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Summary

The inclusion of forage legumes in animal feed has been promoted in recent years to
increase farm sustainability and self-sufficiency. These forages are characterised to
present a good nutritional quality and to provide benefits to the soil, which makes them

an attractive source to feed ruminants.

Sainfoin  (Onobrychis viciifolia) is a legume with a medium content of
proanthocyanidins (PAC), commonly known as condensed tannins, which have been

studied for their potential good results when is fed to ruminants.

The aim of this doctoral thesis was to analyse the effects of feeding sainfoin to
Aragonese sheep to produce suckling and finishing lambs. For this purpose, two different

studies were carried out.

Study 1 was conducted to assess the effects of sainfoin PAC in the diet of ewes during
the rearing period of a suckling lamb. The experimental period lasted from birth until
slaughter, when suckling lambs reached the target body weight (BW) of 10-12 kg. After
lambing, twenty multiparous Rasa Aragonesa ewes and their male suckling lambs were
randomly assigned to one of the two feeding treatments and each pair of dam-lamb
were placed in individual indoor cages. All ewes were fed ad libitum fresh sainfoin plus
200 g/d of barley, however, half of the ewes were orally dosed twice a day, before each
meal distribution, with only water (Sainfoin Group; n = 10) while the other half were
orally dosed with 100 g/d of polyethylene glycol (PEG) per ewe (Sainfoin + PEG Group; n
=10) in order to block the effect of PAC. The suckling lambs were permanently with their
dams with free access to suckling. The presence of PAC in dams’ diet did not affect the
dry matter intake, antioxidant status and parasitic load of ewes. Nevertheless, sainfoin
PAC reduced blood and milk urea concentrations. No effect was found for milk yield and
milk chemical composition but sainfoin PAC improved milk fatty acid (FA) profile,
increasing C18:0, C18:2 n-6, C18:3 n-3 and total polyunsaturated FA (PUFA) n-6 and n-3
although milk C18:1 t11 and branched—chain fatty acid concentrations were reduced.
The presence of PAC in the dams' diet did not affect growth, blood metabolites and
carcass and meat quality of their suckling lambs, showing only an increase in the weight

of the digestive compartments.
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The main objective of Study 2 was to analyse the effects of including dehydrated
sainfoin in the finishing concentrates of light lambs. Twenty-six weaned male lambs of
Rasa Aragonesa (14.0 + 0.49 kg BW) were randomly distributed into one of the three
diets (isoenergetic and isoproteic), with different levels of dehydrated sainfoin inclusion:
0% sainfoin (OSF; n=9), 20% sainfoin (20SF; n=9) or 40% sainfoin (40SF; n=8). The lambs
were individually penned indoors with free access to concentrates, water, and minerals.
The trial lasted 40 days until the lambs reached the target slaughter weight of 25 kg.
Increasing amounts of sainfoin gradually decreased the estimated apparent digestibility
of the diets which was reflected in a higher dry matter intake of 40SF lambs compared
to their counterparts, while no differences were found between the other two groups.
However, despite the higher intake of 40SF no effect was found on slaughter and carcass
weights. Ruminal fermentation parameters were slightly affected by sainfoin inclusion,
showing greater acetic proportions, regardless the level of inclusion. In contrast,
noticeable effects were obtained on ruminal biohydrogenation (BH). Both 20% and 40%
sainfoin concentrates increased C18:3 n-3 and decreased C18:1 t10 ruminal
concentrations, suggesting a potentiation of t11 BH pathway due to sainfoin inclusion.
Nevertheless, the highest C18:1 t11 and the lowest C18:2 n-6 proportions were only
obtained when sainfoin was included at 40%, showing a stronger effect on t11 BH
pathway promotion. Those changes in rumen due to sainfoin inclusion were not
completely reflected on plasma fatty acid profile but increased PUFA n-3 and decreased
PUFA n-6/PUFA n-3 ratio in meat of 20SF and 40SF lambs compared to OSF. Again, these
effects were greater with 40% sainfoin inclusion, as well as the increment of CLA ¢9,t11

and the reduction of C18:1 t10 in 40SF meat compared to their counterparts.

In view of the results obtained in both studies, it can be concluded that: i) the
presence of sainfoin PACin the diet of ewes allowed good productive results of ewes and
improve milk FA profile, which was translated into good suckling lamb performance,
without modifying the carcass and meat characteristics and ii) the inclusion of 20% or
40% dehydrated sainfoin in the lambs' finishing concentrate led to similar production
results among groups while improved the fatty acid profile of the meat by modifying the
BH pattern, especially when sainfoin was included at 40%. Therefore, sainfoin inclusion

in the diet of dams rearing a suckling lamb or in the light lambs concentrate during the
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fattening is an interesting option, allowing good performances in both ewes and lambs
and improving PUFA n-3 concentrations in milk and meat. These results could contribute

to reinforce the idea of including local products in animal feed, thus reducing imported

sources.
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Resumen

Durante los ultimos afios se ha promovido el uso de leguminosas forrajeras en la
alimentacién animal con el fin de incrementar la sostenibilidad y autosuficiencia de las
explotaciones. Estos forrajes se caracterizan por presentar una alta calidad nutricional y
aportar beneficios al suelo, lo cual los convierte en un alimento adecuado para los
rumiantes.

La esparceta (Onobrychis viciiifolia) es una leguminosa forrajera con un contenido
moderado de proantocianidinas (PAC), comunmente conocidas como taninos
condensados, las cuales han sido estudiadas por sus posibles efectos beneficiosos

cuando se incluyen en la dieta de los rumiantes.

El objetivo de la presente tesis doctoral fue analizar los efectos de la esparceta en la
dieta de ovejas y corderos de raza Rasa Aragonesa para la produccién de corderos

lechales y ternascos. Para ello, se llevaron a cabo dos ensayos diferentes.

El Ensayo 1 se realizd con el fin de estudiar los efectos producidos por la presencia de
PAC de la esparceta en la dieta de ovejas durante el periodo de cria de un cordero lechal.
El periodo experimental se extendid desde el nacimiento de los corderos hasta que éstos
alcanzaron el peso de sacrificio del cordero lechal, fijado en unos 10-12 kg peso vivo.
Tras el nacimiento, veinte ovejas de Raza Aragonesa y sus corderos machos fueron
asignados aleatoriamente a uno de los dos tratamientos alimentarios y cada pareja de
madre-cordero se estabuld en jaulas individuales. Todas las ovejas se alimentaron con
esparceta fresca a libre disposicion y 200 g/dia de cebada. A la mitad de ellas se les
administré agua dos veces al dia, coincidiendo con la distribucién de la racién, por via
oral con una jeringa (Grupo Esparceta; n= 10), mientras que a la otra mitad se les
suministraba, en las mismas condiciones, una disolucién de 100 g/oveja/dia de
polietilenglicol (PEG) (Grupo Esparceta + PEG; n = 10) con el fin de bloquear la accién de
las PAC. Los corderos lechales estuvieron en todo momento con sus madres, por lo que
tuvieron acceso continuo al amamantamiento. La presencia de PAC en la dieta no afectd
a la ingestién de materia seca, a la capacidad antioxidante ni a la carga parasitaria de las
ovejas. Sin embargo, la presencia de PAC redujo las concentraciones de urea en la sangre
y la leche. El rendimiento lechero y la composicidon quimica de la leche no mostraron
diferencias entre grupos, pero la presencia de PAC en la dieta mejorod el perfil de acidos

grasos (AG) de la leche, incrementando las concentraciones de C18:0, C18:2 n-6, C18:3
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n-3 y acidos grasos poliinsaturados (AGPI) totales n-6 y n-3, pese a que los porcentajes
de C18:1 t11 y AG ramificados se redujeron. En cuanto a los efectos observados en los
corderos lechales, la presencia de PAC en la dieta de las ovejas no afecté a su
crecimiento, metabolitos sanguineos ni a la calidad de la canal y de la carne, mostrando
Unicamente un mayor peso del reticulo-rumen y del conjunto de los compartimentos

que forman el estémago.

El objetivo del Ensayo 2 fue evaluar los efectos de la inclusion de esparceta
deshidratada en el pienso de cebo de corderos. Veintiséis corderos macho destetados
de raza Rasa Aragonesa (14,0 + 0,49 kg peso vivo) se distribuyeron de forma aleatoria en
3 grupos a los que se les asignaron 3 piensos (isoproteicos e isoenergéticos) que diferian
en el nivel de inclusién de esparceta deshidratada: 0% esparceta (OESP; n=9), 20%
esparceta (20ESP; n=9) o 40% esparceta (40ESP; n=8). Los corderos se alojaron en jaulas
individuales con pienso, agua y blogues minerales a libre disposicion. La fase
experimental se prolongé durante 40 dias, coincidiendo con el tiempo requerido por los
corderos para alcanzar el peso de sacrificio de 25 kg. El incremento del contenido de
esparceta de los piensos redujo gradualmente la digestibilidad estimada de la materia
organica, lo cual se reflejé en una mayor ingestion de materia seca por parte de los
corderos 40ESP respecto a los otros dos grupos, mientras que no se observaron
diferencias entre ambos grupos restantes. Sin embargo, las mayores ingestiones
registradas en los corderos del grupo 40ESP no se reflejaron en mayores pesos al
sacrificio o de la canal de estos animales. Los parametros de fermentacién ruminal se
vieron poco afectados por la inclusién de esparceta en el pienso, mostrando Unicamente
un incremento de las proporciones de acético ante la presencia de esparceta en la dieta,
independientemente del nivel de inclusién de ésta. En cambio, se obtuvieron efectos
notables sobre la biohidrogenacién (BH) ruminal. Tanto la inclusidén de un 20% como la
de un 40% de esparceta en el pienso aumentaron las concentraciones de C18:3 n-3 y
disminuyeron las de C18:1 t10 en el rumen, lo que sugiere una potenciacién de la ruta
t11 de BH ruminal debido a la presencia de esparceta en la dieta. Sin embargo, los
mayores porcentajes de C18:1 t11 y menores de C18:2 n-6 se obtuvieron cuando la
esparceta se incluyé en un 40% en el pienso, mostrando un efecto mayor sobre la ruta

t11 de BH. Estos cambios observados en el rumen como consecuencia de la presencia
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de esparceta en el pienso no se reflejaron en su totalidad en el perfil de AG del plasma,
aunque si que lograron incrementar el porcentaje de AGPI n-3 y reducir la ratio AGPI n-
6/AGPI n-3 de la carne de la carne de los corderos de los grupos 20ESP y 40ESP. Sin
embargo, del mismo modo que en el rumen, estos efectos observados en la carne fueron
mayores ante la inclusién de un 40% de esparceta en el pienso, logrando ademas
mayores concentraciones de 4acido linoleico conjugado c9,t11 y menores de C18:1 t10

en la carne de este grupo en comparacién con la carne de los otros dos grupos.

A la vista de los resultados obtenidos a partir de ambos estudios, se puede concluir
que: i) la presencia de PAC de esparceta en la dieta de ovejas durante la fase de cria de
un cordero lechal logré buenos rendimientos de las ovejas y mejord su perfil de AG de
la leche, lo cual se tradujo en buenos crecimientos de los corderos sin modificar las
caracteristicas de su canal y su carne y ii) la inclusién de un 20% o un 40% de esparceta
deshidratada en el pienso de cebo de corderos logré unos resultados productivos
adecuados a la vez que mejoré el perfil de AG de la carne por medio de la modificacién
de los patrones de BH causados por la presencia de esparceta en la dieta, especialmente

notables con la inclusién de 40% de esparceta.

Ante estas conclusiones, puede afirmarse que la inclusién de esparceta tanto en la
dieta de ovejas durante la fase de cria de un cordero lechal como en los piensos de cebo
de corderos es una opcion viable y prometedora, ya que logra buenos resultados
productivos de las ovejas y de los corderos en ambos sistemas de produccién y permite
mejorar las concentraciones de AGPI n-3 tanto de la leche como de la carne. Ademas,
estos resultados podrian ayudar a reforzar la idea que aboga por promover el uso de
recursos locales en la alimentacién animal, permitiendo disminuir la dependencia de

alimentos importados.
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Introduction

Small ruminant production has a long tradition in Spain and plays an important role
in the agricultural sector, especially in marginal or less favoured areas, where sheep meat
production is more prevalent. Spain is the second largest producer of goat and sheep
meat in Europe and within Spain is the fifth in economic importance, accounting for
around 7% of the total livestock production (MAPA, 2021). Aragdn is the third
Autonomous Community with the largest census, 12% of the reproductive sheep.
Generally, adult flock maximize the use of natural resources or residues of crop, like
stubbles. However, ewes are stalled indoor around lambing and during lactation, thus
supplementation must be higher at this time, with high quality forages and/or
concentrates. In addition, in areas and/or times of the year with low pasture availability,
supplementation becomes even more important. Unlike ewes, lambs do not graze
normally at any time and they are stalled permanently with their dams during the
lactation period until weaning (Ripoll-Bosch et al., 2014). Thereafter, they are fattened
with cereal-based concentrates indoors, until reaching the target slaughter weight
necessary to achieve a carcass weight of 8-12.5 kg (approximately 17-26 kg of live
weight), which is usually reached with less than 90 days of life (Safiudo et al., 1998). This
production system is the most frequent of Aragonese lamb meat, producing
homogenous carcasses, pale pink meat, and white fat (Saifiudo et al., 2007).
Approximately 46% of the lambs sold in Aragdn are classified with the label of Protected
Geographical Indication (PGIl), being the label "Ternasco de Aragdn" the most important

of the five existing in the sheep sector in Spain. According to this PGI provided by the
Regulation (EC) N2 1107/96, the lambs marketed under this label must belong to one of

the 5 Aragonese sheep breeds (Rasa Aragonesa, Ojinegra de Teruel, Roya Bilbilitana,

Maellana, and Ansotana) and fed—indoor with cereal-concentrates.

Although the main sheep product in Aragén is the light lamb abovementioned, in the
last decade some farmers have shifted towards suckling lamb production (Sanz et al.,
2008). The rearing of these lambs is characterised by exclusive suckling feeding.
Therefore, the lambs remain with their dam until they reach a live weight of about 10-
12 kg (5.5-7 kg carcass weight) at approximately 35-45 days of life. It is a profitable type
of meat production for farmers, since the cost of production is low and the time required

is short. The meat obtained from these animals is highly appreciated for being very juicy
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and tender, which is reflected in its price, 9.44€/kg on average in 2021 (MAPA, 2021),

being the best paid lamb format in Spain.

Therefore, it can be stated that adult sheep system is characterised for being
extensive, whereas fattening lamb production is a completely intensive system. This
intensive system is facing some socio—economic challenges which are pushing towards
some changes in production models. On one hand, global economic instability is forcing
farmers to advocate for a system entailing local resources that provide them greater self-
sufficiency. On the other hand, the self-sufficient systems have a lower environmental
impact, making them a good alternative to the growing concern about the contribution
of livestock farming to climate change (IPCC, 2022). Finally, there is also an increasing
demand for healthier products by consumers, which is one of the most important

current goals in animal production (Parodi, 2016; Willett et al., 2019).

The use of local forage legumes has been recently promoted in animal feeding as it
responds to many of those challenges. The high protein content of local forage legumes
could compete with some imported protein sources for animal feed (Moorby and Fraser,
2021), reducing the dependence on foreign markets. Besides, forage legumes have a
high protein/carbohydrate ratio, contrarily to graminacae, making them an excellent
choice to be combined with grass species in ruminant diets. In addition, some beneficial
properties of forage legumes have been shown to decrease the detrimental
environmental impact. The symbiotic relationships existing between this plant family
with several species of soil bacteria capable of fixing atmospheric nitrogen
(Hasanuzzaman et al., 2020) lead to a natural fertilisation of the soil that decreases
erosion and nitrate leaching, thus reducing the need for industrial fertilisers and
increasing soil enrichment when used in rotational cropping crops (Ledgard and Steele,
1992; Rochon et al., 2004; Chapagain and Riseman, 2015). For this reason, European
policies encourage the cultivation of legumes through subsidies granted by the Common
Agricultural Policy (CAP). Also, ruminant production systems based on legumes have
shown lower N,O emissions per hectare and methane (CH4) per kg of dry matter (DM)
intake or per kg of milk or meat produced when compared to grasses (Rochette and

Janzen, 2005; Eggleston et al., 2006; Waghorn and Clark, 2006).
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Besides of simultaneously achieving greater sustainability and self-sufficiency and
improving animal welfare, the inclusion of locally produced forages has been commonly
studied for improving the fatty acid (FA) profile of meat and milk (Buccioni et al., 2015;
Huyen et al., 2020; Moorby and Fraser, 2021; Santos-Silva et al., 2023). Forages are rich
in C18:3 n-3 (Glasser et al., 2013), becoming an important source of this beneficial FA
that can be potentially deposited on milk or meat. In addition, the increase of forage
inclusion promotes the biohydrogenation (BH) pathway producing C18:1 t11, instead of
the formation of C18:1 t10 isomer, which is associated with concentrate-rich diets
(Griinari et al., 1998), and may lead to improvements in the FA profile of ruminant—
derived products. These interesting characteristics of local forage legumes have led to
great interest in the study of numerous species, which are widely used in ruminant feed
(e.g. lucerne, Medicago sativa; clover, Trifolium spp.; birdsfoot trefoil, Lotus corniculatus;
sainfoin, Onobrychis viciifolia; or sulla, Hedysarum coronarium), having shown beneficial
results for ruminant production systems on animal performance, product quality, health,
and environmental sustainability (Waghorn et al., 1998; Rochon et al., 2004; Waghorn
and Clark, 2006; Aufrere et al., 2008; Bonanno et al., 2011; Ripoll et al., 2012; Lobdn et
al., 2016; Johansen et al., 2018).

All these positive aspects of forage legumes are reflected in the importance of the
cultivation of these species. The cultivation of forage legumes in Spain entails a total of
454,700 ha, outstanding alfalfa with 64,800 ha cultivated (57% of the total area of forage
legume production in Spain) (MAPA, 2020). Aragdn is a major producer of forage
legumes, accounting for 37% of the total alfalfa surface in Spain (84,546 ha). However,
most forage legumes are grown under irrigated conditions and, given that the current
scenario of drought and degraded soils is expected to worsen in the Mediterranean
(Lead, 2020), therefore there is a growing need to look for feed resources that yield well
with less need for water and irrigation. In this context, sainfoin (Onobrichis viciifolia) is a
suitable forage legume. Despite being a minority crop, the total area under sainfoin
cultivation in Spain is 6,800 ha, the distribution and conditions of the harvested area of
sainfoin perfectly reflect that it is a rustic crop, well adapted to cold and water scarcity.
Nevertheless, sainfoin has aroused interest due to its moderate proanthocyanidins (PAC;

commonly known as condensed tannins) content, which has been the focus of most
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recent studies on sainfoin. These secondary compounds have shown beneficial effects
for animal production, such as a decrease in methane and ammonia production, a
decrease of bloat risk (Waghorn, 2008) an increase in protein flow to the small intestine
(Frutos et al., 2004), a reduction of the impact of intestinal nematodes (Niezen et al.,
1995), and a beneficial modification of ruminal BH capable of improving the FA profile of

the final product (Frutos et al., 2020).

In this framework, it would be interesting to study the effects of including sainfoin in
the diet to find out whether it leads to good productive results and whether it can

improve the quality of the edible products of different sheep production systems
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SAINFOIN

Sainfoin (Onobrichis viciifolia) is a legume widely adapted to the warm-temperate
and dryland of Mediterranean areas (Hayot Carbonero et al., 2011). The cultivation of
forage legumes in Spain is usually carried out with irrigation, with alfalfa being the main
species as shown in Figure 1. The total area under sainfoin cultivation in Spain is 6,800
ha, of which 97% correspond to dry cultivation (Figure 1). Aragén accounts for 33% of
the total cultivated area and of the sainfoin harvested in Spain, being the second most
important autonomous community after Castilla y Ledn, with 44% of the cultivated area

used for grazing and the remaining 56% is harvested (MAPA, 2020).

Rainfed Irrigated
sainfoin sainfoin Rainfed
6.1% 0.2% alfalfa
23.4%

Irrigated
vetch
2.4%

Rainfed

vetch
32.2%

Irrigated
alfalfa
35.8%

Figure 1. Percentage and type of crop of the main forage legumes in Spain (MAPA, 2020).

Although sainfoin dry matter (DM) yield is lower than that of alfalfa, when sainfoin
is harvested at its optimum time, close to May, its yield is 4t DM/ha and it has less than
400 g neutral detergent fibre (NDF)/kg DM and an organic matter digestibility (ODM) of
650 g/kg (Borreani et al., 2003). As a legume, it is also characterised by their N fixation
properties of approximately 130 and 160 kg/ha, as stated by Provorov and Tikhonovich
(2003), which lead to a natural fertilisation of the soil, decreasing the dependence on N
chemical fertilisers. It also shows good results in cold and high—altitude areas, like most
legumes (Black et al., 2009). In addition, sainfoin is considered a pluriannual forage, with
spring production accounting for two thirds of annual production (Delgado et al., 2008).
The usual form of utilisation is a spring cut for hay, in full bloom, and a cutting or grazing

of one or two regrowth (Cavallarin et al., 2005), being the quality of the late use notably
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lower (Delgado et al., 2008). Therefore, sainfoin should be conserved to optimize its use,

being more common in Spain to conserve it as hay (MAPA, 2020).

TANNINS

Tannins are secondary compounds naturally occurring and widely distributed in the
plant kingdom (Porter, 1992). Although they can be found in several plant tissues,
including twigs, wood, bark, roots, seeds, and fruit (Porter, 1992), they must be found in
foliage to be useful for animal nutrition (Waghorn, 2008). Gross (1999), following the
definition of tannins that was formulated by Freudenberg in 1920, divided into two main
groups: hydrolysable tannins (HT) and condensed tannins (CT), also known as
proanthocyanidins (PAC); whose difference lies in their chemical structure. While HT
consist of a carbohydrate core with hydroxyl groups esterified with phenolic acid (gallic
or hexahydroxyohenic acids), PAC are polymers of flavonol units presenting usually
higher molecular weight (Mueller-Harvey, 1999). Although this classification is still valid,
many researchers point out that it is a rather poor view of the chemical structure of

these compounds (Van Soest, 1994; Mueller-Harvey, 1999).

Tannins have been studied for more than 50 years and they were considered anti—
nutritional or even toxic molecules (Reed, 1995). It was not until the beginning of the
century that the first studies appeared to obtain desirable productive results associated
with the consumption of tannin forages (Min et al., 2003). The effect of tannins on
animals that ingest them is based on the fact that these compounds form insoluble
complexes with various components of the ration. They show a special affinity for dietary
proteins (Hagerman and Butler, 1981) to which they bind from phenolic hydroxyl groups
(Naczk et al., 1996). By forming these complexes, they interfere in their metabolism,
affecting the effect that certain nutrients have on the animals that ingest them. In
addition, they also interact with other diet compounds such as cellulose, hemicellulose,
and pectin (McSweeney et al., 2001), and even minerals, metal ions (Scalbert, 1991;
McDonald et al., 1996) and ruminal microorganisms (Giner-Chavez, 1996). The chemical
structure of tannins is highly variable and must be known, since the effect that these
compounds will have on the animal performance depends on their chemical structure

(e.g., Mueller-Harvey, 1999; Molan et al., 2002; Kraus et al., 2003). For this reason,
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several studies based on the chemical structure of tannins have been carried out in
recent years. As sainfoin is characterised by its medium PAC content, this type of tannin

is explained below in more detail.

PROANTHOCYANIDINS (PAC) OR CONDENSED TANNINS

Proanthocyanidins are a type of flavonoid, which are part of the secondary
metabolites of plants widespread in dicotyledonous species and occur infrequently in
graminacae (Waghorn, 2008). Their origin is not entirely clear, although it is thought to
be an adaptive method of deterring herbivores from eating the PAC—containing plants
(Feeny, 1976), as they can confer an astringent and undesirable taste (J6bstl et al., 2004).
However, although they do appear to repel insects (Salminen and Karonen, 2011), many
ruminants have selected and preferred PAC—containing plants (Waghorn, 2008). Their
concentration, type, and chemical structures, varies depending on the plant species and
variety, vegetative stage, the method of forage preservation, climate, among others
(Waghorn, 2008; Mueller-Harvey et al., 2019); thus, it is a very large and heterogeneous

group of chemical compounds.

Proanthocyanidins are originated in the cell cytoplasm from phenylalanine and
acetate and are subsequently stored in the vacuoles (Mueller-Harvey and McAllan, 1992;
Zhao et al., 2010; Jonker and Yu, 2017). Proanthocyanidins are polymers from dimers to
over 20 flavanol units with several flavan—-3-ol structures within each polymer (Waghorn,
2008). Most of the PAC present in common forage species (i.e., birdsfoot trefoil, big
clover, sainfoin and lespedeza) are primarily composed of the four flavan—3-ol subunits,
which differ in their chemical structure: catechin, epicatechin, gallocatechin and
epigallocatechin (Figure 2). Catechin and epicatechin both have two hydroxyl groups on
the so-called B-ring, but differ in their stereoisometry, with the former having the C3
hydroxy group in the trans-position and the latter in the cis-position. When these two
polyenes are combined, they give rise to procyanidins (PC). In contrast, gallocatechin and
epigallocatechin have 3 hydroxyl groups on the B-ring, the first having the C3 hydroxy
group in the trans-position and the second in the cis-position and both give rise to

prodelphinidin (PD) (Zeller, 2019).
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Procyanidin (PC) Building Blocks
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Figure 2. Flavan-3-ol subunits used as building blocks in production of proanthocyanidins

in common forages, obtained from Zeller et al. (2019).

Therefore, the chemical structure must be taken into account when studying their
effect on animals, being the PC/PD ratio one of the most important factors. This is
because the PC and PD units have different structures that cause diverse effects on
animals depending on the concentration of these units. Prodelphinidin units have more
phenolic hydroxyl groups capable of forming hydrogen bonds with proteins and,
therefore, has been shown to have a greater capacity to bind proteins than PC at similar
molecular weight (Jones et al., 1976). Nevertheless, it has been established that the main
degree of polymerisation (mDP) is a determining factor for PAC protein aggregation and
precipitation (Zeller et al., 2015). A higher mDP, which is determined by the number of
monomers forming the PAC, entails a greater surface area which increases the chances
of them binding to compounds (Jones et al., 1976; Zeller et al., 2015). Other factors
affecting PAC behaviour are cis/trans ratio and the type of linkages between flavonol

monomers, called interflavan linkages (Zeller, 2019).

In addition to the complexity of the chemical structures of PAC and elucidating the
effects they produce, it is important to understand the problems related to their
detection and quantification methods. Differences in analytical methods may impair the
comparability between studies in which tannins are used for feeding animals (Silanikove

et al., 2006; Gravador et al., 2015). On one hand, PAC can be found free in the organism
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(soluble PAC) or bound to compounds with which they form complexes, mostly bound
to proteins (protein—bound PAC) or to fibre (fibre-bound PAC). Therefore, analysing only
free PAC could lead to a serious quantification error. Determination of PAC concentration
requires both unbound and bound PAC to be measured using purified PAC from the same
species analysed as a standard (Waghorn, 2008) to better study and predict the effect of
PAC inclusion in animal diets. Another aspect to consider is that there are several
analytical methods, some more specific and recommended than others, to quantify the
concentration of PAC, which makes the comparison between studies even more complex

(Schofield et al., 2001; Waghorn, 2008; Mueller-Harvey et al., 2019).

Besides, PAC concentration in plants is highly variably and hardly predictable. It differs
depending on several factors, as genetics, species, and variety (McMahon et al., 2000),
although different contents can be found when analysing specimens of the same species
(Hatew et al., 2015; Jonker and Yu, 2017). Other aspects affecting PAC concentration in
plants are leaves/stems ratio and phenological stage of plants, showing a general
decrease of PAC content associated with plant maturity (Wang et al.,, 2015). Forage
conservation is also related to PAC content, as it can be reduced during forage processing
due to the oxidation. The destruction of PAC during hay conservation is usually lower
than those observed with silage due to partial rupture of plant cells, although the degree
to which PAC are affected depends on temperature, ultraviolet light, and processing time

of silage production process (Wang et al., 2015; Rufino-Moya et al., 2019a).

Sainfoin PAC

One of the reasons why sainfoin has been studied in the last years, is mainly due to
its PAC content. The average PAC content of fresh sainfoin ranges between 10-90 g/kg
DM (Mueller-Harvey et al., 2019). This variability depends on the variety, harvest time,
location of the crop (Azuhnwi et al., 2013; Hatew et al., 2015), and phenological stage
(Borreani et al., 2003). Although PAC are distributed in all parts of the sainfoin plant (Li
etal., 2014), these secondary compounds are found in higher concentration in the leaves
(McMahon et al., 2000) and, therefore, as proportion of leaves decreases with plan
maturity, PAC concentration in fresh sainfoin decreases from vegetative to end—flowering

stage (Rufino-Moya et al.,, 2019b). Most of the PAC of fresh sainfoin are found as
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extractable PAC and no reduction in total PAC concentration was found when sainfoin
was conserved as hay, although there was a slight decrease when it was kept as silage
(Rufino-Moya et al., 2019a). An example of flavanol monomers and PAC structures of

sainfoin are illustrated in Figure 3.

In addition to the variations found in PAC concentration, literature has demonstrated
that sainfoin PAC exhibit highly structural variation (Gea et al., 2011; Novobilsky et al.,
2011; Azuhnwi et al., 2013; Malisch et al., 2015; Ramsay et al., 2015). A study of a large
sainfoin germplasm collection from the EU ‘HealthyHay’ project found also great
variability in PAC structure. Sainfoin samples from all the European territory displayed a
wide range of differences: PAC contents varied from 0.57 to 2.80 g/100 g sainfoin and
the mDP from 12 to 84 and, although PD and cis-flavanol units always predominate over
PC and trans-flavanol units, the PD/PC ratio ranged from 52.7/47.3 to 94.8/5.2, and the
proportion of trans-flavanol units from 12% to 34% (Stringano et al., 2012). All these
types of variations could be the explanation for some contradictory effects or different

responses of animals to the effects of sainfoin.
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Figure 3. Sainfoin flavanol monomers (A) and PAC (B), obtained from Theodoridou et

al. (2010).

How PAC-containing forages inclusion in diets can affect animals?

The variability of the effects that the intake of PAC can have on animals is very wide,

as it depends on numerous factors, such as the dose and chemical structure of the

tannins (Patra and Saxena, 2011), the type of diet (Vasta et al., 2009a), the animal
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species (Robbins et al., 1991), and even the physiological or productive state of the
animals (Piluzza et al., 2014), among others. A list of the effects of PAC on digestion in
ruminants ordered according to whether they are observed more or less frequently can

be found in the review of Waghorn (2008).

Two of what are possibly the most studied effects of PAC are their ability to reduce
gastrointestinal parasites and gas formation and emission. The PAC have shown to
reduce the impact of both nematode (Butter et al., 2000; Hoste et al., 2015; Rivaroli et
al.,, 2019) and coccidian infections (Saratsis et al., 2016; Rivaroli et al., 2019) by
decreasing the availability of essential nutrients, mainly protein, for the parasitism
development (Niezen et al., 1995; Waghorn, 1996). This fact is of great importance
because parasitic infections cause mainly subclinical infections, producing negative
economic impacts on ruminant (Calvete et al., 2020). Furthermore, due to frequent
anthelmintic treatments in livestock, resistance to chemicals commonly used nematodes
control is becoming an increasing problem. For this reason, recent studies have focused
on finding an optimal concentration and composition of PAC that can provide both
nutritional and anti—parasitic effects (Cherry et al., 2014). Thus, natural additives with
anthelmintic properties, such as PAC, could be used instead of synthetic products

(Rivaroli et al., 2019).

In the case of sainfoin PAC, their ability of to reduce gastrointestinal parasites is also
one of the most studied aspects. The review of Hoste et al. (2015) about secondary
compounds action to prevent and decrease the impact of digestive parasitism concluded
that sainfoin has solid effect against gastrointestinal infections. However, sainfoin PAC
concentration has been shown to affect the effectiveness of the response, suggesting a
dose-response effect (Manolaraki, 2011; Novobilsky et al.,, 2013). In addition,
Manolaraki (2011) showed higher effectiveness of those sainfoin PAC with lower degree
of polymerisation and lower molecular weight. The ability of sainfoin PAC to reduce
parasitism has been shown to be useful in sheep fed sainfoin hay (Saratsis et al., 2012;
Arroyo-Lépez et al., 2014; Saratsis et al., 2016), hay with silage (Werne et al., 2013),
pellets (Rivaroli et al., 2019; Komaromyova et al., 2022) and fresh sainfoin (Brunet et al.,
2007) against several species (e.g., O. ostertagia, H. contortus, C. conrniculatus, Eimeria,
T. columbriformis).
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The other important benefit provided by PAC is their effect on decreasing N,O and
methane emissions, two potent greenhouse gases linked to livestock production. The
cause of the decrease in the production of these gases by PAC is still under study. It seems
that several factors are responsible, as the reduction of bacteria and protozoa population
responsible of gas production or as the reduction of hydrogen production due to a
general decrease of feed degradation in the rumen (Kingston-Smith et al., 2010; Patra
and Saxena, 2011; Piluzza et al., 2014). In addition, the presence of PAC in fresh forages
leads also to a lower bloat risk by reducing the stability of foam trapping the ruminal
fermentation gases (Kingston-Smith et al., 2010; Mueller-Harvey et al., 2019). This
feature can be interesting as is well-known that high fresh legumes forage intake can

produce bloat in ruminants (e.g., alfalfa or clover).

Existing literature on the relationship between sainfoin PAC and rumen function has
shown positive results. Lower ruminal fermentation and gas and ammonia productions
were found for sainfoin hay compared to alfalfa hay in an in vitro assay (Toral et al., 2016).
However, when sainfoin and alfalfa were evaluated in fresh, inexplicably, those
differences were not found on gas and methane productions (Rufino-Moya et al.,
2019b). Sainfoin pellet showed a reduction of urea N in blood and urine in dairy cows
supplemented at 20% (Grosse Brinkhaus et al., 2016) and a reduction of methane
production in vitro using 30% of supplementation (Niderkorn et al., 2020). However, it
should be borne in mind that the results obtained depend on numerous factors. In
relation to this, Hatew et al. (2015) showed that the PD/PC ratio of sainfoin is negatively
related to methane production, which explains much of the variability in the results

obtained with different sainfoin varieties.

Given the wide ranging of effects that PAC can have on animals, the factors on which
they depend, and the large number of reviews on this topic, only the most relevant to
this thesis are explained in depth below, along with the studies that have focused

specifically on sainfoin.

Effects of PAC on animal intake and growth

As mentioned above, the capability of PAC to bind and form complexes with the

nutrients of the ration is probably the most important effect produced by these
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compounds. The interaction between PAC and protein begins in the mouth at the time
animals ingest a PAC—containing feed, since PAC are able to bind with salivary and plant
proteins during chewing (Mangan et al., 1976; Waghorn, 2008). The bond between these
secondary compounds and salivary protein can produce an astringent sensation that can
lead to a reduction in ration palatability and DM intake (Lamy et al., 2011). However, the
formation of complexes with dietary protein is of particular interest. This binding renders
the protein (and other nutrients) inaccessible to microorganisms (Mueller-Harvey and
McAllan, 1992), decreasing their ruminal degradability and, therefore, increasing the
small intestine reach (Wang et al., 1996). Once in the intestine, the protein is more
efficiently absorbed and used as protein to meat, milk, or wool. Thus, dietary PAC can
lead to a higher nutrient efficiency but, when the concentration of tannins in the diet is
excessively high, these effects can negatively affect animal performance (Hervas et al.,
2003; Waghorn, 2008). Therefore, there are several animal responses depending on the
specific characteristics of the trials conducted, with studies showing an increase
(Valderrabano et al., 2010; Giller et al., 2021), decrease (Girard et al., 2016), or no effect
(Peng et al., 2016) of PAC on average daily gain (ADG) of lambs. This idea is reinforced by
the recent meta—analysis of Alvarez-Rodriguez et al. (2020), who stated that results
related to the effect of PAC on lambs’ performance are not conclusive and pointing out

that lambs’ growth is more related to dietary fat and protein contents.

Concerning sainfoin PAC effects on animal performance, this forage has
demonstrated promising results as ingredient in ruminal diets, showing a wide variety of
effects on performance depending mainly on PAC concentration and the way that
sainfoin is offered. In vitro assays showed a reduction of total volatile fatty acids (VFA)
production with sainfoin hay compared to alfalfa hay (Toral et al., 2016), which could
compromise animal performance, but greater organic matter degradability of sainfoin
has also been reported (Rufino-Moya et al., 2019b). The lambs whose dams grazed
sainfoin during lactation tended to obtain higher growth until weaning and greater
slaughter weight after a fattening period compared to those whose dams’ grazed alfalfa
or were fed indoor with concentrate plus straw in Lobdn et al. (2019a). Fattening lambs
grazing alfalfa improved their growth when sainfoin pellets (42 g of PAC/kg of DM) were

administrated at 36% of the diet (Rivaroli et al., 2019). However, growth and carcass
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performance were reduced in lambs receiving sainfoin silage (104 g total PAC/kg DM)
plus concentrate compared to their counterparts with alfalfa and red clover silages,
despite similar DM intake among groups (Girard et al., 2016). These contradictory results
are likely due to the different response of the animals depending on the concentration

of sainfoin PAC in the diet.

Effects of PAC and forage on ruminal biohydrogenation

The final FA profile of ruminant products is given by preformed FA uptake and de novo
synthesised FA. Preformed FA uptake includes all the FA that are absorbed in the
digestive tract, which is a mixture of those with dietary origin, those that are formed in
the rumen during the biohydrogenation (BH) process (Jenkins et al., 2008), and the FA
provided by lipid mobilisation (Palmquist, 2006).

In the field of animal nutrition, one of the final aims is to improve the FA profile of
animal products towards a healthier product for consumers (Parodi, 2016). Nowadays it
is known that the ruminal BH process affects the fatty acid profile to be depot in animal
tissues. It is therefore essential to know these ruminal processes in order to obtain the

meat and milk quality demanded by consumers.

