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A B S T R A C T

Nutritional aspects modulate the parasitological and immune response in infected sheep. The aim of the present
study was to evaluate the parasitological and humoral immune response of Pelibuey sheep experimentally
infected with Haemonchus contortus that were fed diets with two different energy (n ¼ 12) and protein (n ¼ 12)
levels. Twenty-four Pelibuey lambs infected with H. contortus were evaluated over 12 weeks. An additional six
animals were considered as a control group. Fecal egg count (FEC) was determined, in addition to packed cell
volume (PCV), total plasma protein (TPP), and immunoglobulin levels (IgA, IgG, and IgM) by indirect enzyme-
linked immunosorbent assay (iELISA). Data were analyzed by repeated measures over time. The lambs that
received a high-energy (HighE) diet had the lowest FEC (P < 0.01) regardless of whether they received a high
(HighP) or low (LowP) level of protein. The effect of energy level was also observed over time: FEC values
decreased and PCV and TPP values increased. Higher immunoglobulin levels were obtained for females (P < 0.05)
than males yet, overall, the energy and protein levels of the diets did not affect the response of the immuno-
globulins. Over time, however, an increase in IgG and IgM was observed, whereas the IgA level remained basal.
1. Introduction

Haemonchus contortus is a gastrointestinal nematode (GIN) that affects
health of small ruminants. It is highly prevalent and pathogenic due to its
hematophagous habit, causing gastroenteritis, anemia, weight loss, and
even the death of susceptible animals (Burgunder et al., 2018; Torre-
s-Acosta et al., 2012). It therefore causes economic losses to production
systems that are exacerbated by the cost of the chemical products used for
its control which, at the same time, often have low efficiency due to the
increasing resistance of GIN to most anthelmintics (Callanan et al., 2018;
Crook et al., 2016; Doyle et al., 2018). Several alternatives can be com-
bined to compensate for the low efficiency of chemical products,
including those that function by delaying or reducing the effects of
anthelmintic resistance and improving the health conditions of animals
(Arece-García et al., 2016; Campbell et al., 2017; Westers et al., 2017).
One alternative, for example, is the development of natural resistance in
nz�alez-Gardu~no).
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hosts through improving their immune response. In sheep, the produc-
tion of antibodies such as IgA, IgG, and IgM in addition to eosinophilia,
mastocytosis of the mucosa, and hyperplasia of globular cells forms part
of the immune response (Mcrae et al., 2015).

Notably, nutritional aspects modulate the immune response. The re-
searchers conclude that GIN resistance in hosts is enhanced by increasing
the amount of protein in the diet rather than the amount of energy
(Houdijk, 2012). However, ruminal fermentation modifies protein
structure and quality, suggesting that supplementation with energy at the
rumen level promotes the production of microbial protein. Also, micro-
bial protein is considered to have a lower metabolizable value in the
intestine, and the quality of amino acids is less compatible with immune
proteins than dietary bypass proteins (C�eriac et al., 2019). Therefore, it is
necessary to continue to research the role of energy and protein sup-
plementation in sheep's immune response to GIN infection. By this
reason, the objective of the present study was to evaluate the
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parasitological and humoral immune response of confined Pelibuey
sheep experimentally infected withH. contortus that were fed a diet based
on fermented sugarcane with two different energy and protein levels.

2. Materials and methods

2.1. Location

The experiment was carried out in Salto de Agua municipality,
Chiapas, Mexico, at 17� 340 N and 92� 290 W and 85 m above sea level.
The regional climate is warm humid, with an annual average tempera-
ture of 26.6 �C and annual average rainfall of 3298 mm (CONAGUA,
2019).

2.2. Animal management

Thirty Pelibuey lambs (female ¼ 14, and male ¼ 16) five-month-old
with an average initial live weight of 17 � 5 kg were used. The main
effects of two levels of protein (n¼ 12, female¼ 6, male¼ 6) and energy
(n ¼ 12, female ¼ 5 male ¼ 7) were evaluated in addition to a control
group (n ¼ 6, 3 female, 3 male) in grazing. One week before the start of
the experiment, all lambs were dewormed with Oxfenil® (Oxfendazole)
at a ratio of 4.5 mg kg�1 of live weight (LW) to ensure that they were free
of GIN.

