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Résumeé

Dans les pays tropicaux et subtropicaux, I’élevage des petits ruminants peut étre entravé par la
disponibilité en ressources alimentaires et la forte prévalence des nématodes gastro-
intestinaux. L’utilisation d’anthelminthiques de synthése a entrainé 1’apparition de souches
parasitaires resistantes a la plupart des molécules. Dans les systéemes polyculture élevage, la
présence de biomasse végétale aux propriétés alicamentaires permet de proposer une
alternative aux anthelminthiques chimiques. Ce travail de these a consisté a évaluer une
stratégie de valorisation de biomasse en alicaments anthelminthiques en utilisant la
granulation. La Guadeloupe a ¢été choisie comme modele d’étude et trois biomasses, riches en
protéines et en tannins condensés ont été étudiées : Manihot esculenta, Cajanus cajan et
Leucaena leucocephala. L’évaluation a consisté tout d’abord a étudier I’influence des
conditions agro-pédo-climatiques, de 1’espéce de la plante et de la granulation sur la
composition chimique des granulés. Puis nous avons étudié la valeur protéique, les propriétés
anthelminthiques et alicamentaires des granulés en combinant des approches in vitro et in
Vivo.

Les résultats ont montré que la composition des plantes en métabolites primaires et en tannins
condensés dépendait essentiellement de I’espéce et non des conditions agro-pédo-climatiques.
Un séchage solaire sous abri a température modérée (25 a 35°C) permet de préserver des
concentrations en tannins condensés compatibles avec des propriétés anthelminthiques du
granulé. La valeur nutritionnelle et alimentaire a été approchée par 1’étude de la dégradabilité
des protéines contenues dans les ressources, grace a la méthode d’@rskov. Globalement, les
résultats montrent qu'il existe une grande variabilité dans la dégradabilité effective des
protéines. La granulation est neutre ou a un effet favorable sur cette valeur protéique.

Les propriétés anthelminthiques d’extraits de tannins condensés provenant des granulés des
trois plantes et de leur mélange ont été étudiées in vitro. Les résultats ont montré que les effets
étaient variables en fonction des espéces. L’analyse HPLC des extraits montre que cette
variabilité peut s’expliquer par des différences de composition en tannins condensés entre les
especes de plante. Les propriétés alicamentaires ont été étudiées en comparant les réponses
animales (ingestion, digestion, croissance) et les indicateurs de santé (excrétion fécale d’ceufs,
taux d’hématocrite, nombre d’€osinophiles) de chevreaux nourris par des rations mixtes
composées de foin et des biomasses expérimentales. Les gains moyens quotidiens élevés des
animaux et la réduction significative du nombre d’ceufs par g de féces confirment 1’activité
alicamentaire des granulés. L’ensemble de nos résultats montre que le séchage solaire sous
serre, suivi de la granulation des biomasses expérimentales permet de produire des granulés
de bonne valeur alicamentaire et que cette derniére dépend essentiellement de 1’espéce de
plante choisie.

Mots clés: Petits ruminants, Ressources non conventionnelles, Alicaments, Tannins
Condensés.



Abstract

In tropical and subtropical countries, breeding of small ruminants can be hampered by the
unavailability of feed resources and the high prevalence of gastrointestinal nematodes. The
use of anthelmintic drugs has led to the emergence of parasitic strains resistant to most of the
drugs. In mixed crops-livestock systems, biomass with nutraceutical properties is a way to
propose an alternative to anthelmintic drugs. This work consisted in evaluating a strategy for
the valorisation of biomass into anthelmintic nutraceuticals using pelleting. Guadeloupe was
chosen as a model and three biomasses, rich in protein and condensed tannins, were studied:
Manihot esculenta, Cajanus cajan and Leucaena leucocephala. The assessment first
examined the influence of agro-pedo-climatic conditions, plant species and peletting process
on the chemical composition of the pellets. Then we studied the protein value, anthelmintic
and nutraceutical properties of the pellets combining in vitro and in vivo approaches.

The results showed that the composition in primary metabolites and condensed tannins of
plants depended mainly on the species and not on agro-pedo-climatic conditions. A sun-
drying under shelter at moderate temperature (25 to 35°C) allows preserving concentrations of
condensed tannins compatible with the anthelmintic properties of the pellets. The nutritional
and dietary value was approached by studying the degradability of the proteins contained in
the resources, using @rskov's method. Overall, the results showed that there is a high
variability in the effective degradability of proteins. The pelleting process is neutral or has a
favourable effect on this protein value. The anthelmintic properties of condensed tannin
extracted from the pellets of the three plants and their mixture were studied in vitro. The
results showed that the effects were variable depending on the species. The HPLC analysis of
the extracts showed that this variability can be explained by differences in condensed tannin
composition between plant species. The nutraceutical properties were studied comparing
animal responses (ingestion, digestion, growth) and health indicators (faecal egg excretion,
pack cell volume levels, number of eosinophils) of kids fed mixed rations of hay and
experimental biomasses. The high average daily gain of the animals and the significant
reduction in the number of eggs per g of faeces confirm the nutraceutical activity of the
pellets. All our results showed that sun-drying under shelter, followed by pelleting of the
experimental biomasses, produces pellets of good nutraceutical value and that the latter
depends essentially on the plant species.

Key words: Small ruminants, Non conventional resources, Nutraceuticals, Condensed tannins



1. Contexte général et problématique de I’¢tude

Les politiques de développement agricole et les thématiques de recherche sont de plus en plus
orientées vers une logique de développement durable et d’agro-écologie car 1’agriculture
chimique développée a partir des années 1950 a conduit a une impasse. En effet, méme si les
pratiques de 1’agriculture intensive ont permis d’accroitre considérablement la productivité,
dans le monde, plus de 820 millions de personnes souffrent de la faim, en particulier en
Afrique, en Amérique latine et en Asie de I’ouest et deux milliards de personnes sont dans
une situation d’insécurité alimentaire, ¢’est-a-dire qu’elles n’ont pas accés réguliérement a des
aliments nutritifs en quantité suffisante (FAO et al., 2019). D’autre part, ces pratiques ont des
effets désastreux sur I’environnement parmi lesquels la déforestation, 1’épuisement des sols,
la pénurie d’eau, la pollution des écosystémes, 1’érosion de la biodiversité et des émissions
importantes de gaz a effet de serre. Or, en 2050, la population mondiale atteindra 9,8 milliards
avec une demande alimentaire qui devrait augmenter de plus de 50% voire de plus de 70 %
pour les produits animaux (Searchinger et al., 2018). Afin de répondre a cette demande et
réduire les conséquences néfastes sur 1’environnement, une alternative consisterait a
développer les exploitations agricoles qui integrent les principes de 1’agro-écologie et de
I’économie circulaire, principes qui sont déja mis en ceuvre dans certaines exploitations qui
utilisent des systémes polyculture élevage (SPE).

L’économie circulaire est un concept visant notamment a améliorer 1’efficacité des systémes
socio-économiques en optimisant la gestion des ressources, notamment en assurant le
recyclage de la matiére.

En ce qui concerne I’agriculture, les systemes agricoles ont fonctionné durant des millénaires
en respectant les cycles naturels. Ils se sont en partie linéarisés et déterritorialisés au cours des
XIX®M et XX*™ siecles en limitant le retour au sol de la matiére organique issue des villes et
en allongeant les circuits d’approvisionnement, augmentant ainsi 1’empreinte carbone.
Appliquée aux systemes agricoles et agroalimentaires, 1’économie circulaire vise une
production alimentaire et non alimentaire de qualité, et en quantité suffisante, tout en
préservant et régénérant les ecosystemes (biodiversité, eau, air, sols - fertilite et foncier)
(INEC, 2018).

Elle est ainsi appliquée a 1’échelle d’un territoire mais elle peut aussi I’étre a 1’échelle de
I’exploitation agricole méme si des apports extérieurs ne sont pas exclus. La biomasse
produite sur une exploitation, en tant que matiere et source d’énergie doit pouvoir €tre utilisée

pour répondre aux besoins de I’exploitation afin de développer son autonomie.
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Les systemes polyculture élevage (encadre 1), du fait méme de la co-existence de cultures et
d’élevage et de leur plus ou moins grande intégration, peuvent fonctionner dans le cadre
d’une économie circulaire a I’échelle de I’exploitation. L’intégration agriculture-élevage,
c’est-a-dire 1’échange de flux de maticre et de services entre systeme technique de culture et
systéme technique d’élevage, est un des leviers les plus étudiés et les plus prometteurs pour
améliorer le fonctionnement des SPE. Cette intégration permet en effet d’augmenter la
production tout en diminuant la dépendance aux intrants, colteux et polluants, et confere ainsi

aux SPE plus d’autonomie.

Encadré 1: Caractéristiques des systéemes polyculture élevage (SPE)

Il y a une grande diversité de pratiques se réclamant des SPE dans le monde ce qui rend difficile 1’élaboration
d’une définition générale. Van Keulen et Schiere (2004) ont donné une définition agronomique qui souligne que
le terme polyculture élevage désigne 1’association de cultures et d’¢levage dans un cadre coordonné, le plus
souvent a 1’échelle de I’exploitation agricole. Cette définition est trés large et ne permet pas de couvrir
I’ensemble des caractéristiques des SPE. Les SPE sont différenciés par leur finalité (nourrir I’homme et/ou
I’animal), par la diversité des ressources cultivées et leur niveau d’intégration, ¢’est-a-dire 1’échange de flux de
matiére et de services intra et inter systéme technique de culture et systéme technique d’élevage. Ces systemes,
historiquement trés présents dans le monde, ont reculé avec I’intensification et la spécialisation des
exploitations agricoles.

Aujourd’hui, dans les pays du nord, les SPE ont généralement pour finalité 1’amélioration du bilan
environnemental des systéemes de production animale et notamment la réduction de leur empreinte carbone. Les
cultures permettent de nourrir les animaux en limitant 1’érosion des sols, les lessivages d’azote et les achats
d’aliments concentrés (réduction des intrants) (Huygue, 2009).

Dans les pays du sud non engagés dans la révolution verte, la finalit¢é des SPE est de nourrir I’homme en
intensifiant la production agricole a 1’'unité de surface en associant de fagon synergique une diversité de
ressources, en utilisant des cultures duales (le produit principal est généralement un aliment pour I’homme et le
coproduit est consommé par 1’animal ou rend d’autres services - énergie, mulch, litiére....) en recherchant
I’autonomie pour tous les compartiments (utilisation de fumures pour limiter 1’achat d’intrants, diversification
des productions pour sécuriser le revenu de 1’agro-éleveur).

Malgré leur marginalisation dans les pays du nord a cause d’une volonté politique de spécialisation et de
concentration de 1’agriculture, les SPE sont les systémes agricoles les plus représentés dans le monde (Steinfeld
et al., 2006 ; Udo et al., 2011) et en particulier en milieu tropical (Altieri et al., 2012). lIs regroupent pres de la
moitié de la production agricole mondiale avec 50 % des céréales produites, 75 % du lait et 60 % de la viande
(Herrero et al., 2010). Les SPE sont considérés comme une réponse possible au contexte de crise écologique car
ils contribuent a préserver les ressources naturelles, a améliorer les complémentarités entre élevage et cultures, a
minimiser les excés d’effluents d’élevage (Ryschawy et al., 2014).

En permettant la production d‘aliments adaptés aux habitudes alimentaires, la complémentarité des productions
pour une meilleure allocation de main d’ceuvre et I’exploitation de foncier peu valorisable, les SPE rendent de
nombreux services économiques, sociaux, culturels et environnementaux particulierement pour les agriculteurs
les plus pauvres des zones tropicales (Stark, 2016).
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Dans les SPE, les ruminants présentent 1’avantage de pouvoir digérer les biomasses
lignocellulosiques contrairement aux monogastriques. Cette faculté est liée a la présence

d’une flore microbienne trés active dans le rumen (encadré 2).

Encadré 2 : Digestion microbienne dans le rumen

La dégradation des aliments dans le rumen des ruminants est assurée par D’activité de différents
microorganismes (procaryotes et eucaryotes) appartenant a 3 groupes taxonomiques principaux : les bactéries,
les champignons et les protozoaires. Ces groupes sont complétés par des archées qui ne dégradent pas les
aliments mais utilisent I’hydrogéne issu de la digestion par les microorganismes. Les bactéries selon leur
activité et le substrat qu’elles dégradent peuvent étre classées en bactéries cellulolytiques, hémicellulolytiques,
protéolytiques, amylolytiques... Cependant les bactéries ne sont pas toujours strictement spécialisées dans 1’une
de ces activités ou ressources (cellulose, amidon...) mais peuvent associer plusieurs fonctions. Les
champignons, comme les bactéries, digerent les aliments en sécrétant des enzymes fibrolytiques (cellulases,
xylanases...). Ils sont aussi capables de solubiliser les lignines. Le rdle des protozoaires du rumen dans la
digestion des aliments est souvent sous-estimé comparativement a celui des bactéries et des
champignons malgré la synthése d’enzymes communs. Les protozoaires digérent des particules alimentaires de
grande taille ainsi que des bactéries et des champignons.

Le bilan global de la digestion dans le rumen est la production : 1) d’acides gras volatils, absorbés via la paroi du
rumen, qui contribuent pour plus de 60 % des nutriments énergétiques chez les ruminants ; 2) de protéines
alimentaires by pass (non digérées dans le rumen) dont la digestibilité intestinale est tres variable (50 a 80 %) ;
3) de protéines microbiennes digérées a plus de 85 % dans I’intestin et contribuant a plus de 50 % des acides
aminés disponibles pour I’animal ; 4) de gaz, dont le méthane, qui représentent une perte énergétique (5 a 10

%) et contribuent aux gaz a effet de serre.

En plus de la gestion de la biomasse pour 1’alimentation, la santé de 1’animal est une forte
préoccupation en raison d’une importante prévalence des pathologies. Une contrainte majeure
de I’¢levage des petits ruminants est le parasitisme gastro-intestinal qui peut créer pres de 50
% de pertes dans les troupeaux (Mahieu, 2014). Trois espéces de nématodes gastro-
intestinaux (NGI) sont généralement retrouvées : Haemonchus contortus (HC) qui est un
hématophage de la caillette, Trichostrongylus colubriformis dans I’intestin gréle et
Oesophagostomum columbianum dans le coélon. Les deux premiéres sont dominantes dans
toute la ceinture tropicale et subtropicale, mais HC a une aire de répartition plus large, allant
jusqu’en zone tempérée, et qui devrait encore s’étendre vers le nord et en altitude, a cause de
1I’évolution des conditions liées au réchauffement climatique (Mahieu, 2014).

L’usage des anthelminthiques de synthése qui s’est généralisé depuiS une cinquantaine
d’années est de moins en moins efficace a cause du développement de résistances (Torres-
Acosta et al., 2012). Les voies qui visent a développer la gestion intégrée du parasitisme

constituent 1’une des réponses a ce probleme (encadré 3, figure 1).
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Encadré 3 : Gestion intégrée du parasitisme gastro-intestinal

La gestion intégrée du parasitisme intestinal @ Réduire I'emploi
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ques ( Figure 1. Représentation schématique du systéme

systématique). de contréle intégré des NGI, d’aprés Mahieu et al. (2009).

Dans cette approche, les biomasses qui ont des propriétés nutritionnelles et anthelminthiques
sont de potentiels alicaments (Hoste et al., 2015) qui pourraient étre utilisables a la ferme
dans une logique d’économie circulaire si elles sont correctement choisies et transformées

(encadré 4, figure 2).

Encadré 4 : Qu’est-ce qu’un alicament ?
Un alicament est une ressource alimentaire combinant une valeur nutritionnelle et une valeur sanitaire

(Andlauer and First, 2002). Du point de vue des sciences Vvétérinaires, un alicament est défini comme un
aliment du bétail qui combine une valeur nutritionnelle et des effets bénéfiques sur la santé animale (Hoste et
al., 2015). Cette double action repose sur la présence de métabolites secondaires des plantes et/ou de composes
bioactifs. L’alicament peut étre utilisé soit directement, soit sous forme concentrée dans la ration donnée a
I’animal. Il présente des différences «clés» avec des anthelminthiques de synthese ou des molécules
phytothérapeutiques.

Selon Hoste et al. (2015), les criteres d’évaluation d’un alicament pour le bétail reposent sur trois axes :

e Le critere nutritionnel : un alicament ne doit pas étre imposé (comme le sont les anthelminthiques de
synthése ou les molécules de phytothérapie) mais proposé a I’animal sur une période suffisamment
longue (plusieurs jours, mois, année). Aussi, ’efficacité des alicaments dépendra donc de 1’ingestion
volontaire de 1’animal.

e La concentration des composés bioactifs dans 1’alicament : ces composés sont généralement des
métabolites secondaires des plantes dont la concentration peut étre variable en fonction des conditions
environnementales, des especes, cultivars ou chémotypes. Ensuite, les procédés de récolte et de
transformation peuvent aussi influencer la concentration en composés actifs.

e Le dernier critere est I’effet sur la santé de ’animal : les effets des alicaments et de leurs composés
bioactifs contre les NGI différent des modes d’action des composés chimiques. 1l faut donc développer

des méthodologies spécifiques pour mesurer les effets anthelminthiques.
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Figure 2: Proposition d’un modéle pour les composés répondant au concept d’alicament contre les
parasites gastro-intestinaux du bétail, adapté a partir de Hoste et al. (2015)

Notre question de recherche est donc la suivante : « Dans quelles mesures les biomasses
végétales peuvent-elles entrer dans une stratégie de valorisation en alicament
anthelminthique pour les petits ruminants dans le cadre des systemes polyculture

élevage ?»

Pour y répondre, nous avons choisi un contexte géographique et socio-économique (la
Guadeloupe), les biomasses (Manihot esculenta, Cajanus cajan, et Leucaena leucocephala) et
la granulation comme technologie de conservation.

La Guadeloupe est un archipel de 1 628 km2 dans les Caraibes, situé en milieu tropical
humide, avec des contextes climatiques allant de régions seches a régions humides et une
diversité de sols représentatifs de plus de 50 % des sols tropicaux (Sierra et Desfontaines,
2018). Par ailleurs 1’agriculture familiale y est majoritaire avec des SPE de taille moyenne de
4,4 ha en 2013 (Stark, 2016).

L ¢levage de petits ruminants est constitu¢ presqu’exclusivement de caprins. Le cheptel
moyen par exploitation agricole ayant un élevage caprin en 2018 est de 14 tétes (DAAF —
service de I’information statistique et économique, 2018).

La mise en place de cultures sur le modéle productiviste (banane et canne a sucre) a entrainé,
entre autres conséquences néfastes, la pollution des écosystemes et une fragilité concernant
I’auto-approvisionnement en nourriture. Des travaux scientifiques s’intéressent donc aux

exploitations installées en polyculture élevage comme 1’une des voies possibles de mutation
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de I’agriculture conventionnelle vers un systéme plus vertueux écologiquement et capable de
satisfaire les besoins alimentaires (Ozier-Lafontaine et al., 2011).
Les biomasses que nous avons choisies sont notamment les co-produits de culture (feuillages)
de deux plantes duales éligibles dans le cadre d’un systéme alimentaire pour 1’homme
(énergie et protéine) et une plante de service utilisée en systeme vivrier (encadré 5). Ces trois
ressources sont par ailleurs résistantes a la sécheresse. 1l s’agit de :

- pois d’Angole (Cajanus cajan) : ressource proteique

- manioc (Manihot esculenta) : ressource énergétique

- leucene (Leucaena leucocephala): utilisée comme plante fourragere et barriere

naturelle.

Ces biomasses sont riches en protéines — teneur supérieure a 20% de la matiére seche - mais
aussi en tannins condensés (TC) - teneur supérieure a 3% de la matiere seche- (Heuzé et Tran,
2015; Heuzé et Tran, 2016; Heuzé et al., 2017). Ces deux familles de molécules sont
valorisables dans la gestion intégrée du parasitisme gastro-intestinal. La sur-nutrition
protéique permet d’améliorer la résistance/résilience de 1’hdte notamment en stimulant son
systeme immunitaire (Bambou et al., 2011). Les tannins condensés ont des propriétés
anthelminthiques bien connues (Mueller-Harvey et al., 2019) et dans certaines conditions
peuvent améliorer la biodisponibilité des protéines pour 1’animal (encadré 6). Des auteurs ont
montré le potentiel anthelminthique des trois plantes : Marie-Magdeleine et al. (2010) pour le
manioc, Alonso-Diaz et al. (2008) et de Oliveira et al. (2011) pour le leucéne et Singh et al.
(2010) pour le pois d’Angole.
Dans le cadre des SPE de type vivrier, les ressources générant les co-produits a valeur
fourragere ont des cycles de production qui ne sont pas bases sur 1’alimentation quotidienne
des animaux. Aussi, I’utilisation optimale de ces co-produits nécessite la mise en ceuvre de
stratégies de stockage (Beigh et al., 2017), comme I’ensilage (Sudarman et al., 2016), le foin
(Wanapat, 2001) ou la granulation. La solution de I’ensilage a été rejetée car la technologie
est hasardeuse avec les ressources riches en protéines, de plus, en région tropicale, le maintien
de la qualité de I’aliment est difficile apres 1’ouverture du silo. Le foin n’est pas adapté aux
ressources de type arbustif. La granulation est donc la technique la mieux adaptée a nos
conditions et a nos ressources. Par ailleurs, le granulé est une forme de présentation bien
connue des éleveurs. Elle est pratique et permet de disposer de la ressource toute I’année, ce
qui rend possible une utilisation différée par rapport au temps de récolte. Une optimisation de
I’utilisation des biomasses produites est ainsi possible dans une logique d’économie

circulaire.
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Encadré 5: Présentation des ressources végétales expérimentales

Manioc (Manihot esculenta Crantz)
Le manioc est une espéce de plantes dicotylédones de la famille des

Euphorbiaceae, originaire d'Amérique centrale et d'Amérique du
Sud. C'est un arbuste vivace qui est largement cultivé comme plante
annuelle dans les régions tropicales et subtropicales pour sa racine
tubérisée riche en amidon. Le manioc est résistant a la sécheresse et
sa productivité énergétique par hectare est élevée. La teneur en
matieres azotées totales (MAT) des feuilles est en moyenne de 21 %,
mais elle varie fortement en fonction des variétés et de I’age (de 15 a
40 %). Elles sont riches en lysine mais pauvres en méthionine. Les x YWEA :
feuilles de manioc sont riches en minéraux en particulier calcium, Manioc (Manihot esculenta Crantz)
magnésium, fer, manganése et zinc. Leur concentration en acide

cyanhydrique libre, potentiellement toxique, est trés variable en fonction des variétés, de 1’age des feuilles et de
la qualité du sol. L’acide cyanhydrique est détruit lors du séchage et de I’ensilage. Les feuilles peuvent étre
consommeées, fraiches, fanées ou ensilées par les ruminants. Le fanage et I’ensilage sont recommandés pour les
variétés les plus riches en acide cyanhydrique (Heuzé et Tran, 2016).

Leucene (Leucaena leucocephala)

Le leucene est une espéce de plantes dicotylédones de la famille des
Fabaceae originaire du Mexique et d’Amérique centrale. C'est un petit
arbre tropical a croissance rapide, qui supporte tout type de sol,
apprécie le soleil et est parfaitement adapté a la sécheresse. Ses
feuilles sont appréciées des petits ruminants. Il est utilisé pour
diverses applications : légume, bois de chauffage, fibres, fourrage
pour le bétail, barriere naturelle. Cette espéce envahissante s'est
naturalisée dans toutes les régions tropicales du monde. Le leucene
présente un intérét pour la production de biomasse car son rendement
de feuillage correspond & une masse séche de 2 000 a 20 000 kg / ha /
an, et 30-40 mé / ha / an de bois. Il est également particulierement
efficace dans la fixation de lI'azote, avec plus de 500 kg / ha / an. 1l est ainsi utile comme engrais vert mais aussi
pour ombrager les plantations et lutter contre I'érosion (Heuzé et Tran, 2015).

Leucéne (

Pois d’Angole (Cajanus cajan)

Le pois d'Angole est une espéce de plante vivace de la famille des
Fabaceae. Il est originaire d’Inde, mais de nos jours, il est cultivé dans
I’ensemble des régions tropicales, notamment le sous-continent indien et
en Afrique de I’Est. Il est adapté a une grande diversité de sol (pH de 4,5
a 8,4). C’est a la fois une culture vivriére (pois secs, farine, pois frais ou
légumes verts) et une culture fourragére de couverture. Les pois
contiennent des niveaux élevés de protéines et d'importants acides aminés
(méthionine, lysine et tryptophane). C’est une ressource qui entre dans un

systéme alimentaire pour I’homme en tant que source de protéines ,
(Heuzé et al., 2017). Pois d’Angole (Cajanus cajan)

Photos: © INRA/ Madly Moutoussamy
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Encadré 6: Tannins — Structures biochimiques et propriétés

Structure biochimique des tannins — Tannins hydrolysables et tannins condensés.

Les tannins sont des métabolites secondaires des plantes et constituent une famille de molécules trés diverses.
En fonction de leur structure, ils peuvent étre classés en deux grands groupes: les tannins hydrolysables et les
tannins condensés.

Les tannins hydrolysables sont des esters d’acide ellagique ou gallique avec un sucre (le plus souvent le
glucose) comme noyau central. Ces tannins peuvent étre dégradés en acide ellagique ou gallique et absorbés au
niveau du tractus digestif des ruminants et entrainer des effets toxiques.

Les tannins condensés sont des polyphénols de poids moléculaire élevé. Ce sont des polymeéres de catéchine
(flavan-3-ols) de structure tres variée. Deux groupes sont majoritairement représentés les procyanidines (PC) et
les prodelphinidines (PD). Ces derniers différent des PC par la présence d’un OH supplémentaire sur le cycle B
du squelette des flavonaides.

Squelette de base des Flavan-3-ol Catéchine Gallocatéchol
flavonoides (Procyanidine) (Prodelphinidine)

Propriétés des TC dans la nutrition des ruminants (Piluzza et al., 2014)

Contrairement aux tannins hydrolysables, les tannins condensés sont faiblement absorbés par le tractus digestif
des herbivores. Leur propriété chimique la plus remarquable est leur capacité a former des complexes, grace a
des liaisons hydrogeénes et hydrophobes, avec les macromolécules comme les protéines, les fibres et 1’amidon
présentes dans les ressources vegétales. Cependant la liaison entre les tannins condensés et les protéines est
généralement réversible en fonction des conditions physico-chimiques notamment du pH. Les protéines
constituant ces complexes sont protégées de la dégradation ruminale et peuvent ainsi arriver au niveau de la
caillette ou de I’intestin. A ce niveau, en raison des conditions de pH, les protéines sont libérées des TC et
peuvent ainsi étre soumises a la digestion intestinale. Ces protéines, non dégradées dans le rumen, appelées
protéines by-pass ont un effet bénéfique pour la nutrition des ruminants. La dégradation des protéines dans le
rumen entraine la perte de matieres azotées sous forme d’ammoniac alors que dans ’intestin, les acides aminés
seront absorbés et métabolisés améliorant ainsi les performances nutritionnelles de la ration.

Propriétés anthelminthiques des TC (Hoste et al., 2015)
Trois effets ont été liés a la consommation de plantes a tannins par les ruminants
- Un établissement réduit des larves infestantes (stade 3) dans 1’hote
- Une plus faible excrétion des ceufs par les vers adultes, lié¢ a la diminution du nombre de vers ou une
plus faible fertilité des vers femelles
- Une altération du développement des ceufs en larves infestantes.

Concentration en tannins condensés et effets sur 1’animal

La consommation de fortes concentrations de tannins condensés (supérieure a 7% de la matiére séche) a été
associée a des effets néfastes chez les ruminants comme la diminution de 1’ingestion, I’inhibition de la
croissance et une interaction avec la morphologie et 1’activité protéolytique des microbes dans le rumen (Min et
al., 2003 ; Waghorn and McNabb, 2003). Quand la teneur en tannins est inférieure a 5% de la matiere séche,
des effets positifs ont été trouvés comme une augmentation de la croissance, de la production de lait, une
meilleure pousse de la laine et une amélioration des performances reproductives (Piluzza et al., 2014).
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Du point de vue nutritionnel, la granulation présente au moins deux avantages. Elle permet
une ingestion plus importante grace a la réduction de taille des particules du fourrage liée au
broyage. Par ailleurs, le temps de séjour des particules dans le rumen est diminué du fait de la
réduction de leur taille. Le deuxieme avantage est une meilleure accessibilité des enzymes
microbiennes du rumen aux protéines permettant ainsi une meilleure dégradabilité.
Cependant, 1’accélération du transit peut entrainer une réduction de la digestibilité en raison
du temps de sejour insuffisant pour une action compléte des microorganismes.