Ruminal BH is a complex process composed of multiple pathways that sequentially
isomerise and hydrogenate the dietary FA. In the first place, when esterified FA reach the
rumen, they are hydrolysed by lipases, releasing free unsaturated FA (Buccioni et al.,
2012). From this moment on, free unsaturated FA are generally saturated through the
ruminal population to reduce their toxicity (Jenkins et al., 2008), being the C18:0 the last
product of the BH. Therefore, the final FA profile of ruminant-derived products will be
more saturated FA as a consequence of ruminal BH (Scollan et al., 2017). Nevertheless,
during the BH process there are intermediate stages forming intermediate FA, some of
which are unique in ruminant products and beneficial for consumers health, such as
some PUFA n-3, CLA ¢9,t11, and C18:1 t11 (Shingfield et al., 2008; Buccioni et al., 2015).
Since ruminal BH is never produced to the same extent, the degree to which it is

completed determines whether the final profile is more or less rich in PUFA,
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intermediate FA or saturated FA, being the degree of ruminal BH extent of relevance for

consumers health (Shingfield et al., 2008; Hennessy et al., 2011).

Therefore, due to the numerous factors on which ruminal BH depends, the
improvement of the FA profile of ruminant products through the modification of ruminal
BH entails a complex situation. However, some actions, such as the increase of forage
inclusion in the diet or the presence of PAC, have been shown to be able to modify the
natural course of those FA in the rumen reducing the ruminal saturation of dietary FA
which leads to an increase in PUFA and some intermediate FA concentration in the

rumen with bioactive and beneficial properties.

Effects of forage diets on ruminal biohydrogenation and FA profile of products

Increased dietary fibre intake affects ruminal fermentation patterns in several ways.
Firstly, it promotes chewing and salivation, which increases the buffer capacity of the
rumen (Blanco et al., 2014). This, together with a high development of the rumen
papillae and their surface area, promoting the absorption of volatile fatty acids (VFA; the
main source of energy in ruminants) and the rumen pH, which prevents problems related
to ruminal keratinisation (Alvarez-Rodriguez et al., 2012). The occurrence of
keratinisation has been linked to diets with a low forage/concentrate ratio, in which a
large amount of concentrate produces an excess of VFA that cannot be absorbed by the
papillae, reducing the rumen pH and causing damage to the rumen wall (Van Ackeren et
al., 2009). Besides, the higher forage proportion in the diet can also lead to a longer
retention time of the feed in the rumen and an improvement of environment for
cellulolytic bacteria, which would lead to a greater extension of the BH and fermentation

processes (Sackmann et al., 2003).

In addition, forages have a very beneficial FA profile, as they are mostly composed of
PUFA, being C18:3 n-3 their major FA (Glasser et al., 2013). That makes the inclusion of
forage in the diet a potential way to improve the FA profile of meat and milk. The increase
of dietary PUFA from implies increased PUFA in ruminant products (Woods and Fearon,
2009; Alvarez-Rodriguez et al., 2022), despite the trend towards saturation due to the

ruminal BH process.
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The forage/concentrate ratio of the diet also affects the type of ruminal BH that takes
place. Intensive systems, in which there is a high inclusion of concentrate in ruminant
diets, lead to a shift in the ruminal BH pathway. There are two major C18:1 isomers
produced during the BH process (Figure 4): C18:1 trans-11, which is associated with
forage-rich diets, and C18:1 trans-10, related to concentrate-rich diets (Griinari et al.,
1998; Bessa et al., 2005). The C18:1 trans-11 is considered the main BH pathway,
however, when the concentrate is very high in the diet, this trans-11 pathway is replaced
by the trans-10 BH pathway. This shift from the trans-11 pathway to the emergence of
the trans-10 pathway is called “trans-10 shifted”. Promoting the trans-11 pathway have
been one of the main targets as is the way to enhance CLA ¢9,t11 production from C18:1
trans-11, both considered as beneficial FA with implications on human health (Palmquist
et al., 2004). In contrast, the trans-10 BH pathway is considered non desirable as it has

been linked to negative health (Aldai et al., 2013) and productive (Tricon et al., 2004)

implications.
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Figure 4. Main and ““trans-10 shifted” ruminal biohydrogenation pathways of linoleic

acid (C18:2 n-6) and a-linolenic acid (C18:3 n-3), obtained from Alves and Bessa (2014).
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Effects of PAC—containing diets on ruminal biohydrogenation and FA profile of products

Proanthocyanidins can influence the natural development of ruminal BH. The changes
exerted by PAC on ruminal BH are due to a combined effect. In one side, PAC can
modulate ruminal lipid metabolism by positively reducing the general extent of ruminal
BH and, consequently, decreasing the FA saturation, or even affecting the activity of
enzymes involved in the BH process, as A°’-desaturase (Vasta et al., 2009a; Frutos et al.,
2020). In the other side, PAC can modify the rumen microbial community (Costa et al.,
2017; Vasta et al., 2019) due to changes in rumen conditions or directly interacting with
bacterial cell membranes (Smith et al., 2005), affecting the BH reactions in which ruminal
microorganisms are involved and, therefore, the synthesis of some FA produced by
certain bacterial population (Vlaeminck et al., 2006). For example, ruminal cellulolytic
bacteria are responsible for the synthesis of BCFA (Fievez et al., 2012), which have been

considered healthier for consumers (Shingfield et al., 2008; Parodi, 2016).

However, there is no consensus on which step of the rumen BH is most affected by
PAC. While some publications reported a specific effect of PAC reducing the first step of
PUFA metabolism in the rumen (Campidonico et al., 2016; Alves et al., 2017), other
studies pointed an effect on the last step of the BH process, when the beneficial C18:1
t11 (vaccenic acid) is saturated to C18:0 (stearic acid) (Vasta et al., 2009¢c; Rana et al.,
2012). Depending on which step of the BH process the PAC is affecting, the final FA profile
will present an enhanced concentration of one FA or others, as shown by the BH scheme
(Figure 5) obtained from Frutos et al. (2020). Briefly, an inhibition of the initial step of BH
would lead to a higher “preservation” of the dietary PUFA but would decrease the
formation of some beneficial FA which are originated during the following steps.
However, the inhibition of the next step, would decrease the dietary PUFA, which would
be already transformed to different C18:3 and C18:2 isomers (known as BH
intermediates). Lastly, the inhibition of the last step would favour the appearance of
C18:1 isomers produced from C18:2 and C18:3 isomers, reducing the content of the
latter. Again, the differences reported in the literature are possibly due to the

concentration and structure of the PAC.
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Figure 5. Schematic pathways of dietary unsaturated fatty acid metabolism in the rumen

and the effects of their inhibition, obtained from Frutos et al. (2020).

The literature concerning the effects produced on ruminal BH by the presence of
sainfoin PAC in the diet is scarce. An increase in C18:2 n-6, C18:1 ¢9, and total PUFA were
found in in vitro assays using sainfoin hay compared to alfalfa hay (Toral et al., 2016),
which were associated to a lower BH of dietary FA during the first steps of the process.
Similarly, Campidonico et al. (2016) found greater concentrations of total PUFA and
C18:3 n-3, leading to a lower MUFA formation in the subsequent steps of ruminal BH in
lambs fed with sainfoin and red clover silages (as two PAC-containing legumes)
compared to those receiving timothy (a grass without PAC). In the same study, lower
total BCFA concentrations were also found and a reduced BCFA, suggesting changes in

ruminal microbiota.
Effects of PAC on product quality

There are several parameters related to product quality that can be affected by the

presence of PAC in animal diets, such as the FA profile, lipid oxidation, and colour
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stability. Regarding the effect of PAC on the FA profile of meat and milk, Frutos et al.
(2020) showed that, despite of the highly variable results, approximately in the 50% of
the studies included in the review, PAC increased total PUFA and C18:1 t10 milk
concentrations. However, most studies showed no effect on C18:1 ¢9, C18:1 t11, CLA
€9,t11, and C18:0 concentrations in either meat or milk. In addition, the modulatory
capacity of PAC on meat FA profile seemed to be less effective compared to changes
observed in milk, with no significant changes due to PAC on most of the FA highlighted
in the abovementioned review and only a slight increase in dietary PUFA, C18:3 n-3, and
C18:2 n-6.

It should be borne in mind that the change in the FA profile of the product may entail
other changes. Thus, although the effect of PAC on increasing PUFA concentration in
animal products is a health desirable goal (Parodi, 2016; Toral et al., 2018), PUFA are
more easily oxidised due to their chemical structure (Morrissey et al., 1998), which can
compromise products stability, self-life, and quality. Lipid oxidation is an important
process, as it can be also negatively reflected in several product attributes such as colour,
texture, taste and aroma, leading to rancidity and off-flavours (Amaral et al., 2018).
However, those effects can be counteracted by PAC, which has been shown to have
antioxidant capacity (Hagerman et al., 1998; Soobrattee et al., 2005) so they can help to
prevent lipid oxidation. The origin of this properties has been attributed to their free
radical scavenging, chelation of redox active metals, and inactivation of haemoproteins
by reducing highly prooxidant ferric states (lglesias et al., 2012). This improvement of
antioxidant activity of animal consuming PAC has great importance as it can increase the
self-life of the final product and has been proved in meat (Vasta and Luciano, 2011;
Valenti et al., 2019), milk (Santos et al., 2014; Delgadillo-Puga et al., 2019), and plasma
and liver (Lépez-Andrés et al., 2013).

Also related to iron metabolism, the inclusion of PAC in the diet of ruminants has been
linked to a delay in metmyoglobin formation leading to an increase in colour stability
(Priolo et al., 2002a; Luciano et al.,, 2011; Lobdn et al., 2017a), which could also
contribute to a greater self-life of the edible products and an improvement on consumer
choice and acceptance. Several studies recorded lighter meat colour in lambs fed with

PAC—containing diets compared to control diets or given the same diet plus polyethylene
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glycol (PEG; as PAC blocking agent) (Priolo et al., 2000; Priolo et al., 2002a; Priolo et al.,
2005; Lobdn et al., 2017a), which is desirable in the Spanish lamb market as consumers
prefer pale meat to dark meat (Safiudo et al., 1996). However, when Alvarez-Rodriguez
et al. (2020) conducted a meta—analysis including 41 articles it was stated that feeding
PAC diets to lambs was not clearly linked to an improvement in lamb meat colour, so this

is not a generalised effect.

Finally, it has been discovered that forages rich in PAC can reduce skatole and indole
ruminal formation (Priolo et al., 2009; Girard et al., 2016; Rivaroli et al., 2019) by
decreasing protein degradation and the activity of microbes involved in their synthesis
(Schreurs et al., 2008). This is a desirable effect on meat quality because the deposition
of these compounds in lambs’ fat confers a sheep meat’ odour that is not well accepted

by consumers.

The studies concerning the effect of sainfoin PAC in ruminant diets on product quality
are mainly focused on the improvement of the FA profile of edible products. Grosse
Brinkhaus et al. (2016) recorded higher C18:3 n-3 and lower C22:5 n-3 and C22:6 n-3 in
milk from dairy cows receiving 20% of sainfoin pellets compared to cows fed with the
same amount of birdsfoot trefoil, while dairy ewes fed with sainfoin silage showed
reduced n-6/n-3 ratio in milk (Pascual et al., 2019). On the other hand, several studies
had obtained a healthier FA profile in lambs’ meat due to the presence of sainfoin in diet,
showing greater concentrations of PUFA and PUFA n-3 and lower of SFA and n-6/n-3 ratio
(Girard et al., 2016; Campidonico et al., 2016; Lobdn et al., 2019b).

Other interesting results related to sainfoin PAC intake and meat quality are the
decrease in lipid oxidation (Lobdn et al., 2017a) and the increase in a-tocopherol content
(Rufino-Moya et al., 2020) found in meat from lambs whose dams grazed sainfoin during
lactation. Besides, lower skatole and indole levels of sainfoin—fed lambs were found in
perirenal fat (Girard et al., 2016) and in perirenal and dorsal fat (Rivaroli et al., 2019)
compared to alfalfa—fed lambs. These results confirm the theory affirming that higher
ruminal indoles formation occurs in non—containing—PAC legumes, as alfalfa or white
clover, compared to the PAC-containing, due to the greater protein degradability

(Schreurs et al., 2008). This finding could help to improve consumers acceptance of meat
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from lambs fed with high percentage of forage in the diet, as high content of indole in

animal product can involve changes in taste, which may be rejected by consumers.
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Objectives

The main objective of the present thesis was to evaluate the effect of feeding sainfoin,
a legume forage with medium content of proanthocyanidins, on two lamb production

systems. To achieve the main objective, two studies were carried out to assess:

1. The effect of the proanthocyanidins of fresh sainfoin fed to lactating ewes, using

polyethylene glycol as blocking agent, during the rearing period of a suckling lamb on:

1.1. Body weight and body condition score, dry matter intake, metabolic and
antioxidant blood status, and digestive parasitism of the dams.

1.2. Yield, chemical, and fatty acid composition of dams’ milk.

1.3. Growth, metabolic status, digestive development, carcass traits, and meat

quality of the suckling lambs.

2. The effect of increasing proportion of dehydrated sainfoin inclusion in the pelleted
concentrate (0%, 20%, and 40% of sainfoin) of light lambs during the fattening period

on:

2.1. Growth, dry matter intake, metabolic and antioxidant blood status,
estimated total digestibility, and carcass traits and quality of finishing lambs.
2.2. Ruminal fermentation and biohydrogenation and fatty acids of plasma and

meat.

Objective 1 is addressed in Manuscripts |, Il, and lll, resulting from the completion of

Study 1. Objective 2 is addressed in Chapters IV and V originated from Study 2.
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Material and Methods

The thesis comprised two different studies that were carried out at the facilities of
the Centro de Investigacidon y Tecnologia Agroalimentaria de Aragdén (CITA) (41°3’ N,
0°47" W and 216 m above sea level) in Zaragoza, Spain, with the objective of studying
the effect of sainfoin inclusion in the diet of i) dams rearing their suckling lambs and ii)

finishing lambs.

EXPERIMENTAL STUDIES

STUDY 1

In Spring 2019, 2-3 days after lambing, twenty single multiparous Rasa Aragonesa
ewes of CITA’s flock and their twenty male lambs were distributed randomly in two
homogeneous groups according to ewe BW (61 + 6.2 kg), body condition score (BCS; 3.3
+ 0.57), lambing date (April 6 £ 0.1d), and lamb BW at birth (4.1 + 0.64 kg). Each pair of
dam-lamb was placed in an individual indoor cage (1.5 m x 1.4 m). During the rearing
period, the ewes were fed fresh sainfoin (Onobrychis viciifolia cv Reznos) ad libitum from
vegetative to early flowering stage plus 200 g of barley daily divided into two meals
(09:00 and 16:00 h). The sainfoin was grown in adjacent fields owned by CITA and it was
cut three times per week and stored indoors to prevent mould and overheating. Before
each feed supply, 10 ewes (Sainfoin Group) were orally dosed with 100 ml of water, and
the other 10 ewes (Sainfoin+PEG Group) were orally dosed with a solution of
polyethylene glycol (PEG; 50 g of PEG 4000/100 ml of water), a binding agent that
deactivates the effects of PAC. Ewes had fresh water and mineral blocks ad libitum and
lambs had free access to suckling. The experimental period started 2—3 post—lambing
days and lasted 28 days (divided into four lactation weeks), which corresponded to the

time required for suckling lambs to reach the target slaughter weight (10-12 kg BW).

Controls and sampling procedures

Feeding and feed samples

The amount of fresh sainfoin offered was daily adjusted to each ewe based on
previous refusal, with at least 15% refusal allowing ad libitum intake. The amounts of
feed offered and refused were recorded daily to calculate the individual intakes.
Composite samples of the offers and refusals per ewe and week were obtained.
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The feedstuff samples (offer and refuse) were divided in two subsamples: One sample
were dehydrated in the oven (AFA150/5400, Dycometal, Barcelona, Spain) for 48 h to
determine the daily individual dry matter (DM), and the second sample was frozen, kept
at -20 °C until they were freeze—dried (Genesis Freeze Dryer 25, Hucoa Erldss,
SA/Thermo Fisher Scientific, Madrid, Spain). All dried samples were ground and sieved
through a 1 mm screen (Rotary Mill, ZM200 Retsch, Haan, Germany), and a small portion
of these samples was sieved through a 0.2 mm screen to analyse the crude protein (CP)
content. On the other side, the freeze—-dried samples were sieved through a 0.2 mm
screen and used for the analyses of the secondary compounds (fatty acid, ABTS (2,2-
azinobis-3-ethylbensothiazoline-6-sulfonic acid), PAC—fractions, delphinidin/cyanidin
ratio and polyphenols) of sainfoin offers and refusals. For barley, only one sample was

taken weekly for complete chemical analysis as for sainfoin samples.

Milk samples

Once a week, at 8:00 h before feeding, milk production was calculated by the oxytocin
technique (Doney et al., 1979). Ewes were injected with 5 |U oxytocin (Facilpart 10 Ul/ml
intravenous, SYVA, Ledn, Spain) in the jugular vein and machine-milked with hand
finishing at 08:00 and 12:00 h. During this interval of 4h, the lambs were separated from
their dams and put in a different pen without access to milk. The extracted milk was
divided into two individual milk samples that were stored at 4 °C. One individual sample
was preserved by the addition of azidiol (sodium azide, PanReac, Barcelona, Spain) until
the chemical analyses, and the second sample was freeze-dried (Genesis Freeze Dryer
25, Hucoa Erléss, SA/Thermo Fisher Scientific, Madrid, Spain) to analyse the

polyphenols, the antioxidant activity (through ABTS determination), and milk FA profile.
The standard milk yield was calculated as follows:

Standard milk yield (I/d) = milk production (I/d) x [(0.0071 x crude fat (g/I) + (0.0043 x
CP (g/l)) + 0.2224], as had been described by Bocquier et al. (1993).

Body weight, body condition score and blood samples

Weekly, at 8:00h before the morning meal distribution, the BW of ewes and lambs

was registered with an electronic balance (0.5 and 0.1 kg precision in ewes and lambs,
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respectively), and the BCS of ewes was estimated by two trained technicians following
the method of Russel et al. (1969). After, blood samples of ewes were collected from
the jugular vein of ewes into 10 ml tubes containing heparin (Vaccuette, Spain) and
immediately centrifuged (3000 g for 15 min at 4 °C), then, the plasma was stored at -20
°C until the metabolites analyses (urea, ABTS, SOD, MDA, and polyphenols) were

performed.

Faecal samples

At the beginning and end of the study, faecal samples (approximately 50 g) from ewes
were collected from the rectum, kept in sterile jars, and refrigerated for parasite

determination (Strongiloides (Teladorsagia spp.)).

Lamb slaughtering procedures

When the lambs reached the target weight (10-12 kg BW), they were slaughtered in
CITA's experimental slaughterhouse. At this time, their respective dams left the

experiment, returning with the rest of the flock.

The lambs were slaughtered without prior fasting at the experimental
slaughterhouse of CITA, placed next to the building where the animals were allocated.
After registering their weight, the lambs were stunned by a captive bolt pistol and
exsanguinated in the experimental abattoir following standard commercial procedures
and according to Council Regulation (EC) N2 1099/2009. Blood samples were taken from
the jugular vein into 10 ml heparin tubes (Vaccuette, Madrid, Spain) and processed as

had been explained above.

The contents of the digestive tract corresponding to the sections of reticulum-rumen,
omasum-abomasum, and duodenum—jejunum were extracted and weighed. Then, the
empty digestive compartments were cleaned and weighed. Hot carcass weight (HCW)
was recorded without head and offal. After 24 h chilling at 4 °C in total darkness, the

cold carcass weight (CCW) was recorded. Then, the dressing percentage was calculated

( HCW HCW-CCW

_ x 100).
Slaughter weight

X 100) and the carcass shrinkage was recorded as (
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The carcasses were classified for the fatness degree of carcass, following the
Community Scale for Classification of Carcasses of Ovine Animals and of Light Lambs (EEC
461/93) with a scale of 1 (low), 2 (slight), 3 (average), and 4 (high). Instrumental colour
of caudal subcutaneous fat was measured on tail root using a Minolta CM-2006d
spectrophotometer (Konica Minolta Holdings, Inc., Osaka, Japan), registering lightness
(L*), redness (a*), and yellowness (b*), which were used to calculate hue angle (hay) and
chroma (C*ap). The absolute value of the summation of the translated spectrum (SUM)

was calculated following the method described in Prache and Theriez (1999) as:

TR4s0

TR
SUM = [( ) + TRye0 + TR470 + TR4go + TR4gp + TR0 + ( 251())] x 10

where TRi was the reflectance value at i nm.

After that, the carcasses were carefully split longitudinally into the two half carcasses
and the longissimus thoracis et lumborum (LTL) muscles of both sides were collected.
Perirenal fat deposits were extracted and weighed (BP 8100, Sartorius Stedim Biotech,

Germany).

The LTL muscles from 4™ to 6™ lumbar vertebrae of the left side were used to measure
the pH with a pH-meter equipped with a Crison 507 penetrating electrode (Crison
Instruments, S.A., Barcelona, Spain) and to estimate the chemical composition by NIRs
(FoodScanTMZ2, Foss Analytics, Hilleroed, Denmark). From 6% to 13t thoracic vertebrae
from both sides were sliced into 2.5 cm-hick
samples, the left ones were assigned to days [ L 2y Y
0, 2, and 7 of display and the right ones for |
days of display 5 and 9. The slices were
placed in trays as is shown in Figure 6,
wrapped with oxygen permeable polyvinyl

chloride film, and kept in darkness at 4 °C

until being measured for colour and haem Figure 6. LTL muscles section of suckling

pigment estimations. The 0-d samples were lambs placed in trays for colour

allowed to bloom in darkness at 4 °Cfor 1 h measurements.
before being measured for colour and haem pigments. LTL colour was measured as had

been explained above, while the relative contents of metmyoglobin (MMb) and
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oxymyoglobin (MbO;) were estimated using the (K/S at 572 nm)/(K/S at 525 nm) and
(K/S at 610 nm)/(K/S at 525 nm) ratios, where K is the absorption coefficient and S is the
scattering coefficient, as described in Ripoll et al. (2013). After the measurements, the
meat was freeze—dried, vacuum-stored (Sammic V-421 TI, Sammic S.L., Azpeitia, Spain),

and kept in total darkness at -80 °C until the analysis of polyphenols and ABTS assay.

A schematic representation of the sampling and analytical procedures carried out in

Study 1 is shown in Figure 7.
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Figure 7. Graphical representation of the sampling and analytical procedures carried out in Study 1.
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STUDY 2

In autumn 2020, after weaning, thirty male lambs of the Rasa Aragonesa breed of the
CITA’s flock raised by their dams with free access to suckling and initiation concentrate
were randomly distributed in three groups. Groups were then consolidated according to
weaning age (30.0 £ 1.99 d) and BW (14.0 + 0.49 kg) to achieve a homogenous condition

among groups as shown in Table 1.

Table 1. Average (mean % standard deviation) age and BW at weaning of the lambs

selected to be part of the groups assigned to the 3 diets.

Diet *
OSF 20SF 40SF
n 10 10 10
Age at weaning, days 29t1.4 30£2.3 30£2.3
BW at weaning, kg 139+1.48 139+1.39 14.1+1.33

LOSF, 0% of sainfoin; 20SF, 20% of sainfoin; 40SF, 40% of sainfoin in the finishing concentrate.

The lambs were individually placed in indoor pens (1.5 m x 1.4 m) and fed with the
experimental concentrates containing 0% (0SF), 20% (20SF) or 40% (40SF) dehydrated
sainfoin. The sainfoin included in the concentrates was left over after the end of Study
1, so it was cut in late spring, at the flowering stage. After a few days of natural drying,
it was dehydrated with hot air and pelleted. The chemical composition of the sainfoin

pellets used are shown in Table 2.

Afterwards, the ingredients of the concentrates (Table 3), which were formulated to
be isoproteic and isoenergetic, were mixed with the sainfoin ground pellets and pelleted
(3.5-mm diameter) to avoid selection. During all the experimental period, the lambs had
free access to concentrates, water, and minerals. The study length comprised 40 days (5
weeks), which was the time required for the lambs to achieve the slaughter weight of
approximately 25 kg BW. A total of 4 lambs (1 lamb belonging to the OSF treatment, 2
to the 20SF treatment, and 1 to the 40SF treatment) were removed from the study

during the experiment for reasons unrelated to the feeding treatment. Therefore, the
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final number of lambs per treatment was n=9, n=8, and n=9 for the 0SF, 20SF, and 40SF,

respectively.

Table 2. Chemical composition, proanthocyanidins (PAC) and their fractions, and fatty

acid contents of sainfoin pellets.

mean % standard

deviation
Chemical composition
Crude protein, g/kg DM 121+3.8
Ash, g/kg DM 117+ 8.6
Neutral detergent fibre, g/kg DM 429+3.0
Acid detergent fibre, g/kg DM 292 +4.5
Lignin, g/kg DM 53.7+0.42
Gross energy, MJ/kg DM 18.11+0.018
Proanthocyanidins (PAC) *
Total PAC 17.4+1.80
Extractable PAC 10.1+1.83
Protein—bound PAC 4.81 +0.444
Fibre—bound PAC 2.45+0.343
Fatty acids (FA), g/100 g total FA
C12:0 0.33+0.024
C14:0 1.08 £ 0.080
C15:0 0.44 +0.040
C16:0 27.5+0.47
C16:1¢c9 0.95+0.042
C18:0 8.72+0.021
C18:1¢9 5.47 +0.166
C18:1cl1 0.60+0.015
C18:2 n-6 16.3 £ 0.020
C18:3 n-3 38.6 +0.54

1 g eq. sainfoin PAC/kg DM
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Table 3. Ingredients and chemical and fatty acid (FA) composition (mean + standard

deviation) of the experimental diets.

Diets !
OSF 20SF 40SF
Ingredients, g/kg DM

Barley 310 252 50
Corn 250 189 250
Wheat 50 50 102
Gluten feed 60 60 130
Soybean meal 47% 173 138 159
Bran 25 81 0
Palm oil 10 10 15
Calcium carbonate 15 13 4
Sodium chloride 5 5 5
Premix vitamin 0.2% 2 2 2
Sainfoin pellet 0 200 400
Straw 100 0 0

LOSF, 0% of sainfoin; 20SF, 20% of sainfoin; 40SF, 40% of sainfoin in the finishing concentrate.

Controls and sampling procedures

Feeding and feed samples

Concentrates were offered ad libitum, adjusting daily the amount offered to DM
intake of the previous day, allowing a 15% of refusal. The amounts of concentrate
offered and refused were recorded daily to calculate the individual intakes. Composite
samples of the offers and refusals per lamb and week were obtained. The management

and procedure of samples were the same that had been describe in Study 1.

Body weight and blood samples

The record of BW and blood samples were the same explained in Study 1, except that
the lambs were bleeding fortnightly. Once the plasma was obtained, it was stored at -
20 °C until the metabolite analyses of non-esterified fatty acid (NEFA), glucose, urea,

ABTS, MDA, and polyphenols were performed.

Faecal samples

Faecal samples were collected using rectal stimulation before meal distribution the

last 3 days of weeks 2, 4, and 6, obtaining a composite sample per week of collection.
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The samples were kept in sterile jars, freeze—dried (Genesis Freeze Dryer 25, Hucoa
Erléss, S.A./Thermo Fisher Scientific, Madrid, Spain), and kept at -20 °C until the

determination of digestibility following the acid—insoluble ashes (AIA) analysis.

Lambs slaughtering procedures

After 40 days of fattening, the lambs were slaughtered in the experimental abattoir
of CITA Research Centre. Due to handling and staff issues at the slaughterhouse, the
animals were slaughtered on two consecutive days. The slaughtering procedures were
the same as for the suckling. Blood samples were taken per lamb form the jugular vein
into 10 ml tubes for fatty acid analyses. The total ruminal contents of each lamb were
extracted, and their weights were recorded (RX-60M, Accurex, Schofield, WI, USA; 10 g
precision). Approximately 100 ml were stored unfiltered until it was freeze-dried
(Lyobeta 25, Azbil Telstar, Japan) and kept at -20 °C until the fatty acid analysis was
performed. After, approximately another 100 ml of the ruminal content were filtered
through a double cheesecloth and stored in sterile jars. Immediately, the pH of the liquid
was measured using a micropH 2002 pH-meter (Crison Instruments S.A., Barcelona,
Spain). The rest of this sample was used to determine ruminal ammonia and volatile
fatty acids (VFA). For ammonia analysis, 2.5 ml of ruminal liquid were mixed with 0.1 N
HCl in a 1/1 ratio (v/v) and stored at -20 °C, and 0.5 ml of liquid was mixed with 0.5 ml
of deproteinizing solution and 1 ml of distilled water and stored at -20 °C for subsequent
analysis of VFA. Afterwards, the rumen was thoroughly cleaned and the colour was
measured on the inner side (in contact with the ruminal papillae) of the ventral sac using
a Minolta CM-2006d spectrophotometer (Konica Minolta Holdings, Inc., Osaka, Japan).
The methodology followed for carcass traits (weight, degree of fatness, and colour of
carcass and caudal subcutaneous fat) and the recording of perirenal fat weight was the

same as previously explained for suckling lambs.

A schematic representation of the sampling and analytical procedures carried out in

Study 2 is shown in Figure 8.
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CHEMICAL ANALYSES

Feedstuffs

All analyses of the offered and refusal feedstuffs were run in duplicate. The dry
matter (DM) (index n2 934.01) and ash (index n2 942.05) contents of the feedstuffs were
determined in oven—dried samples 3 h at 550 °C (Heron 10-PR/400, Hobersal, Barcelona,
Spain), according to the AOAC methods (AOAC, 2000). The content of CP (Nitrogen X
6.25) was determined following the Dumas Procedure (index n2 968.06) using a nitrogen
analyser (Model NA 2100, CE Instruments, Thermoquest SA, Barcelona, Spain) (AOAC,
2000). The contents of neutral detergent fibre (NDF), acid detergent fibre (ADF), and
lignin of the feedstuffs were analysed following the sequential procedure of Van Soest
et al. (1991) and using the Ankom 200/220 fibre analyser (Ankom Technology
Corporation, Fairport, NY, USA). The NDF was assayed with a heat-stable amylase. The
lignin was analysed in the ADF residues by solubilisation of cellulose with sulphuric acid.
All values of NDF and ADF were corrected for ash—free content. The total polyphenols
were extracted in freeze—dried samples following the method described by Makkar
(2003) and quantified according to the method of Julkunen-Tiitto (1985) using the tannic
acid as standard (Sigma Aldrich, Saint Louis, MO, USA). Both polyphenol contents of
samples and standard calibration were measured with a HeAios B spectrophotometer
(Thermo Electron Corporation, Waltham, MA, USA) at 725 nm, and expressed as tannic
acid equivalents. The extractable PAC, protein—-bound PAC, and fibre-bound PAC were
extracted in freeze—dried samples and fractioned as described in Terrill et al. (1992) and
guantified by the colorimetric HCI-butanol method described in Grabber et al. (2013).
The standard used for the quantification of the samples was extracted and purified from
sainfoin using the procedure described by Wolfe et al. (2008). Finally, samples and
standard calibration were measured with the HelAios B spectrophotometer (Artisan
Technology Group, IL, USA) at 550 nm and PAC concentrations were expressed as
sainfoin PAC equivalents. The determination of anthocyanidins (delphinidin and
cyanidin) proportions was carried out after hydrolysis by UPLC-DAD (High-Performance
Liquid Chromatography Fluorescence and Diode Array Detection, ACQUITY UPLC HClass
(Waters, Milford, MA, USA) following the procedure described in Assefa et al. (2019)
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with a Acquity UPLC BEH C18 (50 mm x 2.1 mm X 1.7 um) column (Waters, Milford, MA,

USA) and an absorbance wavelength of 520 nm.

The gross energy content was calculated through the combustion—specific heat
obtained with a calorimetric bomb (Model Parr 1341 Plain Jacket Bomb Calorimeter,
Parr Instrument Company, IL, USA). For the net energy calculations, the values of each
ingredient set by FEDNA (2019) were used together with an estimation for sainfoin
pellets based on the calculation of Mertens (1983). The antioxidant activity of the
feedstuffs was determined using the Folin—Ciocalteu method as described in Makkar
(2003) and the concentration of ABTS was obtained according to Jiménez-Escrig et al.
(2003). Results were read in a BioTek Epoch Spectrophotometric Microplate Reader
(BioTek Instruments, Inc., Winooski, VT, USA) at 750 and 730 nm absorbance

wavelength, respectively.

The ether extract of barley and concentrates was determined with an XT10 Ankom
extractor (Ankom Technology Corporation, Fairport, New York, USA) following the
Ankom Procedure (AOCS, 2005). The total starch of the concentrates was measured with
the commercial kit K-TSTA-100A (Neogen Corporation, Lansing, Michigan, USA)

following the amyloglucosidase/a-amylase method.

The total carotenoid content of the concentrates was analysed as described in Blanco
et al. (2019). Briefly, carotenoids were determined from 50 mg samples according to the
methodology proposed by Chauveau-Duriot et al. (2010).The extraction was performed
with the procedures described by Fu et al. (2011) without saponification as it degrades
part of the carotenoids. Thus, the samples were subjected to 3 subsequent extractions
with 3 ml of methanol-acetone-petroleum ether solution (1-1-1, 0.01% butylated
hydroxytoluene; BHT) until a white precipitate was obtained. Then, 1 ml of the
supernatant was evaporated in a vacuum evaporator (Christ RVC 2-25, Germany) to a
dry residue, to which 1 ml of acetonitrile-dichloromethane-methanol (75-10-15) was
added and transferred to a 2 ml screw—capped glass vial for automatic sampling using 5

pl for UPLC determination.
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The content of acid insoluble ashes (AlA) of the concentrates was analysed following
the method of Shrivastava and Talapatra (1962). For that, 8 g of grounded through a 1
mm screen and freeze—-died samples of concentrates were boiled with a mixture of 75
ml of 3N HCl and 25 ml of distilled water. After being filtered and incinerated at 550 °C
for 3 h (Heron 10-PR/400, Hobersal, Barcelona, Spain), the AIA content of concentrates

was obtained by weighing.

Fatty acids of feedstuffs were run in duplicate and determined by gas
chromatography with a flame ionisation detector. The FA content was analysed
following the methods described by Sukhija and Palmquist (1988) and Lee et al. (2012)
after an optimisation process. Briefly, 0.5 g of feedstuff and 1 ml of the solution of
internal standard C19:0 (methyl nonadecanoate N-19-M from Nu-Chek Prep, Inc.,
Elysian, MN, USA) in heptane were mixed. Afterwards, 4 ml of 0.5 M CH3ONa/CH30OH
solution was added. The mixture was shaken in a vortex shaker (Heidolph reax top) and
in a thermostatic bath with shaking (Wisd maxturdy 30) for 20 min at 70 °C before being
left to cool. Four ml of the solution of acetyl chloride/CH3s0OH (1/10, v/v) was added and
all the solution was shaken using the vortex for 30 s and put in the thermostatic bath for
1 h and 40 min at 70 °C. The sample was shaken in the vortex every 20 min. After being
cooled, 2 ml of milli-Q water and 2 ml of heptane were added and shaken with the vortex
and in the tube shaker (Heidolph multi reax) for 10 min at maximum speed and were
centrifuged for 5 min at 3,500 rpm and 10 °C. The upper part (heptane) was collected
and added to a 5 ml tube with anhydrous Na;SOs and active carbon. The tube was
shaken in the 5 ml Eppendorf shaker (Labbox vortex) for 10 min at ambient temperature
and centrifuged at 3,500 rpm and 10 °C for 5 min. One ml of the supernatant was taken

and poured into a suitable 2 ml vial for gas chromatography.

For the FA determination of feedstuffs, a Bruker Scion 436-GC gas chromatograph
(Bruker, Billerica, MA, USA) was used, equipped with a CP-8400 Autosampler (Bruker,
Billerica, MA, USA), an SP-2560 column (100 m x 0.25 mm ID x 0.20; Sigma Aldrich, Saint
Louis, MO, USA), and the Compass CDS software. The FA identification was performed
with the help of different certified reference materials GLC-(401, 463, 532, 538, 642,
643), C18:1 c11, C18:1 t11 from Nu-Chek Prep Inc. (Elysian, MN, USA) and relative

retention times found in several sources (Kramer et al., 1997; Alves and Bessa, 2009;
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Bravo-Lamas et al., 2016). The quantification of each individual FA was performed
following the Standard UNE-EN ISO 12966-4:2015 and expressed as g of FA per 100 g of
total FA, while total FA content was expressed as mg of FA per g of sample using C19:0
as the internal standard for feedstuff. After performing FA identification and
guantification, they were grouped into major sums and the corresponding ratios were

calculated.

Plasma

Plasma concentrations of urea, glucose, and creatinine (kinetic methods) were
analysed with an automatic analyser (GernonStar, RAL/TRANSASIA, Dabhel, India). Non
esterified fatty acids (enzymatic method) were analysed using a commercial kit (Randox
Laboratories Ltd., Crumlin Co., Antrim, UK). The plasmatic concentration of polyphenols
was obtained by diluting 1:25 (plasma: milli-Q water) following the method of Leal et al.
(2019). The superoxide dismutase (SOD) was obtained using a colorimetric activity kit
(Arbor Assays, DetectX, Michigan, USA) and the total MDA was determined as described
in Bertolin et al. (2019). Finally, the method followed to determine ABTS was based on

Jiménez-Escrig et al. (2003).

Plasma FA were analysed as explained for feedstuffs from 2 ml of plasma but using a
a SP-2560 capillary column (200 m x 0.25 mm ID x 0.20; Sigma Aldrich, Saint Louis, MO,
USA). The quantification was performed as described in I1SO 12966-4:2015 and
expressed as g of FA per 100 g of total FA, while total FA content was expressed as mg
of FA per g of sample using C19:0 (methyl nonadecanoate N-19-M from Nu-Chek Prep,
INC., Elysian, MN, USA) as the internal standard.

