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Claùdia Baila, Margalida Joy,* Juan Ramón Bertolín, Susana Alves, Rui Bessa, Mireia Blanco,
and Sandra Lobón

Cite This: https://doi.org/10.1021/acs.jafc.3c05902 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The effects of sainfoin inclusion (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 for 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 of the level of inclusion. However, the highest C18:1 t11
and the lowest C18:2 n-6 proportions were obtained only in the 40SF rumen, showing a stronger t11 biohydrogenation pathway. In
plasma, most effects were associated with changes in the 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 those from
0SF and 20SF diets because of the potentiation of the ruminal t11 pathway. Inclusions of 20 and 40% sainfoin both showed
beneficial effects on meat quality; furthermore, these effects were most marked in the 40% sainfoin diet.
KEYWORDS: lipid metabolism, local forage legume, meat quality, Onobrychis viciifolia, rumen biohydrogenation

■ INTRODUCTION
Current guidelines advise monitoring the intake of ruminant
meat because of the high concentrations of saturated fatty acids
(SFA),1 although this has a healthier n-6/n-3 FA ratio than
that of pork or chicken.2 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.3,4

Although this might appear to compromise the current
consumer desire to have healthier animal products in their
diets,5 this microbial process produces beneficial bioactive FAs
such as C18:1 t11 and C18:2 c9,t11 that are mostly related to
ruminant products consumption.6,7 Hence, a deep under-
standing 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.8

Light lamb production systems in several Mediterranean
countries, such as Spain and Portugal, are based on indoor
concentrate-fed from weaning (12 to 14 kg of BW) to
slaughter (22 to 28 kg of 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.9,10 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,11 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 (PACs),12 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 PACs can have a
modulating effect on the specific BH pathways or the rumen
microbial population. This can produce changes in the
concentration of polyunsaturated FAs (PUFAs) and FA
intermediates (C18:3, C18:2, and C18:1 isomers) in the
rumen,13 which are potentially deposited on to ruminant
products, such as meat.14

We hypothesized that including dehydrated sainfoin forage
into finishing diets for light lambs would promote the rumen
BH pathways producing C18:1 t11 and C18:2 c9,t11 and
thereby improve the FA profile of lamb meat. The study
sought to evaluate the effects of the inclusion of sainfoin at two
different rates in the finishing pelleted concentrate for lambs
on the ruminal BH and on blood and meat FA profiles. Results
from this experiment will provide a better understanding of the
changes occurring in lipid metabolism from the diet to the
meat FA profile.
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■ 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 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 days) 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 (0SF), a concentrate with
20% sainfoin (20SF), and a concentrate with 40% sainfoin (40SF).
Lambs had free access to 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
(Table 1).
Sampling Procedures and Slaughter. Composite samples of

the concentrates were obtained weekly per animal to determine the

Table 1. Ingredients and Chemical and Fatty Acid (FA) Composition, Mean ± Standard Deviation, of the Experimental Diets

dietsa

0SF 20SF 40SF

ingredients, g/kg dry matter (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, 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 (PACs)b

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
fiber 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 fatty acids (FAs), mg/g DM 44.6 ± 1.13 45.9 ± 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 c9 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 c9 24.6 ± 0.27 24.1 ± 0.32 26.8 ± 0.89
C18:1 c11 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
C18:3 n-3 2.49 ± 0.137 4.77 ± 0.193 6.71 ± 0.444
SFAc 35.6 ± 0.41 35.6 ± 0.39 38.2 ± 0.53
MUFAd 25.1 ± 0.18 24.6 ± 0.24 27.3 ± 0.82
PUFAe 39.3 ± 0.35 39.8 ± 0.29 34.5 ± 0.57

a0SF, 0% sainfoin; 20SF, 20% sainfoin; 40SF, 40% sainfoin in the finishing concentrate. bg eq of sainfoin PAC/kg DM. cSaturated FA.
dMonounsaturated FA. ePolyunsaturated FA.
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Table 2. Effect of the Diet on the Fatty Acid (FA) Profile (% of Total FA Identified) and C18 Rumen Biohydrogenation Extent
and Completeness (%) of the Ruminal Digesta of Lambso

dietsa

0SF 20SF 40SF P-value

total fatty acids (FAs), mg FA/g dry matter 43.5 ± 1.24 47.3 ± 1.31 43.6 ± 1.24 0.08
individual FA
SFAb 40.7 ± 2.97 48.1 ± 3.15 45.9 ± 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 24.9b ± 0.34 24.5b ± 0.36 29.3a ± 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 0.35c ± 0.013 0.41b ± 0.014 0.46a ± 0.013 <0.001
C21:0 0.02 ± 0.008 0.02 ± 0.008 0.01 ± 0.008 0.67
C22:0 0.24b ± 0.007 0.26b ± 0.007 0.30a ± 0.007 <0.001
C23:0 0.14 ± 0.030 0.10 ± 0.009 0.08 ± 0.019 0.26
C24:0 0.25b ± 0.022 0.29b ± 0.017 0.36a ± 0.008 <0.001
C26:0 0.09 ± 0.00 5 0.11 ± 0.009 0.13 ± 0.016 0.14
C28:0 0.01b ± 0.010 0.04b ± 0.010 0.12a ± 0.010 <0.001