Concernant I’activité anthelminthique, le procédé de granulation dans son ensemble (séchage,
broyage et mise en forme) peut avoir un effet sur les TC, notamment a cause de
I’augmentation de la température lors du traitement, qui peut entrainer une dégradation au-
dessus de 40°C (Hoste et al., 2015) ou une plus grande liaison de ces derniers avec les
protéines et les fibres (Terrill et al., 1992) réduisant ainsi leur activité biologique. D’autres
auteurs ont cependant montré que dans certaines conditions, la granulation pouvait augmenter
I’activité anthelminthique de Lespedeza cuneata, plante riche en TC, contre Haemonchus
contortus chez les caprins (Terrill et al., 2007).

L’objectif principal de ce travail est donc d’évaluer la stratégie de valorisation des biomasses

végétales en alicament anthelminthique gréace a la granulation.

18



2. Etat de I’art et approche méthodologique

L’évaluation de [’itinéraire technique de production dun granulé aux propriétés
alicamentaires a partir de biomasses devra porter sur trois grands axes :

1) Vérifier que les biomasses peuvent remplir les conditions pour étre un candidat
alicament, c’est a dire déterminer leur composition chimique et les facteurs de
variabilité de cette derniére

2) Evaluer I’impact de la technologie de granulation choisie sur la composition chimique
des biomasses

3) Evaluer I’efficacité du granulé en tant qu’alicament.

2.1. Effet des conditions agro-pédo-climatiques et de 1’espéce végétale sur la
composition chimique des biomasses.

D’une fagon générale, les compositions chimiques des plantes varient en fonction des especes
(Archimede et al., 2011; Archimede et al., 2018). De méme, les conditions agro-pédo-
climatiques ont une influence sur les constituants des biomasses végétales, mais de facon
différenciée en fonction de la nature des composés. Les teneurs en glucides pariétaux, en
lignine et en matieres azotées sont généralement peu sensibles aux conditions de sol et de
climat, quand celles-ci ne sont pas extrémes (Minson, 1990). La composition minérale des
plantes est influencée par les caractéristiques du sol (Minson, 1990). Les métabolites
secondaires des plantes sont souvent des molécules qui les protegent contre les pathogenes et
les stress environnementaux et dont la concentration va donc naturellement étre sensible aux
conditions agro-pédo-climatiques. Ainsi, concernant les TC, un sol faiblement fertile ou acide
peut entrainer une augmentation de la concentration comme observé par Kelman and Tanner
(1990) pour le Lotus. La concentration en TC est également dépendante du taux d’humidité et
de la température (Lees et al., 1994; Frutos et al., 2002). Enfin, les teneurs en tannins
condenses dépendent de I’espece (Mueller-Harvey, 1999), du stade de croissance de la plante

(Muir et al., 2014), et de I’organe considérés.

2.2. Effet de la granulation sur les teneurs en protéines et tannins condensés

La granulation est précédée de deux opérations: une opération de séchage et une opération de
broyage. Lors de ces étapes, les biomasses sont soumises a une augmentation de leur
température. Le séchage a un effet significatif sur la composition chimique des fourrages,

mais D’effet varie en fonction de la température, de la durée et de la nature du produit séché
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(Deinum and Maassen, 1994). Le séchage a basse température est plus long, ce qui
occasionne des pertes de constituants chimiques a cause de la respiration du végétal. Un
séchage rapide & haute température (supérieure & 70°C) provoque une dénaturation des
protéines sous forme de produits de la réaction de Maillard. Ces derniers sont des complexes
protéines glucides indigestibles. Dans certains cas, le séchage occasionne une dénaturation
des protéines mais elles demeurent digestibles (Deinum and Maassen, 1994).

Les tannins condensés sont également sensibles a la température. Des effets dépressifs de la
température ont été trouvés pour des températures supérieures a 55°C et pour des durées de
séchage de 48 h (Dzowela et al., 1995; Hove et al., 2003). Certains auteurs ont egalement
spécifié que I’effet de la température pourrait varier en fonction de la plante (Muetzel and
Becker, 2006). L’étape de séchage est donc une étape critique pour la conservation des

propriétés de ces ressources.

2.3. Evaluation de la valeur nutritionnelle et alimentaire des granulés

La valeur alimentaire d’un aliment traduit sa capacité a étre ingéré, digéré et converti en
produits (viande, lait...) par les animaux d’élevage. Cette capacité se traduit par des flux de
nutriments (énergie, protéines et autres matériaux) mobilisables pour les fonctions d’entretien,
de production, de reproduction, de résistance aux maladies....

Le flux de nutriments protéiques (acides aminés absorbés au niveau de I’intestin) a deux
origines. Une fraction des protéines alimentaires non fermentées dans le rumen est
partiellement digérée dans I’intestin. L’autre fraction est constituée par des protéines d’origine
microbienne synthétisées dans le rumen a partir de squelettes carbonés et d’azote non
protéique (dégradation des protéines alimentaires et recyclage de 1’azote uréique dans le
rumen). Une premiére estimation du flux de nutriments protéiques peut étre obtenue a partir
de la dégradabilité théorique de la fraction azotée qui, dans le cas particulier de certaines
biomasses, dépend des caractéristiques du complexe protéines, tannins et fibres.

En effet, dans les biomasses, une fraction des TC et des fibres est souvent liée aux protéines
et conditionne 1'accessibilité de ces derniéres aux enzymes protéolytiques ruminales (d’origine
microbienne) et intestinales, ce qui rend certains aliments résistants a la digestion. Pour que
les protéines soient accessibles, les fibres doivent étre fermentées par les microbes du rumen
(Lindberg, 1985; Nocek, 1985).
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Figure 3 : Complexation et dissociation des protéines by-pass et des tannins condensés (adapté selon
Butter et al. (1999).

Une partie des TC libres va former, lors de la mastication, des complexes insolubles avec les
protéines et va les protéger de la digestion dans le rumen. Cette fraction de protéines est
appelée protéines by-pass. Apres le rumen, il y a une dissociation du complexe
tannins/protéines du fait des modifications de pH dans 1’abomasum et dans I’intestin (figure
3), les protéines by pass sont alors accessibles a la digestion intestinale. Cependant, la
solubilité des TC peut étre faible, ce qui rend ainsi les protéines peu accessibles a la digestion
enzymatique (Patra and Saxena, 2011; Piluzza et al., 2014).

Le broyage contribue a augmenter la surface spécifique des particules alimentaires et les rend
plus accessibles a 1’activité enzymatique dans le rumen. Cependant, cette diminution de taille
des particules acceélére leur transit, ce qui diminue la durée d’hydrolyse enzymatique.

La valeur alimentaire des ressources choisies pour cette expérimentation, doit aussi étre
approchée en tant que complément a des fourrages de base a faible valeur nutritive dans des
rations mixtes. En effet, la supplémentation des fourrages de base avec des feuillages fibreux
riches en protéines peut étre utilisée, en substitution aux concentrés classiques a base de
céréales et de pois, pour améliorer la valeur nutritive de la ration consommée par les
ruminants (Patra, 2010a, b). Cela présuppose que ces feuillages puissent étre dégrades dans le

rumen.

2.4. Evaluation de la valeur anthelminthique des granulés

Le cycle parasitaire des strongles gastro-intestinaux est présenté en figure 4. Il comprend une
phase extra-hote dans les paturages, ou les ceufs se trouvant dans les féces des animaux
contaminés se développent en passant par plusieurs stades: L1 puis L2 jusqu’au stade L3 qui

est la forme infestante. Cette larve L3 est engainée et sera ingérée par les animaux. Elle
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commencera la phase de vie parasitaire en sortant de la gaine et en migrant vers les organes
cibles. Les formes immatures L4 et L5 apparaitront puis les larves adultes qui, aprés maturité

sexuelle, s’accoupleront pour commencer la ponte. Les ceufs seront excrétés dans les feces

entre 14 et 21 jours apres ingestion des larves L3.

__________
-
- ~.

. ~,
Animal ,,/ -...g}cj \\
Phase parasitaire Qi_/x

Vers adultes /
N 4

-
————————

Excrétion

N
A CEufs dans
Y les féces

Paturage
Phase de vie libre

Larves L3
engainées

Larves L1 et L2
Figure 4. Cycle biologique général des strongles gastro-intestinaux

Haemonchus contortus est un hématophage de la caillette (figure 5) des petits ruminants
(ovins et caprins) dés le stade L4. Il entraine une dégradation de 1’état général des animaux,
des troubles digestifs avec diarrhée et perte de poids, altération des capacités de reproduction

(Poppi et al., 1990), mais également une mortalité par anémie, notamment chez les agneaux
au paturage.

Figure 5: Caillette d’un caprin infecté par Haemonchus contortus
© INRA/ Madly Moutoussamy
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L’activité anthelminthique des plantes riches en TC s’effectue a trois stades du cycle
parasitaire : (i) une diminution de 1’établissement des larves L3 dans 1’héte, (ii) une
diminution du nombre de vers adultes et de la fertilité des femelles, (iii) une inhibition du
développement des ceufs en larves L3.

Ces effets permettent a la fois i) de diminuer 1’infestation intra-héte et ii) de diminuer la
contamination de I’environnement et ainsi de réduire les risques d’infection des animaux.
Dans un alicament, la combinaison de ces effets permet de limiter les conséquences de
I’infection a des niveaux compatibles avec une productivité acceptable (Hoste et al., 2015).
Ces différentes activités seraient dues a la diversité de structure des tannins et a leur
concentration dans les plantes. Concernant la structure, quatre parameétres doivent étre

considérés (Naumann et al., 2014; Williams et al., 2014 ; Mueller-Harvey et al., 2019):

le type de sous unité flavan-3-ols, donnant naissance aux deux classes principales de

TC, a avoir les Procyanidines et les Prodelphinidines (encadré 7)

la taille des tannins matérialisée par leur degré moyen de polymérisation

la stéréochimie du cycle C du noyau flavan-3-ol

la présence de groupes galloylés

Il a également été montré une activité anthelminthique des monomeres de flavan-3-ols (figure
6), aussi bien contre le développement larvaire (Molan et al., 2003) que contre le dégainement
larvaire (Brunet and Hoste, 2006). Certains auteurs ont mentionné 1’existence de synergie
entre ces derniers et les tannins condensés dans I’inhibition du dégainement de HC in vitro
(Klongsiriwet et al., 2015).

Les divers modes d’action des tannins en fonction de leur nature nous ont conduits a étudier
I'intérét des mélanges de plantes qui pourraient avoir un effet synergique. De plus,
I’association de modes d’action différents compliquerait 1’apparition de résistance chez les

parasites.
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Encadré 7. Procyanidines et Prodelphinidines : relations entre structure et activité

Les tannins condensés, regroupés sous le nom de Proanthocyanidines sont des oligomeres ou polymeéres de
flavan-3-ols et peuvent étre classés en différents types en fonction de la nature des monomeéres qui les
constituent. On distingue deux grands types de tannins condensés: les procyanidines et les prodelphinidines
qui sont différenciés par la présence d’un hydroxyle supplémentaire sur le cycle B du noyau flavan-3-ol. Cet
hydroxyle supplémentaire formerait davantage de liaisons hydrogenes avec les protéines de la larve et
améliorerait les propriétés anthelminthiques (Brunet and Hoste, 2006; Williams et al., 2014; Quijada et al.,
2015). La présence d’un ou plusieurs acides galliques estérifiés sur R1 ou R2 modifie également les

propriétés biologiques des TC (Schofield et al., 2001).

Figure 6. Structure chimique des monomeres de tannins condensés : flavan-3-ols et gallates de
flavan-

JR3
~ OH
s Ve o
HO 0 & °
N N L ROH o OH
ﬂ A C L
T “H_‘ - frry Rz I:::IH
R1
OH G= OH
Structure de base des monomeéres de flavan-3-ols Acide gallique
R1 R2 R3 PCou PD
Catéchine OH H H PC
Epicatéchine H OH H PC
Gallocatéchine OH H OH PD
Epigallocatéchine H OH OH PD
Gallate de Catéchine G H H PC
Gallate d’épicatéchine H G H PC
Gallate de gallocatéchine G H OH PD
Gallate d’épigallocatéchine H G OH PD

3-ols (Brunet and Hoste, 2006)

Afin d’¢évaluer la stratégie de valorisation identifiée, nous avons conduit des expérimentations

(figure 7) afin de répondre a cing questions:

1)

2)

3)

4)
5)

Les conditions agro-pédo-climatiques et I’espéce végétale influencent-elles la
composition des biomasses expérimentales?

Quel est I’effet de I’itinéraire de granulation choisi sur la teneur en protéines et en TC
des biomasses expérimentales?

Quelle est la valeur nutritionnelle et alimentaire des granulés?

Quelle est la valeur anthelminthique des granulés?

Quel est le compromis entre valeur alimentaire et propriétés anthelminthiques pour les

alicaments ?
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Gestion des SPE : compartiment animal

Alimentation : limiter les intrants ’ Santé : lutter contreparasitisme Gl

Biomasses/ressources non conventionnelles

riches en protéines et en tannins
Tannins condenses : ’ Sur-nutrition protéique :

activités anthelminthiques connues augmenter la résilience de I'animal

Variabilité de la composition chimique

Conditions agro-pédo-climatiques ’ Espéces de plantes

Effet du procédé de transformation

Granulation
(broyage, mise en forme)

Séchage
(solaire, étuve) ’

Annexe 2 \
Dégradabilité in sacco Tests anthelminthiques in vitro

Valeur alicamentaire in vivo

Annexe 3

Réponses animales

Indicateurs de santé
OPG, hématocrite, éosinophiles

(ingestion, digestion, croissance)

.-/ Annexe 1

Annexe 4

Annexe 5

Figure 7. Evaluation de la stratégie de fabrication d’alicaments anthelminthiques a partir de

biomasses riches en protéines et tannins condensés
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3. Expérimentations et résultats obtenus

Les biomasses nécessaires aux expérimentations ont été récoltées en plusieurs fois. Trois lots
de biomasses ont été utilises : le premier lot pour les expérimentations présentées dans les

annexes 1, 2 et 4, le deuxiéme lot pour I’annexe 3 et le dernier lot pour I’annexe 5.

3.1. Influence des conditions agro-péedo-climatiques et de [I’espéce végétale sur la
composition des biomasses (annexe 1).

Les conditions agro-pédo-climatiques ont-elles une influence sur la composition chimique des
biomasses choisies ? Cette influence dépend-elle de I’espéece de plante considérée ?

Pour répondre a ces questions, nous avons réalisé une expérimentation sur nos biomasses
modeles en considérant deux zones agro-pédo-climatiques représentatives de contextes
humide et sec (annexe 1).

Quatre types distincts de plantes ont été retenus, le pois d’Angole et le leucéne et deux
variétés de manioc: le manioc amer et le kamannyok, ce dernier ayant une teneur en acide
cyanhydrique dans les feuilles et tubercules plus faible que le manioc amer. Les organes qui
nous intéressent sont les jeunes rameaux car ils seront utilisés pour la fabrication des granulés.
Les deux zones agro-pedo-climatiques, la Grande-Terre et la Basse-Terre, sont différenciées

par les facteurs climat et sol. La Grande-Terre est " . |

caractérisée par un vertisol (figure 8) et un climat
tropical humide avec une longue saison seche (3 a 5
mois), une humidité de 83 % et une moyenne de
température autour de 25°C. La Basse-Terre est
caractérisée par un sol ferralitique (figure 9) et un

climat tropical humide avec une courte saison seche

- U ke

(moins de deux mois), 88 % d’humidité et une Figure 8. Vertisol e'n-Grande-Terre
température moyenne de 25°C. Credit - Y.M. Cabidoche
Pour chaque zone, les échantillons ont été récoltés sur
trois sites différents, entre le milieu et la fin de la
saison séche. Le choix de trois sites par zone permet de
mesurer la variabilit¢ liée a I’exploitation agricole.
Trois prélevements ont été effectués sur chacun des

sites.

Figure 9. Ferralsol en Basse-Terre
Crédit : J.Sierra



Ces échantillons ont ensuite eté lyophilisés avant analyse de leur composition chimique.
Les analyses réalisées et les méthodes utilisées sont citées ci-dessous :
- Lateneur en matiére séche (chauffage a 60 °C jusqu’a poids constant)
- Lateneur en matiére organique (AOAC, 1990)
- Lateneur en azote (AOAC, 1990)
- Lateneur en matiéres azotées totales (MAT) a été estimée avec la formule: N x 6,25
- Lateneur en fibres (NDF, ADF, ADL) a été mesurée selon la méthode décrite par Van
Soest (1991)
- La teneur en tannins condensés par la méthode vanilline - H,SO,4 décrite par Laurent
(1975).
La composition des feuillages obtenue sur les échantillons lyophilisés est présentée dans le

tableau 1 (moyennes ajustées).

Tableau 1. Composition chimique de feuillage de Manihot esculenta, Leucaena leucocephala et
Cajanus cajan récoltés sur deux zones agro-pédo-climatiques en Guadeloupe.

Espéces de plantes p-value
COMPOSES e s L o e agopu 27
sp.1 sp.2 climatiques
MO (g/kg MS) 894° 904° 910" 922° 0.92 0.4991 0.0001
NDF (g/kg MS) 445° 422%® 378° 511° 2.51 0.4597 0.1157
ADF (g/kg MS) 247° 263° 189° 356° 1.21 0.4043 0.0001
ADL (g/kg MS) 109° 116° 91° 189° 0.73 0.4335 0.0003
MAT (g/kg MS) 189° 189° 262° 217° 1.33 0.4337 0.0001
Cendres (g/kg MS) 106° 96° 90" 78° 0.92 0.4991 0.0001
TC (g/kg MS) 73 60" 157° 170° 1.08 0.9546 0.0001

Manihot esculenta var. 1 : Manioc variété 1 avec une faible teneur en acide cyanhydrique.

Manihot. esculenta var. 2 : Manioc variété 2 avec une forte teneur en acide cyanhydrique.

 Vertisol et longue saison séche vs.ferralsol et courte saison séche

MO: matiéres organiques; NDF: neutral detergent fibre; ADF: acid detergent fibre; ADL: acid detergent lignin; MAT :
matiére azotée totale ; TC : tannins condenses, MS: matiéres seches

a4+ | es valeurs présentant une lettre différente pour un méme composant sont significativement différentes (p<0.05).

La composition chimique des plantes confirme leur potentiel alicamentaire en tant que
ressources riches en MAT et en TC. Les teneurs exprimées en pourcentage de matiere seche
varient de 18,9 % a 26,2 % pour les MAT et de 6,6 % a 15 % pour les TC. Le pois d’Angole

est le plus riche en composés pariétaux et le leucene plus riche en matiéres azotees totales.
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Les conditions agro-pedo-climatiques observées sur les deux zones d’étude n’ont pas
d’influence significative sur la composition en métabolites primaires (parois et protéines) et
secondaires (TC). Ce résultat était attendu car les conditions ne sont différenciées que pour les
précipitations et le sol. Un effet significatif est cependant observé selon I’espéce de la plante.
Concernant les TC, les sols de la Basse-Terre sont plus acides que les sols de la Grande-Terre,
mais la Grande-Terre connait des saisons seches plus longues. Il se pourrait donc que les
effets négatifs des sols acides en Basse Terre soient compensés par 1’absence ou 1a faiblesse
du stress hydrique.

Les résultats obtenus montrent que la composition chimique des biomasses choisies dépend
de I’espéce de la plante et non pas de la zone agro-pédo-climatique ou est effectuée la
cueillette. Aussi, nous pouvons avoir des pratiques non sélectives de récolte qui aboutiront a

un produit de composition compatible avec nos objectifs.

3.2. Evaluation de ’impact de 1’itinéraire de granulation sur la composition
des biomasses (annexe 1)

La technologie de granulation a été définie en fonction de critéres d’efficacité et de simplicité.
Nous souhaitons en effet que ce soit une technologie appropriable par le fermier afin qu’il
puisse fabriquer les granulés a la ferme. Les choix technologiques a cette échelle sont limités,
nous avons privilégié une technologie rustique. Nous avons évalué 1’impact de la granulation
sur les deux familles de molécules qui nous intéressent: les proteines et les TC (annexe 1).
Afin d’évaluer I’effet de la température sur les ressources, nous avons compare deux
méthodes de séchage: (i) un séchage solaire sous abri a la température de 25°C a 35°C dit
«naturel», (ii) un séchage artificiel en étuve ventilée a 45 °C. Le témoin étant la plante sechée
par lyophilisation. L’intérét d’un séchage artificiel a plus forte température est de voir s’il
permettrait de gagner du temps sans trop de risque sur la composition en TC. Les résultats de
cet essai sont présentés dans le tableau 2.

Les résultats montrent que les séchages solaire et artificiel entrainent une perte de TC quand
les valeurs sont comparées a celles obtenues pour les plantes lyophilisées.

Le taux de destruction pour les deux variétés de manioc, est supérieur a 40 % pour les deux
modalités de séchage. Pour le leucéne et le pois d’Angole, ce taux de destruction est de 12%
pour le séchage solaire alors qu’il est de plus de 60 % pour le séchage artificiel. Les TC du
manioc semblent donc étre plus sensibles a la tempeérature que les TC du leucene et du pois
d’Angole. Mais globalement, pour les trois ressources, le séchage artificiel entraine une perte

trop importante de TC, ce qui nous a conduits a éliminer cette modalité de conservation.
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Tableau 2. Effet de la technologie de séchage sur la teneur en tannins condensés des feuilles de
Manihot esculenta, Leucaena leucocephala et Cajanus cajan.

Teneuren TC

Espéces de plantes (9/kg MS) Erreur
. Séchage  Séchageen  tyPe
Lyophilisation - .
solaire étuve
Manihot esculenta var.1 68,3% 40,8IO 37,5b 0,871
Manihot esculenta var.2 64,62 26,4IO 33,8b 0,858
Leucaena leucocephala 154,8° 135,6" 58,7° 0,831
Cajanus cajan 172,9° 152,8° 51,4° 0,926

MS: matiére séche ;

Manihot esculenta var. 1 : Manioc variété 1 avec une faible teneur en acide cyanhydrique.

Manihot. esculenta var. 2 : Manioc variété 2 avec une forte teneur en acide cyanhydrique.

0 Les valeurs présentant une lettre différente pour un méme composant sont significativement

différentes (p<0.05).

Nous avons ensuite étudi¢ I’impact de la granulation sur la teneur en MAT et en TC. Nous
avons choisi de réaliser une granulation sans additif dans un GR 150 E de la firme
Oliotechnology. Avant la granulation, le broyage des feuilles séchées a été réalisé sur un
tamis de 2 mm. Le produit broyé doit contenir entre 10 et 15 % d’eau pour permettre une
bonne granulation. Des mesures de température montrent que cette derniére atteint 70°C lors
de I’opération de granulation. Des dosages de tannins ont été effectués sur des granulés
obtenus a partir de feuilles lyophilisées et de feuilles séchées au soleil. Les résultats obtenus
sont présentés dans le tableau 3.

Les résultats montrent que la granulation n’affecte que trés peu les tannins condensés
(diminution de I'ordre de 9 % en moyenne). En effet, méme si la température atteinte dans
I’appareil est €levée, le temps de s€jour des particules n’est pas suffisant pour endommager
les tannins condensés. Le granulateur a une capacité de de 500 kg/ heure, on estime que lors
de la fabrication, une particule de plante séchée reste dans le granulateur moins d’une minute.
Les résultats sur les granulés obtenus apres séchage solaire confirment bien que c’est 1’étape
de séchage qui est critique pour la teneur en TC. La diminution de la concentration est de 30
% en moyenne. Le couple temps et température de séchage est donc un facteur important a
contrbler si on souhaite conserver une teneur en TC compatible avec nos objectifs.
Concernant la teneur en MAT, autre critere important de la valeur alimentaire, le séchage et la
granulation n’ont pas eu d’effets sur les concentrations mesurées.

Le séchage solaire permet bien de conserver des teneurs en TC et MAT intéressantes en vue

une stratégie alicamentaire. Les résultats obtenus nous permettent de valider les procédés de

29



récolte et de granulation retenus. Il convient donc maintenant d’évaluer les propriétés

alicamentaires des granulés.

Tableau 3. Effet du procédé de granulation sur les teneurs en azote et en tannins condensés dans les
feuilles de Manihot esculenta sp., Leucaena leucocephala et Cajanus cajan.

Traitement Erreur
MAT (g/kg MS)
Manihot esculenta var.1 196,2 185,5 187,2 1,019
Manihot esculenta var.2 194,8 176,2 187,2 0,974
Leucaena leucocephala 268,4 275,5 270,9 1,019
Cajanus cajan 228,2 2215 225,5 1,096
TC (g/kg MS)
Manihot esculenta var.1 66,3 59,9 57,5 0,7381
Manihot esculenta var.2 93,12 79,72 19,2° 0,705
Leucaena leucocephala 138,8 156,9 137,9 0,7381
Cajanus cajan 172,42 148,8° 129,1° 0,7934

MS: Matiéres séches

Manihot esculenta var. 1 : Manioc variété 1 avec une faible teneur en acide cyanhydrique.

Manihot. esculenta var. 2 : Manioc variété 2 avec une forte teneur en acide cyanhydrique.

a0 es valeurs présentant une lettre différente pour un méme composant sont significativement différentes (p<0.05).

3.3. Evaluation de la valeur nutritionnelle et alimentaire des granulés
fabriqués a partir des biomasses expérimentales (annexes 2 et 3)

Nous avons évalué la valeur nutritionnelle et alimentaire en réalisant deux études.

Dans la premiére étude, nous nous sommes intéressés a la dégradabilité des protéines
contenues dans les trois ressources modéles. Cette dégradabilité est un critére important pour
mesurer la valeur protéique de la ressource (annexe 2).

La deuxieme étude a mis en évidence la réponse globale de 1’animal (ingestion, digestion,
croissance) afin d’évaluer la valeur alimentaire de la ressource consommée. Nous avons
retenu, le manioc pour cette étude car c’était la matiére premiére dont la dégradabilité était la

plus élevée (annexe 3).

Dégradabilité théorique des protéines des ressources apres granulation (annexe 2)
Nous avons évalué la dégradabilité théorique des ressources en utilisant la méthode de
dégradabilité in sacco décrite par @rskov (drskov and Mac Donald, 1979). Elle consiste a

piéger des aliments dans des sachets en nylon et a les mettre a incuber dans le rumen
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d’animaux porteurs de canules. La dégradabilité est mesurée par la disparition de 1’aliment
dans le sachet.

Deux essais ont été conduits pour évaluer I’impact de la granulation sur dégradabilité
théorique des protéines des feuilles de Cajanus cajan, Manihot esculenta et Leucaena
leucocephala. Le premier essai avait pour objectif de déterminer la composition d’un régime
alimentaire de base nécessaire a I’évaluation de la dégradabilité dans le rumen des fourrages
fibreux riches en protéines. En effet, 1’activité microbienne dans le rumen varie en fonction de
I’alimentation des animaux. Cette derniere oriente le profil de la population microbienne
(proportion de bactéries cellulolytiques, amylolytiques, protéolytiques....). Cet essai a donc
été mené pour déterminer quel régime alimentaire permettrait de maximiser la digestion des
protéines. Le deuxiéme essai a permis d’étudier la dégradation des trois biomasses chez les

moutons nourris avec le régime de base sélectionné a partir des données de ’essai 1.

Lors du premier essai, nous avons étudié 4 rations avec une teneur en protéines qui suivait un
gradient croissant : A) 1 500 g de foin Digitaria decumbens de 21 jours de repousse + 0 g de
granulés de luzerne ; B) 1 300 g de foin Digitaria decumbens de 21 jours de repousse + 200 g
de granulés luzerne ; C) 900 g de foin Digitaria decumbens de 21 jours de repousse + 600 g
de granulés luzerne ; D) 700 g de foin Digitaria decumbens de 21 jours de repousse + 800 ¢
granulés luzerne. La luzerne, plutét qu’un tourteau ou un pois, a été choisie comme source
d’apport de protéines car sa composition est plus proche de celle de nos aliments
expérimentaux. Le Glyricidia sepium a été retenu comme aliment expérimental - mis a
incuber dans les sachets - car il contient des tannins comme les biomasses choisies.

Les résultats ont montré que le régime alimentaire de base a une influence sur les niveaux de
dégradation de la matiere séche, des fibres (NDF) et des matiéres azotées totales. La
dégradabilité des protéines a augmenté de facon curvilinéaire avec 1’augmentation des
quantités de luzerne dans la ration. Un optimum a environ 200 g de luzerne dans la ration est
obtenu, ce qui correspond a environ 130 g de MAT/kg de matiere seche dans la ration de
base. Ce régime de base a donc été sélectionné pour conduire le deuxieme essai.

Ce deuxiéme essai avait pour objectif d’évaluer la degradabilité des biomasses dans le rumen
dans des conditions optimales pour la dégradation des protéines. Les feuilles de manioc, de
leucene et de pois d’Angole ont éte récoltées sur des arbustes de 12, 6 et 8 mois
respectivement. Ces biomasses ont été étudiées sous forme de feuillages verts (feuilles
lyophilisées) et sous forme de granulés. Les résultats obtenus ont montré qu’il y avait une
différence significative dans les cinétiques de dégradation des différentes composantes en

fonction du feuillage considéré et de sa forme de présentation (vert ou granulés). Les valeurs
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moyennes de dégradabilité théorique des matieres azotées en vert vs. granulé du leucéne,
manioc et du pois d’Angole ont été 44,0 vs. 64,5; 72,8 vs. 65,0 et 49,1 vs. 48,0 %.