All lambs were confined in individual cages, assigned to an experi-
mental diet (Table 1), and the control group remained at pasture to
compare the parasitological and immune parameter between confined vs
grazing lambs. The diet offered to the lambs consisted of sugarcane
processed by solid fermentation. The ground cane was placed in a firm
and flat area under the roof, then the other ingredients were added and
stirred and the mixture spread in a layer of 10 cm high and allowed to
ferment aerobically for 24 h. At the end, it was ensiled in 200 L containers
for conservation for 8–12 days (Elías et al., 1990). To the high-energy
(HighE) treatments, 12.4 % of molasses was added to increase the
amount of energy in the diet. The animals were fed twice a day, once in
the morning and once in the afternoon, and had free access to water.

From the integral diet, the dry matter (DM) was determined after
maintaining the sample 24 h in an oven at 60 �C. The crude protein (CP)
was determined with an elemental analyser Flash 2000 (Thermo Scien-
tific, Italy) and the ashes quantified by calcination at 550 �C in a muffle
(Thermo Scientific, USA). The energy was calculated using tables of
chemical composition of foods (NRC, 2007).

An adaptation period to the experimental diets was carried out (15
days). After the first week of the study, the lambs that receive experi-
mental diets were infected biweekly four times (day 42) with third-stage
H. contortus larvae (L3) at doses of 200 L3 kg�1 LW (Figure 1). L3 were
obtained by coproculture (Corticelli and Lai, 1963) from two donor
Table 1. Ingredients of the diets used in feeding Pelibuey lambs.

Ingredients (%) Low Energy High Energy Grazing Grz

Low
protein

High
protein

Low
protein

High
protein

Sorghum (%) 5 5 25 25 0

Soybean (%) 3.5 11.5 1.0 8.5 0

Sugarcane (%) 90 82 71.5 64.0 0

Mineral mix (%) 0.5 0.5 0.5 0.5 0.03

Urea (%) 1.0 1.0 1.0 1.0 0

Molasses (%) 0 0 1.0 1.0 0

Dry matter (%) 37 40 47 52

Energy (Mcal/Kg) 2.6 2.6 3.0 3.01

Crude protein (%) 9.4 12.5 8.5 11.3

Carbon (%) 1.50 2.00 1.48 1.80

Ashes (%) 5.49 5.89 5.84 5.27
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lambs previously infected with an oral dose of 300 L3 from a local strain
of H. contortus. The grazing group was naturally infected in paddocks
composed of Brachiaria humidicola and Paspalum conjugatum grasses. The
lambs in the latter group grazed 9 h per day.

The live weight of the animals was recorded every fifteen days. Each
week, fecal samples were taken directly from the rectum of the lambs and
fecal egg count (FEC) was determined using the McMaster technique
(Thienpont et al., 2003) with a minimum sensitivity of 50 eggs per gram
(EPG) of feces. Blood samples were taken every 15 days using tubes
(Vacutainer, Becton Dickinson, USA) with ethylene diamine tetraacetate
(EDTA) as anticoagulant by puncturing the jugular vein. Packed cell
volume (PCV) was determined by microhematocrit technique and total
plasma protein (TPP) through refractometry (g/dL). Another sample with
coagulation accelerator was taken for serum immunoglobulin determi-
nation; serum was obtained by centrifugation at 1100 g for 25 min and
subsequently stored at �20 �C until analysis.

The immunoglobulin levels (IgA, IgG, and IgM) were determined by
means of an indirect enzyme-linked immunosorbent assay (iELISA) using
crude antigens (CAg) of H. contortus and Trichostrongylus colubriformis
according to the procedure described by Gonz�alez Gardu~no et al. (2017).
The optical density (OD) of each serumwas obtained by subtracting from
each well the values of the wells without serum, which represented the
non-specific binding of the conjugate and the activity of the Igs were
expressed as a percentage to a positive standard serum (RPS) to calibrate
the values among the plates.

The advisory committee of the postgraduate program in animal sci-
ence approved the experiment protocol. The procedures were performed
in accordance with the Mexican Official Standard guideline 051-ZOO-
1995 for production, care and use of experimental animals.
2.3. Statistical analysis

To maximize the number of repetitions per treatment, a factorial
treatment design was used. The main effects were energy with two levels,
high (n ¼ 12) and low (n ¼ 12), and protein with two levels, high (n ¼
12) and low (n ¼ 12), in addition, the interactions were studied. To
reduce variance and approximate the FEC to a normal distribution, the
values were transformed to base 10 logarithm (Log10 FECþ1). A multi-
variate linear mixed-effect regression model was used under a design of
repeated measures over time with the autoregressive structure (AR1) by
presenting lower AIC and BIC values. The fixed effect of gender was
included in the model. The variables were analyzed through the SAS
mixed procedure (SAS, 2017) following the statistical model (Eq. (1)):

