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Abstract In this study, we evaluated the effect of changes in
the nutritional status on the performances of growing Creole
kids during an established experimental gastrointestinal nem-
atode (GIN) infection. Eighteen 6-month-old Creole kids were
distributed in two main groups infected (I) and non-infected
(NI) and were placed for a period of 4 weeks on each of three
diets differing in their nutritional values: (1) fresh grass (FG,
6.7 MJ/kg dry matter (DM) and 7.9% crude protein (CP)) non-
supplemented, (2) FG supplemented with a commercial con-
centrate (CC, 12.2 MJ/kg DM and 20.6% of CP), and (3) FG
supplemented with dried banana (Ban, 11.1 MJ/kg DM and
4.3% CP). The experiment was designed as a split-plot with
experimental infection (I and NI) as the main plot and the diets
(FG, CC, and Ban) as the subplots with three replicates. We
showed a significant effect of the diet changes on the fecal egg
counts. A higher dry matter intake, digestibility, and growth
rate were observed with the CC diet but together with a slight
but significant increase of the intensity of the GIN infection.
These data suggest that the improvement of the protein nutri-
tional status during an establish GIN infection would improve
the animal performance at the expense of the mechanism in-
volved in the control of the infection.
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Introduction

Gastrointestinal nematode (GIN) infections are among the
most common and economically important pathogenic con-
straints on efficient grazing small ruminant production system
(Bishop 2012; Charlier et al. 2014). The rise of anthelmintic
resistance during the past decades and public concern about
chemical residues in animal products have increased the need
for alternative control strategies (Jackson and Coop 2000;
Papadopoulos 2008). There is accumulating evidence show-
ing that the nutritional status is closely associated with the
capacity of the host to mount an efficient immune response
against invading pathogens and more singularly against GIN
(Adams 2006; Colditz 2008). Thus, nutritional manipulation
of small ruminants has long been considered as a tool for the
control of GIN infections (Hoste et al. 2016). Numerous feed-
ing trials with small ruminants have paid much attention on
the effects of an increased nutrients supply (in protein and/or
energy) on the host response to GIN infections (Houdijk
2012). It has been shown that an improved nutritional status
could reduce the production losses and mortality rates due to
GIN infection (Athanasiadou et al. 2008). Most of the studies
investigating the underlying mechanisms show that the nutri-
tional status is closely correlated with the host immune re-
sponse involved in regulating GIN establishment, fecundity,
and survival rates (Athanasiadou et al. 2008; Athanasiadou
and Houdijk 2010).

In tropical countries, the variation of feed resources avail-
ability and quality lead to seasonal recurrent deteriorated nu-
tritional status (Aumont et al. 1995; Archimede et al. 2011).
However, in most of the studies, the effect of the nutritional
status is evaluated either concomitantly with the infection or
before the infection (i.e., the carry-over effect). To our knowl-
edge, the potential beneficial or detrimental effects of nutri-
tional status changes during an establish GIN infection have
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never been addressed. In this study, we evaluated the effect of
changes in the nutritional status on the performances of grow-
ing Creole kids during an established experimental
Haemonchus contortus infection.

Materials and methods

The experiment was conducted at the Institut National de la
Recherche Agronomique (INRA) Plateforme Tropicale
d’Expérimentation sur I’Animal (PTEA Gardel), Guadeloupe
(16° 17’ atitude north, 61° 32" longitude west). All animal care,
handling techniques, procedures, as well as license for experi-
mental infection and blood sampling were approved by INRA,
according to the certificate number A-971-18-01 of authoriza-
tion to experiment on living animals issued by the French
Ministry of Agriculture, before the initiation of the research.