Milk

The chemical analyses of milk were carried out for Study 1. Milk protein, fat, lactose
and urea contents and the number of somatic cells were determined in a CombifossTM
7 (Foss, Hillergd, Denmark) device comprising a Fossomatic 7 DC somatic cell counter
(based on the flow cytometry principle) and a MilkoScanTM 7 RM component. The milk
content of polyphenols was determined with a Folin—Ciocalteu method according to Leal

et al. (2019), and the antioxidant activity was estimated using ABTS, following the
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extraction method of Vazquez et al. (2015) and the determination described by Jiménez-
Escrig et al. (2003) with a BioTek Epoch Spectrophotometric Microplate Reader (BioTek

Instruments, Inc., Winooski, VT, USA) at 730 nm of wavelength.

The methodology followed to analyse the FA content of milk was based on Kramer et
al. (1997). The method used was the same as explained for FA feedstuffs determination
but with some adaptations to milk matrix. Briefly, between 0.4 and 0.5 g of lyophilised
milk and 1 ml of the solution of the internal standard C23:0 (methyl tricosanoate N-23-
M from Nu-Chek Prep, INC, Elysian, MN, USA) in heptane were mixed in a 15 ml
polypropylene centrifuge tube. Then, 2 ml of heptane and 4 ml of the 0.5 M
CH30ONa/CH30H solution were added. The tube was shaken vigorously for 30 s in the
vortex shaker and in a tube shaker for 45 min at 50 °C. After cooling, 4 ml of milli-Q water
was added and vortex-shaken. The sample was centrifuged at 1,000 rpm and 10 °C for 5
min to take the supernatant (heptane) and to add it to a 5 ml round-bottom tube with
anhydrous Na;S0s. After, the tube was shaken for 30 s and centrifuged for 5 min at 1,000
rom and 10 °C. Approximately, 1 ml of the supernatant was recovered in a 2 ml vial for

gas chromatography.

For FA determination of milk, a Bruker Scion 436-GC gas chromatograph (Bruker,
Billerica, MA, USA) was used, equipped with a CP-8400 Autosampler (Bruker, Billerica,
MA, USA), an SP-2560 column (200 m x 0.25 mm ID x 0.20; Sigma Aldrich, Saint Louis,
MO, USA) and the Compass CDS software. FA identification was performed as explained
for plasma FA. The quantification of each individual FA was performed following the
Standard UNE-EN ISO 12966-4:2015 and expressed as g of FA per 100 g of total FA, while
total FA content was expressed as mg of FA per g of sample using C23:0 as the internal
standard. After performing FA identification and quantification, they were grouped into
major sums and the corresponding ratios were calculated as described in each

manuscript.

Faeces

The concentrations of differentiable parasite forms in faeces were determined for
Study 1, using a modification of the McMaster method. Faeces (2 g) were homogenised

in 28 ml of zinc sulphate flotation solution (specific gravity 1.200) and filtered through
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double cotton gauze. The concentrations of parasite forms were estimated by screening
two complete McMaster flotation chambers with a lower detection level of 15 parasite
forms/g. In addition, the faeces were used to produce bulk faecal cultures that were
kept in an incubator at 23 °C for 13 days. On day 14, the infective larvae were harvested
and identified (7100 larvae per faecal sample) using identification keys for ruminant

nematodes (Landau et al., 2002).

The estimated organic matter digestibility (OMD) obtained through the analyses of
AIA method based on Shrivastava and Talapatra (1962) were carried in Study 2. Thus, to
determine the AIA content, 2 g grounded through a 1 mm screen and freeze—died faeces
samples were analysed following the same method as feedstuffs. After, the AlA content
of faeces a were obtained by weighing. The total digestive tract estimated OM
digestibility was calculated using the nutrient—to—marker ratio in the diet (explained in

the section corresponding to the chemical analysis of feedstuffs) and faeces, as follows:

Estimated organic matter digestibility (% OMD) = 100 - [100 x (AlAdgiet/AlAfaeces) %
(OM#aeces/ OMdiet)]

where OMsaeces and OMgiet are the OM (%) in faeces and diet, respectively, and AlA faeces

and AlAgiet are the concentrations (%) of AlA in faeces and diet, respectively.

Meat (LTL muscle)

The chemical composition of meat was measured in suckling lambs’ meat and
finishing lambs’ meat in Studies 1 and 2, respectively. The DM and intramuscular fat
(IMF) were estimated by NIRs (FoodScanTM2, Foss Analytics, Hilleroed, Denmark). In
Study 1, the polyphenols and ABTS contents of freeze—-dried meat were determined

according to Leal et al. (2019) and Vazquez et al. (2015), respectively.

The determination of cholesterol in the meat of finishing lambs of Study 2 was
performed following the method of Bertolin et al. (2019) using an Acquity UPLC H-Class
liqguid chromatograph (Waters, Mildford, KA, USA) with a silica—based bonded phase
column (Acquity UPLC HSS T3, 150 mm X 2.1 mm x 1.8 um, Waters), an absorbance
detector (Acquity UPLC Photodiode Array PDA e\ Detector, Waters) and a fluorescence
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detector (2475 Multi A Fluorescence Detector, Waters) and controlled with a Empower

3 software (Waters). The absorbance of cholesterol was measured at 220 nm.

The FA determinations of meat samples of Study 2 were extracted according to Lee
et al. (2012). Briefly, 500 mg of lyophilised meat were methylated as FA methyl esters
using 4 ml of 0.5M CH3ONa/CH30OH solution followed by 4 ml of the solution of acetyl
chloride/CHsOH (1/10, v/v) and extracted in 3 ml of heptane. Afterwards, they were
determined in a Bruker Scion 436-GC (Bruker, Billerica, MA, USA) gas chromatograph
with a flame ionisation detector equipped with a CP-8400 autosampler and a SP-2560
capillary column (200 m x 0.25 mm ID x 0.20; Sigma Aldrich, Saint Louis, MO, USA). The

FA identifications were performed as explained for milk FA.

Ruminal digesta

The chemical analyses of ruminal digesta were carried out in Study 2. The ruminal
content of NH3—N was analysed using the Berthelot reaction following the technique of
Chaney and Marbach (1962) and using the ammonium chloride to as standard to
elaborate the calibration curve (BioTek Instruments, Inc., Winooski, VT, USA) and setting
the measurement at 625 nm, where ammonium chloride was used as standard. For
ammonia—N determination, the samples and the standards were treated with phenol
and sodium hypochlorite and incubated for 45 min at room temperature. Then, the
samples were measured by the colorimetric method using an Epoch microplate
spectrophotometer at 625 nm (BioTek Instruments, Inc., Winooski, VT, USA) and the

ammonia concentrations were determined.

The concentrations of VFA were determined

using the same GC described with a BR-SWax

W T

thickness; Bruker, Billerica, MA, USA) using helium ! \ h I’ . -

capillary column (30 m x 0.25 mm ID x 0.25 um film
as the carrier gas at a flow rate of 1 ml/min. The e
oven temperature programme was 100 °C, followed

by a 6 °C/min increase to 160 °C. The injection

Figure 9. Calibration curve used

volume was 1 pl at a split ratio of 1:50. The VFA were

. e . . . to determine ruminal ammonia.
identified based on retention time comparisons
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obtained through commercially available standards of acetic, propionic, iso—butyric,
butyric, iso—valeric, valeric and 4-methyl-valeric acids of > 99% purity (Sigma Aldrich,
Saint Louis, MO, USA). The VFA contents were quantified with an external calibration
curve using 4-methyl-valeric (Sigma Aldrich, Saint Louis, MO, USA) as internal standard

as can be shown in Figure 9.

The analyses involving the FA determination of ruminal digesta were performed in
the Laboratory of Animal Production and Nutrition of the Faculty of Veterinary Medicine
of the University of Lisbon (Portugal) following the procedure described in Alves et al.
(2017). Shortly, freeze-dried rumen contents (250 mg) were directly trans esterified
according to Alves et al. (2018). The methyl nonadecanoate (C19:0) (internal standard)
was used for quantification by GC with flame ionisation detection (GC-FID) using a
Shimadzu GC 2010-Plus (Shimadzu, Kyoto, Japan) equipped with a SP-2560 (100 m x 0.25
mm, 0.20 um film thickness, Supelco, Bellefonte, PA, USA) capillary column with the
chromatographic conditions described in detail in Alves et al. (2018). The FA
determinations were carried out by comparison with ruminal chromatograms of Alves
et al. (2013) and Alves and Bessa (2014). The calculations corresponding to the estimate
biohydrogenation extent of C18 dietary FA in rumen and the Completeness (%) of BH

were calculated as explained in Alves et al. (2017).

STATISTICAL ANALYSES

All the statistical analyses were performed with SAS statistical software (v.9.3; SAS
Inst. Inc., Cary, NC, USA). The animal (ewe and suckling and finishing lamb) was
considered as experimental unit in all the analyses. The effects were considered

significant at P < 0.05, and trends were discussed when 0.05 < P < 0.10.

Variance analyses with a general linear model (proc g/m) were carried out in Study 1
to analyse the plasmatic metabolites, carcass characteristics, and meat composition of
the suckling lambs with the presence of PAC in dams’ diet (Sainfoin or Sainfoin + PEG) as
the fixed effect and the FA evolution of feedstuffs using the week of study (lactation
week, 1-4) as the fixed effect. In Study 2 the variance analyses were used to study the

data concerning the overall estimated OMD, the carcass traits, and the ruminal and
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fermentation parameters of the finishing lambs using the concentrates (OSF, 20SF, and

40SF) as the fixed effect.

The analysis of variance with a mixed model (proc mixed) was carried out to study
data with repeated measurements over time. In Study 1 was used for data
corresponding to the intake, milk production, composition, and FA profile, BW, BCS and
plasma metabolites of ewes with the experimental diets, week of lactation, and their
interaction as fixed effects and the ewe as the random effect. The colour and haem
pigments of meat measured in LTL muscle were also analysed with mixed models with
feeding treatment, time of display (days 0, 2, 5, 7, and 9), and their interactions as fixed
effects and the lamb as the random effect. In Study 2 the mixed model was used to
analyse the intake, BW, weight gains, plasma parameters with the experimental diets
(OSF, 20SF, and 40SF), week of fattening (0, 2, 4, and 6), and their interaction as fixed
effects and the lamb as the random effect. For the FA profile of ruminal digesta, plasma,
and meat the experimental diets were used as fixed effect and the group statement was
included in the model to adjust the variance heterogeneity when significant. In all mixed
analyses, the degrees of freedom were adjusted with the Kenward—Rodger correction,
Tukey’s correction was used for pairwise comparisons and the results were expressed
as least square means with the standard error of the mean (SEM) or the residual

standard deviation (RSD).

The number of faecal parasites were analysed in Study 1. For this purpose, the egg
counts were transformed into their logarithmic values to meet normality. The logarithm
of the number of Strongiloides was analysed using the method of least squares, studying
the sampling day (start and end of study) and the effect of the dietary treatment.
Parasite presence ranges were then fixed and, due to being binomial characters, were

analysed by a Chi-squared procedure.

In addition, the 115 individual milk FA of Study 1 were analysed using a combination
of three analysis types to discriminate between both treatments. These analyses were
stepwise discriminant analysis (proc stepwise), discriminant analysis (proc discrim), and

canonical discriminant analysis (proc candisc). The equation followed and its details are
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described in detail in Conte et al. (2018). The effective separation between treatments

was assessed by the corresponding Hotelling’s T-square test.
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Results and Discussion

The Results of this doctoral thesis have been presented following a structure of 5

scientific manuscripts, which are listed below:

e Manuscript I: “Effects of feeding sainfoin proanthocyanidins to lactating ewes on
intake, milk production, and plasma metabolites”. Baila, C., Joy, M., Blanco, M.,
Casasus, ., Bertolin, J. R.,, and Lobdn, S. (2022). Animal, 16, 100438.
doi:10.1016/j.animal.2021.100438

e Manuscript Il: “Effect of sainfoin proanthocyanidins on milk fatty acids from ewes
rearing suckling lambs”. Baila, C., Joy, M., Bertolin, J. R., Blanco, M., Casasus, .,

and Lobdn, S. (2023). Animal, 17, 100862. doi:10.1016/j.animal.2023.100862

e Manuscript Ill: “Sainfoin in the dams’ diet as a source of proanthocyanidins:
effect on the growth, carcass, and meat quality of their suckling lambs”. Baila, C.,
Lobdn S., Blanco, M., Casasus, I., Ripoll, G., and Joy. M. (2022). Animals, 12, 408.
doi:10.3390/ani12040408

e Manuscript IV: “Sainfoin can be included up to 40% in the finishing concentrate
of lambs without affecting their performance, ruminal fermentation and carcass
quality”. Baila, C., M.Joy, Blanco, M., Casasus, l., Ripoll, G., and Lobdn, S.

Submitted to Italian Journal of Animal Science.

e Manuscript V: “Inclusion of sainfoin in the concentrate of finishing lambs: Fatty
acid profile of rumen, plasma, and muscle”, Baila, C., Joy. M., Bertolin, J. R., Alves,
S. P, Bessa, R. J. B., Blanco, M., and Lobdn, S. Under review in Journal of

Agricultural and Food Chemistry.

The general Discussion focuses on the contribution of the five Manuscripts,
integrating the different topics addressed by each Manuscript. Finally, the Conclusions

section summarises the evidence found.
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Abstract

There is increasing interest in using sainfoin (Onobrychis viciifolia) to feed sheep, but
it contains proanthocyanidins (PAC), and the associated effects of PAC on sheep
production are not well-known. The aim of the study was to assess the effect of the
presence of PAC from sainfoin, through the inclusion of polyethylene glycol (PEG), on
the intake and productive parameters of local ewes bearing one male lamb. For the
experiment, 20 ewes and their newborn male lambs were placed in individual indoor
cages. All ewes were fed ad libitum fresh sainfoin plus 200 g/d barley. Twice daily, half
of the ewes were orally dosed with only water (Sainfoin Group; n=10), and the other half
were orally dosed with 100 g/d PEG 4000 per ewe (Sainfoin+PEG Group; n=10). Sucking
lambs were permanently housed with their dams until they reached 10-12 kg BW. The
intake of sainfoin was recorded daily, and its chemical composition was analysed.
Weekly, the BW, BCS, milk yields and individual milk and blood samples were recorded.
At the beginning and end of the experiment, faecal samples were collected from ewes
and analysed for the anthelmintic role of PAC. The chemical composition, polyphenol
content and antioxidant capacity of the diet and milk were analysed. The presence of
PAC did not affect the intake, BW, BCS or milk yield of the dams (P > 0.05); however, all
parameters were affected by the week of lactation (P < 0.05). Milk components were
affected by the week of lactation (P < 0.001), but only the polyphenol and urea contents
were reduced in the presence of PAC (P <0.01). Similarly, the presence of PAC decreased
the plasma urea concentration (P < 0.01) without effect on the rest of metabolites,
polyphenols and antioxidant activity (P > 0.05). The presence of PAC had no effect on
parasitism (P > 0.05). In conclusion, the presence of PAC had no relevant effects on milk
production, although it affected protein metabolism, as indicated by the urea contents

in milk and plasma.

Keywords

Onobrychis viciifolia, polyethylene glycol, milk quality, performance, nematodes.

Implications

There is increasing interest in using sainfoin (Onobrychis viciifolia), a legume with

medium content of proanthocyanidins; however, the associated effects of
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proanthocyanidins are not well known. The aim of the study was to evaluate the effect
of proanthocyanids from fresh sainfoin on ewes” performance during lactation. The
effect of proanthocyanidins was not relevant on the intake, milk yield, milk composition
and plasma metabolites, except for urea, which was reduced in milk and plasma. Diet
constituted of 90% of sainfoin, regardless of the presence of proanthocyanidins, allow a

good performance of local ewes rearing one lamb.
Introduction

In Mediterranean regions, meat from suckling lambs is traditionally consumed and
well valued. Suckling lambs are fed exclusively maternal milk from birth to slaughter at
10-12 kg of BW, allowing for a cost—effective system. The suckling period required to
reach the target weight is short, which gives an advantage to the Mediterranean
autochthonous breeds characterised by a low genetic improvement, well adapted to the
environment and able to produce meat lamb with low nutritional requirements. The
flocks of these ewes are usually housed around parturition, and ewes are fed hay plus
cereal grains or concentrate until weaning to guarantee adequate growth of the lambs.
Uniform young lambs are obtained, with highly appreciated sensorial characteristics of
the meat. However, in recent years, there has been increasing interest in reintroducing
fresh forage and reducing the concentrate in the dams’ diet, especially encouraging the
use of leguminous forages because of their ability to fix nitrogen in soil. Sainfoin
(Onobrychis viciifolia) is a Mediterranean forage legume with restorative effects,
reducing the need for nitrogen fertilisers, the erosion, leaching and eutrophication of
the soil. It also has high nutritional value due to its high protein content and high
coefficient of digestibility for ruminants, but presents a medium content of

proanthocyanidins (PAC), or condensed tannins, varying between 10-90 g/kg DM.

The intake of PAC can affect the productive performance and the quality of animal
products (meat and milk), depending their effects on the concentration, structure, and
molecular weight, as well as on the diet and the physiological characteristics of the
animals studied (Piluzza et al., 2014). When the proportion of PAC in the diet is high (>70
g/kg DM), negative effects on voluntary intake are observed (Hervas et al., 2003) due to

their astringent power and the decrease in ruminal microbial activity (Pifieiro-Vazquez
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et al., 2015). However, when the diet has moderate PAC content (lower than 50 g/kg
DM), positive effects are observed, such as a decrease in methane and ammonia
production and reduced risk of bloat (Waghorn, 2008) and an increase in protein flow
to the small intestine (Frutos et al., 2004). All these effects can involve changes in blood
metabolites, decreasing glucose, urea, and increasing non esterified fatty acids (NEFA)
(Kaneko et al., 2008). In addition, lower protein degradation can reduce the impact of
intestinal nematodes and nematode larvae on the animal performance mainly by
decreasing the availability of essential nutrients for their development (Waghorn, 1996).
Nematodes cause mainly subclinical infections, producing important negative economic
impacts on ruminant (Calvete et al.,, 2012). Anthelmintic resistance to products
commonly used to control nematodes is becoming a growing problem, whereas natural
additives with anthelmintic properties, such as PAC, could be used instead of synthetic

products (Rivaroli et al., 2019).

The effects of PAC have been studied by comparing legumes with and without PAC,
such as sainfoin and alfalfa (Lobdn et al., 2017a). However, forages usually also differ in
their chemical composition, and it is not possible to unravel whether the differences are
due to the presence of PAC, differences in the chemical composition or a combination
of both. Blocking agents of PAC, such as polyethylene glycol (PEG), have been used in
several studies as polymers able to bind and deactivate PAC over a wide range of pH
values. Thus, the objective of the present study was to assess the effect of the PAC from
sainfoin on the intake and productive parameters of Mediterranean local dams rearing

lambs.
Material and methods
Animal management and experimental design

The experiment was conducted in the facilities of the Research Centre (41°3’ N, 0°47’
W and 216 m above sea level) in Zaragoza, Spain. In spring 2019, 2-3 days after lambing,
20 single bearing ewes of Rasa Aragonesa breed and their male lambs, were distributed
into one of the two treatments, according to ewe BW (61 + 6.2 kg), BCS (3.3 + 0.57),
lambing date (April 6 £ 0.1 d) and lamb BW at birth (4.1 + 0.64 kg). Each pair of dam-

lamb was placed in an individual indoor cage (1.5 m X 1.4 m). The trial length was 28
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days, comprising of 4 weeks. The mean temperature during this period was 14.9 °C, 15.2
°C, 15.1 °C, and 16.2 °Cin week 1, 2, 3, and 4, and the precipitation was 1.2 mm, 11.4

mm, 5.2 mm, and 0.6 mm, respectively.

All ewes received ad libitum fresh sainfoin (Onobrychis viciifolia cv Reznos,
vegetative/start flowering stage) plus 200 g of barley grain per day that was distributed
in two meals (09:00 and 16:00 h). Just before each meal administration, half of the ewes
were orally dosed with 100 ml of water (Sainfoin Group; n=10), whereas the other half
were orally dosed with a solution of PEG (50 g of PEG 4000/100 ml; Sainfoin+PEG Group;
n=10), in order to inactivate the effects of PAC. The sainfoin was cut three times per
week and stored indoors to avoid mould and overheating. Water and mineral blocks
were offered ad libitum. Lambs suckled their dams ad libitum, and when they reached

the target BW of 10-12 kg, they were slaughtered.
Measurements and sampling procedures

The amounts of feed offered and refused were recorded daily to calculate the
individual intakes. The sainfoin offered was adjusted according to the refusal to allow
ad libitum intake at 15% of refusal of the previous day. Composite samples of the offers

and refusals per ewe and week were obtained.

Weekly, before the morning meal distribution, the BW of ewes and lambs was
registered with an electronic balance (0.5 and 0.1 kg precision in ewes and lambs,
respectively), and the BCS of ewes was estimated by two trained technicians. Also,
weekly, blood samples were collected from the jugular vein of ewes into tubes
containing heparin (Vaccuette, Spain) and immediately centrifuged (3000 g for 15 min
at 4 °C), and the plasma was stored at -20 °C until the metabolite analyses were

performed.

Additionally, once per week, milk production was calculated by the oxytocin
technique (Doney et al., 1979). Ewes were injected with 5 |U oxytocin (Facilpart 10 Ul/ml
intravenous, SYVA, Ledn, Spain) in the jugular vein and machine-milked with hand
finishing at 08:00 and 12:00 h (interval of 4 h). The standard milk yield was calculated as
follows: standard milk production (I/d) = milk production (I/d) x [(0.0071 X crude fat
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(g/1) + (0.0043 x crude protein (g/l)) + 0.2224], as had been described in Bocquier et al.
(1993). The extracted milk was divided into two individual milk samples that were stored
at 4 °C. One individual sample was preserved by the addition of azidiol (sodium azide,
PanReac, Barcelona, Spain) until the chemical analyses, and the second sample was

freeze—dried for determination of the polyphenols and antioxidant activity.

At the beginning and end of the study, faecal samples from ewes were collected from

the rectum and kept refrigerated until parasite determination.
Chemical analyses

The composite samples of the offers were dried in an oven at 60 °C for 48 h, and the
other part was freeze—dried (Genesis Freeze Dryer 25, Hucoa Erl6éss, SA/Thermo Fisher
Scientific, Madrid, Spain). All samples were ground and sieved through a 1 mm screen
(Rotary Mill, ZM200 Retsch, Haan, Germany), and a small portion of these samples was
sieved through a 0.2 mm screen to analyse the CP, PAC, total polyphenol content,
delphinidin/cyanidin ratio and antioxidant activity (measured as 2,2-azinobis—3-
ethylbensothiazoline—-6-sulfonic acid; ABTS) of the feedstuffs. All samples were stored

in total darkness and at -80 °C until further analyses.

All analyses of the feedstuffs were run in duplicate. The DM, CP, NDF exclusive of
residual ash (NDFom), ADF exclusive of residual ash (ADFom), lignin determined by
solubilisation of cellulose with sulphuric acid (lignin (sa)), content of PAC (obtained as
the sum of extractable PAC, protein—-bound PAC, and fibre-bound PAC) and total content
of polyphenols of sainfoin and barley were obtained according to Rufino-Moya et al.
(2019a). The determination of anthocyanidins (delphinidin and cyanidin), was carried
out after hydrolysis by UPLC-DAD (High Performance Liquid Chromatography
Fluorescence and Diodo Array Detection, ACQUITY UPLC H-Class (Waters, Milford, MA,
USA)) following the procedure described in Assefa et al. (2019) with a Acquity UPLC BEH
C18 (50 mm x 2.1 mm x 1.7 um) column (Waters, Milford, MA, USA) and an absorbance
wavelength of 520 nm. The gross energy (GE) content was calculated through the
combustion specific heat obtained with a calorimetric bomb (Model Parr 1341 Plain
Jacket Bomb Calorimeter, Parr Instrument Company, IL, USA). The antioxidant activity
of the feedstuffs was determined using the Folin—Ciocalteu method as described in
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Makkar (2003). The concentration of ABTS was obtained according to Jiménez-Escrig et
al. (2003). Results were read in a BioTek Epoch Spectrophotometric Microplate Reader
(BioTek Instruments, Inc., Winooski, VT, EE. UU.) at 750 and 730 nm absorbance

wavelength, respectively.

Milk protein, fat, lactose and urea contents and the number of somatic cells were
determined in a Combifoss™ 7 (Foss, Hillergd, Denmark) device comprising a Fossomatic
7 DC somatic cell counter (based on the flow cytometry principle) and a MilkoScan™ 7
RM component. The milk content of polyphenols was determined with a Folin—Ciocalteu
method according to Leal et al. (2019), and the antioxidant activity was estimated using
ABTS, following the extraction method of Vazquez et al. (2015) and the determination
described by Jiménez-Escrig et al. (2003) with a BioTek Epoch Spectrophotometric
Microplate Reader (BioTek Instruments, Inc., Winooski, VT, EE. UU.) at 730 nm of

wavelength.

Plasma concentrations of urea (kinetic method) and glucose (kinetic method) were
analysed with an automatic analyser (GernonStar, RAL/TRANSASIA, Dabhel, India). NEFA
(enzymatic method) were analysed using a commercial kit (Randox Laboratories Ltd.,
Crumlin Co., Antrim, UK). The antioxidant activity of plasma was studied based on
polyphenols, superoxide dismutase (SOD), malondialdehyde (MDA) and ABTS. The
plasmatic concentration of polyphenols was obtained by diluting 1:25 (plasma:milli-Q
water) and applying the method of Leal et al. (2019). The SOD was obtained using a
colourimetric activity kit (Arbor Assays, DetectX, MI, USA), and the total MDA was
determined as described in Bertolin et al. (2019). Finally, the method followed to

determine ABTS was based on Jiménez-Escrig et al. (2003).

The concentrations of differentiable parasite forms in faeces were determined using
a modification of the McMaster method. Faeces (2 g) were homogenised in 28 ml of zinc
sulphate flotation solution (specific gravity 1.200) and filtered through double cotton
gauze. The concentrations of parasite forms were estimated by screening two complete
McMaster flotation chambers with a lower detection level of 15 parasite forms/g. In
addition to their use in the coprological examinations, the faeces were used to produce

bulk faecal cultures that were kept in an incubator at 23 °C for 13 days. On day 14, the
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infective larvae were harvested and identified (= 100 larvae per faecal sample) using

identification keys for ruminant nematodes (Landau et al., 2002).

Statistical analyses

Data were analysed with SAS statistical software (v.9.3; SAS Inst. Inc., Cary, NC;
EE.UU.) using the ewe as experimental unit. The intake, milk production and
composition, BW, BCS and plasma metabolites of ewes were analysed through an
analysis of variance with a mixed model (MIXED procedure) with the feeding treatment
(Sainfoin or Sainfoin+PEG), week of lactation and their interaction as fixed effects and
the ewe as the random effect. The degrees of freedom were adjusted with the Kenward-
Rodger correction. The least square means and their associated standard errors were
obtained, and Tukey’s correction was used for pairwise comparisons. For the analysis of
the number of faecal parasites, the egg counts were transformed into their logarithmic
values to meet normality. The logarithm of the number of Strongiloides was analysed
using the method of least squares, studying the sampling day and the effect of the
treatment. Parasite presence ranges were then fixed and, due to being binomial
characters, were analysed by a Chi squared procedure. The effects were considered

significant at P < 0.05.

Results

The average chemical composition of the feedstuffs offered to dams during the
experimental period is shown in Table 4, and the evolution of the most relevant
parameters of the chemical composition and PAC of sainfoin during lactation is
presented in Figure 10. The CP decreased until week 3 (P < 0.05), whereas the NDFom
and ADFom had an inverse evolution (P < 0.05). The gross energy (GE) was similar over
time except during week 3, when a significant decrease was registered (P < 0.05). The
content of polyphenols and PAC followed a similar pattern among them, being higher in

week 1 and decreasing between weeks 2 and 3 (P < 0.05).
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Table 4. Chemical composition (mean * standard error) of the feedstuffs offered to the

ewes.
Sainfoin Barley
Item Mean SE Mean SE
Moisture, g/kg DM 787 2.3 88 11.7
Ash, g/kg DM 129 1.9 25 8.2
Crude protein, DM 116 0.7 95 2.9
NDFom, g/kg DM 369 1.6 250 6.9
ADFom, g/kg DM 264 1.3 87 5.5
Crude fat, g/kg DM - - 20.8 1.14
Gross energy, MJ/kg DM 17.2 0.04 18.2 0.18
Polyphenols, g/kg DM 62.7 3.08 6.2 4.62
Proanthocyanidins (PAC) !
Total 38.8 6.39 2.09 0.73
Extractable 34.0 6.10 1.58 0.717
Protein—bound 3.18 0.587 0.40 0.044
Fibre—bound 1.67 0375 0.11 0.015
Delphinidin/cyanidin ratio 80:20 - 27:43 -
Antioxidant capacity, ABTS 137 33.7 82 7.1
1g eq.PAC sainfoin/kg DM
ABTS = 2,2-azinobis—(3—ethylbensothiazoline)-6—sulfonic acid, umol eq. [6—hydroxy—
2,5,7,8—tetramethylchroman—2—carboxylic acid (TROLOX)]/g DM
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Figure 10. Contents of CP, NDF exclusive of residual ash (NDFom), ADF exclusive of
residual ash (ADFom), polyphenols, total proanthocyanidins (PAC) and gross energy of
fresh sainfoin during lactation.

Means with different a, b, c or d superscripts differ at P < 0.05 among weeks.
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The dry matter intake (DMI) was not affected by the presence of PAC, but it increased
with the week of lactation (P < 0.05; Table 5), except between week 2 and week 3 (P >
0.05). The BW and BCS of the ewes were only affected by the week of lactation (P < 0.05;
Figure 11). Both parameters decreased sharply between week 0 and week 1 of lactation
(P < 0.05), and, thereafter, the BW increased slightly over lactation, only differing

between week 1 and week 4 (P < 0.05), whereas the BCS remained unchanged.

The milk yield and composition are shown in Table 5.

Table 5. Effects of the presence of proanthocyanidins (PAC) and the week of lactation

on the performance, milk yield, and chemical composition of milk of sainfoin-fed ewes.

PAC Week of lactation (W) P-values
. Sainfoin PAC
Iltem Sainfoin +PEG 1 2 3 4 RSD PAC W x W
Dry matter 1,845 1,914 1,484 1,913° 1,836 2,283" 3564 045 <0.001 0.15
intake, g/d
Milk yield, I/d 1.23 1.27 0.94b 1.522 1.28° 1.26®* 0310 0.77 <0.001 0.25
Standard milk 1.02 1.27 0.96> 1.42° 103> 1.21® 0298 0.60 <0.001 0.32
yield, kg/d
Milk
composition
Fat, % 6.27 6.81 7.08° 6.74°  5.20° 7.16° 0.869  0.38 <0.001 0.99
Protein, % 5.00 5.04 5.50° 490 4.78° 491* 0198 0.82 <0.001 0.76
Lactose, % 5.30 5.25 5.09° 5.30° 5.45° 5.25%®  0.159 0.61 <0.001 0.41
S‘Z:‘Ifstl'c 172 213 298 222%  113b 137  183.7  0.50 005 063
Urea, mg/I* 275° 3382 274 3122 3112 330° 30.2 0.006 <0.001 0.002
Polyphenols? 42.3b 51.8° 442> 434> 486  52.0° 6.07 <0.001 0.01 0.34
ABTS 0.66 0.67 0.72° 0.61° 0.66®® 0.68® 0.091 0.66 0.005 0.35

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)

ABTS = 2,2-azinobis—(3—ethylbensothiazoline)-6—sulfonic acid (total antioxidant capacity)
measured as pmol eq. [TROLOX]/g fresh milk

11000 cells/ml milk

2 g eq. [gallic acid]/g fresh sample

* interaction is presented in Figure 12

Within a parameter and main effect, means with different a, b or ¢ superscripts differ at P < 0.05
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No interaction between the presence of PAC and week of lactation (P > 0.05) was
observed, except for the milk urea content (P < 0.05), which increased throughout
lactation in Sainfoin+PEG ewes, while it remained steady in Sainfoin ewes (P < 0.05;
Figure 12). The presence of PAC did not affect any milk parameters (P > 0.05) except
polyphenols, which had higher content in the Sainfoin+PEG group (P < 0.001; Figure 12).
The week of lactation affected all milk parameters (P < 0.05 to < 0.001). The milk yield
increased from week 1 to week 2 (P < 0.05) and remained steady over the rest of
lactation. The milk fat content decreased only from weeks 2 to 3 (P < 0.05), whereas
protein diminished from weeks 1 to 2 (P < 0.05), remaining constant during the rest of
lactation (P > 0.05). Lactose had an inverse evolution, with greater contents in week 3
and week 2 and the lowest content in week 1 (P < 0.05). The milk polyphenol
concentrations were affected both by the presence of PAC (P < 0.001; Figure 12) and by
the week of lactation (P < 0.01), with the greatest content in the Sainfoin+PEG treatment
in week 4. Regarding the antioxidant activity, ABTS decreased from weeks 1 to 2 (P <

0.05) and recovered its initial levels in week 3 of lactation (P > 0.05).
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Figure 11. Effects of the presence of proanthocyanidins (PAC) and the week of lactation

on the evolution of BW and BCS of sainfoin-fed ewes.

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)
Means with different a, b or ¢ superscripts differ at P < 0.05 among weeks.
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Figure 12. Effects of proanthocyanidins (PAC) and the week of lactation on the milk urea
and polyphenol concentration of sainfoin-fed ewes.

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)

Within a parameter and main effect, means with * differ at P < 0.05

Means with different a, b c or d superscripts differ at P < 0.05 among weeks.
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Figure 13. Effects of proanthocyanidins (PAC) and the week of lactation on the urea, non-
esterified fatty acid (NEFA) and glucose concentrations in the plasma of ewes fed sainfoin
during lactation.

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)
Means with different a, b, c or d superscripts differ at P < 0.05 among weeks.

The concentrations of plasma metabolites throughout lactation are shown in Figure
13. The concentration of urea was affected by the presence of PAC (23.7 vs. 19.6 mg/dI

for Sainfoin+PEG and Sainfoin ewes, respectively; P < 0.05) and the week of lactation (P
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< 0.001). The plasma urea decreased until week 2 and thereafter increased until week 4
(P < 0.001). The concentrations of glucose and NEFA were only affected by the week of
lactation, showing an inverse evolution as glucose decreased (P < 0.001), while NEFA

increased (P < 0.05) until week 3 of lactation.

Regarding the plasma polyphenols and the antioxidant activity (Figure 14), the
concentration of polyphenols was not affected by the presence of PAC or by the week
of lactation (P > 0.05), whereas the antioxidant activity, which was measured as SOD and

MDA, was only affected by the week of lactation (P < 0.01).

----- Sainfoin 25 1 Sainfoin+PEG
— 2.3 1 —
s E = 20 abc
g3 852
w E 21 1 ; -
o — o 2
c T o 8 15 1
2219 1 a5
o3 2 E
=28 M 10
& §17 1 °
1.5 - 0.5 -
s 10 - 97
= 8 1
h 91 o =7
o o £
> 87 BT =6 A
5 £
s 71 395 -
O ~
5 67 b Q24
c o -
S 57 < T3 A
§ 4 2
0 1 2 3 4 0 1 2 3 4
Week of lactation Week of lactation

Figure 14. Effects of proanthocyanidins (PAC) and the week of lactation on the
polyphenol concentration and antioxidant activity parameters (superoxide dismutase,
malondialdehyde and 2,2-azinobis-(3-ethylbensothiazoline)-6-sulfonic acid) in the

plasma of ewes fed.

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)
Means with different a, b, c or d superscripts differ at P < 0.05 among weeks.

The SOD values decreased until week 3 and then increased sharply during week 4 (P

< 0.001), while the MDA decreased until week 2 (P < 0.05) and remained steady
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thereafter. The antioxidant activity measured with ABTS tended to be affected by the

presence of PAC, the week of lactation and their interaction (P < 0.10).

No differences in ewe parasitism were observed due to the presence of PAC,

regardless of the moment of sampling (Table 6).

Table 6. Effects of proanthocyanidins (PAC) and the week of lactation on faecal

Strongiloides (Teladorsagia spp.) parasitism of ewes at the start and end of lactation.

Start of lactation End of lactation
Sainfoin Sainfoin P- Sainfoin Sainfoin P-
+PEG value +PEG value
n 8 8 8 8
Log-transformed 45.7 14.45 33.1 16.6
count, n2 eggs/g
| | dard 0.31 0.59
— + st
fa:’rgor‘)’a ues zstandard 1 66+0.356)  (1.16+0.356) (1.5240.356)  (1.22+0.356)
Ewes excreting
Strongiloides, %
>0 eggs/g feces 87.5 62.5 0.25 75 62.5 0.59
>10 eggs/g feces 87.5 62.5 0.25 75 62.5 0.59
>200 eggs/g feces 12.5 25 0.52 125 25 0.52
>500 eggs/g feces 0 12.5 0.31 0 0 1

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)

Discussion

The chemical composition of the fresh sainfoin was similar to what was reported in
the vegetative state or at the start of flowering in sainfoin grown under similar
conditions (Rufino-Moya et al., 2019a; Rufino-Moya et al., 2019b), except for CP and
PAC, which were slightly lower in the present study. As maturity progressed from
vegetative stage to flowering, the CP, PAC and polyphenol contents decreased, and the
NDFom, ADFom and lignin (sa) concentrations increased as a result of the reduction in
the proportion of leaves to stems and the increase in lignified tissues. The evolution of
the chemical composition of sainfoin was as expected, except for that observed on week
3, when the sainfoin was collected wet and, consequently, had lower CP and GE

contents.
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The increase in the sainfoin DMI as lactation advanced was expected and the
presence of PAC did not affect the DMI in the current experiment, which might be
related to the low—medium PAC content in the sainfoin fed. The source and chemical
structure of fed PAC can explain the different effects on the DMI, when similar contents

of PAC are included in the diet.

