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Abstract

The aim of the current study was to evaluate the effect of the presence of active
proanthocyanidins (PAC) from sainfoin, either fresh or dehydrated included in the concentrate,
on in vitro ruminal fermentation parameters, by including polyethylene glycol to block PAC.
Total gas and methane productions, ammonia (NH3-N), and volatile fatty acids (VFA) were
analyzed in fresh and in dehydrated sainfoin included in concentrates at different rates (0%,
20% and 40%), and ruminal biohydrogenation (BH) only in the latter. Active PAC from fresh
and dehydrated sainfoin reduced the production of gas and methane (P < 0.01), with no effect
on total VFA (P > 0.05). The presence of active PAC reduced NH;-N content in fresh sainfoin
(P <0.01), whereas the lower PAC contents in concentrates including dehydrated sainfoin only
elicited a tendency (P = 0.06). The presence of sainfoin PAC in the concentrate decreased the
BH extent and promoted the trans-11 BH pathway (P < 0.05). The inclusion of dehydrated
sainfoin in the concentrate decreased the branched-chain fatty acids (FA; P < 0.01) and
increased most of the trans-monounsaturated FA, C18:3 n-3, and BH intermediates (P < 0.05).
In conclusion, the use of sainfoin in the diet of small ruminants can be a useful strategy to
reduce gas and methane productions. In addition, the inclusion of dehydrated sainfoin in the
concentrate produced changes in the ruminal FA profile that could promote a healthier meat FA

profile.

Keywords: Onobrychis viciifolia; polyethylene glycol; gas production; fatty acids; sheep;

ruminal biohydrogenation.

Abbreviations: 4, potential gas production; ADFom, acid detergent fiber exclusive of residual
ash; a.s.l., above sea level;, BCFA, branched-chain fatty acid; BH, biohydrogenation; BI,
biohydrogenation intermediates; ¢, rate of gas production; C2:C3, acetic/propionic acid ratio;

CH,, methane; CP, crude protein; DM, dry matter; FA, fatty acid; FID, flame ionization
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detector; IVOMD, in vitro organic matter degradation; lignin (sa), lignin determined by
solubilization of cellulose with sulfuric acid; MUFA, monounsaturated fatty acids; NDFom,
neutral detergent fiber exclusive of residual ash; OM, organic matter; P, cumulative gas
production; PAC, proanthocyanidins; PEG, polyethylene glycol; PUFA, polyunsaturated fatty

acids; SFA, saturated fatty acids; s.e.m., standard error of the mean; VFA, volatile fatty acids.

1. Introduction

The current concern about climate change and the increasing interest in healthy ruminant
products force farmers to look for new feeding strategies while ensuring a good quality of meat
and milk. In response to these needs, the use of locally grown forages in ruminant diets could
simultaneously foster greater sustainability and feed autonomy, besides of a potential
improvement of the fatty acid (FA) profile of edible products (Moorby and Fraser, 2021;
Santos-Silva et al., 2023).

Sainfoin (Onobrychis viciifolia) is a forage legume with a high-medium crude protein (CP)
concentration and with a medium content of proanthocyanidins (PAC) (Rufino-Moya et al.,
2022), also known as condensed tannins. Two thirds of the annual sainfoin production are
collected in the first cut, thus this forage is often preserved as hay, dehydrated or ensiled to be
used by ruminants during feed shortage periods (Hayot Carbonero et al., 2011) or included in
fattening diets (Baila et al., 2023b). In addition to the effect of forage per se on ruminal
fermentation characteristics, sainfoin PAC can change the ruminal microbial population
(Mannelli et al., 2019; Vasta et al., 2019) and, consequently, modulate the ruminal
biohydrogenation (BH) pathways in different ways (Frutos et al., 2020). Among others, these
changes may reduce methane, gas, and ammonia (NH3-N) productions, thus resulting in greater
energy efficiency and lower environmental impact (Waghorn, 2008), as well as changes in the
concentration of polyunsaturated FA (PUFA) and FA intermediates (C18:3, C18:2, and C18:1

isomers) in the rumen, which may be deposited on ruminant products (Alvarez-Rodriguez et
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al., 2022; Woods and Fearon, 2009). However, literature is not conclusive concerning the
effects of PAC, which depend, inter alia, on the concentration and structure of the PAC, the
type of diet or the animal for which it is intended (Patra and Saxena, 2011; Niderkorn et al.,
2020; Menci et al., 2021). Besides, the preservation can change the content and fractions of
PAC (Wang et al., 2015; Huang et al., 2016), being the extent of the effects dependent on the
method of preservation (Scharenberg et al., 2007).

Previous studies assessed the effect of using 1) fresh sainfoin harvested at different dates in
the diet of ewes rearing a suckling lamb and ii) dehydrated sainfoin in the concentrate of
finishing lambs. Briefly, while no effects were observed on the productive performance of ewes
and lambs (Baila et al., 2022, 2024), changes were found in the fatty acid profile of milk in the
first study (Baila et al., 2023b) and in the ruminal BH and fatty acid profile of lamb meat in the
second study (Baila et al, 2023a). Therefore, we hypothesized that sainfoin PAC would have
different effects on ruminal fermentation depending on the time of harvest, and the level and
form of inclusion in the diet. Hence, the aim of the current study was to evaluate the effect of
the PAC from fresh and dehydrated sainfoin on in vitro fermentation parameters through the
addition of polyethylene glycol (PEG) to inhibit the action of PAC. In addition, the study also

evaluated the effects on ruminal BH on the diets with dehydrated sainfoin.