Yijklmn ¼ μ þ Ƨi þ €j þ ρk þ €*ρjk þ ɗl þ γm þ ɗ*€jl þ ɗ*ρkl þ ɗ*€*ρjkl þ
εijklmn (1)

where Yijklmn ¼ the response of the variable. μ ¼ the general mean. Ƨi ¼
the gender of the animal (i ¼ female, male). €j ¼ the effect of the j-th
energy level (j ¼ high and low). ρk ¼ the effect of the protein level (k ¼
high and low). €*ρjk¼ the interation of energy and protein. ɗl¼ the effect
of the l-th sampling (l ¼ 1, 2, 3 ... 11, 12). γm ¼ the random effect of the
lamb. ɗ*€jl; ɗ*ρkl; ɗ*€*ρjkl were the interactions, respectively; and εijklmn
¼ the error associated with repeated measurements. The separation of
means was performed using the Lsmeans procedure, and Pearson corre-
lations using the SAS software.

3. Results

Table 2 shows the main effects of the studied variables.
The FEC gradually increased over time (P < 0.01), with values

higher than 370 EPG at day 35. The energy level had a significant effect
(P < 0.05) on the FEC. The lambs that received the high-energy diets
(HighE) had the lowest FEC and the highest PCV and TPP values
regardless of the protein level, whereas the protein level did not in-
fluence the FEC. In the grazing lambs (control group), the FEC were



Figure 1. Experimental infections with gastrointestinal nematode larvae, blood and feces sampling in Pelibuey lambs. LW: Live weight.
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higher than 1000 EPG and similar to those of the lambs that received
low levels of energy.

The FEC of the lambs that received the high-energy diets (P � 0.05)
were lower than those that received the low-energy diets (Figure 2) from
day 56 post infection until the end of the study. After 42 days, an increase
in PCV was observed for the animals that received the high-energy diets
compared to the low-energy diets (Figure 3). The TPP (Figure 4) grad-
ually decreased over time, especially in the low-energy treatments. This
effect was evident from day 28 post infection, at which point the values
fell below the threshold for healthy animals. On the other hand, the high-
energy diets led to an increase in the TPP from days 42–70.

In the case of live weight, the lambs that received the low-energy diets
had an equal or lesser weight than the grazing lambs. After 42 days, an
increase in weight was observed in the lambs that received the high-
energy diets (Figure 5).
Table 2. Main effects and interaction of fecal egg count (FEC), live weight (LW), pa
sampling days, and treatments.

N FEC Live we

Mean SE Mean

Gender ** **

Female 14 731b 102 20.8b

Male 16 1597a 255 27.8a

Sampling day ** **

1 30 0d 0 19.9c

28 30 50d 6 22.6bc

35 30 378c 97 -

42 30 545c 102 23.9ab

49 30 729bc 131 -

56 30 860bc 225 26.1a

63 30 1010bc 377 26.7a

70 30 1495b 389 26.5a

77 30 1545b 299 -

83 30 2898a 846 26.3a

Energy ** **

High energy (HighE) 12 680b 91 26.2a

Low energy (LowE) 12 1653a 259 22.4b

Protein ns **

High protein (HighP) 12 1265a 279 25.4a

Low protein (LowP) 12 1118a 121 23.2b

Interaction * ns

LowE-LowP 6 1269b 178 20.6a

LowE-HighP 6 2127a 529 24.5a

HighE-LowP 6 936bc 156 26.2a

HighE-HighP 6 424c 75 26.2a

Grz 6 1621ab 301 24.6a

Standard deviation 1615 5.04

N: Number of lambs. Different letters in each study factor in the same column are sig
error.
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With respect to IgA, no differences were observed among treatments
(P > 0.05). The LowE-LowP group had a higher level (P > 0.05) of IgG
compared to the grazing group (Grz) in response to both antigens used.
IgM was only affected by the treatments (P < 0.05): The lambs that
received the HighE-HighP diet had the lowest levels compared to the
LowE-LowP and Grz groups (Table 3).

IgG gradually increased until day 42 and then sharply decreased by
day 56 before slightly increasing until day 83 (Figure 6). On the other
hand, IgM maintained high levels after day 42 (Figure 7), and IgA was
found at levels lower than 20% throughout the study period.

