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Abstract

The objective of this study was to evaluate the reduction in nematode faecal egg count (FEC)
in Pelibuey lambs segregated as resistant (RES), susceptible (SUS) and intermediate (INT) to
gastrointestinal nematodes. Twenty-nine weaned Pelibuey lambs, aged five months old, free of
nematode infection, were used. Nine lambs were RES, six were SUS and 14 were INT lambs.
The study consisted of two phases: in Phase 1 the lambs were infected experimentally with
Haemonchus contortus. In Phase 2, the lambs were naturally infected by grazing. Faecal
and blood samples were taken every week. The packed cell volume and total protein were
quantified. The FEC value (FECmax) per lamb was recorded together with a natural reduction
in FEC in the two phases. The data were analysed with a model of measures repeated over
time. During Phase 1, the RES lambs showed the lowest FEC (1061 +1053) compared to
the other groups (INT: 2385 + 1794 eggs per gram of faeces (EPG); and SUS: 3958 + 3037
EPG). However, in Phase 2 no significant differences (p >0.05) were observed between the
groups of lambs (RES: 275 +498 EPG; SUS: 504 + 1036 EPG; and INT: 603 + 1061 EPG).
At the end of Phase 1, the FEC of RES lambs was naturally reduced by 75.5% in respect to
FECmax (p <0.05), and at the end of Phase 2 the reduction in FEC was 90% in respect to
FECmax ( p > 0.05); the same behaviour was observed in RES and SUS lambs. It is concluded
that the artificial infection in the lambs induced a more rapid immune response in RES than
SUS lambs, and all lambs developed high acquired resistance by continuous infection.

Introduction

Parasitism caused by Haemonchus contortus and other gastrointestinal nematodes (GIN) is
responsible for significant economic losses in the production of grazing sheep due to stunted
growth, mortality and the expense of anthelmintic treatments for their control. However, the
great genetic diversity of these parasites has allowed them to develop resistance to anthelmin-
tics through mutations established in the population, causing the phenomenon of anthelmintic
resistance (AR) (Hodgkinson et al., 2019). Given this scenario, one alternative to avoid AR is
the breeding of animals selected for their high resistance or low susceptibility to GIN. Genetic
resistance to GIN has a heritability between 0.2 and 0.4 (Sréter et al., 1994). It represents the
genetic capacity of the immune response to infections and produces in each generation a seg-
regation of low- and high-resistant lambs with different abilities to develop the parasitic infec-
tion (Emery et al., 2016). This resistance to GIN is an individual characteristic that depends
mainly with age and previous exposure to the parasite, which allows the animal to express
innate immunity and develop acquired immunity that protects the host from infection
(Greer & Hamie, 2016). The selection of individuals for their GIN resistance results in a reduc-
tion in the number of eggs in the environment, resulting in a decrease in the pasture - the
source of parasitic infection (Sweeney et al., 2016). The feasibility of selecting sheep resistant
to GIN has been widely demonstrated in various breeds and environments (Woolaston et al.,
1990; Zvinorova et al., 2016; Moreno et al., 2017). In commercial flocks and experimental sta-
tions, GIN-resistant individuals have been selected using phenotypic markers such as faecal
egg count (FEC) to assess resistance status and packed cell volume (PCV) as a measure of nat-
ural infection impact. Some breeds of hair sheep have been shown to have developed natural
resistance to GIN infections, such as Blackbelly, St Croix, Florida Native, Gulf Cost Native,
Thin Tail, Garole and Red Masai (Miller & Horohov, 2006; Shakya et al, 2009; Saddiqi
et al., 2010; Karrow et al., 2014). In these breeds, a genetic variation of resistance to H. con-
tortus has also been confirmed; therefore, the selection of resistant (RES) individuals
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represents an option for the control of parasitic infections in trop-
ical and subtropical environments where high prevalence of AR is
reported (Torres-Acosta et al., 2012). In Mexico, the Pelibuey
breed has been reported to have resistance to GIN, with significant
variations within the breed (Morteo-Gomez et al., 2004; Castillo
et al., 2011; Gonzalez-Gardufio et al., 2013; Zaragoza-Vera et al.,
2019), which makes it a candidate for selection to genetically
improve this trait in this breed. In order to select RES individuals,
it is necessary to generate the infection and to monitor the devel-
opment of the corresponding immunity. With many variants,
oral challenge of lambs with infective larvae (L3) and their subse-
quent challenge with either artificial or natural infection is the most
widely used protocol (Saccareau et al., 2017), where the level of
antigenic stimulus is an important event in the speed of acquisition
of acquired immunity. In a previous study, it is reported that in
Pelibuey lambs initially infected orally with 7500 L3 of H. contor-
tus, it was possible to successfully segregate RES and susceptible
(SUS) individuals at the end of that infection according to their
average FEC (Ojeda-Robertos et al., 2017).