BCFAc 1.84a ± 0.137 1.22b ± 0.145 1.36ab ± 0.137 0.01
iso-BCFA 0.57 ± 0.080 0.44 ± 0.085 0.54 ± 0.080 0.52

iso-C13:0 0.007b ± 0.0062 0.004b ± 0.0065 0.031a ± 0.0062 0.009
iso-C14:0 0.13 ± 0.014 0.09 ± 0.015 0.10 ± 0.014 0.21
iso-C15:0 0.20 ± 0.046 0.13 ± 0.017 0.20 ± 0.034 0.12
iso-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 1.27a ± 0.073 0.78b ± 0.077 0.82b ± 0.073 <0.001

anteiso-C15:0 1.02a ± 0.065 0.64b ± 0.068 0.73b ± 0.065 <0.01
anteiso-C17:0 0.24a ± 0.034 0.15ab ± 0.036 0.09b ± 0.034 0.02

MUFAd 35.7 ± 2.19 29.1 ± 2.33 33.9 ± 2.19 0.13
cis-MUFA 13.9b ± 0.82 14.8ab ± 0.87 17.4a ± 0.82 0.02

C16:1 c7/t3e 0.11a ± 0.026 0.07ab ± 0.023 0.04b ± 0.010 0.02
C16:1 c9 0.12 ± 0.013 0.11 ± 0.014 0.10 ± 0.013 0.45
C18:1 c9f 12.6b ± 0.83 13.2ab ± 0.88 15.8a ± 0.83 0.03
C18:1 c11 0.90 ± 0.062 0.83 ± 0.065 0.92 ± 0.062 0.54
C18:1 c12 0.02 ± 0.014 0.00 ± 0.015 0.02 ± 0.014 0.57
C18:1 t16/c14g 0.03b ± 0.014 0.12a ± 0.028 0.22a ± 0.061 0.002
C18:1 c15 0.13b ± 0.054 0.45a ± 0.117 0.24b ± 0.032 0.047
C18:1 c16 0.01b ± 0.002 0.02ab ± 0.009 0.04a ± 0.009 <0.001

trans-MUFA 21.9a ± 1.8 14.5b ± 1.91 16.7ab ± 1.8 0.03
C18:1 t6/t7/t8h 0.80 ± 0.259 1.43 ± 0.124 1.20 ± 0.117 0.09
C18:1 t9 0.41 ± 0.155 0.80 ± 0.081 0.62 ± 0.056 0.08
C18:1 t10 19.5a ± 1.88 10.3b ± 2.00 9.24b ± 1.883 0.01
C18:1 t11 0.47b ± 0.108 1.14b ± 0.345 4.70a ± 0.6080 <0.001
C18:1 t12 0.68a ± 0.066 0.39b ± 0.070 0.41b ± 0.066 0.008
C18:1 t15 0.09b ± 0.051 0.30a ± 0.054 0.32a ± 0.051 0.008

PUFAi 17.3a ± 1.03 16.9a ± 1.09 12.8b ± 1.03 0.009
C18:2 n-6 15.6a ± 0.87 14.3a ± 0.93 9.97b ± 0.874 <0.001
C18:2 t9,c12 0.02 ± 0.010 0.06 ± 0.022 0.11 ± 0.037 0.05
C18:2 t11,c15/t10,c15j 0.35b ± 0.035 0.59ab ± 0.146 0.69a ± 0.129 0.03
C18:3 n-3 1.25b ± 0.105 1.76a ± 0.112 1.78a ± 0.105 0.002
C18:3 c9,t11,c15 0.01b ± 0.005 0.11a ± 0.005 0.16a ± 0.020 <0.001
CLAk 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 0.03a ± 0.007 0.04a ± 0.08 0.00b ± 0.007 0.002
CLA t11,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/-13l 1.41a ± 0.142 0.94b ± 0.117 2.07a ± 0.416 0.009
C18:0 oxo-10 1.00 ± 0.219 1.03 ± 0.232 1.54 ± 0.219 0.17

C18:1 t10/C18:1 t11 54.5a ± 18.83 13.2b ± 2.80 1.98c ± 0.279 <0.001
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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) no. 1099/
2009. Blood samples were collected from the jugular vein of lambs
during exsanguination, kept in tubes containing heparin (Vaccuette,
Spain), and immediately centrifuged (3000g 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 fourth and sixth lumbar vertebrae to study the
intramuscular fat (IMF), cholesterol concentrations, and FA profile
of meat. All samples were freeze-dried (Lyobeta 25, Azbil Telstar,
Japan) and kept at −20 °C.
Chemical Analyses. All chemical composition analyses of the

concentrates were run in triplicate. The techniques used for the
chemical analyses of the concentrates are detailed by Baila et al.16 The
total starch content of the concentrates was measured with the
commercial kit K-TSTA-100A (Neogen Corporation, Lansing, MI,
USA) following the amyloglucosidase/α-amylase method.