L’effet variable de la granulation pourrait étre 1i¢ a un biais méthodologique. En effet, la taille
des particules des échantillons verts introduits dans les sachets a été en moyenne plus
grossiére pour le leucene, ce qui pourrait expliquer une faible dégradabilité.

L'absence d'effet de la granulation sur le pois peut s'expliquer par les liaisons protéines-fibres
plus fortes en raison d’une plus grande concentration en fibres (tableau 1). De méme, les
teneurs plus élevées en tannins et, éventuellement leur nature, peuvent entrainer avec les
fibres, la formation de barriéres suffisamment solides pour contrecarrer I'effet positif de
l'augmentation de la surface spécifique des particules pour l'activité enzymatique. Nous
n‘avons pas d'explication pour la diminution de la dégradabilité effective des protéines avec le
manioc en granulés, d'autant plus que ce résultat semble contradictoire avec celui enregistré
pour la matiere seche.

Globalement, les résultats montrent qu'il existe une grande variabilité dans la dégradabilité
effective des protéines a partir des biomasses expérimentales. La granulation est neutre ou a
un effet favorable sur cette valeur protéique. Ces valeurs de dégradabilité permettent de
considérer le manioc et le leucene comme de bonnes ressources protéiques alors que le pois
d’Angole a une valeur moyenne voire faible.

Nous avons complété cette approche de dégradabilité ruminale par des bilans globaux de
digestion sur I’animal. Dans un premier temps, nous avons choisi le manioc qui avait la valeur
de dégradabilité la plus élevée, puis nous avons élargi cette approche aux autres ressources

dans le cadre de I’¢tude de leurs propriétés alicamentaires (83.5.).

Valeur alimentaire du manioc (annexe 3)
Nous avons évalué I'impact de la granulation sur la valeur alimentaire d'une ration composée
de feuilles de manioc. Pour ce faire, nous avons comparé différentes réponses animales
(ingestion, digestion, croissance) a des rations mixtes contenant du foin de Dichanthium spp.
associe a des feuilles de manioc fraiches, des granulés de feuilles de manioc et des granulés de
luzerne. Les granulés de luzerne ont été introduits dans le dispositif expérimental comme
témoin d’une ressource de bonne valeur alimentaire. La composition des ingrédients est
présentée dans le tableau 4. Les quantités de granulés et de feuilles ont été fixées a 500 g/jour
en équivalent matiere seche. Le foin Dichanthium spp. était distribué a volonté. Les feuilles
fraiches de manioc et celles qui ont servi a fabriquer les granulés provenaient de la méme
parcelle. L'ingestion, la digestion et la rétention d'azote ont été mesurées sur quinze béliers
Black Belly 4gés d’un an. Ces animaux étaient placés en cages a bilan digestif afin de réaliser
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les prélévements et mesures (quantités d’aliments proposés et refusés, quantités de feces et
urines excrétées, variations de poids vifs des animaux) suivant des procédures standards
décrites dans I’annexe 3. L'expérience s'est déroulée selon un plan carré latin de 3 x 3
permettant a tous les animaux de consommer chacune des rations pendant une durée moyenne

de 4 semaines décomposée en 3 semaines d’adaptation au régime et 1 semaine de mesures.

Tableau 4. Composition chimique du foin de Dichanthium, des granulés de luzerne, et des feuilles et
granulés de manioc

Composition chimique (g/100gMS)

MS MO MAT NDF ADF ADL TC
Granulés de luzerne 91,0 85,2 21,5 63,4 35,2 8,9 0
Granulés de manioc 91,6 86,7 22,5 56,1 39,3 11,9 6,0
Feuilles de manioc 32,7 90,1 22,2 51,7 355 12,1 6,2
Foin de Dichanthium 87,3 89,9 7,5 74,9 39,7 7,2 0

MS : Matiéres séches — MO : Matieres organiques — MAT : Matiéres azotées totales — NDF : Neutral detergent fibre —

ADF : Acid detergent fibre — ADL : Acid detergent lignin - TC : Tannins condensés
La comparaison des résultats de croissance et d’azote retenu obtenus avec les deux rations a
base de manioc traduisent la réponse globale des animaux a 1’alimentation (tableau 5). Elle
indigque que la granulation ne pénalise pas la valeur alimentaire des feuilles de manioc. La
granulation permet d’augmenter la consommation de foin en lien probablement avec un
moindre encombrement ruminal et une réduction du temps de consommation du granulé
relativement au feuillage. 1l apparait aussi que le manioc a une valeur alimentaire plus faible
que la luzerne probablement a cause d’une plus faible digestibilité des protéines. La teneur
élevée du manioc en TC penalise la digestion totale de 1’azote et réduirait la disponibilité
intestinale des protéines et en conséquence la croissance des animaux. Les granulés de manioc
permettent une croissance moyenne, identique a celle observée avec les feuillages frais. La
granulation n'entraine pas une augmentation d'émissions d'azote via les excrétions fécales et
urinaires. Au regard des performances de croissance obtenues avec le manioc qui a une
composition chimique proche de celle de la luzerne, le critere de teneur en protéines ne
semble pas étre, a lui seul, un bon critére pour prédire la valeur alimentaire des feuillages
comme supplément. La consommation des rations a base de granulés de manioc tend a étre
plus élevée (P < 0,12) que celle mesurée avec les rations a base de feuilles vertes de manioc.
L'ingestion de matiere séche est plus faible (P < 0,05) avec le régime a base de feuilles vertes

de manioc qu'avec le régime a base de granulés de luzerne.
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Tableau 5. Ingestion, digestibilité, taux de renouvellement, excrétion d’azote fécal et d’azote urinaire,
azote retenu et GMQ de béliers Black Belly nourris avec des rations mixtes composées de foin de
Dichanthium mélangé a des feuilles de manioc ou des granulés de manioc ou des granulés de luzerne.

Foin/ Foin/ Foin/
granulés  Feuilles granulés igsg P value
luzerne manioc manioc

Ingestion

Ingestion totale MS (g/LW®™®) 79,5° 67,6b 73,7 3,10 0,013
Ingestion MS foin (g/LW°7) 41,1° 33,2b 39,4 2,31 0,050
Ingestion MS granulé (g/LW°7™) 38,2 34,4 34,3 1,68 0,109
MO (g/j) 992,6% 872,0° 961,1% 34,36 0,054
MAT (g/j) 167,7 159,6 165,6 5,39 0,485
NDF (g/j) 795,5° 600,1° 734,7° 26,51 0,000
ADF (g/j) 423,9° 346,9° 431,7° 26,0 0,001
Digestibilité

MO (%) 0,591 0,550 0,539" 0,0183 0,077
MAT (%) 0,674 0,520° 0,539" 0,0246 0,000
NDF (%) 0,657 0,569" 0,611° 0,0164 0,001
ADF (%) 0,592° 0,471° 0,544° 0,0194 0,000
Taux renouvellement ADL rumen (%o/h) 0,037 0,039 0,037 0,0029 0,519
Excrétion fécale N (g/j) 8,7° 11,6° 12,2% 0,80 0,001
Excrétion urinaire N (g/j) 8,7 8,0 8,3 0,49 0,440
N retenu (g/j) 9,4 5,9° 6,0 0,93 0,018
GMQ (g/j) 159,0° 86,0 82,0° 211 0,010

MS: Matiéres seches — MO: Matiéres organiques — MAT: Matieres azotées totales — NDF: Neutral detergent fibre
— ADF: Acid detergent fibre -GMQ: Gain moyen quotidien

a b, ¢, Les valeurs présentant une lettre différente pour un méme composant sont significativement différentes
(p<0,05).

Il n’y a pas de différences significatives entre les régimes contenant les granulés. La digestion
totale de la matiére organique, des matiéres azotées totales et des parois (NDF, ADF) des
régimes alimentaires a base de feuilles vertes et de granulés de manioc est significativement
plus faible que dans le régime a base de granulés de luzerne. La digestion totale des MAT est
similaire pour le feuillage vert et les granulés de feuilles de manioc, tandis que la digestion
des fibres est plus faible avec les régimes a base de feuilles vertes de manioc. La croissance
est similaire pour les animaux consommant les rations a base de manioc, mais plus faible que
celle relevée avec la luzerne. En conclusion, la granulation ne diminue pas la valeur
fourragére du feuillage du manioc, mais cette valeur est néanmoins inférieure a celle de la

luzerne.
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3.4. Evaluation de la valeur anthelminthique des granulés fabriqués a partir
des biomasses expérimentales (annexe 4)

La mise au point d’un granulé avec des propriétés alicamentaires suppose que les propriétés
anthelminthiques des biomasses soient préservées de facon suffisante, apres leur
transformation, pour avoir I’effet escompté sur les parasites. Afin d’évaluer cette activité dans
les granulés, nous avons vérifié I’existence de propriétés anthelminthiques des extraits de TC
provenant des granulés des trois biomasses et de leur mélange. Ces essais ont été menés in
vitro sur deux phases de vie du parasite (intra et extra-héte):

e Le test d’inhibition du développement larvaire (LDIA) permet de mesurer 1I’impact des
TC sur I’inhibition du développement de la larve d’Haemonchus contortus du stade L1
au stade L3 (phase de vie libre).

e Le test d’inhibition du dégainement larvaire (LEIA) permet de mesurer I’efficacité des
TC sur I’inhibition du dégainement de la larve d’Haemonchus contortus. Cette phase est
indispensable au début de la vie parasitaire du nématode.

Compte-tenu des relations existant entre la structure et les activités des TC (encadré 6) nous
avons caractérisé les extraits en déterminant leur profil HPLC et leur teneur en monomeres de

flavan-3-ols.

Mise en évidence des propriétés anthelminthiques

L’expérimentation a été menée avec des extraits acétone/eau (70/30) de TC provenant des
granulés obtenus aprés apres séchage solaire des trois feuillages. Le témoin était constitué des
extraits acétone/eau des feuilles aprés lyophilisation. Un échantillon mélange a été constitué
(mélange de 1 tiers de chacun des extraits).

Nous avons souhaité travailler sur des extraits de tannins condensés pour évaluer 1’activité
spécifique de ce type de molécules et éviter les biais li€s a la présence d’autres composés
pouvant également avoir des effets anthelminthiques.

Pour le test LDIA, les larves L1 ont été soumises a des doses croissantes de TC (0, 0,1, 0,5,
1,25, 2,5 and 5 mg/ml) de chaque extrait et du mélange. Aprés incubation, le pourcentage de
développement larvaire a été calculé avec le ratio:

Nombre de L3 par puits

% dével t=
% developpemen Nombre total de larves par puits

Pour le test LEIA, les larves L3 engainees ont eté soumises a des doses croissantes de TC
(0,05, 0,25, 0,5, 1,25, 2,5 mg/ml) de chaque extrait et du mélange et ensuite soumises au
processus de dégainement. Le pourcentage de dégainement larvaire est calculé de la fagon

suivante :
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L Nombre de L3 dégainées par puits
% dégainement =

Nombre total de larves par puits

Les résultats des tests anthelminthiques sont présentés en figures 10 et 11 (effets
dose/réponse).

Pour chacun des extraits, les concentrations efficaces médianes (ECsp), c’est-a-dire les
concentrations pour lesquelles ’effet observé est a 50 % de son maximum ont été calculées

grace a un traitement statistique, Les résultats sont représentés en figures 12 et 13.
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Figure 10. Pourcentage du développement larvaire de Haemonchus contortus
en fonction de la concentration en tannins condensés (mg/ml)
L’inhibition du développement et du dégainement larvaires sont dose-dépendants (figures 10
et 11). Cependant, des différences d’activités ont tout de méme été relevees. Le manioc est
plus efficace pour inhiber le développement larvaire que le leucéne et le pois (figures 10 et
12). En revanche, le leucene et le pois d’Angole sont plus efficaces que le manioc pour

inhiber le dégainement larvaire (figures 11 et 13).
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Figure 11. Pourcentage du dégainement larvaire de Haemonchus contortus
en fonction de la concentration en tannins condensés (mg/ml)
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Figure 12. Concentration effective médiane des extraits de tannins condensés pour
le développement larvaire de Haemonchus contortus
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Figure 13. Concentration effective médiane des extraits de tannins condensés pour le dégainement
larvaire de Haemonchus contortus

La comparaison des ECsy entre feuilles et granulés montre que la granulation diminue
1égérement I’efficacité des tannins condensés (sauf pour le pois d’ Angole), mais elle n’annule
pas I’effet anthelminthique (figures 12 et 13).

La comparaison des ECs, entre les trois especes et le mélange, dans le cas du dégainement
larvaire, montre que la concentration efficace du mélange est proche de celle du leucene et du
pois d’Angole, alors méme que le manioc est moins efficace. Ceci permet de montrer une
action synergique contre le dégainement larvaire des tannins condensés et/ou d’autres
molécules présentes dans I’extrait. Ce résultat est retrouve pour les granulés.

En revanche, nous n’avons pas mis en évidence d’effets synergiques contre le développement
larvaire, car la concentration efficace médiane du mélange est la moyenne arithmétique de

celles des trois espéces.

Composition des extraits — profil HPLC et teneur en flavan-3-ols,

Nous avons réalisé les profils HPLC des extraits (figure 14) et déterminé les teneurs et la
nature (PC ou PD) des flavan-3-ols libres (figure 15) pour savoir si des différences de
composition pourraient expliquer les différences d’activité relevées.

Les pics obtenus sur le chromatogramme ont été comparés sur la base de leur absorbance
maximale (Amax) et de la différence de temps de rétention (ART) par rapport au standard
interne (acide benzoique). Les composés présentant le méme Anax et le méme ART ont été

considérés comme potentiellement identiques.
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Figure 14. Composition des extraits de tannins condensés de de C. cajan,
L. leucocephala, M. esculenta et du mélange

Le manioc a une composition différente de celle des trois autres extraits, a cause de la
présence d’une plus large proportion du composé 4 (71,8% contre 50 % en moyenne). Les
différences d’activité que nous avons relevées pourraient donc étre expliquées par la
différence de composition des TC dans les especes de plantes choisies.

Les teneurs totales en monomeres de flavan-3-ols dans les extraits ont été mesurées et
I’identification en PC ou PD de ces derniers a également été réalisée. Les résultats sont
présentés en figure 15. La granulation a augmenté le pourcentage en flavan-3-ols libres de
tous les extraits. Les prodelphinidines sont plus abondantes chez le pois d’Angole, le leucéne
et le mélange. Ces deux parametres pourraient expliquer le maintien d’une activité
anthelminthique non négligeable dans les granulés malgré une diminution de la concentration
en TC lié au procédé de granulation (tableau 2).

L’étude des effets anthelminthiques in vitro nous permet de conclure que le développement de
granulés a propriétés alicamentaires va dépendre du choix des plantes qui contiennent les
composés actifs, car la granulation agit peu sur les propriétés anthelminthiques. Le mélange
de plantes peut avoir un intérét a cause de I’existence d’effets synergiques. Les propriétés
anthelminthiques in vitro des granulés étant verifiées, 1’étude suivante a permis de mesurer les

réponses physiologiques de 1’animal infecté aprés consommation de granulés.
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Figure 15. Proportion de monomeéres de Procyanidines et de Prodelphinidines
dans les extraits de TC

3.5. Compromis entre valeur alimentaire et propriétés anthelminthiques pour
les alicaments (annexe 5)

Nous avons évalué la valeur alimentaire et anthelminthique de feuillages riches en protéines et
tannins condensés. Pour ce faire, nous avons comparé différentes réponses animales
(ingestion, digestion, croissance) et indicateurs de santé (excrétion fécale d’ceufs, taux
d’hématocrite, nombre d’éosinophiles) de chevreaux ingérant I’'une des 6 rations suivantes :
du foin de Dichanthium spp. et 5 rations mixtes composées d’un foin Dichanthium spp.
associé a un granulé des quatre biomasses suivantes: luzerne, leucéne, manioc et pois
d’Angole, ainsi qu’a un mélange de ces 3 derniers granulés. La luzerne a été introduite dans le
dispositif expérimental comme témoin d’un aliment riche en protéines mais ne contenant pas
de tannins. Six groupes de 7 a 10 chevreaux ont été constitués. lls ont été conduits hors
parasite pendant 6 semaines afin de mesurer les parametres strictement liés a la réponse de
I’animal a la ration proposée. Puis cinq groupes ont été infestés avec une dose orale de 10 000
larves L3 (le groupe Dichanthium spp n’a pas été infecté) et ont été conduits pendant 6

semaines pour mesurer les indicateurs de sante.

La composition des ingrédients composant les rations est présentée dans le tableau 6.
Les granulés des biomasses sont différencies par : i) leur concentration en TC (plus élevée
avec le pois d’Angole et plus faible avec le manioc ; ii) leur teneur en NDF (plus élevées avec

le pois d’Angole et le manioc, plus faible avec le leucéne); iii) leur teneur en MAT (plus
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faible avec le pois d’Angole alors que le leucéne et le manioc ont des teneurs similaires). Le

leucéne a une composition proche de la luzerne hormis la présence des tannins condensés.

Tableau 6. Composition chimique des granulés de foin de Dichanthium, de luzerne, de leucéne, de
manioc et de pois d’Angole (exprimée en % de matiére seche)

MAT NDF ADF ADL TC
Foin de Dichanthium spp 7,2 73,5 39,0 6,2 0
Granulé de luzerne 17,9 31,3 21,9 5,6 0
Granulé de leucéne 21,8 28,8 18,6 10,3 12,3
Granulé de manioc 20,5 46,3 32,7 16,6 7,7
Granulé de pois d’ Angole 15,9 47,4 34,1 16,6 21,3

MAT : Matieres azotées totales — NDF : Neutral detergent fibre — ADF : Acid detergent fibre — ADL : Acid
detergent lignin - TC : Tannins condensés

La consommation de matieres seches augmente avec I’introduction de granulés dans la ration,
(tableau 7) mais I’ingestion du fourrage pauvre diminue, comme il est classiquement observé
dans les rations mixtes, quand 1’apport de supplément est important (Patra, 2010a, b). Il n’y a
pas de différences d’ingestion de MS entre les rations a base de luzerne, de leucéne et de
manioc alors que I’ingestion est plus faible avec le pois d’Angole. Les différences d’ingestion
des rations vont dans le méme sens que celles de la digestibilité du NDF des rations, ce qui
indiquerait que 1I’encombrement des rations a été plus élevé avec le pois d’Angole. Au regard
de I’absence de différences significatives de 1’excrétion urinaire d’azote, on peut faire
I’hypothese d’une absence de différences significatives dans la fermentescibilité ruminale de
I’azote des différents granulés, bien que les données sur les cinétiques de dégradabilité in
sacco de ces ressources indiquaient une plus faible solubilité des protéines du manioc
(Minatchy annexe n° 2, soumis).

Les GMQ des animaux témoignent d’une bonne valeur alimentaire du leucéne qui entraine
des croissances similaires a celles observées avec la luzerne. A 1’opposé, le pois d’Angole
aurait une valeur plus faible bien qu’il contribue a augmenter fortement la croissance
enregistrée avec le foin seul. Il n’y a pas eu de différences significatives dans les indices de

consommation. Quelle que soit la ration considérée, ces indices étaient moyens a bons.

41



Tableau 7. Ingestion, digestibilité, GMQ, indice de consommation, excrétion d’azote fécal et d’azote
urinaire de chevreaux nourris avec des rations mixtes de granulés composés de Dichanthium, de
luzerne, de manioc, de leucene, et de pois d’ Angole.

Pois X . . Dichanthium Erreur
& Angole Leucéne Manioc Mélange spp Luzerne type

Ingestion

MSt ingéré (g/j) 414,2b 455,1a  4475a 404,0b 312,4c 444,5a 14,5 0,001
MSt ingéré (g/PV°7%/j) 57.4b 626a  6l4a  56,3b 41,2¢ 626a 181 0,001
Foin ingéré (g/PV°"/j) 32,1b 36,4a 36,4a 31,2b 41,2¢c 38a 1,69 0,001
MSD ingérée (g/PV°™) 31,8c 38,1a 35,5b 30,5¢ 27,3d 41,2a 0,90 0,001
MAT (9/j) 45,8d 60,1a 56,3b 50,3c 22,6e 50,8f 0,79 0,001
NDF (g/j) 256,7a 252,8a 279,0b  236,6ad 229,5d 253,3a 8,23 0,001
TC (9/j) 38,8d 22,6a 14,0b 24,4c 0,0e 0,0e 0,07 0,001
Digestibilité

MS (%) 53,9b 60,4a 55,9b 53,5b 61,9a 63,6d 1,78 0,001
MAT (% 44,8c 53,2a 48,9b 45,1b 41,6¢ 58,5d 1,77  0,0001
NDF (%) 60,5b 64,3a 62,9a 59,2b 71,5c 67,9d 1,52 0,0001
GMQ (g/j) 59,1a 70,7a 66,9a 60,6a 26,4b 70,3a 1,78 0,0262
;Ti‘r‘::;gekzogs&'gma“o”’ kg 9,8 8,1 9,0 12,1 13,2 90 223 03327
Excrétion N fécal (g/j) 4,4b 3,6a 4,1b 4,4b 4,7b 3,3a 0,228 0,0001
Excrétion N urinaire (g/j) @ 1,2 1,0 0,8 1,0 1,2 0,193 0,4807

PV : Poids vif - MSt: Matiéres séches totales — MSD : Matieres séches digestibles — MAT : Matiéres azotées totales —
NDF : Neutral detergent fibre — MS : Matieres seches - TC : Tannins condensés — GMQ : Gain moyen quotidien

ab, ¢, Les valeurs présentant une lettre différente pour un méme composant sont significativement différentes (p<0,05).

@: les moyennes sont comparées pour une méme quantité d’azote ingérée

La réduction significative du nombre d’ceufs par kg de feces (OPG) (figure 16), avec les
fourrages riches en TC, confirme I’activité anthelminthique de ces molécules. Nos résultats
indiquent que cette activité varie avec la ressource et qu’elle n’est pas proportionnelle a la
concentration en TC. La variabilité de 1’activité anthelminthique des TC en lien avec leur
composition et structure est mentionnée dans la littérature (Mueller-Harvey et al., 2019).
Dans I’expérimentation, I’interprétation des données obtenues avec le manioc est compliquée
du fait d’une trés forte contamination observée dés le 14°™ jour sur 2 chevreaux, ce qui
pourrait indiquer qu’ils n’étaient pas indemnes de parasites au début de 1I’expérimentation.
Dans notre expérimentation, la réduction de I’excrétion d’ceufs a été expliquée par une
réduction de la fécondité des vers femelles installés dans la caillette dont le nombre n’a pas
varié avec la ration. L’activité des TC sur la réduction de la fécondité des vers femelles en

lien avec ’association des TC avec les protéines impliquées dans leur métabolisme est aussi
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retrouvée dans la littérature (Mueller-Harvey et al., 2019). L’hématocrite a logiqguement
réguliérement diminué a partir du 14°™ jour d’infestation du fait de I’activité hématophage
d’Haemonchus contortus. Les granulés se sont aussi différenciés sur ce critere. La baisse
d’hématocrite a été globalement plus faible avec le leucene et plus forte avec le manioc. Ces
différences traduisent des capacités différentes qu’ont les animaux a compenser les pertes
occasionnées par le parasite hématophage. Ces différences pourraient étre liées aux quantités
et profils d’acides aminés absorbés par les caprins (Houdijk et al., 2005). Aucune différence
significative n’a été relevée dans 1’évolution post infestation de 1’éosinophiliec bien que les
valeurs aient été en moyenne plus élevées avec les granulés contenant des TC

comparativement a la luzerne.

Dans nos conditions expérimentales, avec le leucéne, nous n’avons pas observé d’opposition
entre la valeur anthelminthique et alimentaire, en lien avec la concentration en tannins. Les
résultats obtenus avec le pois d’Angole, qui est la ressource la plus riche en TC, pourraient
indiquer un effet dépressif de ces derniers sur la digestion des protéines mais en contrepartie
I’activité anthelminthique est plus faible que celle observée avec le leucéne. Ces résultats
interpellent sur I’optimum des concentrations pour obtenir le bon compromis entre I’activité
anthelminthique et la valeur nutritionnelle des aliments. La tendance générale dans la
littérature est d’indiquer la valeur de 4-5 % comme teneur maximale au-dela de laquelle la
valeur protéique de la ressource serait pénalisée (Mueller-Harvey, 2006). La littérature
indique aussi une augmentation de 1’activité anthelminthique avec la concentration de TC
dans les fourrages (Cherry et al., 2014). La gestion des concentrations en tannins pour
optimiser la fonction alicamentaire semble plus complexe car il faut aussi considérer la
composition et la structure des tannins. Il faut par ailleurs prendre en compte le taux
d’incorporation du supplément dans la ration mixte. Dans une méta-analyse, Patra (2008)
montre que le taux d’incorporation des suppléments permettant d’optimiser la digestion du
fourrage pauvre se situe autour de 20 % alors que la valeur de 40 % est utile pour maximiser
la croissance de moutons. Dans un essai visant a évaluer 1’effet dose de 1’apport de leucene
sur I’activité anthelminthique, Marie Magdeleine et al (non publi€é) montraient qu’une
incorporation de 25 % de leucéne dans la ration ne permettait pas d’observer une activité
anthelminthique. Cette derniére apparaissait autour de 50 % de supplément dans la ration.
L’ensemble de ces résultats semblent indiquer que des taux élevés de supplément dans la

ration seraient nécessaires pour maximiser les performances animales.
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Figure 16. Excrétion d'ceufs de Haemonchus contortus dans les féces de chevreaux nourris avec une
ration mixte de foin de Dichanthium et de granulés.

4. Discussion génerale et perspectives

4.1. Acquis du travail et limites de la stratégie mise en ceuvre.

L’objectif de cette thése était « I’évaluation d’une stratégie de valorisation de biomasse
végétale en alicaments anthelminthiques pour les petits ruminants dans les systemes
polyculture élevage». Ce travail, qui a été abordé sous un angle strictement biotechnique,
permet de conclure qu’il est possible, a I’échelle de I’exploitation agricole, de produire des
granulés de bonne valeur alimentaire et anthelminthique avec des coproduits de culture. Les
valeurs alimentaires et anthelminthiques s’expliquent par la composition chimique des
biomasses qui restent riches en protéines et en tannins condensés aprés la transformation
(faible impact des conditions agro-pédo-climatiques, impact modéré du séchage solaire sur les
teneurs en tannins condensés et absence d’effet de la granulation sur la composition
chimique). Nous n’avons pas observé d’effet synergique ou antagoniste du mélange de
plantes sur les propriétés alimentaires et anthelminthiques.

Nos resultats expérimentaux sont globalement en cohérence avec la littérature. Il est connu
que les caractéristiques du sol affectent principalement la teneur minérale des plantes.
L’¢lévation des températures entraine une faible augmentation de la teneur en fibres, une
réduction des glucides solubles. La teneur en TC peut augmenter avec les températures et le

stress hydrique, mais dans le contexte guadeloupéen, les températures varient peu et les
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biomasses experimentales choisies sont des plantes adaptées au stress hydrique (ce dernier

n’ayant pas été important lors des expérimentations).

Les propriétés anthelminthiques des ressources, en lien avec leur teneur en tannins condenseés,
ont été confirmées et les animaux infectés ont tous eu une bonne croissance quand ils étaient
alimentés avec les granulés. Ainsi, la stratégie que nous avons étudiée peut donner des
résultats probants a condition de choisir judicieusement les co-produits a utiliser (riches en
protéines et en tannins) et d’utiliser un séchage solaire a basse température (25 a 35 °C).
Cependant, au niveau alicamentaire, nous avons observe une importante variabilité dans les
réponses (croissance, santé) des animaux nourris avec des biomasses dont les teneurs en
métabolites primaires et secondaires étaient relativement proches. Cette variabilité souleve
certaines questions:

1) Comment prédire la valeur protéique des ressources riches en TC ?

2) Quel doit étre le taux d’incorporation des ressources riches en TC dans les rations

mixtes afin d’optimiser le compromis valeur alimentaire/valeur anthelminthique?

Nos résultats relatifs a la prédiction de la valeur protéique en utilisant la dégradabilité in
sacco sont en décalage par rapport aux croissances observées in vivo chez les chevreaux
consommant les différentes rations mixtes. Les valeurs absolues et relatives des GMQ et des
indices de consommation montrent que toutes les biomasses expérimentales étudiées sont de
bons aliments alors méme que la dégradabilité théorique et la digestibilit¢ de I’azote
présentent des différences significatives pour ce qui est de la valeur protéique. Par ailleurs, les
résultats relatifs a la digestibilité pourraient sous-estimer la valeur protéique des biomasses
expérimentales. L'ensemble de ces résultats incite a lancer un travail méthodologique en vue
de prédire la valeur protéique des biomasses riches en tannins.

