4 weeks ac 8 weeks ac weeks ac Mean SD Ccv
Mean SD Ccv Mean SD Ccv Mean SD cv 2 4 8
SP1 5 0.6 0.1 11.7 2.3 0.4 16.1 2.1 0.7 31.9 99.3 97.6 97.4 98.1 0.9 0.9
0.5 0.9 0.1 7.8 2.7 0.3 10.5 3.6 0.3 7.1 99.0 97.3 96.3 97.5 1.1 1.1
0.05 24.8 29 11.9 13.1 0.4 3.1 93.5 0.4 0.4 71.2 86.6 4.1 54.0 35.8 66.3
control 86.0 6.3 7.3 97.5 0.2 0.2 97.5 1.2 1.3
SP2 5 5.1 0.6 111 1.8 0.5 25.0 1.9 0.5 23.9 94.4 98.4 97.6 96.8 1.7 1.8
0.5 31.5 4.4 13.9 53.8 1.7 3.2 38.8 2.5 6.5 65.4 43.2 57.1 55.2 9.2 16.6
0.05 75.6 5.0 6.6 83.9 1.3 1.5 82.4 2.1 2.5 16.9 11.4 8.7 12.3 3.4 27.7
control 91.0 0.4 0.4 94.7 0.5 0.6 90.3 0.9 1.0
SP3 5 16.4 2.7 16.2 14.0 0.5 3.4 11.4 0.2 1.9 82.4 84.9 87.8 85.0 2.2 2.6
0.5 19.1 3.0 15.9 12.8 0.8 6.5 10.9 0.0 0.4 79.5 86.1 88.3 84.6 3.7 4.4
0.05 50.2 4.3 8.5 77.2 1.4 1.8 22.0 3.7 16.6 46.0 16.4 76.5 46.3 24.5 53.0
control 929 3.1 3.3 92.3 0.4 0.4 93.4 1.6 1.7
SP4 5 4.5 1.5 34.3 4.6 0.2 3.4 2.8 0.4 15.8 94.0 94.9 96.8 95.2 1.1 1.2
0.5 4.5 0.5 11.0 5.4 0.8 15.2 2.4 0.4 17.6 94.7 94.1 97.2 95.3 1.4 1.4
0.05 13.7 2.3 17.1 51.0 1.6 3.1 7.1 1.2 16.7 84.1 43.4 91.9 73.2 21.3 29.1
control 86.3 1.2 1.4 90.1 10.2 11.4 88.0 0.9 1.0

CV = coefficient of variation (CV values > 20% are in bold).
3. Results
3.1. Validation of the EHT

The intra-assay variability was measured according to the percen-
tage of eggs hatched in each EHT for 9 different isolates (Tables 1 and
2). The intra-assay variability (expressed as CV) did not exceed 20% in
most of the tests within 8 weeks after gallbladder collection. In some
cases and when the egg hatching was low (from 0.3% to 4.5%), CV
values higher than 20% were observed (Tables 1 and 2). The ovicidal
activity observed after incubation with ABZ (0.5uM) decreased at 6
months ac compared to that observed at 2 weeks ac (isolates SP6 to
SP8) (Table 2).

Table 2

In the Uru-mon isolate, the CV was low at both determinations (day
0 and day 45 ac) using the two highest drug concentrations (5 and
0.5 uM, Table 2).

With the aim of determining the inter-assay variability over time,
the percentage of ovicidal activity was calculated at different weeks ac
in isolates SP1-SP4 (Table 1). In this case, CV values for the ovicidal
activity over time, until 8 weeks ac, were low when the EHT was carried
out at 5 and 0.5 M, ranging from 0.9 to 16.6%. However, in all iso-
lates, the variability was increased when the eggs were exposed to an
ABZ concentration of 0.05uM, with CV values between 27.7 and
66.3%. According to the criteria of Canevari et al. (2014) and the
current EHT results, all SP isolates, with the exception of SP2 could be
described as being ABZ-susceptible. Since the ABZ ovicidal activity

Percentage of hatched eggs (mean = SD) and ovicidal activity (%) obtained for different Fasciola hepatica isolates (SP5-SP8, Uru-mon) following incubation in
albendazole (ABZ) according to the week of analysis after collection (ac) of gallbladders.

