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Abstract

Five groups of lambs (n = 9 each) were used to test the effect of plant extracts rich in hydro-
lysable (HT) or condensed tannin (CT) on animal performance, fatty acid composition of
rumen content, liver and meat. The control group (CO) received a concentrate-based diet
without tannins supplementation. The other groups received the same diet as the control
lambs plus 4% chestnut (CH) and tara (TA) extracts as a source of HT and mimosa (Ml) and
gambier (GA) extracts as a source of CT. One-way ANOVA was used to assess the overall
effect of dietary treatments, tannins supplementation (CO vs. CH+TA+MI+GA) and the
effect of tannin type (HT vs. CT: CH+TA vs. MI+GA) on animal performance, rumen content,
liver and intramuscular FA. Dietary CH negatively affected animal performance. The rumen
content of the different groups showed similar levels of 18:3 c9c12¢15, 18:2 c9¢12, 18:2
c9t11,18:1 111 and 18:0, whereas 18:1 t10 was greater in CO. Also, 18:1 110 tended to be
lower in the rumen of HT than CT-fed lambs. These data were partially confirmed in liver
and meat, where CO showed a greater percentage of individual trans 18:1 fatty acids in
comparison with tannins-fed groups. Our findings challenge some accepted generalizations
on the use of tannins in ruminant diets as they were ineffective to favour the accumulation of
dietary PUFA or healthy fatty acids of biohydrogenation origin in the rumen content and
lamb meat, but suggest a generalized influence on BH rather than on specific steps.

Introduction

Tannins are water-soluble phenolic compounds that are produced by plants in response to
external stressor factors [1], Chemically, tannins can be broadly classified into hydrolysable
(HT) and condensed (CT). Hydrolysable tannins are polymers of gallic or ellagic acid associ-
ated by the mean of an ester bond with a polyhydroxylated core, whereas CT are represented
by flavan-3-ol polymers [2]. The progressive interest of the researchers on the inclusion of
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tannins in the diets for ruminants is related to the capability of tannins to create stable com-
plexes with carbohydrates, protein and ions, thus affecting the availability of nutrients [3].
Moreover, they can interact with the bacterial metabolism resulting in antimicrobial activity
that may ultimately affect the composition and the functional activity of the rumen microbial
community [4, 5]. The administration of dietary tannins has often led to contradictory results,
which does not allow the full exploitation of their potential benefits. An early study described
tannins as an anti-nutritional factor in ruminant diets [6], while, more recently, the adminis-
tration of limited doses of tannins has been reported to improve the protein utilization along
the digestive tract, as well as the growth and animal health [7]. Similarly, dietary tannins could
be implemented as a strategy to manipulate the fatty acid composition of ruminant products
by modulating the rumen biohydrogenation (BH), by which ruminal microflora progressively
saturate the unsaturated fatty acids ingested with the diet. The effects of different tannins on
ruminal BH are still unclear though it represents one of the most investigated subjects related
with the inclusion of tannins in ruminant diets. Recently, Frutos et al. [8] reviewed the effect of
tanniferous sources on a broad range of fatty acids in ruminant meat and milk because of their
modulatory effect on ruminal microflora and lipid metabolism. In particular, in vitro [9, 10]
and in vivo [11, 12] trials seem to suggest that tannins can interfere with each of the several
steps along the BH process, thus determining the accumulation of different intermediate prod-
ucts. However, such effects are considerably variable.

The variable effect of tannins could be due to several factors. In the rumen environment, tan-
nins can be differently metabolized and the capacity to interact with feeds, bacteria and microbial
molecules may depend not only on their concentration in the diet but also on their chemical char-
acteristics [13], such as the type of monomers linked to the sugar core or the polymerization
degree. Differences in the chemistry of dietary tannins could, therefore, exert different effects on
ruminant performance and product quality. Also, the basal diet could represent a confounding
factor because tannins activity may differ, for example, when a forage-based diet is compared with
a concentrate-based diet [14], or when diets differing for the level and composition of polyunsatu-
rated fatty acids are compared [15] Also, when tanniniferous plants are fed to animals, several fac-
tors affect the concentration and composition of tannins and plant factors other than tannins may
also contribute to the animal’s response. In this context, the inclusion of purified tannin extracts
in the ruminant diet could help to clarify the effects of tannins. So far, most of the in vivo studies
assessing the effect of dietary tannins on ruminant meat and milk fatty acids focused on one spe-
cific extract [14, 16], conversely in a limited number of studies the effect of different extracts has
been investigated [17, 18]. Additionally, despite the market availability of several plant extracts
providing different kind of tannins, quebracho (Schinopsis lorentzii) and/or chestnut (Castanea
sativa) were used in most of the studies to supplement ruminant diets with condensed and hydro-
lysable tannins, respectively. However, several other plant extracts are commercially available and
are characterized by possessing specific and different chemical groups of tannins.

In a preceding paper [19], we characterised the ruminal fermentation and microbiome in
lambs supplemented with four different tannin extracts rich in hydrolysable or condensed tan-
nins and we found that in a long-term feeding trial the extracts did not compromise ruminal
fermentation, but showed specific antimicrobial activity against rumen microflora, which may
elicit differences on fatty acids metabolism and specifically on PUFA biohydrogenation.
Therefore, in the present study, using the same animals of the preceding paper, we evaluated
and compared the effect of the dietary administration of chestnut (Castanea sativa) and tara
(Cesalpinia spinosa) extracts as a source of HT, mimosa (Acacia mearnsii) and gambier
(Uncaria gambir) extracts as a source of CT on the animal performance and fatty acid compo-
sition of rumen content, liver and meat in lambs, which represent three important districts
implicated in the fatty acid metabolism.
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Materials and methods
Animals and diets

This study was carried out indoors in the facilities of the University of Catania. This study was
approved by the national veterinary authority. According to the Italian regulation (D. Lgs. n.
26/2014, art. 2, point 1 letter a and f) transposing the European Union Directive No.63/2010,
the rules on the protection of animals used for scientific purposes do not apply to this study
and an approval of the experimental plan from the ethical committee was not required. Never-
theless, the whole trial was performed under the supervision of the local veterinary authority
and animals were handled in accordance with the European Union Directive No. 63/2010 on
the protection of animals used for scientific purposes. Full details on the experimental plan are
reported by Salami et al. [19]. In brief, forty-five 2-month-old male Sarda x Comisana lambs
(initial body weight (BW) 19.6 + S.D. 2.06 kg) were reared in individual pens where fresh
water was always available for the duration of the trial. Lambs were equally divided into 5
groups (n = 9) that were balanced for the initial BW. One animal from the control group died
during the adaptation period due to reasons not linked with the study. The control group
(CO) exclusively received a barley-based concentrate diet containing on an “as fed” basis: bar-
ley (480 g/kg), wheat bran (230 g/kg), dehydrated alfalfa hay (150 g/kg), soybean meal (100 g/
kg), molasses (20 g/kg) and mineral-vitamin premix (20 g/kg). The diet was formulated in
order to provided about 2500 kcal/d of metabolizable energy and the SRNS system (ver.
1.11.7154.28131) was used. The four experimental groups received the same diet as the control
lambs with the addition of 4% (as fed) of chestnut (CH) and tara (TA) extracts as a source of
hydrolysable tannins and mimosa (MI) and gambier (GA) extracts as a source of condensed
tannins. Chestnut, tara and mimosa extracts were purchased from Silvateam S.p.A. (San
Michele M.vi, Cuneo, Italy), while gambier extract was purchased from Figli di Guido Lapi S.
p-A. (Castelfranco di Sotto, Pisa, Italy). All the concentrates were in the form of a pellet and
the tannins extracts were added before pelleting at the temperature of 40°C. Table 1 reports
the chemical and fatty acid composition of the experimental basal diet. The experiment lasted
a total of 84 days. During a 9-day-adaptation period, the animals received the same commer-
cial starter concentrate used for weaning, with gradual increases in the proportion of the

Table 1. Ingredients and composition of the basal diet given to the lambs.