Animals, management, and experimental design

The study was carried out with growing male 6-month-old
Creole kids (n=18) born and reared outdoors at PTEA
Gardel on pastures based on Digitaria decumbens and
Brachiaria purpurascens irrigated if needed and fertilized
(0.5 kg N/ha/day). Four weeks before the experimental infec-
tion, the kids were drenched with ivermectin (Oramec, Merial,
Lyon, France, 0.3 mg/kg body weight (BW)), levamisole
(Polystrongle, Merial, Lyon, France 7.5 mg/kg BW), and
toltrazuril (Baycox Ovis, Bayer HealthCare, Loos, France,
20 mg/kg BW); housed under worm-free conditions in indi-
vidual pens (2.0 x 1.0 m); and fed with 300 g/kids of a mix of
supplements (50:50) of commercial concentrate (CC) and
dried banana (Ban). The parasite-free fresh grass (FG) was
proposed ad libitum. During this period, the fecal egg counts
(FEC) remained at zero (1 FEC/week/animal). The day of the
experimental infection, two groups of kids were randomly
constituted (infected and non-infected; n=9 per group;
11.83+£2.44 and 12.32 +1.88 kg BW, respectively). The ex-
perimental infection was performed with an oral single dose of
10 ml of tap water containing 500 third-larva stage (L3)/kg
BW of Haemonchus contortus and Trichostrongylus
colubriformis (60% H. contortus and 40% T. colubriformis).
The L3 were obtained 42 days before the experimental infec-
tion from cultures of feces taken from Creole goats at pasture
at PTEA Gardel. The non-infected kids were sham infected
with 10 ml of tap water. Kids in each group were used in a
balanced 2 x 3 factorial split-plot design with three 4-week
periods from the experimental infection. Each period of
4 weeks consisted of 2 weeks of adaptation to the diet, follow-
ed by 2 weeks of measures (intake, digestibility, FEC, and
packed cell volume (PCV)). The experiment lasted for
12 weeks in total. The feed intake, the growth rate (average
daily gain (ADQG)), the FEC, and the PCV were monitored
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weekly. The digestibility of the diets was measured during
the periods corresponding to 3 and 4, 7 and 8, and 11 and
12 weeks post-infection.

Diets and feedings

The two supplements (CC and Ban; Table 1) were balanced in
energy and protein as follow: (1) 12.2 MJ/kg dry matter (DM)
and 20.6% of crude protein (CP) (commercial concentrate
(CQ)), (2) 11.1 MJ/kg DM, and 4.3% CP (dried banana
(Ban)). The quantity of supplements (CC and Ban) offered
was adjusted on the energy basis to reach the same level of
energetic supplementation (270 and 300 g/day/animal for CC
and Ban, respectively). The FG was on average at 6.7 MJ/kg
DM and 7.9% CP. The supplements (CC or Ban) were distrib-
uted at 7 a.m. and the FG at 10 a.m. and 3 p.m. (50% of the
daily allowance at each meal). The grass was cut daily 3 cm
above the ground with the same mowing machine (BCS
S.p.A., Milan, Italy) at 7 a.m. and then chopped into 5-cm
lengths using an electric chopper (Dessertine-Hupin S.A.,
Buxiére Les Mines, France).

Feed intake and in vivo total tract digestibility

As previously described, total feces collection was performed
with fecal trays placed behind the kids (Bambou et al. 2009).
Briefly, pooled samples of FG, supplements, and feces (10%
per day of the wet weight) were daily collected for chemical
analyses. For each digestibility measurement week, a 5-day
period for sample collection was carried out. Offered and re-
fused feed were individually recorded weekly in order to de-
termine voluntary dry matter intake (DMI). The in vivo ap-
parent total tract DM, organic matter (OM), CP, neutral deter-
gent fiber (NDF), acid detergent fiber (ADF), and Amidon
digestibilities were determined.

Chemical analyses and analytical procedures

The DM contents of feeds, orts, and feces were determined by
oven drying (type SE-79, Le Matériel Physic Chimique Flam
et Cie, MPC, Neuily S/Marine, France) to a constant weight at
60 °C for 48 h while ash content was determined by heating
samples at 550 °C for 4 h; thereafter, the OM content was
calculated by difference (AOAC 1997). Dry samples were
obtained for further chemical analyses and were ground (mod-
el SK100 confort GuBleisen, F. Kurt Retsch GmbH & Co,
Haan, Germany) to pass through a 1-mm stainless steel screen.
The CP content was calculated after N determination by com-
bustion using the micro-Dumas method (NA2100 Protein, CE
Instruments, ThermoQuest S.p.A., Milano, Italy).