Regarding the effect of PAC on the BW and BCS of ewes, the literature is not
conclusive. In agreement with the present study, Lobdn et al. (2017b) observed no effect
on these parameters when quebracho was included at 100 g/kg DM (PAC= 8.1 g cyanidin
equivalent/kg DM), whereas Ben Salem et al. (1999) observed a negative effect when
Acacia cyanophylla was fed ad libitum (PAC= 51 g catechin equivalent/kg DM). In the
current study, the lack of an effect of PAC could be partially related to the low PAC
intake, similar DMI and the short experimental period. Regardless of the treatment,
ewes decreased their BW sharply during the first week post-lambing as a consequence
of uterine involution. Subsequently, the intake capacity increased, and ewes started
gaining weight. The loss of BCS was coupled with the increasing demand for nutrients to

support milk yield.

The absence of difference in the DMI between treatments could be the main cause
of the lack of observed effects on the milk yield and composition. Similarly, Benchaar et
al. (2008) did not find effect of quebracho on the DMI and milk production of cows eating
45 g PAC/kg DM. The lack of effect of the treatment on the milk fat and protein contents
contradicts the theory that the inactivation of PAC by the inclusion of PEG increases the
availability of macronutrients required for milk synthesis and, thus, increase milk yields
(Provenza et al., 2000). In contrast, the higher milk urea content in Sainfoin+PEG ewes
confirms the effectiveness of PEG in neutralizing the action of PAC, because PAC reduces
reduces the ruminal degradability of the protein and thus decreases the urea content
(Peng et al.,, 2016). This effect on protein is also consistent with one of the main
characteristics of prodelphinidins, the main polymer of sainfoin PAC, which favor the
interaction with protein and their metabolism (Jonker and Yu, 2017). The absence of an
effect of PAC on somatic cell counts observed in the present study contrasts with the
bactericidal capacity of PAC in the mammary gland (Nudda et al., 2020). The

abovementioned authors suggest that several tannin extracts inhibit the proliferation of
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the most important pathogens in the mammary gland, such as Staphylococcus aureus,
Escherichia coli and Klebsiella pneumonia. However, in the present study, the farm

hygiene conditions were good, and no mastitis was registered in any treatment.

The greater polyphenol content in milk in Sainfoin+PEG treatment was unexpected.
This result can be related with the high variability of the analytical method used, which
is less precise in sheep milk than in goat or cow milk (Vazquez et al., 2015). Moreover,
another possible explanation of this result can be related to some cross reactivity
between polyphenols and reducing substances detected with the analytical method
(Sdnchez-Rangel et al., 2013). The PEG contains large number of oxygen atoms capable
of forming hydrogen bonds with the phenolic and hydroxyl groups of tannins (Silanikove
et al., 2001) inhibiting them over a wide range of pH. However, in this study, PEG could
also have been linked to polyphenols with similar structures, avoiding their degradation
in rumen and promoting their posterior absorption, which could pass into the milk, and
thus increasing the total content polyphenols in this treatment. In addition, the
mammary gland has a very complex metabolism and its functioning is not well
understood in the presence of exogenous substances, such as PEG, that could cause the
mammary gland to react differently. In addition, PAC polymers are not easily absorbed
in the small intestine because of their large molecular weight (Scalbert and Williamson,
2000), which could have resulted in the lower polyphenol content in milk from sainfoin.
Greater content of polyphenols in milk usually involves a higher antioxidant activity
(Jordan et al., 2010). However, in the current study, no differences in antioxidant activity
were found. Further studies regarding the degradation of polyphenols are required to

discern the relationship between PAC, polyphenols, and antioxidant activity.

The content of polyphenols in plasma was similar between treatments and among
weeks, which contradicts the above-mentioned comments regarding milk. To explain
these differences, a UPLC-MS/MS (High Performance Liquid Chromatography with mass
spectrometry) should be used to identify the metabolites that differed between milk
and plasma, as well as between treatments. The antioxidant activity in plasma,
measured as SOD or MDA, was not affected by treatment, whereas when it is measured
as ABTS showed a tendency to have greater antioxidant activity in Sainfoin treatment.

Peng et al. (2016) did not find any effect on either the MDA or SOD content in lamb
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serum when purple prairie clover was fed. The wide heterogeneity of the analytical
methods used to measure the plasma antioxidant activity is partially responsible for the

variability of results observed in the literature.

The urea concentration in plasma and milk increased as lactation progressed, but in
different weeks. Blood urea increased in both treatments from week 2 onwards,
whereas the milk urea concentration increased from week 1 onwards, in Sainfoin+PEG
treatment only. This mismatch between blood and milk urea nitrogen contents can be
attributed to a time lag between blood and milk sampling (blood was collected 2 days
later) and to the low milk yield recorded in week 1. Another factor to take into account
is the high DMI recorded in the present study, which could have led to an increased
passage rate and a large amount of undegraded protein reaching to the intestine. In this
case, the concentration of milk urea would be more related to the total amount of
protein absorbed from the small intestine than to the amount of the urea coming from
the protein degraded in the rumen. When the urea generated by ruminal protein
degradation decreases, gluconeogenesis from amino acids was found to be more
important than rumen ammonia concentration as a source of blood urea variation
(Cannas et al., 1998). This would generate a “lag” or a lower correlation between the
blood urea nitrogen and milk urea nitrogen. The reduction in the blood urea
concentration in the presence of PAC is similar to results from Peng et al. (2016), due to
the greater protein degradation. Similarly, an increase in blood urea nitrogen
concentration in male lambs was observed when PAC from sulla was blocked by the
addition of PEG (Stienezen et al., 1996). The decrease of blood urea nitrogen and milk
urea nitrogen produced by PAC could translate into a lower urea production rate in the
liver (Cannas et al., 1998). In turn, this could be reflected in a lower excretion of urinary
N, desirable from an environmental point of view (Galles et al., 2011). However, the
effects observed on blood urea nitrogen and milk urea nitrogen are related to the level

of inclusion of sainfoin in the diet (Aufrére et al., 2008; Theodoridou et al., 2010).

The lack of differences in plasma glucose contents between treatments was caused
by the similar DMI. Regarding the plasma metabolites, the evolution of NEFA was inverse
to the dynamics of the blood glucose concentration. The poor quality of the sainfoin in

week 3 (lower protein and energy content and higher fibre content), was reflected in
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the lowest glucose concentration and the highest concentration of NEFA, indicating that

fat mobilisation was occurring at this time.

In relation to the effect of sainfoin PAC on parasitism, Rivaroli et al. (2019) reported
a delay in the onset of both helminth and coccidian infections in lambs supplemented
with sainfoin pellets. Other authors also showed an anthelmintic effect with different
sources of PAC, such as quebracho (Villalba et al., 2010) and Acacia cyanophilla (Akkari
et al., 2008). However, in the current study, there was no differences in parasitism in
ewes due to the presence of PAC, which could be ascribed to: i) the fact that ewes were
dewormed one month before lambing and were allocated into individual cages after
lambing, such that the parasitic load was minimal; ii) the large variability of the data and
the small number of observations; and iii) the short length of the present study (28 days)
compared with others that reported a positive effect of the presence of PAC with longer

study periods.
Conclusions

In conclusion, the effect of PAC from sainfoin had no effect on dry matter intake, milk
production or parasitism, but reduced the milk and plasma urea contents, which could
be a consequence of reduced protein degradation in the rumen. Further studies
regarding the effect of this feeding management on carcass and meat quality of suckling

lambs’ commercial category should be done.
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Abstract

Proanthocyanidins (PAC) can modulate the fatty acid (FA) profile of animal products
and make them healthier for human consumption, but their effects are highly variable
depending on several factors such as PAC chemical structure or dose. The present
experiment aimed to evaluate the effect of PAC on the milk FA profile of Rasa Aragonesa
ewes fed fresh sainfoin (PAC—-containing forage legume) during the rearing period of
suckling lambs (4 weeks post-lambing). Twenty lactating ewes rearing a single male
lamb were fed fresh sainfoin ad libitum plus 200 g/d of barley. Half the ewes were orally
dosed with 100 ml of water (Sainfoin Group; n=10) and the other half with polyethylene
glycol (50 g PEG4000/100 ml water, Sainfoin+PEG Group; n=10) to block PAC effects.
Sainfoin and milk samples were collected weekly to determine their FA profile by gas
chromatography. Fresh sainfoin contents of C18:3 n-3 decreased from week 1 to 2,
C16:0 and C18:0 increased from week 1 to 3, and C18:2 n-6 did not change. Regarding
milk FA, there were minor effects of PAC on milk saturated FA. During the whole study,
the presence of PAC increased C18:0, C18:2 n-6, C18:3 n-3 and total polyunsaturated FA
(PUFA) n-6 and n-3, and decreased C18:1 t11, branched- and odd—chain FA. However,
the decrease of milk concentrations of trans-monounsaturated FA, C18:1 t10, and total
conjugated linoleic acid (CLA) and the increase of total PUFA due to the presence of PAC
occurred only in week 1, while CLA ¢9,t11 was lower during weeks 1 and 2. The canonical
analyses confirmed the differences between treatments in the FA profile of milk.
Overall, the use of fresh sainfoin in the diet of lactating ewes resulted in a beneficial
modification of the concentration of several milk FA, suggesting some changes in

ruminal biohydrogenation.

Keywords

Onobrychis viciifolia, polyethylene glycol, forage, condensed tannins, lipid metabolism.

Implications

Nowadays, there is an increasing interest to produce high quality animal products
rich in polyunsaturated fatty acids, especially n-3. In ruminants, unsaturated fatty acids

are biohydrogenated by ruminal microorganisms, becoming less healthy for consumers.
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However, proanthocyanidins, secondary compounds of plants, have been used to inhibit
ruminal biohydrogenation, reducing the detrimental fatty acid saturation process. The
use of fresh sainfoin, as a forage containing proanthocyanidins, in lactating ewes’ diet
resulted, among other effects, in higher polyunsaturated fatty acids and lower C18:1
and C18:2 isomers in milk, suggesting an effect of proanthocyanidins on improving the

milk fatty acid profile.
Introduction

The production of healthier products and increasing farm sustainability and self-
sufficiency are some of the most important current challenges in animal production. To
face some of them, many recent studies have focused on assessing the effect of using
local forage in animal diets to reduce the dependence on imported protein sources
(Moorby and Fraser, 2021). Moreover, forages have a beneficial fatty acid (FA) profile
with high polyunsaturated FA n-3 (PUFA) n-3 content, especially C18:3 n-3, which can
improve the FA profile of animal products. However, the FA profile of forage is widely
variable (Glasser et al., 2013) and has been rarely analysed prior to their use in animal
diets. Furthermore, the mechanisms by which they are transformed and transferred to
the final product are only partially known and may depend on forage species (Lourenco

et al., 2008).

Sainfoin (Onobrychis viciifolia) is a good—quality forage legume grown in the
Mediterranean Region. It has a medium-low content (10-90 g eq. sainfoin PAC/kg DM)
of proanthocyanidins (PAC; commonly known as condensed tannins). The PAC are
naturally—occurring phenolic compounds in some plants that can modify some animal
productive parameters. In ruminants, sainfoin PAC have been studied to improve FA
profile in meat (Lobdn et al., 2017a) and milk (Pascual et al., 2019) due to changes in
ruminal fermentation. The mechanisms of action by which sainfoin PAC produce these
changes in ruminal biohydrogenation (BH) has been studied in assays in vitro (Toral et
al., 2016) and in vivo (Campidonico et al., 2016). These modifications to ruminal lipid
metabolism can be reflected in the FA profile of meat and milk. In a review about the
effect of condensed and hydrolysable tannins on the FA profile of meat and milk, Frutos

et al. (2020) reported an increase in PUFA n-3 in milk as a general effect of PAC.
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However, as ruminal biohydrogenation is a very complex process, with several pathways
leading to many intermediate FA, the literature about the effects of PAC on lipid BH

metabolism is inconclusive.

A highly appreciated product in certain Mediterranean areas is the suckling lamb
commercial category (10-12 kg BW and less than 35 d), which is characterised to be fed
exclusively on maternal milk. The quality of this milk depends on the diet fed to the dam,
which is reflected in the meat of suckling lambs since they are highly correlated (Lobdn
et al., 2019b). Within this framework, this study aims evaluate the effect of fresh sainfoin
fed to dams, as a PAC—containing forage, on the milk FA profile during the rearing

process of a suckling lamb. Sainfoin FA profile evolution was also assessed.

Material and methods
Animal management and experimental design

The experiment was conducted in spring 2019 at the CITA facilities (41°3’ N, 0°47" W
and 216 m above sea level) in Zaragoza, Spain. Twenty multiparous Rasa Aragonesa
(autochthonous breed) ewes and their single suckling male lambs 2-3 d after lambing
were allocated in individual indoor pens and randomly assigned to one of two
treatments, according to ewe BW (61 + 6.2 kg), BCS (3.3 £ 0.57), lambing date (April 6 +
0.1d) and lamb BW at birth (4.1 + 0.64 kg). Treatments and management specifications
are explained in detail in Baila et al. (2022a). Fresh sainfoin (Onobrychis viciifolia cv
Reznos) from vegetative to flowering stage onset throughout the experiment was
offered ad libitum + 200 g of barley divided into two meals (09:00 and 16:00 h). Before
each feed supply, 10 ewes (Sainfoin Group) were orally dosed with 100 ml of water, and
the other 10 ewes (Sainfoin+PEG Group) were orally dosed with a solution of
polyethylene glycol (PEG; 50 g of PEG 4000/100 ml of water), a binding agent that
deactivates the effects of PAC. Ewes had fresh water and mineral blocks ad libitum. The
experimental period started 2-3 post—-lambing days and lasted 28 days (divided into 4
lactation weeks), which corresponded to the time required for suckling lambs to reach
the target slaughter weight (10-12 kg BW). During this process, the dam-lamb pair was

allocated in the same pen and lambs had free access to suckling.
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Measurements and sampling procedures

Composite samples per ewe and week were obtained from the daily offered fresh
sainfoin and barley. Samples were freeze—dried (Genesis Freeze Dryer 25, Hucoa Erldss,
SA/Thermo Fisher Scientific, Madrid, Spain), ground and sieved through a 0.2 mm screen
(Rotary Mill, ZM200 Retsch, Haan, Germany) and stored in the dark until the FA content
of forage was analysed. Weekly, before the morning meal distribution, BW was
registered with an electronic balance (0.5 kg precision), and the BCS was estimated by
two trained technicians using a transformed scale from 0 to 5 with 0.25 intervals.
Besides, to estimate milk production following the Doney et al. (1979) methodology,
ewes were injected in the jugular vein with 5 IU oxytocin (Facilpart 10 Ul/ml intravenous,
SYVA, Ledn, Spain) at 08:00 and 12:00 h and during this period the lambs were separate
from their dams. The individual milk samples were stored at -20 °C and freeze—dried to

determine the FA profile.

Chemical analyses

Feedstuffs and milk FA were determined by gas chromatography with a flame
ionisation detector. All the feedstuffs’ analyses were run in duplicate. FA content was
analysed following the methods described by Sukhija and Palmquist (1988) and Lee et
al. (2012) after an optimisation process. Briefly, 0.5 g of feedstuff and 1 ml of the solution
of internal standard C19:0 (methyl nonadecanoate N-19-M from Nu-Chek Prep, INC,
Elysian, MN, USA) in heptane were mixed. Afterwards, 4 ml of 0.5M CH3ONa/CH30OH
solution were added. The mixture was shaken in a vortex shaker (Heidolph reax top) and
in a thermostatic bath with shaking (Wisd maxturdy 30) for 20 min at 70 °C before being
left to cool. Four ml of the solution of acetyl chloride/CH30H (1/10, v/v) were added and
all the solution was shaken using the vortex for 30 s and put in the thermostatic bath for
1 h and 40 min at 70 °C. The sample was shaken in the vortex every 20 min. After being
cooled, 2 ml of milli-Q water and 2 ml of heptane were added and shaken with the
vortex and in the tube shaker (Heidolph multi reax) for 10 min at maximum speed and
were centrifuged for 5 min at 3,500 rpm and 10 °C. The upper part (heptane) was
collected and added to a 5 ml tube with anhydrous Na;SO4 and active carbon. The tube

was shaken in the 5 ml eppendorf shaker (Labbox vortex) for 10 min at ambient
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temperature and centrifuged at 3,500 rpm and 10 °C for 5 min. One ml of the

supernatant was taken and poured into a suitable 2 ml vial for gas chromatography.

The method followed to analyse the FA content of milk was based on Kramer et al.
(1997). Between 0.4 and 0.5 g of lyophilised milk and 1 ml of the solution of the internal
standard C23:0 (methyl tricosanoate N-23-M from Nu-Chek Prep, INC, Elysian, MN, USA)
in heptane were mixed in a 15 ml polypropylene centrifuge tube. Then, 2 ml of heptane
and 4 ml of the 0.5M CHsONa/CH3OH solution were added. The tube was shaken
vigorously for 30 s in the vortex shaker and in a tube shaker for 45 min at 50 °C. After
cooling, 4 ml of milli-Q water were added and vortex-shaken. The sample was
centrifuged at 1000 rpm and 10 °C for 5 min to take the superior phase (heptane) and
to add it to a 5 ml round-bottom tube with anhydrous Na,SOa. Afterwards, the tube was
shaken for 30 s and centrifuged for 5 min at 1000 rpm and 10 °C. Approximately 1 ml of

the supernatant was recovered in a 2 ml vial for gas chromatography.

For the FA determination of feedstuffs and milk a Bruker Scion 436-GC gas
chromatograph (Bruker, Billerica, MA, USA) was used, equipped with a CP-8400
Autosampler (Bruker, Billerica, MA, USA), an SP-2560 column (100 m x 0.25 mm ID X
0.2 for feedstuffs samples and 200 m x 0.25 mm ID x 0.20 for milk samples; Sigma
Aldrich, Saint Louis, MO, USA) and the Compass CDS software. FA identification was
performed with the help of different certified reference materials GLC-(401, 463, 532,
538, 642, 643), C18:1 c11, C18:1 t11 from Nu-Chek Prep (INC, Elysian, MN, USA) and
relative retention times found in several sources (Kramer et al., 1997; Alves and Bessa,
2009; Bravo-Lamas et al., 2016). The quantification of each individual FA was performed
following the Standard UNE-EN ISO 12966-4:2015 and expressed as g of FA per 100 g of
total FA, while total FA content was expressed as mg of FA per g of sample using C19:0
as the internal standard for feedstuff and C23:0 for the milk samples. After performing
FA identification and quantification, they were grouped into major sums and the
corresponding ratios were calculated. The total amount of branched-chain FA (BCFA) in
milk was calculated as the sum of iso-BCFA (represented by iC13:0, iC14:0, iC15:0,
iC16:0, iC17:0 and iC18:0) and anteiso-BCFA (represented by aC13:0, aC15:0 and
aC17:0), as described in detail in Vlaeminck et al. (2006). The n-6/n-3 ratio was

calculated as (C18:2 n-6 + C20:4 n-6)/(C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3) and
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the hypocholesterolaemic/hypercholesterolaemic ratio as [(C18:1 ¢9 + C18:2 n-6 + C20:4
n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3)/(C14:0 + C16:0)], according to
Santos-Silva et al. (2002). The Atherogenic Index was calculated as [(C12:0 + (4 x C14:0)
+C16:0)]/[ZIMUFA + PUFA n-6 + PUFA n-3] and the Thrombogenic Index as (C14:0 + C16:0
+ C18:0)/[0.5 x ZIMUFA + 0.5 x PUFA n-6 + PUFA n-3) + (PUFA n-3/PUFA n-6] following
Ulbricht and Southgate (1991). The enzymatic activity levels of A°-desaturase and
elongase were determined using the mathematical model described by Malau-Aduli et
al. (1997) according to the following equations: A°-desaturase C16 = C16:1 c9/(16:0 +
C16:1 c9); A%-desaturase C18 = 18:1 c9/(18:0 + 18:1 ¢9); elongase activity = [(C18: 0 +
C18:1 ¢9)/(C16:0 + C16:1 c9 + C18:0 + C18:1 c9)] x 100.

Statistical analyses

Data were analysed with the SAS statistical software (v.9.3; SAS Inst. Inc., Cary, NC,
USA). The FA profile evolution of feedstuffs was analysed by a general linear model with
lactation week as the fixed effect. The FA profile evolution of milk was analysed by an
analysis of variance with a mixed model (proc mixed) in the presence of PAC (Sainfoin or
Sainfoin+PEG), lactation week (1 to 4) and their interaction as the fixed effects and ewe
as the random effect. Degrees of freedom were adjusted with the Kenward-Rodger
correction. The least square means and their associated SE were obtained and Tukey’s
correction was used for pairwise comparisons. The effects were considered significant

at P <0.05.

A combination of three analysis types was used to discriminate between both
treatments for their 115 individual FA detected in milk. These analyses were: stepwise
discriminant analysis (proc stepwise), discriminant analysis (proc discrim), and canonical
discriminant analysis (proc candisc). The canonical discriminant analysis is a dimension—
reduction technique that is related to the principal component analysis and canonical
correlations. All the linear combinations of the original interval variables are those in
which canonical discriminant analysis derives are called canonical functions (CAN) and
summarise between—groups variation. The equation followed by this combination
technique and its details are described in Conte et al. (2018). The effective separation

between treatments was assessed by the corresponding Hotelling’s T-square test.
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Results

Evolution of BW, BCS, as well as the DM intake and milk yield had been presented
previously (Baila et al., 2022a). Briefly, BW, BCS, DM intake and milk yield were not
affected by the presence of PAC, with average values of 57.6 £ 2.12 kg BW, 3.07 £ 0.175
of BCS, 1.88 + 0.328 kg DM intake/d and 1.16 + 0.206 kg milk/d. In contrast, the week of
lactation had a significant effect on all these parameters (P < 0.05). The BW and BCS
decreased sharply in the first week post—lambing (P < 0.05). The DM intake increased as
the week of lactation advanced, from 1.48 kg/ewe/day in week 1 to 2.28 kg/ewe/day in
week 4. Regarding the milk production, increases through the weeks of study, peaking
at week 2, which was significantly greater. The productive results of the suckling lambs
are presented in Baila et al. (2022b) , showing no differences in lambs’ growth and

carcass yield due to the presence of PAC in the dams’ diet.
Sainfoin fatty acids

The most relevant FA of the sainfoin offered for the four lactation weeks are shown
in Table 7. The main FA were C18:3 n-3, C16:0 and C18:2 n-6. Week affected the total
FA content, four individual FA (P < 0.05; Table 7), total saturated fatty acids (SFA), PUFA
and the PUFA/SFA ratio (P < 0.05; Figure 15). Total FA content decreased throughout the
time advanced until a minimum was reached at weeks 3 and 4 (P < 0.001). Conversely,
C16:0 and SFA contents were lower at week 1 than at week 3 (P < 0.05), and C18:0 was
lower at week 1 compared to weeks 2 and 3. For C16:1 and PUFA (P < 0.05), contents
were higher at week 1 than at weeks 3 and 4, while the highest C18:3 n-3 and PUFA/SFA

ratio value appeared at week 1 (P < 0.01).

Table 7. Evolution of the fatty acid (FA) composition of the fresh sainfoin offered to ewes.

Fresh sainfoin

Barley
Week
Fatty acids (FA) 1 2 3 4 SE P-value  Mean SE
Total FA, mg/g DM 37.4* 319> 288 29.3° 049 <0.001 48.6 0.66

FA, g/100 g total FA
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C12:0
C14:.0
C15:0
C16:0
C16:1¢9
C18:0
C18:1¢9
C18:1c11
C18:2 n-6
C18:3n-3

0.42
0.84
0.16
26.4°
0.32°
5.86°
0.95
0.60
143
50.2°

0.49
0.69
0.23
28.2%°
0.16%
7.61%°
1.36
0.48
14.0
46.9°

0.47
0.70
0.20
28.9°
0.10°
8.51°
1.39
0.41
14.4

44.8°

0.56
0.70
0.17
28.0%
0.07°
8.92°
1.40
0.36
13.7
46.1°

0.037
0.035
0.023
0.40
0.034
0.566
0.117
0.099
0.42
0.69

0.15
0.05
0.19
0.01
0.004
0.02
0.07
0.40
0.60
0.003

0.03
0.40
0.07
26.1
0.08
7.0
12.4
0.55
49.1
4.31

0.002
0.004
0.002
0.12
0.004
0.11
0.16
0.012
0.18
0.169

In a feedstuff and parameter, the means with a different superscript differ at P < 0.05
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Figure 15. Evolution of total SFA, MUFA, PUFA, and PUFA n-6/n-3 and PUFA/SFA ratios of

sainfoin offered to ewes during the experimental period.

Abbreviations: FA = fatty acids; MUFA = total monounsaturated fatty acids; PUFA = total
polyunsaturated fatty acids; SFA = total saturated fatty acids; n-6/n-3 = total polyunsaturated

fatty acids n-6: total polyunsaturated fatty acids n-3 ratio; PUFA/SFA = total polyunsaturated

fatty acids: total saturated fatty acids ratio

2b Values in a parameter with different superscripts differ significantly among weeks at P < 0.05.
Vertical bars indicate the SE.

Milk fatty acids

In all, 115 individual FA were identified, but only the most representative are shown,

of which the most abundant were C16:0, C18:0 and C18:1 c9. Table 8 shows the total FA

and SFA contents of milk. The total FA content in milk was not affected by the presence

of PAC or by week (P > 0.05; Table 8).
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Table 8. Effects of the presence of proanthocyanidins (PAC) and lactation week (W) on
total, saturated, odd- and branched-chain fatty acids (FA) of ewes’ milk.

PAC Week P-values
Sainfoin STS;Z'” 1 2 3 4 RSD PAC W P/;SX
::;7; o 628 662 622 646 667 645 584 019 034 0.87
FA, g/100 g
FA
SFA 65.7 65.9 67.2 653 634 672 235 0.85 <0.001 0.02
C4:0 2.12 1.99 2,04 1.97° 1.91° 2.27° 0.231 0.14 002 0.16
C6:0 2.07 2.05 214 1.88® 198> 2.25° 0.150 0.81 <0.001 0.05
C8:0 2.17 2.17 2,33  2.00° 2.05° 230 0.195 0.99 <0.001 0.05
C10:0 5.81 6.02 6.76° 5.62° 507° 6.22° 0.642 0.63 <0.001 0.05
C12:0 3.34 3.48 418 332 274 340 0377 0.62 <0.001 0.04
C14:0 7.99 8.40 867 807 719 886 1.064 0.38 006 0.16
C16:0 22.4 23.5% 23.6° 23.0% 222° 23.0°® 0.83 0.01 0.002 0.27
C18:0 13.5% 11.7 11.4° 12.8> 13.8° 125 0.83 0.004 <0.001 0.05
OCFA 2.95Y 3.35¢ 3.00 3.22° 320 3.18° 0.202 <0.001 <0.001 0.07
C5:0 0.27 0.31 025 027 032 033 0.075 0.12 005 0.56
C7:0 0.12 0.14 0.14* 0.12®° 0.13** 0.13** 0.024 0.19 0.02 0.56
C9:0 0.067"  0.094* 0.10° 0.063° 0.068° 0.087* 0.0197  0.047 <0.001 0.06
C11:0 0.12 0.14 0.15° 0.12* 0.11° 0.15° 0.019 0.23 <0.001 0.27
C13:0 0.069  0.088 0.098 0.073 0.062 0.079 0.0143 0.09 <0.001 0.03
C15:0 0.97 1.20° 1.08 109 102 1.16 0.107 001 006 022
C17:0 1.36 1.37 1.18° 1.50° 1.51° 1.26° 0.094 0.74 <0.001 0.17
BCFA 2.09" 2.37% 2.02° 230° 224* 235 0.161 0.004 <0.001 0.83
iso-BCFA  1.21 1.31 1.14° 1322 1.27° 1.30° 0.092 0.06 <0.001 0.79
iC13:0 0.022  0.024 0.023 0.020 0.023 0.025 0.0055 0.37 0.14 0.004
iC14:0 0.14 0.13 0.11° 0.15° 0.14° 0.16* 0.024 0.49 <0.001 0.56
iC15:0 0.20" 0.24* 0.16° 0.23® 0.22° 0.26*° 0.028 0.009 <0.001 0.35
iC16:0 0.31 0.34 032 034 031 034 0036 0.18 0.09 0.8
iC17:0 0.51Y 0.57* 0.49* 0.56° 058 0.53°® 0.038 <0.001 <0.001 0.97
iC18:0  0.025*  0.019* 0.024 0.023 0.022 0.020 0.0035 0.003 0.10 0.78
g'c’ﬁ”' 0.88  1.03* 0.88° 098 096° 1.00° 0092 <0.001 0.002 0.15
aC13:0  0.025  0.028 0.020° 0.023* 0.026° 0.036° 0.0061 0.24 <0.001 0.36
aC15:.0  0.38' 0.48 0.39® 0.43*® 041° 0.50° 0.063 0.012 0.008 0.58
aC17:.0  0.47 0.54* 0.47° 0.53* 0.53* 0.49®® 0.035 0.002 <0.001 0.14

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG
g/d barley + 100 g/d polyethylene glycol (PEG)
Abbreviations: PAC = proanthocyanidins; FA = fatty acids; SFA = sum of individual saturated fatty acids
from C4:0 to C18:0; OCFA = sum of individual odd-chain fatty acids; BCFA = sum of iso- and anteiso-
branched-chain fatty acids; iso-BCFA = sum of individual iso-branched-chain fatty acids; anteiso-BCFA =

sum of individual anteiso-branched-chain fatty acids.

: ewes fed ad libitum sainfoin + 200

*Y Values within a row with different superscripts differ significantly between PAC treatments at P < 0.05.
@€ Values within a row with different superscripts differ significantly among weeks at P < 0.05.
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The total SFA, C12:0, C13:0 and iC13:0 contents were affected by the interaction
between PAC and lactation week (P < 0.05; Table 8), but when comparing within the
same week, no differences were observed due to the presence of PAC. Milk from
Sainfoin group decreased its SFA content from week 1 to 2 (P < 0.01) and thereafter
remained steady (P > 0.05), whereas milk from Sainfoin+PEG did not show any changes
(P > 0.05). The presence of PAC decreased the contents of C16:0, C9:0, C15:0, iC15:0,
iC17:0, aC15:0, aC17:0 and the total odd-chain FA (OCFA), BCFA, and anteiso-BCFA (P <
0.05), but increased C18:0 and iC18:0 (P < 0.05). Lactation week affected most of the
SFA, OCFA and BCFA. The SFA from C6:0 to C10:0 presented a similar weekly pattern,
with higher concentrations at weeks 1 and 4 (P < 0.05). The C16:0 obtained higher values
at week 1 compared to week 3 (P < 0.05), and C18:0 at week 3 was higher than the rest
of the weeks (P < 0.05). All the OCFA, BCFA, iso-BCFA and anteiso-BCFA sums increased

from week 1 to 2, remaining steady thereafter.

The effects of PAC and week on the milk monounsaturated fatty acids (MUFA)
contents are presented in Table 9. The concentrations of total MUFA presented a higher
value at week 1 compared to week 2 in Sainfoin milk (P < 0.01), while constant values
were obtained in Sainfoin+PEG (P > 0.05). In contrast, no changes in total trans-MUFA
were found in Sainfoin ewes, while Sainfoin+PEG group decreased its concentration
from week 1 to 2 (P < 0.001). The presence of PAC reduced the contents of C18:1 c12,
C18:1 t10 and total trans-MUFA only in week 1 (P < 0.05), while C12:1 c9 content was
lower in week 4 (P < 0.05). The presence of PAC generally reduced C15:1 c9, C16:1 c9
and C18:1t11 (P < 0.05). For the effect of week, cis-MUFA (represented mainly by C18:1
c9) had a higher value at week 3 than weeks 1 and 4 (P < 0.01), whereas C18:1 t11

obtained a higher value at week 1 than at week 2 (P < 0.01).
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Table 9. Effects of the presence of proanthocyanidins (PAC) and lactation week (W) on

monounsaturated fatty acids of ewes’ milk.

PAC Week P-values
FA, g/100 g . .. Sainfoin PAC x
FA Sainfoin +PEG 1 2 3 4 RSD PAC w W
MUFA 27.8 28.2 25.9 28.6 30.7 26.8 2.21 0.77 <0.001 0.04
cis-MUFA 24.8 24.7 22.3° 25.5% 275 236 221 0.93 <0.001 0.08

C12:1c9 0.029 0.037 0.034 0.030 0.029 0.039 0.0060 0.03 0.005 0.02
C14:1 ¢S 0.073 0.092 0.097° 0.076° 0.070° 0.089%° 0.0224 0.09 0.009 0.20
C15:1¢9 0.005¥  0.010* 0.006 0.008 0.008 0.009 0.0036 0.008 0.08 0.39

C16:1c9 0.60" 0.68* 0.58° 0.65°® 0.68° 0.66® 0.075 0.009 0.006 0.07
C17:1c9 0.40 0.43 0.34° 0.44% 0.49* 0.39* 0.055 0.27 <0.001 0.31
C18:1c9 211 20.6 18.2¢ 21.7%* 23.7° 19.9° 2.04 0.70 <0.001 0.15
C18:1cl1 0.68 0.69 0.59° 0.75* 0.77° 0.63° 0.068 0.71 <0.001 0.12
C18:1cl12 0.21 0.24 0.23 024 0.23 0.19 0.027 0.006 001 0.01
trans-MUFA 3.07 3.53 3.66 313 3.20 322 0271 0.009 <0.001 0.01
C18:1t10 0.24 0.30 033 026 0.25 0.25 0.044 0.01 <0.001 0.008

C18:1t11 1.49Y 1.78* 1778  1.52° 1.60°® 1.64®® 0.197 0.04 0.005 0.15

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)
Abbreviations: PAC = proanthocyanidins; FA = fatty acids; MUFA = sum of cis- and trans-

monounsaturated fatty acids; cis-MUFA= sum of individual cis-monounsaturated fatty acids;
trans-MUFA= sum of individual trans-monounsaturated fatty acids.

*Y Values within a row with different superscripts differ significantly between PAC treatments at
P <0.05.

¢ Values within a row with different superscripts differ significantly among weeks at P < 0.05.

The main effects of sainfoin PAC and lactation week on milk PUFA are shown in Table
10. The interaction between PAC and lactation week affected total PUFA, total
conjugated linoleic acid (CLA), CLA ¢9,t11, and CLA t9,c11 (P < 0.05 ; Table 10). As a
result, the presence of PAC increased total PUFA at week 2 (6.50 vs. 5.65 for Sainfoin vs.
Sainfoin+PEG; P < 0.01) and decreased CLA c9,t11 at weeks 1 (0.49 vs. 0.73 for Sainfoin
vs. Sainfoin+PEG; P < 0.001) and 2 (0.47 vs. 0.61 for Sainfoin vs. Sainfoin+PEG; P < 0.05),
whereas CLA t9,c11 (0.033 vs. 0.071 for Sainfoin vs. Sainfoin+PEG; P < 0.01) and total

CLA (0.68 vs. 1.04 for Sainfoin vs. Sainfoin+PEG; P < 0.001) only decreased at week 1.
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Regarding the rest of PUFA, the presence of PAC produced an overall increase in total
PUFA n-6, C18:2 n-6, total PUFA n-3, C18:3 n-3 and C20:5 n-3 (P < 0.05) and a reduction
in CLA c7,c9 (P < 0.05). Concerning the lactation week effect, both PUFA n-6
(represented mainly by C18:2 n-6 and C20:4 n-6) and PUFA n-3 (represented mostly by
C18:3 n-3) decreased throughout lactation (P <0.05), although C18:3 n-3 increased again
at week 4 (P < 0.05).

Table 10. Effects of the presence of proanthocyanidins (PAC) and lactation week (W) on

polyunsaturated fatty acids of ewes’ milk.

PAC Week P-values

’Ic::tlagl/Fleo & sainfoin Si';;%'" 1 2 3 4 RSD PAC w :A\\IS
PUFA 6.50 5.93 6.81 6.07 5.98 5.99  0.340 0.005 <0.001 0.04
CLA 0.70 0.89 0.85 075 0.77 0.81  0.105 <0.001 0.03 0.04
CLAc9,t11  0.50 0.64 0.61 0.54 0.55 0.55  0.069 <0.001 0.02 0.02
CLAc7,c9  0.010 0.016 0.012 0.012 0.014 0.015 0.0041 0.006 0.29 0.26
CLAt9,c11 0.040  0.055 0.052 0.040 0.044 0.053 0.0155 0.06 0.08 0.01
PUFA n-6 2.33 1.99Y 2470 2.24° 207° 1.86° 0.130 <0.001 <0.001 0.11
C18:2n-6 2.06¥ 1.72Y 214 1.96° 1.83 1.64° 0.124 <0.001 <0.001 0.11
C18:3n-6 0.046  0.044 0.046® 0.050° 0.042° 0.043* 0.0069 0.69 0.04 034
C20:2 n-6 0.013  0.015 0.016 0.014 0.015 0.011 0.0049 0.45 0.13 0.06
C20:3 n-6 0.029  0.034 0.038 0.031 0.027 0.031 0.0109 0.25 0.07 0.95
C20:4 n-6 0.17 0.16 0.22° 0.17° 0.14° 0.12¢ 0.011 0.62 <0.001 0.14
C22:4n-6 0.008  0.009 0.008 0.009 0.009 0.007 0.0050 0.38 0.86 0.23
C22:5n-6 0.004  0.005 0.006 0.004 0.004 0.006 0.0050 0.49 0.53 0.39
PUFA n-3 2.11 1.52Y 1.90° 1.70° 1.73° 1.92% 0.148 <0.001 <0.001 0.11
C18:3n-3 1.74 1.21Y 1.51®  1.36° 1.41°*° 1.62° 0.138 <0.001 <0.001 0.16
C20:3 n-3 0.020  0.019 0.021 0.019 0.019 0.021 0.0050 0.49 0.42 0.70
C20:5 n-3 0.11*  0.086" 0.11 0.098 0.094 0.089 0.0173 0.02 0.15 0.51
C22:5n-3 0.17 0.14 0.18  0.16° 0.14* 0.13° 0.018 0.05 <0.001 0.89
C22:6n-3 0.075  0.062 0.090° 0.073 0.060° 0.051° 0.0103 0.20 <0.001 0.24

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)

Abbreviations: PAC = proanthocyanidins; FA = fatty acids; PUFA = sum of conjugated linoleic fatty
acids and polyunsaturated fatty acids n-6 and n-3; CLA = sum of individual conjugated linoleic
acid; PUFA n-6 = sum of individual polyunsaturated n-6 fatty acids; PUFA n-3 = sum of individual
polyunsaturated n-3 fatty acids

*Y Values within a row with different superscripts differ significantly between PAC treatments at
P <0.05.