Chemical composition (DM %)

Dry matter 89.7
Crude Protein 15.7
Ether Extract 2.59
NDF 30.4
ADF 16.0
ADL 3.62
Ash 7.01
Fatty acids (g/100g total fatty acids)
14:0 0.15
16:0 19.2
18:0 2.00
18:1 ¢9 17.0
18:2 ¢9c12 53.7
18:3 ¢9cl12cl5 5.53

DM: Dry Matter; NDF: Neutral Detergent Fibre; ADF: Acid Detergent Fibre; ADL: Neutral Detergent Lignin.

https://doi.org/10.1371/journal.pone.0258265.t001
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experimental concentrates. During the experimental period (75 days), the lambs were fed ad
libitum with their respective diets. Daily, before morning feeding, individual intakes were mea-
sured according to the refusal left by each animal. Weekly, lambs were weighed before morn-
ing feeding and samples of each experimental diets were collected. Feed efficiency was
calculated as the ratio between DMI and ADG during the 75-day-experimental period. At the
end of the experimental period, all the lambs were slaughtered on the same day at a commer-
cial abattoir (CE.MA. S.R.L., Acireale, Italy) according to the European Union welfare guide-
lines. All the animals had free access to their respective diet and water until approximately 3
hours before slaughter. Lambs were first stunned by a captive bolt and then exsanguinated.
Each carcass was immediately weighted to record the hot carcass weight.

Feed sampling and analyses

Feed samples were collected three times during the trial, packed under the vacuum and stored
at -30°C until analyses. Feed sample for analyses was obtained by mixing an equal amount of
the collected subsamples. Neutral detergent fibre (NDF) was determined according to Van
Soest et al. [20]. Furthermore, crude protein, crude fat (ether extract) and ash were analysed
according to AOAC [21]. Lipid was extracted and converted to fatty acid methyl esters (FAME)
with a 1-step procedure reported by Valenti et al. [22]. Gas chromatographic analysis was car-
ried out as later described for meat. Fatty acids in feed were expressed as g/100g fatty acids.

Rumen samples collection and analyses

Individual ruminal content was collected within 15 min from slaughter. The ruminal wall was
cut with a scalpel and the whole rumen content was placed into a 4-L-plastic beaker. After
homogenization with a ladle, the ruminal pH was measured using a pH meter (HI-110; Hanna
Instruments, Padova, Italy). An aliquot of approximately 120 mL of rumen content was imme-
diately placed in dry ice prior to storage at —80°C. Freeze-dried rumen content was trans-ester-
ified as described by Natalello et al. [11].

The FAME profile was obtained by gas-chromatography as later described for the meat
samples. Fatty acids were expressed as g/100g of total fatty acids. The biohydrogenation
indexes (%) for 18:2c9¢12, 18:3¢9c12c15, and the biohydrogenation completeness (%) in
rumen content were estimated as reported by Alves et al. [23]. Specifically, the biohydrogena-
tion indexes (%) were calculated as follow:

(PAXdiet — FAXrumen) % 100

where:

BHpax (%): is the estimate proportion of FAx (18:2¢9¢12 or 18:3c9c12c15) that disappears
between the diet and the rumen digesta; FAxg.: is the proportion of FAx in the diet, expressed
as percentage of total C18-carbon FA; FAX,yen: is the proportion of FAx in the rumen,
expressed as percentage of total C18-carbon FA.

The biohydrogenation completeness (%) was estimated as follow:

C18:0
V) — rumen
BH completeness (%) = — 10— G5 109, — C18 : 10 x 100

+(C18 : 2¢9¢12,,, — C18 : 2¢9¢12
+(C18 : 3¢9c12c15

rumen )
mmen)

— C18 : 3¢9c12c15

diet rumen )

where:
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BH completeness (%): is the estimation of the extent of the biohydrogenation of C18:1c9,
C18:2¢9¢12 and C18:3¢9¢12c¢15 present in the diet; C18:04;: is the C18:0 in the diet as percent-
age of total C18-carbon FA; C18:1¢9;e: is the C18:1¢9 in the diet as percentage of total
C18-carbon FA; C18:1¢9,ymen: is the C18:1¢9 in the rumen digesta as percentage of total
C18-carbon FA; C18:2¢9¢12;e: is the C18:2¢9¢12 in the diet as percentage of total C18-carbon
FA; C18:2¢9¢12,ymen: is the C18:2¢9¢12 in the rumen digesta as percentage of total C18-carbon
FA; C18:3¢9¢12¢154;e¢: is the C18:3¢9¢12¢15 in the diet as percentage of total C18-carbon FA;
C18:3¢9¢12¢15,ymen: is the C18:3¢9¢12¢15 in the rumen digesta as percentage of total C18-car-
bon FA.

Liver and meat sampling and analysis

Immediately after slaughter liver was excised, vacuum packed and stored at -80°C pending
analysis. After 24-hours storage at 4°C the carcass was halved and the pH measured (HI-110;
Hanna Instruments, Padova, Italy) on the longissimus thoracis et lumborum (LTL) muscle on
right side of the carcass. Thereafter, LTL was removed, packed under vacuum and stored at
-80°C until analysis. Liver and intramuscular fat was extracted in double from 10 g of finely
minced LTL samples with a mixture of chloroform and methanol (2:1, v/v) as described by
Folch et al. [24] and 30 mg of lipids were converted to FAME by base-catalyzed transesterifica-
tion [25], using 0.5 mL of sodium methoxide in methanol 0.5 N and 1 mL of hexane. Nonade-
canoic acid was used as an internal standard. Gas chromatographic analysis was carried out
with a GC 8000 Top ThermoQuest (Milan, Italy) equipped with a flame ionization detector
(FID; ThermoQuest, Milan, Italy) and 100-m high-polar fused silica capillary column
(WCOT-fused silica CP-Select CB for FAME Varian, Middelburg, the Netherlands;
100mx0.25mm i.d.; film thickness 0.25 um). Helium was the carrier gas at a constant flow of 1
mL/min. Total FAME profile in a 1 uL sample volume (2 pL for the feeds and rumen lipid) at a
split ratio of 1:80 was determined using the GC conditions reported by Valenti et al. [26]: the
oven temperature was programmed at 40°C and held for 4 min, then increased to 120°C at
10°C/min, held for 1 min, then increased up to 180°C at 5°C/min, held for 18 min, then
increased up to 200°C at 2°C/min, held for 15 min, and then increased up to 230°C at 2°C/
min, held for 19 min. The injector and detector temperatures were at 270°C and 300°C,
respectively. FAME identification was based on a standard mixture of 52 Component FAME
Mix (Nu-Chek Prep Inc., Elysian, MN, USA) and individual FAME standards (Larodan Fine
Chemicals, Malmo, Sweden) and published chromatograms [27, 28]. Fatty acids were
expressed as g /100g of total fatty acids.