Le taux d’incorporation des biomasses expérimentales dans les rations des deux essais
conduits sur animaux était relativement élevé (supérieur a 40 %). Ce taux d’incorporation est
potentiellement un outil de pilotage de la valeur alicamentaire de la ration. Il est connu que
dans les rations mixtes associant un fourrage pauvre et un aliment riche en protéines, des
interactions digestives positives sont maximales autour de 25 % d’incorporation du
supplément dans la ration (Patra, 2008; Niderkorn and Baumont, 2019) avec une réponse de
type curvilinéaire. Par contre, les croissances maximales sont observées au-dela de 40 %
(Patra, 2008) ce que confirment nos résultats. Nous n’avons pas d’effet toxique des biomasses
expérimentales. Cependant ce dernier aspect devrait constituer un point de vigilance au regard

des résultats de la littérature relatifs a la toxicité des tannins (Frutos et al., 2004), et
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d’observations récentes réalisées (chute de poils) a 'INRA URZ qui indiqueraient une
toxicité liée a un exces d’azote fermentescible dans le rumen. Les taux élevés d’incorporation
de biomasses riches en tannins dans les rations seraient par contre nécessaires pour garantir le
potentiel anthelminthique.

La stratégie que nous avons proposée fournit des indications sur les trois criteres qui
permettent d’évaluer un alicament : le critére nutritionnel, la concentration en composés
bioactifs et les effets sur la santé (encadré 4). D’autres investigations doivent cependant étre

menées pour mieux définir les modalités d’utilisation de 1’alicament.

4.2. Enjeux a [’échelle du systeme polyculture élevage

En plus de la valorisation de ressources non conventionnelles pour I’alimentation et la santé
des animaux, les interactions entre cultures et élevage dans les SPE permettent (i) de limiter la
dégradation du bilan carbone du sol et de mieux gérer I’azote par l’incorporation des
déjections animales, (ii) de réduire I’achat d’intrants a la ferme comme les aliments et

fertilisants (figure 17).

Le bilan carbone a I’échelle de I’exploitation agricole

Un des réles importants des SPE est de préserver le stock de carbone via le recyclage de la
matiére organique (MO) soit directement sous forme d’engrais verts, soit via le recyclage des
déchets animaux. Pour optimiser le fonctionnement des SPE, les exportations de MO
devraient étre limitées aux denrées alimentaires (ex: lait et viande).

Dans les SPE ou la base de I’alimentation des animaux est constituée par les coproduits de
culture, I’un des défis est le maintien, voire 1’augmentation, du stock de MO au niveau de
I'norizon de sol travaillé. Ce stock contribue aux bonnes propriétés physiques du sol: stabilité
structurale, résistance a la battance et a I’érosion, facilité de travail, vitesse de ressuyage,
qualité de I’enracinement. .. Il garantit aussi les qualités biologiques et la fertilité chimique du
sol: fourniture d’azote, disponibilité du phosphore et du potassium, des oligo-éléments... Le
sol est aussi un puits de stockage de carbone.

Si nous faisons I’hypothese d’une alimentation des ruminants d’élevage basée uniquement sur
des coproduits de culture, et sur la base d’un indice de consommation de 12 kg de maticre
organique/kg de croit (résultat de la thése), I’exportation de MO est d’environ 24 tonnes par
tonne de viande commercialisée (soit 12 tonnes de MO provenant des feuillages avec une
ration mixte 50/50). Ce calcul fait I’hypothése que la viande représente la moiti¢ du croit.
Afin de préserver sa fertilité, il convient que la totalité des féces et de 1’urine soit restituée au

sol.
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Dans notre scenario, nous utilisons des biomasses qui peuvent étre essentiellement recyclées
sous forme d’engrais verts sur 1’exploitation agricole. Ce n’est pas 1’usage qui en est fait
aujourd’hui, car les agriculteurs gérent les biomasses sans forcément les enfouir. La solution
permettant de compenser 1’exportation des biomasses est de recycler les déjections animales
sur I’exploitation agricole, soit selon nos résultats de bilan digestif une moyenne de 250 g de

MO et 20,5 g d’azote pour un kg de feuilles (base matiere séche) consomme.

Prairies (paturage) .
Animaux
ALIMENTATION ANIMALE :
Fourrages
Co-produits Co-produits fibreux de culture
de culture
Biomasses riches en GRANULATION RUMINANTS
TC et protéines ALICAMENTS ANTHELMINTHIQUES
RETOUR DE MATIERE ORGANIQUE :
Cultures Epandage des déjections (féces — urines) Déjections
Refus alimentaires .
animales

Force de travail Force de travail

< HUMAIN ] >

Produits végétaux < Produits animaux
|

Nourrir —produits végétaux

Nourrir et soigner

Nourrir —produits animaux

Préserver la valeur
agronomique du sol

Figure 17. Représentation schématique d’un systéme polyculture élevage intégrant la
valorisation des biomasses anthelminthiques
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Amélioration de la performance économique des SPE

L’utilisation des co-produits permet de réduire 1’achat d’aliment commercial et d’augmenter
ainsi ’autonomie de I’exploitation. Dans le cadre de notre étude, la réduction est de 4,3 kg de
granulé par kg de croit. Ce résultat a été estimé sur la base des indices de consommation
observés en tenant compte de la proportion des feuillages constituant la ration soit 48 % de la
matiere ingérée (Tableau 7).

Cependant, cette étude a été abordée sous un angle strictement biotechnique alors que des
considérations économiques et de temps de travail pourraient limiter 1’intérét de 1’innovation.
Ainsi le calcul des temps de travail nécessaires a la fabrication des granulés permet de
déterminer un cout de production du granulé de 0,80 €/kg alors que le prix de vente des
aliments commerciaux similaires est de 0,52 €/kg. Cette approche grossiere doit étre affinée
car le temps de travail considéré inclut un temps de récolte qui rentre partiellement dans la
gestion de la culture par 1’agriculteur et les estimations sont basées sur du travail entierement

manuel sans recherche d’optimisation du temps (avec un outillage adapté par exemple).

Autres enjeux environnementaux
L’utilisation des co-produits de culture en tant qu’alicament permet également un maintien de
la biodiversité cultivée sur 1’exploitation, ainsi qu’une diminution de la présence

d’anthelminthiques de synthese dans 1’environnement.

4.3. Perspectives
La réalisation de ce projet a révélé des lacunes de connaissances, notamment pour les
méthodes analytiques susceptibles de caractériser les alicaments et permet également

d’envisager des scenarii d’optimisation des systeémes alimentaires retrouvés dans les SPE.

Meéthodologie pour évaluer la valeur protéique, estimer la teneur en TC et le potentiel
anthelminthique des biomasses riches en tannins condensés
- Evaluation de la valeur protéique des biomasses riches en TC

L’impact des TC sur la dégradation des protéines et des fibres des biomasses riches en tannins
nécessiterait une étude spécifique de la méthode d’évaluation de la valeur protéique de ces
ressources. La valeur protéique des aliments est pilotée par deux variables majeures que sont
la dégradation des protéines alimentaires dans le rumen qui conditionne le flux de protéines
alimentaires dans I’intestin, et la digestibilité intestinale des acides aminés. La dégradation
ruminale des protéines alimentaires est classiqguement estimée a partir de leur dégradabilité
théorique dans le rumen et mesurée par la méthode des sachets mis a incuber dans ce

compartiment. La digestibilité réelle des acides aminés d’origine alimentaire dans I’intestin
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gréle est estimée par la méthode des sachets mobiles dans I’intestin. Les résultats de ces
méthodes prédictives sont ensuite précisés avec des mesures directes sur des animaux équipés
de canules. Aujourd’hui, les bases de données qui permettraient de réaliser cet ajustement
sont encore insuffisamment documentées. Par ailleurs, il conviendrait aussi de s’interroger sur
le flux de protéines microbiennes, théoriquement proportionnel a la quantité de MO dégradée
dans le rumen, mais il n’est pas exclu que I’efficacité des synthéses microbiennes soit
modulée par la présence des TC qui pourraient avoir une influence sur I’activité enzymatique
des microbes (Bayourthe and Ali-Haimoud-Lekhal, 2014). La caractérisation de la valeur

protéique des biomasses riches en TC pourrait donc constituer une question de recherche.

- Estimation et comparaison de la teneur en tannins des biomasses
Malgré les nombreux progrés accomplis, des déterminations précises et répétables des
concentrations de tannins condensés dans les biomasses sont perfectibles. Les concentrations
en TC supérieures a 10 %, pour des métabolites dits secondaires, interpellent. Au-dela, la
comparaison des biomasses sur la base de leur teneur en TC est biaisée car aucun des témoins
utilisés (TC des biomasses dosées, quebracho...) n’est satisfaisant. Le profil des TC des
différentes espéces de plantes est «spécifique». Un témoin composé d’une large gamme de
TC pourrait améliorer la comparaison entre biomasses riches en tannins. Des méthodes
alternatives, tel le NIRS, pourraient aussi étre utilisées d’autant plus que les récents
développements font état d’une précision satisfaisante (Lehmann et al., 2015). Ces

méthodologies et adaptations pourraient aussi faire I’objet de travaux de recherche.

- Prédiction de ['activité anthelminthique et définition des modalités d’utilisation des
biomasses riches en tannins condensés.

L’évaluation du potentiel anthelminthique des biomasses riches en TC est a préciser car la
seule concentration en TC ne rend pas entierement compte de leur bioactivité. 1l y a un effet
specifique de la ressource qui est probablement a relier au profil des TC. Les plantes
contenant une majorité de TC de type procyanidine seraient beaucoup plus répandues que les
plantes contenant des TC de type prodelphinidine, mais ces derniers ont de meilleures
propriétés anthelminthiques. De plus, beaucoup de plantes contiennent des mélanges PC/PD
(Mueller-Harvey et al., 2019).
Par ailleurs, les tannins hydrolysables (tanins galliques ou ellagiques) auraient de fortes
activités antiparasitaires, nématocides et antimicrobiennes alors que leurs effets sur la

nutrition et la santé sont peu étudiés (Mueller-Harvey et al., 2019).
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Les propriétés anthelminthiques des feuillages ont été mises en évidence avec de forts taux
d’incorporation et une consommation réguliére. Quelles seraient les conséquences d’une
consommation discontinue des granulés? La réponse a cette question peut orienter la gestion

des biomasses alicamentaires dont la disponibilité peut étre saisonniére.

Optimisation du systéme alimentaire

Dans le cadre de 1’étude, le fourrage de base était le Dichanthium produit sur du paturage.
Afin d’optimiser I’utilisation des surfaces cultivées, il peut étre opportun d’étudier la
substitution de tout ou partie du fourrage de base classique par des co-produits de valeur
nutritionnelle équivalente. Cette approche nécessiterait un travail de modélisation du systeme
alimentaire pour ’homme qui prendrait en considération la valorisation de co-produits fibreux

et/ou énergétiques issus des productions vivrieres et/ou industrielles.

Conclusion

Le séchage solaire sous serre, suivi de la granulation des biomasses expérimentales riches en
protéines et TC, permet de produire des granulés de bonne valeur alimentaire et
anthelminthique. L’optimisation de ces propriétés alicamentaires est obtenue quand le taux
d’incorporation des granulés dans les rations est élevé. L’espece de plante est le principal
facteur de variation de leur valeur alicamentaire. Afin d’aller plus loin dans la stratégie
d’évaluation, des recherches complémentaires doivent étre effectuées pour produire des
indicateurs de valeur protéique et de valeur anthelminthique en se référant a 1’analyse de la
composition chimique des biomasses (teneurs en tannins et structure biochimique de ces
derniers, mais aussi autres molécules pouvant avoir un effet anthelminthique). Les modalités
de consommation par 1’animal (fréquence, taux d’incorporation dans la ration) sont également

a étudier en vue d’optimiser 1’effet de 1’alicament.
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In tropical and subtropical countries, livestock productivity may be affected by the availability of food
resources and the high prevalence of gastrointestinal pathogenic nematodes. The classical method of
control using anthelmintic drugs is becoming decreasingly efficient because of a generalised
resistance of the gastrointestinal nematodes suppress (GIN) to most of the drugs. In small farms,
protein-rich biomasses with significant amounts of condensed tannins (CT), which are known to have
anthelminbtic properties, might be good candidates to produce nutraceuticals. This experiment was
conducted to determine the feasibility of producing nutraceutical pellets from Manihot esculenta sp.,
Cajanus cajan and Leucaena leucocephala, considering the influence of agro-pedo-climatic conditions
plant species and technological factors, such as drying and pelleting. The samples were harvested in
two different agro-pedo-climatic zones and sundried under shelter (at 25 to 35°C) or in a ventilated oven
(45°C) before pelleting. Chemical analysis on crude protein and condensed tannins were conducted.
The chemical composition of the plants did not vary significantly with agro-pedo-climatic conditions.
Sun-drying and oven-drying decreased the CT content of the plants. No effect of pelleting was recorded
on crude protein and CT contents, except for C. cajan, for which a small decrease in CT content was
observed. Protein-rich foliage types with CT contents above 50 g/kg of dry matter are potentially good
candidates to produce nutraceutical pellets if they are dried using mild drying conditions, like sun-
drying under shelter.

Key words: Condensed tannins, nutraceuticals, drying, pelleting processes.

INTRODUCTION

Livestock productivity can be affected by gastrointestinal- sheep and goats before weaning. The classical method
induced pathologies that cause almost 45% mortality in of control using anthelmintic drugs is becoming
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decreasingly efficient because of a generalised resistance
of the gastrointestinal nematodes (GIN) to most of the
drugs, especially in tropical areas (Mahieu, 2014). Many
plants from tropical areas could be used as sources of
nutraceuticals due to their composition of primary and
secondary metabolites, and thus constitute part of an
alternative to the use of anthelmintic drugs within integrated
pest management systems against GIN (Cei et al., 2018;
Santos et al., 2019).

Condensed tannins (CT) are of particular interest
because they exert direct and indirect actions on
pathogens (Hoste et al.,, 2012). These polyphenolic
compounds could reduce the worm burden by impacting
different steps of the development cycle of the nematode,
as they have well-known actions on egg hatching rate,
larval exsheathment and female fecundity (Hoste et al.,
2012; Waghorn, 2008). Condensed tannins could also
impact on the nutritional balance for the animals, given
their influence on the quantity and the profile of available
amino acids. By aiding to increase the bypass of dietary
proteins in the intestine, condensed tannins protect
proteins from degradation in the rumen (ruminal escape),
causing increased lactation, wool growth and live weight
gain, without changing voluntary feed intake (Piluzza et
al., 2014).

Condensed tannin activities are known to depend on
their concentration and nature (size, structure and profile)
in the plant (Mueller-Harvey et al., 2019; Waghorn, 2008).
Previous analysis shows that CT concentrations between
20 and 50 g/kg of the dry matter (DM) of the plant generate
nutraceutical properties in the plant (Piluzza et al., 2014).

The CT composition depends on the plant species
(Mueller-Harvey et al., 2019), plant growth stage and
organs (Piluzza et al., 2014), as well as on the harvesting
area, soil composition (Barry and Forss, 1983), humidity
rate and weather conditions (Lees et al., 1994; Frutos et
al.,, 2002). Moreover, the availability of a simple
technology, like pelleting, suitable for the farmers and
respectful of plant properties can improve the use of CT to
manage GIN infections (Gaudin et al., 2016).

However, in order to produce plant pellets with an
effective CT content against GIN infection, the sensitivity
of CT to temperature has to be considered, as well as the
variability of CT concentration in plants.

The global aim of this study was to assess thefeasibility
of pelleting condensed tannins-rich plants for their use as
nutraceuticals at the farm level. For this purpose,
experiments were undertaken to investigate the impact of
natural conditions (soil, temperature and humidity) on the
chemical composition, as well the influence of practices
for preservation (drying and pelleting processes), on the
CT content of four tropical plants.

MATERIALS AND METHODS
Foliage sampling: Collection and preparation

Four distinct types of plant foliage containing CT were chosen: M.
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esculenta sp.1; M. esculenta sp.2; C. cajan and L. leucocephala. M.
esculenta sp.1 has lower levels of cyanhydric acid in its leaves and
tubers compared to M. esculenta sp.2. The samples were
harvested from two zones: (i) Grande—Terre that is characterised by
a vertisol soil and humid tropical climate with a long dry season (3
to 5 months), 83% humidity and a mean temperature of 25°C; (i)
Basse-Terre that is characterised by a ferralitic soil and humid
tropical climate with a short dry season (less than 2 months), 88%
humidity and a mean temperature of 25°C. For each zone, the
sampling was done from three sites, during the middle and the end
of the dry season. Thirty to forty kilograms of stems of L.
leucocephala, C. cajan and M. esculenta, aged 6, 8 and 12 months,
respectively, were harvested.

These samples were mixed by site and then divided into three
sub-samples that were dried under different conditions: Freeze-
dried; sun-dried under shelter (at 25 to 35 °C); dried at 45°C for 2
days in a ventilated oven. These three sub-samples were used for
chemical analysis, in triplicate. The freeze-dried and the sun-dried
samples were pelleted without additives in a GR 150 E system
(Oligotechnology, Wissembourg, France).

Chemical analysis and analytical procedures

The DM content was determined using a forced-air oven at 60°C
until constant weight is achieved.

Foliage samples were milled through a 1 mm screen (Reich
hammer mill, Haan, Germany) prior to analysis. Organic matter
(OM) and nitrogen (N) were analysed according to the AOAC
methods 923.3 and 992.15, respectively (AOAC, 1990). Crude
protein (CP) content was estimated as N x 6.25. Cell wall
components (neutral detergent fibre [NDF], acid detergent fibre
[ADF] and acid detergent lignin [ADL]) were determined as
described by Van Soest et al., (1991). CT content was determined
on freeze-dried, sun-dried under shelter and 45°C ventilated-oven
samples, respectively, using the vanillin-H,SO4 method reported by
Laurent (1975). For improved accuracy, the CT concentration of the
plant was determined using the CT extract of each plant as a
standard for the individual calibration curves. The CT were
extracted using a 70% (v/v) aqueous acetone solution (Giner-
Chavez et al.,, 1997) and then isolated with Sephadex LH-20
(Sigma-Aldrich, St. Louis, MO). Only N and CT were measured in
the pellets. Each analysis was done in triplicate, and the means
were calculated.

Statistical analysis

Statistical analysis was performed using the mixed general linear
model procedure in SAS 9.2 (2008). The global model used to
analyse the soil, the foliage and the drying process effects was:

Yijk|: m+F+ Zj+ D¢+ (F X Z)ij + (F X D)ik+ Si+ €ijkl,

where m is the mean, F;is the foliage fixed effect (i=1,2,3,4), Zjis
the zone fixed effect (j=1,2), D is the drying fixed effect (k=1,2,3),
(F x Z); is the interaction between the foliage and the zone effects,
(F x D) is the interaction between the foliage and the drying
effects, S is a random effect associated with harvesting site and ej
is the residual term.

The global model to analyse the pelleting process effect was:

Yik=m + Fi+ Pj+ (F x P)j+ Sc+ e,
where m is the mean, Fiis the foliage fixed effect (i=1, 2, 3, 4), P;is
the processing fixed effect (j=1, 2, 3), (F x P)j is the interaction

between the foliage and the processing effects, S is a random
effect associated with harvesting site, and e is the residual term.
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Table 1. Chemical composition of Manihot esculenta, Leucaena leucocephala and Cajanus cajan foliage harvested from two different

agro-pedoclimatic zones in Guadeloupe, France.

Plant species p-value

ltem M. esculenta M. esculenta L. C. SEM Agro-pedo- Zone x

sp.l sp.2 leucocephala cajan climatic zone® species
OM (g/kg DM) 894° 904° 910 922° 0.92 0.4991 0.0001
NDF (g/kg DM) 445° 422% 378" 511° 251 0.4597 0.1157
ADF (g/kg DM) 2472 263" 189° 356°  1.21 0.4043 0.0001
ADL (g/kg DM) 109° 116° 91° 189° 0.73 0.4335 0.0003
CP (g/kg DM) 189% 189° 262" 217°  1.33 0.4337 0.0001
Ash (g/kg DM) 106° 96" 90°° 78°  0.92 0.4991 0.0001
CT (g/kg DM) 73? 60° 157° 170° 1.08 0.9546 0.0001

M. esculenta sp.1 with low cyanhydric acid content. M. esculenta sp.2 with high cyanhydric acid content.” Vertisol and long dry season vs.
ferralitic soil and short dry season. SEM, standard error of the mean; OM, organic matter; NDF, neutral detergent fibre; ADF, acid detergent

fibre; ADL, acid detergent lignin; CP, crude protein; CT, condensed tannins.

significantly (p<0.05).

The values were expressed as least square means and standard
error of the mean. Statistical differences were declared significant at
p<0.05.

RESULTS

The harvested C. cajan and L. leucocephala seemed
relatively homogeneous. Conversely, M. esculenta sp.1
and sp.2 constituted a more heterogeneous population,
based on the size, the colour and the shape of the
leaves, and the length and the colour of the petioles.

The chemical composition of the samples collected in
this study is presented in Table 1. The comparisons of
CP contents indicated significant differences between the
plants (p<0.05), except for the two Manihot sp.
(p=0.9502). For all foliage types, the CP content varied
from 189 to 262 g/kg DM. Plants were also different
based on the different components in the plant cell walls
(NDF, ADF and ADL), excluding the two Manihot sp, for
which the concentrations of NDF and ADL were similar.
Regarding ash, no significant differences were observed
between L. leucocephala and M. esculenta sp.2, and
between L. leucocephala and C. cajan. Manihot
esculenta sp.1 was significantly different from the other
plants. CT concentrations were significantly different
between the foliage types, except for L. leucocephala and
C. cajan, which had similar concentrations with each
other.

No significant effect of harvesting zone was registered
on plant composition. However, interactions were
observed between plants and harvesting zones. Although
the differences were not significant, the plants harvested
from Basse—Terre had NDF contents higher than those
harvested from Grande—Terre. Similar observations were
made for ADF, but the difference tended to be significant
only for C. cajan (p=0.08). CP differences were not
significant between harvesting zones for L. leucocephala

a—(

4 Means within a row with different superscript letters differ

and C. cajan, whereas, CP was significantly higher in M.
esculenta sp.2 harvested from Basse—-Terre (p=0.008),
and higher, but not significantly, in M. esculenta sp.1
harvested from Basse-Terre (p=0.18). Although the
differences were not significant, CT content was higher
for the two Manihot sp. and L. leucocephala from Basse-
Terre. In contrast, C. cajan CT levels were significantly
higher in the plants harvested from Grande-Terre than
Basse-Terre (p=0.0377).

The drying process significantly impacted on the CT
content of the plants (Table 2). Sun-drying and oven-
drying reduced the CT concentrations in plants. The most
significant losses were observed with oven-drying at
45°C.

There was no significant influence of the pelleting
operation on the N contents irrespective of the foliage
and drying process considered (Table 3).

Pelleting noticeably affected the CT contents of C.
cajan, only. The entire process (sun-drying then pelleting)
significantly altered the CT contents of M. esculenta sp.2
and C. cajan. Comparing the sun-dried and pelleted plant
to the freeze-dried plant, abnormally high CT contents
were reported for M. esculenta sp.2, leading to a
significant effect of the sun-drying and pelleting process.

DISCUSSION

General considerations

In this study, soil and rainfall were the parameters that
had the most variation between the two areas.
Temperature and humidity were quite the same. Globally,
the chemical composition of leaves concurs with values
reported in the literature (Table 4). The CP and CT
values reported in literature vary in the ranges 168 to377
and 4 to 92 g/kg DM for M. esculenta; 153 to 403 and 9
to 181 g/kg DM for L. leucocephala; and 185.6 to
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Table 2. Effect of drying technology on condensed tannin content in M. esculenta, L. leucocephala and C. cajan

foliage.

Condensed tannin content (g/kg DM)

Plant species Freeze-dried Sun-dried Oven-dried SEM
Manihot esculenta sp.1 68.3% 40.8° 37.5° 0.871
Manihot esculenta sp.2 64.6° 26.4" 33.8° 0.858
Leucaena leucocephala 154.8% 135.6" 58.7¢ 0.831
Cajanus cajan 172.9° 152.8° 51.4° 0.926

DM, Dry matter; SEM, standard error of the mean. M. esculenta sp.1 with low cyanhydric acid content. M. esculenta sp.2
with high cyanhydric acid content. *° Means within a row with different superscript letters differ significantly (p<0.05).

Table 3. Effect of pelleting technology on nitrogen and condensed tannins contents in M. esculenta sp., L. leucocephala and C.

cajan foliage.
Treatment
Species Freeze-dried Freeze-dried and Sun-dried and SEM
pelleted pelleted
Nitrogen (g/kg DM)
Manihot esculenta sp.1 196.2 185.5 187.2 1.019
Manihot esculenta sp.2 194.8 176.2 187.2 0.974
Leucaena leucocephala 268.4 275.5 270.9 1.019
Cajanus cajan 228.2 221.5 225.5 1.096
Condensed tannins (g/kg DM)
Manihot esculenta sp.1 66.3 59.9 57.5 0.7381
Manihot esculenta sp.2 93.1° 79.7% 19.2° 0.705
Leucaena leucocephala 138.8 156.9 137.9 0.7381
Cajanus cajan 172.4° 148.8° 129.1° 0.7934

M. esculenta sp.1 with low cyanhydric acid content. M. esculenta sp.2 with high cyanhydric acid content. *° Means within a row with

different superscript letters differ significantly (p<0.05).

236 and 47 to 77.1 g/lkg DM for C. cajan, respectively.
Considering the accuracy of the method for CP
determination, it can be hypothesise that the results
reported for these components are mainly due to natural
variations in the plants. On the contrary, because of
variations in methods, procedures and standards used for
the analysis of CT (Frutos et al., 2002), it can be
surmised that a large part of the variation reported in the
literature is linked to those factors.

The high CP contents in the three distinct types of
foliage evaluated, confirm their potential as feed
resources. However, the digestibility and the amino acid
profiles have to be taken into account to determine their
nutritive value. The CP content of L. leucocephala, being
the highest one, favours it as a good potential candidate
in the development of a nutraceutical. C. cajan had the
highest lignin content, which depresses digestibility. This
plant cell wall component must be kept in mind when
discussing the quality of foliage as a nutraceutical. Both
Manihot sp. were similar in chemical composition, and so

their method use can be the same for both species.

Effect of agro-pedo-climatic conditions on chemical
composition

In the present study, significant effect of the agro-pedo-
climatic conditions on the primary compounds (CP, cell
wall) was not observed. This result can be explained by
the low temperature and humidity variations and the
absence of nutrient deficiencies in the soil of the two
harvesting zones. This outcome is a classic result
because, to the researchers’ knowledge, no author has
reported any significant effect under similar conditions.
Even under adverse conditions, effects on primary
components were low (Minson, 1990). Similarly, the
effect of temperature only appears for large ranges of
variation (Minson, 1990).

A variable effect of the agro-pedo-climatic conditions on
the CT content, depending on the plant; hence, the
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Table 4. Crude protein and condensed tannin contents in C. cajan, L. leucocephala and M. esculenta reported in the literature.

cP

Species (g/kg DM) (;Lg Method for CT analysis Reference
DM)
236.0 - Journal of Agricultural Science Research. 2016, 5(2):035-9.
206.1 77.1 Vanillin-HCl-methanol; Price et al. (1978) Journal of Biology, Agriculture and Healthcare. 2016, 6
199.8 - Journal of Animal Science. 2012, 41(3):717-25
C. cajan 199.8 - Journal of Animal Science. 2000, 29(3):871-9.
193.8 - Tropical Grasslands. 1995, 29(4):263-9.
185.6 - Journal of Animal Feed Science and Technology. 1994;46:343.
- 47.0 Butanol-HCI; Bate-Smith (1975) and Porter et al. (1986)  Journal of Range Management. 1994, 47(5):398-404.
Mean 203.5 62.1
403.0 181.0 Vanillin-HCI; Butler (1982) Agroforestry Systems. 2003, 59(3):231-41
306.0 18.0 Butanol-HCl-iron; Makkar (2003) Animal Feed Science and Technology. 2011, 163(2-4):231-43.
268.0 16.0 Butanol-HCl-ferric ammonium sulphate; Porter et al. Asian-Australasian Journal of Animal Sciences. 2012, 25(10):1404-10.
(1986)
266.0 75;0 Vanillin-H2SO4; Laurent (1975) Journal of Animal Physiology and Animal Nutrition. 2016,
100(6):1149-58.
2545 - Brazilian Journal of Animal Science. 2012, 41(3):717-25.
L. leucocephala et - Journal of Animal Feed Science and Technology. 1994;46:343-8.
250.0 - Animal Feed Science and Technology. 1998, 70(4):305-14.
222.0 18.1 Vanillin-HCl-methanol; Price et al. (1978) Global Journal of Animal Scientific Research. 2015;3(2):419-22.
193.8 - Tropical Grasslands. 1995, 29(4):263-9.
193.0 9.0 Butanol-HCI; Porter et al. (1986) Livestock research for rural development. 2008, 20 (11)
153.0 12.7 Butanol-HCI; Makkar (2003) Animal Feed Science and Technology. 2005, 119(3-4):345-61.
- 134.0 Butanol-HCI; Makkar (1995) Animal Feed Science and Technology. 2001, 91(1-2):95-106.
- 129.5 Butanol-HCI; Terrill et al. (1992) Journal of the Science of Food and Agriculture. 2004, 84(4):291-4
Mean 2511 65.9
377.0 4.0 Butanol-HCl-iron; Makkar (2003) Animal Feed Science and Technology. 2011, 163(2-4):231-43
376.3 - Brazilian Journal of Animal Science. 2012, 41(3):717-25.
300.0 - Animal Feed Science and Technology. 2013, 180(1-4):44-54.
224.0 40.0 Vanillin-HCI; Nakamura et al. (2003) Small Ruminant Research. 2010 Sep;93(1):10-8.
208.0 92.0 Vanillin—-H2S04; Laurent (1975) Journal of Animal Physiology and Animal Nutrition. 2016,
100(6):1149-58.
Manihot esculenta 208.0 21.6 Butanol-HCI; Porter et al. (1986) Livestock Science. 2010, 129(1-3):24-30.
200-300 43.0 - Asian-Australasian Journal of Animal Sciences. 2003, 16(3):463-72.
198.0 - Animal Nutrition. 2016, 2(4):253-61.
197.0 - Asian-Australasian Journal of Animal Sciences. 2012, 25(12):1691-700.
168.0 - Livestock Science. 2010, 128(1-3):166-72.
- 145.4 Butanol-HCI; Giner-Chavez et al. (1997) Journal of the Science of Food and Agriculture. 1997, 74:359-68.
- 81.6 Butanol-HCI; Terrill et al. (1992) Journal of the Science of Food and Agriculture. 2004, 84(4):291-4.
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- 334
Mean 250.6 451

Journal of Agricultural and Food Chemistry. 1989, 37(3):712-6.