The dry matter (DM) and IMF of meat were measured by using
NIRs (FoodScanTM2, Foss Analytics, Hilleroed, Denmark), and the
amount of cholesterol in the meat was determined following the
method of Bertoliń et al.17 using an Acquity UPLC H-Class liquid
chromatograph (Waters, Mildford, KA, USA) with a silica-based
bonded phase column (Acquity UPLC HSS T3, 150 mm × 2.1 mm ×
1.8 μm, Waters), an absorbance detector (Acquity UPLC Photodiode
Array PDA eλ Detector, Waters), and a fluorescence detector (2475
Multi λ Fluorescence Detector, Waters) and controlled with
Empower 3 software (Waters, Mildford, KA, USA). The absorbance
of cholesterol was measured at 220 nm.

Evaluation of the FA profile of concentrates, plasma, and meat
samples was performed at the CITA (Spain). The FA profile of the
concentrates was analyzed using 500 mg of lyophilized samples
following the method described by Rufino-Moya et al.12 For plasma
and meat FA profiles, 2 mL and 500 mg of lyophilized samples,
respectively, were extracted according to Lee et al.18 Afterward, all the
samples were methylated as FA methyl esters using 4 mL of 0.5 M
CH3ONa/CH3OH solution followed by 4 mL of acetyl chloride/
CH3OH (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) with a flame ionization
detector equipped with a CP-8400 autosampler and an SP-2560
capillary column (100 m × 0.25 mm ID × 0.20 μm for concentrate
samples and 200 m × 0.25 mm ID × 0.20 μm for plasma and meat
samples; Sigma-Aldrich, Saint Louis, MO, USA). The technical
specifications of the chromatographic conditions followed for the FA
analyses of the concentrates can be found in detail in the work of
Rufino-Moya et al.12 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 and 250 °C,
respectively. Identification of the FAs of concentrates, plasma, and
meat was 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 the
literature.19−21 The quantification 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 the work of Alves et al.22 Briefly, freeze-
dried rumen concentrations (250 mg) were directly transesterified
according to the method described by Alves et al.23 Methyl
nonadecanoate (C19:0) (internal standard) was used for quantifica-
tion by gas chromatography with flame ionization detection (GC-
FID) using a Shimadzu GC 2010-Plus (Shimadzu, Kyoto, Japan)
equipped with a SP-2560 (100 m × 0.25 mm × 0.20 μm film
thickness, Supelco, Bellefonte, PA, USA) capillary column with the
chromatographic conditions described by Alves et al.24 The FA
determinations were performed by comparison with ruminal
chromatograms of Alves et al.23 and Alves and Bessa.25 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.22 The sums,
ratios, and Δ9-desaturation ratios relative to the FA profiles are
detailed in the work of Baila et al.26

Statistical Analyses. Data were analyzed 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 analyzed using analysis of variance with a
mixed model (MIXED procedure) and the diet (0SF, 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-squares 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.

Table 2. continued

dietsa

0SF 20SF 40SF P-value

BIm 24.9 ± 2.10 17.7 ± 2.23 21.6 ± 2.10 0.089
C18:1 t10 (% BI)n 75.7a ± 4.15 55.8b ± 4.15 40.2c ± 4.15 <0.001
biohydrogenation extent, %

C18:1 c9 46.5 ± 3.50 43.6 ± 3.71 36.0 ± 3.50 0.12
C18:2 n-6 55.8 ± 2.64 57.9 ± 2.80 61.3 ± 2.64 0.35
C18:3 n-3 47.6c ± 2.36 61.9b ± 2.50 71.4a ± 2.36 <0.001

completeness, % 34.2 ± 6.55 51.9 ± 6.95 37.2 ± 6.55 0.17
a0SF, 0% sainfoin; 20SF, 20% sainfoin; 40SF, 40% sainfoin in the finishing concentrate. bSaturated FA. cBranched-chain FA. dMonounsaturated
FA. eC16:1 c7 and C16:1 t3 might coelute. fC18:1 c9 might coelute with the pair C18:1 t13 and t14. gC18:1 t16 coelutes with C18:1 c14 as a
minor isomer. hC18:1 t6, C18:1 t7, and C18:1 t8 might coelute. iPolyunsaturated FA. jC18:2 t11,c15 and C18:2 t10,c15 might coelute.
kConjugated linoleic acid. lC18:0 oxo-12 and C18:0 oxo-13 might coelute. mBiohydrogenation intermediates: all C18 FA except C18:0, C18:1 c9,
C18:1 c11, C18:2 n-6, and C18:3 n-3. nProportion of BI explained by C18:1 t10. oThe different lowercase letters indicate differences among groups
at P < 0.05; standard error of means (±).
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■ 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 listed in Table 2. 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 the diet
had an effect on C16:0, C20:0, C22:0, C24:0, and C28:0 (P <
0.001), with higher percentages in 40SF lambs than 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 0SF than in 20SF lambs. The total percentage
of iso-BCFA did not differ among the diets (P > 0.05), whereas
the percentage of total anteiso-BCFA was higher in 0SF than in
20SF and 40SF (P < 0.05).