Statistical analysis

As in the companion paper [19], one-way ANOV A was used to assess the overall effect of die-
tary treatments, tannins supplementation (control vs. CH+TA+MI+GA) and the effect of tan-
nin type (HT vs. CT: CH+TA vs. MI+GA) on animal performance, rumen content, liver and
intramuscular FA composition (Minitab version 16, Minitab Inc, State College, PA). The dif-
ferences between means were separated using the Tukey’s adjustment for pairwise compari-
sons. Differences were declared significant at P < 0.05. Furthermore, the FA composition of
rumen content, liver and intramuscular fat were subjected to a multivariate linear discriminant
analysis (SPSS, ver. 18.0.0, 2009), using a stepwise selection of those variables (FA) that better
discriminated between the experimental groups, following the procedure described by Valenti
etal. [29]. Variables with F < 0.10 were retained at the end of the stepwise procedure and sub-
mitted to canonical discriminant analysis. This procedure allows the creation of a linear func-
tion (CAN) that includes the quantitative variables that best summarize the variance of the
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dataset and maximize the distance between the groups. The discriminant capacity was evalu-
ated through the Wilks’s lambda test of significance and the discriminating efficacy of the
model was expressed as the percent correct assignment of each individual to the respective
group using the leave-one-out cross-validation. In this procedure, each lamb is treated as an
unknown subject and the canonical functions, previously developed with the entire dataset,
are used to assign it to a group. The higher the discriminating capacity of the model, the higher
the percentage of cases correctly assigned to their respective group.

Results
Animal performance

Table 2 reports data on the main animal performance parameters. The supplementation of
tannins in the diet of lambs did not affect animal performance (P > 0.05), except for dry mat-
ter intake (DMI; P = 0.048), which was greater in the CO group than CH+TA+GA+MI. The
multiple comparisons between treatment groups showed a significant effect of the diet on the
DMI (P < 0.001), final body weight (BW, P = 0.009), average daily gain (ADG, P = 0.002), car-
cass weight (P = 0.004) and FE (P = 0.041). These results were principally due to the lower val-
ues observed in CH in comparison with the CO and the other groups. In particular, CH lambs
showed a lower DMI than the CO group and the lambs fed condensed tannins, the latter
explaining the significant effect of tannin type (HT vs CT) on this parameter (P = 0.001). The
lower DMI in the CH group resulted in a lower final BW, ADG and carcass weight in compari-
son with CO, TA and GA. However, the FE resulted lower only in CH lambs than in the other
group receiving hydrolysable tannins (TA).

Rumen content, liver and meat fatty acids

Table 3 reports data on individual FA in the rumen content. The dietary treatment, the tannin
supplementation and the tannin type did not affect the sum of saturated fatty acids (SFA),
PUFA, PUFA n-3, PUFA n-6, the ratio PUFA n-6 to n-3 nor the biohydrogenation indexes.
Among the individual SFA, only 22:0 was affected by the tannin supplementation (P = 0.001)
and differed between tannins type (P = 0.045). Specifically, the rumen content of tannin-fed
lambs had a lower proportion of 22:0 in comparison to CO and, between the two tannin types,

Table 2. Effect of the different tannin extracts on feed intake, lamb performances and carcass characteristics.

Dietary treatment' SEM p value Contrast’
CcO CH TA GA MI Tannins Tannin type
DMI (kg/d) 1.17° 0.92° 1.06*° 1.09° 117° 0.028 <0.001 0.048 0.001
Final BW (kg) 35.5° 30.3° 35.8° 35.1° 34.8°° 0.576 0.009 0.327 0.164
ADG (kg/d) 0.20° 0.13 0.21° 0.20° 0.19° 0.007 0.002 0.397 0.098
Feed efficiency 5.34%0 6.26" 4.69° 4,940 5.47%P 0.458 0.041 0.978 0.811
Carcass weight (kg) 17.1° 14.7° 17.8* 17.2° 16.7*° 0.290 0.004 0.540 0.300
Muscle pH 591 5.93 5.89 5.90 5.98 0.019 0.582 0.769 0.467

DMI: Dry matter intake.

ADG: Average daily gain.

Feed efficiency calculated as the ratio between DMI and ADG during the 75-day-experimental period.

SEM: Standard error of mean.

"Dietary treatments: CO: Control; CH: Chestnut extract; TA: Tara extract; GA: Gambier extract; MI: Mimosa extract.

2Contrasts: Tannins (overall effect of tannin: CON vs. CH + TA + GA + MI); Tannin type (effect of HT vs. CT: CH + TA vs. GA + MI).

Dietary treatment means within a row with different superscripts differ at a significance of P < 0.05.

https://doi.org/10.1371/journal.pone.0258265.t1002
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Table 3. Effect of different tannin extracts on the fatty acid composition of rumen content (g/100g total fatty acids).

Dietary treatment’ SEM p value Contrast>
CO CH TA GA MI Tannins Tannins type
12:0 0.406 0.521 0.532 0.510 0.433 0.026 0.467 0.176 0.355
13:0 0.188 0.253 0.287 0.319 0.294 0.020 0.303 0.051 0.424
13:0is0 0.178 0.287 0.266 0.316 0.285 0.019 0.213 0.022 0.579
14:0 1.483 1.605 1.685 1.960 1.541 0.082 0.369 0.314 0.585
14:1c9 0.212 0.222 0.271 0.287 0.345 0.024 0.442 0.283 0.232
14:0is0 0.181 0.159 0.209 0.182 0.187 0.012 0.805 0.926 0.987
15:0 0.961 0.967 0.964 1.279 0.936 0.045 0.064 0.522 0.170
15:0is0 0.367 0.375 0.362 0.418 0.457 0.023 0.668 0.599 0.187
15:0anteiso 1.427 1.555 1.587 1.753 1.649 0.073 0.735 0.274 0.462
16:0 14.49 15.16 13.53 14.75 14.48 0.207 0.137 0.982 0.565
16:1c9 0.469 0.269 0.396 0.269 0.382 0.051 0.705 0.295 0.950
16:0is0 0.196 0.174 0.112 0.159 0.211 0.012 0.069 0.306 0.125
17:0 0.567 0.437 0.409 0.560 0.495 0.024 0.137 0.142 0.024
17:0iso0 0.232 0.171 0.156 0.243 0.223 0.015 0.238 0.378 0.033
17:0anteiso 0.508 0.375 0.325 0.299 0.365 0.026 0.127 0.013 0.671
18:0 30.04 34.89 32.89 31.59 33.06 1.530 0.908 0.447 0.661
18:1t5 0.366 0.417 0.459 0.610 0.498 0.032 0.151 0.114 0.086
18:116+17+18 1.868° 0.940" 0.977° 1.437%° 1.116° 0.094 0.006 0.001 0.076
18:119 1.180 1.057 1.040 1.372 1.167 0.050 0.211 0.871 0.045
18:1¢10 10.49° 2.877° 3.191° 4.671° 4.106° 0.582 <0.001 <0.001 0.066
18:1¢11 1.736 1.931 1.546 1.689 2.404 0.133 0.281 0.656 0.337
18:1c6 1.302 1.273 1.366 1.451 1.263 0.051 0.764 0.787 0.755
18:1c9 6.190 6.638 7.467 6.526 7.010 0.264 0.629 0.298 0.649
18:1cl11 1.049 1.042 1.165 1.319 0.862 0.067 0.274 0.787 0.936
18:1c12 1.238 1.151 1.293 1.536 1.529 0.084 0.497 0.530 0.113
18:1¢13 0.138 0.167 0.222 0.252 0.207 0.020 0.442 0.162 0.447
18:218¢13 0.094 0.148 0.096 0.133 0.124 0.010 0.340 0.221 0.732
18:219¢12 0.293" 0.366" 0.723* 0.343° 0.384° 0.035 <0.001 0.071 0.020
18:219¢13 0.141 0.114 0.095 0.156 0.150 0.012 0.443 0.696 0.078
18:2¢10c12 0.036 0.037 0.091 0.128 0.080 0.012 0.091 0.135 0.181
18:2c9¢12 0.276 0.299 0.267 0.411 0.424 0.037 0.495 0.437 0.111
18:2¢9¢11 0.696 0.749 0.828 0.924 0.894 0.050 0.586 0.237 0.267
18:2¢9¢12 5711 8.180 8.771 5.300 7.510 0.497 0.104 0.183 0.075
18:3¢6c9c12 0.102 0.161 0.222 0.218 0.208 0.020 0.291 0.050 0.644
18:3¢9¢12c15 0.446 0.650 0.738 0.510 0.564 0.042 0.202 0.119 0.106
20:0 0.589 0.588 0.558 0.637 0.671 0.028 0.719 0.738 0.216
20:1¢11 0.093 0.207 0.265 0.181 0.200 0.028 0.435 0.093 0.487
20:1c11 0.313 0.297 0.363 0.334 0.301 0.023 0.888 0.859 0.824
20:4n-6 0.124 0.156 0.182 0.251 0.169 0.018 0.248 0.163 0.322
20:5n-3 0.376 0.278 0.302 0.245 0.287 0.029 0.722 0.191 0.695
21:0 0.025 0.047 0.069 0.038 0.037 0.006 0.258 0.167 0.157
22:0 0.589° 0.350*° 0.170° 0.108° 0.138" 0.049 0.008 0.001 0.045
22:1¢13 0.212 0.175 0.271 0.164 0.234 0.028 0.753 0.995 0.724
22:2n-6 0.039 0.051 0.037 0.023 0.034 0.008 0.867 0.905 0.297
22:5n-6 0.140 0.224 0.154 0.196 0.180 0.026 0.871 0.473 0.898
22:5n-3 0.039 0.047 0.033 0.042 0.052 0.006 0.902 0.807 0.634
(Continued)
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Table 3. (Continued)