The methods of Vansoest et al. (1991) were followed to
determine NDF and ADF (sequentially) on an ash-free basis
using the ANKOM?" Fiber Analyzer incubator (ANKOM
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Table 1 Chemical composition and nutritional values of the
supplements and the fresh grass

Item % CcC Dried banana FG
DM 92.0 83.4 28.3
OM 85.0 94.3 87.9
CP 20.6 43 79
NDF 18.2 15.3 67.7
ADF 4.0 8.0 37.2
ADL 0.4 3.7 4.6
Amidon 37.2 70.7 0
ME (MJ/kg DM) 12.2 11.1 6.7

CC commercial concentrate (ingredients: soybean meal, wheat bran,
maize), FG fresh grass, OM organic matter, CP crude protein, NDF neu-
tral detergent fiber, ADF acid detergent fiber, ADL acid detergent lignin,
ME metabolizable energy

Technology, Fairport, NY). The hemicellulose and cellulose
contents of ingredients were calculated as the differences be-
tween NDF and ADF and ADF and ADL, respectively.

Fecal egg count and blood sampling

To determine FEC, fecal samples of approximately 10 g were
weekly collected directly from the rectum of each kid. The feces
were kept in plastic tubes to avoid contamination and immedi-
ately transported to the laboratory in refrigerated vials. All sam-
ples were individually analyzed using a modified McMaster
method for rapid determination, and FEC was expressed as the
number of eggs per gram of feces (Aumont et al. 1997). Blood
samples were individually collected once a week by jugular ve-
nipuncture from each Creole kid by using disposable syringes
and 20-ga needles. A 2.5-ml portion of each blood sample was
placed in commercial anticoagulant tubes (ethylenediaminetetra-
acetic acid (K3 EDTA) tubes; Becton Dickinson, Plymouth, UK).
Blood samples previously placed in EDTA-coated tubes were
used to measure the PCV with the capillary microhematocrit
method (Goldsmid 1970).

Calculation and statistical analysis

Data (PCV, FEC, nutrient digestibility, body weight gain, and
diet digestibility) collected simultaneously from infected and
non-infected animals were analyzed using the MIXED procedure
of SAS (v. 9.1, SAS Inst. Inc., Cary, NC, 2003). The FEC were
log transformed (Ln (FEC + 15)) in order to normalize the vari-
ances. The model included the fixed effects of periods (corre-
sponding to the 2 weeks of measures after adaptation to the diet),
parasitological status (PS, infected vs non-infected), diet, and diet
x PS, with the effect of animals as random effect. Significance
was declared at <5% of probability; comparisons between means
were tested by the least squares means procedure with adjustment
for multiple comparisons (Tukey-Kramer).

Results

The compositions and nutritional values of the supplements
and the fresh grass are shown in Table 1. There was a dietary
effect on FEC (Table 2, p =0.022) with the highest value of
FEC in the CC diet. No difference was observed between Ban
and FG diets for FEC. A significant interaction between PS
and diet was observed on PCV, with the lowest PCV in the CC
diet of the infected group (Table 2, p = 0.0003). No difference
was observed between Ban and FG diets for PCV in the in-
fected group. There was no effect of diet on PCV in the non-
infected control groups.