Although the total ruminal percentage of monounsaturated
FA (MUFA) was similar among diets (P > 0.05), 0SF lambs
had lower percentages of total cis-MUFA, C18:1 c9, C18:1 c16,

and C18:1 t11 than 40SF lambs and greater percentages of
C18:1 t10 and C18:1 t12 than 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 0SF 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 values of
40SF lambs lower than those of their counterparts. The
percentages of C18:3 n-3 and C18:3 c9,t11,c15 were lower in
the rumen of 0SF 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 0SF
compared with 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 in
their counterparts.

Both the C18:1 t10/C18:1 t11 ratio and the proportion of
biohydrogenation intermediates (BI) explained by the

Table 3. Effect of the Diet on the Total Fatty Acid (FA) Concentration and FA Profile (% of Total FA Identified) of Plasma
Lambse

dietsa

0SF 20SF 40SF P-value

total fatty acids (FAs), mg FA/mL plasma 2.68a ± 0.102 2.67ab ± 0.108 2.31b ± 0.102 0.004
individual FA
SFAb 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 0.17b ± 0.017 0.14b ± 0.018 0.25a ± 0.017 <0.001
C16:0 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

MUFAc 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

C16:1 c9 0.35a ± 0.033 0.26ab ± 0.034 0.15b ± 0.033 <0.001
C18:1 c9 5.96 ± 0.360 6.76 ± 0.382 6.36 ± 0.360 0.33
C18:1 c11 0.57 ± 0.044 0.57 ± 0.047 0.50 ± 0.044 0.37
C20:1 c11 0.03 ± 0.013 0.05 ± 0.014 0.03 ± 0.013 0.67
C22:1 c13 0.04ab ± 0.014 0.02b ± 0.005 0.05a ± 0.007 0.01
C24:1 c15 0.05a ± 0.006 0.04ab ± 0.015 0.02b ± 0.006 0.005

trans-MUFA 2.29 ± 0.308 1.24 ± 0.326 1.73 ± 0.308 0.08
C18:1 t10 1.59 ± 0.212 0.96 ± 0.225 1.26 ± 0.212 0.15
C18:1 t11 0.70a ± 0.100 0.28b ± 0.106 0.47ab ± 0.100 0.02

PUFAd 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 0.14a ± 0.021 0.08ab ± 0.022 0.07b ± 0.021 0.04
C20:2 n-6 0.05ab ± 0.008 0.08a ± 0.023 0.02b ± 0.007 0.008
C20:3 n-6 0.05b ± 0.012 0.09a ± 0.013 0.08ab ± 0.013 0.046
C20:4 n-6 0.95a ± 0.053 0.79ab ± 0.056 0.72b ± 0.057 0.02

PUFA n-3 0.43b ± 0.065 0.80a ± 0.069 0.93a ± 0.065 <0.001
C18:3 n-3 0.27c ± 0.036 0.41b ± 0.038 0.60a ± 0.036 <0.001
C20:5 n-3 0.09 ± 0.025 0.10 ± 0.027 0.07 ± 0.027 0.77
C22:5 n-3 0.01b± 0.020 0.16a ± 0.022 0.18a ± 0.022 <0.001
C22:6 n-3 0.05b ± 0.017 0.12a ± 0.018 0.10ab ± 0.017 0.02

C18:1 t10/C18:1 t1 2.55 ± 0.313 5.53 ± 1.638 5.96 ± 3.321 0.15
a0SF, 0% sainfoin; 20SF, 20% sainfoin; 40SF, 40% sainfoin in the finishing concentrate. bSaturated FA. cMonounsaturated FA. dPolyunsaturated
FA. eThe different lowercase letters indicate differences among groups at P < 0.05; standard error of means (±).
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Table 4. Effect of the Diet on the Intramuscular Fat (IMF), Cholesterol, Total Fatty Acid (FA) Concentration (g/100 g of
Fresh Muscle), and FA Profile (% of Total FA Identified) of the Longissimus Lumborum Muscle of Lambsm

dietsa

0SF 20SF 40SF P-value

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 fatty acids (FAs) 0.93a ± 0.041 0.84ab ± 0.045 0.79b ± 0.041 0.046
individual FA
SFAb 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 0.02a ± 0.001 0.01b ± 0.002 0.03a ± 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 0.72a ± 0.030 0.57b ± 0.032 0.49b ± 0.030 <0.001
C16:0 21.1 ± 0.35 20.4 ± 0.35 21.3 ± 0.35 0.15
C17:0 0.91a ± 0.037 0.87ab ± 0.039 0.77b ± 0.037 0.04
C18:0 10.9 ± 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