The objective of the present study was to determine the impact
on FEC due to the natural resistance presented by Pelibuey lambs
segregated as RES, SUS and intermediate (INT) during two con-
secutive infections with GIN.

Materials and methods
Location of area of study

The study was conducted from February 4 to June 10, 2017, in the
municipality of Salto de Agua, Chiapas, Mexico, which has a
humid tropical climate (Kottek et al., 2006); the average annual
temperature there is 26.6°C and the precipitation is 3298 mm
(CONAGUA, 2019).

Animal handling

The procedures were carried out in accordance with the norma-
tive terms of the ‘Regulations for the use and care of animals
intended for research in the Postgraduate College’, approved by
the General Academic Council (CGA) on November 18, 2016.
From a group of 140 Pelibuey lambs born subsequent to a
30-day breeding season at the Centre for Training and
Reproduction of Minor Species (CECAREM) in Villahermosa,
Tabasco, Mexico, 29 lambs were acquired after weaning. The
age difference between them did not exceed 30 days. The lambs
during lactation remained housed until weaning, which occurred
after 60 days, so they did not present infection with GIN, which
was confirmed with a coproparasitoscopic examination. The
lambs were identified with a numbered collar and kept in elevated
floor cages to keep them free of GIN infection. When they were
approximately five months old (14 days before the start of the
experiment) they were dewormed (levamisole 7.7 mg kg™' body
weight (BW)) and treated for coccidia (toltrazuril 20 mg kg'1
BW). The study consisted of two phases: Phase 1 (day 0-day
70) and Phase 2 (day 84-day 154). In Phase 1 the lambs remained
in the elevated-floor cages, where they received ad libitum an inte-
gral balanced food with 14% crude protein and water. At the end
of Phase 1 (day 70) the lambs were dewormed (albendazole
10 mgkg™' BW) and kept in the cages until the beginning of
Phase 2 (day 84), at which time they were introduced to grass-
lands of African star grass (Cynodon plectostachyus). They grazed
approximately ten hours per day, and were housed in a galley in

https://doi.org/10.1017/50022149X20000656 Published online by Cambridge University Press

A. Cruz-Tamayo et al.

the afternoon where they received a dietary supplement with 14%
crude protein at a rate of 300 g day .

Artificial and natural infection

L3 were obtained by coproculture (Corticelli & Lai, 1963) from
two donor lambs previously infected with an oral dose of 300
L3 from a local strain of H. contortus. The 29 lambs were trickle
infected on days three, five and seven orally with 100 L3 of H. con-
tortus per kg BW, receiving, in total, approximately 6000 L3 per
lamb. The natural infection (Phase 2) began on day 84 when
the lambs were withdrawn from the cages and placed in grassland
of C. plectostachyus that was being used by a herd of Blackbelly
sheep infected with GIN kept in the meadows.

Measurements

Eleven measurements were made in each phase (fig. 1): each
week, faecal samples were taken directly from the rectum of the
lambs and blood from the jugular vein, using vacuum tubes con-
taining ethylene diamine tetra acetate (EDTA) as anticoagulant
(Vacutainer, Becton Dickinson, USA). All samples were processed
in the Animal Parasitology Laboratory of the South-East
University Regional Unit (URUSSE) of the Chapingo
Autonomous University (UACh) in Teapa, Tabasco, Mexico.