2. Material and methods

All procedures were carried out in accordance with the guidelines for experimental animal
protection (European Union Directive 2010/63) and were approved by the Animal Care and
Use Committee of the Research Centre (Animal Ethics Committee of the Centro de

Investigacion y Tecnologia Agroalimentaria de Aragon (CITA) (CEEA, protocol no. 2017-07).
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Two assays were conducted separately to assess the in vitro fermentation of fresh sainfoin
and dehydrated sainfoin included in a finishing concentrate. In both assays, the effect of PAC

was evaluated using PEG as a blocking agent for PAC activity.

2.1. Incubated feedstuffs

Sainfoin (Onobrychis viciifolia cv Reznos) was grown at CITA Research Institute in
Zaragoza (41° 42" N, 0° 49" W, altitude 216 m.a.s.l., mean annual temperature 15 + 7.3 °C and
mean rainfall 296 = 78 mm, Ebro Valley, NE Spain). It was sown in autumn 2018 at a seeding
rate of 100 kg/ha, and irrigation was applied every 15-21 days in spring. Sainfoin was harvested
on a weekly basis between 10" April (vegetative stage) and 8™ May (start of flowering stage)
to feed ewes rearing suckling lambs (Baila et al., 2023b). Finally, the remaining sainfoin was
harvested at flowering stage to be dehydrated, pelleted and included at different rates in

finishing concentrates for lambs, as described in detail in Baila et al. (2024).

Assay 1: Effects of the presence of active PAC of fresh sainfoin and the week of harvest
(concerning different vegetative stages). Fresh samples of sainfoin without (SF treatment) or
with the addition of PEG (SF+PEG treatment) were used to assess the effects of the presence
of active PAC and the week of harvest (1 to 4) on in vitro fermentative parameters, and gas and
methane production. For that, fresh samples of sainfoin from each week were lyophilized and
ground through a 0.2 mm sieve. The chemical composition evolved during the 4 weeks, with
neutral detergent fiber (NDFom) and acid detergent fiber (ADFom) contents increasing and CP
content decreasing from week 1 to 3; PAC contents were highest in weeks 1 and 2 and decreased
thereafter (Fig. 1). More details of chemical composition are presented in supplementary Table

S1 (Baila et al., 2022).

Assay 2: Effects of the presence of active PAC in increasing doses of dehydrated sainfoin

included in the finishing concentrate of lambs. Three finishing concentrates for lambs including



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

0% (0SF), 20% (20SF), and 40% (40SF) dehydrated sainfoin were evaluated without the
addition of PEG (SF treatment) or with the addition of PEG (SF+PEG treatment) to study the
effects of increasing amounts of active PAC, on in vitro fermentation parameters, gas, and
methane production. Additionally, the biohydrogenation (BH) was evaluated to assess the
potential effect on lamb meat FA profile. The concentrates were formulated to be iso-energetic
(18.3 M1 gross energy/kg DM) and iso-proteic (174 g/lkg DM), and as the percentage of sainfoin
increased and cereals was reduced, the contents of ADF, total PAC, and C18:3 n-3 increased,
while that of starch decreased (Fig. 4). Further details on the chemical composition of the
sainfoin pellets and the concentrates can be found in Baila et al. (2024) (Table S2 and Table

S3).

2.2. Animals and sampling of ruminal digesta

Four adult Rasa Aragonesa wethers (56 + 1.3 kg body weight) fitted with a ruminal cannula
(5 cm-inner diameter; Bar Diamond, ID, USA) were used to obtain the ruminal digesta for in
vitro assays. The wethers received a diet at maintenance levels, composed of alfalfa hay and
barley grain in a proportion of 70:30 distributed in two equal meals at 8:00 h and 14:00 h. The
collection of ruminal fluid, as well as the preparation of buffer solution and rumen inoculum,
were conducted following the procedures explained in Rufino-Moya et al. (2019) as a
modification of the method proposed by Menke and Steingass (1988). Briefly, ruminal fluid
from the four wethers was mixed homogeneously, and a buffer solution was added in a

proportion of 1:2 (v/v, ruminal fluid:buffer solution) to obtain the rumen inoculum.

2.3. Experimental and sampling procedures

Gas production was determined with the Ankom system (Ankom Technology Corporation,
Fairport, NY, USA), which consists of 310-mL capacity bottles fitted with pressure and

temperature sensors. Freeze-dried samples (=500 mg) were incubated with 60 mL of rumen
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inoculum in a water bath at 39 °C. To measure the effect of PAC, PEG (molecular weight:
4000; Merck, Darmstadt, Germany) was added to the rumen inoculum at a concentration of 2.3
g/L (McSweeney et al., 1999). Three runs were conducted on three separate days, and each
sample was incubated in triplicate in each run. Two bottles without substrate, with and without
PEG, were used as negative controls (blanks). Gas production was recorded for 72 h in Assay
1 (fresh sainfoin) and 48 h in Assay 2 (dehydrated sainfoin included in concentrates), and the
results were corrected by gas production of the blanks.

After the incubation, the bottles were placed in ice for 5—10 minutes to stop fermentation
and then tempered at room temperature (10—15 minutes). A sample of gas of each treatment
was collected in a Vacutainer® at atmospheric pressure with a syringe attached to a manometer
tube and conserved at 4 °C until CH4 determination. The pH of the fermentation fluid was
measured with a pH-meter (Crison Instruments S.A., Barcelona, Spain). The entire bottle
content was filtered through a pre-weighed bag (50 um; Ankom Technology, Macedon, NY,
USA) to obtain the in vitro organic matter degradation (IVOMD). To determine the NH3-N
content in the fermentation fluid, 2.5 mL of liquid was mixed with HC1 0.1 N in a proportion
of 1:1 (v/v). For volatile fatty acid (VFA) determination, 0.5 mL of liquid was added to 0.5 mL
of deproteinizing solution [5 mL of 85% (v/v) ortho-phosphoric acid and 0.125 mL of 4-
methylvaleric acid (Sigma Aldrich, Saint Louis, MO, USA) as internal standard, dissolved in
250 mL of distilled water] and 1 mL of distilled water. Tubes with samples of NH;-N and VFA
were stored at —20 °C until the analysis. To study the BH in Assay 2, one bottle per diet and
per run were collected and immediately frozen at -80 °C to be freeze-dried and then stored at -

80 °C until future FA methyl esters analysis.