>d Values within a row with different superscripts differ significantly among weeks at P < 0.05.
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The main milk FA ratios and enzymes are shown in Table 11. The n-6/n-3 and

PUFA:SFA ratios and A°-desaturase C18 were affected by the interaction between the

presence of PAC and week of lactation (P < 0.05). The presence of PAC decreased the n-

6/n-3 ratio (1.15 vs. 1.57 for Sainfoin vs. Sainfoin+PEG; P < 0.001) and A°-desaturase C18

(58.1 vs. 64.7 for Sainfoin vs. Sainfoin+PEG; P < 0.01) at week 1, but increased the

PUFA/SFA ratio at week 2 (0.101 vs. 0.085 for Sainfoin vs. Sainfoin+PEG; P < 0.05), with

no other differences between treatments during the study (P > 0.05). Lactation week

affected all the FA ratios (P < 0.05), except for the thrombogenic index (P > 0.05).

Table 11. Effects of the presence of proanthocyanidins (PAC) and lactation week (W) on

the ewes’ milk fatty acid ratios and enzymes.

PAC Week P-values
Items Sainfoin STS;CC’_:” 2 3 4 RSD PAC W z?/f/:
rPalJtiF()A”'6/”'3 111 133 136 135 122 097 0.139 0.002 <0.001 0.02
rPaUtiF:/SFA 010 0.09 010 0.093 0.09 0.09 0007 003 0.002 <0.01
falt?éltlo/tll 016 017 019 0.17* 016> 0.16° 0027 047 0.005 0.30
ﬁ}tg‘;(roge”ic 1.82 198  2.10° 1.84® 1.57° 2.09° 0377 0.26 0.003 0.10
iTnhdrg;‘b"ge“ic 199 215 213 209 192 213 0212 0.10 006 0.21
h/H ratio 0.84 077  0.70° 0.83* 0.94° 0.76 0.106 021 <0.001 0.17
égl'gle;at”rase 262 2.83  2.40° 2.74° 2.97° 2.80° 0.300 0.12 <0.001 0.10
égl'gle;at”rase 606 635 614 628 632 61.0 269 003 015 0.02
Elongase, % 60.2 572  55.1° 59.1® 62.3° 583> 245  0.06 <0.001 0.30

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum

sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)

Abbreviations: PAC = proanthocyanidins; PUFA = total polyunsaturated fatty acids; SFA = total

saturated fatty acids; h/H = hypocholesterolemic to hypercholesterolemic ratio.

¢ Values within a row with different superscripts differ significantly among weeks at P < 0.05.

Multivariate Analysis of Milk Fatty Acids

The stepwise discriminant analysis process selected 46 FA of the 115 identified as

being the most discriminant, to which the canonical discriminant analysis was applied.
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In all cases, the CAN was able to discriminate between the two treatments (P-value
Hotelling’s t-test < 0.001) with the selection of several FA, as shown in Figure 16. The FA
forming the CAN varied according to week. It was possible to separate both treatments
with C18:3 n-3 content at week 1; with C18:1 c¢12 and C18:2 n-6 at week 2; with iC17:0,
C18:1 ¢9, C18:3 ¢9,t11,t15 and C20:5 n-3 at week 3; with C14:0 8-Me, C20:5 n-3 and
C22:5 n-6 at week 4.

Weelk 1 o Sainfoin e SainfoirnsPEG
"we * oom oD 00—
4 -3 -2 -1 i 1 2 3 4
CAN
(C18:3 n3)
Week 2
. e T (o R« o
-3 2 -1 0 1 2 3
CAN
(C18:1 cl12; C18:2 nG)
Week 3
D000 ==
-6 -4 2 0 2 4 &
CAN

(1C17:0; C18:1 9; C18:3 211 15; C20:3 n3)

Week 4
- o—0 o oA
6 -4 2 0 2 4

CAN
(C14:0 8hle; C20:3 n3; C22:5 nb)

Figure 16. Graph of the canonical function (CAN) of milk fatty acids for Sainfoin and

Sainfoin+PEG ewes and for weeks 1, 2, 3, and 4.

Sainfoin: ewes fed ad libitum sainfoin + 200 g/d barley; Sainfoin+PEG: ewes fed ad libitum
sainfoin + 200 g/d barley + 100 g/d polyethylene glycol (PEG)
The position to left or right of the graph is related to the negative or positive canonical effects,

respectively.
Abbreviations: CAN = canonical function
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Discussion

The results observed can be attributed to the presence of PAC, as the DM intake,

performance and milk yield were similar in both treatments (Baila et al., 2022a).
Sainfoin fatty acids

In accordance with previous analyses of the FA content of different forages (Glasser
et al., 2013), particularly of sainfoin (Rufino-Moya et al., 2022), the main FA were C18:3
n-3, C16:0 and C18:2 n-6. Changes in plant maturity may have affected the sainfoin FA
evolution during the study. The maturation process decreases the proportion of leaves
rich in C18:3 n-3 (Glasser et al., 2013), the most abundant FA in sainfoin, which explains
the drop in the total FA content herein observed with advancing plant maturity. In
addition, the decrease in PUFA and the increase in C18:0 and SFA concentrations with

forage maturity agree with the results reported by Glasser et al. (2013).

Milk fatty acids

Because both treatments had a sainfoin—based diet and there were no differences in
either forage or concentrate DM intake (Baila et al., 2022a), it can be stated that FA
intake was similar between treatments and, therefore, the effects observed in milk FA

were directly linked with the presence of sainfoin PAC.

The milk FA profile is consistent with a diet composed mainly of forage (= 90% fresh
sainfoin), where PUFA and CLA concentrations are high, and SFA concentrations and the
n-6/n-3 ratio are low. Besides, C18:1 t11 isomer (vaccenic acid) content predominates
over the C18:1 t10 isomer, which is also a characteristic of forage diets (Griinari and
Bauman, 1999). The former isomer is one of the most desirable from a human health
point of view, because it is the precursor of CLA ¢9,t11 (rumenic acid), the main bioactive

CLA whose origin lies only in ruminant-derived products (Palmquist, 2006).

Most of the even-chain SFA of 6-14 carbon atoms, and approximately half of the 4:0
and 16:0 found in milk, come from the de novo synthesis in mammary gland (Chilliard et
al., 2000). Except for C16:0, no effect on this milk FA group was observed. Thus, it can
be asserted that there was a minimum effect of PAC on FA mammary synthesis. An
inhibitory effect of PAC on the growth and activity of ruminal microorganisms has also
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been reported (Min et al., 2003; Min et al., 2005). Accordingly, a reduction in OCFA and
BCFA contents in milk were observed in the Sainfoin treatment in the present study
because these FA are synthesised by rumen cellulolytic bacteria (Vlaeminck et al., 2006).
Similar results have been observed by Cabiddu et al. (2009) in ewes fed sulla (Hedysarum
coronarium, < 3% PAC), which suggest that PAC concentrations as low as those herein

used may suffice to alter specific rumen bacterial populations.

The presence of PAC in diet can inhibit ruminal BH in several stages. As C18:0 is
produced in the last step of this process, a drop in its concentrations due to any of these
possible inhibitions would have been anticipated (Frutos et al., 2020). Thus, the higher
milk C18:0 concentrations associated with sainfoin PAC were unexpected but have also
been reported when dairy ewes were fed sulla (Addis et al., 2005). Frutos et al. (2020)
recently showed wide variability for the effect of PAC on milk C18:0 content, with most
studies reporting non-significant changes and less than 20% describe either an increase
or decrease. In the present study, the Sainfoin group tended to have higher activity of
elongase. However, since the contribution of this enzyme in catalysing the synthesis of
C18:0 from C16:0 in milk fat appears to be very low (Palmquist, 2006), the differences in
C18:0 between treatments should not be justified by the activity of this enzyme and the
origin remains unclear. The literature also shows inconsistency between C18:0 contents
in digesta, milk and meat, which implies that factors other than ruminal BH are involved,

such as A°-desaturase, which will be subsequently discussed.

The increase in dietary PUFA (C18:3 n-3 and C18:2 n-6) and the decrease in several
C18:1 and C18:2 isomers in Sainfoin ewes’ milk indicate that the inhibition in ruminal BH
occurred in an initial stage, when dietary PUFA are exposed to isomerisation and
disappearance. The lower concentrations of OCFA, BCFA and trans—MUFA, which origin
is strictly ruminal, obtained in Sainfoin milk confirmed the lower BH of this treatment.
To support these pieces of evidence, the canonical analyses were able to discriminate
treatments through dietary PUFA (C18:3 n-3, C18:2 n-6, and C18:1 c9), and from some
of the FA resulting from their ruminal BH (C18:1 c12 and C18:3 ¢9,t11,t15). Although the
lesser disappearance of dietary PUFA is desirable for final product quality, some C18:1
and C18:2 isomers, especially rumenic acid (CLA ¢9,t11) and its precursor vaccenic acid

(C18:1 t11), are also considered beneficial (Shingfield et al., 2006), and both decreased
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with PAC in the present study. The reduction in total CLA and CLA c9,t11 due to the
presence of PAC was only significant at week 1. Our findings are similar to those
obtained by Cabiddu et al. (2009), who observed that an average of 34 g eq. of sulla
PAC/kg DM also inhibited BH in early stages and, on average, CLA ¢9,t11 and C18:1 t11
milk contents were 40% higher when condensed tannins were blocked by PEG. In the
above-mentioned review, Frutos et al. (2020) indicated that condensed tannins did not
affect milk CLA c9,t11 content in 65% of studies, while 11% and 24% showed a reduction
or increase, respectively. This lack of uniformity in the results is because PAC can inhibit
rumen BH in different stages, which results in the formation of this FA being greater or
lesser. The level at which this inhibition occurs depends on several factors, such as PAC
dose and chemical structure (Patra and Saxena, 2011), the interactions between the
ingredients of diet (Vasta et al., 2009a), and even between—animal variability (Harnly et

al., 2022).

The milk FA profile also depends on mammary gland activity, where A°-desaturase
enzyme introduces a double bond at the A°-position in a broad FA spectrum (Ntambi and
Miyazaki, 2004), including C12:0, C15:0, C16:0, C17:0, C18:0, C18:1 t11 and C18:1 c7. In
the present study, C12:1 ¢9, C15:1 c9, C16:1 c9, CLA c9,t11 and CLA c7,c9 contents were
lower in the Sainfoin ewes’ milk but no differences were observed in C17:1 ¢9. Only the
C15:1 ¢9 and C17:1 c9 are exclusively from endogenous origin, while the rest can come
also from a dietary origin. The lack of differences in the C17:1 ¢9 proves that the
differences between treatments are not due solely to the effect of A°-desaturase
activity. Furthermore, the lack of effect on C18:1 c9 also does not clarify this issue, as it
can come directly from dietary intake, lipid mobilisation, as well as being produced
during the BH process. This mixed origin prevents us from discerning whether PAC action
inhibits the BH of dietary C18:1 c9 in the first ruminal process stages or decreases the
A°-desaturase activity (Frutos et al., 2020). In the present study, concentrations of milk
C18:1 c9 should not be related to lipid mobilisation since plasma concentrations of non-

esterified FA did not differ between PAC treatments (Baila et al., 2022a).

Disregarding differences in A°-desaturase activity between groups, the decrease of
CLA c9,t11 in Sainfoin milk could be explained by the lower concentration of milk C18:1

t11 in this group, since it is estimated that almost the 50% of CLA ¢9,t11 secreted in
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ewe’s milk comes from the endogenous production from C18:1 t11 (Chilliard et al.,

2000).

In the present study, milk SFA and MUFA underwent inverse evolution, which can be
explained by the BH process because SFA comes partially from ruminal MUFA
saturation. No changes were obtained in PUFA concentration in the same treatment,
even though SFA and MUFA are partly derived from the BH of dietary PUFA. This
different evolution pattern can be linked with the direct passage of some FA from forage
to milk. It is important to highlight that, when specific milk FA were affected by the
interaction between PAC and lactation week, this effect was significant only in early
lactation. The fact that both treatments differed at week 1 (C18:1c12, total trans-MUFA,
total CLA, n-6/n-3 ratio, A°-desaturase C18), at week 2 (total PUFA and PUFA/SFA ratio),
or at both weeks 1 and 2 (CLA c9,t11), supports previous evidence that the effects of
PAC are time-related due to possible rumen microbiota adaptation (Cabiddu et al.,

2009).

Conclusions

Milk FA contents did not mirror changes in sainfoin FA concentrations, which suggests
that the milk FA profile is related mostly to changes in ruminal metabolism. The
inhibition of rumen BH by sainfoin PAC seemed to occur in early stages of this process,
as shown by higher milk PUFA contents and a decrease in BH intermediates, such as
MUFA. Our results support the beneficial effect of forage—based diets on the milk FA

profile, which renders sainfoin an interesting option for the diets of lactating ewes.
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Simple Summary

Several studies point out that the use of local forage legumes, such as sainfoin, can
be appropriate for feeding sheep autochthonous breeds, with additional benefits also
for the soil. Besides, sainfoin has a medium content of proanthocyanidins (PAC), also
known as condensed tannins, the effects of which have been studied in fattening lambs
but seldom on suckling lambs. The aim of the study was to evaluate the effect of PAC of
sainfoin fed to dams on the productive traits, weight of the digestive organs, and on
carcass and meat quality of their suckling lambs. The inclusion of PAC from sainfoin in
the dam diet did not produce detrimental changes on the growth and carcass and meat
characteristics of their suckling lambs. Therefore, sainfoin can be fed to ewes during

lactation to produce suckling lambs, achieving good performances and meat quality.

Abstract

Sainfoin (Onobrychis viciifolia) is a forage legume with a medium content of
proanthocyanidins (PAC), which may affect animal performance and product quality. The
objective of the present study was to assess the effect of PAC from sainfoin fed to dams,
using polyethylene glycol (PEG) as a blocking agent, on the performance and carcass and
meat quality of their suckling male lambs. After lambing, twenty lactating dams were fed
fresh sainfoin ad libitum plus 200 g per day of barley; ten were orally dosed with water
(Sainfoin), and ten were dosed orally with a water dilution of 100 g PEG (Sainfoin + PEG).
Their lambs (4.1 + 0.64 kg at birth) suckled ad libitum until they reached the target
slaughter weight of 10-12 kg. The presence of PAC in the dams’ diet did not affect the
growth, blood metabolites and carcass weight and fatness of the suckling lambs but
decreased the lightness of caudal fat (P < 0.05) and increased the weight of the digestive
compartments (P < 0.05). Regarding the meat characteristics, PAC only decreased
polyphenols content (P < 0.05). In conclusion, the presence of PAC in the dams’ diet had

not significant effects on the performance and product quality of their suckling lambs.

Keywords

Onobrychis viciifolia, condensed tannins, performance, plasma metabolites, meat colour

Introduction
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Nowadays, there is increasing social pressure for livestock production systems to
minimize their negative environmental impacts, and to reduce the inclusion of feed
components that compete for land use with human food crops (Mottet et al., 2017). In
the last decades, the European Union has encouraged the use of local legumes for animal
feeding in order to reduce the dependency on soybean meal, and to benefit from their
positive environmental effects (Calabrd et al., 2009; Guyader et al., 2016). Among
legume forages, sainfoin (Onobrychis viciifolia) has proven to be an excellent forage to
be fed during lactation in ewes (Lobdn et al., 2017a). Furthermore, consumers are
increasingly aware of the importance of food quality on human health, which has
increased the demand for products obtained from forage—fed animals as they are
considered healthier than those obtained from concentrate—fed diets (Girard et al.,

2016; Lobdn et al., 2017a), as well as more respectful with animal welfare.

In the Mediterranean area, the traditional production of suckling lambs (slaughtered
at 10-12 kg BW) is based on a system in which dams are fed diets mainly composed by
straw, cereals and byproducts, and lambs are fed exclusively on their dams’ milk. In this
framework, the inclusion of high proportions of fresh forage in the diet of the ewes could
be an interesting alternative. In fact, grazing sainfoin during lactation improved the meat
quality of light lambs even after a finishing period on concentrates, when compared to
lambs reared with dams grazing alfalfa (Lobdn et al.,, 2019b). This could be due to a
possible synergy between dietary proanthocyanidins (PAC) present in sainfoin and other
antioxidant components in the muscle (Valenti et al., 2019) or the milk (Leparmarai et

al.,, 2019).

Previous research concerning the effect of PAC on lamb performance is not
conclusive, as some studies reported that weight increased (Valderrabano et al., 2010;
Giller et al., 2021), decreased (Girard et al., 2016) or did not change (Peng et al., 2016).
Regarding meat quality, there is also no consensus about the relation between PAC in
lamb diets and the colour parameters and haem pigments contents (Luciano et al., 2009;
Seoni et al.,, 2018). On the other hand, improvements in the antioxidant capacity of
tissues due to the action of PAC have been observed (Soobrattee et al., 2005; Lopez-

Andrés et al., 2013). Therefore, this great variability of results may depend on molecular
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weight, structure, and degree of polymerisation of PAC, as well as on the type of diet and

animal studied (Piluzza et al., 2014).

Most of the studies regarding the inclusion of PAC have been carried out in fattening
lambs with limited research on suckling lambs, the diet of which is based almost
exclusively in milk. Therefore, to study the effect of PAC on the meat of suckling lambs,
the source of PAC has to be included in their dam’s diet, and results cannot be
extrapolated from those obtained in fattening lambs. Hence, the aim was to evaluate the
effect of PAC of fresh sainfoin fed to dams on productive parameters, weight of the

digestive organs, and carcass and meat quality of suckling lambs.

Material and methods

Experimental site

The experimental procedures (CEEA, 2017-07), which were in compliance with the
guidelines of the Directive 2010/63/EU of the European Parliament and of the Council
of 22 September on the protection of animals used for experimental purposes, were
approved by The Animal Ethics Committee of the Centro de Investigacién y Tecnologia

Agroalimentaria de Aragén (CITA).

Animal management and experimental design

The experiment was conducted in the facilities of CITA in Zaragoza, Spain (41°3' N,
0°47' W and 216 m above sea level) in spring 2019, during 28 days. All the methodology
carried out during the experiment has been explained in detail in a previous study (Baila
et al., 2022a). Briefly, after lambing twenty multiparous Rasa Aragonesa ewes with their
male lambs were assigned into two homogeneous groups according to ewe BW (61 £ 6.2
kg), BCS (3.3 £+ 0.57), lambing date (April 6 £ 0.1 d) and lamb BW at birth (4.1 + 0.64 kg).
All dams were fed fresh sainfoin (Onobrychis viciifolia cv Reznos) [dry matter (DM): 213
g/kg; crude protein (CP): 116 g/kg DM; neutral detergent fibre (NDF): 369 g/kg DM; acid
detergent fibre (ADF): 264 g/kg DM; total PAC: 38.8 g eq. PAC sainfoin/kg DM], water and
mineral blocks ad libitum and 200 g/head/day of barley [DM: 912 g/kg; NDF: 250 g/kg
DM; ADF: 87 g/kg DM; CP: 95 g/kg DM] distributed in two meals. Before each meal, ten

ewes were drenched with 100 ml of water (Sainfoin), whereas ten ewes were orally
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dosed with 100 ml of polyethylene glycol (PEG) solution (50 g of PEG 4000/100 ml;
Sainfoin + PEG to inactivate the effects of PAC. Each pair of dam-lamb was placed in an
individual pen (2.2 m?). Lambs exclusively suckled their dams ad libitum until they

reached the target slaughter weight of 10-12 kg BW.

The detailed chemical composition of feedstuffs and milk has been reported in a
previous study (Baila et al., 2022a). The dry matter intake (1879.5 + 281.3 g DM/d) and
the milk yield and chemical composition was similar between groups (milk yield: 1.25
I/d; crude fat: 6.54%, CP: 5.02%, lactose: 5.28%), except for the polyphenols (42.3 vs.
51.8 ug eq. [gallic acid]/g fresh sample, for Sainfoin and Sainfoin + PEG, respectively) and

urea (275 vs. 338 mg/I, for Sainfoin and Sainfoin + PEG, respectively).

Measurements and sampling procedures

Lambs were weighed weekly at 8:00 h with an electronic scale (0.1 kg precision) to
calculate the average daily gain (ADG). Blood samples were obtained the day of
slaughter, from the jugular vein into heparin tubes (Vaccuette, Madrid, Spain). Samples
were immediately centrifuged (3000 g for 15 min at 4 °C) and stored at —20 °C until the

metabolites analyses were performed.

When lambs reached the target weight of 10-12 kg BW, they were stunned by a
captive bolt pistol and exsanguinated in the experimental abattoir of the Research
Centre, using standard commercial procedures and according to Council Regulation (EC)
N2 1099/2009. The contents of the digestive tract corresponding to the sections of
reticulum-rumen, omasum—-abomasum, and duodenum-jejunum were extracted and
weighed. Then, the empty digestive compartments were weighed. Hot carcass weight
(HCW) was recorded without head and offal. After 24 h chilling at 4 °C in total darkness,
the cold carcass weight (CCW) was obtained. The dressing percentage was calculated as:

HCW

x 100
slaughter weight

and the carcass shrinkage was calculated as:

(HCW — CCW

x 100
HCW )
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The fatness degree of the carcasses was determined following the Community Scale
for Classification of Carcasses of Ovine Animals and of Light Lambs (EEC 461/93) and
scored from 1 (1-, very low) to 4 (4+, very high) following the scale of 1 (low), 2 (slight),
3 (average), and 4 (high). Caudal subcutaneous fat colour was measured on tail root
using a Minolta CM-2006d spectrophotometer (Konica Minolta Holdings, Inc., Osaka,
Japan), registering lightness (L*), redness (a*), and yellowness (b*), which were used to
calculate hue angle (hap), and chroma (C*ap). The absolute value of the summation of the

translated spectrum (SUM) was calculated as:

TR4s0

TR
SUM = [( ) + TRye0 + TR470 + TR4go + TR4gp + TRs500 + ( 2510>] x 10

where TR; was the reflectance value at i nm. An extensive explanation of the baselines

of the method is exposed in Prache and Theriez (1999).

After that, the carcass was carefully split longitudinally into the two half carcasses and
the longissimus thoracis et lumborum (LTL) muscles of both sides were collected.

Perirenal fat deposit was extracted and weighed.

Meat quality

The LTL muscles from 4th—6th lumbar vertebrae of the left side were used to measure
the pH with a pH-meter equipped with a Crison 507 penetrating electrode (Crison
Instruments, S.A., Barcelona, Spain) and to estimate the chemical composition by NIRs
(FoodScan™2, Foss Analytics, Hilleroed, Denmark). From 6th to 13th thoracic vertebrae
from both sides were sliced into 2.5 cm-hick samples, the left ones were assigned to
days 0, 2 and 7 of display and the right ones for days of display 5 and 9. The slices were
placed in trays, wrapped with oxygen permeable polyvinyl chloride film, and kept in
darkness at 4 °C until being measured for colour and haem pigment estimations. LTL
colour was measured as had been explained above, while haem pigments were
measured as described in Lobdn et al. (2017). The 0-d samples were allowed to bloom
also in darkness at 4 °C for 1 h before being measured. After that, meat was freeze—dried
and vacuum-stored in total darkness at -80 °C until the analysis of polyphenols and a
2,2-azinobis—3—ethylbensothiazoline-6-sulfonic acid (ABTS) assay, which were

determined according to Leal et al. (2019) and Vazquez et al. (2015), respectively.

139



Manuscript 11l

Plasma analysis

Plasma concentrations of creatinine and urea (kinetic methods) were analysed with
an automatic analyser (GernonStar, RAL/TRANSASIA, Dabhel, India). The methodology
to determine antioxidant activity of plasma regarding to polyphenols concentration,
superoxide dismutase (SOD) and ABTS and the method of the determination of lipid

oxidation (measured as malondialdehyde; MDA) are described in Baila et al. (2022a).

Statistical analysis

Data were analysed with the SAS (v.9.3; SAS Inc.: Cary, NC, USA) using the lamb as the
experimental unit. The productive traits (animal performances and plasmatic
metabolites), carcass characteristics and meat chemical composition of the suckling
lambs were analysed through a variance analysis with a general linear model, with the
presence of PAC as the fixed effect. Colour and haem pigments of LTL muscle were
analysed with mixed models (MIXED procedure) with presence of PAC, time of display
and their interactions as fixed effects and the lamb as the random effect. The degrees of
freedom were adjusted with the Kenward—-Rodger correction. Results were reported as
least square means and their associated standard errors of the means, and the Tukey
correction was applied for pairwise comparisons. The effects were considered significant

at P <0.05.

Results

Lamb performance and plasma metabolites

The productive traits of the suckling lambs are shown in Table 12. The presence of
PAC in the dams’ diet did not affect any productive trait studied, such as average daily
gain, age, and weight at slaughter (P > 0.05). Regarding the plasma metabolites at
slaughter, the presence of PAC in the dams’ diet did not affect creatinine and urea
plasmatic concentrations of the suckling lambs (P > 0.05). In the same line, the plasma
polyphenols concentration and the antioxidant activity measured as SOD, ABTS and MDA

were not affected by the presence of PAC in the dams’ diet (P > 0.05).
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Table 12. Effect of the presence of proanthocyanidins (PAC) in the dams’ diet * on the

performance, plasma metabolites and antioxidant (AO) status of their suckling lambs.

Item Sainfoin Sainfoin + PEG s.e.m? P-Value
Birth weight, kg 4.0 4.2 0.29 0.59
Average daily gain, g/d 272 283 21.0 0.63
Slaughter age, d 28.1 25.7 2.38 0.33
Slaughter weight, kg 11.6 11.1 0.33 0.14
Plasma metabolites

Creatinine, umol/I 52.2 55.4 7.28 0.67

Urea, mmol/I 4.86 5.16 0.619 0.63

Polyphenols, eq. [gallic acid] mg/ml 1.62 1.70 1.160 0.49
Antioxidant status

Superoxide dismutase (SOD), U/ml 0.68 0.63 0.115 0.65
Total AO capacity- ABTS 3 5.32 5.79 0.294 0.13

Lipid oxidation, uM MDA 4 9.69 9.51 0.699 0.31

! Sainfoin: lambs whose dams were fed ad libitum sainfoin + 200 g/d barley; Sainfoin + PEG:
lambs whose ewes were fed ad libitum sainfoin + 200 g/d barley + 100 g/d polyethylene glicol
(PEG); 2 standard error of the mean; 3 2,2—azinobis—(3—ethylbensothiazoline)—6—sulfonic acid,
umol eq. [TROLOX]/ml; * malondialdehyde.

Digestive compartments and carcass traits

The presence of PACin the dams’ diet significantly increased the weight of the content
in the reticulum—rumen (P < 0.05) and, concomitantly, in the forestomach (P < 0.01) and
increased the weight of the digestive compartments (P < 0.05), except for the omasum—
abomasum (Table 13). Nevertheless, most of the carcass characteristics were not
affected by the treatment (Table 13). The colour of subcutaneous fat of the suckling
lambs was similar between groups, except for lightness, which was decreased with the

presence of PAC in the dams’ diet (P < 0.01).
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Table 13. Effect of the presence of proanthocyanidins (PAC) in the dams’ diet ! on the
weights of the digestive compartments, the carcass characteristics, and the colour of

caudal fat deposits of their suckling lambs.

ltem Sainfoin  Sainfoin+PEG  s.e.m?2  P-value

Weight of digestive content, g fresh matter (FM)

Reticulum—rumen 284 192 39.5 0.033
Omasum—abomasum 185 161 41.6 0.57
Forestomach 469 353 47.5 0.011
Duodenum-—jejunum 69 46 18.4 0.23
Weight of digestive compartments, g FM
Reticulum—rumen 126 78 16.3 0.009
Omasum—abomasum 95 73 14.8 0.15
Forestomach 221 151 17.2 0.001
Duodenum—jejunum 171 132 13.8 0.011
Carcass traits
Hot carcass weight, kg 7.78 7.64 0.264 0.61
Cold carcass weight, kg 6.19 6.15 0.238 0.87
Dressing percentage, % 55.6 57.2 1.03 0.13
Carcass shrinkage, % 3.98 2.99 0.595 0.12
Fatness score, 1-4 scale 2.10 2.15 0.103 0.74
Perirenal fat weight, g 128 129 24.7 0.98
Colour of caudal fat deposits
Lightness (L*) 68.8 71.4 0.48 0.015
Redness (a*) 2.6 2.5 0.31 0.89
Yellowness (b*) 12.3 11.9 0.45 0.66
Hue angle (hap) 78.2 78.9 0.16 0.77
Chroma (C*ap) 12.6 12.2 0.49 0.71
SUM 3 102 110 13.1 0.75

! Sainfoin: lambs whose dams were fed ad libitum sainfoin + 200 g/d barley; Sainfoin + PEG:
lambs whose ewes were fed ad libitum sainfoin + 200 g/d barley + 100 g/d polyethylene glycol
(PEG); 2 standard error of the mean; 3 estimator of carotenoids.

Meat quality

There were no differences between groups in the pH values of LTL at 24 h post—
mortem, DM, CP, intramuscular fat, total collagen, and ash contents (Table 14). The
polyphenol content of meat significantly decreased with the presence of PAC in the
dams’ diet (P < 0.05) but did not affect the total antioxidant capacity estimated by ABTS

content.
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Table 14. Effect of the presence of proanthocyanidins (PAC) in the dams’ diet ! on the
pH, chemical composition, and total antioxidant (AO) capacity of the meat of their

suckling lambs.

Item Sainfoin Sainfoin + PEG s.e.m?  P-Value
PH 241 5.5 5.53 0.032 0.46
Dry matter, % fresh matter (FM) 21.0 21.0 0.07 0.85
Crude protein, % FM 21.0 21.3 0.28 0.17
Intramuscular fat, % FM 2.36 2.19 0.124 0.18
Total collagen, % FM 0.77 0.77 0.153 0.99
Ash, % FM 1.81 1.78 0.103 0.75
Polyphenols, pug eq gallic acid/g FM 71.0 81.5 4.17 0.021
Total AO capacity—ABTS 3 0.44 0.45 0.035 0.76

! Sainfoin: lambs whose dams were fed ad libitum sainfoin + 200 g/d barley; Sainfoin + PEG:
lambs whose ewes were fed ad libitum sainfoin + 200 g/d barley + 100 g/d polyethylene glycol
(PEG); 2 standard error of the mean 3 2,2—azinobis—(3—ethylbensothiazoline)—6—sulfonic acid,
umol eq. [TROLOX]/g FM.

No significant interactions were observed between the presence of PAC in the dams’
diet and the time of display of meat. The LTL colour (Figure 17) was not modified by the
presence of PAC on the dams’ diet, but it was affected by the time of display (P < 0.05).
All colour variables increased from day 0 to day 2 (P < 0.05), and thereafter L* and b*
remained steady, whereas C*q, and a* increased until day 5, remaining unchanged

onwards (P < 0.001).

Similarly to the colour parameters, the presence of PAC in the dams’ diet had no
significant effect on haem pigments (Figure 18), but the day of display had a significant
effect (P < 0.05). Metmyoglobin and oxymyoglobin showed a similar evolution over time,
increasing until day 5 (P < 0.001), whereas deoxymyoglobin followed the inverse pattern,

decreasing until 5 day (P < 0.001) and remaining steady thereafter.
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Figure 17. Evolution of instrumental colour [lightness (L*), redness (a*), yellowness (b*),
hue angle (has), and chroma (C*4p)] of meat of suckling lambs according to the presence

of proanthocyanidins (PAC) in their dams’ diet.
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Figure 18. Evolution of haem pigments [metmyoglobin (MMb), deoxymyoglobin (DMb),
and oxymyoglobin (MbO3)] of meat of suckling lambs according to the presence of

proanthocyanidins (PAC) in their dams’ diet.

Discussion

The lack of effect of the presence of PAC from sainfoin in the diet of lactating ewes on
the weight gains and carcass characteristics of their suckling lambs in the current study
can be related to the similar milk production and quality of the dams, as previously
shown. Milk yield and composition are the main factors responsible for suckling lamb
growth (Gallardo et al., 2014), the protein intake being the most determinant (Gargouri
etal., 2006). A previous study (Giller et al., 2021) reported a higher ADG in suckling lambs
whose dams’ received polyphenols of grape seed extract, but not when the
supplementation was given directly to fattening lambs. Therefore, it is possible that
polyphenols elicit a more pronounced effect during the suckling period compared to the
post—weaning phase, as shown in lambs supplemented with grape pomace (Kafantaris

et al,, 2018). In a meta—analysis, it was reported that the performance of weaned lambs
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was not modified when the concentrations of PAC in their diet ranged between 16 and

25 g PAC/kg DM (Javier Alvarez-Rodriguez et al., 2020).

The growth of the suckling lambs of this study was comparable to that observed when
dams were fed concentrates indoors, and higher than those obtained with dams fed on
pasture during lactation (Fusaro et al., 2020). Therefore, in this study, a diet based mainly
on fresh sainfoin with only a 10% of supplementation was sufficient to achieve good
performances in rearing a male lamb of this autochthonous breed. This alternative
feeding management could be advisable to allow diversification of the production
system and to increase system resilience in an unfavourable situation from a

meteorological, social, and economic point of view (Ripoll-Bosch, 2013).

The similar plasma urea concentration at slaughter of lambs of both treatments was
unexpected, because dams from the Sainfoin group had lower urea concentrations both
in the plasma and the milk (Baila et al., 2022a). The Sainfoin + PEG suckling lambs
ingested a greater quantity of urea from their dam’s milk, but it was not reflected in their
plasma concentration, which suggests that the protein metabolism could be different
between groups. The plasma creatinine concentration in suckling lambs was similar
between treatments, indicating a similar metabolism of muscle mass (Hegarty et al.,
2006), so that the PAC of dams’ diet had no effect on the use of amino acids of their

lambs by reducing the ruminal degradation of dietary protein (Piluzza et al., 2014).

The antioxidant effect of PAC is well known (Soobrattee et al., 2005; Lopez-Andrés et
al., 2013), and some studies even report the transfer of dietary phenolic compounds
from the milk to the meat of the suckling lamb, where they act as antioxidants (Vieira et
al., 2022). However, in this study it was not observed in dams’ milk, which was reflected
in the similar plasma antioxidant activity of lambs from both treatments. The
metabolism of PAC along the digestive tract is complex (Quijada et al., 2018), and the
fact that the milk ingested by the lambs has already been processed in the mammary
gland complicates the mechanism even further. In addition, (Leparmarai et al., 2019)
suggested that most of the phenolic compounds ingested by sheep were catabolised
before reaching the milk or blood, so that the actual amount received by the lambs

through the milk could be very low.
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The carcass characteristics, dressing percentage and fat cover was similar in the
suckling lambs of both experimental groups. Differences observed in carcass weight,
fatness score and perirenal fat weight are usually related to the quality of feeding sources
(Karnezos and Matches, 1993; Bonanno et al., 2011), dry matter intake (Girard et al., 2016;
Copani et al., 2016; Rivaroli et al., 2019), and/or age and weight at slaughter (Bonanno
et al., 2011), all of which were similar in the present study. On average, the dressing
percentage obtained in the suckling lambs was greater than the observed in fattened
lambs, due to their lower development of the digestive tract of the former (Bonanno et

al., 2011; Girard et al., 2016).

Unexpectedly, the reticulum—rumen and forestomach contents and the empty
digestive compartments were heavier in lambs of the Sainfoin group. The higher weight
of the digestive tract is usually associated with a worst dressing percentage (Diaz et al.,
2002). In this case, the greater weight of the digestive organs of the Sainfoin group lambs
produced a numerically lower dressing percentage, although the differences were not
statistically significant. On the other hand, the digestive content is closely related with
the intake. Since the milk intake of the lambs of both treatments was similar, the cause

of this result remains unclear.

Yellowness and SUM (an estimator of carotenoids) in animal fat and meat are mainly
influenced by the carotenoid pigments coming from feedstuffs (Prache et al., 1990;
Girard et al., 2016). The lack of differences observed in these parameters between
treatments is ascribed to the similar sainfoin intake of their dams, and the consequent
similar intake of secondary compounds. The lower L* value of caudal fat in Sainfoin
lambs disagrees with the results observed by Rivaroli et al. (Rivaroli et al., 2019), who
concluded that the mechanisms of PAC modifying the L* of caudal fat deposits are
unclear. Brainard (2003) developed a method to estimate if instrumental colour
differences (expressed as AE,;,) are perceptible by human vision. In relation to this,
Carrasco et al. (2009) reported that differences of colour (AE;,) of caudal fat lower than
5.2 between carcasses were imperceptible. In the present study, the difference between
both treatments was 2.6; therefore, the practical implications were minimal. Fat L*
values in suckling lambs of Churra Tensina, a similar local breed, ranged between 69 and

72 when their dams received a diet based on fresh forage or hay (Joy et al., 2012). On
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the other hand, the colour parameters were similar to those obtained by Lobén et al.
(2019) in fattened lambs previously raised by dams grazing sainfoin, despite their post—

weaning finishing period and, consequently, heavier slaughter weight (23.4 kg BW).

Regarding the meat quality, the pH value of meat was within the normal range, close
to 5.50 (Fusaro et al., 2020). The presence of PAC in the dams’ diet did not have any
effect on the chemical composition of the meat of their suckling lambs, as Gémez-Cortés
et al. (2018) reported when grape pomace was included as a source of PAC in the diet of
lactating ewes. The content of fat and protein in the meat were similar to those obtained
in suckling lambs of dams fed with pasture (Fusaro et al., 2020) or supplemented with

polyphenols (Giller et al., 2021).