There was a dietary effect on water intake and an interaction
between PS and diet on the DMI (Table 3, p <0.0006). The
highest water intake was observed with the CC diet. The DMI
decrease significantly in the infected groups whatever the diet.
The highest DMI reduction was observed in the FG diet (—66%
compared with —47.5 and —51% in the Ban and the CC diets,
respectively). The only significant interaction between diet and
PS was observed on CP digestibility (Table 3, p =0.0024). The
CP digestibility decreased significantly in the infected groups
whatever the diet. The highest reduction was observed in the
Ban diet (—59.2% compared with —12.7 and —36.2% in the CC
and the FG diets, respectively). No difference between DM, OM,
and NDF digestibilities was observed between the Ban and the
FG diets, but a reduction was observed in the infected groups
whatever the diet (Table 3, p > 0.05). The highest digestibility of
DM, OM, and NDF was observed in the CC diet (p < 0.005).
The reduction of DM, OM, and NDF digestibilities ranged from
—15.6 to —5% with no significant difference between diets. In
the non-infected groups, the highest ADG was in the CC diet
(p=0.0001). The ADG of the Ban and the FG diets in the control
non-infected groups was low. A significant decrease of the ADG
was observed in the infected groups whatever the diet
(p=0.0001). Weight lost was observed in infected groups of
the Ban and the FG diet (—4.6 and —25.3 g/day, respectively).

Discussion

The beneficial effect of an improved nutritional status of small
ruminants on GIN infection is one of the most easy to implement
alternatives to anthelmintics. Numerous studies have investigated
the effect of the quality and/or the quantity of feed supplements
(in protein and/or energy) on the host response (Houdijk 2012;
Torres-Acosta et al. 2012). According to Houdijk (2012), host
resistance is mostly affected by metabolizable protein scarcity
and moderately to metabolizable energy. Thus, higher protein
diets should allow a better control of GIN infection in grazing
small ruminants. However, during the last decades, feed costs
have tended to increase, affecting the profitability of livestock
production, including small ruminants. A step toward recom-
mendation of nutritional strategies allowing a better control of
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Table 2 Least squares means of
FEC and PCV of Creole kids
infected with an oral single dose
of 500 third-larva stage (L3)/kg
BW of Haemonchus contortus
and Trichostrongylus
colubriformis or not and feed with
three different diets

CC Ban FG p value

I NI I NI I NI SEM  Diet PS Diet x PS
FEC 3783a - 3302b - 3128 - 750 0.022 - -
PCV 19a 26b  22c 26b  22c 29d 20 0.0001 0.0001 0.0003

Univariate analysis of FEC and PCV data. LS means with different lowercase letters within lines are significantly
different (p <0.05)

CC commercial concentrate, fresh grass supplemented with commercial concentrate, Ban dried banana, fresh
grass supplemented with dried banana, F'G fresh grass non-supplemented, / infected, period after experimental
infection, NI non-infected, period non-infected, PS parasitism status, infected versus non-infected period, FEC

fecal egg counts, eggs per gram of feces, PCV packed cell volume

GIN is fine tuning of the feeding programs. Feeding trials with
small ruminants have paid much attention on the effect of sup-
plementation on the most susceptible physiological stages (i.c.,
young animals and periparturient does and ewes) and on the
timing of supplementation (concomitant vs carry-over effects)
(Knox et al. 2003; Houdijk et al. 2012). In tropical countries,
feed resources are quite variables in quality and in quantity which
lead to seasonal deteriorated nutritional status. In this study, we
evaluated the short-term impact of changes in the nutritional
status on the performances of growing kids during an established
GIN infection. The DMI and digestibility increased significantly
with the CC diet whatever the parasitological status (i.e., infected
vs non-infected). The crude protein digestibility was lower in the
infected groups but higher with the CC diet whatever the parasi-
tological status. The NDF digestibility was also higher with the
CC diet compared with the FG and the Ban diets. The lower

digestibility of CP in infected animals is likely related with the
already known hematophagous activity of both larval and adult
stages of H. contortus and the subsequent mucosal hemorrhages
coupled with the modifications of nitrogen metabolism induced
by T. colubriformis (Williams and Palmer 2012). A poor reutili-
zation of the absorbed nitrogen for de novo protein synthesis has
been suggested, since a higher level of non-urea nitrogen excre-
tion was measured in GIN-infected sheep (Williams and Palmer
2012). As many components of the immune system, such as
immunoglobulins, muco-proteins, and cellular products such as
leukotriennes, are proteinaceous, a decrease availability of amino
acids for the metabolism would result to a decrease capacity to
mount and maintain a protective immune response (Coop and
Kyriazakis 1999). Indeed, it has been previously showed, by
comparing groups of animals fed with different diets, that the
prolificacy of GIN decreases with an improved nutritional status