To study the kinetics of fermentation, gas production was recorded hourly during the
incubation using the Ankom system. The gas produced in batch cultures was adjusted to the

model described by France et al. (2000):
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P=Ax(1—e)
where P is the cumulative gas production (mL) at time (h), 4 is the potential gas production

(mL) and c is the rate of gas production (h!).

2.4. Analytical methods

The chemical analysis of dry matter (DM) (index n°. 934.01), ash (index n°. 942.05), CP
(Dumas Procedure, index n°.968.06; Model NA 2100, CE Instruments, Thermoquest S.A.,
Barcelona, Spain) were carried out following the techniques described in AOAC (2000).
Contents of NDFom, ADFom, and acid detergent lignin (lignin (sa)) were determined according
to the method described by Mertens (2002) using the Ankom 200/220 fiber analyzer (Ankom
Technology Corporation). For the IVOMD estimation, the bags with sample were washed twice
with distilled water and were dried at 103 °C to a constant weight to obtain the DM content.
Thereafter, the sample was placed in a muffle at 550 °C to obtain the ashes. The organic matter
(OM) of bag content was obtained as DM-ashes, and the IVOMD was calculated.

The methane (CH,4) was determined through an Agilent 7890B gas chromatograph (Agilent
Technology, California-USA) with a PAL3 autosampler equipped with a flame ionization
detector (FID), and a HPPlot Q column (15 m x 320 pum % 20 um, Agilent Technology, CA,
USA), and using helium as carrier gas (5.6 mL / min). The temperature was set at 40 °C for the
injector and oven and 350 °C for the detector. The injection volume was 300 puL. Methane
identification was based on the retention time relative to the standard and methane production
was calculated by the model proposed by Cattani et al. (2016) for the Ankom Gas Production

System:

CH; = -0.0064 x [CHy in the head space * (head space volume + gas production)]* + 0.9835

X [CHy in the head space * (head space volume + gas production)]
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Content of NH;3-N was determined in an Epoch microplate spectrophotometer (BioTek
Instruments, Inc., Winooski, VT, USA) using the colorimetric method of Berthelot reaction,
and read at 625 nm, as described by Chaney and Marbach (1962). The concentrations of VFA
were determined using a Bruker Scion 460 gas chromatograph (Bruker, Billerica, MA, USA)
equipped with a CP-8400 autosampler, FID, and a BR—-SWax capillary column (30 m x 0.25
mm ID x 0.25 um film thickness, Bruker, Billerica, MA, USA). The helium was used as carrier
gas at | mL/min. The temperature program of the oven was 100 °C, followed by a 6 °C/min
increase to 160 °C. The injection volume was 1 pL with a split ratio of 1:50. The identification
of the individual VFA was based on retention time comparisons with commercially available
standards of acetic, propionic, iso-butyric, butyric, iso-valeric, valeric, and 4-methyl-valeric

acids at 99% purity (Sigma-Aldrich, Saint Louis, MO, USA).

Fatty acid determination

For the analysis of the FA profile of sainfoin and ruminal fluid carried out in Assay 2, 500
mg of freeze-dried sainfoin samples were analyzed following the method described by
Rufino-Moya et al. (2022), while 250 mg of freeze-dried ruminal fluid were directly trans-
esterified according to the method described in Alves et al. (2013) and analyzed according to
Alves et al. (2017). The FA concentration of both sainfoin and ruminal fluid was determined in
a Bruker Scion 436-GC gas chromatograph (Bruker, Billerica, MA, USA) with a FID equipped
with a CP-8400 autosampler and a SP-2560 capillary column (100 m x 0.25 mm ID x 0.20;
Sigma Aldrich, Saint Louis, MO, USA). The identification of the FA 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 literature for sainfoin
forage (Kramer et al., 1997; Alves and Bessa, 2009; Bravo-Lamas et al., 2016) and for ruminal
fluid (Alves et al. 2013; Alves and Bessa 2014). 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 concentrations
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were 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. Calculations concerning the
BH extent of C18 dietary FA and the BH completeness (%) in rumen were performed following

the procedures described in Alves et al. (2017).

2.5. Statistical Analyses

Data were analyzed using SAS statistical software (SAS V.9.3) and carried out separately
for each assay. The fermentation kinetic parameters (4 and c¢) were estimated through a non-
linear regression model using the SAS NLIN program and, together with the fermentation
parameters (pH, gas, CHy, NH3-N, VFA, and IVOMD), were analyzed with a mixed model
(MIXED procedure). The degrees of freedom were adjusted with the Kenward—Roger
correction. In Assay 1: the presence of PAC (through the addition or non-addition of PEG;
SF+PEG and SF), the week of harvest (1, 2, 3 and 4), and their interaction were considered as
fixed effects and the run as random effect. In Assay 2: the inclusion of sainfoin in the
concentrate (at 0%, 20%, and 40%) and the presence of PAC (through the addition or non-
addition of PEG; SF+PEG and SF) and their interaction were used as fixed effects and the run

as random effect.

When significant, the group statement was included in the model to adjust the variance
heterogeneity. 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, while 0.05 < P < 0.1 results were treated as a tendency.