Parasitology

The FEC was determined in faeces by the McMaster method
(Thienpont et al., 2003) with sensitivity of 50 eggs per gram of
faeces (EPG). In Phase 1, the presence of H. contortus was con-
firmed by L3 obtained by coprocultures, while the identification
of GIN L3 genera during grazing (Phase 2) was performed
according to available keys (van Wyk & Mayhew, 2013) after
coproculture according to the methodology described by
Corticelli & Lai (1963) of faecal samples on day 105.

Haematology

The PCYV, total white blood cell count (WBC) and the differential
count of three leukocyte fractions, consisting of lymphocytes
(LYM), basophils, monocytes and eosinophils (MID) and neutro-
phils (GRAN), were determined by an automated haematological
analyser based on electronic impedance (Medonic CA-620, Boule
Medical AB, Stockholm, Sweden). Total plasma protein (TPP)
was quantified by a manual refractometer (Atago, Tokio, Japan).

Lamb segregation model

At the end of Phase 1, the lambs were segregated into three groups
based on the FEC results: RES lambs selected from mean EPG -
three times the standard error; SUS from mean EPG + three times
the EE; and INT, formed by the lambs not included in the other
groups (Morteo-Gomez et al., 2004). According to the segregation
model, the RES group was composed of nine lambs, the SUS
group of six and the INT group of 14.

Equation to calculate FEC reduction

In Phase 1, the maximum value of FEC (FECmax) was recorded
together with the day this value occurred by each lamb. With the
FECmax as a reference value, the reduction of the FEC was
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Deworming against:

GIN (Levamisole 7.7 mg kg BW)

Coccidia (Toltrazuril 20 mg kg2 BW)

!

PHASE 2, Grazing in contaminated paddocks with GIN

Segregated in resistant, susceptible and intermediate lambs
by score FEC phase 1.

Fig. 1. Experimental design for gastrointestinal nematode resistant, susceptible and intermediate Pelibuey lambs under artificial Haemonchus contortus infection

and natural pasture infection.

determined at the end of Phase 1 and at the end of Phase 2. The
following formula was used for each lamb:

Reduction in FEC (%) = 100 — (FECx / FECmax x 100)

where FECx is the FEC at the end of Phase 1 (x =1, day 70) and at
the end of Phase 2 (x =2, day 154).

Statistical analysis

Data were analysed between groups of segregated lambs such as
RES, SUS and INT with a model of repeated measures over
time using the MIXED procedure of the statistical package, and
the means were compared by the Tukey test (SAS, 2004). To elim-
inate asymmetry and to approximate the data to a normal distri-
bution, the EPG values were transformed (log EPG +1). The
following model was used:

Yii = 1+ p; + &+ Ny + 85 + 0" & + 078Dy + &

where Yjjq = variable response (EPG, PCV, WBC, LYM, MID,
GRAN and TPP); p=general mean; p;=fixed effect of the
type of animal (i = RES, SUS, INT); {; = fixed effect of the phase
(j=1, 2); yxq =random effect of lambs nested in the type of
lamb, 3(C) j = fixed effect of the sampling day nested in phase;
p*{;; = interaction of type of animal with phase; p*3({)y; = inter-
action of the type of animal with the sampling day nested in
phase; and €4 = random error associated with the I-th repeated
measurement in the k-th lamb.

Results
Parasitology

FEC

During Phase 1, the RES lambs presented the lowest FEC (1061 +
1053 EPG) with respect to the other groups (P < 0.05), but the INT
and SUS (INT: 2385 + 1794; and SUS: 3958 + 3037) were no differ-
ent (P> 0.05). However, in Phase 2, no significant differences (p >
0.05) were observed between the groups of lambs (RES: 275 + 498;
SUS: 504 + 1036; and INT: 603 + 1061). Figure 2 shows the dynam-
ics of the FEC in the two phases of infection. It is noteworthy that
the FEC reduction started from day 28 in the RES group, two weeks
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before the SUS group (day 42) and three weeks before the INT
group (day 49). During Phase 2, the anthelmintic was not effective
and, therefore, the FEC remained high until day 91 and subse-
quently decreased 14 days after grazing began.

FEC reduction

Significant differences (p < 0.05) were observed in the FECmax
between the segregated lambs in Phase 1, being 2883 EPG for
the RES lambs on day 28, 8725 EPG for SUS lambs on day 42
and 5446 EPG for INT lambs on day 49. Table 1 shows the per-
centage reduction in FEC from the FECmax at the end of Phase 1
(day 70) and Phase 2 (day 154).