Isolate ABZ Concentration (UM) Eggs hatched (%) Ovicidal activity (%)
2 weeks ac 6 months ac 2 weeks ac 6 months ac
Mean SD cv Mean SD cv
SP5 5 0.5 0.4 71.0 0.6 1.1 200.0 99.3 99.3
0.5 0.3 0.5 141.4 2.0 1.5 73.0 99.6 97.6
0.05 0.6 0.5 71.9 33.2 23.4 70.3 99.2 60.3
control 78.6 3.1 4.0 83.7 2.4 2.9
SP6 5 16.7 1.6 9.5 29.9 12.8 43.0 79.3 47.6
0.5 9.7 1.9 19.6 54.7 7.6 13.8 81.9 4.1
0.05 30.2 4.1 13.5 54.2 12.1 22.3 62.5 4.9
control 80.6 0.9 1.1 57.0 6.0 10.5
SP7 5 0.0 0.0 0.0 47.0 8.6 18.4 100.0 47.3
0.5 0.0 0.0 0.0 75.7 11.7 15.5 100.0 15.1
0.05 81.1 5.9 7.3 84.6 7.0 8.3 2.8 5.1
control 83.4 0.0 0.0 89.1 2.1 2.4
SP8 5 3.1 0.6 18.4 90.3 3.4 3.8 96.4 2.9
0.5 5.2 0.9 17.9 86.6 2.5 2.8 94.0 6.8
0.05 56.9 2.2 3.8 92.2 2.2 2.4 34.7 0.8
control 87.1 4.9 5.6 92.9 4.3 4.7
day 0 day 45 ac day 0 day 45 ac
Mean SD Ccv SD Mean Ccv
Uru-mon 5 91.2 0.14 0.2 93.1 0.14 0.2 2.6 0.6
0.5 94.6 0.12 0.1 94.7 0.12 0.1 0 0
control 93.6 5.4 5.8 93.7 5.4 5.8

CV = coefficient of variation (CV values > 20% are in bold).
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Table 3
Percentage of hatched eggs (mean * SD) and ovicidal activity (%) following
incubation in albendazole (ABZ) obtained for different cows experimentally
infected with the same Fasciola hepatica isolate, the ABZ-resistant Cajamarca
isolate.

Cows Eggs hatched (%) Ovicidal activity (%)
Control ABZ 0.5 M ABZ 5 uyM ABZ 0.5uM  ABZ 5uM
1 85.5 = 262 855 * 262 91.1 =262 0.0 0.0
2 91.1 = 243 927 * 243 93.6 = 243 0.0 0.0
3 80.7 + 3.11 90.6 = 3.11 nd 0.0 nd
4 83.4 = 1.81 820 * 181 835 * 181 1.7 0.0
5 75.6 = 222 817 * 222 81.7 = 222 0.0 0.0
6 83.7 = 234 882 * 234 882 %234 0.0 0.0
7 86.5 = 1.61 86.3 £ 161 86.3 =161 0.2 0.2
8 88.4 = 214 86.3 * 214 86.3 = 214 2.4 2.4

nd: not determined. No statistical differences (P > 0.05) were observed in egg
hatching among calves.

observed for the SP2 isolate ranged from 43.2 to 65.4 (ABZ con-
centration 0.5 pM), ABZ resistance could be suspected.

With the aim of comparing the in vivo (CET) and in vitro (EHT) as-
says to determine the level of resistance, the Uru-mon isolate was
characterized. After the CET, the same number of flukes were recovered
in the ABZ-treated group (range: 6-25; mean: 18.3 = 8.5) as in the
control group (range: 13-21; 18.5 = 3.6). ABZ efficacy against mature
liver flukes was 1.1%, showing the high resistance level of this isolate.
Moreover, after the EHT, the ovicidal activity was 1.7 or 0% at a drug
concentration of 0.5uM or 5 uM, respectively. Therefore, the Uru-mon
isolate is highly ABZ-resistant, as shown by the similar results with both
assays.

The intra-herd variability of the EHT was also evaluated. No sig-
nificant differences were observed between the ABZ ovicidal activities
using the two highest drug concentrations (0.5 and 5 uM) among the
infected cows (Table 3).

3.2. Resistance ratio by means of the egg hatch test

For calculating the resistance ratio in the Uru-mon isolate, the level
of resistance of an ABZ-susceptible isolate (Cullompton) was taken as
reference. The EC50 values were 0.16 and 8.66 puM for the Cullompton
and Uru-mon isolates, respectively (Fig. 1), with a resistance ratio of
54.1.

3.3. Modifications of the standard protocol for the Egg Hatch Test

3.3.1. Incubation time with ABZ

With the Uru-mon isolate, incubation of eggs in ABZ until the end of
the assay led to a change in the ovicidal activity, from O to 1.7% (re-
sistant status) to 92.6-95.2% (susceptible status). Significant differ-
ences were observed in the percentage of eggs hatched and ovicidal
activity between the two different incubation conditions (p < 0.01)
(Table 4).

3.3.2. Eggs isolated from faeces

ABZ efficacy against liver fluke assessed by the FECRT showed that
ABZ resistance was present on all farms, with efficacies between 0 and
45% (Table 5). When the EHT was carried out in each farm using eggs
collected from the faeces of naturally infected steers, similar results
were observed using a drug concentration of 0.5uM (Table 5).