3. Results

Assay 1: Effect of the presence of active PAC and the week of harvest of fresh sainfoin.
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The in vitro fermentation parameters according to the presence of active PAC and week are
shown in Table 1 and the dynamics of gas production are plotted in Fig. 2. The presence of
active PAC decreased the total, potential (4), and rate (c) of gas production, CH, production,
NH;-N content (P <0.01), and IVOMD (P < 0.05) without affecting total VFA (P > 0.10). The
week only affected total gas and the dynamics of gas production, [IVOMD and total VFA (P <
0.01), with values decreasing as the week progressed (P < 0.05). The interaction between the
presence of active PAC and the week affected the proportions of VFA (P <0.03; Fig. 3), except
for the acetic acid, which was lower in the presence of active PAC (P < 0.001). The presence
of active PAC led to higher proportions of acetic, iso-butyric, butyric, and iso-valeric in weeks
1 and 2 (P < 0.05), but had no effect thereafter. These four VFA remained almost stable in the
SF+PEG treatment, while in the SF treatment acetic acid decreased and the other VFA increased
between week 1 and 4 (P < 0.05). Propionic and valeric acids also increased as the weeks

progressed (P < 0.05).

Assay 2: Effect of the presence of active PAC and the inclusion level of dehydrated sainfoin in

the concentrate.

In vitro fermentation parameters are presented in Table 2 and the fermentation dynamics in
Fig. 5. No interaction between the inclusion of sainfoin in the concentrate and the presence of
PAC was observed (P > 0.05); therefore, the results are presented separately for the main
effects. The presence of active PAC increased the final pH (P < 0.05) but decreased total gas
production, A4, ¢, the production of methane (P < 0.001), the CH,4:gas ratio, the IVOMD (P <
0.05), and tended to reduce NH3-N content (P = 0.07) but did not affect total VFA (P > 0.05).
Regarding the percentages of VFA (Fig. 6), the percentages of acetic, propionic, and butyric
were not affected (P > 0.10) but the presence of active PAC reduced iso-butyric, valeric and

iso-valeric acids (P < 0.001).
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Regardless of its level, the inclusion of sainfoin in the concentrate decreased total gas
production and A but increased ¢ (P < 0.05; Table 2; Fig. 5B). Methane production decreased
when sainfoin was included in the concentrate, being lower in 40SF than OSF (P < 0.05). As
the level of inclusion of sainfoin in the concentrate increased, the IVOMD decreased (P <
0.001), without affecting total VFA and NH;3-N (P > 0.05). However, NH;-N production tended
to be lower in both concentrates with sainfoin (P = 0.07). Only the percentages of acetic and
butyric acids were affected by the inclusion of sainfoin (P < 0.05), with greater percentage of
acetic acid and lower percentage of butyric acid in 40SF concentrate than in the other
concentrates (P < 0.05).

The effects of the presence of active PAC and the rate of inclusion of sainfoin in the
concentrate on the ruminal FA profile are shown in Table 3. The presence of active PAC
decreased C10:0, C12:0, C15:0, C17:0, C18:0, and C20:0 and, consequently, total saturated FA
(SFA; P <0.001 to P <0.05), but no effect was observed on the branched-chain FA (BCFA; P
> 0.10). Regarding monounsaturated FA (MUFA), the presence of PAC mainly affected the
cis-MUFA, increasing the total and several individual cis-MUFA, including C18:1 ¢9 (P <
0.05). On the contrary, for trans-MUFA, the presence of PAC only increased C18:1 tl11 and
resulted in a lower C18:1 t10/C18:1 t11 ratio (P <0.05). The presence of PAC also led to higher
total PUFA, C18:2 n-6, and C18:3 n-3 (P <0.01).

The inclusion of sainfoin in the concentrate had no effect on the total percentage of SFA (P
> (.10), but reduced the percentages of C12:0, C13:0, C15:0, C16:0, and C17:0, but not in a
clear dose-dependent manner (P < 0.001 to P < 0.05). Irrespective of the inclusion level,
sainfoin in the concentrate decreased the percentages of BCFA, iso-BCFA, and anteiso-BCFA
(P <0.01 to P <0.05), while increased the total and the major individual trans-MUFA (P <

0.001 to P < 0.05). Nevertheless, sainfoin inclusion did not affect total and cis-MUFA, total
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PUFA, and C18:2 n-6 (P > 0.10), but increased C18:2 t11,c15/t10,c15 and C18:3 n-3 contents
in 40SF compared to OSF (P < 0.05).

Table 4 shows the effects of the presence of active PAC and the rate of inclusion of sainfoin
in the BH calculations. The presence of active PAC increased only as a tendency the sum of
BH intermediates (BI; P = 0.65) and significantly the C18:1t11/BI (P < 0.05) and decreased
C18:1t10/BI (P<0.001), the BH extent of C18:1 ¢9, C18:2 n-6, and C18:3 n-3 (P < 0.01),
resulting in lower BH completeness (P < 0.001). Irrespective of the inclusion level, sainfoin in
the concentrate increased BI, and BH extent of C18:3 n-3, and decreased the BH completeness

(P <0.01).

4. Discussion

4.1. Effect on gas and methane production and degradation

The presence of active PAC of sainfoin has been shown to affect in vitro fermentation by
decreasing gas, methane, and NH3-N productions, the extent of the impacts depending on the
accession and the dose included (Hatew et al., 2015, Hatew et al., 2016; Niderkorn et al., 2012).
In both assays presented here, the presence of active PAC from either fresh sainfoin fed as the
sole diet or as dehydrated sainfoin included in concentrates, despite the lower PAC content of
the later, always reduced the total, potential, and rate of gas production, as well as methane
production, as reported previously in sainfoin hay, extracts or fresh forage (Theodoridou et al.,
2011; Calabro et al., 2012; Niderkorn et al., 2012; Hatew et al., 2016). Additionally, the results
confirmed the activity of PAC in the concentrates, despite the potential damage that they could
have suffered during the pelleting process due to high temperatures (Wang et al., 2015). There
was a decrease in [IVOMD due to the effect of PAC, which is consistent with Jayanegara et al.
(2012), who showed that CH,4 reduction in the presence of PAC is mainly associated with a

lower apparent digestion of the substrate. The literature shows unconclusive results about the
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effect of PAC on ruminal degradation. Some studies found that the presence of PAC decreased
the IVDMD (Niderkorn et al., 2012, 2020; Rufino-Moya et al., 2019), while other studies did
not find any differences (Theodoridou et al., 2011; Rufino-Moya et al., 2021). The differences
in gas production and IVOMD due to the week of harvest observed here could be related to the
differences in NDFom, ADFom, lignin (sa), CP, and PAC contents (Baila et al., 2022), which

would compromise the fermentation of soluble carbohydrates.