4. Discussion

The high FEC observed over time in all lambs indicates the successful
establishment of H. contortus in response to experimental infection. The
cked cell volume (PCV), and total plasma protein (TPP) with respect to gender,

ight PCV TPP

SE Mean SE Mean SE

** ns

0.47 26.1a 0.5 5.7a 0.1

0.65 24.3b 0.5 5.9a 0.08

** **

1.02 25.8b 1.01 6.3a 0.07

1.13 28.7a 0.5 5.9ab 0.08

- - - - -

1.19 25.6bc 0.8 5.5c 0.1

- - - - -

1.33 24.1bc 0.7 5.8b 0.1

1.43 - - - -

1.37 24.2bc 0.7 6.1ab 0.2

- - - - -

1.43 23.1c 1.03 5.3c 0.1

** **

0.9 26.3a 0.4 6.1a 0.05

0.6 24.2b 0.6 5.5b 0.1

* *

0.7 26.0a 0.6 5.9a 0.08

0.8 24.4b 0.5 5.7b 0.1
ns ns

0.8 23.4 0.7 5.4 0.1

0.7 25.1 0.9 5.7 0.1

1.3 25.6 0.6 6.0 0.08

1.3 27.0 0.6 6.2 0.09

0.9 25.4 1.0 5.8 0.1

3.25 0.5

nificantly different (P � 0.05). E: Energy. P: Protein. Grz: Grazing. SE: Standard



Figure 2. Effect of diet energy level on nematode fecal egg count in Pelibuey sheep during the study period.

Figure 3. Packed cell volume (PCV) of Pelibuey lambs a) classified in four
experimental groups according to diet energy and protein level including the
grazing group. b) Principal effect of dietary energy level on PCV not including
the grazing group.
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gradual increase in the FEC after the prepatent period suggests an addi-
tive effect of the weekly infections and, therefore, an increase in the
number of adult nematode females in oviposition (Arece-García et al.,
2014).

Energy supply is also essential for the development of immunological
mechanisms, as suggested by Colditz (2008). The effect of the energy
level on growing lambs was shown herein given that the high-energy diet
was associated with lower FEC regardless of the protein level. The results
for the diet with the lowest level of crude protein (CP, 9%) confirmed that
the main limiting element was energy. Even so, at this CP level, it was
possible to maintain the immunological levels of the lambs, enabling a
degree of GIN control. At the same time, parasitism increases the protein
need for maintenance and repair of damaged tissues (Khan et al., 2012).
Furthermore, in infected animals, protein utilization is affected, and
lower weight gains are achieved (Greer et al., 2009). So, more energy is
required to maintain a live weight increase similar to that of non-infected
animals.

The lambs fed with the high-energy diets had high PCV values and the
highest TPP levels compared to the lambs that received the low-energy
diets. This finding coincides with other study that highlight the impor-
tance of high energy levels in the diet for defense against GIN (Colditz,
2008). However, some authors have also show the importance of proteins
and adequate energy balance for correctly activating defense mecha-
nisms (Torres-Acosta et al., 2012; Whitley et al., 2014). Ultimately, it
appears that diets with both a high level of energy and protein have a
positive impact on the immunological status of animals.

With respect to other studies, the PCV values found herein were
higher compared to those found for sheep (18%) naturally infected with
H. contortus in Iraq (Awad et al., 2016). As mentioned, the PCV values
found herein were closely related with the energy and protein content of
the diets and the time passed since initial infection (sampling days) due
to the effects of parasitism. The highest PCV and TPP values were found
in the lambs that received the high protein diets, although this was also
observed for the high-energy diets above a certain threshold of health
impairment (TPP ¼ 6.0 g/dL and PCV ¼ 20%). The low PCV and TPP
values observed in the lambs that consumed the low-energy diets could
be due to the establishment of parasites and damage caused by them at
the gastrointestinal mucosal level. In addition, the decrease in these
values after 42 days could indicate that the low-energy diets were not
sufficient for tissue repair or for the complete establishment of defense
mechanisms. Therefore, the infection continued its course, resulting in a
decrease in both PCV and TPP over time.

Other study show that the hematophagous behavior and hemolytic
activity of H. contortus affect the mucosa of the abomasum (Emery et al.,
2016), leading to a considerable loss of protein. In addition, the synthesis
4

of TPP is related with the humoral immunological system, which was
activated due to continuous infection with H. contortus. However, it may
not have been possible to completely compensate for protein loss even
with the high-energy diet evaluated herein.