4. Discussion
In the current study, the EHT has been validated and evaluated as an

in vitro technique to determine ABZ resistance in F. hepatica. Although
there have been a few studies describing this test, the standardisation of
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-@- Cullompton isolate (Ec50=0.16 nmol/imL)
-4 Uru-mon isolate (Ecs0=8.66 nmolimL)
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Fig. 1. Dose-response curves and EC50 values obtained for the albendazole
(ABZ)- susceptible Fasciola hepatica isolate (Cullompton) and the ABZ-resistant
isolate (Uru-mon). The resistance ratio calculated for the Uru-mon isolate was
54.1.

the technique has not yet been fully determined, especially with regards
to establishing certain guidelines. The EHT was initially designed to
measure the ovicidal activity of BZD compounds against gastro-
intestinal nematodes (Coles et al., 2006), and was later applied in
surveys as a tool to study the prevalence of anthelmintic resistance
(Martinez-Valladares et al., 2013). However, to date the potential of
this technique has not been fully explored to determine the prevalence
of ABZ resistance in F. hepatica due to the lack of any standardisation.

An EHT carried out by Alvarez et al. (2009) demonstrated that ABZ
exerts an ovicidal effect on F. hepatica egg development. A later study
carried out by Canevari et al. (2014) evaluated the ABZ resistance of six
isolates by means of the EHT, one isolate from the United Kingdom and
the rest from South America. In that study, the authors characterized
the isolates using ABZ and its sulphoxide metabolite (ABZ.SO) at the
same concentrations as used in the current study (that is, 0.05, 0.5 and
5 uM).

In this study, the possible intra- and inter-assay variability was as-
sessed, with the aim of determining how long the liver fluke eggs could
be stored before testing. In general, CV < 20% were observed among
replicates within the same EHT, when the assays were carried out
within 8 weeks after egg collection and using the highest ABZ con-
centrations (0.5 or 5uM). Higher intra-assay variability was seen on
occasion: it was related to eggs showing a low mean hatching rate
(ranging from 0.3 to 4.5%). Likewise, the ovicidal activity was similar
(CV < 20%) at 2, 4 or 8 weeks ac, after incubation of ABZ at con-
centrations of 0.5 and 5 pM. However, the ovicidal activity of ABZ
observed after incubation at the lowest concentration (0.05 uM) shows
higher variability (CV > 20%). When the ovicidal activity was mea-
sured after a longer storage period (6 months), it decreased significantly
in 3 out of 4 isolates (SP5-SP8). Therefore, for eggs incubated with ABZ
at 0.5 or 5uM, a storage limit of 8 weeks ("2 months) is recommended.

The least variable results were obtained with an ABZ concentration
of 0.5 uM, both within the assay and over the recommended time period
to determine in vitro resistance. This finding agrees with that of
Canevari et al. (2014), who recommended this concentration as a cut-
off point to measure the resistance status; the authors assumed drug
susceptibility when the ovicidal activity was higher than 70%; re-
sistance with values lower than 40%; and a suspicion of resistance when
activity was between these values at the 0.5uM concentration. Ac-
cording to the authors, for the correct adjustment of these values,
comparison between in vivo and in vitro assays requires further research.
In order to carry this out in the current study, ABZ resistance by the
EHT was compared with the gold standard method to determine drug
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Table 4
Percentage of hatched eggs (mean +
period.
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SD) and ovicidal activity (%) of the Uru-mon Fasciola hepatica isolate after albendazole (ABZ) incubation for a 12-h or 15-day

ABZ incubation period

Eggs hatched (%)

Ovicidal activity (%)

control 0.5 uM 5uM 0.5uM 5uM
12h 83.4 + 3.6 82.0 £ 2.8 835 * 3.4 1.7 0
15 days 86.4 = 3.7 6.40 + 3.00° 4.11 = 1.10 92.6 95.2

* Statistical differences between groups (P < 0.05).

efficacy, namely, the CET (Wood et al., 1995). However, in the current
study the sheep were experimentally infected with a lower number of
metacercariae than the dose suggested by Wood et al. (1995) due to
limited availability at the time of the experiment. The efficacy of ABZ
against the Uru-mon isolate after the clinical trial was 1.1%, a value
similar to that obtained with the EHT at 0.5 uM (1.7%), thus supporting
the use of 0.5 uM as the discriminating concentration of ABZ to de-
termine its resistance. In gastrointestinal nematodes from sheep, Coles
et al. (2006) suggested the use of a discriminating dose to simplify the
EHT; the hatching rate using a discriminating dose would indicate the
percentage of BZD resistant eggs in the sample.

The possible variability of the level of resistance within the same
herd was tested by the EHT with eggs collected from cows infected with
the same ABZ-resistant isolate (the Cajamarca isolate). No inter-in-
dividual animal differences were observed, which may indicate that the
EHT is not affected by physio-pathological conditions of animals (i.e.
immunological status).