The decrease of total and potential gas production, and total CH4 when dehydrated sainfoin was
included in the concentrates, regardless of the level on inclusion, could be related to the
decrease of IVOMD as a result of a greater content of fiber fractions, being the lignin (sa)
content twice in 20SF, and three times in 40SF,and the lower starch content in both diets with

dehydrated sainfoin.

4.2. Effect on fermentation end-products

The presence of active PAC in the diet promotes a lower protein degradation
(Mueller-Harvey, 2006; Waghorn, 2008), which was evidenced in the current work by a
decrease in NH;-N and iso-acid contents, in agreement with previous findings with sainfoin
PAC (Huyen et al., 2016; Toral et al., 2016; Brinkhaus et al., 2017). Consistent with this
assumption, the presence of active PAC decreased ruminal NH;-N production in fresh sainfoin,
in line with previous studies (Hatew et al., 2016; Rufino-Moya et al., 2019; Niderkorn et al.,
2020). However, when the dehydrated sainfoin was included in the concentrate, only a tendency
towards a lower NH;3-N was observed with active PAC, which could be related to the lower

PAC content in the concentrates.

The effect of active PAC on total VFA is not clear as previous studies reported no effect, an
increase or a decrease depending on the accession (Calabro et al., 2012; Niderkorn et al., 2012;

Rufino-Moya et al., 2019). In the current experiment, the presence of active PAC had no effect
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on total VFA on either fresh or dehydrated sainfoin. The differences between the studies, as
pointed out above, could be due to the time of incubation, accession, chemical structure, and
biological activity of PAC, and the species of the donor animal (Frutos et al., 2004; Hatew et
al., 2015). Despite the lack of effect on total VFA, differences on the VFA profile appeared due
to PAC in fresh and dehydrated sainfoin, although in different patterns probably related with
the lower PAC content. While active PAC from dehydrated sainfoin only decreased minor VFA
(iso-acids and valeric acid), those of fresh sainfoin reduced all individual VFA, except for acetic
acid, during the first two weeks when PAC content was higher. Besides, differences in NDFom,
ADFom, CP, and PAC due to the week of harvest (Baila et al., 2022) also led to differences in
total VFA and most individual VFA as a consequence of the higher IVOMD produced by the
promotion of soluble carbohydrates fermentation. The consistency in the reduction of valeric
acid percentages in both studies has been previously described before when studying sainfoin
PAC (Niderkorn et al., 2020) and it has been associated with altered ruminal H, pathways,
affecting directly the formation of this VFA. The percentage of propionic acid was only affected
in Assay 1 due to the reduction of the amylolytic fermentation pathway in a highly fibrous diet

incubated for a long period (i.e. 72 h).

In Assay 2, the concentrate with 40% sainfoin had higher fiber content, which favors the
development of cellulolytic microorganisms resulting in a greater proportion of acetic acid, as
had been recorded in the present study. In addition, those differences are consistent with the
effect observed in the rumen of lambs fed with these concentrates during all the fattening
process, although in the in vivo study, acetic values were similar between both sainfoin-

containing concentrates (Baila et al., 2024).

4.2. Effect on ruminal BH

The presence of PAC in the diet can modify the ruminal BH, modulating the saturation of

dietary PUFA and the production of some intermediate FA in the rumen (Frutos et al., 2020).
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Thus, ruminal BH plays an important role by actively contributing to the final composition of
the FA profile of ruminant-derived products, improving the presence of FA with potential
beneficial effect on consumers health (Woods and Fearon, 2009; Ferlay et al., 2017; Alvarez-
Rodriguez et al., 2022). Due to the great relevance of its implications, BH is a topic that has
attracted much research interest over the last 20 years (Toral et al., 2024). Nevertheless, the
effects of PAC on ruminal BH are highly variable, depending on many factors such as the
concentration, dosage, and chemical structure of PAC (Buccioni et al., 2011; Guerreiro et al.,

2021; Valenti et al., 2021), and therefore need to be studied in depth for each individual assay.

The effect of active PAC as an inhibitory factor on microbial growth and rumen function
and therefore, affecting ruminal concentrations of BCFA (Fievez et al., 2012; Costa et al.,
2017), was not observed in the present study. We suggest that the low content of active PAC in
the concentrates, due to the dehydrating and pelleting process, may not be sufficient to affect
BCFA. However, PAC modulated BH, as shown by the reduction in saturation (lower SFA,
including the final BH product, C18:0), the increase in total PUFA and the three major dietary
unsaturated FA (i.e., C18:1 ¢9, C18:2 n-6, and C18:3 n-3), and the tendency towards a higher
BI content. The decrease of dietary PUFA, together with the promotion of trans-11 BH
pathway, as observed in the present study, are two of the main objectives to be achieved in the
study of ruminal BH modulation (Palmquist, 2006; Chilliard et al., 2007; Scollan et al., 2017).
According to our findings, Toral et al. (2016) observed an increase of C18:2 n-6, and total
PUFA of sainfoin hay substrate compared to alfalfa hay in an in vitro assay, which could be a
consequence of a lower BH of dietary FA during the first steps of the BH process. Similarly,
Campidonico et al. (2016) found greater concentrations of total PUFA and C18:3 n-3 in lambs
fed with sainfoin and red clover silages (as two PAC—containing legumes) compared to those

receiving timothy (a grass without PAC).
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Besides, the greater percentage of several cis-MUFA due to the presence of PAC and the
lack of effect on trans-MUFA (except for the increase of the trans-11 isomer) also suggests a
reduction of the isomerization process occurring during the first-intermediate phase of ruminal
BH (Frutos et al., 2020). The explanation for this lower ruminal isomerization seems to lie in
an adaptive mechanism of bacteria against the toxicity exerted by certain compounds on their

membrane permeability (Eberlein et al., 2018).