DM, Dry matter; CP, Crude protein; CT, Condensed tannins.

absence of an overall effect was shown. The
presence of a plant-dependent agro-pedo-climatic
effect can be postulated. Some authors have
shown a significant soil effect based on fertility
and acidity. Low soil fertility or acid soil may lead
to an increase in the rate of CT found in Lotus
(Barry and Duncan, 1984; Kelman and Tanner,
1990). For some authors who have worked on
contrasting agro-pedo-climatic conditions, the
differences between CT concentrations varied
from 70 to 400 g/kg DM, depending on the age of
the plant (Muir et al., 2014), and from 50 to 20
g/kg DM, depending on the variety (Kelman and
Tanner, 1990).

CT content may also vary with temperature and
drought conditions. Lees et al. (1994) found an
overall increase of 24% for big trefoil grown at 20
or 30°C. However, the effect of temperature could
be age-dependent, as indicated in this same
study. Indeed, the difference in temperature-
related concentration decreased steadily from 36
to 9% for regrowth ages from 14 to 81 days.

When investigating Lotus grown on slightly
acidic soils with a low-to-medium phosphorus
content, Acufia et al. (2008) reported variations in
CT due to water stress and temperature rather
than to soil conditions. Similar results were found
by Malisch et al. (2016) for sainfoin (Onobrychis
viciifolia Scop.).

In this study, the effects of soil acidity and
rainfall were mixed. Drought is more pronounced
in basic soils than acid soils. It is not excluded that
in addition to the problem of acidity, the issue of
drought arises. The specific response of C. cajan

on CT, compared with the two Manihots and L.
leucocephala may be explained by its higher
sensitivity to drought and not to acidity.

Effect of the plant species on the variation of
chemical composition

In this study, the species was the main factor of
variation for primary and secondary metabolites.
According to the results, C. cajan and L.
leucocephala, which are leguminous, are logically
richer in N than the two M. esculenta. The NDF
levels were relatively low compared with grasses
because leaves analysed (Minson, 1990;
Archimede et al., 2018).

As mentioned by Malisch et al. (2016), although
the CT content of the plant is sensitive to external
factors, the main factors of variation are of genetic
and physiological origin.

In addition, the chemical characteristics of the
plants are consistent with those found in the
literature (Table 4). Moreover, intra-plant variations
was not observe because the biomasses were
harvested at similar ages and following the same
procedures. The intra-plant variations reported
were related to different varieties, or different
ontogenetic stages (Malisch et al., 2016).

Effect of the drying and pelleting process on
pellet composition

The process to produce the pellets was constituted

by two operations: Drying and pelleting. CT are
the components most sensitive to drying. The
effect of different drying methods on CT: freeze-
drying, sun-drying and oven-drying were first
evaluated. In a second step, the type of process
on the levels of CP and CT, which are important
components from a nutraceutical perspective, was
evaluated. In regards to drying, the results
showed that oven-drying severely depreciated the
CT content of the plants, whereas sun-drying had
a more moderate effect when compared with the
freeze-dried samples (control). This is a classical
result. Indeed, depressive effects are reported
only for temperatures above 55°C and for durations
longer than 48 h.

Dzowela et al. (1995) and Hove et al., (2003),
working on some tropical fodder shrubs, reported
depressive effects for drying at 55 and 65 °C,
respectively, for 48 h. Muetzel and Becker (2006)
dried temperate plants at 60 °C for 2 h and
specified that the effect of temperature could be
plant-dependent.

Except for C. cajan, wherein the decrease was
significant but relatively low (13%), pelleting did
not have a depressive effect on the CP and CT
contents compared with the corresponding values
of freeze-dried non-pelleted samples and pellets
obtained from freeze-dried plants. This behaviour
can be explained by the technical parameters of
the pelleting process used. During the pelleting,
the temperature reaches 70 °C but the residence
time of the plant particles in the apparatus is not
sufficient to damage CP and CT. Indeed, since
the pelleter has a capacity of 500 kg of forage per
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hour, it was estimated that a plant particle stays in the
pelleter for less than 1 min.

Conclusion

This study did not show any major effects of agro-pedo-
climatic conditions on the variation of the chemical
composition of the targeted plants for pelleting. This result
can be explained by the absence of major stress to the
plantt. The main factor of variation was drying.
Consequently, under a mild drying condition, like sun-
drying under shelter, the main recommendation would be to
select forages with CT content above 50 g/kg DM, to
ensure post processing nutraceutical properties.
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Abstract

Supplementation of low- or medium-quality forage (e.g. late regrowth grass or crop residue),
characterised by low nitrogen concentrations and high levels of lignified fibre, with a protein-rich plant
(e.g. legumes, protein-rich foliage) is a cost-effective way to improve the feed value of ruminant diets.
The protein value of these supplements is influenced by their content and type of condensed tannins as
well as their technological treatment. The objective of this study was to evaluate the effective
degradability of crude protein (CP) in Leucaena leucocephala, Manihot esculenta and Cajanus cajan

foliage in green and pelleted form.

The degradability kinetics in sacco of the Dry Matter (DM), Neutral Detergent Fibre (NDF) and CP
components of green foliage vary according to the basal diet consumed by the ewes. Our results show
there was a high variability in the effective degradability of proteins from foliages regardless of their
protein content. The effective DM degradability in green vs. pelleted Leucaena leucocephala, Manihot
esculenta and Cajanus cajan foliage were 43.6 vs. 56.0%, 65.1 vs. 66.6% and 38.7 vs. 47.1%. the
corresponding values for the CPs were respectively: 44.0 vs. 64.5%, 72.8 vs. 65.0% and 49.1 vs.
48.0%, respectively. The effective CP degradability increased (P < 0.05) along the hierarchy Leucaena
leucocephala, Cajanus cajan and Manihot esculenta. The effective CP degradability increased (P <
0.05) with pelleting for Leucaena leucocephala, no difference was observed with Cajanus cajan and a

decrease (P > 0.05) was seen for Manihot esculenta.

Our results show there is a high variability in the effective degradability of proteins from protein-rich
foliage. Pelleting is neutral or has a favourable effect on this protein value. Further work is needed to
assess the intestinal digestibility of these proteins, which could be affected by the presence of the

condensed tannins that are found at high levels in these resources.

Keywords: Non-Conventional Resources; Protein value, Nylon bag degradation; Pelleting
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1. Introduction

Supplementation of low- or medium-quality forage (e.g. late regrowth grass or crop residue),
characterised by low nitrogen concentrations and high levels of lignified fibre, with a protein-rich plant
(e.g. legumes, protein-rich foliage) is a cost-effective way to improve the feed value of ruminant diets.
The protein-rich plant provides the nutrients (fermentable nitrogen, minerals and vitamins) required for
the growth and fibrolytic activity of rumen microorganisms. The benefits associated with the amount of
fermentable nitrogen are due to the reduced delay in the digestion of fibre (Niderkorn and Baumont,
2009).

Because of the increasing resistance of parasites to anthelmintic drugs, ongoing integrated control
strategies are being implemented, combining the genetic selection of resistant and resilient animals with
pasture management, adapted nutrition and anthelmintic plants (Charlier et al., 2018). There is a wide
diversity of Non-Conventional Resources rich in protein (NCR) that can be used for feeding ruminants
(Naumann et al., 2017), some of which are nutraceutical plants that have positive effects on both animal
nutrition and health. The nutraceutical value of these NCR varies with their primary (e.g. carbohydrates
and amino acids) and secondary metabolite (e.g. tannins) content.

As for classical forages, farmers must provide these nutraceutics year-round, and they can be
preserved along with hay, silage, or pellets. The high buffering capacity and low concentration of
fermentable carbohydrates in protein-rich foliage limit their suitability for preservation as silage, as their
quality is not guaranteed. Technological innovations, like pelleting, could allow a greater degree of
appropriation of the nutraceuticals at the scale of the farm (Terrill et al., 2007). Pelleting is also a
method of conservation for certain seasonally available crop co-products. However, pelleting could have
a depressive effect on the nutraceutical value of foliage by destroying those secondary metabolites
known for their anthelmintic activity and by modifying proteins that have an indirect effect on helminth

resistance and resilience and contribute to animal nutrition.
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In the literature, to our knowledge, there are no data on the impact of pelleting on the degradation
kinetics of proteins of foliages rich in condensed tannins The main objective of this study was to
evaluate the effect of pelleting on protein effective degradability of 3 Non-Conventional Resources rich
in protein using their fresh form as control.

2. Material and methods

2.1.Location

The research was carried out at the animal experimental station of the National Agricultural Research
Institute of the French West Indies, Guadeloupe (latitude 16°16'N, longitude 61°30'). Average
temperatures range from 21 °C to 31 °C, and rainfall on the experimental site is 3000 mm a year. The

foliage was collected in the dry and humid area of Guadeloupe
2.2.Animal and experimental design

Nylon bag degradation of feed experiments in sheep were conducted in two steps. Trial 1 was
conducted to determine the basal diet of the sheep to maximise the digestion of protein-rich foliage. In
Trial 2, the degradation of the three protein-rich foliage types was studied using sheep fed with the basal

diet selected using the data from Trial 1.
Trial 1

Four ewes, weighing an average of 50 kg, were randomly assigned to four basal diets during two
experimental periods: A) 1500 g of 21-days regrowth Digitaria decumbens hay + 0 g alfalfa pellets; B)
1300 g of 21-days regrowth Digitaria decumbens hay + 200 g alfalfa pellets; C) 900 g of 21-days
regrowth Digitaria decumbens hay + 600 g alfalfa pellets; D) 700 g of 21-days regrowth Digitaria
decumbens hay + 800 g alfalfa pellets. The ewes’ basal diet was changed at each period. There was a
21-day adaptation to the diets before the introduction of the nylon bags into the rumen. Two weeks of
transition were included between the two experimental periods. Nylon bags containing Glyricidia sepium
leaves were incubated in the rumen at the following times: 1, 3, 6, 12, 24, 48, 72 and 96 hours.
Glyricidia sepium was used as a model plant on which we had information (Archiméde et al. 2001).
Twenty-four nylon bags, three per incubation time, were prepared for each of the four sheep. The nylon
bags were 10 x 5 cm, with a pore size of 50 x 50 mm and were filled with 15 g of fresh material, the
equivalent of about 3 g of dry product. Glyricidia sepium leaves were previously cut with scissors to a
particle size of 1.5-2 mm. After removal from the rumen, bags were washed under a cold water tap and
stored at 4 °C. At the end of each period, the bags were washed in a machine, 4 cycles for 5 minutes,
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and the water was changed after each cycle. The bags were then washed in an ultrasonic bath to
remove the bacteria attached to the feed particles. After washing, the bags were dried in an oven at 45
°C for 2 days, then at 60 °C for 4 days.

Trial 2

Foliage (leaves and young stem) of Cajanus cajan, Manihot esculenta and Leucaena leucocephala,
aged 12, 6 and 8 months, respectively, were harvested. For each plant, we harvested 30 to 40 kg of
foliage. A fraction of the foliage, about 3 kg, was kept green, chopped manually with scissors to a size of
1.5 to 2 mm and frozen (-20 °C) awaiting use. The other part of the foliage was sun-dried under shelter
(at 25 to 35 °C) for 3 to 4 days. The dry product was sieved through a 3-mm screen and then granulated
with a GR150E system (Oliotechnology, Burgun, Wissembourg, France).The average size of the pellets
was 12 mm long by 3 mm in diameter. The pellets were then manually crushed in a mortar. For each of
the three foliage types and the two treatments (green versus pellet), 72 nylon bags were prepared.
These bags were filled with 15 g of fresh material or 3 g of dry product. During three consecutive weeks,
one week per foliage, the nylon bags were incubated in the rumen of three ewes for the following times:
1,3, 6,12, 24, 48, 72 and 96 hours. Green and dry foliage were included each time. On their removal
from the rumen, the nylon bags were treated as in Trial 1. The bags were weighed, then opened and the
foliage residues grouped (into three 3 bags) according to animal and incubation time for chemical

analyses.
2.3.Chemical analysis

Chemical analyses were performed on feeds and nylon bag foliage residue after grinding to 1 mm.
Organic matter (OM) and N analyses were performed according to AOAC (Methods 923.3 and 992.15,
respectively) (AOAC, 1990) by ashing at 550 °C for 6 h for OM and by the Dumas method for N. Crude
protein (CP) was calculated as N x 6.25. Cell wall components [neutral detergent fibre (NDF), acid
detergent fibre (ADF) and acid detergent lignin (ADL)] in diet and faeces were determined using a
sequential procedure (Methods 200.04 and 973.18, respectively, for NDF and ADF + ADL) (AOAC,
2006). Condensed tannins (CTs) were extracted in an ultrasonic bath with 70% (vol/vol) aqueous
acetone solution (Giner-Chavez et al, 1997) and isolated with Sephadex LH-20 (Sigma-Aldrich, St-
Louis, MO). CT content was determined using the vanillin-H2SOs method. A 70% (vol/vol) HaSO4
solution containing 1% vanillin (wt/vol) was added to the methanolic extract of the plant, and the
absorbance was measured at 500 nm. Concentrations were determined using the CT of the plants
studied as the standard.
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2.4.Calculations and statistical analyses

The kinetics of DM, CP, NDF and ADF degradations in the rumen were determined as described by
@rskov and McDonald?3. All data were fitted to the exponential equation D = a + b (1-e<), where D is
degradation after t hours; a is the rapidly degradable fraction; b is the slowly degradable fraction and ¢
the fractional degradation rate. Values of a, b and ¢ were calculated for each feed using the nonlinear
procedure of the Statistical Analysis Systems Institute (SAS, 2004). The effective degradabilities (ED) of
DM and CP in the rumen were calculated as ED = a + bc/(c + k), assuming that the rate of particulate

outflow k from the rumen was 3 % h-'. The undegradable fraction U was calculated as U = 100 — (a + b),

Statistical analyses were performed using the mixed procedure of SAS (24). Regarding degradability of
DM, CP and NDF of Glyricidia sp in Trial 1, the model included basal diet (n = 4) and period (n = 2) as
fixed effects and the animal as a random effect. Differences between basal diets were analysed using
Ismeans. Regarding the parameters a, b, ¢, U and ED in Trial 2, the model included feed (n = 3) and
period (n = 3) as fixed effects and the animal as a random effect. Differences between diets were

analysed using Ismeans.

3. Results

3.1. Trial 1
The OM, CP, NDF, ADF and ADL content of the Digitaria decumbens hay were 910, 120, 740, 470 and
70 g/kg DM. The equivalent values for alfalfa were 900, 185, 430, 300 and 80 g/kg DM. All the feed
supplied was consumed by the animals. Consequently, the amounts of CP in the basal diet were 120,
129, 146 and 155 g/kg for the diets A, B, C and D respectively. The chemical composition of the

experimental feeds is presented in Table 1.

The results in Table 2 indicate that the basal diet affected the levels of DM, NDF and CP degradation of
Glyricidia. Concerning the DM component, the effect of the basal diet appears from 6 hours. For a given
time, the response to increasing amounts of alfalfa was curvilinear, with an optimum of around 200 g of
alfalfa in the diet, corresponding to approximatively 130 g CP/kg DM in the basal diet. The basal diet
had a similar effect on the degradation of the CP and NDF components. Nevertheless, the differences
appeared at 12 hours for CP and 24 hours for NDF. The correlation between CP and NDF degradation
is strong: r=0.973 (P < 0.001).
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Table 1. Chemical composition of Glyricidia sepium leaves and Leucaena leucocephala, Manihot

esculenta and Cajanus cajan foliage (DM basis).

Plant species

Item Manihot ~ Leucaena  Cajanus Glyricidia
esculenta leucocephala  cajan  sepium
OM (glkg DM) 899 910 922 914
NDF (gkg DM) 433 378 511 456
ADF (g/kgDM) 255 189 356 299
ADL(g/kg DM) 112 91 189 147
CP (g/kg DM) 189 262 217 224
Ash (g/kg DM) 101 90 78 86
CT (g/kg DM) 66 157 170 39

OM, organic matter; NDF, neutral detergent fibre; ADF, acid detergent fibre; ADL, acid detergent lignin;
CP, crude protein; CT, condensed tannins.

Table 2. Effect of level of Alfalfa pellet in the basal diet on nylon bag rumen degradation of Glyricidia
sepium leaves (Trial 1)

Alfalfa in diet Incubation time (h)
(g/d) 1 3 6 12 24 48 72 96
Dry Matter

0 340a 355a 39.3ab 46.5a 62.8a 71.2a 73.1a 73.8a
200 338a 36.3a 40.3a 49.6b 64.4a 72.5a 74.3a 74.8a
600 333a 355a 380b  449c 62.3a 69.8b 71.8b 72.3b
800 328a 35.0a 375b  43.7c 58.1c 68.2b 68.7c 69.2c
SEM 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85

P 0.4058 0.2585 0.0201 <0.0001 <0.0001 0.0005 0.0022 <0.0001

Neutral Detergent Fibre

0 3.3 3.8 10.3 19.2ac  37.6ac 50.1 53.4 54.7
200 2.8 2.3 8.7 240ab  427a 53.4 56.7 57.9
600 5.2 7.3 7.9 18.4ac  40.0ac 51.2 54.5 55.8
800 34 47 8.5 16.4c 35.3c 52.5 55.7 54.2
SEM 2.51 2.51 2.51 2.51 2.51 2.51 2.51 2.51

P 04998 0.1625 0.5038 0.0347 0.0378 0.3538  0.3552  0.2962

Crude Protein

0 13.6a 196a 245a  35.6a 59.4a 74.3a 76.5a 78.4a
200 16.7a 204a 26.6a  39.9 62.9b 75.7a 79.0a 80.2a
600 151a 19.7a 21.7b  324a 57.8a 70.3b 74.5¢ 77.3b
800 14.0a  19.0a 22.3b 29.6¢ 50.4c 67.3c 68.7c 72.0c
SEM 1.87 1.87 1.87 1.87 1.87 1.87 1.87 1.87

P 0.1638 0.4082 0.0047 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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3.2.Trial 2

There were significant differences in the DM degradation kinetics of the three green foliages (Figure 1).
The highest values were observed with Manihot esculenta and the lowest with Cajanus cajan. The trend
was different for the CP component, which remained higher for Manihot esculenta and lower for
Leucaena leucocephala (Figure 2). The CP degradation kinetics of Leucaena leucocephala and
Cajanus cajan were quite different: relatively slow during the first 6 hours and then accelerated for

Cajanus cajan, while the opposite dynamic was observed for Leucaena leucocephala.

Table 3 summarises the foliage degradation kinetic parameters. Considering the DM component, the
soluble fraction of the green foliage was lower for Cajanus cajan (P < 0.05), whereas the differences
between Manihot esculenta and Leucaena leucocephala were not significant. The potential digestible
DM fraction was higher (P < 0.05) for Manihot esculenta, whereas the differences between Cajanus
cajan and Leucaena leucocephala were not significant. The potentially indigestible DM fraction
increased (P < 0.05) in the following order: Manihot esculenta, Leucaena leucocephala and Cajanus
cajan. The highest rate of DM degradation was observed for Manihot esculenta (P < 0.05) and the
lowest for Leucaena leucocephala (P < 0.05). The effective DM degradability increased (P < 0.05) with
the hierarchy Cajanus cajan, Leucaena leucocephala and Manihot esculenta. Concerning the CP
fraction of green foliage, the tendencies observed were different than those of dry matter (Table 3). The
amount of rapidly degradable CP fraction between Leucaena leucocephala and Manihot esculenta was
similar, whereas a lower value (P < 0.05) was observed for Cajanus cajan. The CP slow degradation
rate was similar between the foliage types. The fractional CP degradation rate increased (P < 0.05)
following the hierarchy Leucaena leucocephala, Cajanus cajan and Manihot esculenta. The effective CP
degradability increased (P < 0.05) following the hierarchy Leucaena leucocephala, Cajanus cajan and

Manihot esculenta.

The effect of pelleting was heterogeneous between the three foliages (Figure 1 and 2). With regard to
DM, pelleting had a low impact on Manihot esculenta degradation, unlike for Cajanus cajan and
Leucaena leucocephala. Except for Leucaena leucocephala, in which no significant effect was
observed, the soluble DM fraction increased (P < 0.05) with pelleting. Conversely, the slowly degradable
DM fraction decreased (P < 0.05) with pelleting, except for Leucaena leucocephala. Pelleting had no
significant effect on the foliage (P < 0.05), except for Leucaena leucocephala, for which the fractional
DM degradation rate increased (P < 0.05). The effective DM degradability increased (P < 0.05) with

pelleting, except for Manihot esculenta, for which no significant difference was observed.
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Figure 1. Rumen Dry matter degradation kinetics of green
or pelleted Leucaena leucocephala, Manihot esculenta
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Table 3. Main parameters of the rumen degradation kinetics of Dry matter (DM) and Crude protein (CP) of Leucaena leucocephala, Manihot esculenta and

Cajanus cajan (Trial 2).

Leucaena

Manihot

Cajanus

) SE P-value
leucocephala esculenta cajan

green pellet green pellet green  pellet specie  treatment Species®

treatment

DM Rapidly degradable fraction (a) 23.4a 24.2a 212a 28.1b 10.5c 24.0a 1.08 <0.0001 <0.0001 <0.0001
DM Slowly degradable fraction (b) 48.6a 50.8ac 62.7b 536¢c  494a 424d 139 <0.0001  0.0021 0.0048
DM Fractional degradation rate (c) 2.3a 5.3b 7.0c 7.7¢c 4.0d 3.6d 047 <0.0001 0.0192 0.0147
Effective DM degradability (ED) 43.6a 56.0b 65.1c 66.6c  38.7d 47.1e 1.08 <0.0001 <0.0001 0.0017
DM undegradable fraction (U) 28.0a 25.1a 16.1b 16.0p  40.0c 33.6d 131 <0.0001 0.0513 0.0237
CP Rapidly degradable fraction (a) 23.4a 31.9b 25.5a 14.6¢ 132a 274b 232 0.0126 0.0614 0.0008
CP Slowly degradable fraction (b) 68.0a 545D 68.0 a 716a 650a 486b 4.28 0.0351 0.0303 0.0837
CP Fractional degradation rate (c) 1.5a 46b 6.9c 71¢ 37d 22a 035 <0.0001 0.0509 0.0002
Effective CP degradability (ED) 44.0a 64.5b 72.8¢c 65.0b  49.1d 48.0d 1.07 <0.0001  0.0013 <0.0001
CP undegradable fraction (U) 8.6a 13.6ab 6.5a 13.5b  21.8bc 24.0c 3.64 0.0097 0.1369 0.7905

The model ED = a + bc/(c + k) of @rskov and McDonald (1979) was used with k = 3%/hour
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The trends for the different CP components differed; the rapidly degradable fraction increased (P <
0.05) with pelleting of Leucaena leucocephala and Cajanus cajan but decreased (P < 0.05) for Manihot
esculenta. The slowly degradable CP fraction decreased (P < 0.05) with pelleting of Leucaena
leucocephala and Cajanus cajan, whereas no significant difference was observed for Manihot
esculenta. Pelleting increased (P < 0.05) the fractional degradation rate of Leucaena leucocephala,
whereas no difference was reported with Manihot esculenta, and a decrease was observed for Cajanus
cajan. The effective CP degradability increased with pelleting for Leucaena leucocephala, whereas no

difference was observed with Cajanus cajan, and a decrease was reported for Manihot esculenta.

Independent of the foliage and treatment type, there was a very strong correlation between dry matter
and crude protein degradation (r < 0.97; P < 0.0001).

4. Discussion

General consideration

The main objective of this study was to evaluate the effects of pelleting on the protein value (assessed
by the CP effective degradation) of three Non-Conventional Resources rich in protein (Leucaena
leucocephala, Manihot esculenta and Cajanus cajan foliage). These resources represent three types of
forage found in polyculture livestock systems (energy food crop, protein food crop and forage resources
used elsewhere, such as fencing plant). Initially, it was necessary to determine the basic ration for the
optimal evaluation of the protein value of these foliage types. For the comparison of green resources
versus pellets, we wanted to be as close as possible to the characteristics of the feed ingested by
ruminants, hence, we chose to finely cut the green product (rather than grind it after freeze-drying for
example); whereas, the pellets were crushed before being introduced into nylon bags. Therefore, this
comparison of green foliage versus granulated includes a comparison of finely chopped green feed
versus dried and ground feed. The results of Trial 1 confirmed that the basal diet had a significant effect
on the data obtained by the in sacco degradability method. Trial 2 confirmed there was variability in the
protein values of protein-rich foliage depending on the resource and the variable effect of pelleting.

Effect of basal diet on nylon bag kinetics of foliage degradation

The main objective of Trial 1 was to select the optimum diet to evaluate our NCR rich in protein and
fibre. Notably, large differences in CP degradability among feeds are reported in the literature due to the
basal diet of the cannulated animal (Madsen and Hvelplund, 1985), tested feed, processing methods
and particle size (Batajoo and Shaver, 1998). Dietary CP differs based on criteria such as solubility in
the rumen, and structural differences, such as cross linkages between proteins and carbohydrates
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(Kirkpatrick and Kennely, 1987). These characteristics influence the accessibility of protein to proteolytic
enzymes, making some feeds resistant to ruminal microbial degradation. Part of the nitrogen fraction of
roughage is protected from degradation by fibre. The latter must be fermented by rumen microbes for
the protein to be accessible (Lindberg, 1985; Nocek, 1985). The degradation of CP in feed is affected by
its chemical and physical properties, its residence time in the digestive compartment and the
composition and activity of microbes (i.e. proteolytic bacteria and protozoa) (Van Nevel and Demeyer,
1985). Our results show a curvilinear increase in nitrogen degradation for Glyciridia sp, with the amount
of alfalfa in the basal diet having an effect on nylon degradation of the feed. In Glyricidia sp, like in all
roughage, the larger CP fraction is associated with fibre. The variation in CP degradation is probably
related to rumen fibrolytic activity, considering the very strong correlation between the degradation of
CP and NDF fractions of Glyricidia. However, the originality of this trial lies in the nature of the basal
diet, which is rich in nitrogen but low in soluble carbohydrate. The increase in the latter leads to
increased rumen acidity, which, consequently, reduces the fibrolytic activity and causes changes in CP
solubility (Loerch et al, 1983). It is likely that the variation in acidity in this trial was low because
supplementation of grass with legume-rich roughage has a minimal effect on rumen acidity. As an
example, Archiméde et al. (2001) reported a rumen pH range of 7.0 to 6.3, independent of the sampling
time, with a mixed diet of Digitaria decumbens/Gliricidia sepium and with Gliricidia contributing to 0 to
75% of the ingested diet. In this range, the fibrolytic activity can be affected, while the optimal pH of
rumen proteolytic enzymes ranges from 5.5 to 7.0 (Kopency and Wallace, 1982). The depressed
degradation of fibre can be explained by increased competition between rumen bacteria for essential
nutrients, which is unfavourable for cellulolytic microorganisms unable to metabolise and reproduce at a
sufficient rate (Mould and @rskov, 1983).