Significant differences were found in the reduction in FEC at
the end of Phase 1 (p <0.05), where the FEC of RES lambs was
reduced by 75.5%, compared to 65.1% for SUS and 62.6% for
INT lambs. No significant differences (p >0.05) were found in
the reduction in FEC at the end of Phase 2; the reduction in
FEC as a response to acquired resistance provoked the highest
reduction value in all groups of lambs.

Coprocultures

The GIN genera found in the coprocultures in the grazing period
(day 105) were Haemonchus (72.0%), Trichostrongylus (13.8%),
Cooperia (12.3%) and Oesophagostomum (1.9%).

Haematology

The RES group presented the highest values (p <0.05) of PCV
with 26.2 +4.0% in Phase 1 compared to the other groups (SUS
25.1 £4.8%; and INT 23.6 + 3.6%). In Phase 2, significant differ-
ences were observed (p <0.05) where the RES (27.0 £3.0%) and
SUS lambs (26.7 £3.2%) presented higher values than the INT
group (24.6 +3.4%).

Figure 3 shows the changes in the PCV of segregated SUS, RES
and INT lambs in the two phases of infection. In Phase 1, the
decrease in PCV in all groups of lambs was evident from infection
with the hematophagous parasite H. contortus. However, RES
lambs showed their lowest PCV value on day 21 (two weeks post-
infection) with 22.0%. The lowest PCV values for SUS and INT
lambs were recorded on day 35 (four weeks post-infection) with
20.0% and 21.3%, respectively. Subsequently, the PCV values
increased in all groups until day 91. After the natural infection,
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Fig. 2. Faecal egg count (least squares means + standard error) for gastrointestinal nematode resistant, susceptible and intermediate Pelibuey lambs under arti-

ficial Haemonchus contortus infection and natural pasture infection.

Table 1. Faecal egg count (FEC) and FEC reduction with respect to the maximum FEC (FECmax) exhibited during artificial infection (Phase 1) and natural infection
(Phase 2) in Pelibuey lambs segregated into resistant, susceptible and intermediate groups in each infection phase.

Segregation Experimental day

Mean (+ SE) EPG

FEC reduction (+ SE) %

Resistant (n=9) 28 (FECmax) 2883 (403)

70 (FEC end Phase 1) 706 (206) 75.5 (10.9)°

154 (FEC end Phase 2) 253 (83) 91.2 (3.8)
Susceptible (n=6) 42 (FECmax) 8725 (897)

70 (FEC end Phase 1) 3044 (667) 65.1(7.1)°

154 (FEC end Phase 2) 483 (211) 94.4(2.6)7
Intermediate (n=14) 49 (FECmax) 5446 (385)

70 (FEC end Phase 1) 2035 (307) 62.6(5.0)°

154 (FEC end Phase 2) 592 (158) 89.1(2.9)°

2Ppjfferent letters in the same column indicate significant differences (p <0.05). SE, standard error; EPG, eggs per gram of faeces.

there was a slight gradual decrease until day 126 and, again, a
recovery until the end of Phase 2.

In Phase 1, the RES lambs showed the highest values ( p < 0.05)
for WBC, LYM, MID, GRAN and TPP. In Phase 2, the highest
values (p<0.05) for WBC, LYM, MID and GRAN were for
INT lambs, and RES and SUS lambs presented higher TPP values
(p <0.05) than those of the INT group (table 2).