The inclusion of sainfoin in the concentrate produced a less clear effect on BH compared to
the changes generated by fresh sainfoin active PAC. The inclusion of forage in the diet is a
strategy to improve the FA profile of edible products, as it has been shown to promote the trans-
11 BH pathway instead of the frans-10 BH pathway (increased by concentrate-rich diets)
(Griinari et al., 1998). While the former leads to a more beneficial FA profile for human health
(Vahmani et al., 2020), the latter is considered as non-desirable as it has been linked to negative
health (Aldai et al., 2013; Ferlay et al., 2017) and productive implications (Griinari et al., 1998;
Baumgard et al., 2000; Dewanckele et al., 2020). Nevertheless, in the present study, an increase
of both trans-10 and trans-11 was observed, although some changes in the rumen FA profile
suggest a greater predominance of pathways involving the BH of C18:3 n-3 with sainfoin
inclusion, as the greater BH extent of C18:3 n-3 per se, and the tendency towards a higher
formation of CLA c9,t11. In addition, the increase in the formation of BI together with the
tendency to present higher C18:1 t11/Bl ratio, indicates that the increase in BI was more related
to this isomer when sainfoin was included in the concentrate, regardless of the inclusion level.

Lastly, the fact that most of the effects observed on ruminal BH due to sainfoin inclusion are
related to changes in BCFA percentages, contrarily to that observed due to sainfoin PAC, shows
a great impact of forage on ruminal populations, even being an in vitro trial. As is well-known,
forage inclusion improves the environment for cellulolytic bacteria, while higher concentrations

of starch in the diet promote the development of amylolytic populations, which have been
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related to anteiso-BCFA production (Fievez et al., 2012). The lower percentage of anteiso-

BCFA with sainfoin inclusion was also observed in vivo (Baila et al., 2024).

5. Conclusions

The presence of active PAC from sainfoin reduces gas and methane productions and
IVOMD, regardless of whether the sainfoin used is fresh or dehydrated included in the
concentrate. However, when sainfoin is dehydrated and fed as ingredient in the concentrates,
the activity of PAC is not enough to reduce the NH3-N production and only reduces the minor
VFA. The week of harvest involves a phenological evolution of forage, which leads to a lower
gas production, total VFA, and IVOMD as the maturation of sainfoin advances, but does not

affect NH;-N formation.

The presence of even low quantities of active PAC seems enough to reduce the BH extent
of dietary PUFA and the BH completeness while promoting the trans-11 BH pathway. The
ruminal BH of concentrates with dehydrated sainfoin also lead to higher percentages of many
of the trans-MUFA, including the trans-11 isomer, and lower BH completeness; with the level
of inclusion of sainfoin having little effect. The use of sainfoin in the diet of small ruminants
can reduce methane production while improving the ruminal FA profile, which could be

reflected in healthier edible animal products.
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661
662 Tablel
663  Effect of presence of active proanthocyanidins (PAC)! and week of harvest of sainfoin on the pH, production of gas and methane (CH,), the kinetics of

664  fermentation, in vitro organic matter degradation (IVOMD), ammonia (NH;-H), and total volatile fatty acids (VFA) after 72 h of incubation of sainfoin (Assay
665 1)

PAC! Week P-value 2

SF SF+PEG s.em.? 1 2 3 4 sem.? PAC Week

Final pH 6.51 6.48 0.028 646 649 652 6.52 0.040 0.338 0.707
Total gas production, mL/g DM 154 163 5.1 1632 1652 158 149> 57 0.006  0.009
Potential gas production (4), mL 170 182 4.8 180 182% 1733 168> 5.3 0.001 0.010
Rate of gas production (c), mL/h  0.17 0.19 0.006  0.19% 0.18> 0.17¢ 0.198 0.007 <0.001 0.031
Total CH,4 production, mL/g DM 9.36 10.6 0.624 1025 10.28 9.96 9.32 0.694 0.008 0.383

CH,:gas 0.061 0.064 0.0021 0.063 0.062 0.063 0.063 0.0024 0.076 0.965
IVDMO, % 82.0 82.8 0.63 88.32 83.7> 80.7¢ 76.8¢ 0.69 0.031 <0.001
NH;-N, mg/L 234 288 24.1 255 282 253 254 268 0.002 0.551
Total VFA, mM 76.3 79.2 3.22 82.22 80.7% 75.4bc 72.7¢ 3.51 0.150 0.004

666 Within a parameter and effect, means with different superscript (a, b, c, or d) differ at P < 0.05.

667 ! Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).

668 2 The interaction was never significant.

669 3 Standard error of the mean.

670

671



672 Table 2

673  Effect of presence of active proanthocyanidins (PAC)' and inclusion of dehydrated sainfoin (SF)?in the finishing concentrate of lambs on the pH, production of
674  gas and methane (CH,), the kinetics of fermentation, in vitro organic matter degradation (IVOMD), ammonia (NH3-N), and volatile fatty acids (VFA) after 48
675  h of incubation (Assay 2).