BCFAc 2.11a ± 0.071 1.80b ± 0.070 1.47c ± 0.069 <0.001
iso-BCFA 1.52a ± 0.046 1.35b ± 0.045 1.12c ± 0.044 <0.001

iso-C15:0 0.77 ± 0.037 0.75 ± 0.037 0.66 ± 0.037 0.14
iso-C16:0 0.09a ± 0.005 0.05b ± 0.005 0.05b ± 0.005 <0.001
iso-C17:0 0.34a ± 0.017 0.26b ± 0.018 0.24b ± 0.017 <0.001
iso-C18:0 0.28 ± 0.034 0.30 ± 0.036 0.20 ± 0.034 0.12

anteiso-BCFA 0.60a ± 0.037 0.46b ± 0.040 0.35b ± 0.037 <0.001
anteiso-C13:0 0.20a ± 0.024 0.17ab ± 0.024 0.11b ± 0.023 0.04
anteiso-C15:0 0.09 ± 0.007 0.07 ± 0.021 0.07 ± 0.009 0.19
anteiso-C17:0 0.32a ± 0.014 0.22b ± 0.015 0.18b ± 0.014 <0.001

MUFAd 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

C16:1 c9 1.29 ± 0.077 1.23 ± 0.077 1.20 ± 0.076 0.70
C16:1 c11 0.01 ± 0.004 0.02 ± 0.003 0.03 ± 0.008 0.30
C16:1 c12 0.01 ± 0.004 0.03 ± 0.004 0.02 ± 0.004 0.08
C18:1 c6/c8e 0.15 ± 0.018 0.12 ± 0.019 0.15 ± 0.018 0.40
C18:1 c9 20.8 ± 0.66 21.1 ± 0.70 21.4 ± 0.66 0.82
C18:1 c11 1.73a ± 0.050 1.61ab ± 0.050 1.50b ± 0.049 0.02
C18:1 c12 0.05b ± 0.011 0.05b ± 0.015 0.15a ± 0.026 0.007
C18:1 c13 0.01 ± 0.007 0.04 ± 0.007 0.03 ± 0.007 0.07
C18:1 c14 0.04a ± 0.005 0.01b ± 0.005 0.02b ± 0.005 0.01
C18:1 c15 0.02 ± 0.007 0.04 ± 0.007 0.03 ± 0.007 0.15
C20:1 c11 0.11b ± 0.007 0.15a ± 0.014 0.06c ± 0.011 <0.001
C22:1 c13 0.02 ± 0.004 0.02 ± 0.004 0.01 ± 0.004 0.16
C24:1 c15 0.08a ± 0.013 0.03b ± 0.010 0.02b ± 0.005 <0.001

trans-MUFA 3.41a ± 0.246 2.69ab ± 0.261 2.50b ± 0.246 0.04
C16:1 t9 0.06c ± 0.005 0.07b ± 0.006 0.12a ± 0.014 0.002
C16:1 t10 0.02ab ± 0.004 0.01b ± 0.001 0.02a ± 0.003 0.007
C17:1 t9 0.11a ± 0.011 0.03ab ± 0.011 0.06b ± 0.011 0.01
C18:1 t5 0.01 ± 0.002 0.005 ± 0.0017 0.01 ± 0.002 0.15
C18:1 t6/t8f 0.04 ± 0.010 0.06 ± 0.010 0.05 ± 0.010 0.32
C18:1 t9 0.10b ± 0.012 0.15a ± 0.013 0.16a ± 0.012 0.003
C18:1 t10 2.27a ± 0.205 1.60ab ± 0.217 1.32b ± 0.205 0.01
C18:1 t11 0.73 ± 0.074 0.64 ± 0.078 0.66 ± 0.074 0.71
C18:1 t12 0.07b ± 0.008 0.07b ± 0.008 0.10a ± 0.008 0.001

PUFAg 23.2 ± 0.34 23.7 ± 0.97 23.0 ± 0.63 0.78
CLAh 0.33 ± 0.026 0.33 ± 0.028 0.36 ± 0.026 0.64

CLA t7,c9 0.02 ± 0.010 0.01 ± 0.003 0.01 ± 0.002 0.41
CLA c9,t11 0.16b ± 0.014 0.14b ± 0.015 0.22a ± 0.014 0.003
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presence of C18:1 t10 were affected by the diet (P < 0.001),
decreasing as the level of sainfoin increased in the diet, but the
BI remained unaffected (P > 0.05). The diet did not affect the
BH extent (completeness) (P > 0.05) but affected the BH
extent of C18:3 n-3, which increased with the level of inclusion
of sainfoin (P < 0.001).
FA Composition of Plasma. The total FA content in

plasma was affected by the diet (Table 3), showing higher
values in 0SF, intermediate in 20SF, and low in 40SF lambs (P
< 0.05). The diet did not affect the total SFA percentage or
those of individual SFAs (P > 0.05), except for C15:0 (P <
0.001), which was greater in 40SF.