Discussion
Phase 1

In Phase 1, artificial infection with L3 of H. contortus over four
weeks allowed the RES lambs to demonstrate their ability to con-
trol the establishment of this parasite in the abomasum by mount-
ing a rapid immune response, which was reflected in the lowest
FEC values (Stear et al., 1999), compared to the INT and SUS
lambs. In addition, the FECmax in the RES group occurred two
weeks before the other lambs (28 days post-infection).
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The high FEC during the GIN infection of Phase 1 has also
long been observed in wool breeds (Stear et al., 1995) and it
has been indicated that after the prepatent period (without the
expulsion of nematode eggs), a peak occurs in the FEC around
6-8 weeks post-infection. However, in hair breeds the FEC peak
occurs around the fourth week post-infection, as observed in
the present study and as reported in an artificial infection with
10,000 L3 of H. contortus in the crossbred Barbados Blackbell
and Virgin Islands White sheep (Notter et al, 2003) and St
Croix lambs (Jacobs ef al., 2015). However, in this study a differ-
ent response was observed, and only the RES lambs showed a
peak at four weeks, while the SUS and INT lambs showed a
FEC peak at the sixth week, reflecting a late response, similar to
that observed in wool sheep. In a previous study with Pelibuey
sheep, FEC peaks were also affected by the dose used in the arti-
ficial infection. The FEC peak was observed at 35 days when the
animals had resistance against GIN, while other groups showed
the FEC peak on days 42 and 56, which was observed in SUS ani-
mals (Gonzalez-Garduio et al., 2019).
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Table 2. Means (+ standard error) of haematological values in Pelibuey lambs that are resistant, susceptible and intermediate to gastrointestinal nematode

infection.

Segregation

Variable Resistant (n=9)

Intermediate (n=

14) Susceptible (n=6) Reference values*

WBC (x10° cell uL™)

Phase 1 8.85+0.76° 8.25+0.65° 8.24+0.85° 4-12
Phase 2 9.01+0.66° 9.33+0.68° 821+0.67°

LYM (x10® cell pL™)
Phase 1 5.53+0.59° 5.28 +0.47° 5.46 +0.69° 2-9
Phase 2 5.09 +0.44 5.36+0.42° 471+0.77°

MID (x10° cell pL™)
Phase 1 2.49+0.29° 223+0.22° 2.07+0.31° 0-2
Phase 2 2.64+0.26 2.67+0.31° 2.30+0.30°

GRAN (x10® cell puL™)
Phase 1 0.84+0.10° 0.73+0.09° 0.71+0.11° 0.7-6
Phase 2 1.28+0.23 1.29+0.22 1.29+0.30

TPP (g dL™)
Phase 1 6.26+0.18° 6.00+0.13° 6.11+0.22° 6-7.5
Phase 2 6.47+0.18° 6.36+0.14° 6.49+0.22°

abpifferent letters in the same row indicate significant differences ( p <0.05). *Byers & Kramer (2010). WBC, blood cell count; LYM, lymphocytes; MID, medium cells (monocytes; basophils and

eosinophils); GRAN, neutrophils; TPP, total plasma protein.

The percentage of FEC reduction in RES lambs at the end of
the artificial infection was 75.5% with a 706 EPG, while the
other two groups (SUS and INT) reached the end of Phase 1
with FECs more than three times that of the RES lambs (3044
and 2035, respectively). However, the percentage reductions in
FEC measured as the difference from FECmax were similar
(65.1% and 57.6%, respectively) between the INT and SUS groups
(P>0.05). This indicates that these lambs had the same capacity
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to mount an immune response. The differences observed were
from the day in which the peak of infection was observed, attrib-
uted to immune reaction in the host, and in the value of the FEC.

There is a report of St Croix lambs being re-infected with
10,000 L3 of H. contortus that indicates the development of an
acquired immune response on day seven post-infection by pre-
senting high levels of LYM, production of immunoglobulin A
and the infiltration of immune cells into the mucosa of the
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abomasum (Bowdridge et al., 2015). After an earlier infection, the
immune response may limit the establishment of adult parasites
and induce morphological changes that reduce their fertility
and, therefore, shorten the duration and severity of the infection
(Bowdridge et al., 2015; McRae et al., 2015).

During Phase 1, higher cell counts of WBC, MID and GRAN
were observed in RES lambs compared to the other two groups.
This supports what has been observed in the immune response
of mammals to infection with helminths, which is characterized
by an increase in cellular immune responses such as in eosino-
phils, basophils, cell mast cells and macrophages in response to
tissue damage. These immune cells respond, in turn, with an
increase in cytokine production (Karrow et al., 2014). The rapid
response of RES lambs may be due to an early increase in circu-
lating CD4" T LYM in response to the infiltration of H. contortus
larvae into the abomasum. This release and excretion/secretion of
products induces a combination of humoral immunity, eosino-
philia and mast cell hyperplasia that leads to changes in the abo-
masum mucosa causing expulsion of L3 and length reduction of
Ly, which may be related to the decrease in fertility in the adult
stage (Karanu et al., 1997; Bowdridge et al, 2015). This early
response to primary infection is genetically controlled and has
been reported for RES sheep breeds in gene expression studies
related to T LYM proliferation (Terefe et al, 2007; Yang et al.,
2015) with complementary activation. Both are the first events
in the host’s immune responses to infection (Lee et al., 2011;
Valilou ef al., 2015; Guo et al., 2016). The same response occurs
in the SUS and INT lambs, but at a later day, which results in the
establishment of a greater number of adult parasites and, of
course, a higher FEC.