The EHT described in this study involves the collection of eggs after
the slaughter of animals, but this is not always possible. This drawback
could be solved by collecting eggs from the faeces. Robles-Pérez et al.
(2014) described an EHT using eggs from the faeces of sheep to de-
termine the efficacy of ABZ against F. hepatica; the authors suggested
that the method of egg recovery is an important factor that may in-
fluence the results of the EHT, since low hatching rates could be ob-
tained due to the presence of impurities. In the current study, the results
of an EHT with eggs collected from the faeces of steers and carried out
on four different farms was compared with the ABZ resistance level
measured by the FECRT. The resistance status of fluke populations on
each farm observed after the in vivo assay (FECRT) was similar to that
when the EHT was carried out at an ABZ concentration of 0.5 pM. In a
study on ABZ resistance carried out on 3 farms in Sweden, Novobilsky
et al. (2016) also observed agreement between the results of different
tests, in this case the FECRT, CRT and EHT, using eggs collected from
faeces. Flukes on 2 of the farms were shown to be ABZ-resistant, with
EC50 values (0.947 and 1.171 nmol/mL) 10-fold higher than the value
(0.087 nmol/mL) obtained for the isolate on the third farm, which was
deemed to be ABZ-susceptible (Novobilsky et al., 2016). In our study,

the EC50 value (0.16 nmol/mL) for the ABZ-susceptible Cullompton
isolate was similar to that reported in the study by Novobilsky et al.
(2016). It is important to note that for comparing the resistance level
among isolates, more studies are needed to determine the EC50 in well-
characterized ABZ-susceptible and -resistant isolates and establish a
reference value to predict ABZ resistance. For instance, the ABZ-re-
sistant status of the Uru-mon isolate was determined for the first time in
the current work, since the ED50 was 54.1-fold higher than the value
obtained in the ABZ-susceptible Cullompton isolate.

With the aim of simplifying the test, ovicidal activity was assessed
by incubating eggs of the Uru-mon isolate with ABZ for a period of 15
days. This modification of the protocol led to an increase in the ovicidal
activity from 1.7% (12h incubation) to 92.6% (15 days incubation).
This changes the interpretation of the EHT result, since an originally
ABZ-resistant F. hepatica isolate could be diagnosed as susceptible.
Therefore, removing ABZ after 12h of incubation is a critical step for
the EHT.

5. Conclusions

According to the validation carried out in the present study, the EHT
could be a valuable technique to predict ABZ resistance in F. hepatica
when the assay is carried out within 8 weeks after egg collection. Using
an ABZ concentration of 0.5 uM in the EHT resulted in low variability
between results. This dose is proposed as a discriminating dose to
predict ABZ resistance, since similar results were observed between the
results of the EHT at 0.5 uM and those of the in vivo assays. The EHT
could be also used with eggs collected from faeces, although in this case
further research in order to standardize the protocol is needed.
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Table 5
Albendazole (ABZ) resistance in Fasciola hepatica assessed on four different farms (farms 1-4) by the faecal egg count reduction test (FECRT) and the egg hatch test
(EHT).

Farm /isolate FECRT' Egg Hatch Test

Epg” day -1 Epg” day 15 Efficacy Isolate status Eggs hatched (%) Ovicidal activity Isolate status
control 0.5 uM 5 uM 0.5 uM 5 uM

1/ AR1 4(1-149) 2.2(1-49) 45 %(25-70) R 85.5 + 3.2 69.9 = 2.6 38.7 = 2.4 18.2 % 54.7 % R

2 / AR2 23.1(1-78) 17.3(4-50) 25 %(3-47) R 89.2 + 25 70.6 = 4.2 159 + 3.1 20.9 % 82.2 % R

3/ AR3 8.3(3-24) 17.4(2-55) 0 %(0-0) R 88.9 + 2.8 87.5 £ 25 85.8 + 3.1 1.6 % 3.5% R

4 / AR4 3.1(1-11) 3.7(2-9) 0 %(0-0) R 76.2 + 2.8 82.8 =+ 25 85.8 = 3.1 0.0 % 0.0 % R

Mean faecal egg counts (S.E.M.) [range], % reduction and 95% confidence intervals (C.I.) from faecal egg count reduction tests carried out.

1 FECRT: estimated according to Coles et al. (1992).

2 Epg: mean faecal egg per gram counts (range) at day -1 and day 15 post-ABZ treatment (10 mg/kg) and efficacy (lower and upper 95% confidence intervals [95%
CI]). No statistical differences (P > 0.05) were observed in epg counts between day -1 and day 15 post-treatment. EHT: Percentage of hatched eggs (mean + SD)

and ovicidal activity (%). Isolate status: resistant (R) or susceptible (S).
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