Dietary treatment’ SEM p value Contrast?
CO CH TA GA MI Tannins Tannins type

22:6n-3 0.130 0.092 0.149 0.205 0.148 0.018 0.401 0.706 0.199
23:0 0.535 0.202 0.291 0.133 0.374 0.048 0.081 0.021 0.946
¥ SFA 47.60 53.12 49.36 49.56 50.32 1.530 0.864 0.458 0.708
¥ MUFA 26.86° 18.66° 20.29° 22.10*° 21.62*° 0.838 0.029 0.003 0.127
¥ PUFA 8.642 11.55 12.69 9.080 11.21 0.585 0.144 0.100 0.144
¥ OBCFA 5.367 5.00 5.036 5.698 5,511 0.190 0.744 0.913 0.189
¥ PUFA n-6 6.116 8.770 9.367 5.980 8.10 0.498 0.099 0.135 0.081
¥ PUFA n-3 0.992 1.067 1.222 1.002 1.050 0.055 0.700 0.517 0.342
PUFA n-6/n-3 6.528 8.282 7.751 6.502 7.943 0.350 0.357 0.234 0.324
BH Indexes (%)

Completeness 59.0 72.4 69.7 65.0 67.1 1.920 0.256 0.055 0.211

18:2c9¢12 86.7 80.7 79.7 87.4 82.85 1.200 0.151 0.200 0.083

18:3c9¢c12c15 89.9 85.1 83.3 87.2 86.9 1.020 0.353 0.110 0.234

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; OBCFA: odd and branched chain fatty acids; SEM: Standard error of
mean.

1Dietary treatments: CO: Control; CH: Chestnut extract; TA: Tara extract; GA: Gambier extract; MI: Mimosa extract.

Contrasts: Tannins (overall effect of tannin: CON vs. CH + TA + GA + MI); Tannin type (effect of HT vs. CT: CH + TA vs. GA + MI).

Dietary treatment means within a row with different superscripts differ at a significance of P < 0.05.

*BH indexes: indexes of biohydrogenation of dietary unsaturated fatty acids calculated as reported by Alves et al. [20].

https://doi.org/10.1371/journal.pone.0258265.t003

HT showed a greater proportion than CT. The multiple comparisons between dietary treat-
ment groups showed that the sum of odd- and branched-chain fatty acids (OBCFA) was not
affected by the diet. However, an effect of tannin supplementation was observed on individual
OBCFA, with 13:0 (P = 0.051) and 13:0iso (P = 0.022) greater in the in tannins-fed lambs in
comparison with CO, whereas an opposite result was found for 17:0anteiso (P = 0.013).
Regarding tannin type, the proportion of 17:0 and 17:0iso was greater in the rumen content of
lambs fed CT (P = 0.024 and P = 0.033, respectively). Dietary treatment (P = 0.029) and tan-
nins supplementation (P = 0.003) affected total monounsaturated fatty acids (MUFA). These
results were mainly related to the greater proportion of 18:1t6+¢7+t8 and 18:1¢10 found in the
rumen content of CO lambs in comparison to the other groups. Among the groups receiving
tannins, only GA showed levels of 18:1t6+t7+t8 comparable to CO. As for the individual
PUFA, TA lambs showed a double proportion of 18:2t9¢12 in comparison with all the other
groups, which caused that HT fed lambs had a greater proportion of this fatty acid in compari-
son to CT (P = 0.020). Similarly, 18:2¢9¢12 tended to be greater in HT lambs than CT
(P =0.075).

Table 4 reports data on the FA composition of liver fat. Dietary treatment affected
(P <0.05) several trans 18:1 isomers in liver fat. Specifically, 18:1¢9 and 18:1¢10 were greater in
MI than CH liver. Moreover, 18:1¢10 was found at greater percentage in the liver fat of CO in
comparison with CH, TA and GA. Also, 18:1¢10 was greater in MI than CH, whereas the per-
centage of 18:1¢11 was greater in CO than GA liver. Overall, tannins supplementation reduced
(P < 0.05) the percentage of 18:1¢9, 18:1¢10 and 18:1¢11 in comparison with CO. Between the
different classes of tannins, 18:1¢10 was found at lower percentage (P = 0.037) in the liver fat of
HT- lambs than CT-supplemented lambs. Regarding PUFA in liver fat, dietary treatment
affected 20:5n-3, which was greater (P = 0.042) for CO than MI. Tannin supplementation over-
all reduced (P < 0.05) 18:2¢9¢11 and 18:2t9¢12 as compared to CO.

PLOS ONE | https://doi.org/10.1371/journal.pone.0258265 October 6, 2021 8/21


https://doi.org/10.1371/journal.pone.0258265.t003
https://doi.org/10.1371/journal.pone.0258265

PLOS ONE Condensed and hydrolysable tannins on lamb fatty acid metabolism

Table 4. Effect of different tannin extracts on liver fatty acid composition (g/100g total fatty acids).