In this study, the content of polyphenol in the meat of suckling lambs reflects the
concentration in the milk of their dams. Proanthocyanidins and polyphenols are
characterised by providing a great antioxidant power (Soobrattee et al., 2005) and
studies show an improvement of antioxidant status which increases the shelf life of lamb
meat (Vasta and Luciano, 2011; Valenti et al., 2019). However, this result was not
reflected on the antioxidant capacity, probably because it was only measured on the first

day post slaughter, when the oxidation process had hardly started.

In relation to haem pigments of LTL, Vieira et al. (2022) observed a reduction of MMb
in the meat of suckling lambs whose dams were fed grape pomace (containing PAC).
However, this reduction was observed from day 10 of meat storage, so the time of the
present study could have been insufficient to show effects. Contrary to the present
results of colour, Vasta et al. (2008) in a review pointed out that the meat of lambs fed
with PAC was lighter than that of their counterparts fed with PEG, concluding that the
mechanisms of action of PAC on meat colour are still unclear. Besides in the
abovementioned review most of studies involved weaned lambs, whereas here we

studied suckling lambs fed exclusively with maternal milk.

Conclusions

The inclusion of PAC from sainfoin in the dams’ diet had no significant effect on the

ADG, plasmatic antioxidant activity, and carcass and meat quality of their suckling lambs.
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Therefore, fresh sainfoin can be fed to ewes during lactation to produce suckling lambs,

achieving good performances and meat quality.
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Abstract

Sainfoin (Onobrychis viciifolia) is considered an excellent forage legume to be
included in sheep diets as fresh forage, but its inclusion in concentrates fed to lambs
reared under intensive systems has been scarcely studied. This study evaluated the
effects of including different levels of dehydrated sainfoin in the concentrates fed to light
lambs during the finishing period on animal performance, carcass traits, and ruminal
fermentation. Twenty—six weaned male Rasa Aragonesa lambs (14.0 + 0.49 kg body
weight) were randomly grouped and individually fed ad libitum with isoproteic and
isoenergetic pelleted concentrates containing 0% sainfoin (OSF; n=9), 20% sainfoin (20SF;
n=9) or 40% sainfoin (40SF; n=8) for 40 days, from weaning to slaughter. The 40SF lambs
had a higher dry matter intake (P < 0.01) and tended to show an improvement of average
daily gain (P < 0.10). The diet did not affect most ruminal fermentation parameters (P >
0.05), except for pH, which was greater in 40SF lambs than in 20SF lambs (P < 0.05), and
the proportion of acetic acid and the acetic/propionic ratio, both of which were higher
in 40SF and 20SF lambs than in OSF lambs (P < 0.01). The diet did not affect carcass
weight, dressing percentage or the colour of rectus abdominis muscle and subcutaneous
caudal fat (P > 0.05). The lack of detrimental effects on lamb performance and carcass
traits suggests that the inclusion of up to 40% sainfoin in the concentrate of light lambs

reared indoors would be advisable to promote the use of local forage resources.

Keywords

Onobrychis viciifolia, sheep, rumen, growth, metabolites, volatile fatty acids.

Introduction

Consumers from some Mediterranean regions, mainly Southern Europe, demand
lamb meat with pale colour and white fat. To offer this type of meat, farmers must
produce lambs under intensive systems, where light lambs (22-28 kg BW) are reared
indoors, without grazing, and fed ad libitum on cereal-based concentrate plus cereal
straw. However, this intensive system is facing some socio—economic challenges which
are pushing towards some changes in production models. Global economic instability is

forcing farmers to advocate for a system of local sourcing that provides greater self-
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sufficiency and less environmental impact, making it a good alternative to the growing
concern about the contribution of livestock farming to climate change (IPCC, 2022).
Besides, there is also an increasing demand for healthier products by consumers, which

is one of the most important current goals in animal production.

The inclusion of locally—produced forages has been widely studied as one of the
strategies to simultaneously achieve greater sustainability and self—sufficiency and
provide added value and higher quality to edible ruminant products (Buccioni et al.,
2015; Huyen et al., 2020; Moorby and Fraser, 2021; Santos-Silva et al., 2023). Local
forage legumes have shown beneficial results for ruminant production systems in terms
of animal performance, product quality, health, and environmental sustainability
(Waghorn et al., 1998; Rochon et al., 2004; Waghorn and Clark, 2006; Aufrere et al.,
2008; Bonanno et al., 2011; Ripoll et al., 2012; Lobén et al., 2016; Johansen et al., 2018).
In this sense, sainfoin (Onobrichis viciifolia) is a rustic forage legume, well adapted to
cold and water scarcity, with high yields and quality in the first spring cut. All these
characteristics along with the need to preserve the excess of production made this crop
an attractive ingredient to be introduced in the concentrate of lambs reared under

intensive systems.

It is known that the inclusion of forages in lamb diets can reduce the carcass fatness,
which could be detrimental to meat quality (Priolo et al., 2002a). In addition, meat and
carcass colour can also be affected at different extent depending on the tissue and the
type of forage (Ponnampalam et al., 2017), which could lead to rejection by consumers.
However, when the forage is preserved, the content of those secondary compounds can
be reduced (Rufino-Moya et al., 2022), decreasing their potential effect on carcass
colour. In view of the above, we hypothesise that the dehydrated sainfoin could be a
good alternative for intensive light lamb production. Therefore, the objective of the
present study was to evaluate the effects of increasing the level of dehydrated sainfoin
inclusion in the pelleted concentrate (0%, 20%, and 40% of sainfoin) of light lambs during
the finishing period on performance, metabolic and antioxidant blood status, ruminal

fermentation, and carcass traits of finishing lambs.
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Material and methods

All the experimental procedures were accomplished according to the international
guidelines of the Directive 2010/63/EU of the European Parliament and of the Council
of 22 September 2010 on the protection of animals used for experimental purposes and
were supervised and approved by the Animal Ethics Committee of the Centro de

Investigacion y Tecnologia Agroalimentaria (CITA) de Aragén (CEEA, 2017-07).

Animal management and experimental design

The study was carried out at the facilities of the CITA in Zaragoza (Spain, 41°3’ N, 0°47’
W; 216 m above sea level). Twenty—six male lambs were selected from the experimental
flock of the Rasa Aragonesa breed, reared with their dams, and managed identically until
weaning. After, the lambs were randomly distributed into three groups balanced for age
(30.0+£1.99d) and body weight (14.0 £ 0.49 kg BW). The lambs were individually housed
indoors with free access to concentrate, water, and mineral blocks. Each group received
a concentrate with different inclusion of sainfoin for 40 days: a commercial cereal-based
concentrate without sainfoin (OSF), concentrate with 20% sainfoin (20SF), and with 40%
sainfoin (40SF). The chemical composition of sainfoin dehydrated pellets included in the

concentrate can be found in Table 15.

Table 15. Chemical composition, proanthocyanidins (PAC) content and their fractions of

the sainfoin pellets.

mean + standard

deviation
Chemical composition
Crude protein, g/kg DM 174+4.3
Ash, g/kg DM 75.2+2.51
Neutral detergent fibre, g/kg DM 263 £20.9
Acid detergent fibre, g/kg DM 129+9.1
Lignin, g/kg DM 17.0+3.25
Net energy, MJ/kg DM 18.1+1.37
Proanthocyanidins (PAC) 2
Total PAC 1.32 £0.527
Extractable PAC 0.41+£0.152
Protein—bound PAC 0.77 £0.529
Fibre—bound PAC 0.15+0.115
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1 g eq. sainfoin PAC/kg DM

Table 16. Ingredients, chemical composition, total carotenoids, polyphenols,
proanthocyanidins (PAC) and their fractions of the diets ?
OSF 20SF 40SF
Dry matter (DM), g/kg 905 904 903
Ingredients, g/kg DM
Barley 310 252 50
Corn 250 189 250
Wheat 50 50 102
Gluten feed 60 60 130
Soybean meal 47% 173 138 159
Bran 25 81 0
Palm oil 10 10 15
Calcium carbonate 15 13 4
Sodium chloride 5 5
Premix vitamin 0.2% 2 2 2
Sainfoin pellet 0 200 400
Straw 100 0 0
Chemical composition 2
Crude protein, g/kg DM 174+4.3 175+6.5 173+5.2
Ether extract, g/kg DM 32.6+3.25 35.7+3.60 38.0+3.44
Ash, g/kg DM 75.2 £2.51 70.5 £ 2.06 78.5+5.48
Starch, g/kg DM 426 +6.9 360 +13.8 296 £9.6
Neutral detergent fibre, g/kg DM 263 +20.9 292+12.1 355+16.4
Acid detergent fibre, g/kg DM 129+9.1 168 +6.5 249 +£10.4
Lignin, g/kg DM 17.0 £3.25 34.2+3.17 59.6 +4.37
Acid insoluble ashes, g/kg DM 0.064 +0.2861 0.040+0.1536 0.063 +0.2067
Gross energy, MJ/kg DM 18.1+1.37 18.4+1.25 18.4+0.94
Carotenoids, mg/kg DM 7.72 £1.044 17.3+1.355 29.9+£3.355
Polyphenols 3 7.85+0.710 12.07 £ 0.586 16.83 + 0.960
Proanthocyanidins (PAC) *
Total PAC 1.32 +0.527 3.04 £0.448 5.23 £ 0.550
Extractable PAC 0.41 +£0.152 0.50+0.169 0.75+0.132
Protein—bound PAC 0.77 £0.529 2.07£0.373 3.67 £ 0.508
Fibre—bound PAC 0.15+0.115 0.47 £0.138 0.80+0.118

1OSF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the fattening concentrate.

2 mean * standard deviation

3 g eq. tannic acid/kg DM
4 g eq. sainfoin PAC/kg DM
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The sainfoin used was cut at flowering stage in the spring, hot air dried, and pelleted.
All the ingredients were mixed with the ground sainfoin pellets and pelleted (3.5—-mm
diameter) to avoid selection and were formulated to be isoenergetic and isoproteic. The
ingredients and the chemical composition of the concentrates are presented in Table

16.

The inclusion of sainfoin in the concentrate reduced the cereal and cereal by—product
contents from 795 g/kg DM in OSF concentrate to 632 g and 532 g/kg DM, in 20SF and
40SF concentrates, respectively. The increased level of sainfoin inclusion was
counterbalanced by decreases in barley contents and increases in wheat and gluten feed
to meet the condition of isoproteic and isoenergetic among the three concentrates.
Consequently, the increase of sainfoin inclusion in the concentrate led to a decrease in
starch content and an increase in fibre and PAC fractions, although the content of the
latter was low.

Concentrates were offered at +15% of the previous day’s refusal to allow ad libitum
feeding. The concentrate offered and refused was recorded daily per lamb to calculate
the individual DMI. Samples were taken daily from each concentrate to obtain a weekly
composite sample for chemical composition. Lambs were weighed once a week at 8:00
am using an electronic scale (0.1 kg precision) and the average daily gain (ADG) was
calculated. Blood samples from jugular vein were obtained fortnightly (weeks 0, 2, 4,
and 6) into heparin tubes (Vaccuette, Madrid, Spain), immediately centrifuged (3000 g
for 15 min at 4 °C) and stored at -20 °C until metabolite analysis. Faecal samples
(approximately 50 g) were collected by rectal stimulation at 09:00 h on the last 3 days
of weeks 2, 4, and 6 to obtain one composite sample per week of collection. Samples
were freeze—dried and stored at -20 °C until digestibility was determined by acid-

insoluble ash (AIA) analysis.

Slaughter procedures

Lambs were slaughtered without prior fasting in the experimental abattoir of the CITA
Research Centre, in accordance with Council Regulation (EC) N2 1099/2009. The ruminal

contents were extracted and filtered through a double cheesecloth before being stored
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in sterile jars. Immediately, the pH of the ruminal liquid was measured using a micropH
2002 pH meter (Crison Instruments S.A., Barcelona, Spain). Samples were collected to
determine ruminal ammonia (NHs-N) and volatile fatty acids (VFA) contents. For NH3-N
analysis, 2.5 mL of rumen liquid was mixed with 0.1 N HCl in a 1/1 ratio (v/v) and stored
at -20 °C, while for VFA analysis, 0.5 mL of liquid was mixed with 0.5 mL of deproteinising
solution and 1 mL of distilled water and stored at -20 °C for subsequent determination.
The rumens were then thoroughly cleaned and the colour was measured on the inner
side (in contact with the ruminal papillae) of the ventral sac using a Minolta CM-2006d

spectrophotometer (Konica Minolta Holdings, Inc., Osaka, Japan).

Carcasses were weighed without head and offal to obtain the hot carcass weight
(HCW) and, after chilling at 4 °C for 24h, the cold carcass weight (CCW) was recorded.
These data were used to calculate the dressing percentage (HCW x 100/slaughter
weight) and the carcass shrinkage [(HCW-CCW) x 100/HCW]. The fatness degree of the
carcasses was then scored following the Community Scale for the Classification of
Carcasses of Ovine Animals (EC, 1249/2008): from 1 (low) to 5 (very high). Carcass colour
was measured at the subcutaneous caudal fat at the tail root and at the rectus abdominis
muscle using a Minolta CM-2006d spectrophotometer (Konica Minolta Holdings, Inc.,
Osaka, Japan). The absolute value of the sum of the translated spectrum (SUM), used as
an estimator of carotenoid content, was calculated following an equation based on
reflectance values, as explained in Prache and Theriez (1999). Finally, the perirenal fat

deposits were extracted and weighed with an electronic scale (0.1 g precision).

Chemical analyses

All analyses of the chemical composition of the concentrates were performed in
triplicate. Dry matter (DM) and ash contents were analysed in oven—dried samples, and
crude protein content was determined by the Dumas Procedure using a nitrogen
analyser (Model NA 2100, CE Instruments, Thermoquest SA, Barcelona, Spain) according
to the AOAC methods (AOAC, 2000). The total starch of the concentrates was measured
using the commercial kit K-TSTA-100A (Neogen Corporation, Lansing, Ml, USA)
following the amyloglucosidase/a—amylase method (AOAC, 2000). Neutral detergent

fibre (NDF), acid detergent fibre (ADF), and lignin contents of concentrates were
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analysed following the sequential procedure of Van Soest et al. (1991) using the Ankom
200/220 fibre analyser (Ankom Technology Corporation, Fairport, NY, USA). The NDF
was assayed with a heat stable amylase. Lignin was analysed in ADF residues by
solubilisation of cellulose with sulfuric acid. All values were corrected for ash—free
content. Ether extract was determined using an Ankom XT10 extractor (Ankom
Technology Corporation, Fairport, NY, USA) following the Ankom procedure (AOCS,
2005. The net energy of the diets was calculated using the values of each ingredient set
by FEDNA (2019) and an estimation for sainfoin pellets based on the calculation of
Mertens (1983). The total carotenoid content of the concentrates was analysed as
described in Blanco et al. (2019). The detailed procedure for the analysis of total
polyphenols and extractable, protein—bound, and fibre-bound PAC of the concentrates

can be found in Baila et al. (2022a).

The estimated organic matter digestibility (OMD) was calculated by the AIA method
based on Shrivastava and Talapatra (1962). Briefly, to determine the AIA content, 2 g
and 8 g of ground and freeze—dried samples of faeces and concentrates, respectively,
were boiled with a mixture of 75 mL of 3N HCl and 25 mL of distilled water. After cooling,
they were filtered and incinerated at 550 °C, and the AIA content of faeces and
concentrates was determined by weighing. The estimated OM digestibility was

calculated using the nutrient to marker ratio in the diet and faeces, as follows:

Estimated digestibility coefficient (%) = 100 - [100 x (AlAdict/AlAfaeces) X
(O Mfaeces/OMdiEY)]

where OMgaeces and OMgier are the OM (%) in faeces and diet, respectively, and AlAsaeces

and AlAgiet are the concentrations (%) of AlA in faeces and diet, respectively.

Plasma concentrations of glucose and urea were analysed by a kinetic method using
an automatic analyser (GernonStar, RAL/TRANSASIA, Dabhel, India), whereas non—
esterified fatty acids (NEFA) concentrations were determined by an enzymatic method
using a commercial kit (Randox Laboratories Ltd., Crumlin Co., Antrim, UK). The
concentration of polyphenols was obtained using a 1:25 (plasma: milli—Q water) dilution

and following the method of Leal et al. (2019). Plasma 2,2—azinobis—(3—
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ethylbensothiazoline)—6—sulfonic acid (ABTS) was studied as indicator of antioxidant
activity, while lipid oxidation was determined through the determination of
malondialdehyde (MDA). The method followed to analyse ABTS was based on Jiménez-
Escrig et al. (2003) and the total MDA was determined as described in Bertolin et al.
(2019).

The ruminal content of NH3—N was analysed using the Berthelot reaction following
the technique of Chaney and Marbach (1962) and ammonia was determined by the
colorimetric method using an Epoch microplate spectrophotometer (BioTek
Instruments, Inc., Winooski, VT, USA), with the measurement set at 625 nm. The
concentrations of VFA were determined using a Bruker Scion 460 gas chromatograph
(Bruker, Billerica, MA, USA) equipped with a CP-8400 autosampler, flame ionisation
detection, and a BR-SWax capillary column (30 m x 0.25 mm ID x 0.25 pm film thickness,
Bruker, Billerica, MA, USA). The technical specifications of the method are described in

Rufino-Moya et al. (2019c).

Statistical analyses

Data were analysed using SAS statistical software (v.9.3, SAS Inst. Inc., Cary, NC, USA).
The lamb was considered as the experimental unit. The DMI, BW, ADG, total estimated
OMD, carcass traits, and rumen fermentation parameters were analysed by a general
linear model (GLM procedure) variance analysis with the diet (OSF, 20SF, and 40SF) as
fixed effect. Plasma parameters were analysed with mixed models (MIXED procedure)
for repeated measures with the diet, week (0, 2, 4, and 6), and their interaction as fixed
effects and the lamb as the random effect. Degrees of freedom were adjusted using the
Kenward—Rodger correction. Data were reported as least squares means and their
associated standard errors of the mean (SEM). Tukey’s correction was used for pairwise
comparisons. Effects were considered significant at P < 0.05 and trends were discussed

when 0.05 £ P<0.10.

Results

Lamb performance and plasma metabolites
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The effect of the diet on performance and estimated OMD is presented in Table 17.
The DMI of the lambs was affected by the effect of the diet (P < 0.001) with higher intake
in lambs fed 40SF than their counterparts. Estimated OMD decreased with increasing
levels of sainfoin in the concentrate (P < 0.001). The diet did not affect ADG (P > 0.05),

despite 40SF lambs had a numerically higher weight at slaughter (P = 0.10).

Table 17. Effect of the diet ! on the performance and the estimated organic matter

digestibility (OMD) of the finishing lambs.

OSF 20SF  40SF SEM? P-value

Dry matter intake, g/d 741  745b 8952 17.8 <0.001
Estimated OMD, % 71.02 62.3° 54.9¢ 5.84 <0.001
Average daily gain, g/d 281 281 333 11.3 0.09
Slaughter age, d 700 708 71.0 1.95 0.54
Slaughter weight, kg 249 239 26.2 0.71 0.10

1OSF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the fattening concentrate.
2 Standard error of the mean
2b< Means within a row with different superscripts differ significantly at P < 0.05.

Plasma concentrations of metabolites, polyphenols, antioxidant activity, and lipid
oxidation are shown in Figure 19. There was an interaction between the diet and the
week on glucose (P < 0.001), NEFA (P < 0.001), and urea (P < 0.05) concentrations.
Plasma glucose concentrations kept steady until week 4, but from this moment to the
slaughter (week 6) it decreased in both diets with sainfoin, with lower glucose in 20SF
compared to values of OSF lambs (P < 0.05). Plasma concentrations of NEFA at the
beginning of the experiment were lower in OSF lambs than their counterparts (P < 0.05)
but were similar among diets thereafter. The NEFA concentrations remained constant
in OSF lambs during the period studied (P > 0.05), whereas in 20SF and 40SF decreased
from week 0 to 2 (P < 0.05), remaining steady the rest of the period. Regarding plasma
urea concentration, all diets showed a decrease from week 0 to week 2 (P > 0.01), and
thereafter 20SF and 40SF lambs remained steady, while OSF lambs increased until the
end of the study. Despite these differences, no significant effect was observed due to

the diet within each week (P > 0.05).

Regarding polyphenols content, antioxidant capacity (ABTS), and lipid oxidation, any

interaction was observed between diet and week (P > 0.05). The plasma polyphenols
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content and the antioxidant activity were affected only by the week (P < 0.001),
increasing as the period studied advanced. Lipid oxidation was affected by the diet (P <
0.05) and the week (P < 0.001). Although no effect was observed due to the diet in the
different weeks studied, the average lipid oxidation was greater in OSF than in 40SF
lambs (P < 0.05) while 20SF lambs presented intermedium values (5.86 + 0.096, 5.54 +
0.102, and 5.46 £ 0.096, for OSF, 20SF, and 40SF, respectively). Plasma lipid oxidation

increased over time (P < 0.001).
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Figure 19. Effect of the diet ! and the week of fattening on the concentrations of glucose,
urea, and non—esterified fatty acid (NEFA), polyphenols, antioxidant activity [ABST: 2,2—
azinobis—(3—ethylbensothiazoline)-6—sulfonic acid], and lipid oxidation, measured as

malondialdehyde (MDA) in the plasma of the lambs.

1OSF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the fattening concentrate.

abe Values with different superscripts differ significantly among weeks at P < 0.05.
*Y Values with different superscripts differ significantly among treatments at P < 0.05.
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Rumen and fermentation parameters

The colour of the rumen and the fermentation parameters at slaughter are shown in

Table 18. The diet only affected the rumen redness (P < 0.01), ruminal pH (P < 0.05),

proportion of acetic acid (P <0.01), and acetic/propionic ratio (P < 0.01). The 40SF lambs

presented higher redness of ruminal epithelium than their counterparts (P < 0.05), and

greater pH values than 20SF lambs (P < 0.05), with intermediate values in OSF lambs (P

> 0.05). The proportion of acetic acid and acetic/propionic ratio were lower in OSF than

in both diets with sainfoin (P < 0.05), regardless of inclusion level. No effect of the diet

was observed on NH3—N, total VFA content, or individual proportions of VFA (P > 0.05).

Table 18. Effect of the diet ! on the colour of the ruminal epithelium, pH, ammonia (NH3—

N), and volatile fatty acids (VFA) of the rumen of the finishing lambs.

OSF  20SF  40SF SEM? P-value
Ruminal epithelium colour
Lightness 48.3 455 45.8 1.72 0.44
Redness 2.50° 2.62° 3.38° 0.186 0.005
Yellowness 6.95 6.69 7.53 0.724 0.71
Hue angle 68.8 67.3 64.9 2.42 0.52
Chroma 7.44  7.22 8.30 0.689 0.51
Ruminal fermentation parameters
pH 5.87% 568> 6.34° 0.164 0.03
NHs—N, mg/I 455 69.1 66.3 16.08 0.53
Total VFA, mM 95.1 964 96.1 13.28 0.99
Individual VFA, % total VFA
Acetic acid 49.2° 60.6° 58.5° 2.24 0.003
Propionic acid 30.5 25.0 26.6 1.78 0.23
Butyric acid 155 10.2 10.9 2.12 0.49
Valeric acid 0.76  2.70 2.73 0.438 0.06
Iso—butyric acid 0.48 0.61 0.62 0.093 0.47
Iso—valeric acid 0.60 0.88 0.69 0.131 0.35
Acetic/propionic ratio 1.66° 2,592 2.237 0.183 0.002

1OSF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the fattening concentrate.

2 Standard error of the mean

2P Means within a row with different superscripts differ significantly among diets at P < 0.05.
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Carcass traits

The diet did not affect any carcass traits and carcass colour (P> 0.05; Table 19), except
for a trend towards a greater deposition of perirenal fat in 40SF than in OSF lambs (P <

0.10).

Table 19. Effect of the diet  on the carcass traits and colour of the finishing lambs.

OSF 20SF  40SF SEM? P-value

Carcass traits

HCW 3, kg 12.3 12.0 13.3 0.46 0.16
CCW 4, kg 12.0 11.6 12.9 0.44 0.13
Dressing percentage >, % 494 50.1 50.5 0.75 0.61
Carcass shrinkage 6, % 2.64 3.19 2.60 0.257 0.23
Fatness score’ 211 229 222 0.092 0.39
Perirenal fat weight, g 91 115 139 15.0 0.09
Rectus abdominis muscle
Lightness 504 504 50.0 0.68 0.87
Redness 9.81 9.54 9.85 0.478 0.88
Yellowness 11.3 11.7 11.2 0.40 0.62
Hue angle 49.0 50.8 486 1.84 0.69
Chroma 15.0 15.2 15.1 0.40 0.91
Metmyoglobin (MMb) 154 17.1 16.3 0.62 0.19
Oxymyoglobin (OMb) 124 11.8 9.6 3.02 0.79
Deoxymyoglobin (DMb) 722 711 75.1 2.91 0.60
Subcutaneous caudal fat
Lightness 69.1 694 681 0.77 0.47
Redness 3.15 3.27 3.15 0.285 0.95
Yellowness 10.4 10.6 11.6 0.54 0.24
Hue angle 731 75.0 74.8 1.42 0.56
Chroma 10.9 11.1 12.1 0.57 0.29
SUM 8 819 974 109.7 9.32 0.12

1 0SF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the fattening concentrate.
2 Standard error of the mean

3 HCW: Hot carcass weight

# CCW: Cold carcass weight

> HCW X 100/Slaughter weight

® (HCW — CCW) X100/HCW

7Scale 1 (low) to 5 (high)

8 Estimator of carotenoids as calculated in Prache and Theriez (1999).
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Discussion

Lamb performance and plasma metabolites

The ADG of lambs was greater than 280 g in all diets, which is in concordance with
the expected growth for this breed. Therefore, the lambs performed satisfactorily
regardless of the diet. The greater DMI recorded in the 40SF lambs was not reflected in
a statistically significant greater ADG, which can be related to the concomitant decrease
of the OMD as inclusion of sainfoin increased. Increasing the proportion of forage in the
diet caused a linear decrease in OMD due to the higher fibre content (Fimbres et al.,
2002). Thus, the effect of the incorporation of forage in the concentrate produces similar
effects on OMD. Besides, the presence of PAC in the diet has been linked to a decrease
of diet digestibility (Priolo et al., 2002b; Waghorn, 2008). In the present study, PAC
content were low in all diets, despite differences among them, compared with the
content of PAC in fresh sainfoin (Baila et al. 2022a; Rufino-Moya et al., 2022). However,
it must be highlighted that the minimum threshold of PAC concentration necessary to
cause changes in the organism is not well defined and must be deeply studied. The 40SF
lambs presented greater DMI and higher PAC content in the diet but lower OMD,
together contributing to the differences in ADG being only a statistical trend. Related to
this, Dey et al. (2008) and Bonanno et al. (2011) recorded higher intake and an
improvement in the lambs’ growth when lambs were fed diets including moderate to
low concentrations of PAC (15 g/kg DM and 20 g/kg DM, respectively). However, the
intake of PAC by 20SF lambs does not appear to have been sufficient to influence DMI
or ADG.

Differences among treatments were found in plasma NEFA concentrations at the
beginning of the study. NEFA act as an alternative pathway to glucose to provide energy
when blood glucose decreases (Leroy et al., 2008), but also can be raised under
adrenaline releasing in response to stress (Stewart et al., 2007). Lambs belonging to OSF
diet were the first bled and the elapsed time may be too short to cause an increase of

NEFA as an answer to stress. In contrast 20SF and 40SF lambs were bled later, spending
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longer time under stress condition, which could cause the differences in NEFA
concentration between OSF and the rest of diets.

The diet did not have effect on glucose concentration during the study except at
slaughter moment. At this sampling there were differences between the OSF and 20SF
diets, with intermedium values 40SF. According to Ramos et al. (1994), both diets with
sainfoin showed lower values outside the range considered normal for Rasa Aragonesa
lambs (87-122 mg/dl). The effect found between OSF and 20SF lambs could be partially
related to the content of starch of diet and to the stress suffered at slaughter time.
Glucose is also an indicator of the liver's response to adrenaline during stress (Martin et
al., 2011). The OSF diet was a concentrate richer in starch whereas 20SF and 40SF had
greater NDF content. The starch is efficiently and rapidly transformed into glucose, but
fibre is associated with great glycemic control and even a decrease in blood glucose
(Farrer et al. 1995), since the main end products of cellulose fermentation are short-
chain fatty acids instead of glucose (Kaneko et al., 2008). The diet did not affect plasma
urea concentrations, which is related to compliance with the condition of isoproteic
diets. Areduction in plasma urea has been reported in fresh sainfoin-fed ewes compared
to those receiving sainfoin + PEG (a blocker of PAC), suggesting a reduced protein
degradation due to the effect of PAC (Baila et al., 2022a). The lack of effect in the current
study, indicates that the PAC intake from sainfoin included in the concentrate was not

enough to produce an effect on the protein metabolism.

In the same line, plasma polyphenol concentration and antioxidant activity
parameters were similar among diets, contrary to that expected as sainfoin is known for
its content of antioxidant compounds, including polyphenols, which should improve the
antioxidant activity in lambs (Leal et al., 2019). This find could be explained by the low
content of antioxidant compounds in the pelleted sainfoin in this study, caused by its
deterioration at high temperatures (Maillard and Berset, 1995) during the dehydration

and pelleting processes.

Rumen and fermentation parameters

Previous research with Rasa Aragonesa lambs indicated that those grazing alfalfa had

light brown rumen epithelium while concentrate—fed lambs had dark and grey
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epithelium (Alvarez-Rodriguez et al., 2012). Although the decrease in pH has been
associated with darker rumen colour (Alvarez-Rodriguez et al., 2012; Blanco et al., 2015),
in the present study only a higher redness value was observed in 40SF compared to 20SF
and OSF, suggesting that differences in the proportion of fibre or secondary compounds
among concentrates may have been sufficient to cause this effect, but not the rest of
colour parameters. In that sense, Blanco et al. (2015) observed higher redness value in
rumen epithelium of lambs fed alfalfa hay, compared to lambs concentrate—fed with
barley straw up to 25%. This suggests that the effect on rumen redness may be due to
the deposition of some forage compounds (such as carotenoids) in the rumen wall,

which were more abundant in the 40SF concentrate in the current experiment.

The values observed in ruminal pH agree with those recorded by Alvarez-Rodriguez
et al. (2010), ranging from 5.5 in lambs fed concentrate (close to those obtained in OSF
and 20SF lambs) to 6.5 in lambs grazing alfalfa plus concentrate (similar to the pH of
40SF lambs). Higher values of pH improve the growth conditions for cellulolytic bacteria
that need a ruminal pH range of 6.2—7.2 (Van Soest, 1994). The increase in ruminal pH,
in turn, is related to the fibre content which is in line with the pH value of 40SF lambs,

however, this result was not reflected in 20SF lambs.

In ruminants, VFA are the main source of energy, and ammonia reflects protein intake
(Hatfield et al., 1998). In the present study no effect was observed in the total VFA and
NH3—N contents, reflecting similar energy and protein utilization, which is consistent
with the results observed for plasma metabolites. In turn, the diet affected the
proportion of acetic acid, which was increased when sainfoin was included in the
concentrate, consequently increasing the acetic/propionic ratio. This can be explained
by the greater NDF and lower starch content in the 40SF and 20SF diets due to sainfoin
inclusion, which favour the development of cellulolytic bacteria, responsible for the
acetic acid production. The lack of effect of the diet on the ruminal NH3—N content
reflected the similar CP content of all diets, rather to the presence of sainfoin. Moreover,
although the presence of PAC can reduce ruminal ammonia concentrations by
decreasing protein degradability (Frutos et al., 2004), the content of PAC in sainfoin
concentrates was not sufficient to modify ammonia concentrations, as confirmed by the

similar plasma urea concentrations observed among diets. A reduction in ruminal
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ammonia was observed in animals fed diets containing 20% pelleted sainfoin with 223 g
of PAC/kg DM (Grosse Brinkhaus et al., 2016), which implies a dietary PAC concentration

almost 10 and 7 times higher than those of the 20SF and 40SF diets, respectively.

Slaughter and carcass traits

Forage diets are related to greater digestive development than high—concentrate
diets (Borton et al., 2005; Joy et al., 2008), therefore a decrease in dressing percentage
would have been expected due to the sainfoin inclusion in the diet, however the size of
the fibre was too small to be considered “physically effective” (Banakar et al., 2018) and

no effect was observed.

Carcass characteristics were similar among the diets, with no differences in carcass
fatness degree, which is one of the major concerns of consumers (Bernués et al., 2012).
Carcass colour, measured in the rectus abdominis muscle and in the subcutaneous
caudal fat, either was not affected by the diet. Grazing systems leads to increase redness
and chroma in rectus abdominis colour (Carrasco et al., 2009; Ripoll et al., 2012) and
yellowness values in subcutaneous caudal fat (Joy et al., 2008; Ripoll et al., 2008)
compared to lambs concentrate—fed. These colour changes are related to the deposition
of carotenoids present in fresh forages but, when forages are preserved, the carotenoid
content decreases (Rufino-Moya et al.,, 2022). In the present study, sainfoin was
dehydrated and, despite the differences in carotenoid concentration among the diets,
their presence was insufficient to induce significant changes on fat colour. Besides, the
colour can also be affected by the presence of PAC in the diet, liked to a delay in
metmyoglobin formation leading to a lighter meat with an increase in colour stability
(Priolo et al., 2005; Luciano et al., 2011; Lobdn et al., 2017b). Nevertheless, herein, no
effect on haem pigments formation in rectus abdominis was observed among diets. It is
important to highlight that meat and fat colour are one of the major characteristics that
determine the purchase and, so, the lack of differences in these parameters in the
present study confirms that the effect of the inclusion of sainfoin in the concentrate

made it possible to produce homogeneous carcasses, as demanded by consumers.
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Conclusions

Performance of finishing lambs fed 20% or 40% sainfoin included in pelleted
concentrates was comparable to that of commercial concentrates without affecting
carcass characteristics. Therefore, the inclusion of up to 40% sainfoin in the concentrate
of light lambs can be used without affecting their performance, ruminal fermentation,
and carcass characteristics. However, to better understand the implications of the
present study, it would be advisable to carry out a test under commercial conditions and

to evaluate the effects of the diets on meat quality.
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Abstract

The effects of the level of inclusion of sainfoin (Onobrychis viciifolia) in the finishing
concentrate for light lambs on the fatty acid (FA) composition of the ruminal digesta,
plasma, and meat were evaluated. Twenty-six weaned male lambs were divided into
three groups and fed individually ad libitum during 40 days with one of three
concentrates differing in the level of sainfoin inclusion: 0% (0SF), 20% (20SF), and 40%
(40SF). The rumen digesta showed an increase in C18:3 n-3 concentration and a
decrease in C18:1 t10 concentration when sainfoin was included in the concentrate
regardless the level of inclusion. However, the highest C18:1 t11 and the lowest C18:2
n-6 proportions were only obtained in the 40SF rumen, showing a stronger t11
biohydrogenation pathway. In plasma, most effects were associated with changes in
levels of polyunsaturated FA (PUFA) n-3. The meat FA profile of 40SF lambs presented
higher percentages of PUFA n-3 and CLA c9,t11 and a lower PUFA n-6/PUFA n-3 ratio
compared with that in meat from OSF or 20SF diets because of the potentiation of the
ruminal t11 pathway. Inclusions of 20% and 40% sainfoin both showed beneficial effects
on meat quality compared with that of the commercial concentrate without sainfoin;

furthermore, these effects were most marked in the 40% sainfoin diet.

Keywords

Onobrychis viciifolia, rumen biohydrogenation, lipid metabolism, meat quality, local

forage legume

Introduction

Current guidelines advise monitoring the intake of ruminant meat because of the high
concentrations of saturated fatty acids (SFA) (Willett et al., 2019) although this has a
healthier n-6/n-3 FA ratio than that of pork or chicken (Woods and Fearon, 2009). The
high concentration of SFA in ruminant edible products is related to the ruminal
biohydrogenation (BH), a complex process comprising multiple pathways that
sequentially isomerize and hydrogenate the dietary unsaturated FAs, producing a more
SFA profile (Jenkins et al., 2008; Vasta and Bessa, 2012). Although this goes against the

current consumer desire to have healthy animal products in their diets (Parodi, 2016),
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this microbial process also produces beneficial bioactive FAs such as C18:1t11 and C18:2
c9,t11 that are mostly related to ruminant products consumption (Vahmani et al., 2020;
Alvarez-Rodriguez et al., 2022). Hence, a deep understanding of the ruminal BH is
needed to know and anticipate how thus can affect the metabolic availability of FA and

their deposition in tissues and milk (Shingfield et al., 2013).

Light lamb production systems in several Mediterranean countries, such as Spain and
Portugal, are based on indoors concentrate-fed from weaning (12-14 kg BW) to
slaughter (22—-28 kg BW and 70-90 days old). The inclusion of locally produced forages
has been commonly studied as a strategy to simultaneously achieve greater
sustainability and self-sufficiency in intensive systems and improve animal welfare and
the meat FA profile (Moorby and Fraser, 2021; Santos-Silva et al., 2023). Forages are rich
in C18:3 n-3 and promote the BH pathway to produce C18:1 t11 instead of the formation

of C18:1 t10 isomer, which is associated with concentrate-rich diets (Griinari et al.,

1998), producing more beneficial meat for consumers.

Sainfoin (Onobrychis viciifolia) is a Mediterranean forage legume with a high crude
protein concentration and with a medium content of proanthocyanidins (PAC) (Rufino-
Moya et al., 2022), also known as condensed tannins. Sainfoin is commonly preserved
because its production is mainly obtained in the first spring cut. Thus, in this type of
production system, it would be interesting to preserve sainfoin as pellets for inclusion
in concentrates. In addition to the changes in ruminal BH caused by the inclusion of a
forage in the concentrate, the presence of PAC can have a modulating effect on the
specific BH pathways or on the rumen microbial population. This can produce changes
in the concentration of polyunsaturated FA (PUFA) and FA intermediates (C18:3, C18:2,
and C18:1 isomers) in the rumen (Frutos et al., 2020), which are potentially deposited

on to ruminant products, such as meat (Lobdn et al., 2017a).