PAC'! SF 2 P-value *
SF  SF+PEG s.em.* OSF  20SF 40SF s.em.* PAC SF
Final pH 6.35 6.32 0.012 6.31° 6.33® 6.34*  0.013 0.001  0.011
Total gas production, mL/g DM 190 207 5.1 206 195> 194 54 <0.001  0.007
Potential gas production (4), mL 188 209 5.5 208 193> 194> 5.9 <0.001  0.003

Rate of gas production (¢), mL/h  0.12 0.15 0.004 0.13°> 0.142 0.14* 0.004 <0.001 <0.001
Total CH,4 production, mL/g DM 10.0 12.1 0.72 11.8 11.18 10.2> 0.77 <0.001 0.034

CH,:gas 0.05 0.06 0.003 0.06 0.06 0.05 0.003 0.038  0.249
IVDMO, % 92.5 92.8 0.18 94.6* 92.7° 90.8¢ 0.19 0.010 <0.001
NH;-N, mg/L 197 225 21.4 235 194 203 22.5 0.06 0.068
Total VFA, mM 71.7 75.9 3.38 75.6  73.1 756  3.56 0.069  0.545

676 Within a parameter and effect, means with different superscript (a, b, ¢, or d) differ at P < 0.05.

677 ! Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).

678 2 0SF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the finishing concentrate.

679 3 The interaction was never significant.

680 4 Standard error of the mean.

681



682 Table 3

683  Effect of the presence of active proanthocyanidins (PAC)! and the inclusion of dehydrated sainfoin (SF)?

684 in the finishing concentrate on fatty acid (FA) profile in ruminal fluid of the in vitro trial (Assay 2).

PAC'! SF 2 P-value 3
Item SF SF+ s.em* OSF 20SF 40SF s.em?* PAC SF
PEG
Total FA, mg/g DM 322 337 26 30.6 34.8 335 277 0.423 0.218
SFA®, % FA 3 82.6 86.7 0.58 853 84.1 845 0.67 <0.001 0.341
C10:0 0.27 0.81 0.053 0.53 0.55 0.55 0.057 <0.001 0.923
C11:0 0.11 0.10 0.01 0.11 0.12 0.1 0.011 0.206 0.264
C12:0 036 040 0.018 0.41* 035> 0.37° 0.188 0.008  0.006
C13:0 0.20 0.19 0.013 0.152 0.14> 0.142 0.007 0.241 0.031
Cl14:0 1.84 196 0.134 201 1.75 194 0.144 0269 0.167
C15:0 1.78 1.94 0.091 1.942 1.82> 1.82° 0.091 <0.001 0.001
C16:0 30.7 30.8 0.38 31.2¢ 30.1° 31.00 04 0.687  0.005
C17:0 0.84 093 0.047 0.92* 0.88® 0.87° 0.047 <0.001 0.041
C18:0 41.1 443 1.18 422 432 4277 1.25 0.005 0.629
C20:0 0.67 0.75 0.037 0.72 0.69 0.72 0.037 <0.001 0.161
C22:0 0.16 0.16 0.021 0.18 0.17 0.13 0.025 0.666 0.643
BCFA’, % FA 5.15 5.11  0.315 5.682 4.90° 480> 0.329 0.829  0.007
iso-BCFA 2.19 214 0.153 2.352 2.08> 2.07° 0.157 0.487 0.015
iso-C13:0 02 0.19 0.013 021* 0.18 0.18® 0.013 0.241 0.035
iso-C14:0 034 033 0.022 0.37@ 0.33> 0.32> 0.023 0.34 0.008
iso-C16:0 0.75 0.72 0.059 0.832 0.70% 0.68> 0.063 0.469 0.036
iso-C17:0 090 091 0.062 0.95* 0.88° 0.89* 0.062 0.836  0.011
anteiso-BCFA 2.11 2.03 0.135 2412 194> 1.86> 0.15 0.561 0.014
anteiso-C15:0 097 093 0.063 1.142 0.87% 0.84> 0.075 0.63 0.022
anteiso-C17:0 1.14 1.10 0.087 1.28* 1.07° 1.02% 0.091 0.472  0.007
MUFAS, % FA 12.5 107  0.53 11.1 11.6 12.1 3.57 0.33 0.18
cis-MUFA 6.56 528 0.328 6.29 556 592 0.369 0.004 0.259
Cl6:1¢7/t3° 0.09 0.07 0.005 0.08 0.07 0.09 0.007 0.024  0.058
Cl6:1¢c9 0.06 0.04 0.011 0.06 0.05 0.05 0.011 0.035 0.242
Cl18:1¢9 10 370 271 0.179 322 297 343 0204 <0.001 0.202
Cl8:1cll 037 027 0.028 035 031 03 0.031 0.002 0.255
Cl18:1cl2 0.14 0.10 0.013 0.12 0.13 0.11 0.014 0.006 0.262
C18:1tl6/c14 ! 0.03 0.02 0.014 0.04 0.03 0.01 0.016 0.325 0.259
Cl8:1c¢l5 0.12 0.11 0.007 0.12 0.1 0.12 0.008 0.235 0.093
Cl8:1cl6 0.05 0.05 0.004 0.05 0.05 0.05 0.005 0.785 0.468
trans-MUFA 582 528 0.241 468" 591* 6.05¢ 0.271 0.056  0.002
CI8:1t5 0.04 0.04 0.008 0.05 0.03 0.04 0.009 0.292  0.359
Cl18:1 t6/t7/t8 12 0.27 027 0.013  0.24®> 0.26® 0.32* 0.016 0.842 0.013
C18:119 023 022 0.014 0.19> 0.232 0.26* 0.015 0.26 <0.001
Cl18:1t10 029 032 0.017 0.26° 0.33* 0.33* 0.018 0.103  0.01
C18:1tl1 44 3.87 0.229 345> 445 451* 0.251 0.028  0.003
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686