Diet’ SEM p value Contrast’
CO CH TA GA MI Tannins Tannin type
Fat (g/100 liver) 3.60 3.96 3.76 3.82 3.77 0.049 0.235 0.065 0.436
12:0 0.049 0.074 0.056 0.064 0.057 0.004 0.321 0.173 0.639
14:0 0.725 1.169 0.817 0.868 0.730 0.058 0.083 0.259 0.157
14:0iso0 0.010 0.024 0.021 0.014 0.015 0.002 0.432 0.191 0.189
14:1c9 0.030 0.044 0.026 0.029 0.028 0.003 0.312 0.870 0.353
15:0 0.404 0.462 0.409 0.442 0.377 0.017 0.571 0.688 0.542
15:0is0 0.075 0.093 0.088 0.069 0.068 0.006 0.486 0.740 0.096
15:0anteiso 0.138 0.161 0.163 0.130 0.127 0.010 0.709 0.788 0.185
16:0 14.662 15.973 14.827 15.565 14.791 0.281 0.519 0.396 0.738
16:0iso 0.404 0.462 0.409 0.442 0.377 0.006 0.567 0.906 0.258
16:1¢7 0.487 0.565 0.501 0.600 0.474 0.019 0.148 0.336 0.932
C16:1c9 0.991 1.031 0.943 1.100 0.952 0.029 0.416 0.839 0.565
17:0 1.657 1.541 1.541 1.762 1.444 0.050 0.292 0.513 0.585
17:0iso0 0.498 0.478 0.454 0.460 0.502 0.011 0.541 0.380 0.560
17:0anteiso 0.496 0.515 0.472 0.550 0.476 0.015 0.416 0.839 0.565
17:1¢9 0.576 0.523 0.484 0.625 0.494 0.021 0.171 0.421 0.254
18:0 20.351 20.182 21.601 20.467 20.538 0.322 0.670 0.684 0.600
18:1¢6 0.149 0.214 0.218 0.193 0.120 0.019 0.421 0.458 0.195
18:1¢9 16.761 18.366 15.629 18.288 15.758 0.422 0.082 0.823 0.980
18:1c11 1.859 1.623 1.632 1.946 1.585 0.056 0.150 0.269 0.284
18:1¢12 0.508 0.486 0.438 0.478 0.500 0.019 0.803 0.502 0.533
18:1c13 0.094 0.063 0.076 0.076 0.062 0.006 0.465 0.107 0.972
18:1t5 0.021 0.006 0.017 0.024 0.014 0.003 0.192 0.407 0.234
18:1t6+17+8 0.353 0.266 0.336 0.315 0.318 0.011 0.110 0.113 0.521
18:119 0.396° 0.242° 0.324%° 0.297° 0.342° 0.013 0.002 0.004 0.150
18:1110 2.375° 0.842° 1.247°¢ 1.073>< 1.676*° 0.108 <0.001 <0.001 0.037
18:1111 1.028° 0.762° 0.766" 0.583" 0.869" 0.045 0.027 0.013 0.663
18:2¢9¢12 10.637 10.425 11.810 10.781 11.886 0.246 0.175 0.362 0.709
18:2¢9t11 0.491 0.368 0.400 0.395 0.446 0.017 0.169 0.040 0.261
18:2¢8¢13 0.118 0.140 0.113 0.146 0.117 0.006 0.311 0.472 0.698
18:219¢12 0.108 0.085 0.065 0.078 0.074 0.005 0.118 0.016 0.931
18:219¢13 0.178 0.236 0.162 0.245 0.192 0.011 0.063 0.265 0.418
18:3¢6c9¢c12 0.275 0.266 0.279 0.251 0.304 0.013 0.763 0.998 0.881
18:3¢9c12¢15 0.423 0.435 0.558 0.507 0.533 0.019 0.108 0.093 0.592
20:0 0.275 0.266 0.279 0.251 0.304 0.004 0.998 0.780 0.979
20:1c11 0.233 0.175 0.193 0.214 0.157 0.010 0.137 0.069 0.945
20:2c11cl4 0.232 0.208 0.244 0.175 0.246 0.010 0.146 0.604 0.542
20:3n-6 0.872 0.719 0.860 0.723 0.665 0.033 0.172 0.124 0.201
20:3n-3 0.016 0.036 0.024 0.029 0.030 0.003 0.467 0.122 0.973
20:4n-6 9.567 9.034 9.683 8.818 10.289 0.255 0.391 0.869 0.755
20:5n-3 0.588° 0.432*° 0.568%" 0.493*° 0.398° 0.024 0.042 0.063 0.274
22:0 0.152*° 0.115° 0.172* 0.159*° 0.134*° 0.026 0.037 0.686 0.868
22:4n-6 1.617 1.443 1.783 1.539 1.824 0.062 0.236 0.853 0.648
22:5n-3 0.810 0.766 0.919 0.878 0.965 0.083 0.100 0.676 0.670
22:5n-6 2.390 2.104 2.405 2.026 2.657 0.038 0.485 0.475 0.378
22:6n-3 2.051 2.045 2.184 2.027 2.600 0.090 0.210 0.491 0.354
(Continued)
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Table 4. (Continued)

Y SFA

¥ MUFA

Y PUFA

Y OBCFA

Y PUFA n-6

Y PUFA n-3
PUFA n-6/n-3

CO
36.011
25.862
30.374

3.466
26.061
3.417
7.672

CH
37.586
25.208
28.742

3.444
24.906
3.007
8.765

Diet' SEM p value Contrast?

TA GA MI Tannins Tannin type
37.546 37.194 36.325 0.285 0.290 0.120 0.195
22.830 25.843 23.348 0.434 0.059 0.170 0.577
32.057 29.112 33.227 0.643 0.116 0.809 0.624

3.316 3.568 3.169 0.076 0.525 0.650 0.949
27.762 25.192 28.780 0.563 0.118 0.687 0.635
3.555 3.056 3.619 0.098 0.143 0.676 0.815
7.902 8.338 7.990 0.152 0.180 0.145 0.634

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; OBCFA: odd and branched chain fatty acids; SEM: Standard error of

mean.

'Dietary treatments: CO: Control; CH: Chestnut extract; TA: Tara extract; GA: Gambier extract; MI: Mimosa extract.
Contrasts: Tannins (overall effect of tannin: CON vs. CH + TA + GA + MI); Tannin type (effect of HT vs. CT: CH + TA vs. GA + MI).

Dietary treatment means within a row with different superscripts differ at a significance of P < 0.05.