We hypothesised that including dehydrated sainfoin forage into finishing diets for
light lambs would promote the rumen BH pathways producing C18:1 t11 and C18:2
¢9,t11 and thereby improve the FA profile of lamb meat. The study sought to evaluate
the effects of the inclusion of sainfoin in two different rates in the finishing pelleted

concentrate for lambs on the ruminal BH and on blood and meat FA profiles. Results
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from the present experiment will provide a better understanding of the changes

occurring in lipid metabolism from the diet to the meat FA profile.

Materials and methods

All the experimental procedures performed in this trial were approved by the Animal
Ethics Committee of the CITA Research Centre (CEEA, 2017-07), in compliance with the
guidelines of the Directive 2010/63/EU of the European Parliament and of the Council

of 22 September on the protection of animals used for experimental purposes.

Animal management and experimental design

The study was conducted during autumn 2020 at the CITA facilities (41°3’ N, 0°47’ W
and 216 m above sea level) in Zaragoza, Spain. After weaning, 26 male Rasa Aragonesa
lambs were randomly separated into three homogeneous groups considering their
weaning age (30 £ 2.0 d) and weight (14.0 + 0.49 kg). Lambs were individually penned
indoors for 40 days until slaughter. Each group received a pelleted concentrate with a
different level of sainfoin inclusion: a cereal-based concentrate without sainfoin (OSF), a
concentrate with 20% of sainfoin (20SF), and a concentrate with 40% of sainfoin (40SF).
Lambs had free access to the concentrates, water, and minerals. The sainfoin used in
the 20SF and 40SF concentrates was cut at the flowering stage in spring 2019,
dehydrated, and kept pelleted until early autumn, when the sainfoin pellets were
ground and introduced into the concentrates (3.5-mm diameter pellets). The pelleted
concentrates were formulated to be isoenergetic and isoproteic. The ingredients and

chemical composition are detailed in Table 20.
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Table 20. Ingredients and chemical and fatty acid (FA) composition (mean # standard
deviation) of the experimental diets.

Diets !
OSF 20SF 40SF
Ingredients, g/kg DM
Barley 310 252 50
Corn 250 189 250
Wheat 50 50 102
Gluten feed 60 60 130
Soybean meal 47% 173 138 159
Bran 25 81 0
Palm oil 10 10 15
Calcium carbonate 15 13 4
Sodium chloride 5 5 5
Premix vitamin 0.2% 2 2 2
Sainfoin pellet 0 200 400
Straw 100 0 0
Chemical composition, g/kg DM
Dry matter (DM), g/kg as fed 905+2.5 904 +4.5 903 +4.2
Crude protein 174 +£4.3 175+6.5 173+5.2
Ether extract 32.6+£3.25 35.7+£3.60 38.0£3.44
Ash 75.2+2.51 70.5+2.06 78.5+5.48
Starch 426 +6.9 360 £ 13.8 296 £ 9.6
NDF 263 £20.9 292 +12.1 355+16.4
ADF 129+9.1 168 £ 6.5 249 +10.4
ADL 17.0+3.25 34.2+3.17 59.6 £ 4.37
Gross energy, MJ/kg DM 18.1+1.37 18.4+1.25 18.4+0.94
Proanthocyanidins (PAC) 2
Total 1.32+0.527 3.04+0.448 5.23+0.550
Extractable 0.41+0.152 0.50+0.169 0.75+0.132
Protein bound 0.77+0.529 2.07+0.373 3.67+0.508
Fibre bound 0.15+0.115 0.47+0.138 0.80+0.118
Delphinidin/cyanidin ratio 51:49+1.56 68:32+0.65 71:29+1.06
Total FA, mg/g DM 446+1.13 459%1.39 46.3+£1.97
Individual FA, g /100 g total FA
C12:0 0.08+0.017 0.07+0.011 0.11+0.027
C14:0 0.50+0.022 0.51+0.014 0.61+0.022
C15:0 0.06 £0.011 0.08+0.009 0.07 £0.008
C16:0 27.6+0.23 28.0+0.18 30.0+£0.30
C16:1¢9 0.20+£0.069 0.22+0.055 0.27+0.061
C18:0 7.34+0.286 6.98+0.270 7.42+0.339
C18:1¢9 24.6+0.27 24.1+0.32 26.8 £ 0.89
C18:1c11 0.28+0.205 0.26+0.176 0.28 +0.141
C18:2 n-6 36.8+0.25 35.0%+0.32 27.8+0.58
C18:3n-3 2.49+0.137 4.77+0.193 6.71+0.444
SFA3 356+0.41 35.6+0.39 38.2+0.53
MUFA 4 25.1+0.18 24.6+0.24 27.3+0.82
PUFA°> 39.3+0.35 39.8+0.29 34.5+0.57

LOSF, 0% of sainfoin; 20SF, 20% of sainfoin; 40SF, 40% of sainfoin in the finishing concentrate.
2g eq. of sainfoin PAC/kg DM. 3Saturated FA. * Monounsaturated FA. ° Polyunsaturated FA
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Sampling procedures and slaughter

Composite samples of the concentrates were obtained weekly per animal to
determine the chemical and FA composition. At day 40, without prior fasting, the lambs
were slaughtered in the CITA experimental slaughterhouse adjacent to the lamb housing
facilities. Lambs were stunned by a captive bolt pistol and exsanguinated, using standard
commercial procedures and according to Council Regulation (EC) N2 1099/2009. Blood
samples were collected from the jugular vein of lambs into tubes containing heparin
(Vaccuette, Spain), immediately centrifuged (3000 g for 15 min at 4 °C) and stored at
-20 °C. Ruminal digesta was extracted (nonfiltered), kept in flasks, freeze—dried, and
preserved at —20 °C. The longissimus thoracis et lumborum muscles corresponding to
the right side of the carcass, after 24h post-mortem at 4 °C, were excised and sliced
between the 4™ and 6™ lumbar vertebrae to study the intramuscular fat (IMF),
cholesterol concentrations, and the FA profile of meat. All samples were freeze—dried

(Lyobeta 25, Azbil Telstar, Japan) and kept at —20 °C.

Chemical analyses

All analyses of the chemical composition of the concentrates were run in duplicate.
The techniques used for the chemical analyses of the concentrates are detailed in Baila
et al. (2022a). The total starch of the concentrates was measured with the commercial
kit K-TSTA-100A (Neogen Corporation, Lansing, MI, USA) following the

amyloglucosidase/a-amylase method.

The dry matter (DM) and IMF of meat was measured by using NIRs (FoodScanTM?2,
Foss Analytics, Hilleroed, Denmark), and the amount of cholesterol in the meat was
determined following the method of Bertolin et al. (2019) using an Acquity UPLC H-Class
liqguid chromatograph (Waters, Mildford, KA, USA) with a silica-based bonded phase
column (Acquity UPLC HSS T3, 150 mm x 2.1 mm x 1.8 um, Waters, Mildford, KA, USA),
an absorbance detector (Acquity UPLC Photodiode Array PDA el Detector, Waters), and
a fluorescence detector (2475 Multi A Fluorescence Detector, Waters, Mildford, KA,
USA) and controlled with a Empower 3 software (Waters, Mildford, KA, USA). Evaluation
of the FA profile of concentrates, plasma, and meat samples was performed at CITA
(Spain). The FA profile of the concentrates was analysed using 500 mg of lyophilised
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samples following the method described by Rufino-Moya et al. (2022). For plasma and
meat FA profiles, 2 ml and 500 mg of lyophilised samples, respectively, were extracted
according to Lee et al. (2012). Afterwards, all the samples were methylated as FA methyl
esters using 4 ml of 0.5 M CH30ONa/CH30H solution followed by 4 ml of acetyl
chloride/CH30H (1/10, v/v) and extracted in 3 ml of heptane. After, the FA
concentration was determined in a Bruker Scion 436-GC gas chromatograph (Bruker,
Billerica, MA, USA) gas chromatograph with a flame ionisation detector equipped with
a CP-8400 autosampler and a SP-2560 capillary column (100 m x 0.25 mm ID x 0.20 um
for concentrate samples and 200 m x 0.25 mm ID x 0.20 um for plasma and meat
samples; Sigma Aldrich, Saint Louis, MO, USA). The technical conditions of the
chromatographic conditions followed for the FA analyses of the concentrates can be
found in detail in Rufino-Moya et al. (2022). For plasma and meat, the oven temperature
was 70 °C for 1 min followed by 5 °C/min for 2 min to 225 °C maintained for 17 min with
a total time of 80 min. The injector and detector temperatures were maintained at 260
°C and 250 °C, respectively. Identification of the FAs of concentrates, plasma, and meat
were performed with standard FA mixtures GLC-532, GLC-401, GLC-643, and GLC-642
(Nu-Chek Prep, Inc., Elysian, MN, USA) and compared with the retention times described
in literature (Kramer et al., 1997; Alves and Bessa, 2009; Bravo-Lamas et al., 2016). The
guantification was performed as described in ISO 12966-4:2015 and expressed as g of
FA per 100 g of total FA. Total FA concentration was expressed as mg of FA per g of
sample using C19:0 (methyl nonadecanoate N-19-M from Nu-Chek Prep, Inc., Elysian,
MN, USA) as the internal standard for concentrates and plasma and C23:0 (methyl

tricosanoate N-23-M from Nu-Chek Prep, Inc., Elysian, MN, USA) for meat samples.

The analyses involving the FA determination of ruminal digesta were performed at
the Laboratory of Animal Production and Nutrition of the Faculty of Veterinary
Medicine, University of Lisbon (Portugal) as described in Alves et al. (2017). Briefly,
freeze-dried rumen concentrations (250 mg) were directly transesterified according to
the method described in Alves et al. (2013). The methyl nonadecanoate (C19:0) (internal
standard) was used for quantification by gas chromatography with flame ionisation
detection (GC-FID) using a Shimadzu GC 2010-Plus (Shimadzu, Kyoto, Japan) equipped
with a SP-2560 (100 m x 0.25 mm x 0.20 um film thickness, Supelco, Bellefonte, PA, USA)
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capillary column with the chromatographic conditions described in Alves et al. (2018).
The FA determinations were performed by comparison with ruminal chromatograms of
Alves et al. (2013) and Alves and Bessa (2014). Calculations estimating the
biohydrogenation extent of C18 dietary FAs in rumen provide an estimation of the
degree of ruminal BH to which the main C18 dietary FAs have been subjected, whereas
the completeness (%) in the rumen reflects an estimation of the BH extent that has
occurred, considering the maximum BH that could be achieved if the entire dietary FAs
were completely biohydrogenated (Alves et al., 2017). The sums, ratios, and enzymes

activity relatives to the FA profiles are detailed in Baila et al. (2023).

Statistical analyses

Data were analysed with SAS statistical software (v.9.3; SAS Inst. Inc., Cary, NC, USA),
considering the animal as the experimental unit. The FA profiles of ruminal digesta,
plasma, and meat were analysed using analysis of variance with a mixed model (MIXED
procedure) and the diet (OSF, 20SF, and 40SF) as a fixed effect. When significant, the
group statement was included in the model to adjust the variance heterogeneity. The
degrees of freedom were adjusted with the Kenward—Roger correction. The least square
means and their associated standard errors were obtained, and Tukey’s correction was

used for pairwise comparisons. The effects were considered significant at P < 0.05.

Results
FA composition of ruminal digesta

The main differences in the FA profile and the BH extent and completeness of the
ruminal concentration due to the diets are shown in Table 21. The diet did not affect the
total FA content of ruminal digesta (P > 0.05). The total SFA percentage was similar
among diets (P > 0.05) but diet had effect on C16:0, C20:0, C22:0, C24:0, and C28:0 (P <
0.001), with higher percentages in 40SF lambs than that in their counterparts, except for
C20:0, which increased with the level of sainfoin inclusion. The percentage of total
branched-chain FA (BCFA) in rumen was affected by the diet (P < 0.01), being greater in

OSF than that in 20SF lambs. The total percentage of iso-BCFA did not differ among the
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diets (P > 0.05) whereas the percentage of total anteiso-BCFA was higher in OSF than
that in 20SF and 40SF (P < 0.05).

Although the total ruminal percentage of monounsaturated FA (MUFA) was similar
among diets (P > 0.05), OSF lambs had lower percentages of total cis-MUFA, C18:1 c9,
C18:1c16,and C18:1t11 than those in 40SF lambs and greater percentages of C18:1t10
and C18:1 t12 than those in either 20SF or 40SF lambs (P < 0.05). Concerning the
percentage of total trans-MUFA in the rumen, the 20SF diet reduced their values when

compared with that obtained with the OSF diet (P < 0.05).

The diet changed the percentages of total PUFA, C18:2 n-6, and CLA t10,c12 (P <
0.01), showing the rumen of 40SF lambs lower values than those of their counterparts.
The percentages of C18:3 n-3 and C18:3 ¢9,t11,c15 were lower in the rumen of OSF
lambs than those of their counterparts (P < 0.05), which presented similar percentages
(P > 0.05). The ruminal C18:2 t11,c15/t10,c15 percentage was lower in OSF compared
with those in 40SF (P < 0.05), whereas 20SF lambs presented intermediate values (P >
0.05). The effect of the diet was also significant for the percentage of C18:0 oxo-12/13

(P <0.01), with lower values detected in 20SF lambs than that in their counterparts.

The C18:1 t10/C18:1 t11 ratio was affected by the diet (P < 0.001), decreasing as the
level of sainfoin increased in the diet but the biohydrogenation intermediates (BI)
remained unaffected (P > 0.05). Consequently, the proportion of Bl caused by the
presence of C18:1 t10 also decreased with the presence of sainfoin (P < 0.001). The diet
did not affect the extent of BH (completeness) (P > 0.05) but did affect the BH
percentage of C18:3 n-3, which increased with the level of inclusion of sainfoin (P <

0.001).
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Table 21. Effect of the diet on fatty acid (FA) profile (% of total FA identified) and C18

rumen biohydrogenation extent and completeness (%) of the ruminal digesta of lambs.

181

Diets ?
P-value
OSF 20SF 40SF
Total FA, mg FA/g DM 435+1.24 47.3+1.31 436+1.24 0.08
Individual FA
SFA? 40.7 £2.97 48.1+3.15 459 +2.97 0.23
C12:0 0.12 +0.016 0.12+0.016 0.15 +0.016 0.38
C13:0 0.05+0.011 0.06 +0.012 0.04 +0.011 0.55
C14:0 0.68 +0.055 0.62 +0.058 0.69 +0.055 0.62
C15:0 0.36 +0.034 0.29 +0.037 0.37+0.034 0.25
C16:0 24.9°+0.34 24.5°+0.36 29.37 £+ 0.34 <0.001
C17:0 0.27 +0.017 0.27 +0.019 0.27 £0.017 0.99
C18:0 13.3 £3.06 21.1+3.24 13.7 £ 3.06 0.17
C20:0 0.35°+0.013  0.41°+0.014  0.46*+0.013 <0.001
C21:0 0.02 +0.008 0.02 +0.008 0.01 +0.008 0.67
C22:0 0.24*+0.007 0.26°+0.007  0.30® +0.007 <0.001
C23:0 0.14 +0.030 0.10 + 0.009 0.08 +0.019 0.26
C24:0 0.25°+0.022  0.29°+0.017  0.36° + 0.008 <0.001
C26:0 0.09+0.005 0.11 + 0.009 0.13 +0.016 0.14
C28:0 0.01°+0.010  0.04°+0.010  0.12% +0.010 <0.001
BCFA 3 1.84°+0.137  1.22°+0.145 1.36® +0.137 0.01
iso-BCFA 0.57 +0.080 0.44 +0.085 0.54 +0.080 0.52
is0-C13:0 0.007° +0.0062 0.004° +0.0065 0.031° + 0.0062 0.009
iso-C14:0 0.13+0.014 0.09 +0.015 0.10 +0.014 0.21
is0-C15:0 0.20 +0.046 0.13+0.017 0.20 +0.034 0.12
is0-C16:0 0.19 +0.047 0.20 +0.050 0.15 +0.047 0.77
iso-C17:0 0.04 +0.011 0.03 +0.011 0.05+0.011 0.39
anteiso-BCFA 1.27°+0.073  0.78°+0.077  0.82°+0.073 <0.001
anteiso-C15:0 1.02°+0.065 0.64°+0.068  0.73°+0.065 <0.01
anteiso-C17:0 0.24°+0.034 0.15*+0.036  0.09° +0.034 0.02
MUFA 4 35.7£2.19 29.1+2.33 33.9+2.19 0.13
cis-MUFA 13.9°+0.82 14.8% +0.87 17.4°+0.82 0.02
C16:1c7/t3° 0.11*+0.026  0.07?*+0.023  0.04 +0.010 0.02
C16:1¢c9 0.12+0.013 0.11+0.014 0.10 +0.013 0.45
C18:1¢9° 12.6°+0.83 13.2% +0.88 15.8°+0.83 0.03
C18:1c11 0.90 +0.062 0.83 +0.065 0.92 +0.062 0.54
C18:1c12 0.02 +0.014 0.00 +0.015 0.02 +0.014 0.57
C18:1t16/c14” 0.03*+0.014  0.12°+0.028  0.22° +0.061 0.002
C18:1c15 0.13°+0.054  0.45°+0.117  0.24°+0.032 0.047
C18:1cl6 0.01°+0.002  0.02** +0.009  0.04° + 0.009 <0.001
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Table 21. (Continued)

Diets !
P-value
OSF 20SF 40SF
trans-MUFA 21.9°+1.8 14.5° +1.91 16.7* + 1.8 0.03
C18:1t6/t7/t8 8 0.80+0.259 1.43+£0.124 1.20£0.117 0.09
C18:1t9 0.41+0.155 0.80 + 0.081 0.62 + 0.056 0.08
C18:1t10 19.5"+1.88 10.3° +2.00 9.24° +1.883 0.01
C18:1t11 0.47°+0.108 1.14°+0.345  4.70% +0.6080 <0.001
C18:1t12 0.68°+0.066  0.39°+0.070  0.41° +0.066 0.008
C18:1t15 0.09° +0.051 0.30° £ 0.054 0.322 £ 0.051 0.008
PUFA® 17.37+1.03 16.9°+1.09 12.8°+1.03 0.009
C18:2 n-6 15.6* £ 0.87 14.37+0.93 9.97°+0.874 <0.001
C18:219,c12 0.02 £ 0.010 0.06 £ 0.022 0.11 £ 0.037 0.05
C18:2t11,c15/t10,c15 ° 0.35°+0.035 0.59*+0.146  0.69% +0.129 0.03
C18:3 n-3 1.25° +0.105 1.767+0.112 1.78% + 0.105 0.002
C18:3 ¢9,t11,c15 0.01° + 0.005 0.117 £ 0.005 0.16% £ 0.020 <0.001
CLA Y 0.10 £ 0.017 0.12£0.018 0.08 £0.017 0.30
CLA c9,t11 0.07 £0.015 0.07 £ 0.016 0.07 £0.015 0.99
CLA t10,c12 0.03% £ 0.007 0.04° £ 0.08 0.00° + 0.007 0.002
CLAt11,c13 0.00 £ 0.004 0.01 £ 0.005 0.01 £ 0.005 0.20
oxo-FA 2.41 +0.283 1.97 £0.196 3.61 +0.649 0.05
C18:0 oxo-12/-13 2 1.41°£0.142 0.94°+0.117 2.07*+£0.416 0.009
C18:0 oxo-10 1.00£0.219 1.03+£0.232 1.54 +£0.219 0.17
C18:1t10/C18:1t11 54.5° + 18.83 13.2° +2.80 1.98°+0.279 <0.001
BI 13 249 +2.10 17.7£2.23 21.6+£2.10 0.089
C18:1t10 (% BI) 75.7 £ 4.15 55.8°+4.15 40.2°+£4.15 <0.001
Biohydrogenation extent, %
C18:1¢9 46.5 £ 3.50 43.6+3.71 36.0+£3.50 0.12
C18:2n-6 55.8+2.64 57.9+2.80 61.3+2.64 0.35
C18:3 n-3 47.6°+2.36 61.9°+2.50 71.4°+2.36 <0.001
Completeness, % 34.2 £6.55 51.9+6.95 37.2+£6.55 0.17

10SF, 0% of sainfoin; 20SF, 20% of sainfoin; 40SF, 40% of sainfoin in the finishing concentrate.

2 Saturated FA. 3 Branched-chain FA.* Monounsaturated FA. ® C16:1 c¢7 and C16:1 t3 might
coelute. 6 C18:1 c9 might coelute with the pair C18:1t13 and t14.7 C18:1 t16 coelutes with C18:1
c14 as minor isomer. 8 C18:1 t6, C18:1 t7, and C18:1 t8 might coelute. ° Polyunsaturated FA. 1°
C18:2 t11,c15 and C18:2 t10,c15 might coelute. ! Conjugated linoleic acid. > C18:0 oxo-12 and
C18:0 oxo-13 might coelute. * Biohydrogenation intermediates: all C18 FA except C18:0, C18:1
c9, C18:1 c11, C18:2 n-6, and C18:3 n-3. **Proportion of Bl explained by C18:1 t10. The different
lowercase letters indicate differences among groups at P < 0.05; standard error of means ().
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FA composition of plasma

The effect of diet on the FA profile of plasma is shown in Table 22. The diet had effect
on the total FA content in plasma (P < 0.01), which was high in OSF, intermediate in 20SF,
and low in 40SF lambs (P < 0.05). The diet did not affect the total SFA percentage or that
of individual SFA (P > 0.05), except for C15:0 (P < 0.001), which was greater in 40SF.

The diet did not change the total percentage of MUFA and cis- and trans-MUFA (P >
0.05) but did affect the percentage of four individual MUFA (P < 0.05). Thus, the plasma
of OSF lambs had greater percentages of C16:1 c9 and C24:1 c15 compared with those
of 40SF lambs and a greater percentage of C18:1 t11 compared with that of 20SF while
the C22:1 c13 percentage was greater in 40SF lambs than that in 20SF lambs (P < 0.05).

The diet did not show effect on the percentages of PUFA, PUFA n-6, or its major FA,
C18:2 n-6 (P > 0.05) but did affect percentage of C18:3 n-6, C20:2 n-6, C20:3 n-6, and
C20:4 n-6 (P < 0.05). The plasma of OSF lambs had greater percentage of C18:3 n-6 and
C20:4 n-6 than that of 40SF lambs and lower percentage of C20:3 n-6 than that of 20SF

lambs while the percentage of C20:2 n-6 was greater in 20SF than that in 40SF lambs.

The diet affected the total percentage of PUFA n-3 (P < 0.001), C18:3 n-3 (P < 0.001),
C22:5n-3(P<0.001), and C22:6 n-3 (P < 0.05), with lower percentages in the plasma of
OSF lambs than those of their counterparts, which presented similar percentages
between them (P > 0.05), except for C18:3 n-3, the percentage of which increased with

the higher inclusion of sainfoin (P < 0.001).
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Table 22. Effect of the diet on total FA content and FA profile (% of total FA identified) of

plasma lambs.

Diets *
P-value
OSF 20SF 40SF
Total FA, mg FA/ml plasma 2.68*+£0.102 2.67% +0.108 2.31°+0.102 0.004
Individual FA
SFA? 78.9+0.98 80.1+1.03 80.0+0.98 0.66
C12:0 1.37 £ 0.086 1.46 £ 0.092 0.71+0.034 0.05
C14:0 0.71+0.034 0.77 £0.036 0.71+0.034 0.34
C15:0 0.17°+0.017 0.14°+0.018 0.25°+0.017 <0.001
Cl16:0 41.6+0.42 41.3+0.44 41.1+0.42 0.76
C17:0 0.37+£0.034 0.40+£0.036 0.44 £ 0.034 0.31
C18:0 34.6 £ 0.65 35.9+0.69 35.6 £ 0.65 0.37
C20:0 0.07 £ 0.016 0.06 £0.012 0.11+0.031 0.32
C22:0 0.04 £0.012 0.06 £0.012 0.03+0.012 0.18
C24:0 0.04 £ 0.007 0.04 £ 0.008 0.03 £ 0.007 0.34
MUFA 3 9.30+0.571 8.94 + 0.605 8.83+0.571 0.84
cis-MUFA 7.01+£0.402 7.70£0.427 7.10 £ 0.402 0.45
C16:1c9 0.35°+0.033 0.26®+0.034  0.15°+0.033 <0.001
C18:1c9 5.96 £ 0.360 6.76 £ 0.382 6.36 + 0.360 0.33
C18:1cl1 0.57 £ 0.044 0.57 £0.047 0.50+0.044 0.37
C20:1cl11 0.03+0.013 0.05+0.014 0.03+£0.013 0.67
C22:1c13 0.04°® +0.014  0.02° +0.005 0.05° + 0.007 0.01
C24:1c15 0.05+0.006  0.04°° +0.015 0.02° +0.006 0.005
trans-MUFA 2.29+0.308 1.24£0.326 1.73£0.308 0.08
C18:1t10 1.59+0.212 0.96 £ 0.225 1.26 £0.212 0.15
C18:1t11 0.70°£0.100 0.28°+0.106 0.47%® +0.100 0.02
PUFA* 11.8+£0.57 11.0+0.61 11.2£0.57 0.60
PUFA n-6 11.3+0.56 10.2+0.59 10.2+0.56 0.28
C18:2 n-6 10.1+£0.53 9.10+£0.567 9.43+0.53 0.42
C18:3 n-6 0.14*+0.021  0.08%° +0.022 0.07° +0.021 0.04
C20:2 n-6 0.05®°+0.008  0.08*+0.023 0.02° +0.007 0.008
C20:3 n-6 0.05° +0.012 0.09% £ 0.013 0.08% +0.013 0.046
C20:4 n-6 0.95°+0.053  0.79%+0.056 0.72°+0.057 0.02
PUFA n-3 0.43°+0.065 0.80% £ 0.069 0.93°+ 0.065 <0.001
C18:3 n-3 0.27°+0.036 0.41° +0.038 0.60° £ 0.036 <0.001
C20:5n-3 0.09 £ 0.025 0.10+0.027 0.07 £0.027 0.77
C22:5n-3 0.01°+0.020  0.16°+0.022 0.18*+0.022 <0.001
C22:6 n-3 0.05° +0.017 0.122+0.018 0.10* +0.017 0.02
C18:1t10/C18:1t11 2.55+0.313 5.53+1.638 5.96 £ 3.321 0.15

10SF, 0% of sainfoin; 20SF, 20% of sainfoin; 40SF, 40% of sainfoin in the finishing concentrate.
2Saturated FA. 3 Monounsaturated FA. # Polyunsaturated FA. The different lowercase letters

indicate differences among groups at P < 0.05; standard error of means ().
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Fatty acid composition of longissimus lumborum muscle

The meat FA profile is shown in Table 23. The diet had no effect on DM, IMF, and
cholesterol (P > 0.05) percentages but affected the percentage of total FA (P < 0.05),

which was higher in OSF than that 40SF, whereas 20SF presented intermediate values.

Total SFA percentage and most individual SFA percentages were unaffected by the
diet (P > 0.05), except for those of C15:0 (P < 0.001) and C17:0 (P < 0.05), which were
greater in OSF than those in 40SF lambs, and of C11:0 (P < 0.01), with lower values in
20SF than that in their counterparts. The diet affected the total concentration of BCFA,
iso-BCFA, and anteiso-BCFA (P < 0.001). The percentages of total-BCFA and iso-BCFA
decreased as the level of sainfoin inclusion increased in the diet whereas the percentage
of total anteiso-BCFA decreased due to the presence of sainfoin in the diet. Similarly,
percentages of iso-C16:0, iso-C17:0, total anteiso-BCFA, and anteiso-C17:0 were greater
in OSF than those in their counterparts (P < 0.05) regardless of the level of sainfoin
inclusion, whereas the percentage of anteiso-C13:0 was greater in the OSF meat than

that in the 40SF lambs (P < 0.05).

The diet did not change the total percentage of MUFA, cis-MUFA or C18:1 c9 in meat
(P> 0.05) but did affect the percentage of four minor individual cis-MUFA. The meat of
OSF lambs had a higher C24:1 c14 percentage than that of their counterparts regardless
of the proportion of sainfoin and higher C18:1 c11 percentage only in that of 40SF lambs
(P < 0.05). The percentages of C18:1 c12 and C20:1 c11 were also affected by the diet (P
< 0.01 and P < 0.001, respectively), with greatest percentages in 40SF and 20SF lambs,
respectively. The diet affected the total percentage of trans-MUFA and 6 of the 9
individual FA detected (P < 0.05). The meat of OSF lambs had greater percentages of
total trans-MUFA, C17:1 19, and C18:1 t10 than those in the 40SF meat but had the
lowest percentages of C16:1 t9 and C18:1 t9 than that in the meat of their counterparts
regardless of the level of inclusion of sainfoin and had a lower percentage of C18:1 t12
than that in 40SF meat (P < 0.05). The percentage of C16:1 t10 was lower in the 20SF

lambs than that in their counterparts (P < 0.05).
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Table 23. Effect of the diet on intramuscular fat (IMF), cholesterol, total fatty acid (FA)
content (g/100 g of fresh muscle), and FA profile (% of total FA identified) of the

longissimus lumborum muscle of lambs.

Diets !
P-value
OSF 20SF 40SF
Dry matter 22.1+0.05 22.0+0.05 22.3+0.05 0.66
IMF 3.09+0.151 2.99+0.160 2,98 +0.151 0.87
Cholesterol 0.136+0.0038 0.136 +0.0040 0.140 % 0.0038 0.74
Total FA 0.93°+0.041 0.84**+0.045 0.79° +0.041 0.046
Individual FA
SFA?2 44,7 £ 0.47 44.6 £ 0.46 45.6 £ 0.46 0.28
C10:0 0.49 £ 0.050 0.52 £0.053 0.46 £ 0.053 0.72
C11:0 0.02°+0.001 0.01°+0.002  0.03% +0.003 0.005
C12:0 0.34+£0.029 0.36 £0.029 0.40 £ 0.029 0.34
C13:0 0.08 £0.011 0.06 £0.012 0.06 £ 0.011 0.25
C14:0 2.51+0.142 2.31+0.142 2.37+£0.141 0.59
C15:0 0.727+£ 0.030 0.57°+0.032 0.49° +0.030 <0.001
C16:0 21.1+0.35 20.4+0.35 21.3+0.35 0.15
C17:0 0.91°+0.037 0.87*+0.039 0.77° +0.037 0.04
C18:0 10.91+0.22 11.3+0.23 11.4+0.22 0.24
C20:0 0.09 £ 0.007 0.07 £ 0.006 0.11£0.028 0.06
C21:0 0.02 £0.011 0.03£0.012 0.04 £0.011 0.39
C22:0 0.01 £ 0.001 0.02 £ 0.004 0.03+0.016 0.06
C24:0 0.02 £ 0.006 0.03 £ 0.006 0.04 £ 0.006 0.10
BCFA?3 2.11°+0.071 1.80°+0.070  1.47°+0.069 <0.001
iso-BCFA 1.522+0.046  1.35°+0.045 1.12°+0.044 <0.001
iso-C15:0 0.77 £0.037 0.75 £ 0.037 0.66 £ 0.037 0.14
iso-C16:0 0.09°+0.005 0.05°+0.005 0.05° +0.005 <0.001
iso-C17:0 0.34°+0.017 0.26°+0.018  0.24°+0.017 <0.001
iso-C18:0 0.28 £0.034 0.30 £0.036 0.20 £0.034 0.12
anteiso-BCFA 0.60°+0.037 0.46°+0.040 0.35°+0.037 <0.001
anteiso-C13:0 0.20°+0.024 0.17*+0.024 0.11° +0.023 0.04
anteiso-C15:0 0.09 £ 0.007 0.07 £0.021 0.07 £0.009 0.19
anteiso-C17:0 0.32°+0.014 0.22°+0.015 0.18"+0.014 <0.001
MUFA * 28.4 +0.65 28.6+0.64 28.7+0.63 0.96
cis-MUFA 24.3+0.68 25.0+0.67 25.4 £ 0.66 0.52
C16:1c9 1.29+0.077 1.23+0.077 1.20+0.076 0.70
Cl6:1cl1 0.01 £ 0.004 0.02 £ 0.003 0.03 £ 0.008 0.30
Cl6:1c12 0.01 £ 0.004 0.03 £ 0.004 0.02 £ 0.004 0.08
C18:1c6/c8° 0.15+0.018 0.12£0.019 0.15+0.018 0.40
C18:1c9 20.8+0.66 21.1+0.70 21.4 £ 0.66 0.82
Ci18:1cl1 1.73°+0.050 1.61**+0.050 1.50° + 0.049 0.02
C18:1c12 0.05°+0.011 0.05°+0.015  0.15°+0.026 0.007
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Table 23. (Continued)

Diets !
P-value
OSF 20SF 40SF
C18:1c13 0.01 £ 0.007 0.04 £ 0.007 0.03 £ 0.007 0.07
C18:1cl4 0.04*+0.005 0.01° +0.005 0.02° +0.005 0.01
C18:1cl15 0.02 £ 0.007 0.04 £ 0.007 0.03 £ 0.007 0.15
C20:1cl1 0.11°+0.007 0.15°+0.014 0.06°+£0.011 <0.001
C22:1c13 0.02 £ 0.004 0.02 £ 0.004 0.01+£0.004 0.16
C24:1c15 0.08*+0.013  0.03°+0.010 0.02° + 0.005 <0.001
trans-MUFA 3.41°+0.246  2.69*+0.261  2.50° +0.246 0.04
Cl16:1t9 0.06° £ 0.005 0.07° +0.006 0.127+0.014 0.002
Cl16:1t10 0.02?*+0.004 0.01° +0.001 0.02° £ 0.003 0.007
C17:11t9 0.11*+0.011 0.03** +0.011  0.06° +0.011 0.01
C18:1t5 0.01+£0.002 0.005%0.0017 0.01+0.002 0.15
C18:1t6/t8° 0.04 £0.010 0.06 £ 0.010 0.05+0.010 0.32
C18:1t9 0.10°+0.012  0.15°+0.013 0.16° £ 0.012 0.003
C18:1t10 2.27°+0.205 1.60°®+0.217 1.32°+0.205 0.01
C18:1t11 0.73+0.074 0.64 £ 0.078 0.66 £ 0.074 0.71
C18:1t12 0.07°+£0.008  0.07°+0.008 0.107 £ 0.008 0.001
PUFA’ 23.2+0.34 23.7 £0.97 23.0+£0.63 0.78
CLA® 0.33+£0.026 0.33+£0.028 0.36 £ 0.026 0.64
CLAt7,c9 0.02 £0.010 0.01 £0.003 0.01 £0.002 0.41
CLA c9,t11 0.16°+0.014 0.14° +0.015 0.227+0.014 0.003
CLAt9,c11 0.10+£0.011 0.10+£0.011 0.06 £0.011 0.05
CLAt10,c12 0.01 £0.002 0.01 £0.002 0.01 £0.002 0.97
PUFA n-6 18.5+0.70 18.1+0.69 16.7 £ 0.68 0.19
C18:2 n-6 12.8+£0.29 129+0.9 11.9+0.48 0.26
C18:3 n-6 0.127+£0.007 0.12° £0.008 0.09° + 0.093 0.02
C20:2 n-6 0.15 £ 0.005 0.15+0.018 0.13+£0.012 0.26
C20:3 n-6 0.44 £0.013 0.43 £0.013 0.42 £0.013 0.37
C20:4 n-6 4.32+0.131 4.20+0.131 3.97+£0.129 0.19
C22:4 n-6 0.39°+0.017 0.35*+0.017 0.28°+0.016 0.002
C22:5n-6 0.08 £ 0.014 0.09 £ 0.005 0.07 £ 0.008 0.13
PUFA n-3 3.30°+0.105 4.00°+0.112 4.69° £ 0.105 <0.001
C18:3n-3 0.82°+0.036 1.17° +0.038 1.64% £ 0.036 <0.001
C20:3n-3 0.01 £ 0.004 0.02 £ 0.004 0.02 £ 0.004 0.14
C20:5n-3 0.74°+0.042  0.91°+0.044 1.02° £ 0.042 <0.001
C22:5n-3 1.30 £ 0.047 1.38 £ 0.047 1.38 £ 0.046 0.37
C22:6 n-3 0.47°+0.020 0.52°* +0.018 0.60°+0.042 0.03
C18:1t10/C18:1 t11 3.30+0.411 2.86£0.436 1.98+0.411 0.09
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Table 23. (Continued)

Diets !
P-value
OSF 20SF 40SF

PUFA/SFA 0.52+0.010 0.53 £ 0.025 0.50+0.018 0.60
PUFA n-6/PUFA n-3 5.44*+0.206 4.57°+0.218  3.70°+0.206 <0.001
Al index® 0.62 £ 0.022 0.60 £ 0.022 0.63+0.021 0.55
Tl index 1° 1.02 £0.020 0.96 £ 0.020 0.95+0.019 0.07
H:h index ! 1.73 £0.055 1.81 £0.054 1.73 £0.053 0.44
A%-desaturase C16 (%) 5.72+0.176 5.68 £ 0.437 5.25+0.211 0.26
A°-desaturase C18 (%) 65.6 £ 0.83 65.0 £ 0.88 65.2+0.83 0.87
Elongase (%) 57.9+0.70 60.1+0.74 59.9 +0.70 0.07

LOSF, 0% of sainfoin; 20SF, 20% of sainfoin; 40SF, 40% of sainfoin in the finishing concentrate.
2 Saturated FA. 3 Branched-chain FA.* Monounsaturated FA. > C18:1 ¢6 and C18:1 ¢8 might
coelute. ® C18:1 t6 and C18:1 t8 might coelute. ” Polyunsaturated FA. & Conjugated linoleic acid.
9 Atherogenicity index. '° Thrombogenicity index. ! Hyper-hypocholesterolemic index. The
different lowercase letters indicate differences among groups at P < 0.05; standard error of
means ().