The serum levels of the three immunoglobulins analyzed herein were
previously found to differ in their response to primary experimental
infection with GIN (Gonz�alez-Gardu~no et al., 2018). In the present study,
the low IgA response to the H. contortus crude antigen appears to be in-
dependent of the energy and protein levels of the diets. Several studies
have suggested that IgA has little value as a marker of H. contortus
infection (Snoeck et al., 2006), although other studies have suggested it
as a marker of susceptibility to GIN infections (Shaw et al., 2012).
However, the IgA levels found herein were below the range (10%–15%)



Figure 4. Effect of dietary energy level on total plasma protein in Pelibuey sheep during the study period.

Figure 5. Effect of dietary energy level on the live weight of Pelibuey sheep during the study period.
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indicated for growing lambs (Gonz�alez-Gardu~no et al., 2018). It may be
that the IgA response is occurs locally rather than at the circulating level
or in external secretions given that it has functions in saliva, milk, tears,
bronchial mucous membranes, genital and urinary organs, and gastro-
intestinal tracts due to its direct protective role of mucosae, especially in
Table 3. Immunoglobulin percentages in Pelibuey sheep fed two energy and protein

Antibody N Treatment

LowE-LowP LowE-HighP HighE-LowP

Haemonchus
contortus antigen

IgA 36 11.9a 8.7a 8.7a

IgG 31 68.4a 50.1ab 46.7ab

IgM 35 72.2a 67.3ab 67.3ab

Trichostrongylus
colubriformis antigen

IgA 32 7.0ab 5.5ab 3.5b

IgG 30 57.3a 40.6ab 45ab

SE: Standard error. N:Number of samples. Different letters in treatment in the same row
are significantly different (P � 0.05).

5

the abomasum and jejune (McClure, 2008). In addition, IgA can be
produced by plasma cells, in the differentiation of B cells by dendritic
cells against parasite antigens, and in Peyer's patches at the intestinal
level. Accordingly, its presence could be detected both locally and
peripherally.
levels with respect to a positive control (%) and effect of animal gender.

Gender SE

HighE-HighP Grz Female Male

8.8a 13.0a 11.9a 8.0b 1.7

52.9ab 35.9b 37.1b 65.6a 7.2

57.4b 75.6a 71.0a 63.4a 4.2

5.5ab 9.0a 8.0a 4.2b 1.1

34.3ab 28.0b 33.6a 49.5a 7.1

are significantly different (P� 0.05). Different letters in gender in the same row



Figure 6. IgG level (%) in response to a crude Haemonchus contortus antigen with respect to a positive control (grazing) in Pelibuey sheep.

Figure 7. Effect of sampling days on the performance of IgA, IgG, and IgM in response to a crude H. contortus (Hc) antigen with respect to a positive control (%) in
Pelibuey lambs.
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Previously, IgM and IgG levels have been correlated with parasite
burdens in immune sheep (Williams et al., 2010). Specifically, IgM has
been described as the first immunoglobulin produced in the primary
response to an antigen. Similarly, in the present study, its values gradu-
ally increased in response to weekly infections. Finally, it has been
described along with IgA to play an important accessory role as a
secretory immunoglobulin that acts on mucosal surfaces, and its presence
in the gastrointestinal mucosa would be justified given the damage
caused by H. contortus (Emery et al., 2016).

In the case of IgG, it has high affinity for specific antibody receptors
(Fc receptors) and represents about 80% of the total immunoglobulins
present in serum. It is considered one of the best markers for H. contortus-
caused parasitism (Mcrae et al., 2015). The variability in the IgA, IgG,
and IgM levels over time could be explained by the particular charac-
teristics of each immunoglobulin, such as affinity to antigens and serum
concentrations. For example, the increase in IgG and IgM from 14 days to
42 days post infection is a normal response to infection (Mcrae et al.,
2015). Meanwhile, in the present study, IgM increased sharply until day
42, and this increase was maintained until day 83-post infection. In this
case, the performance of IgM indicates that an acute response was
maintained, possibly because animals were subjected to weekly in-
fections until day 42. Therefore, IgM differentially responded to the
6

antigen replacements in comparison to the other isotypes. Other studies
on lambs infected withH. contortus found an increase in IgA, IgG, and IgM
levels over the course of 70 days (Schafer et al., 2015).

5. Conclusions

Lower FEC and higher PCV and TPP values were observed in the
lambs fed with high-energy diets compared to the low-energy diets
regardless of the protein level. The IgG and IgM levels increased over
time post infection. On the other hand, the energy and protein levels in
the diets did not affect the response of the evaluated immunoglobulins in
the first infection in lambs.
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