https://doi.org/10.1371/journal.pone.0258265.t1004

Table 5 reports data on the FA composition of intramuscular fat (IMF). Dietary treatment,
tannin supplementation and tannin type did not affect total SFA, MUFA, PUFA, the sum of
PUFA n-3 and PUFA n-6 and the PUFA n-6 to n-3 ratio. Only the sum of OBCFA increased
in tannin-fed lambs in comparison to CO (P = 0.007). Within the class of OBFCA, 15:0 and
17:0anteiso were lower in the meat of tannin-fed lambs in comparison with the CO (P < 0.05).
Regarding tannin type, dietary HT increased (P < 0.05) 14:0iso, 15:0is0; 17:0is0 and tended to
reduce 17:0 (P = 0.069) in comparison with CT. Moreover, regarding the effect of dietary treat-
ment on individual OBCFA, 17:0 was higher in the IMF of the CO lambs as compared to CH
(P =0.023); moreover 14:0iso (P = 0.002), 17:0iso (P = 0.020) were higher in the CH lambs as
compared to GA; 14:0iso was higher in the CH in comparison with MI (P = 0.029). As for
18-carbon fatty acids involved in the BH, no effect of dietary treatment, tannin supplementa-
tion or type (P > 0.05) was found for 18:0, 18:2c9¢12 and 18:3¢9c12¢15. Conversely, dietary
tannins reduced 18:2¢9¢11 in comparison to CO group (P = 0.023). Tannin supplementation
and dietary treatments affected 18:1¢11. In particular, tannin supplementation reduced 18:1¢11
(P =0.025) in comparison to CO, with CT tending to reduce 18:1¢11 more than HT
(P =0.078). Regarding differences between groups, a lower proportion of 18:1¢11 was found in
the IMF of GA lambs in comparison with CO (P = 0.003) and CH (P = 0.039). Within the
identified trans 18:1 isomers, 18:1t6+t7+t8 and 18:1¢10 were lower in the HT than CT fed
lambs (P = 0.037 and P = 0.010, respectively), moreover, they were lower in CH group as com-
pared to CO (P = 0.004 and P = 0.005, respectively) and MI (P < 0.001 and P < 0.001, respec-
tively). Finally, 18:1¢6+¢7+t8 and 18:1¢10 were found at lower proportion in the GA group in
comparison with MI (P = 0.019 and P = 0.023, respectively). The 18:1¢9 was lower in the GA
meat as compared to CO and MI (P = 0.040 and P < 0.001, respectively), and in the CH group
in comparison with MI (P = 0.003). Regarding other PUFA in meat, 18:2¢8¢13 and 18:2t9¢12
were affected by tannin supplementation and differed between the five dietary treatments. In
particular, 18:2t8¢13 was lower in the meat of CO than tannin-fed groups (P = 0.002) which,
conversely, had lower proportions of 18:2¢9¢12 (P = 0.007). The meat of HT-fed groups
showed a greater proportion of 18:2t9¢12 than CT (P = 0.016). Moreover, 18:2¢8¢13 signifi-
cantly differed between CO and CH (P < 0.001) while, 18:2t9¢12 was higher in CO group in
comparison with GA and MI (P = 0.001 and P = 0.002, respectively) as well as in the CH group
as compared to GA and MI (P < 0.001 and P < 0.001, respectively).
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Table 5. Effect of different tannin extracts on meat fatty acid composition (g/100g total fatty acids).

Diet' SEM p value Contrast’
CO CH TA GA MI Tannins Tannin type
IMF (g/100 meat) 2.075 1.853 1.862 1.770 1.984 0.068 0.672 0.240 0.749
10:0 0.120 0.124 0.123 0.114 0.136 0.004 0.580 0.710 0.878
12:0 0.128 0.144 0.121 0.110 0.130 0.005 0.185 0.874 0.232
14:0 2.896 3.013 2.832 2.697 2.755 0.066 0.600 0.680 0.193
14:0is0 0.018%° 0.022° 0.018%° 0.014° 0.016° 0.001 0.010 0.683 0.004
14:1c9 0.111 0.118 0.109 0.103 0.101 0.004 0.627 0.737 0.163
15:0 0.357 0.294 0.312 0.304 0.309 0.009 0.181 0.015 0.847
15:0is0 0.068 0.070 0.061 0.054 0.057 0.002 0.058 0.148 0.040
15:0anteiso 0.108 0.107 0.107 0.095 0.096 0.003 0.442 0.377 0.109
16:0 23.60 23.29 23.58 23.05 23.10 0.196 0.856 0.501 0.436
16:0iso 0.121 0.127 0.116 0.104 0.114 0.003 0.102 0.470 0.056
16:1c7 0.310 0.309 0.270 0.275 0.268 0.006 0.044 0.063 0.204
16:1c9 1.772 1.666 1.689 1.694 1.658 0.031 0.831 0.247 0.978
17:0 1.152° 0.877° 0.972%P 1.017%0 1.057%° 0.029 0.042 0.022 0.069
17:0iso 0.366°" 0.391° 0.349° 0.328° 0.352*P 0.007 0.050 0.538 0.060
17:0anteiso 0.486 0.431 0.431 0.442 0.449 0.008 0.222 0.024 0.430
17:1c9 0.708 0.510 0.586 0.637 0.621 0.022 0.058 0.031 0.073
18:0 12.13 12.96 12.40 12.80 13.01 0.159 0.364 0.109 0.560
18:1c9 38.78 37.68 37.19 38.47 38.48 0.380 0.681 0.408 0.248
18:1cl11 1.575 1.428 1.546 1.655 1.407 0.040 0.240 0.531 0.635
18:1c12 0.435° 0.416*° 0.332¢ 0.344%¢ 0.329° 0.012 0.003 0.008 0.108
18:1c13 0.108 0.098 0.097 0.121 0.121 0.004 0.144 0.875 0.006
18:1c14 0.049 0.044 0.040 0.043 0.042 0.001 0.301 0.040 0.926
18:15 0.015 0.014 0.016 0.013 0.016 0.001 0.556 0.817 0.691
18:116+17+18 0.283*° 0.212¢ 0.256*>¢ 0.243¢ 0.302° 0.008 0.002 0.164 0.037
18:19 0.264*° 0.222"¢ 0.242°¢ 0.209° 0.296* 0.007 <0.001 0.280 0.230
18:1¢10 1.579%° 0.791¢ 1.199%¢ 1.121%¢ 1.759° 0.083 <0.001 0.092 0.010
18:1£11 0.753° 0.669° 0.608*" 0.458" 0.612*° 0.029 0.020 0.025 0.078
18:2c9¢12 6.846 8.110 8.354 7.667 7.354 0.288 0.518 0.173 0.278
18:2c9¢11 0.434 0.379 0.365 0.304 0.355 0.014 0.074 0.023 0.169
18:2¢10c12 0.024 0.033 0.033 0.025 0.029 0.002 0.417 0.216 0.192
18:218¢13 0.065° 0.196* 0.100°¢ 0.155*° 0.140*° 0.011 <0.001 0.002 0.977
18:219¢12 0.065* 0.066* 0.044° 0.043° 0.044° 0.002 <0.001 0.007 0.016
18:219¢13 0.267 0.362 0.305 0.293 0.294 0.011 0.070 0.100 0.063
18:3¢6c9c12 0.055 0.063 0.062 0.066 0.058 0.003 0.824 0.364 0.872
18:3c9c12c15 0.525 0.570 0.550 0.534 0.542 0.009 0.589 0.299 0.313
20:0 0.093 0.100 0.098 0.097 0.097 0.002 0.769 0.242 0.554
20:3n-6 0.153 0.190 0.205 0.186 0.142 0.011 0.359 0.343 0.200
20:3n-3 0.020 0.023 0.021 0.019 0.022 0.001 0.706 0.669 0.515
20:4n-6 1.404 1.800 2.102 1.988 1.476 0.145 0.484 0.247 0.524
20:5n-3 0.082 0.091 0.135 0.097 0.064 0.011 0.294 0.605 0.199
22:0 0.037 0.031 0.039 0.044 0.031 0.002 0.369 0.953 0.581
22:4n-6 0.131 0.177 0.206 0.202 0.163 0.015 0.524 0.146 0.803
22:5n-3 0.221 0.286 0.348 0.334 0.230 0.026 0.434 0.254 0.576
22:5n-6 0.036 0.046 0.056 0.059 0.038 0.005 0.556 0.307 0.851
22:6n-3 0.050 0.079 0.106 0.097 0.054 0.009 0.176 0.141 0.420
(Continued)
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Table 5. (Continued)

¥ SFA
¥ MUFA
¥ PUFA
¥ OBCFA
¥ PUFA n-6
¥ PUFA n-3
PUFA n-6/n-3
Indexes
DI 14:0
DI 16:0
DI of 17:0°
AT*
T

CcO
39.00
46.74
10.38
2.676
8.623
0.898
9.534

0.037
0.070
0.379
0.628
1.268

Diet' SEM p value Contrast?