Discussion

First, it is important to highlight that, in addition to the effect produced by the
inclusion of sainfoin in the concentrate, differences in the cereal content among the
diets can play an important role in the changes in ruminal BH. To maintain the isoproteic
and isoenergetic conditions of the feeds, the inclusion of 20% and 40% sainfoin caused
a significant decrease in the cereal content. These differences were especially evident in
barley, whose content shows minor variations between OSF and 20SF (310 and 252 g/kg
DM, respectively) but were much lower in 40SF (50 g/kg DM). Consequently, these
differences would have contributed to the effects obtained in the 40SF rumen compared

with those of the other diets.

The significant effects on the rumen FA profile showed that the different diets
interfered with the ruminal BH and/or with the rumen microbiota. Higher percentages
of anteiso-BCFA were observed in the rumen of OSF lambs probably because of the
higher concentration of starch in their diet. Fievez et al. (2012) demonstrated that
increased productions of anteiso-BCFA were linked to increased amylolytic populations.
Moreover, although PAC have inhibitory effects on microbial growth and on proteolysis,

reducing ruminal concentrations of BCFA (Costa et al., 2017), we suggest that the low
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PAC content in the sainfoin concentrates compared with that in fresh sainfoin (Baila et
al., 2022a; Rufino-Moya et al., 2022) due to the pelleting process could not be enough

to justify the changes in BCFA ruminal concentrations.

Regarding the MUFA percentages in the rumen, C18:1 ¢9 may come from diet or from
the BH of C18:2 n-6 (Kishino et al., 2013). In this study, a greater C18:1 c9 percentage
was observed in the 40SF rumen, which would be related to its greater content in the
diet, given the statistically similar BH extent of C18:2 n-6 and C18:1 c9 among diets. Toral
et al. (2016) and Huyen et al. (2020) studied sainfoin in vitro and in dairy cows fed
sainfoin silage and observed a low BH extent and higher C18:1 ¢9 ruminal percentages
coming from the diet. However, because the C18:1 c9 could not be chromatographically
resolved from the C18:1 t13/t14 pair, the proportion of C18:1 ¢c9 may also be related to
the eventual presence of C18:1 t13 formed from the BH of C18:3 n-3 (Alves et al., 2021),

which was higher in 40SF meat.

Several of the most important effects produced by the sainfoin inclusion in the diet
were observed in the trans-MUFAs. The study of this group of FA is important because
trans-MUFA in food industry has been phased out due to their potential negative effects
on human health, so that ruminant-derived products have become one of the main
sources of consumption of this type of fats (Alves et al., 2021). The trans-FA present in
ruminant meat and milk are produced during ruminal BH, and C18:1 t10 and C18:1 t11
are the main FA formed during this process. High ruminal concentrations of C18:1 t11
have been associated with forage—rich diets, whereas the formation of the C18:1 t10
isomer is linked with concentrate-rich diets (Griinari et al., 1998). As the high
concentration of C18:1 t10 in products is undesirable, the study of the modification of
ruminal BH to enhance the production of C18:1t11 is a main target in ruminant nutrition
because this is converted to CLA ¢9,t11 in meat through activity of A°-desaturase, having
potential beneficial implications for human health (Palmquist et al., 2004). The
predominance of the t11 or the t10 BH pathway is studied by using the C18:1 t10/C18:1
tll ratio. The inclusion of sainfoin in the diet decreased C18:1 t10 ruminal
concentrations; however, the concentration of C18:1 t11 and consequently the C18:1
t10/C18:1 t11 ratio only increased in the 40SF group. The reduction in the rumen of

approximately 50% of C18:1 t10 concentration when sainfoin was included in the
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concentrate suggests a greater presence of the t11 BH pathway in both sainfoin
concentrates than those in the OSF meat, which was also supported by the decrease in
CLA t10,c12 ruminal percentage when sainfoin was included at 40%. Indeed, this FA is
directly derived from the trans-10 shifted BH pathway of C18:2 n-6 (Griinari and
Bauman, 1999) and has been associated with negative effects on lipid metabolism,
specifically with milk fat depression in dairy cows (Tricon et al.,, 2004). The
predominance of the t11 BH pathway with the inclusion of 40% sainfoin was confirmed
with the increase in C18:1 t11 concentration, which was almost 6-fold higher in 40SF
meat than that in OSF or 20SF meat, and is produced as a result of the t11 BH pathways
of C18:3 n-3 and C18:2 n-6 after the hydrogenation of the C18:2 t11,c15 and CLA ¢9,t11
intermediates, respectively (Griinari et al., 1998; Alves et al., 2017). This result confirms
the efficacy of increasing C18:1 t11 as the main isomer formed in the rumen of animals

fed forage-rich diets (Alves et al., 2013).

As expected, the numerically higher values of Bl were negatively related to the values
of C18:0 and BH completeness indicating a more incomplete BH process. However, the
differences observed in C18:1 t10 (%BI) showed that as the presence of sainfoin in the
concentrate increased, lower proportions of the Bl were represented by C18:1 t10, thus
supporting the predominance of the t11 pathway over the t10 pathway as indicated by
the differences in the C18:1 t10/C18:1 t11 ratio and the C18:1 t10 values in rumen.

The observed decrease of approximately 40% of C18:2 n-6 in the ruminal content of
40SF lambs compared with that in the rest of diets could be associated with the 25%
lower percentage of this FA in the diet. As C18:2 n-6 is the main FA in the diets and is on
average 7-fold more abundant than C18:3 n-3, the lower percentage of C18:2 n-6 in the
40SF diet was reflected on the lower ruminal concentration of total PUFA. The inclusion
of sainfoin in the diet also increased the BH extent of C18:3 n-3, and this effect was
greater when sainfoin was included at 40%. It is frequently reported that an increase in
C18 PUFA BH occurs when the intake of PUFA is high (Jenkins, 1993), as a response of
their greater availability and as a defence against the potential toxicity of dietary PUFA
to ruminal bacteria (Maia et al., 2007). The higher fibre content of the 40SF concentrate
when compared with the rest of the diets could have contributed to the increase in

C18:3 n-3 BH extent, producing a longer retention time of the feed in the rumen and a
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better environment for cellulolytic bacteria, which would cause a greater extension of
the BH process (Sackmann et al., 2003). However, increasing the BH extent of dietary
PUFAs is not always positive since the disappearance of PUFAs can reduce their content
in the final product. Otherwise, it is important to highlight that, in this study, the
concentration of C18:3 n-3 found in 40SF rumen was equal to that of 20SF rumen and
higher than that in the OSF group, despite the large BH extent. Increased concentrations
of C18:3 n-3 in the ruminal content when using sainfoin have already been found in
previous studies (Campidonico et al., 2016; Grosse Brinkhaus et al., 2016; Toral et al.,
2016; Huyen et al., 2020). Nevertheless, this finding is usually associated with the
presence of PAC in sainfoin, which can affect the BH of dietary PUFA (Frutos et al., 2020).
Herein, the lack of C18:3 n-3 BH inhibition may be associated with the low PAC content
in the sainfoin diets and their low activity. Hence, the higher ruminal C18:3 n-3
concentration in the 20SF and 40SF groups was simply related to a higher availability of
this FA in the diet because of the inclusion of sainfoin. Furthermore, this effect was even

higher in 40SF probably because of the higher C18:3 n-3 intake observed in this group.

Regarding the FA profile of plasma samples, the effect of sainfoin inclusion on the FA
profile was more diluted. Although the changes found for C18:3 n-3 and PUFA n-3 were
close to those obtained in the ruminal digesta, the concentrations of MUFA, C18:1 t11,
and C18:1 t10 did not reflect the effect obtained in the rumen. Therefore, in this case,
plasma samples were not useful to predict what happened during ruminal BH. The lack
of a clear link between rumen and plasma FA profile has been previously observed
(Bauchart, 1993; Vasta et al., 2009a) and may be because of the transfer of long-chain
FAs to tissues, which depends on numerous factors such as lipid transport and

metabolism (Christie, 1981).

The meat FA profile reflects the final effect of the ruminal BH produced by the diet.
The amount of IMF was similar or even higher than that found in light lambs slaughtered
at similar weight (Lobdn et al., 2017a; Natalello et al., 2019; Blanco et al., 2021).
However, the FA content of meat was found to be very low in all groups compared with
1.7% of total FA obtained on average in lambs of 28.2 kg BW (Vasta et al., 2009b) and
up to 2.6% of FA in meat from heavier lambs (38 kg BW) (Jerénimo et al., 2010). This

indicates that a low percentage of the IMF was related to FA, being the IMF composed
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mostly of phospholipids. Moreover, the FA content was even lower in the meat of lambs
fed 40% sainfoin in the concentrate. Despite the differences observed in cis-MUFA,
C18:2 n-6, PUFA n-6, and total PUFA between groups in the ruminal FA profile, no
changes were found in meat. By contrast, the changes in rumen percentages of BCFA
with sainfoin inclusion were partially reflected in lower percentages of total BCFA and
anteiso-BCFA in meat. In addition, despite no differences in iso-BCFA in rumen, this
group of FA decreased in concentration in meat with the inclusion of sainfoin. These
results might not be desirable as some of the positive effects related to human health

are attributed to BCFA intake (Ran-Ressler et al., 2011).

The higher concentrations of C18:3 n-3 obtained in the rumen of 40SF lambs
produced a higher transference of this FA to animal tissues as previously reviewed with
high PUFA n-3 diets (Alvarez-Rodriguez et al., 2022). This is because higher
concentrations of this FA would escape from the rumen, be absorbed in the small
intestine, and be deposited in the muscle (Scollan et al., 2006). Meat CLA c9,t11
concentrations of 40SF lambs were almost 40% higher than that in the rest of the diets,
and enhancement of this FA is one of the most desirable goals in ruminant products
(Palmquist, 2006). The CLA c9,t11 present in meat is derived from the following: i)
ruminal synthesis as a BH product of C18:2 n-6 and subsequent transport to meat or ii)
endogenous synthesis in the tissues from rumen-derived C18:1 t11 via A°-desaturase
activity (Bessa et al., 2015). As higher concentrations of C18:1 t11 were found in the
40SF rumen, it can be assumed that the increase in the percentage of CLA ¢9,t11 in the
meat came predominantly from the higher ruminal concentration of C18:1 t11. In this
case, the promotion of t11 BH pathways of both C18:3 n-3 and C18:2 n-6 and the greater
BH extent of C18:3 n-3 allowed higher concentrations of C18:1 t11 in rumen, thus
promoting its conversion to CLA ¢9,t11 in meat. This result agrees with previous studies
stating that approximately 93% of C18:1 t11 is converted to CLA ¢9,t11 in lamb meat
(Palmquist et al., 2004). A higher CLA ¢9,t11 concentration in lamb meat of forage—fed
animals compared with that from a grain—based diet has been previously reported
(Lobdn et al., 2017a; Alvarez-Rodriguez et al., 2018) and showed an increase in CLA
isomers formation due to a higher PUFA BH extent. However, despite the increase in

CLA ¢9,t11 concentration with the presence of 40% sainfoin, the percentages of this FA
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with respect to total FA were low relative to those reported in other studies conducted
with light lambs (Natalello et al., 2019; Blanco et al., 2021). This is probably because
trans-C18, including CLA isomers, are preferentially incorporated into neutral lipids
(Jerénimo et al., 2011). Lean meat with a low FA content is mostly composed of
membrane phospholipids (polar lipids); thus, both CLA c9,t11 and C18:1 t11 might not
have been preferentially deposited in the IMF. Possibly for the same reason, no effect
on C18:1 t11 was observed in the meat even though differences were observed in the
rumen. Therefore, this study shows that CLA ¢9,t11 promotion in meat should not only
be focused on a high substrate supply coming from ruminal BH but should also be

accompanied by a high IMF, rich in total FA as stated in Bessa et al. (2015).

The high C20:5 n-3 and C22:6 n-3 concentrations found in 40SF muscle is an indication
that, even with a higher BH of C18:3 n-3 occurring in the rumen of these animals, greater
amounts of C18:3 n-3 were absorbed and made available for the synthesis of both C20:5
n-3 and C22:6 n-3 as C18:3 n-3 is the precursor for the synthesis of long—chain PUFA n-
3 (Scollan et al., 2014). Previous studies described similar results in muscle from lambs
fed sainfoin silage (Girard et al., 2016) and lambs grazed with forage legumes (Gruffat
et al., 2020). Furthermore, the lowest PUFA n-6/PUFA n-3 values obtained in the 40SF
group demonstrate that it is possible to decrease that value to within the recommended

limits (Vahmani et al., 2015) by including sainfoin in a concentrate—based diet.

Conclusions

In conclusion, the inclusion of sainfoin in the diet supported an increase in ruminal
PUFA n-3 percentages and a decrease in PUFA n-6/PUFA n-3 and C18:1 t10/C18:1 t11
ratios, being this effect most apparent in the 40SF diet. This diet also produced a major
decrease in the percentage of PUFA n-6 and an increase in that of C18:1 t11 and in CLA
c9,t11 in the rumen. These ruminal changes were reflected in greater percentages of
PUFA n-3 and CLA c9,t11 in the meat as the level of sainfoin inclusion increased, which
resulted in higher amounts of those FA in 40SF meat even with a lower amount of total
FA. Therefore, meat from lambs fed with 20% or 40% sainfoin in the diet achieved a

healthier FA profile for humans. The more desirable results obtained in the 40SF diet
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could be related to a higher C18:3 n-3 intake due to the 40% inclusion of sainfoin in the

diet along with a stronger t11 biohydrogenation pathway in the rumen of these lambs.

Therefore, the inclusion of sainfoin in lamb finishing concentrate improved meat
quality, especially when sainfoin was included up to 40% as the effects were greater.
Although the total amounts of beneficial FA achieved in meat from the inclusion of
sainfoin in the concentrate were not as high as in several studies where lambs were fed
fresh, silage, or hay forages, this study demonstrates that it is possible to improve the
FA profile of meat without modifying the typical southern European lamb production

system where lambs are concentrate-fattened indoors.
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Supplementary Table S1. Effect of the diet on the intake of fatty acids (FA) of the

concentrates.
Diets !

OSF 20SF 40SF
total FA intake, g/d 33.0 34.2 41.4

Intake individual FA, g/d
C12:.0 0.03 0.02 0.05
C14:0 0.17 0.17 0.25
C16:0 9.12 9.57 12.43
C16:1 ¢S 0.07 0.08 0.11
C18:0 2.43 2.39 3.07
C18:1¢9 8.13 8.24 11.11
C18:1cl1 0.09 0.09 0.12
C18:2 n-6 12.16 11.97 11.52
C18:3n-3 0.82 1.63 2.78

L0OSF, 0% of sainfoin; 20SF, 20% of sainfoin; 40SF, 40% of sainfoin in the finishing concentrate.
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In recent years, the inclusion of local resources in livestock systems has been

promoted to increase sustainability and self—sufficiency of farms and decrease
dependence on imports for livestock feed sources (Moorby and Fraser, 2021). On the

other hand, the effect of PAC (condensed tannins), secondary compounds found
naturally in some legumes, have attracted much interest for their potential beneficial
effects on the performance of the animals consuming them. In this framework, the
present thesis was carried out to study the use of sainfoin, a local forage with a medium
content of PAC, for feeding autochthonous breed meat sheep in two different lamb

production systems.

Study 1 was focused on evaluating the effect of PAC present in fresh sainfoin fed to
Rasa Aragonesa dams rearing one suckling lamb on animal performance and product
quality. Although the effect of PAC in dams’ diets has been extensively studied (Wang et
al., 1996; Frutos et al., 2004; Pascual et al., 2019), little is known about the passage of
these compounds through milk and how they may affect the performance and meat
quality of suckling lamb, whose diet is based exclusively on the dams’ milk. The effect of
PAC on milk production varies among studies, although some literature recorded an
increase in milk production of ewes fed PAC—containing diets (Aerts et al., 1999; Pascual
et al., 2019). However, it must be taken into account that high PAC concentrations in the
diet can reduce dry matter intake, as had been observed in ewes fed with 3 g of
quebracho tannin/kg DM (Hervas et al., 2003), which could lead to a reduction in the
milk production of ewes. In the present study the dry matter intake was similar between
the two treatments studied (sainfoin vs. sainfoin plus PEG), which was reflected in a
similar milk yield of ewes between groups and, therefore, in similar growth in their
suckling lambs. Lamb growth during suckling was comparable to the growth recorded in
this breed with dams grazing alfalfa or indoors concentrate—fed (Joy et al., 2012; Lobén

et al., 2019a).

Although feed intake increased as lactation advanced in response to higher
requirements for milk production and recovery of rumen size after uterine involution,
during the week 3 of lactation ewes from both groups had a peak of blood non esterified

fatty acids (NEFA). This metabolic response was related to the lower forage quality during
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that week, which was manifested by decreased gross energy, crude protein, PAC, and
C16:1 c9 and C18:3 n-3 fatty acids and increased fibre and C16:0 and C18:0 contents of
fresh sainfoin. The increase in blood NEFA was effective, counterbalancing the lower
nutritional intake of the forage and not affecting the milk production of the ewes,
although it did result in a lower percentage of milk fat in the ewes of both groups during

the third week of lactation.

An interesting finding is the reduction of urea concentration in both plasma and milk
due to the presence of PAC in dams’ diet, suggesting a lower ruminal degradation of
protein, as seen in a previous study using sainfoin as main feed of lactating cows (Grosse
Brinkhaus et al., 2016). This could imply a more efficient utilisation of dietary protein by
ewes, while reducing its urinary contribution to soil contamination through ammonia
emissions. However, no other associated effects were observed related to the better use
of protein, as it could be an increase in milk protein, milk production, milk lactose or

higher blood glucose levels (Frutos et al., 2004).

One of the most studied effects of sainfoin is its potential as a natural anti—parasitic
in the digestive tract (Hoste et al., 2015; Saratsis et al., 2016), thus this aspect was
included in the approach of the present study (Study 1). No differences were observed
in the amount of Strongyloides eggs secreted by either ewes or lambs during the entire
experimental period. However, since the animals were dewormed prior to the beginning
of the experiment and the ewe—lamb pairs were not in contact with other pairs, this
could have hindered the collective transmission and development of these parasites,

concluding in an absence of differences between the groups studied.

Despite the few effects observed on the productive parameters of ewes and lambs,
the presence of sainfoin PAC produced several changes in the fatty acid profile of milk.
Milk from ewes with presence of sainfoin PAC in the diet showed higher concentrations
of PUFA n-3 and n-6 throughout lactation, which was previously observed in lactating
ewes fed sainfoin hay (Pascual et al., 2019). This result suggests an effect of PAC focused
on decreasing ruminal biohydrogenation of dietary PUFA, according to a previous review
(Frutos et al., 2020). The canonical analyses carried out to see the major effects of the
presence of PAC in the diet on the milk FA profile support this theory, indicating that the

FA capable of differentiating the milk of both groups were mostly PUFA. Besides of these
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effects on milk FA profile which are clearly beneficial from a consumer health point of
view, some negative effects were also observed as the decrease of some intermediate
fatty acids that are considered desirable, such as C18:1 t11, which was lower in ewes
with sainfoin PAC during the whole lactation period studied, or CLA ¢9,t11, which
decreased in the presence of PAC in week 1 of lactation. However, it should be
highlighted that no rumen samples from ewes were analysed in this study, so the
changes in ruminal biohydrogenation processes produced by PAC in the current study

are not specifically known.

The effect of the presence of PAC on dams’ diet did not show differences in carcass
traits and meat quality of suckling lambs, except for the decrease of polyphenol meat
content. This result was unexpected, since PAC are considered phenolic compounds, and
not desirable, as they are involved in increasing antioxidant activity of tissues (Lopez-
Andrés et al., 2014). However, this result was in line with the lower polyphenol content
observed in milk. Nevertheless, the differences observed between milk and meat
polyphenols contents could be due to the inaccuracy of the Folin—Ciocalteu technique.
This technique is accurate for polyphenol quantification in forage (Rufino-Moya et al.
2022), but in meat and milk could not be recommended given the high complexity of
macromolecules of both matrices and the extraordinarily large variety of phenolic
compounds detected in sainfoin (Regos and Treutter, 2010) could have been
metabolised and, therefore, not detected. Moreover, the absence of differences
between groups in the metabolites indicating the antioxidant capacity in the plasma of
sheep and lambs (SOD, malondialdehyde, and ABTS) and in the ABTS of meat and milk
supports the idea that the determination of polyphenol content in meat and milk by the

Folin—Ciocalteu technique may not be correct.

Study 2 was planned with the objective of studying the effect of the level of sainfoin
inclusion (0%, 20%, and 40%) in the concentrate of Rasa Aragonesa lambs during the
fattening period. Most of the lambs of the Rasa Aragonesa breed are raised under the
standards specified by the Protected Geographical Indication (PGI) "Ternasco de
Aragén". Among other requirements, the legislation defining the criteria for rearing
these lambs stipulates that they must be fattened indoors with concentrates. Then, to

include forage in the diet in the present study, it must be dehydrated before being
201



Final Considerations

included in the concentrate to adapt to the requirement of the production system of PGI.
In addition, the necessary dehydration of sainfoin plus the pelleting process of
concentrate caused an important reduction of some sainfoin compounds, such as
carotenoids or PAC. Total PAC were quantified at 31.4 g sainfoin PAC/kg DM on week 4
on fresh sainfoin, while sainfoin pellets made from the same fresh sainfoin after drying
reduced its total PAC content to 17.3 g sainfoin PAC/kg DM (almost 50% of losses). When
those sainfoin pellets were introduced at 40% in the concentrate, the PAC content of the
concentrate was only of 5.23 g sainfoin PAC/kg DM. Therefore, as PAC were almost
disappeared in the concentrates, the differences among treatments were more due to
the inclusion of forage than to the presence of PAC, making difficult to assess the effect
of PAC in finishing lambs. However, although the reductions in PAC fractions are evident,
the minimum threshold of PAC concentration necessary to cause changes in the
organism is not well defined and must be deeply studied. The pelleting process not only
can damage the total amount of PAC, but also the availability of PAC, i.e. the different
fractions of PAC showing whether these compounds are free or bound to proteins or
fibres, can be modified. Previous studies (Rufino-Moya et al., 2019a; Rufino-Moya et al.,
2022) have already shown how can the different fractions be affected by the
conservation status of forages, which can modify the potential effects that PAC can

produce in the animals that consume them.

The inclusion of 40% sainfoin in the diet decreased the digestibility of this concentrate
due to the higher proportion of fibre, which could impair growth of lambs of this
treatment. However, the lambs counterbalanced this fact increasing their dry matter
intake and thus achieved similar growths compared to the other groups. There were no
differences among treatments concerning the final weight or in the carcass weight of
lambs, although both values were numerically higher in the animals fed with the 40%
sainfoin concentrate. The low number of animals in the present study does not allow to
confirm a clear conclusion, and thus a trial under commercial circumstances would be
necessary to discern this aspect. If this effect towards higher final weights is confirmed,

lambs fed 40% sainfoin could be more profitable.

The lack of negative effects on animal performance of the inclusion of the greater

proportion of sainfoin in the concentrate, together with the lack of changes in the carcass
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and subcutaneous fat colour are considered positive findings for producers, as shows
that the inclusion up to 40% sainfoin in the concentrate allowed the production of
homogeneous carcasses with similar characteristics to those required by the PGI. In
contrast to the present results, changes in colouration have been observed mainly in
animals fed fresh forage (Carrasco et al., 2009; Ripoll et al., 2012; Lobdn et al., 2017).
The absence of differences between groups in the current study can be related to the
pelleting process as the main compounds responsible of colour changes are mainly
carotenoids, which had been reduced from fresh sainfoin to concentrate. Forage
preservation as silage or hay have previously shown to decrease carotenoid
concentrations in sainfoin (Rufino-Moya et al.,, 2022). Nevertheless, despite heat
treatment, carotenoid content was three times higher in the concentrate with 40%
sainfoin, so that it cannot be dismissed that differences could appear among groups with
a longer experimental period, as in this study the animals reached the market slaughter

weight at 40 days, assuming a short fattening period.

Regarding changes in ruminal fermentation parameters, the inclusion of sainfoin in
the concentrate, regardless of the inclusion level, produced an increase in the
percentage of acetic acid formation in the rumen and, consequently, a higher
acetic/propionic ratio. This effect was expected since the formation of this volatile fatty
acid is enhanced when the proportions of forage in the ration increase. On the other
hand, another effect associated with the inclusion of forage is the increase in ruminal

pH, although this was only greater when sainfoin was introduced at 40%.

Despite slight changes in ruminal fermentation, the inclusion of sainfoin in the
concentrate showed many differences in ruminal biohydrogenation (BH). The inclusion
of sainfoin in the diet, both at 20% and 40%, produced an increase in the percentage of
ruminal C18:3 n-3, since this is the major fatty acid (FA) of forages. Sainfoin inclusion in
silages mixtures also led to higher C18:3 n-3 ruminal accumulation in lambs
(Campidonico et al., 2016). On the other hand, diets rich in concentrates enhance the
t10 BH pathway (resulting in higher formations of the C18:1 t10 isomer), while the
inclusion of forage in the diet is characterised by promoting the t11 BH pathway (leading
to C18:1 t11 isomer formation) (Griinari et al., 1998). When sainfoin was included at 20%

or 40% in the diet, a decrease in the C18:1 t10 isomer was observed, indicating a lower
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existence of the t10 BH pathway due to the lower cereal percentages in the ration.
However, increased C18:1 t11 isomer formation in the rumen of lambs was only
observed when sainfoin was included at 40%, suggesting that a lower inclusion of
sainfoin might not be sufficient to enhance the t11 BH pathway. This is important, as
ruminal t11 BH pathway is what gives rise to FA that have been shown to be beneficial
for human health, such as C18:1 t11 and CLA ¢9,t11. Thus, the combination of increased
C18:3 n-3 intake related to sainfoin inclusion in the diet and the enhancement of the t11
BH pathway in the presence of 40% sainfoin resulted in higher concentrations of C18:3
n-3, total PUFA n-3, and CLA c9, t11 in meat compared to that of lambs in the other two
groups. Greater meat concentration of PUFA was also observed in lambs fed sainfoin
silage compared to lambs fed red clover or alfalfa (Girard et al., 2016) and sainfoin pellet
supplementations showed to be effective in increasing C18:3 n-3 in lambs’ meat (Gruffat
et al., 2020). This improvement in meat FA profile, only achieved with 40% sainfoin
inclusion, together with the numerically higher final BW of lambs recorded, lead to the
conclusion that the inclusion of 40% sainfoin produced the best results, but when
sainfoin was included at 20% the results were less clear. This finding could contribute to
a better understanding of the BH processes associated with the inclusion of forage in
lamb diets and could be very promising in the production of heavier lambs with fattier

meats.

In this Study, the plasma FA profile was also analysed to see if it could reflect or
approximate the rumen FA profile or predict that of the meat. The plasma FA profile
showed a higher amount of FA in lambs without sainfoin in the concentrate compared
to those receiving 40% sainfoin, which coincides with the results obtained in the meat.
In addition, it also gave an approximate picture of what happened with total PUFA n-3
and C18:3 n-3 in both rumen and meat, which showed higher concentrations with the
inclusion of sainfoin in the concentrate. For this reason, although plasma has been
reported as a tool to predict the t10/t11 ratio in the rumen (Alves et al., 2017), in the
present study, plasma concentrations of these isomers did not reflect the effects
obtained in rumen. Nevertheless, it would be interesting to stablish correlations

between the FA of the plasma and rumen through statistical analyses.
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The general conclusion from both studies is complicated due to the different
objectives of them. While Study 1 was focused on the effect of the inclusion of PAC in
the diet, the objective of Study 2 was the study of the sainfoin inclusion. Therefore, the
absence of a control group in Study 1 prevented the analysis of the effects of feeding
fresh sainfoin to lactating ewes, while the lack of PEG to block the effect of PAC prevented
its study in Study 2. Despite this, there are certain connections between the studies due
to the similarity of the effects observed on the FA profile of milk in Study 1 and meat in
Study 2. Both the presence of PAC in the dams’ diet and the inclusion of 40% sainfoin in
the lambs' fattening concentrate produced an increase in the concentrations of PUFA n-
3 and C18:3 n-3, reduced the concentrations of BCFA and did not produce changes in the
percentage of C18:1 c9 and total CLA in the milk of the ewes and in the meat of the
fattening lambs. However, it should be highlighted that the results obtained on meat FA
of lambs fed 40% sainfoin, which are related to the inclusion of higher amounts of PUFA
and a promotion of t11 BH pathway, are surprising, as the percentage of total PUFA and
C18:3 n-3 in this concentrate was considerably lower than the concentrations existing in
the fresh sainfoin of Study 1 (47% vs. 6.71% in fresh sainfoin vs 40% sainfoin concentrate,
respectively). This reduction occurs because unsaturated FA are highly susceptible to
degradation by the heat treatments used in the pelleting process (approximately 20%
reduction of C18:3 n-3 during the pelleting process). However, it should be considered
that changes in ruminal BH of lambs fed 40% sainfoin, could also be affected by changes
in the rumen population as shown by the differences obtained in BCFA, which are
synthetised by ruminal bacteria (Fievez et al., 2012) or by an increase in the percentage
of acetate, which is a precursor of fatty acid synthesis (Bauman et al., 1973; Smith and
Crouse, 1984). Nevertheless, in order to know the exact similarities between the rumen
BH processes of both studies, it would have been necessary to analyse and study samples
of the rumen content of the ewes in Study 1, which was not taken into account in this

thesis.
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Implications

The suckling lamb system studied showed that ewes fed fresh sainfoin during the
rearing of suckling lamb allowed good animal performance in both ewes and suckling
lambs, whether the sainfoin contained active proanthocyanidins or not. However, the
expected positive effects on some parameters were not recorded, as the decrease of
parasitic load or the improvement of antioxidant activity in dams or lambs. The presence
of PAC may have promoted some beneficial changes that occur during the ruminal
biohydrogenation process, resulting in the presence of more desirable milk fatty acids.
However, the exact mechanisms by which the changes occurred have not been studied,
so that the effect of PAC present in the dams’ diet on the milk FA profile should be deeply

studied.

The fattening lamb system studied proved that the inclusion of dehydrated sainfoin
up to 40% in the concentrate of finishing lambs resulted in similar productive results to
those observed in lambs fed with a cereal-based concentrate. Both sainfoin-containing
concentrates (20% and 40%) showed an improvement of the meat FA profile through the
potentiation of t11 biohydrogenation, the pathway related to higher proportion of
forage in diets. Thus, this effect was greater when sainfoin was included at 40% in the
diet. Therefore, in the present study, it can be stated that the inclusion of 40% sainfoin
in the concentrate of finishing lambs obtained better overall results than those obtained
by lambs fed with 20% sainfoin or with a commercial concentrate without sainfoin

inclusion.

Moreover, in accordance with the present results and with the current promotion of
the use of fodder legumes through incentives set in the European legislative framework
of the Common Agricultural Policy (CAP), the inclusion of sainfoin in the concentrate
during the finishing period of light lambs could be a promising option during the rearing
of light lambs. However, the results of this PhD thesis must be confirmed in commercial
farms in order to allow the introduction of forage in the diet of lambs included in the PGI
category of “Ternasco de Aragdén”. Considering the results, the use of forage legumes
could be allowed to feed during fattening and could be a suitable market option for
lambs reared under sustainable conditions and similar conditions of PGI. This, in turn,
would make it possible to achieve the social and environmental circumstances
demanding greater sustainability of livestock systems.
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Under the conditions of the present studies, it can be concluded that:

The presence of sainfoin proanthocyanidins (PAC) in the diet of dams rearing a
suckling lamb did not affect their dry matter intake, body weight, body condition
score, parasitism, and milk yield. However, it reduced the urea contents in milk and

plasma, and polyphenols in milk.

The week of lactation affected all parameters related to performance, milk yield, milk
composition, and plasma metabolites. At the beginning of lactation, the intake, milk
yield, and urea and polyphenols contents in milk were lower than those recorded at
the end of study (week 4). In contrast, the protein content was greater at the

beginning of lactation.

. Milk fatty acid (FA) profile was more related to changes in ruminal metabolism than
to evolution of sainfoin FA profile. The presence of sainfoin PAC in the diet of dams
increased C18:0, C18:2 n-6, C18:3 n-3, and total polyunsaturated FA (PUFA) n-6 and
n-3, and decreased C18:1 t11, branched- and odd-chain fatty acid contents in milk.
These results suggest that the inhibition of rumen biohydrogenation by sainfoin PAC

seemed to occur in the early stages of this process.

The presence of sainfoin PAC in dams’ diet did not affect the growth, blood

metabolites, carcass, or meat quality of their suckling lambs.

The inclusion of dehydrated sainfoin in diet of finishing lambs caused a decrease of
the estimated digestibility of the concentrates. However, despite the lower
digestibility, the 40% sainfoin inclusion increased the intake, although this finding was

not reflected on statistical differences concerning slaughter and carcass weights.

. Ruminal fermentation was slightly affected by sainfoin inclusion in the diet, although

it increased the acetic percentage in the rumen.
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7.

10.

The inclusion of sainfoin in the finishing concentrate strongly affected the ruminal
biohydrogenation. The rumen digesta showed an increase of C18:3 n-3 and a
decrease of C18:1 t10 when sainfoin was included, regardless the level of inclusion.
However, the highest C18:1 t11 and the lowest C18:2 n-6 proportions were only
obtained with 40% sainfoin inclusion, showing a stronger t11 biohydrogenation

pathway.

The plasma FA profile was barely affected by sainfoin inclusion in the concentrate.
Differences among groups concerning PUFA in plasma were close to those obtained
in rumen and meat, while the plasma t10/t11 ratio did not reflect the different rumen

patterns obtained among diets.

The meat FA profile of lambs fed with 40% sainfoin inclusion presented greater

percentages of PUFA n-3 and CLA c9,t11 and lower PUFA n-6/n-3 ratio.

From the present thesis, we can conclude that sainfoin with moderate content of PAC
can be used as the main ingredient for dams’ diet during lactation to produce suckling
lamb without deleterious effects on performances. The inclusion of dehydrated
sainfoin in the concentrate fed to finishing lambs had not negative effects on the
performance and improved the meat FA profile due to changes in ruminal BH,

especially when sainfoin was included at 40%.
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Bajo las condiciones de los presentes estudios, se puede concluir:

La presencia de proantocianidinas (PAC) de la esparceta en la dieta de ovejas durante
la fase de cria de un cordero lechal no afectd a su ingestién de materia seca, peso,
condicién corporal, parasitacién o rendimiento lechero. Sin embargo, redujo las
concentraciones de urea en leche y plasma, asi como el contenido en polifenoles de

la leche.

La semana de lactacién afectd a todos los parametros relacionados con el estado
corporal, rendimiento lechero, composicién de la leche y metabolitos de las ovejas
durante el periodo de lactacién estudiado. Al inicio de la lactaciéon, la ingestidn,
rendimiento lechero y los contenidos de urea y polifenoles de la leche fueron
menores a los obtenidos al final del estudio (semana 4). En cambio, la concentracidon

de proteina de la leche fue superior al inicio de la lactacion.

. El perfil de acidos grasos (AG) de la leche estuvo mas ligado a cambios en el
metabolismo ruminal que a la evolucién en el contenido de AG de la esparceta. La
presencia de PAC de esparceta en la dieta de las ovejas incrementd las
concentraciones de C18:0, C18:2 n-6, C18:3 n-3 y AG poliinsaturados (AGPI) n-6 y n-
3, mientras que redujo los porcentajes de C18:1 t11 y AG ramificados e impares en la
leche. Estos resultados sugieren que la inhibiciéon de la biohidrogenacion ruminal

debido a la presencia de PAC en la dieta tuvo lugar en fases iniciales del proceso.

La presencia de PAC de esparceta en la dieta de ovejas no afectd al crecimiento,

metabolitos sanguineos y calidad de la canal y de la carne de sus corderos lechales.

La inclusién de esparceta deshidratada en la dieta de corderos de cebo produjo una
reduccién de la digestibilidad estimada de los piensos. Sin embargo, pese a la menor
digestibilidad, la inclusidn de un 40% de esparceta en el pienso aumento la ingestion
de materia seca, aunque dicho resultado no se reflejé en diferencias estadisticas de

los pesos al sacrificio y de la canal.
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6.

10.

La fermentacion ruminal de los corderos se vio escasamente afectada por la inclusion
de esparceta en el pienso, aunque incrementd el porcentaje de acido acético en el

rumen.

La inclusién de esparceta en el pienso de cebo de corderos afectd en gran medida a
la biohidrogenacién ruminal. El contenido ruminal mostré un incremento de C18:3 n-
3 y una disminucion de C18:1 t10 ante la presencia de esparceta,
independientemente del nivel de inclusién. Sin embargo, los mayores porcentajes de
C18:1t11y los menores porcentajes de C18:2 n-6 sélo se obtuvieron con la inclusién
de un 40% de esparceta, mostrando un efecto mds marcado de la ruta t11 de

biohidrogenacién ruminal.

El perfil de AG del plasma se vio poco afectado por la inclusion de esparceta en el
pienso. Las diferencias en los contenidos de AGPI del plasma mostraron una dindmica
similar a la observada en el rumen vy la carne, mientras que la ratio t10/t11 del plasma
no reflejd los diferentes patrones de biohidrogenacidon observados en los diferentes

grupos.

El perfil de AG de la carne de los corderos alimentados con una inclusion del 40% de
esparceta en el pienso presenté mayores porcentajes de AGPI n-3 y CLA ¢9,t11 y una

menor ratio de AGPI n-6/AGPI n-3.

A partir de la presente tesis, podemos concluir que la esparceta con un contenido
moderado de PAC puede utilizarse como ingrediente principal de la dieta de las ovejas
durante la fase de cria de un cordero lechal sin producir efectos perjudiciales sobre el
rendimiento de los animales. La inclusion de esparceta deshidratada en el
concentrado de corderos de cebo no presenté efectos negativos sobre el rendimiento
y mejoré el perfil de AG de la carne a causa de los cambios ocurridos en la BH ruminal,

especialmente cuando la esparceta se incluyo al 40%.
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