Comparison of protein values of Leucaena leucocephala, Manihot esculenta and Cajanus cajan

Although the CP content of Leucaena leucocephala, Manihot esculenta and Cajanus cajan are relatively
similar, our results show large differences in CP degradation between the foliage types Effective CP
degradation was higher for Manihot esculenta and lower for Leucaena leucocephala. The higher ED of
Manihot esculenta compared to the other 2 foliage is related to a potentially higher digestible fraction
and a faster rate of degradation of the latter. On the other hand, the lower degradation of Cajanus cajan
compared to the other 2 foliage is explained by a potentially lower digestible fraction and a lower
degradation rate of the latter. CP effective degradability hierarchy is an indicator of the protein value of
the resources if there are no differences or even inversions in the intestinal digestibility of the proteins.
As previously mentioned, fibre, significantly higher in Cajanus cajan, is a barrier to protein degradation.
For all foliage, the slow degradation of CP during the first 12 hours is an illustration of the link between
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the CP and fibre. This link is also suggested by the strong statistical correlation between the
degradation of dry matter and protein. Fibre insoluble protein complex requires a longer time for
degradation than the intracellular nitrogen, which is readily available (Aufrére et al, 2000). The CP
degradation is also closely related to the level of protection condensed tannins (CTs) provide to the
proteins. CP effective degradability of foliage is related to the proportion of soluble and insoluble
degradable fractions and the presence of CTs (Naumann et al, 2017). The general tendency in the
literature was to propose the 5% CT limit value to avoid negative impacts on protein degradation, but
the CT and protein profiles must be taken into account (Naumann et al, 2017). Indeed, a binding is
formed between proteins and condensed tannins (protein-CT), the efficiency of which depends on the
structure of both the CT and the protein. Unpublished results from Minatchy et al (2019) show
differences in the CT types of Leucaena leucocephala, Manihot esculenta and Cajanus cajan. The
protein-CT binding is highly specific and would be a function of the polarity of the CT as well as the
protein (Naumann et al, 2017). Consequently, the prediction of CP digestion from CT-protein
interactions is difficult because protein types and subsequent amino acid composition, as well as in
structural chemistry and types of CT may be highly variable with feeds (Naumann et al, 2017). Our
results could partly illustrate this variability of the CT of protein profile of the foliages. CTs, which are
relatively scarcer in Manihot esculenta but similar for Leucaena leucocephala and Cajanus cajan, could
explain the differences in effective degradation between the experimental foliages. CP degradability
values found in this trial for Manihot esculenta are similar to those published by other authors (Miranda
et al. 2012; Oni et al, 2010). However, Oni et al. (2010) found significant differences between the
Manihot esculenta varieties, and our data on Leucaena leucocephala are lower than those reported by
Miranda et al. (2012). To our knowledge, there are no published data on the in sacco degradation of
Cajanus cajan CP. However, the degradability of DM in our study is a little higher than that reported by
Buthelezi et al. (2019). Cajanus cajan is distinguished by the lower solubility of its protein as well as the
higher indigestible fraction. The relatively low solubility of Cajanus cajan protein could be a handicap to
its use as a source of fermentable nitrogen to supplement protein-deficient forages, unlike the other
foliage types.

Effect of pelleting on protein value of Leucaena leucocephala, Manihot esculenta and Cajanus

cajan

Generally, pelleting of conventional feed increases the rumen degradability of the protein. Oyaniran et
al. (2018) found a positive effect for pelleting on DM degradability of tropical legume foliage, but no data
were published on the CP component. The differences we observed in the CP component of the foliage
types may be partly related to the nylon bag method and partly to the pelleting technology, which
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involves drying, grinding and warming. Unpublished results (Minatchy et al. 2019) on the impact of the
same pelleting process on the chemical composition of these same foliage indicate that only CT would
be affected with an average reduction of 30% in CT content. As a result, the presence of the latter was
high enough to partially protect the CP from microbial digestion. Concerning the nylon bag method, on
average, particle size was larger with the green feed compared to the pelleted feed. However, in this
experiment, the grinding prior to pelleting resulted in an average particle size that was coarse enough to
limit material loss through the pores of the nylon bags. It is likely the finer particle size of the crushed
pellet introduced into the bags increased the specific surface area of the feed and, consequently,
promoted both cellulolytic and proteolytic enzymatic digestion. This could explain the higher effective
degradability observed with Leucaena leucocephala pellets compared to fresh foliage. The absence of a
pelleting effect on Cajanus cajan can be explained by the stronger protein-fibre bonds with a higher fibre
concentration. Similarly, the higher levels of tannin, and, possibly, their nature, constitute, together with
the fibre, a strong enough barrier to counteract the positive effect of increasing the specific surface area
of the particles for enzymatic activity. We have no explanation for the decrease in CP effective
degradability with pelleted Manihot esculenta, especially as this result seems contradictory to that

recorded for dry matter.
Conclusions

Our results show there is a high variability in the effective degradability of proteins from non-
conventional resources. Pelleting is neutral or has a favourable effect on this protein value. Further work
is needed to assess the intestinal digestibility of these proteins, which could be affected by the presence

of the condensed tannins that are found at high levels in these resources.
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Abstract

Intake, digestion and nitrogen retention were measured in fifteen 1-year-old Black Belly rams that had an average weight of 35.3
(x1.59) kg and that consumed mixed diets. Diets consisted of old Dichanthium spp. hay distributed ad libitum, combined with
500 g (dry matter basis) of green or pelleted cassava foliage. Alfalfa pellets were used as a control for foliage supplement. The
experimentwasrunina 3 x 3 Latin square design. Total dry matter intake was lower (P <0.05) with the green foliage cassava diet
compared with the alfalfa pellet diet. Differences were not significant (P <0.12) with the green cassava foliage diet compared
with the cassava foliage pellet diet. Total tract digestion of organic matter, crude protein and cell wall components in cassava
green foliage and cassava foliage pellet diets were significantly lower than in the alfalfa diet. Crude protein total tract digestion
was similar for cassava green foliage and cassava foliage pellet diets, while fibre digestion was lower with cassava green foliage
diets. Retained nitrogen was significantly higher with the alfalfa diet compared with cassava diets—between which there were no
differences. Urinary nitrogen excretion was similar between all diets. In conclusion, pelleting does not decrease the feed value of
cassava foliage, but this value is nevertheless lower than the feed value of alfalfa.

Keywords Cassava foliage - Non-conventional resources - Ruminant - Tannin - Tropical

Abbreviations Introduction

ADF Acid detergentfibre

ADG Average daily gain Supplementation of low nutritional value roughage with
DM Dry matter protein-rich foliage improves the feed value of ruminant diets
CP Crude protein (Patra 2010a, b). There are many examples of protein-rich
CT Condensed tannins foliages within and beyond the legume plant family. Some
HA Dichanthium hay + alfalfa pellet of these foliages contain tannins that can positively or nega-
HC, Dichanthium hay + cassava foliage pellet tively affect their digestibility by ruminants (Piluzza et al.
HC, Dichanthium hay + green cassava foliage 2013; Patra and Saxena 2011), with the impact of tannins
N-NH;  Ammonia in rumen liquid depending on their concentration and composition (Waghorn
NDF Neutral detergent fibre 2008). Some protein-rich foliages are also co-products of
oM Organic matter crops and are thus strategic resources in mixed farming sys-

tems (Herrero et al. 2010; Hernandez-Castellano et al. 2019).

In particular, there is increasing interest in the utility of
5 Harry Archiméde cassava (Manihot esculenta) foliage, asitisadrought-tolerant
Harry.Archimede@inra.fr food crop that is grown in the tropics and subtropics.
Cassava has very-high-energy productivity per hectare and is
an important crop for food security in some developing
countries (Montagnac et al. 2009).
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{‘\ e
Published online: 27 August 2019 22 Springer

84


mailto:Harry.Archimede@inra.fr

Trop Anim HealthProd

production of ammonia, high urinary nitrogen excretion and,
consequently, a low efficiency of feed protein utilisation.
However, as cassava foliage is a rich source of tannin, this
could lower its ruminal digestibility and total digestibility
and thus diminish its metabolisable protein value. Notably,
feeding ruminants with tannin-protein-rich foliages could be
an efficient means to reduce the excretion of nitrogen in urine
and the nitrogen emission potential of manure that contributes
to greenhouse gases (Wang et al. 2018).

The optimal use of cassava foliage in a mixed farming
system requires the implementation of storage strategies
(Beigh et al. 2017), such as silage (Sudarman et al. 2016;
Wanapat et al. 2018), hay (Wanapat 2001) or pelleting.
Pelleting, which requires the source material to be ground,
can increase the fermentability of proteins by making them
more accessible to microbial enzymes. Pelleting increases
the intake of feed, but reduces its total tract digestibility
(Greenhalgh and Reid 1973). The objective of this study
was to evaluate the impact of pelleting on the feed value of a
cassava foliage diets.

Materialsand methods
Experimental site and diets

This research was carried out at the experimental animal sta-
tion of the National Agronomic Research Institute (INRA) of
the French West Indies (Guadeloupe, latitude 16.16 N, longi-
tude 61.30 W). Experimental diets consisted of a tropical nat-
ural grassland hay, based on Dichanthium spp., which was fed
either alone or in association with three protein-rich foliages.
Foliages were either given fresh (Manihot esculenta) or as
pellets (Manihot esculenta and alfalfa) and on average formed
50% of the daily diet. Hay came from a single harvest of a 75-
day regrowth of natural grassland grown with irrigation and
mineral fertilisation (100 kg of N/ha/year) in Grande-Terre,
northeast Guadeloupe. Manihot esculenta was collected from
a 12-month-old plantation. Unchopped whole foliage com-
posed of leaves, petioles and very young stems are usually
consumed by animals. Consequently, this foliage was harvest-
ed from plots planted gradually every 15 days, so that the
foliage taken daily would always be close to 12 months old.
Pellets were made from a single harvest. Foliage with petioles
and very young stems was sun-dried under shade for 2to 3
days depending on the weather to reach about 85/% dry
matter. It was then ground (3-mm screen) and pelleted using
a GR150E system (Oliotechnology, Burgun, Wissembourg,
France). No heating was applied during pelletising but it is
accompanied by anincrease in the temperature of the pellets to
45 °C. The average size of the pellets was 12 mm long and 3
mm in diameter. Three diets were compared:

Dichanthium hay distributed ad libitum and 500-g dry alfalfa
pellet (HA)

Dichanthium hay distributed ad libitum and 500-g dry cassava
foliage pellet (HC,)

Dichanthium hay distributed ad libitum and 500-g dry matter
equivalent fresh cassava foliage (HC))

Animals and design

This study used fifteen Black Belly rams in a 3 x 3 Latin
square design. The rams were 1 year old and were reared
following European Union recommendations for animal wel-
fare, in accordance with the regulations of the Animal Care
Committee of INRA. The mean body weight of the rams was
35.3 (£1.59) kg, and they were fitted with a rumen cannula.
The experimental period lasted 28 days. This comprised 21
days of diet adaptation followed by 5 days of feed intake and
total tract digestibility measurement, 2 days of rumen fluid
sampling and 1 day of total emptying of the rumen. Rams
had free access to water and salt blocks. Salt block
composition was as follows (g/kg): Ca (60.0), P (20.0), Mg
(10.0), Na (280.0), Zn (17.5), Mn (5.5), Fe (1.5), 1 (0.03), Co
(0.03) and Se (0.01). Rams were fed with hay ad libitum twice
aday, at 10-h intervals (07.00 and 17.00 h). Foliage and pellets
were offered at 07.00 h. The amount of fresh foliage was
adjusted by rapid determination of dry matter in a microwave
oven.

Measurements and calculations

Rams were individually weighed at the beginning and end of
each experimental period. Intake and apparent digestibility
were determined by daily weighing of the amounts of diet
offered and refused, and of faeces over five consecutive days.
Cotton bags were glued to the hindquarters of the animals
during the measurement period to collect faeces unsoiled by
urine. Daily samples were taken ofthe offered feeds and re-
fusals, and faecal samples, and these constituted the represen-
tative samples for chemical analysis. Daily urinary output was
also recorded. Urine was collected in 10-L drums containing
sulphuric acid (2.5 mL of 10% H,SO, per 100 mL urine);
daily samples of urine were pooled before N determination.
Rumen fluid was collected from rams via a rumen cannula.
Samples (100 mL) were collected over two consecutive days,
twice a day, immediately before and 3 h after the morning
feeding. These samples were immediately filtered (250-um
nylon filter) and rumen liquid pH was measured. A sample
of rumen fluid (50 mL) was then mixed with 1 mL sulphuric
acid and stored at 4 °C for use in ammonia-nitrogen (N-NHz)
determination.

Emptying of the rumen was carried out manually on each
animal, 8 h after the morning meal. Total content was
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weighed, thoroughly mixed by hand, and then three sub-
samples were taken. Two samples were used for dry matter
(DM) determination and the third was preserved by freeze-
drying for chemical determination.

Rumen turnover rate was estimated by the following ratio:
((daily excretion of ADL in faeces)/24 (g))/(amount of ADL
in rumen 8 h post-feeding (g)) (Archiméde et al. 2000).

The average daily gain (ADG, g/day) was estimated on the
basis of nitrogen retained, using the equation established by
Salah et al. (2014):

ADG = ((Nrety,w *"*- 0.19)/0.028)x LW

where Nrety w”"

metabolic weight.

is the amount of N retained per kg of

Chemical analyses and analytical procedures

The dry matter contents of forage, refusals and faeces were
determined by drying in a forced-draught oven at 60 °C until
constant weight was attained. Samples for chemical analyses
were dried under the same conditions. Diet and faecal samples
were milled through a 1-mm screen (Reich hammer mill,
Haan, Germany) prior to analysis. Organic matter (OM) and
N analyses were performed according to AOAC (1990)
methods 923.3 and 992.15, respectively. Lyophilised faecal
samples were analysed for ash and N, and N was analysed in
fresh samples of urine using the same methods as used for
diets. Crude protein (CP) was estimated as N x 6.25. Cell wall
components (neutral detergent fibre (NDF), acid detergent
fibre (ADF) and acid detergent lignin (ADL)) in diet and
faecal samples were determined as described by Van Soest
et al. (1991) using a sequential procedure (AOAC 2006;
methods 200.04 (NDF) and 973.18 (ADF + ADL)).
Condensed tannins were extracted in an ultrasonic bath with
a 70% (vol/vol) aqueous acetone solution (Giner-Chavez et al.
1997) and isolated with Sephadex LH-20 (Sigma-Aldrich, St.
Louis, MO, USA). Condensed tannin content was
determined using the vanillin-H,SO, method according to
Laurent (1975). A 70% (vol/vol) H,SO, solution containing
1% vanillin (wt/vol) was added to the methanolic extract of
Manihot esculenta, and absorbance was measured at 500
nm. The N- NH3 concentration was estimated in the rumen
liquor by distillation and titration.

Statistical analysis

Means were calculated over 5 days of measurement for intake,
total tract digestibility and N balance and over 2 days of mea-
surement for rumen fluid. Statistical analyses were performed
using the MIXED procedure of SAS 9.2 release (SAS 2008).
Diet and period were designated as fixed effects; animal was a
random effect.

The global model used was:
Yij = m+Dj +Pj +(DxP)j + Ac* €ijk

where:

m is the mean

D; is the diet fixed effect (i =1-3)

P; is the period fixed effect (j =1-3)

(D xP);; isthe interaction between the diet effect and the period
effect

Ay is arandom effect associated with animal (k=1-15)
€ijk is the residual term.

Results

The chemical composition of each ingredient in the experi-
mental diets is shown in Table 1. The hay was of medium to
low quality. Cassava foliage had a similar CP content to alfal-
fa, while its fibre content was lower.

Rams consumed the pellets in less than an hour, compared
with taking four to 5 h to consume the green cassava foliage.
The intake of green cassava foliage, cassava pellets and
alfalfa pellets was similar, in accordance with experimental
design (Table 2). Total DM intake of the green foliage
cassava diet (HCI) was lower than the alfalfa pellet diet (HA)
(P < 0.05). Total DM intake tended to be lower (P < 0.12)
with the green cassava foliage diet compared with the cassava
pellet diet (HCp). Differences in the total DM intake observed
between diets were related to those observed for hay intake.
Hay intake was significantly higher with the HA and HCp
diets compared with HCI (Table 2). Total intake of CP was
similar across the three diets while fibre intake (NDF, ADF)
was lower with the HCI diet (Table 2).

Total tract digestion values of OM, CP, NDF and ADF in the
HC, and HC diets were significantly lower than in the HA diet
(Table 2). Except for OM and CP for which the differences
were not significant, total tract digestions of NDF and ADF
were lower for HC,, diet compared with HC, diet.

Previously, the dry matter digestibility of similar experimental

Table 1 Dry matter (DM), organic matter (OM), crude protein (CP),
neutral detergent fibre (NDF), acid detergent fibre (ADF) and condensed
tannin (CT) content (g/100 g dry matter) of Dichanthium hay, alfalfa and
Manihot esculenta (cassava) pellets and foliage

Chemical content

DM OM CP NDF ADF ADL CT
Alfalfa pellets 910 852 215 634 352 89 0
Cassava pellets 916 86.7 225 561 393 119 6.0
Cassava foliage 327 901 222 517 355 121 6.2
Dichanthiumhay 87.3 89.9 75 749 397 7.2 0
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Table 2 Mean values of dry matter (DM), organic matter (OM), crude
protein (CP), neutral detergent fibre (NDF) and acid detergent fibre
(ADF) intake (1) and total tract digestibility (ttd) of mixed diets from

Dichanthium hay and Manihot esculenta (cassava) foliage (HC;) and
pellet (HC,) or alfalfa (HA) fed by Black Belly rams

HA HC, HC, SEM P
Intake
Total DMI, g/LW®™ 79.5a 67.6b 73.7ab 3.10 0.013
Hay DMI, g/LW®™ 41.1a 33.2b 39.4a 231 0.050
Supplement DMI, g/LW®™ 38.2 34.4 343 1.68 0.109
OMI, g/day 992.6a 872.0b 961.1a 34.36 0.054
CPI, g/day 167.7 159.6 165.6 5.39 0.485
NDFI 795.5a 600.1b 734.7a 26.51 0.000
ADFI 423.9a 346.9b 431.7a 26.0 0.001
Total tract digestibility
OMittd 0.591a 0.550ab 0.539b 0.0183 0.077
CPttd 0.674a 0.520b 0.539b 0.0246 0.000
NDFttd 0.657a 0.569b 0.611c 0.0164 0.001
ADFttd 0.592a 0.471b 0.544c 0.0194 0.000
ADL rumen turnover %/h 0.037 0.039 0.037 0.0029 0.519

DMIt total dry matter intake; hay dry matter intake; supplement (alfalfa, cassava) dry matter intake

ab.¢| acking a common superscript letter differ (P < 0.05)

hay (same grassland and same plot) was estimated as 0.56
(Archimede et al. 2018). On this basis, and discounting diges-
tive interactions in the diets, DM digestibilities of 0.62, 0.52
and 0.49 were estimated for alfalfa pellets, cassava foliage and
cassava pellets, respectively.

No differences in ADL rumen turnover (%f/h) were ob-
served between diets (Table 2). No symptoms of bloat were
observed during rumen emptying, irrespective of diet con-
sumed. Moreover, the rumens of the animals were never seen
to be abnormally inflated.

Very slight differences in rumen acidity (pH) were ob-
served in animals fed the different diets, irrespective of sam-
pling time (Table 3), though the acidity was never very high.
Ammonia concentrations are reported in Table 3. The concen-
tration of ammonia 3 h after a meal was higher with the HC,
diet compared with the other two diets—for which the differ-
ences were not significant.

Urinary nitrogen excretion did not vary significantly
between diets (Table 4), while faecal nitrogen excretion was
higher in rams fed the HC, and HC, diets compared with the
HA diet. This is consistent with the higher nitrogen
digestibility observed for the HA diet. Retained nitrogen, an
indicator of ram growth, was significantly higher with the
HA diet compared with the HCI and HC, diets—between
which no differences were registered.

Discussion

Fresh cassava foliage contains variable quantities of toxic hy-
drogen cyanide, 1-100 mg/100 g fresh basis, depending on

variety, stage of maturity, soil fertility and climate (Promkot
et al. 2007). In this study, we have tested a sweet cassava
variety that is supposed to be much lower in hydrogen cyanide
content than the bitter varieties (Promkot et al. 2007) but hy-
drogen cyanide has not been assayed. Similarly, hydrolysable
tannins have not been assayed because of their very low con-
centration in cassava leaves (Rira et al. 2018). Ruminant tox-
icity is reported mainly with hydrolysable tannins related to
low molecular weight of their components and consequently
their absorption through the rumen cell wall (Makkar 2003).
The main characteristics of intoxications by hydrolysable tan-
nins are as follows: anorexia, depression, ruminal atony, he-
patic and renal failure, ulcers along the digestive tract, and
severe gastroenteritis. During this experiment, no external
signs of intoxication were observed. For the other compo-
nents, the chemical composition of the cassava foliage used
in this study was within previously reported ranges (\Wanapat
2003; Ravindran 1993). CP, NDF and CT content of foliages
can vary with the proportion of leaves to young stems, the age
and variety of the foliage, and crop management. The CP
levels of foliages in this trial are average, with the highest
values in the literature having being recorded for very young
forage (Wanapat 2003). The NDF and ADF values of the
cassava foliage in this study are at the high-end of published
data, relative to the late harvest age (1 year), and CT values are
high relatively to published data on cassava. Although it is
imprudent to generalise, Wanapat (2003) indicates that CT
concentrations could be lower in young leaves. However,
CT concentrations can also increase with different environ-
mental stresses (Piluzza et al. 2013). The level and
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Table 3
(cassava) foliage (HC)) and pellet (HC,) or alfalfa (HA)

Acidity and ammonia content of rumen liquid of Black Belly rams fed with mixed diet containing Dichanthium hay and Manihot esculenta

HA HC, HC, SEM P

Rumen pH, 0 h post-feeding 6.6a 6.5a 6.7b 0.04 0.017
Rumen pH, 3 h post-feeding 6.3a 6.4ab 6.5b 0.05 0.034
Rumen ammonia (mg I-*), 0 h post-feeding 300.2a 295.7ab 269.7b 1291 0.097
Rumen ammonia (mg 1-*), 3 h post-feeding 321.2a 399.4b 317.8a 18.00 0.001

ab.¢| acking a common superscript letter differ (P < 0.05)

composition of CTs affects the nutritional value of feeds. A
limit of 4-5% TC in feed is often reported in the literature as
the limit beyond which inconveniences outweigh the benefits
(Wanapat 2001). This value is probably variable depending on
the nature of the condensed tannins. The presence of less than
4-5% CT can have a beneficial effect in feeds, by partially
protecting CP from ruminal fermentation. However, it is im-
portant that this protection does not limit the intestinal diges-
tion of feed proteins. Low intake is generally reported with
tannin-rich foliage because of their astringent taste (Makkar
2003). In this study, where cassava represented on average
70% of the intake, we did not observe any rejection of this
feed. Moreover, high rumen fill and low digestion are also
reported with tannin-rich foliage resulting in a reduction in
intake (Makkar 2003). The latter conditions were probably
met in this experiment. Certainly, CP and NDF total digestion
were low with cassava diets. The comparison of HA and HC,
diets is informative because alfalfa and cassava pellets have
similar chemical composition except for CT. Consequently,
differences in intake between rations HA and HC, could be
explained by the presence of CT. The fill value of cassava
pellets would be higher than that of alfalfa if we compare their
digestibility although this is not confirmed by the rumen turn-
over values. The differences in intake between HC, and HC,,
are due to the relatively long leaves intake time which limits
hay consumption. In addition, the fill rumen of the biomass
consumed is higher with HC,,. The relatively low digestibility

Table 4 Nitrogen balance and average daily gain (ADG) of Black Belly
rams fed with mixed diet containing Dichanthium hay and Manihot
esculenta (cassava) foliage (HC;) and pellet (HC,) or alfalfa (HA)

HA  HC, HC, SEM P
N intake, g/day 268 255 265 0.86 0485
N faecal excretion, g/day ~ 8.7b  11.6a 122a 0.80 0.001
N urinary excretion, g/day 8.7 8.0 83 049 0440
N retained, g/day 9.4a 5.9b 6.0b 093 0.018
ADGY, g/day 237.0a 116.0b 109.0b 33.4 0.017
ADG®, glday 159.0a 86.0b 82.0b 21.1 0.010

&b.¢) acking a common superscript letter differ (P < 0.05)

ADG® and ADG®@ estimates were based on nitrogen balances and
animal weights, respectively

of CP observed with cassava diets compared with alfalfa diets
would demonstrate the protective effect of TCs against micro-
bial enzymatic digestion in the rumen and intestinal enzymatic
digestion. This same protection explains the low digestion
observed for NDF and ADF.

Although the hay consumed in this study was of medium to
low quality, the HC, total intake was high on the basis of the
intake capacity of Black Belly sheep consuming a young trop-
ical grass (about 75 g LW®") (Archiméde et al. 2000, 2018).
This is a standard result when high-protein foliage is com-
bined with low-protein forage in a diet (Patra 2010b; Sath et
al. 2012). Differences in intake between the diets in this
study were not due to differences in rumen content turnover
rates, as they were identical for all three diets. As cassava
pellets were compared with alfalfa pellets, differences in diet
intake could be explained by the better digestibility of alfalfa.
As cassava pellets were compared with cassava foliage, dif-
ferences in diet intake could be explained by the differences in
cassava intake times according to its treatment. The lower
fibre intake with the HC, diet is explained by a lower total
dry matter intake and a lower NDF content of the latter due
to the lower hay consumption.

Mixed diets containing cassava foliage can support signif-
icant growth, although this growth is less than that allowed by
alfalfa. However, it is important that growth data are com-
pared in relative rather than absolute terms, because of the
limitations in the methods used to assess growth.
Specifically, the retained nitrogen method tends to overesti-
mate growth. In this study, the recorded growth values of
230 g/day in Black Belly sheep that are already 1 year old
are relatively high, as the maximum growth rates recorded
with intensive feeding in this species were around 210 g/day
(Archimede et al. 2008). The growth obtained by the tradi-
tional weighing method confirms the hierarchy obtained from
nitrogen balances. These estimates of ADG, while plausible,
must also be analysed with caution because the measurement
period includes the phases of adaptation to the diets. This
adaptation was relatively long (10 to 15 days) with high var-
iability between rams.

The feed value of cassava is lower than that of alfalfa be-
cause of its lower OM, CP and fibre digestibility. Pelleting did
not allow cassava foliage to reach the same performance as
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obtained with alfalfa. However, the pelleting of cassava fo-
liage resulted in (i) increased forage intake; (ii) reduced
fermentability of cassava proteins in the rumen; and (iii) in-
creased digestibility of cassava fibre. Generally, grinding and
pelleting increases intake and reduces digestibility of low-
quality roughage (Greenhalgh and Reid 1973). However,
pelleting has less effect on high-quality roughage
(Greenhalgh and Reid 1973). The effect of pelleting on intake
can be explained by the lower resistance of pelleted roughage
to mechanical comminution. Accordingly, the average intake
time of green cassava foliage was five times longer than that of
cassava pellets. As such, the time available for Dichanthium
hay intake was potentially lower with the cassava HC, diet
compared with the HC, diet, especially as the maximum in-
take time in small ruminants cannot exceed 10 h. In contrary
to published hypotheses (Greenhalgh and Reid 1973), in this
study, pelleting caused an increase in total tract digestion of
fibre.

Conclusion

Compared with alfalfa, cassava fresh foliages and cassava
pellets have a medium diet values. The high level of CT of
cassava impairs total tract digestion of the feed and conse-
quently the performance of the animals. Cassava pellets sup-
ports medium growth, identical to that observed with the fresh
foliages. Pelleting reduces the intake time of cassava and con-
sequently increases total diet intake. Pelleting does not result
in higher nitrogen emissions.

Pelleting does not improve animal performance, while the
economic cost and carbon footprint of its production are
higher compared with using fresh leaves. The main interest
of this technology would be its ability to be a storage method
and to provide practicality for the use of a by-product. New
studies should evaluate the percentage of maximum cassava
pellet in the ruminants’ diet for tannin not to act negatively on
animals.
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ABSTRACT

Condensed tannins are known to have anthelmintic properties and can be used in an integrated
approach to control gastrointestinal induced pathologies of small ruminants.

Pelleting condensed tannins-rich plants allows their availability during the whole year and
facilitates their use by farmers. Several authors have shown that condensed tannin profiles
differ between plant species and anthelminthic activity can be influenced by the chemical
structure of the condensed tannins. To evaluate the effect of condensed tannin diversity, the
pelleting process and the combination on anthelmintic properties, this study was conducted on
three tropical condensed tannins-rich plants with different tannin profiles using two in vitro
assays : the larval development inhibition assay and the larval exsheathment inhibition assay.
HPLC profiles and free flavan-3-ol determination were performed on extracts of condensed
tannins from plants and pellets.

Results showed that anthelmintic properties were dose-dependent and varied according to
condensed tannin profiles. A synergistic effect was found only for larval exsheathment.
Different compositions of condensed tannins and free flavan-3-ols in the extracts could
explain those effects. Pelleting decreased the efficacy of the extracts but did not cancel the

anthelmintic activity.