The total percentage of MUFA and cis- and trans-MUFA (P
> 0.05) showed no effect of the diet but the percentage of four
individual MUFAs showed differences among diets (P < 0.05).
Thus, the plasma of 0SF lambs had greater percentages of
C16:1 c9 and C24:1 c15 compared with that 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 in 20SF lambs (P < 0.05).

The percentages of PUFA, PUFA n-6, and its major FA,
C18:2 n-6, showed no changes among diets (P > 0.05) despite
the changes observed on the percentages of C18:3 n-6, C20:2
n-6, C20:3 n-6, and C20:4 n-6 due to the diet (P < 0.05). The
plasma of 0SF lambs had greater percentages 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 in 40SF lambs.

The diet affected the total percentage of PUFA n-3 (P <
0.001), C18:3 n-3 (P < 0.001), C22:5 n-3 (P < 0.001), and
C22:6 n-3 (P < 0.05), with lower percentages in the plasma of
0SF lambs than in 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).
FA Composition of the Longissimus Lumborum

Muscle. The diet had no effect on the DM, IMF, and
cholesterol (P > 0.05, Table 4) percentages of meat but
affected the percentage of total FA (P < 0.05), which was
higher in 0SF than in 40SF, whereas 20SF presented
intermediate values.

Total SFA percentage and most individual SFA percentages
were unaffected by the diet (P > 0.05; Table 4), except for
those of C15:0 (P < 0.001) and C17:0 (P < 0.05), which were
greater in 0SF than in 40SF lambs, and of C11:0 (P < 0.01),
with lower values in 20SF than 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 0SF than in their counterparts (P
< 0.05) regardless of the level of sainfoin inclusion, whereas the
percentage of anteiso-C13:0 was greater in the 0SF meat than
in the 40SF lambs (P < 0.05).

Table 4. continued

dietsa

0SF 20SF 40SF P-value

CLA t9,c11 0.10 ± 0.011 0.10 ± 0.011 0.06 ± 0.011 0.05
CLA t10,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 12.9 ± 0.9 11.9 ± 0.48 0.26
C18:3 n-6 0.12a ± 0.007 0.12a ± 0.008 0.09b ± 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 0.39a ± 0.017 0.35a ± 0.017 0.28b ± 0.016 0.002
C22:5 n-6 0.08 ± 0.014 0.09 ± 0.005 0.07 ± 0.008 0.13

PUFA n-3 3.30c ± 0.105 4.00b ± 0.112 4.69a ± 0.105 <0.001
C18:3 n-3 0.82c ± 0.036 1.17b ± 0.038 1.64a ± 0.036 <0.001
C20:3 n-3 0.01 ± 0.004 0.02 ± 0.004 0.02 ± 0.004 0.14
C20:5 n-3 0.74b ± 0.042 0.91a ± 0.044 1.02a ± 0.042 <0.001
C22:5 n-3 1.30 ± 0.047 1.38 ± 0.047 1.38 ± 0.046 0.37
C22:6 n-3 0.47b ± 0.020 0.52ab ± 0.018 0.60a ± 0.042 0.03

C18:1 t10/C18:1 t11 3.30 ± 0.411 2.86 ± 0.436 1.98 ± 0.411 0.09
PUFA/SFA 0.52 ± 0.010 0.53 ± 0.025 0.50 ± 0.018 0.60
PUFA n-6/PUFA n-3 5.44a ± 0.206 4.57b ± 0.218 3.70c ± 0.206 <0.001
AI indexi 0.62 ± 0.022 0.60 ± 0.022 0.63 ± 0.021 0.55
TI indexj 1.02 ± 0.020 0.96 ± 0.020 0.95 ± 0.019 0.07
H:h indexk 1.73 ± 0.055 1.81 ± 0.054 1.73 ± 0.053 0.44
Δ9-desaturase C16 (%) 5.72 ± 0.176 5.68 ± 0.437 5.25 ± 0.211 0.26
Δ9-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
a0SF, 0% sainfoin; 20SF, 20% sainfoin; 40SF, 40% sainfoin in the finishing concentrate. bSaturated FA. cBranched-chain FA. dMonounsaturated
FA. eC18:1 c6 and C18:1 c8 might coelute. fC18:1 t6 and C18:1 t8 might coelute. gPolyunsaturated FA. hConjugated linoleic acid. iAtherogenicity
index. iAtherogenicity index. jThrombogenicity index. kHyper-hypocholesterolemic index. mThe different lowercase letters indicate differences
among groups at P < 0.05; standard error of means (±).
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The diet did not change the total percentage of MUFA, cis-
MUFA, or C18:1 c9 in meat (P > 0.05; Table 4) but affected
the percentage of four minor individual cis-MUFAs. The meat
of 0SF lambs had a higher C24:1 c14 percentage than those of
their counterparts regardless of the proportion of sainfoin and
a 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
the greatest percentages in 40SF and 20SF lambs, respectively.
The diet affected the total percentage of trans-MUFA and six
of the nine individual FA detected (P < 0.05). The meat of 0SF
lambs had greater percentages of total trans-MUFA, C17:1 t9,
and C18:1 t10 than that of the 40SF lambs but had the lowest
percentages of C16:1 t9 and C18:1 t9 compared to 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 in their counterparts (P < 0.05).