The reduction in PCV associated with increasing FEC after
infection with H. contortus is a reflection of infection with this para-
site, whose hematophagous feeding habits directly affect the health
of animals by reducing PCV; this negative relationship is reported in
numerous studies (MacKinnon et al., 2010; Castillo et al., 2011).
RES lambs showed the highest PCV values during Phase 1, which
agrees with other studies, where higher levels of PCV have been
found in RES compared to SUS sheep when infected with H. con-
tortus (Mugambi et al., 1997; Shakya et al, 2009).

The TPP values of the SUS and INT lambs were significantly
lower than those of the RES lambs. Decreased values of TPP in
the SUS and INT lambs could be an important indicator because
this reduction in TPP has been reported in sheep with clinical
conditions such as hypoproteinaemia, diarrhoea, lack of appetite
and malnutrition after infection with H. contortus, so this param-
eter might be considered for selecting animals with greater resist-
ance to GIN (Zaros et al., 2014).

Phase 2

At the beginning of Phase 2 (day 84), FEC were similar to day 70
of Phase 1, indicating that the anthelmintic was not effective.
Thus, a second true prepatent period may not have occurred.
The FEC reduction in Phase 2 may have been a continued
response carried out from Phase 1 or could be attributed to an
acquired immunological development by lambs leading to a
FEC of almost 0. This latter explanation has occurred in RES
breeds (Zaragoza-Vera et al., 2019). In response to the continued
infection, the development of acquired immunity was seen. The
FEC reduction in Phase 2 was similar among resistance classifica-
tions of lambs (RES=91.2%; SUS =94.4%; and INT =89.1%)
with respect to the maximum value recorded in Phase 1.
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A strong acquired immune response would not allow a new
infection to establish. The specific acquired immunity mechanism
is characterized by an increase in T2 cytokines, the recruitment
of eosinophils, mast cells and globular leukocytes, and an increase
in the production of specific IgA (Balic et al., 2002; Shakya et al.,
2009; Jacobs, 2013). This immune response intervenes in mechan-
isms to control the number of parasites either by reducing the
establishment of larvae, inducing hypobiosis, stunting morph-
ology or decreasing the fecundity of adult nematodes (Rowe
et al., 2008; Ortolani et al., 2013).

Other studies indicate a reduction in FEC (Eady et al., 2003)
by acquired immunity, but also depend on the degree of acquired
response (Gonzéilez-Gardufio et al., 2019). This represents an
important alternative, especially when the nematodes in the flocks
show AR, when the persistence of infection can be very long and
the lambs have insufficient immune stimulation to achieve self-
cure (Gonzalez-Gardufo et al., 2016).

Acquired resistance has been characterized by a local and
blood eosinophilia response, as well as an increase in T cells
(CR" v8) in the first three days after challenge (Robinson et al.,
2010). In addition, a very rapid increase in CD4" T cells occurs.
All subpopulations of LYM and tissue and blood eosinophils
are reduced on day seven, and subsequently increase at 28 days
post-infection, suggesting a different immune response against
larvae and adults (Robinson et al., 2010).

During Phase 2, all groups of lambs showed similarities in cell
values, PCV and TPP. At the same time that FEC was reduced,
improvement in the haematological value was observed, keeping
the average within the normal values for the breed (Byers &
Kramer, 2010).

Conclusion

An artificial trickle infection of Pelibuey lambs with a dose of
6000 L3 of H. contortus induced a rapid immune response in
the most RES animals, which could be identified and selected
to develop a flock genetically resistant to GIN in the future.
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