Table 3 Least squares means of
water intake, DMI, and apparent
total tract digestibility of Creole
kids infected with an oral single
dose of 500 third-larva stage (L3)/
kg BW of Haemonchus contortus
and Trichostrongylus
colubriformis or not and feed with
three different diets

@ Springer

Item CcC Ban FG p value
1 NI 1 NI 1 NI SEM  Diet PS Diet x
PS
Water intake ~ 943a 949a 586b  736b 541b 652b 540  0.0001 0.3021 0.6011
(ml/day)
DMI (g/day) 354a  717b 30la  573c 245d 553¢ 585  0.0001 0.0001 0.0055
Digestibility (g/kg of)
DM 723a  782b 598¢  709a 583d 66la 13 0.0001  0.0001 0.23
oM 727a  784b 635¢  708d 621c 654d 21 0.0001  0.0035 0.45
Cp 660a  756b 209¢  512d 371e 582d 38 0.0001  0.0001  0.0024
NDF 600a  674b 546c  625d 578¢ 653d 26 0.0365 0.0013  0.99
ADF 479a  634b 507¢  574d 529¢,d  615b 40 0.5028  0.0013  0.216
Amidon 999a  996a 9796  991ba - - 5.0 0.0310  0.5004 0.2355
ADG 97a 1079b —4.6c 1.3d —253e 74a 6.0 0.0001  0.0001  0.0001

(g/day)

Univariate analysis of water intake, DMI, and apparent total tract digestibility data. LS means with different
lowercase letters within lines are significantly different (» < 0.05)

CC commercial concentrate, fresh grass supplemented with commercial concentrate, Ban dried banana, fresh
grass supplemented with dried banana, F'G fresh grass non-supplemented, / infected, period after experimental
infection, NI non-infected, period non-infected, PS parasitism status, infected versus non-infected period, DMI dry
matter intake, DM dry matter, OM organic matter, CP crude protein, NDF neutral detergent fiber, ADF acid
detergent fiber, ADG average daily gain
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in both sheep and goats (Hoste et al. 2016). We showed a signif-
icant effect of the diet changes on the FEC. Surprisingly, here, we
showed that the diet with higher protein contents increased the
intensity of the GIN infection measured trough a significant in-
crease of the FEC correlated with a decrease of the PCV.
However, in contrast with the lower nutritional status (i.e., FG
and Ban diets), this diet maintained higher feed intake and di-
gestibility and growth rate. In growing animals, a period of nu-
tritional restriction induces a compensatory growth phenomenon
which is the result of the optimization of different physiological
functions of the animal with the objective to increase the growth
rate (Hoch et al. 2003). In this study, the higher growth rate
observed for the CC diets with a higher protein nutritional status
could be the result of the poor protein nutritional status of the FG
and the Ban diets which would have effects similar to a nutri-
tional restriction.

Numerous studies suggest that response to an immunolog-
ical challenge must be traded off against other physiological
functions including growth (Shudo and Iwasa 2001; van der
Most et al. 2011). Interestingly, the results of the present study
suggest that the nutritional status could affect these physiolog-
ical trade-offs between the growth and the immune response
against GIN infection. The improvement of the nutritional
status after a period with a deteriorated nutritional status dur-
ing an establish GIN infection would improve the animal per-
formance at the expense of the mechanism involved in the
control of the infection. This finding could be of interest in
tropical countries, where the deleterious effect of an establish
GIN infection potentiated by seasonal deteriorated nutritional
status could be counterbalanced by a protein-rich diet.
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