CH TA GA MI Tannins Tannin type
39.66 39.20 38.90 39.25 0.307 0.954 0.757 0.640
44.18 44.18 45.39 46.01 0.416 0.219 0.095 0.107
12.47 12.99 12.07 11.00 0.488 0.453 0.167 0.291
2.318 2.365 2.357 2.450 0.045 0.091 0.007 0.526
10.386 10.980 10.168 9.231 0.448 0.503 0.180 0.344
1.048 1.161 1.082 0.911 0.051 0.444 0.257 0.380
9.920 9.834 9.493 10.134 0.234 0.910 0.613 0.912
0.036 0.037 0.036 0.037 0.001 0.995 0.945 0.616
0.066 0.067 0.067 0.069 0.001 0.930 0.442 0.648
0.366 0.374 0.377 0.375 0.003 0.572 0.539 0.476
0.630 0.625 0.618 0.607 0.010 0.808 0.750 0.296
1.273 1.257 1.278 1.263 0.019 0.947 0.990 0.840

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; OBCFA: odd and branched chain fatty acids; SEM: Standard error of

mean.

1Dietary treatments: CO: Control; CH: Chestnut extract; TA: Tara extract; GA: Gambier extract; MI: Mimosa extract.

Contrasts: Tannins (overall effect of tannin: CON vs. CH + TA + GA + MI); Tannin type (effect of HT vs. CT: CH + TA vs. GA + MI).

Dietary treatment means within a row with different superscripts differ at a significance of P < 0.05.

*Desaturation index of 17:0 calculated as 17:1 ¢9/(17:0+17:1¢9).

4Atherogenic index calculated as: (C12:0 + 4xC14:0 + C16:0) / (MUFA + PUFAn-6 + PUFAn-3) (Ulbricht and Southgate, 1991).

5Thrombogenic index calculated as: (C14:0 + C16:0 + C18:0)/(0.5xMUFA + 0.5xPUFAn-6 + 3xPUFAn-3 + PUFAn-3/PUFAn-6) (Ulbricht and Southgate,1991).

https://doi.org/10.1371/journal.pone.0258265.t005

Multivariate approach to fatty acid profile

From the entire dataset of the rumen content, eight FAs were retained at the end of the step-
wise selection (Table 6) and were linearly combined to obtain four canonical discriminant
functions (CAN), which together explained the total variance of the dataset. The multivariate
structure could be appropriately described by the first two CAN, explaining 70.0% and 22.7%
of the variance, respectively. Therefore, the scatterplot (Fig 1A) represents the distribution of
the rumen content samples sample in the multivariate space, with CAN 1 as the X axis and the
CAN 2 as the Y axis. The CAN 1 alone allowed discrimination between the CO and tannins
groups. The CAN 2 tended to separate the CH lambs from all the other groups with some over-
laps with the MI or GA groups. After cross-validation, 66% of cases were correctly assigned.
Regarding wrongly assigned cases: only one CO animal was misclassified and assigned to CH;
one and four CH cases were assigned to TA and GA, respectively; three TA cases were assigned
to the other HT group (CH); two cases of MI were assigned to the other CT group (GA).
Table 6 reports the standardized coefficients of the variables describing the total canonical
structure for the rumen content. The magnitude (absolute value) of the standardized coeffi-
cients assigned to each variable is a measure of the relative contribution of the variable itself to
the discriminating capacity of the whole multivariate function: the greater the value of the
coefficient, the higher the contribution of the variable to the discrimination. The CAN 1 was
mainly influenced by 17:0anteiso, 18:1¢10, 18:2t8¢13; 18:2¢9¢12 and 22:0; while 17:0anteiso,
18:1t5, 18:2¢9¢12, 18:2t10c12 and 18:2¢9¢12 accounted most in the CAN 2.

The same procedure described for the rumen fatty acid was used separately for liver and
meat fatty acids datasets. For liver, 5 fatty acids were retained from the dataset after stepwise
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Table 6. Standardized coefficients of each canonical function and explained variance.

Rumen content
17:0anteiso
18:1t5
18:1 t10
18:2 t8¢c13
18:2 t9c12
18:2 t10c12
18:2 c9c12
22:0
Explained variance (%)

Liver
18:1 t10
18:2 t9¢13
18:2 c9t11
18:3 c9c12cl5
22:0
Explained Variance (%)

Meat
16:0is0
18:1 c14
18:1t9
18:2 ¢9t11
18:2 t8¢13
18:2 t9c12

Explained variance (%)

https://doi.org/10.1371/journal.pone.0258265.t006

CAN1 CAN 2 CAN 3 CAN 4
0.774 0.695 -0.109 -0.186
-0.210 -0.654 0.300 -0.103
1.138 -0.342 0.387 -0.200
-0.657 -0.090 -0.491 0.460
-0.196 0.693 0.790 0.320
0.113 -1.116 0.271 0.124
-0.678 0.781 -0.460 -0.665
1.205 0.242 -0.006 0.594

70.0 22.7 6.9 0.4
-0.741 0.176 0.548 0.386
0.885 0.207 1.391 0.401
-1.287 -0.069 -0.487 -0.362
1.082 0.683 -0.065 0.762
0.286 0.966 0.621 0.762

79.1 12.5 7.4 1.4
0.502 0.393 0.515 -0.425
-1.028 -0.274 -1.216 1.042
0.398 -0.572 0.558 0.504
1.303 -0.102 0.451 -0.682
-0.627 0.601 0.565 0.293
0.822 0.565 -0.167 0.260

55.6 27.2 13.2 4.1

selection (Table 6) and combined to obtain four CAN. The first two CAN explained 79.1.6%
and 12.5% of the variance, respectively. Fig 1B represents the distribution of the livers sample
in the multivariate space. After cross-validation, 59.1 of cases were correctly assigned to the
group of origin. However, only two cases of CO liver were misclassified and assigned to MI.
Table 6 reports the standardized coefficients of the variables describing the total canonical
structure for the liver. The CAN 1 was mainly influenced by 18:2¢9¢11, 18:2¢9¢13 and
18:3¢12¢15¢18; while 22:0 and 18:3¢12¢15¢18 accounted most in the CAN 2.

From the dataset of the meat fatty acids, six were retained at the end of the stepwise selec-
tion (Table 6). The first two CAN explained 55.6% and 27.1% of the variance, respectively. Fig
1C represents the distribution of the lambs in the multivariate space. Only 56.8% of cases were
correctly assigned after cross-validation. Table 6 reports the standardized coefficients of the
variables describing the total canonical structure for the meat. The CAN 1 was mainly influ-
enced by 18:1c14, 18:2¢9t11 and 18:2t9¢12; while 18:1¢9 18:2t8¢13 and 18:2t9¢12 accounted
most in the CAN 2.