Keywords : Condensed tannins, larval development, larval exsheathment, pelleting process,

synergistic effect, Haemonchus contortus.

HIGHLIGHTS

Diversity of condensed tannins influences in vitro anthelmintic activity against
Haemonchus contortus

Presence of synergistic effect of condensed tannins from different plant sources used in
this study on Haemonchus contortus larval exsheathment
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Pelleting slightly reduces anthelmintic activity of condensed tannins-rich plants

Pelleting condensed tannins-rich plants increases free flavan-3-ols concentration in the
pellets

Abbreviations

CT: Condensed tannins

FDL : Freeze-dried leaves

GIN: Gastrointestinal nematodes

LDIA: Larval development inhibition assay
LEIA: Larval exsheathment inhibition assay
L1: First stage larvae

L2: Second stage larvae

L3: Third stage larvae

ECso: Half maximum effective concentration
RT: Retention time

PD: Prodelphinidins

PC: Procyanidins
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INTRODUCTION

Livestock productivity can be affected by gastrointestinal-induced pathologies that cause
approximately 45% mortality in young small ruminants (sheep and goats) before weaning
(Aumont et al., 1997 ). The classical control method based on the use of anthelmintic drugs is
less and less effective because of a generalised resistance of gastrointestinal nematodes (GIN)
to most of the classes of molecules used to combat these pathogens (Wolstenholme et al.,
2004 ; Papadopoulos, 2008).

The worldwide spread of resistance (Wolstenholme et al., 2004 ; Kaplan, 2004 ; Sutherland
and Leathwick, 2010), and the increasing concern about environmental considerations
(Kaplan and Vidyashankar, 2012 ; Hoste et al., 2015), have led to the consideration of non-
chemical strategies to fight GIN infections (Hoste et al., 2012). One innovative alternative is
the use of nutraceuticals as a part of integrated pest management (Hoste et al., 2015).

Many plants in tropical areas have nutraceutical value due to their composition in primary and
secondary metabolites. Condensed tannins (CT) are secondary metabolites that are known to
have anthelmintic activities (Hoste et al., 2012). Three main impacts have been associated
with infected ruminants consuming tanniferous plants: i) a reduced establishment of the
infective third-stage larvae in the host; ii) reduced excretion of nematode eggs by the adult
worms; iii) reduced development of eggs to third-stage larvae (Hoste et al., 2012).

Thus, consumption of tanniferous plants has an effect on the healthiness of the animal, but
also contributes to reducing environmental contamination with infective parasitic elements,
which is important for a global strategy to fight GIN infection (Hoste et al., 2015).

Pelleting nutraceutical plants allows year-round access to these plants and facilitates their use
by farmers. CT are sensitive to temperature (Hove et al., 2003 ; Dzowela et al., 1995), and the
pelleting process involves a drying operation that can have detrimental effects on CT

anthelmintic properties.
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Moreover, several authors have shown that CT profiles can differ between plant species. We
hypothesised that combining plant species could be beneficial compared to single species.

To assess the effect of the pelleting process on anthelmintic properties of three tropical CT-
rich plants and their mix, this study was conducted using two in vitro assays. The larval
development inhibition assay (LDIA) and the larval exsheathment inhibition assay (LEIA)
were performed to measure the activity of CT extracted from pellets obtained using plant

leaves.

MATERIAL AND METHODS

Preparation of CT extracts from freeze-dried leaves (FDL) and pellets

Manihot esculenta, Cajanus cajan and Leucaena leucocephala were selected for their protein
and CT contents. They were also selected because they represent the diversity observed in
farms, and they are easier for use in an integrated approach to fight GIN.

Leaf samples were harvested from two zones in Guadeloupe French West Indies, Grande-
Terre and Basse-Terre, and for each zone, the sampling was performed on three sites during
the middle and the end of the dry-season. The samples were sun-dried under shelter, and then
equal amounts of the same species from each zone were mixed together to constitute a single
sample per species. The sample was pelleted without additives in a GR 150 E system
(Oligotechnology, Burgun, Wissembourg, France). FDL from each species were used as
positive controls. All samples (three FDL, three pellets) were used for CT extraction.

FDL or pellets (60 g) were reduced to powder. The pellet mix sample was prepared using 10 g
of each plant powder. Diatomaceous earth (6.5 g) was added to each ground FDL and pellet
material (25 g) before extraction with 40 ml of 70% aqueous acetone containing 0.1%
ascorbic acid to prevent polyphenol oxidation, using an Automated Solvent Extractor (ASE,

Dionex).
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Chlorophyll and lipids were removed from the acetonic extract (40 ml) with diethyl ether (two
to three times, 30 ml each). Solvents were evaporated in vacuo at 35 °C.

Non-tannin phenolic compounds were removed from the aqueous portion, washed with 20 to
30 ml of 50% aqueous methanol onto Sephadex LH20. The proanthocyanidins adsorbed onto
the Sephadex LH-20 were eluted with 70% aqueous acetone. Solvents were evaporated in
vacuo at 35 °C, and then extracts were freeze-dried and stored at -20 °C before analysis. The
mix sample from FDL was prepared by mixing the three FDL extracts of each species.

The following eight extracts were obtained:

- Four positive controls: FDL of C. cajan, M. esculenta, L. leucocephala, mix of the FDL.

- Four assays: pellets of C. cajan, M. esculenta, L. leucocephala, mix of the pellets.

Condensed tannins high-performance liquid chromatography profiles and free flavan-3-
ol determination

A high-performance liquid chromatography (HPLC) system connected to a reverse phase C18
Microsorb 100 column (5 pm particle size; 250 mm length; 4.6 mm internal diameter) was
used. The column oven temperature was 27 °C.

The Varian Prostar HPLC system consisted of a 20 ul manual injection loop, two Prostar 210,
0.025-25 ml/min rate of flow pumps, a Degassit 0-3 ml/min degasser, a Croco-cil 30-90°C
column oven, a 190-950 nm Prostar 335 diode array detector and a personal computer with
Galaxie 1.10.1.2006 version software.

CT extracts (1 mg/mL) and the internal standard, benzoic acid (1 mg/mL), were dissolved in
methanol and then mixed in an 8: 2 ratio, respectively. Samples (20 ul) were injected into the
HPLC chain with 70% water, 28% acetonitrile and 2% acetic acid as mobile phase. Peak
areas were observed at 280 nm. The profiles obtained were compared according to two
parameters: their maximum absorbance (Amax) and the difference of retention time (ART)

compared to the internal standard, calculated for each selected compound, according to the
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formula: ART = RTbenzoic acid - RTcompound. Compounds with the same Amax and the
same ART were considered potentially identical.

For the determination of free flavan-3-ols, CT extracts (4 mg/mL) and the internal standard,
dihydroquercetin (0.047 mg/mL), were dissolved in methanol and then mixed in an 8:2 ratio,
respectively.

External standard solutions in methanol, for identification and quantification of flavan-3-ols,
were prepared as follows: catechin (0.05 mg/mL), epicatechin (0.10 mg/mL), epigallocatechin
(0.22 mg/mL) and dihydroquercetin (0.047 mg/mL) were dissolved in methanol, and then
equal volumes from each standard were combined for the standard solution.

The flow rate was 0.75 ml/min using 1% acetic acid in water (solvent A) and HPLC-grade
methanol (solvent B). The following gradient program was employed: 0-5 min, 20% B; 5-40
min, 20-70% B linear; 40—45 min, 70-90% B linear; 45-50 min, 90% B; 50-55 min, 90-20%
B linear; 55-60 min, 20% B. Flavan-3-ols were identified and quantified using peak areas at

280 nm and molar response factors relative to dihydroquercetin.

Bioassays

Two in vitro experiments, LDIA and LEIA, were conducted to determine the pelleting effect
on the anthelminthic properties of CT from three plant species and their mix.

Eggs were collected from the fresh faeces of lambs, in which each lamb was experimentally
infected with 1000 third stage larvae (L3) of a Haemonchus contortus strain sensitive to
anthelmintic drugs. Faeces were recovered after 21 days of infection and divided into two
groups: one group was treated to recover the eggs for LDIA, the other was cultivated to obtain
the L3 larvae for LEIA.

LDIA was used to evaluate the effect of CT extracted from FDL and pellets on inhibiting the

development from the first stage (L1) to the infective L3 stage.
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The technique used was a modification (Assis et al., 2003) of the technique described by
Hubert and Kerboeuf (1992). The eggs were incubated at room temperature for 48 h in 24-
multiwell plates (0.5 ml per well with a concentration of 400 eggs/ml). After hatching, 70 pl
of culture medium (for one plate: 10 pg of autolytic yeast extract, 1.5 ml of distilled water and
170 ul of Earle’s balanced solution, stabilised to pH = 7.2 with a NaHCO3 solution at 50 g/I)
was added to each one of the wells, followed by either each concentration of extracts (0, 0.1,
0.5, 1.25, 2.5 and 5 mg/ml), albendazole positive control (5, 2.5 and 1.25 mg/ml), all diluted
in phosphate buffer solution (PBS), and PBS negative control (0.5 ml per well and five
replicates for each dose). All dilutions were made in PBS. The larvae were incubated for eight
days at room temperature (25 °C) to allow larval development from the first stage to the third
infective stage. Thereafter, several drops of a Lugol’s iodine solution were added, and the
number of larvae was counted using an inverted microscope (at 40x magnification) by
separating L3 infective larvae from L1 and second stage larvae (L2). The percentage of
development was calculated as the following ratio: (number of L3/number of larvae per well)
% 100.

LEIA was performed to evaluate the effect of CT on the early process of infection. L3 larvae
need to be exsheathed in order to invade the host mucosal tissue. The LEIA test was used to
investigate the effectiveness of CT to reduce the host infection by the parasite. The method
used was described by Bahuaud et al.(2006). Two thousand ensheathed L3 were incubated for
three hours at room temperature (25 °C), with each extract having a CT concentration of 0.05,
0.25, 0.5, 1.25, 2.5 mg/ml in PBS (phosphate 0.1 M, NaCl 0.05 M).

Then, the L3 larvae were washed and centrifuged three times in PBS. They were submitted to
the exsheathment process by incubation in a solution of 16.6% sodium chloride and sodium
hypochlorite (2.6% of active chlorine). The composition of this solution has been determined,

before the test, to allow 100% larval exsheathment after 50/60 minutes of incubation.
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The Kkinetics of larval exsheathment were measured by microscopic observation at a
magnification of 40x by regular examination 0, 10, 20, 30, 40, 50, 60 and 70 min after contact
with the solution for artificial exsheathment. The identification and count of ensheathed and
exsheathed larvae were realised after the addition of 20 pl of Lugol in an aliquot of 200 pl of
solution withdrawn in an Eppendorf.

Negative controls were run (L3 in PBS) in parallel in the assay. Five replicates were

performed for each CT extract and the control.

Statistical analysis

Statistical analysis was performed using the Mixed General Linear Model (GLM) procedure
of SAS Software 9.4.The global model to analyse LDIA and LEAI data was:

Yija =m + Fi + Pj + D¢ + (F X D)ic+ (P X D)jc + (F X P X D)jjc + R + €iji

where m is the mean, F; is the foliage fixed effect (I = 1-5), P; is the processing fixed effect (j
= 1-3), Dy is the dose fixed effect (k = 1-6), (F x D) is the interaction between foliage and
dose effect, (P x D) is the interaction between process and dose effect, (F x P x D);j is the
interaction between foliage, process and dose effect, R is the replicate random effect (I = 5)
taken inside of the interaction (F x P x D) and ejjq is the residual term.

A Probit analysis was conducted to find out the half maximal effective concentration that
causes 50% inhibition (ECsp) of larval development (ECsopia) and larval exsheathment
(ECsoLe1a) Using SAS Software 9.4.

The values were expressed as least square means and standard error of the mean (SEM).

Statistical differences were declared significant at a P-value < 0.05.

RESULTS
Chemical analysis

Qualitative HPLC analysis of the pellets (Table 1) shows that the compounds had a maximum

absorbance in the range of wavelength from 216 to 354 nm (Amax). The internal standard
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(benzoic acid) had an average retention time (RT) of 9.71 min and a maximum absorbance at

a wavelength of 271 nm.

Table 1. Maximum wavelength (Amax) and retention time (ART) of CT in Cajanus cajan,

Leucena leucocephala, Manihot esculenta and mix samples

Compounds ART (min) A max (nm)
Compound 1 4,60 235/275

C. cajan Compound 2 2,90 234/270/333
Compound 3 2,44 216/269/339
Compound 4 2,02 234/269/338
Compound 2 3,03 235/274

L. leucocephala Compound 3 2,53 216/271
Compound 4 2,04 235/258/348
Compound 1 4,67 236

M. esculenta Compound 2 2,91 234/255/347
Compound 3 2,49 217/255/351
Compound 4 2,04 255/350/354
Compound 2 2,95 234/271

Mix Compound 3 2,53 216/267/337
Compound 4 2,04 234/263/344

Three compounds (compounds 2, 3 and 4) were common to all three plants. Compound 1 was
not found in L. leucocephala. Figure 1 shows that compound 4 was very abundant in M.
esculenta (more than 50% of the sample) and compound 2 was more abundant in L.
leucocephala. The mix had a composition similar to that of L. leucocephala.

All CT extracts contained free flavan-3-ols (Figure 2). CT amounts were lower in FDL
extracts (from 0.59% in M. esculenta to 4.84% in L. leucocephala). After pelleting, the

amounts increased for all samples (from 2.93% for M. esculenta to 27.07 % for C. cajan).
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Figure 1. Condensed Tannin profiles in Cajanus cajan, Leucena leucocephala, Manihot
esculenta and mix pellet samples.
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Figure 2. Percentage of free flavan-3-ols in Cajanus cajan, Leucena leucocephala, Manihot

esculenta and mix condensed tannin extracts from freeze-dried leaves and pellets.
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Prodelphinidin (PD) monomers were mainly represented in the extracts (Figure 3). The PD
monomer amounts in pellets were important for C. cajan (23.64 %), the mix (11.50 %) and L.

Leucocephala (6.60%).
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Figure 3. Percentage of Procyanidins (PC) and Prodelphinidins (PD) monomers in Cajanus
cajan, Leucena Leucocephala, Manihot esculenta and mix condensed tannin extracts from

freeze-dried leaves and pellets.
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Anthelmintic effects

The LDIA results are shown in Table 2. Inhibition of larval development was dose-dependent,
varied significantly between species (P < 0.0001) and was abnormally low with C. cajan as
shown by the very high ECs,. M. esculenta was more effective than other plants, as illustrated
by the lowest ECso value (0.195 mg/ml) that is observed. Species*pelleting interaction (P <
0.0001) was certainly due to the fact that for C. cajan, the pellet extract seemed to have better
anthelminthic activity than the FDL extract, contrary to the other species. Species*dose
interaction (P < 0.0001) could also be related to the results obtained with C. cajan FDL

extract.

103



Table 2. Larval development inhibition of Haemonchus contortus caused by condensed
tannins extracts of freeze-dried leaves and pellets of Cajanus cajan, Leucaena leucocephala,
Manihot esculenta and their mix.

Larval development (%)

Species C cajan L. leucocephala M. esculenta Mix
Plant
Sample Leaves Pellets Leaves Pellets Leaves Pellets Leaves Pellets
0 76,5 76,5 76,5 76,5 76,5 76,5 76,5 76,5
0,1 72,1a 56,5b 25,1d 58,8b 25,0d 56,1b nd 51,6¢
0,5 73,4a 41,2b 20,9d 42,3b 13,9 14,0e 36,7c 37,5¢
CT Dosis 1,25 56,8a 18,4b 0,0 8,8d 0,0 3,7e 0,4f 12,7c
(mg/ml)
2,5 26,0a 0,0b 0,0b 0,0b 0,0b 0,0b 0,0b 0,0b
5 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
SEM 1,34 1,34 1,34 1,34 1,34 1,34 1,32 1,04
EC 50 (mg/ml) 0,934 0,868 0,489 0,729 0,195 0,182 0,51 0,752

Pelleting*dose interaction (P < 0.0001) was explained by the fact that the differences between
treatments were dose-dependent. Comparison of ECsy values between FDL and pellets
showed that pelleting reduces the anthelmintic activity. However, the pellets are still effective
in reducing larval development. M. esculenta remains the least affected by pelleting and the
most efficient (ECso of FDL similar to ECs of pellet).

The depressive effect due to pelleting was greater with L. leucocephala (48.5% increase of
ECso), then the mix (47.5% increase of ECsp), while the ECs, for M. esculenta remained
stable (0% increase of ECsy).

No synergistic effect of the mix was found because the ECs, of the mix corresponded to the
arithmetic mean of the ECs of the three FDL.

The results of the LEIA are displayed in Table 3. In the negative PBS control, on average,

98% of H. contortus larvae were exsheathed after 70 minutes of contact with the solution for
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exsheathment. Table 3 shows the percentages of exsheathed larvae after 70 min in order to

compare FDL and pellet extracts.

Table 3. Larval exsheathment inhibition of Haemonchus contortus caused by condensed
tannins extracts of freeze-dried leaves and pellets of Cajanus cajan, Leucaena leucocephala,
Manihot esculenta and their mix.

Larval exsheathment (%)

Species C cajan L. leucocephala M. esculenta Mix
Plant

Sample Leaves Pellets Leaves Pellets Leaves Pellets Leaves Pellets

0 98,2 98,2 98,2 98,2 98,2 98,2 98,2 98,2

0,05 99,6a 98,3ab 100a 98,7ab 99,4ab  99,3a 98,6b 99,4a

0,25 96,8a 86,5b 99,2a 99,3a 95,7a 99,4a 95,7a 98,9a
CT Dosis 0,5 2,8a 0,3b 0,3b 0,26b 3,4a 89,1c 0,8b 0,2b
(mg/ml)

1,25 0,5a 0,2a 0,15a 0,13a 0,2a 0,2a 1,4a 0,3a

2,5 Oa 0,2a Oa 0,2a Oa 0,5a 0,2a 0,5a

SEM 0,72 0,74 0,72 0,7 0,74 0,7 0,7 0,7
EC 50 (mg/ml) 0,364 0,342 0,3 0,364 0,684 0,758 0,36 0,348

The effect is similar for L. leucocephala, C. cajan and the mix, as shown by their ECs values,
which are very similar. The ECsq value of M. esculenta was double that of the other species,
reflecting a lower efficacy (P < 0.0001).

Globally, pelleting has little effect on the ability of CT to inhibit larval exsheathment. The
ECso increased by 21.3% for L. leucocephala, 10.8% for M. esculenta, and the ECs, did not
increase for C. cajan and the mix.

M. esculenta was the resource that was least effective for inhibiting larval exsheathment, as
shown by its ECsg value for both the leaf and pellet forms, which was the highest of the three

species examined.
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The ECsp of the mix was close to that of L. leucocephala and C. cajan. Therefore, there may
be a synergistic effect between the three plant species on inhibiting exsheathment. This trend

was maintained for the pellets.

DISCUSSION

In this study, we wanted to assess: (i) the effect of pelleting on the anthelmintic activity of the
CT contained in the selected species; (ii) the existence of synergy between different CT
structures. According to the literature, CT are involved in both phases of the parasite cycle,
the extra-host phase and the intra-host phase.

We therefore selected two tests for the two key stages of infestation: the L1 to L3 stage
(extra-host) and the L3 infesting stage (intra-host).

In the extra-host phase, CT are not completely digested by the animal and can be recovered in
the faeces where they could therefore prevent the first and second-stage larvae (L1, L2) to
evolve towards the infection stage (third-stage L3) (Terrill et al., 1994).

In the intra-host phase, the decrease in infestation is due in particular to larval exsheathment
inhibition, as has been shown in many studies (Alonso-Diaz et al., 2008; Azando et al., 2011;
Bahuaud et al., 2006; Brunet et al., 2007; Brunet and Hoste, 2006 ; de Oliveira et al., 2011).
This effect is believed to be due to the inactivation of enzymes (proteinases) responsible for
larval exsheathment (Rogers, 1982 ; Gamble, 1989).

Molan et al. ( 2000) showed that CT of Lotus pedunculatus, Lotus corniculatus, Hedysarum
coronarium and Onobrychis viciifolia were able to reduce egg hatching by 34% and inhibit
larval development (L1 to L3) by 91%, or even cause death of L1 and L2 Teladorsagia
circumcincta larvae, and thereby interrupting the life cycle of nematodes (Molan and Faraj,
2010).

CT may be able to cross the nematode cuticle and prevent glucose absorption or block post-

synaptic receptors leading to larval paralysis (Lem et al., 2014). CT are also capable of
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causing changes in the ultrastructure of larvae (Brunet et al., 2011; Kommuru et al., 2015;
Martinez-Ortiz-de-Montellano et al., 2010). Brunet et al. (2011) observed a severe alteration

of the hypodermis, muscle cell lyses and intestinal cells using electron microscopy.

CT chemical structure and anthelmintic activity relationships

Literature shows that CT bioactivities are dose-dependent, but also related to their chemical
structure (Mueller-Harvey et al., 2019). Four parameters are to be taken into account: (i) the
type of flavan-3-ol subunits giving rise to two main classes of CT—Procyanidins (PC) and
Prodelphinidins (PD)—differentiated by the presence of an additional hydroxyl on the B-ring
of PD, (ii) the size of the tannins materialised by the mean degree of polymerisation (mDP),
(iii) the presence of galloyl-groups on the C-ring (Mueller-Harvey et al., 2019), and (iv) the
stereochemistry of the C-ring of the flavan-3-ol subunit (cis or trans) (Naumann et al., 2014).
PDs are reported to be more active than PCs because of the additional hydroxyl function on
the B-ring that would allow more hydrogen bonds to the protein of the larvae (Brunet and
Hoste, 2006 ; Quijada et al., 2015 ; Williams et al., 2014). For the same reasons, galloylated
CT would also be more active (Brunet and Hoste, 2006).

The plants used in the study were collected based on their diversity at a farm level, and we
chose to differentiate them based on their pellet chromatographic profiles. On this basis, M.
esculenta is different from C. cajan and L. leucocephala due to the larger amount of
compound 4.

Regarding development inhibition, our results confirm the important anthelmintic potential of
M. esculenta CT (Marie-Magdeleine et al., 2010). The differences observed between species
could be explained by the differences in CT composition reflected by the chromatographic
profiles but also by the PC/PD ratio and the presence of galloyl groups. (Marie-Magdeleine et
al., (2018) reported that M. esculenta is richer in PD (PC/PD ratio = 0.16), which is quite

different from C. cajan (PC/PD = 0.85). L. leucocephala has a more balanced composition
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(PC/PD =0.59). Marie-Magdeleine et al., (2018) also reported that the percentage of galloyl
groups is very high for M. esculenta (37.44%) and L. leucocephala (26.44%), whereas no
galloyl group is found in C. cajan.

Specific composition of M. esculenta (high amount of compound 4 but also higher amount of
PD and galloyl groups, as mentioned by Marie-Magdeleine et al., (2018)) could therefore
explain its better activity on inhibiting larval development.

Concerning exsheathment inhibition, L. leucocephala and C. Cajan CT are the most active.
These results confirm those obtained by Alonso-Diaz et al., (2008) and de Oliveira et al.
(2011) regarding the activity of L. leucocephala against H. contortus exsheathment.

Molan et al., (2003) and Brunet and Hoste, (2006) showed that PD monomers were more
active on the exsheathment of H. contortus, in vitro. C. cajan and L. leucocephala have
greater amounts of PD monomers in their composition compared to M. esculenta.

As for development inhibition, the differences between the exsheathment inhibition property
of L. leucocephala and C. cajan on one hand, and M. esculenta on the other hand, can be
explained by different compositions shown by the extract profiles and characteristics of the

CT.

Effect of pelleting on the anthelmintic properties of the plant species

Comparison of ECsg shows that the anthelmintic potential of the extracts is globally preserved
after pelleting. The ECs of FDL are similar to the ECsy of pellets for M. esculenta for
inhibiting larval development and for C. cajan and L. leucocephala for inhibiting larval
exsheathment. Similar results have been obtained using Sericea lespedeza pellets on H.
contortus (Kommuru et al., 2015 ; Terrill et al., 2007).

For both tests, the pelleting process (drying and pelleting) had a low impact on the
anthelmintic properties of the plant species used in this study. This result could be related to

the characteristics of our process, where the temperatures reached were compatible with
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maintaining the biological properties of the tannins (25/35 °C during the air drying under
shelter).

Pelleting plants leads to an increase of non-extractable CT (protein binding) compared to
fresh plants (Mueller-Harvey et al., 2019). We worked on CT extracts, so further experiments
in vivo will be necessary to assess the effect of pelleting on the bioavailability of the CT.
Moreover, according to Shaik et al. (2006), it seems that the main factor in anthelmintic
activity is not the amount of extractable tannins, but the chemical structure of tannins
involved.

Our results show that pelleting increased the amount of free flavan-3-ols in the extracts. As
mentioned before, monomers of flavan-3-ols have been reported to have an effect on
exsheathment, in particular PD monomers (Brunet and Hoste, 2006 ; Molan et al., 2003),

which are the most represented in the free flavan-3-ols of the pellets extracts.

Synergistic effects in CT extracts against larval exsheathment.

Quijada et al. (2015) showed that H. Contortus exsheathment could be inhibited by
compounds belonging to a different chemical class from that of CT. Mengistu et al. (2017)
showed that the anthelmintic activity of a tannin-rich plant extract against H. contortus
exsheathment was due to the presence of both phenolic and non-phenolic compounds.
However, in this study, we used CT extracts from FDL and pellets; therefore, our results on
the synergy of exsheathment inhibition could be explained by different tannin associations, or
also by the synergy with flavonoid monomers, which were found in our extracts. Klongsiriwet
et al., (2015) showed a synergistic effect between tannin and flavonoid monomers (quercetin
and luteolin).

L. leucocephala contains quercetin (Von Son-de Fernex et al., 2015) which could therefore

have a synergistic action with the compounds of the other plant species.
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In addition to the two main CT structures, PD and PC, there are other types of CT including
propelargonidins, profisetinidins, prorobinetinidins and proguibourtinidins (Salminen and
Karonen, 2011). These different molecules show the complexity of a CT mix and could also

be responsible for the synergistic activities found for inhibiting H. contortus exsheathment.

CONCLUSION

The current study showed that pelleting has very little effect on anthelmintic activity and can
even enhance this activity by increasing the amount of free flavan-3-ol monomers in the
pellets. Therefore, the main parameter to develop nutraceutical pellets with anthelmintic
properties is the choice of the plant containing the active compounds.

The combination of the plants composing the mix is to be considered because of the possible
synergy between the activities of biomolecules, as found for the exsheathment phase of H.
contortus.

In vitro tests could be carried out with whole plant extracts to evaluate the synergistic activity
of the different phenolic and non-phenolic compounds of the plant species. Further in vivo

tests will be required to assess the global nutraceutical activity of these pellets.
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Abstract

Background: Proteins and condensed tannin-rich foliage (TRF), which includes the legumes,
are potentially useful as nutraceuticals. However, large variability with respect to the
responses of animals to TRF have been reported in the literature. The main objective of this
study was to evaluate the diet and anthelmintic properties of three TRF types both
individually and in combination. We hypothesized that synergistic or antagonistic effects on

feed and anthelmintic values related to associations between TRF types may occur.

Results: Nutritional and anthelmintic characteristics of Leucaena leucocephala, Manihot
esculenta, Cajanus cajan and a mixture of the compounds (1/3 Leucaena leucocephala,
1/3Manihot esculenta, 1/3 Cajanus cajan) were evaluated using alfalfa pellets as a control.
TRF ingredients were combined with Dichanthium hay (48/52 dry matter) in mixed diets and
were consumed by 4-month-old Creole goat kids. Dichanthium hay was also evaluated as a
food source alone. Measurements were carried out in animals without parasites and in animals
artificially infected with Haemonchus contortus. Individual food intake and the digestibility
of each diet were measured along with kid growth. There were no significant differences
between the growth rates of pre-infected animals and animals fed mixed diets that included
alfalfa, which indicated that goats fed TRFs were adequately fed. The anthelmintic potential
of Leucaena leucocephala TRF was the highest tested, while the Cajanus cajan TRF was

lowest

Conclusions: This work confirms dietary and anthelmintic properties, which vary depending
on the TRF considered. Feeding on mixed rations of TRF allow Creole goats to experience
high rates of growth. However, the anthelmintic potential of each type of TRF tested was
more variable. The combination of TRF did not have synergistic or antagonistic effects on

feed value or the anthelmintic potential of TRF.