687

688

689

690

691

692

693

694

695

696

697

698

699

700
701

CI18:1t12 0.33
C18:1t15 0.24
CI8:1t10/C18:1tl1  0.07

PUFA", % FA 2.92

C18:2 n-6 1.92
C18:2t11,c15/t10,c15™  0.05
C18:3n-3 0.69
CLA 15 0.26
CLA c9,t11 0.07
CLA t10,c12 0.18

0.32
0.24
0.08
2.20

1.28
0.04

0.57
0.31

0.08
0.23

0.013
0.019
0.007
0.096

0.096
0.004

0.025
0.025

0.004
0.023

0.28°
0.21°
0.08
2.61

1.74
0.04°

0.58°
0.26

0.07
0.19

0.36°
0.25°
0.07
245

1.52
0.042

0.59°
0.29

0.08
0.22

0.35°
0.252
0.07
2.62

1.55
0.06°

0.722
0.29

0.09
0.21

0.015
0.02
0.008
0.118

0.116
0.005

0.03
0.028

0.005
0.026

0.31
0.616
<0.001
<0.001

<0.001
0.065

0.004
0.078

0.320
0.100

0.004
0.009
0.441
0.559

0.372
0.02

0.011
0.393

0.078
0.643

! Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).

2 OSF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the finishing concentrate.

3 Probability of significant differences due to the presence of PAC in the concentrate.

4 Standard error of the mean.
3> Total identified FA.

6 Saturated FA.

7 Branched-chain FA.

8 Monounsaturated FA.

9 C16:1 ¢7 and C16:1 t3 might coelute.

10C18:1 ¢9 might coelute with the pair C18:1 t13 and t14.

IT'C18:1 t16 coelutes with C18:1 c14 as a minor isomer.

12.C18:1t6, C18:1 t7, and C18:1 t8 might coelute.

13 Polyunsaturated FA.

14C18:2 tl1,c15 and C18:2 t10,c15 might coelute.

15 Conjugated linoleic acid.



702
703
704
705

706

707

708

709

710
711

Table 4

Effect of the presence of active proanthocyanidins (PAC)' and the inclusion of dehydrated sainfoin (SF)?

in the finishing concentrate on biohydrogenation intermediates (BI) and biohydrogenation (BH) in

ruminal fluid of the in vitro trial (Assay 2).

PAC! SF? P-value?
SF  SF+PEG s.e.m.t? OSF 20SF 40SF s.e.m.t? PAC SF

BI° 6.72 6.18 0.225 554> 6.84* 697 0.260 0.065  0.002
C18:1t10/BI 0.043  0.052 0.0038  0.048 0.048 0.047 0.0038 <0.001 0.909
C18:1t11/BI 0.65 0.62 0.014 062 0.65 0.65 0.015 0.013  0.069
BH extent, %

C18:1¢9 77.8 83.4 2.00 794 813 812  2.09 0.001  0.378

C18:2n-6 91.7 94.2 1.08 929 937 924 0.12 <0.001 0.194

C18:3 n-3 77.3 82.5 1.19 68.9° 84.00 86.7* 145 0.009 <0.001
Completeness, % 83.9 85.7 0.49 86.3* 84.3> 83.9° (.52 <0.001  0.001

I Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).

2 OSF: 0% sainfoin; 20SF: 20% sainfoin; 40SF: 40% sainfoin in the finishing concentrate.

3 The interaction was never significant.

4 Standard error of the mean.

> All C18 FA except C18:0, C18:1 ¢9, C18:1 cl1, C18:2 n-6, and C18:3 n-3.
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FIGURE CAPTIONS

Fig. 1. Chemical composition of fresh sainfoin during 4 weeks of harvest (Assay 1) (adapted from Baila

etal., 2022).

NDFom: neutral detergent fiber exclusive of residual ash; ADFom: acid detergent fiber exclusive of

residual ash; CP: crude protein; PAC: proanthocyanidins

Fig. 2. Fermentation kinetics of fresh sainfoin according to the presence of active proanthocyanidins

(PAC'; A) and week of harvest (B) during 72 hours of incubation (Assay 1).

! Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).

Fig. 3. Effect of the presence of active PAC! and week of harvest on the proportions of volatile fatty
acids in the in vitro assay at 72 h of incubation (Assay 1).
Within a parameter and week or treatment, means with different letter differ at P < 0.05.

! Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).

Fig. 4. Neutral detergent fiber exclusive of residual ash (NDFom), acid detergent fiber exclusive of
residual ash (ADFom), lignin (sa), starch, total proanthocyanidins (PAC), and percentages of C16:0,
C18:0, C18:1 ¢9, C18:2 n-6, and C18:3 n-3 of concentrates with different inclusion of dehydrated
sainfoin! (Assay 2) (adapted from Baila et al., 2024).

10SF: 0% sainfoin; 20SF: 20% sainfoin; 40SF: 40% sainfoin.

Fig. 5. Fermentation kinetics according to the presence of active proantocyanidins! (PAC; A) and the
inclusion of dehydrated sainfoin? (SF; B) in the fattening concentrate during 48 h of incubation (Assay

2).
1 Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).).

2 OSF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the finishing concentrate.
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Fig. 6. Effect of the presence of active proantocyanidins! (PAC; A) and the inclusion of dehydrated
sainfoin? (SF; B) in the fattening concentrate on the proportions of the proportions of volatile fatty acids

in the in vitro assay at 48 h of incubation (Assay 2) .

! Study of the presence of PAC through the non-addition (SF) or addition of PEG (SF+PEG).

2 OSF- 0% sainfoin; 20SF- 20% sainfoin; 40SF- 40% sainfoin in the finishing concentrate.
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