The diet did not affect the percentage of total PUFA, total
CLA, or total PUFA n-6 (P > 0.05; Table 4) and only affected
the CLA c9,t11 percentage (P < 0.01), which was highest in
the 40SF meat, and the C18:3 n-6 (P < 0.05) and C22:4 n-6
(P > 0.01) percentages, which were lowest in 40SF meat.
Increasing the level of sainfoin inclusion in the diet increased
the percentages of total PUFA n-3 (P < 0.001) and individual
C18:3 n-3 (P < 0.001), C20:5 n-3 (P < 0.001), and C22:6 n-3
(P < 0.05), with the 40SF meat having higher percentages than
those in the 0SF and 20SF meat, except for C20:5 n-3 and
C22:6 n-3, which were similar in 20SF and 40SF meat (P >
0.05).

The diet did not affect the PUFA/SFA ratio, AI index, TI
index, H:h index, Δ9-desaturase C16 (%), Δ9-desaturase C18
(%), or elongase (%) but affected the PUFA n-6/PUFA n-3
ratio, which decreased as the inclusion of sainfoin in the diet
increased (P < 0.001; Table 4).

■ DISCUSSION
The results concerning feed intake, growth, ruminal
fermentation, and carcass traits of the lambs have been
reported elsewhere.15 Briefly, the 40SF lambs had a greater
average daily dry matter (DM) intake (741, 745, and 895 ±
17.8 g DM/d for 0SF, 20SF, and 40SF, respectively; P <
0.001). The inclusion of 20 and 40% sainfoin in the
concentrate did not show noticeable differences concerning
the intake of the individual FAs compared to that of the
concentrate without sainfoin (Supplementary Table S1);
however, lambs fed the 40SF diet showed a greater total
fatty acid (FA) intake, with C18:3 n-3 being the most affected
FA because of the inclusion of sainfoin. No differences were
found among diets in the final body weight and cold carcass
weight. Regarding ruminal parameters, the rumen pH observed
in 20SF lambs was lower than that in 40SF (5.87, 5.68, and
6.34 ± 0.164 for 0SF, 20SF, and 40SF, respectively; P < 0.05),
and the production of total volatile FAs was unaffected by the
diet, although both 20SF and 40SF had a higher acetic acid
percentage than that in the 0SF group (49.2, 60.6, and 58.5 ±
2.24% for 0SF, 20SF, and 40SF, respectively; P < 0.01).

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 0SF
and 20SF (310 and 252 g/kg of 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 0SF lambs probably because of
the higher concentration of starch in their diet. Fievez et al.27

demonstrated that increased productions of anteiso-BCFA were
linked to increased amylolytic populations. Moreover, although
PACs have inhibitory effects on microbial growth and on
proteolysis, reducing ruminal concentrations of BCFA,28 we
suggest that the low PAC content in the sainfoin concentrates
compared with that in fresh sainfoin12,16 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 c9
may come from the diet or from the BH of C18:2 n-6.29 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 extents of C18:2 n-6 and
C18:1 c9 among diets. Toral et al.30 and Huyen et al.31 studied
sainfoin in vitro and in dairy cows fed sainfoin silage and
observed a low BH extent and higher C18:1 c9 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-3,32 which was higher in 40SF meat.

Several of the most important effects produced by sainfoin
inclusion in the diet were observed in the trans-MUFAs. The
study of this group of FA is important because trans-MUFAs in
the food industry have 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 these types of fats.32 The trans-FA present in ruminant meat
and milk is produced during ruminal BH, and C18:1 t10 and
C18:1 t11 are the main FAs 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.11 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 C18:1 t11 is a main target in ruminant nutrition
because this is converted to CLA c9,t11 in meat through
activity of Δ9-desaturase, having potential beneficial implica-
tions for human health.33 The predominance of the t11 or the
t10 BH pathway is studied by using the C18:1 t10/C18:1 t11
ratio. It should be noted that the C18:1 t10/C18:1 t11 ratio
obtained with the 0SF diet was extraordinarily high compared
to the existing literature on lambs fed almost exclusively on
cereals;34 however, the inclusion of sainfoin in the diet is
shown to be able to decrease C18:1 t10 ruminal concen-
trations, although 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 the C18:1 t10 concentration when
sainfoin was included in the concentrate suggests a greater
presence of the t11 BH pathway in both sainfoin concentrates
than in the 0SF meat, which was also supported by the
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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-635 and has been
associated with negative effects on lipid metabolism,
specifically with milk fat depression in dairy cows.36 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 0SF or 20SF meat, and was mainly 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 c9,t11
intermediates, respectively.11,22 This result confirms the
efficacy of increasing C18:1 t11 as the main isomer formed
in the rumen of animals fed forage-rich diets.23