Key words: Créole goat kids, nutraceutical, Leucaena leucocephala, Manihot esculenta,

Cajanus cajan
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Background

The fight for food security and considerations regarding the worsening of global warming
have produced public opinion that is increasingly hostile to the use of synthetic chemical
molecules in the food production chain, which prompted us to evaluate existing agro systems
and farming practices [1]. To date, parasite control of small farmed ruminants is primarily
based on the preventive or curative use of chemotherapeutics. Integrated control of
gastrointestinal nematodes of livestock is an ongoing area of research. With this in mind,
protein and condensed tannin-rich foliage (TRF), including legumes, are potentially useful
nutraceutical compounds. However, a large degree of variability with respect to the responses
of animals has been reported in the literature [2,3]. Condensed tannins (CTs) and proteins
directly and indirectly affect the development and effects of gastrointestinal nematodes
(GINs). Nevertheless, the beneficial effects of condensed tannins against GINs can be offset
by their depressive effect on food intake and digestion, feed value and, consequently, animal
growth and/or milk production. CTs reduce methane emissions and ammonia volatilization
within urine or dung [4]. Initially, dietary concentrations of CTs were suspected to explain the
large degree of variability observed within animal responses to CTs in relation to dose-
dependent anthelmintic [5], methane emission [4] and protein digestibility effects reported in
the literature. Recent work has highlighted the importance of the molecular composition and
structural traits of CTs, as well as of the diet containing CTs [2]. The main objective of this
study is to evaluate the nutraceutical properties of Leucaena leucocephala, Manihot esculenta,
Cajanus cajan pellets and a mixture of the three foliage types. We also hypothesized that

synergistic effects may result from intake a combination of TRF types.
Results

The chemical compositions of types of feed are reported in Table 1. Dichanthium spp hay is
characterized by its low crude protein (CP) levels and high fibre content, which indicates that
it is a low quality grass. The foliage considered had higher CP content than alfalfa, except
Cajanus cajanus, which had less CP. Intake and total tract digestion values of experimental
diets are reported in Table 2. Diet intake was lower in kids provided hay compared to those
provided mixed diets according to LW®" consumption values reported. Among the mixed
diets considered, intake was lower for Cajanus cajan and mixed foliage, which was in line

with the decreased hay intake observed in kids provided the diet.
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Table 1. Chemical composition (Organic matter (OM), Crude Protein (CP), Neutral Detergent Fibre
(NDF), Acid Detergent Fibre (ADF), Acid Detergent Lignin (ADL), Condensed Tannin (CT)) of diet
ingredients.

oM CP NDF ADF  ADL TC

Dichanthium spp hay 924 7.2 73.5 39.0 6.2 0

Alfalfa pellet 89.3 17.9 31.3 21.9 5.6 0

Leucaena leucocephala pellet 91.3 21.8 28.8 18.6 10.3 12.3

Manihot esculenta pellet 91.0 20.5 46.3 32.7 16.6 7.7

Cajanus cajan pellet 93.8 15.9 47.4 34.1 16.6 21.3

Table 2. Mean values of Dry Matter (DM), Organic Matter (OM), Crude Protein (CP), Neutral
Detergent Fibre (NDF) and Acid Detergent Fibre (ADF) intake and total tract digestibility (ttd) of
Dichanthium hay or mixed diets of Dichanthium hay and alfalfa, Leucaena leucocephala, Manihot
esculenta, Cajanus cajan or a blend (1/3 Cajanus cajan, 1/3 Leucaena leucocephala, 1/3 Manihot
esculenta) of foliage as pellet fed by of Creole kids goats.

Dichanthium Alfalfa Leucaena Manihot Caja_lnus Blend SEM p
spp leucocephala esculenta  Cajan

Intake

DM (g/d) 312.4c 444 5a 455.1a 447.5a 414.2b  404.0b 1450 0.001
DM(g/LW® ") 41.2¢ 62.6a 62.6a 61.4a 57.4b 56.3b 1.81 0.001
DM Hay (g/d) 312.4c 270.1a 270.5a 265.3a 231.7b  224.1b 13.60 0.001
Digestible DM (g/LW®™) 27.3d 41.2a 38.1a 35.5b 31.8¢c 30.5¢ 0.90 0.001
OM (g/d) 283.6¢ 407.2a 416.9a 409.9a 379.4b  370.1b 10.41 0.001
CP (g/d) 22.6e 50,8f 60.1a 56.3b 45.8d 50.3c 0.79 0.001
NDF (g/d) 229.5d 253,3a 252.8a 279.0b 256.7a 236.6ad 8.23 0.001
ADF (g/d) 121.6e 143.5a 140.2a 162.5b 152.3d 138.0a 4.35 0.001
CT (g/d) 0,0e 0.0e 22.6a 14.0b 38.8d 24.4c 0.07 0.001
Total tract digestibility

DM (%) 61.9a 63.6d 60.4a 55.9b 53.9b 53.5b 1.78 0.001
CP (%) 41.6¢ 58.5d 53.2a 48.9b 44.8¢c 45.1b 1.77 0.001
NDF (%) 71.5¢ 67.9d 64.3a 62.9a 60.5b 59.2b 152 0.001
ADF (%) 68.2d 64.3e 58.6a 52.8b 50.8¢ 49.3c 1.75 0.001

There was no depressive effect of the infestation on intake. Observed variation (< 10%)
within diets week to week was similar to that observed for non-infested animals given the
hay. These differences were due to the quality of the hay. There was also no significant effect
of infestation on total tract digestion of diet components.

On the basis of a hypothesis stating that components of the diets were non-additive, the
estimated tract digestibility values (%) of the dry matter (DM) and Crude Protein (CP) from
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Leucaena leucocephala, Manihot esculenta, Cajanus cajan, the compound blend and alfalfa
were 63.1 and 59.5, 52.4 and 53.1, 47.9 and 47.2, 48.7 and 46.0, and 70.9 and 69.5,
respectively. The hierarchies observed for neutral detergent fibre (NDF) and acid detergent

fibre (ADF) digestion followed the same trends as those observed for dry matter.

Details regarding nitrogen metabolism of kids fed the diets are included in Table 3.

Table 3. Nitrogen balance, Average Daily Gain (ADG), Feed conversion with Creole kids fed
Dichanthium hay or mixed diets of Dichanthium hay and alfalfa, Leucaena leucocephala, Manihot
esculenta, Cajanus cajan or a blend (1/3 Cajanus cajan , 1/3 Leucaena leucocephala , 1/3 Manihot
esculenta) of foliage as a pellet.

Dichanthium Leucaena Manihot  Cajanus

spp Alfalfa leucocephala esculenta  cajan Blend ~ SEM P
N intake (g/d) 3.6e 8.1f 9.6a 9.0b 7.3d 8.0c 0.118 0.001
N faecal excretion (g/d) 2.2b 3.5¢ 4.7a 4.8a 4.2a 46a 0.162 0.001
N urinary excretion (g/d) 1.15a 1l.4a 0.9b 0.9b 0.9b 0.169 0.1580
N retained (g/d) 3.5a 3.6a 2.9b 2.1c 24c 0.227 0.0001
N faecal excretion®, g/day 4.7b 3.3a 3.6a 4.1b 4.4b 4.4b 0.228 0.0001
N urinary excretion®”), g/day 1.2 1.0 0.8 1.2 1.0 0.193 0.4807
ADG, g/day 26.4b 70.3a 70.7a 66.9a 59.1a 60.6a 10.78 0.0262
Feed conversion (feed/kg 13.2 9.0 8.1 9.0 98 121 223 03327

ADG)

@ Means were estimated for equal levels of nitrogen (N) intake.

Nitrogen intake was lowest in kids fed hay, and increased (from lowest to highest) in kids fed
Cajanus cajan, the compound blend, alfalfa, Manihot esculenta and Leucaena leucocephala.
There were no significant differences between diets with regard to urinary nitrogen excretion,
even when diets were compared using equal nitrogen intake values. Faecal excretion of
nitrogen, when equal quantities of nitrogen intake were compared, was significantly lower in

kids fed alfalfa or Leucaena leucocephala compared with the others diets.

The average daily gain (ADG) values are reported in Table 2. ADGs were lower in kids fed
hay while no significant differences were recorded between other diets. ADG values
decreased with infestation. Post infestation values (except for hay diets consumed by
uninfected animals) were 61.7, 22.7, 37.7, 47.0, 27.8 and 35.1g/d for kids fed Leucaena
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leucocephala, Manihot esculenta, the blend, Cajanus cajan, hay and alfalfa diets,

respectively.

Weekly evaluations of eosinophils are summarised in Figure 1.

Figure 1. Eosinophil levels in the blood of Creole goat kids fed Dichanthium hay or mixed diets of
Dichanthium hay and alfalfa, Leucaena leucocephala, Manihot esculenta, Cajanus cajan, or a blend
(1/3 Cajanus cajan, 1/3 Leucaena leucocephala , 1/3 Manihot esculenta) of foliage as a pellet.
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Overall, eosinophils increased after the infestation and peaked around the seventh day of
infestation until they gradually returned to initial levels. There were no significant differences
in levels of eosinophils observed between diets provided.

Weekly evaluations of blood packed cell volume (PCV) are summarised in Figure 2. There
were no significant differences between values before and after infestation. PCV tended to
decrease on the fourteenth day after infestation and differences between diets were greatest 28
days post-infestation. Globally, PCV values were higher (P < 0.001) with Leucaena
leucocephala compared to the other diets. PCVs values were lower (P < 0.001) in kids fed

Manihot esculenta and the compound blend and compared to the other diets.
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Figure 2. Packed Cell Volume (PCV) in the blood of Creole goat kids fed Dichanthium hay or mixed
diets of Dichanthium hay and alfalfa, Cajanus cajan, Leucaena leucocephala, Manihot esculenta, or a
blend (1/3 Cajanus cajan, 1/3 Leucaena leucocephala , 1/3 Manihot esculenta) of foliage as a pellet.
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The weekly evaluation of faecal egg counts (FECs) are summarised in Figure 3.

Figure 3. Faecal Egg Counts (FECSs) of Creole goat kids fed Dichanthium hay or mixed diets of
Dichanthium hay and alfalfa, Leucaena leucocephala, Manihot esculenta, Cajanus cajan or a blend
(1/3 Cajanus cajan , 1/3 Leucaena leucocephala , 1/3 Manihot esculenta) of foliage as a pellet.
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As expected, the FEC was zero for uninfected kids. FECs varied depending on duration of
infestation and diet. The FEC values observed in kids fed Leucaena leucocephala were lower
(P < 0.001) than those of kids fed other diets. There were no significant differences between
Manihot esculenta and alfalfa diets, and kids fed the diets had significantly higher FEC values
than those reported for Cajanus cajan and the blend. The high FEC values observed in kids
fed Manihot esculenta were associated with very high FEC counts in two kids at day 14 post

infection.

No significant differences in any of the indicators considered were observed regarding the
profiles of abomasum worm populations within kids (Figure 4). The prolificacies of worms
were 278, 4981, 502, 562, 6076 eggs et mature worm with Leucaena leucocephala, Manihot
esculenta, Cajanus cajan foliag, TRF blend and alfalfa. Except for Manihot esculenta, the
prolificacies tend to be (P < 0.015) with the TRF compared with alfalfa.

Figure 4. The number of worms in the abomasum of Creole goat kids fed Dichanthium hay or mixed
diets of Dichanthium hay and alfalfa, Cajanus cajan, Leucaena leucocephala, Manihot esculenta, or a
blend (1/3 Cajanus cajan, 1/3 Leucaena leucocephala , 1/3 Manihot esculenta) of foliage as a pellet.
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Data obtained from kids fed blended diets were consistent with those values obtained for each

of the ingredients in the mixture, whatever the nutritional or health criterion.
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Discussion

The chemical compositions of feed provided to goat kids in experiments here are consistent
with previously published data [6]. The low intake and total tract digestibility values
associated with kids provided Dichanthium spp hay were consistent with data showing its
chemical composition, which indicated that it was poor quality hay. The method for
calculating the digestibility of pellets seems relevant. This is especially true when referring to
estimates of the digestibility of alfalfa, for which values are available in the literature. Hay
digestion was improved in kids provided mixed diets, which can be attributed to the catalytic
activity of TRFs (described below). This, consequently, results in an overestimation of the
digestibility of TRF. Further, our data seem to indicate that the digestibility of TRF is highly
variable. None TRF-associated values reached values determined for alfalfa, which was
classified as high-value feed.

Considering estimated total tract digestion of DM and CP, Cajanus cajanus was classified as
low-value feed, Leucaena leucocephala and Manihot esculenta were classified medium-value
feed. When the protein value of TRF was assessed on the basis of the total digestibility of CP,
the same classification of Cajanus cajan, Leucaena leucocephala and Manihot esculenta was
determined. These results are consistent with theoretical degradability (DTcp) values of CP
obtained in the laboratory using the same TRF [5]. DTcp values of Leucaena leucocephala,
Manihot esculenta and Cajanus cajan were 64.5, 65.0 and 48.0, respectively. When Average
Daily Gain (ADG) values were considered, slight differences in comparisons within TRF and
between TRF and alfalfa were observed. First, differences in feed value between TRF and

alfalfa would decrease. Within the TRFs, Cajanus cajan would have a lower feed value.

CTs, by protecting feed from microbial digestion in the rumen and enzymatic digestion in the
intestine [7], modulate the potential of TRFs to: i) provide fermentable nitrogen in the rumen;
ii) alter the digestibility of proteins in the intestine. It is generally understood that the
consumption of more than approximately 4-5% CTs, a value that varies according to the
nature of the CTs, results in the reduced protein value of TRFs [2]. TRFs used in this
experiment were above this 4-5% threshold, so proteins within the feed were partially
protected from digestion. This can be seen when examining DTcp values, which were lower
than that of alfalfa. Nevertheless, DTcp values were not exclusively related to CT
concentrations with respect to the estimated digestibilities of different TRFs. However, effects
of CTs may not be proportional to their concentrations, since the lowest digestibility values
observed have not been associated with plants with the highest CT content. Previous works
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[7] by other authors have shown that tannins likely produce high-threshold effects, which

should be taken into account.

Throughout experiments performed here, no external signs of intoxication (anorexia, ruminal
atony, hepatic and renal failure, ulcers along the digestive tract, and severe gastroenteritis)
were observed, irrespective of the type of TRF provided. These effects of intoxication have
been reported in the literature, but have been mainly associated with plants rich in
hydrolysable tannins [7]. Low intake has also been associated with TRF, which is a result of
its astringent taste [7]. This was not observed in the present experiment where TRFs were
48% of the diet provided. The growth of Creole goats fed TRFs with alfalfa, with respect to
growth potential values (about 80 g/d) and performance values, indicate that TRFs provided
in these experiment are good supplements and improve the quality of low-quality forage
rations. The rate of incorporation of TRFs into the mixed diets is an important factor when
considering their use. Optimal rates of TRF incorporation vary depending on the experimental
objective. For instance, enhancing the use of low-value forage may require different quantities
of TRF than maximizing animal performance. The use of foliage from browses and tree
fodders to supplement low-quality roughage has been the subject of several reports [8-10].
Foliage provides nitrogen, minerals and vitamins that are insufficiently provided by low-
quality roughage. Consequently, it improves the activity of rumen microbes, which enhances
fibre utilization. We assume the feed of this experiment provided similar benefits. In our
experiment, foliage contributed to an average of 48% of the total dry matter ingested. Patra
[8] reported that the positive effects of foliage on rumen microbes were obtained when foliage
was at least 16% of the diet. Further, foliage levels up to 42% have the potential to enhance
the performance of sheep fed low-quality roughage. Our results are in accordance with these
reports and indicate a positive effect of supplementation on animal growth. Although not
significant, growth differences between diets provided may be explained by the potential of

TRF to provide digestible protein within the intestine.

We did not observe any effect of animal infestation on feed intake and digestion. This result is
in accordance with some previous reports [11]. Intake and digestibility decreases have been
observed in infested animals compared with healthy ones, but this finding has not been
exclusively reported in the literature [11]. It is likely that differences in the history and health
of animals, the infecting strain, the extent of the infection, and feed characteristics explain the
variability observed in the literature [12]. Reductions in PCV, which were observed 14 d post-
infection, were expected and reflected the haematophagous activity of H. contortus [13]. Cei
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et al [11] reported an 23.4% average reduction of PCV in goats for a one-unit increase in log-
transformed FEC. Protein over nutrition with diets that increase the supply of digestible
protein in the intestine, partially compensates for endogenous losses (blood, sloughed cells,
etc.) [14]. PCV values determined here indicate that different TRF types have different
capacities to compensate for these types of losses. These differences are not exclusively a
result of differences in total digestible protein ingested in relation to the estimate made for
each of the diets. We hypothesize that differences in amino acid profiles may also contribute
to differential effects of TRF observed.

Reductions in FEC with the consumption of TRF confirm the anthelmintic effects of
prodelphinidins and galloylated CT [2]. However, our results show that the anthelmintic
activity varied according to the type of TRF provided. These differences were not
proportional to concentrations of TC. There are likely effects of specific tannin compositions
that are not yet clear [2]. The number and profile of worms (male, female, immature, mature)
were not significantly different in kids fed different types of TRFs. However, the quantities of
eggs excreted were affected. We hypothesize that the differences in egg excretion could be
explained by prolificacy of female worms which, in this experiment, tended to vary according
to the diets consumed. The depressive effect of CT on worm fecundity has previously been
reported [15-17].

We did not observe any synergistic or antagonistic effects of TRFs in terms of both dietary
and health criteria. Concerning anthelmintic activity, the hypothesis of a probable synergy
was made on the basis of acquired knowledge indicating that the two major components of
CTs, procyanidin (PC) and prodelphinidin (PD) have variable distributions in plants and PD
have been shown to have greater anthelmintic activity [2]. In addition, other phenolic
compounds have also been shown to be unevenly distributed in plants with anthelmintic
activity [2]. To date, evidence of synergy between tannins and phenolic compounds has only

been observed in vitro.
Conclusion

This work confirms dietary and anthelmintic properties of TRFs, which varied depending
upon the type of feed provided. Providing mixed diets of TRFs to Creole goats produced high

levels of growth. However, the anthelmintic potential of TRFs was more variable.
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Combinations of TRFs did not have synergistic or antagonistic effects on the feed value or the

anthelmintic potential of TRFs.
Materials and methods
Location

This research was carried out at the animal experimental station of the National Agricultural
Research Institute of the French West Indies, Guadeloupe. This experimental unit in
Guadeloupe has an accreditation to experiment (n°’A971802) and involved staff has been
trained in experimentation and animal welfare. Foliage was collected in a dry and humid area
of Guadeloupe. Animals were treated in accordance with the guidelines and regulations for
animal experimentation of the French Ministry of Agriculture. The protocol (APAFIS#5527-
2016050608133139v2) was validated by the Ministry of National Education, Higher
Education and Research under the advice of the Animal Care and Use Committee of French
West Indies and Guyana (N°069).

Feed provided

The experiment was designed to evaluate nutritional and anthelmintic properties of Leucaena
leucocephala (L), Manihot esculenta (M) and Cajanus cajan (C) foliage alone or in
combination (B). The plants are representative of the diversity of resources (peas and tuber
byproducts, shrubs used as fodder and/or natural barriers) available within crop and livestock
mixed farming systems. These plants also contain different levels of condensed tannins,
which were determined based on their HPLC profiles (Minatchy et al, unpublished data). Six
diets were evaluated: Diet D, Dichanthium spp hay ad libitum; diet DA, Dichanthium hay ad
libitum + 225 g/d of alfalfa pellet; diet DL, Dichanthium hay ad libitum + 225 g/d of
Leucaena leucocephala pellet; diet DM, Dichanthium hay ad libitum + 225 g/d of Manihot
esculenta pellet; diet DC, Dichanthium hay ad libitum + 225 g/d of Cajanus cajan pellet; diet
DB, Dichanthium hay ad libitum + 225 g/d of a mixed pellet containing 1/3 Leucaena
leucocephala, 1/3 Manihot esculenta and 1/3 Cajanus cajan. The alfalfa pellet was used in
experiments as a foliage-rich, tannin-lacking control. The inclusion of mixed TRF sources
was intended to detect possible synergies or antagonisms resulting from the association of
TRFs on nutritional and anthelmintic criteria. Synergy and antagonism refer to event where
two or more agents produce an effect greater or lower in combination than would be predicted

from their individual contributions.
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The hay used was mainly composed of 60-day-old Dichanthium spp derived from a fertilised
and irrigated natural savannah grass. Leucaena leucocephala was from collections of 9- to 12-
month-old fallow, not fertilised farmlands. Manihot esculenta foliage was collected from 8- to
12-month-old crops during the harvest of tubers. Cajanus cajan foliage was collected from 8-
to 10-month-old crops post-harvest. The young stems and leaves of three plants were
harvested and subsequently sun dried in a greenhouse for 3 to 5 d. Leaves with petioles were
isolated from the stems and were ground (through a 3-mm screen) then granulated with a
GR150E system (Oliotechnology, Burgun, Wissembourg, France). The average pellet size
was 12 mm long and 3 mm in diameter. Alfalfa pellets came from industry. The composition

of feed provided is shown in Table 1.
Animals and experimental design

Forty-nine goat male kids aged approximately 4 mo. old, weighing on average 13 £ 2.0 kg at
the beginning of the experiment, were used during a 3-month trial. The age and sex of goats
used for the experiment meant animals were particularly sensitive to gastrointestinal
strongyles. Moreover, as an animal model and a breeding species, goats are more sensitive to
infection than sheep and have unique resistance mechanisms. All the animals came from the
INRA farm where they were raised in a pasture in accordance with current French welfare
regulations. Before beginning the experiment, all the kids were orally administered
praziquantel (Cestocure® Bayer) and ivermectin (Oramec, Merial, Lyon, France, 0.3 mg/kg
body weight). Faecal egg counts were performed after treatment to confirm the parasitic-free

status of animals.

The experiment included four weeks of diet adaptation, 2 weeks of measurements before
artificially infesting a portion of the kids, 6 weeks of post-infestation measurements, the
slaughter of kids 4 weeks post-infestation. The kids were experimentally infected with a
single oral dose of 10,000 H. contortus third-stage, infective larvae (L3). This dose was
provided in order to produce very high levels of contamination (based on faecal egg

excretion), which were found in kids grown in the pasture.

Six experimental lots based on the diet and the parasitic status (infected versus uninfected) of
animals were formed as follows: lot 1, six uninfected kids fed diet D; lot 2, nine uninfected
and subsequently infected kids fed DA; lot 3, ten uninfected and subsequently infected kids
fed DL, lot 4, ten uninfected and subsequently infected kids fed DM; lot 5, seven uninfected

127



and subsequently infected kids fed DC; lot 6, seven uninfected and subsequently infected kids
fed DB. The lots initially contained 10 animals. The numbers included in some were reduced
because the pre-experimentation anthelmintic treatment was not 100% effective. According to

this experimental design, the pre-infestation period acts as experimental control.

The lots were balanced on the basis of kid weight and ADG between 30 and 90 d. Five
animals per group were placed in metabolic cages for the collection of urine and the others in
individual boxes on the ground. The kids were fitted with faecal bags in order to collect
faeces. Reduced numbers of animals in lots 6 and 7 is a result of the availability of Cajanus
cajan leaves, which was lower than predicted. A kid was removed from lot 2 because it was

not parasites free prior to artificial infestation.
Measurements and calculations

All measurements of the characteristics of kids were carried out individually. Kids were
individually weighed every two weeks throughout the trial. Daily live weight gain (DLW)
values were estimated using regression of weight over time. Feed intake (offered - refused)
was recorded for each kid from Monday to Friday throughout the experiment. The daily dry
matter intake of each ingredient and the total intake of dry matter (DM), organic Matter (OM),
neutral detergent ibre (NDF), acid detergent fibre (ADF), and crude protein (CP) were
determined on a daily and metabolic weight basis.The feed efficiency (FE) was estimated for
each kid by dividing DLW by its daily diet intake. Total faecal collection and sampling were
used for chemical analyses and to determine total tract digestibility. Four measurement
periods of total tract digestibility (each one lasting 5 days) were carried out during the
experiment: two before and three after the artificial infestation. The total tract digestibility
was estimated by subtracting feed excreted/feed intake from feed intake.

Blood was sampled every week, using EDTA-coated tubes (Becton Dickinson, Plymouth,
UK) from each kid using the jugular vein puncture method. The number of circulating
eosinophils was measured according to the method described by Dawkins et al. [18].
Eosinophils were counted using a Malassez cell counter. Packed cell volume (PCV) was
estimated using a capillary microhaematocrit (centrifuged for 5 min at 12,000 rpm). The same
day, faecal samples were collected to determine the faecal egg counts (FECs) using the
McMaster method.
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Four weeks post-infection, five kids from each infected group were slaughtered to recover and
count worms [19]. The abomasum was isolated from animals less than 10 min post-slaughter
and immediately processed. It was cut open over a tray which caught stomach contents and
was then placed into a flask. The abomasum wall was washed thoroughly under a stream of
tap water and the washings were placed into another flask (washing 1). The abomasal mucosa
(after being washed) was retained in a third flask for further processing. The abomasal
mucosa was immersed in warm tap water for 4-5 h (37 °C) to recover inhibited or non-
inhibited larvae, and remaining juvenile and adult worms (washing 2). Water was added to the
contents during each washing to 2 L. Contents mixed with water were sieved through a wire-
mesh screen with an aperture of 125 mm. The washings were sieved using a wire-mesh screen
with an aperture of 32 mm. Each subsample was mixed manually and three aliquots (100 mL)
of each subsample were taken to ensure homogeneous sampling. One 100-mL subsample (i.e.
approximately 10% of the total wash volume) was taken per animal. Formalin preservative
(35% ethanol, 2.5% formol, gsp 1,000 mL distilled water) was added to the subsamples (5%,
v/v), which were stored at 4°C for further use. Worms from each subsample were identified
and counted using a binocular magnifying glass with magnification of 6.3-50x, separating the
males from the females, and the total worm count was determined. The liver, kidney, and
abomasum walls were observed to identify necrotic damage and gastritis, which are indicators
of the eventual toxicity of diets provided.

Laboratory analyses

The dry matter content of feed, refusals, and faeces was established by drying until a constant
weight was obtained using a forced draught oven at 60°C. Samples of the diets, refusals, and
faeces were dried under the same conditions and milled through a 1-mm screen (Reich
hammer mill, Haan, Germany) prior to analysis. OM and nitrogen analyses were performed
according to AOAC [20], methods 923.3 and 992.15, respectively. To determine OM, ashing
at 550°C for 6 h was performed and nitrogen analyses were performed using the Dumas
method. Analysis of the nitrogen content of fresh urine samples was performed using the
same method used to determine the nitrogen content of diets. The crude protein levels were
calculated as N x 6.25. The cell wall components (NDF, ADF and Acid Detergent Lignin
(ADL)) in the diets and faeces were determined using a sequential procedure (AOAC methods
200.04 and 973.18, respectively, for NDF and ADF + ADL). Condensed tannins (CTs) were
extracted in an ultrasonic bath with a 70% (vol/vol) aqueous acetone solution and isolated
with Sephadex LH-20 (Sigma-Aldrich, St-Louis, MO). Condensed tannin content was
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determined using the vanillin—-H,SO, method described by Laurent [21]. A 70% (vol/vol)
sulfuric acid solution containing 1% vanillin (wt/vol) was added to the methanolic extract of
the plant, and absorbance was measured at 500 nm. The concentrations of CTs were

determined using individual extracts from each plant as standards.
Statistical analyses

Data were analysed to compare nutritional characteristics (intake, digestion, nitrogen balance,
ADG, feed efficiency) using the mixed SAS procedure [22]. Differences between means were
tested using the pdiff option. Significance was declared at probability levels < 5%. Only data
from the pre-infestation period and the first week post-infestation were considered. The value
one-week post-infection was considered since the impact of infestation remained low within

that timeframe. The statistical model used was as follows:
Yij =+ Di+ Tj+ Ax + ek 1)

where Yj; is the explained variable, p is the mean, D; is the diet fixed effect (1 =1 - 6), T; is
the time relative to the date of the artificial infestation (j = 1 - 2), Ak is the random effect
associated with the animal (k = 1 - 49) and e;j« is the residual term.

Animal responses (intake, total tract digestibility, nitrogen balance, ADG, eosinophil
numbers, PCV, FEC) to the infestation were analysed using the SAS mixed procedure (SAS,
2008). PCVs and FECs were log-transformed (log (Eosinophils + 1), log (FEC + 1)) before
analysis; however, only raw means are reported in data tables. The general model was as

follows:
Yijk = 1 + Dit+ Tj+ (D*T);; + Ak + eij (2)

Where Yij is the explained variable, p is the mean, D; is the treatment fixed effect (i = 1 - 6),
T; is the time relative to the date of the artificial infestation (j = 1 - 5), A is the random effect

associated with the animal (k = 1 - 49), and ejj« is the residual term.

The abomasum worm count was analysed using a randomised design using the general linear
model procedure from SAS, which considered diet as a fixed effect. The differences between
means were tested using the pdiff option.

130



Additional files
None

Abbreviations:

ADF Acid detergent fibre
ADG Average Daily Gain
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CT Condensed Tannins

DM Dry matter

FEC Faecal Eggs Count

LW Live Weight

NDF Neutral detergent fibre
PCV blood packed cell volume
TRF Tannin and protein-Rich Foliage
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