As expected, the numerically higher values of BI 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 BI 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. However,
at this point, it is important to emphasize that the
concentrations of C18:1 t10, C18:1 t11, and therefore, the
C18:1 t10/C18:1 t11 ratio could also be affected by the
differences in starch and NDF content among diets. Both
nutrients greatly affect this ratio, and it is well-known that
reducing starch and increasing NDF contents of the diet lead
to lower concentrations of the C18:1 isomer t10.11,37,38

The observed decrease of approximately 40% of C18:2 n-6
in the ruminal content of 40SF lambs compared with those in
the rest of the 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 in the lower ruminal concentration of total PUFAs.
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 high39 as
a response of their greater availability and as a defense against
the potential toxicity of dietary PUFA to ruminal bacteria.40

The higher fiber 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 better
environment for cellulolytic bacteria, which would cause a
greater extension of the BH process.41 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
0SF group, despite the large BH extent. Increased concen-
trations of C18:3 n-3 in the ruminal content when using
sainfoin have already been found in previous studies.30,31,42,43

Nevertheless, this finding is usually associated with the
presence of PACs in sainfoin, which can affect the BH of
dietary PUFA.13 Herein, the lack of C18:3 n-3 BH inhibition
may be associated with the low PAC content in 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 observed44,45 and may
be because of the transfer of long-chain FAs to tissues, which
depends on numerous factors such as lipid transport and
metabolism.46

The meat FA profile reflects the final effect of the ruminal
BH produced in the diet. The differences in the total amount
of FA in meat were not expected in regard to the amount of FA
ingested or the rumen results; however, they followed a similar
pattern to that observed in the plasma. This may be because
the rumen is a direct reflection of the diet, whereas more
components of lipid metabolism, such as de novo FAs synthesis
or even fat mobilization, are involved in the case of plasma or
meat, which would explain their greater similarity. The amount
of IMF was similar or even higher than that found in light
lambs slaughtered at similar weight.14,47,48 However, the FA
content of meat was found to be very low in all groups
compared with the 1.7% of total FA obtained on average in
lambs of 28.2 kg BW49 and up to 2.6% of FA in meat from
heavier lambs (38 kg BW).50 Considering that the analysis
techniques carried out to determine the IMF and total FA are
different and not entirely comparable, this could indicate that a
low percentage of the IMF was related to FA, the IMF being
composed mostly of phospholipids. Moreover, the FA content
was even lower in the meat of lambs fed 40% sainfoin. Despite
the differences observed in cis-MUFA, C18:2 n-6, PUFA n-6,
and total PUFAs between groups in the ruminal FA profile, no
changes were found in meat. By contrast, the changes in rumen
percentages of BCFAs with sainfoin inclusion were partially
reflected in lower percentages of total BCFAs and anteiso-
BCFAs in meat. In addition, despite no differences in iso-
BCFAs in rumen, this group of FAs 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.51

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.7 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.52 Meat CLA c9,t11
concentrations of 40SF lambs were almost 40% higher than
those in the rest of the diets, and enhancement of this FA is
one of the most desirable goals in ruminant products.53 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 Δ9-desaturase
activity.54 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 c9,t11 in the meat came predominantly
from the higher ruminal concentration of C18:1 t11. In this
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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 c9,t11 in meat. This result agrees with
previous studies stating that approximately 93% of C18:1 t11 is
converted to CLA c9,t11 in lamb meat.33 A higher CLA c9,t11
concentration in lamb meat of forage-fed animals compared
with that from a grain-based diet has been previously
reported14,55 and showed an increase in CLA isomer formation
due to a higher PUFA BH extent. However, despite the
increase in CLA c9,t11 concentration with the presence of 40%
sainfoin, the percentages of this FA with respect to total FA
were low relative to those reported in other studies conducted
with light lambs.47,48 This is probably because trans-C18,
including CLA isomers, are preferentially incorporated into
neutral lipids.56 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 c9,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 FAs as stated in the work of Bessa et al.54

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 PUFAs n-3.57

Previous studies described similar results in muscle from lambs
fed sainfoin silage58 and lambs grazed with forage legumes.59

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 limits60 by including
sainfoin in a concentrate-based diet.

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, with
this effect being 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 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
FAs 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 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 concen-
trate-fattened indoors.
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