Discussion
Animal performance

Literature reports that the inclusion of tannins in the diet for ruminants may depress voluntary
feed intake, thus impairing animal performance [30, 31]. Several possible mechanisms have
been considered, alone or in association, to explain how tannins influence DMI. Among these,
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Fig 1. Discrimination of the dietary treatments achieved by plotting the first two canonical functions obtained from
(a) the dataset of rumen content fatty acid, (b) the dataset of liver fatty acids and (c) the dataset of IMF fatty acids after
the stepwise procedure. Dietary treatments: CO: Control; CH: Chestnut extract; TA: Tara extract; GA: Gambier
extract; MI: Mimosa extract.

https://doi.org/10.1371/journal.pone.0258265.9001

the reduction of the feed palatability would be due to the astringency perception induced by a
direct reaction of tannins with the taste receptors or through the interaction with the tannin-
binding salivary proteins [7]. The reduction of DMI has been usually observed at tannin con-
centrations that exceed 50 g per kg of diet, while lower doses would not be unfavourable and
may enhance animal health and production [14, 32]. In small ruminants, the negative effects
of tannins would be mitigated by adaptation mechanisms, such as the production of salivary
proteins able to neutralize the astringency of tannins [33]. Also, HT and CT may result in dif-
ferent effects because: i) HT would be more susceptible to be hydrolysed than CT in the rumen
and release monomers with toxic effects [3]; 1) the complexes that CT create with proteins and
other nutrients are stable in a wider pH range than HT [34, 35]. Based on this knowledge and
that of previous findings revealing specific antimicrobial activity of different tannin extracts
[19], we have evaluated the response of animal performance and fatty acids in the rumen con-
tent and meat of growing lambs fed commercial sources of HT (chestnut and tara) and CT
(mimosa and gambier). Also, within HT and CT classes, we have tested whether different
sources of plant extracts, each characterised by the occurrence of chemically different tannins,
may elicit different responses.

Our findings partially contrast with the literature. Indeed, though the level of tannin inclu-
sion in the diet was lower than the threshold of 50 g per kg of diet, it reduced the DMI in com-
parison with the CO group. The lower DMI observed in lambs fed HT compared to those fed
CT, was mainly due to the effect of the CH group, which showed the least DMI and growth
performance among the treatments. Conversely, none of the investigated productive parame-
ters differed between CO and TA, GA and MI. These findings are particularly interesting
because they suggest several considerations that challenge some accepted generalizations on
the use of tannins in ruminant diets. First, the lack of different performance between TA
lambs (supplemented with a source of HT) and CT-fed lambs may indicate that general rules
regarding the effects of hydrolysable or condensed tannins on animal performance should be
avoided or at least carefully considered. Second, the response to the administration of tannin
extracts belonging to the same class of compounds (in our case HT) may differ according to
the chemical characteristics of tannins or tannin source. It has been reported that different tan-
nins may have a varying degree of affinity with salivary proteins in sheep [36]. Moreover,
beside the botanical difference of the plants, the CH and TA extracts enriched the diet with
ellagitannins and gallotannins, respectively [37]. Deschamps et al. [38, 39] report that hydroly-
sable tannins contained in CH and TA extracts are susceptible to biodegradation by bacterial
tannase in the rumen with the production of several intermediates along with the enzymatic
reactions, to form acetate and butyrate as end products. Though ruminal biodegradation inter-
mediates of tannins were not investigated in the present paper, it could be stressed that the dif-
ference observed between CH and TA groups could be in part linked to the different toxicity
of intermediate products. The last consideration is related to the ability of tannins to reduce
nutrient availability. In our study, CH showed ADG lower than all the other groups. Notewor-
thy, this result seems to be due to the lower DMI rather than other factors, such as the reduc-
tion of protein digestibility. As observed in the companion paper, the level of ammonia in the
rumen was not affected by dietary treatment, tannin supplementation nor tannin type [19].
Rumen ammonia is related with the proteolytic bacterial metabolism, which may represent a
limiting factor for the rate of growth in young animals.
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Fatty acids of rumen, liver and meat

Similar to animal performance, our results on the effect of dietary tannins on the fatty acid
composition of rumen content seem to point a different direction in comparison with that
indicated by the literature. Most of the previous in vitro and in vivo studies agree that tannins
may impair the progressive saturation of PUFA to 18:0 and, as a consequence, increase the
outflow of health-promoting fatty acids that can be absorbed, further metabolized and accu-
mulated in the tissues [40, 41]. In the rumen, an increase of PUFA would be observed when
the first steps on the onset of the BH are inhibited [42-44]. On the contrary, the inhibition of
the BH at different steps along the pathways might result in a lower formation of 18:0 and
greater accumulation of intermediates such as 18:2¢9¢11 and 18:1¢11 as well as other trans 18:1
isomers [45-47]. It should be mentioned that the characteristics of the basal diet seem to play
an important role in determining the effects of tannins on rumen BH. The 18:1¢11 accounts up
to 70% of total trans 18:1 isomers in forage-fed ruminants [48], while the progressive replace-
ment of forages with concentrates increases 18:1¢10 at the expense of 18:1¢11 due to a changed
BH pathway [49]. Vasta et al. [14] observed that condensed tannins from quebracho hampered
this phenomenon when they were administered to concentrate-fed lambs compared to herb-
age-fed animals. Moreover, the capability of the different ruminant species to tolerate plant
polyphenols represents an additional factor that deserve consideration when the effect of tan-
nins on BH is investigated. Frutos et al. [8] reviewed differences between cows and ewes in the
accumulation of 18:1 isomers in vitro.

Apparently, in our study, the administration of dietary tannins was ineffective to interfere
with the different steps of the biohydrogenation, as no significant difference was observed in
the rumen for total PUFA, 18:2¢9¢12, 18:3¢9¢12¢15, 18:2¢9¢t11, 18:1¢11 and 18:0. However, we
found that the proportion of 18:1¢10 was lower in the rumen of tannin-fed lambs. This reduc-
tion was not in favour of a greater accumulation of 18:1¢11 in the rumen, suggesting that tan-
nin supplementation could have specifically reduced alternative pathways of BH, with HT
tending to be more effective than CT. These results are not easily explainable in relation to
what we have found in the companion paper. In that study [19], HT-fed lambs showed a lower
ruminal pH than CT-fed lambs, which is a condition that favours the synthesis of 18:1¢10 in
the rumen [49]. Also, it has been reported that different bacterial species may be responsible
for different BH pathways. In the companion paper, Salami et al. [19] observed that the supple-
mentation of tannins did not substantially alter the bacterial community and relative abun-
dance in the rumen of the same lambs used in the present. Only Fibrobacteres, representing a
minority group of total bacteria in the rumen, were significantly lower in the tannin-receiving
groups in comparison with the CO. However, it should be noticed that the relative abundance
does not necessarily determine the functional activity of a bacteria group in the rumen. In
other studies, changes in Fibrobacter have been linked to the modification in BH [50]. Also,
Salami et al. [19] reported treatment differences in bacterial genera such as Prevotella and
Ruminobacter and these genera have been suggested to play significant roles in BH. The lack
of a straightforward effect on rumen microbial community seems in agreement with the pro-
portion of OBCFA observed in the rumen. The presence of OBCFA exclusively arises from
microbial metabolism and a variation in OBCFA is expected to reflect changes in the relative
abundance of the specific bacterial population [51]. In particular, Vlaemink et al. [52] reported
that fibre-digesting bacteria are richer in even and/or odd- iso-fatty acids than amylolytic bac-
teria, which are characterized by the predominance of 15:0 and 15:0anteiso. In our study, total
and individual OBCFA did not follow a specific trend that could help to unveil possible effects
of tannins and tannin type on the microbial community useful to explain the results observed
for 18:1¢10.
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Liver could be considered as an intermediate step along the metabolic pathway of fatty
acids that leads to their accumulation in the muscle, as they may undergo partial transforma-
tion in this organ before being further metabolized in the tissues. The fatty acid composition
of meat and liver partially agrees with the results observed in the rumen content. In particular,
the lack of effect of the investigated factors on the main substrates of the BH (18:2¢9¢12,
18:3¢9¢12c¢15), total PUFA and end-product of the process (18:0) would confirm that, in our
experimental conditions, the addition of tannins or the type of tannins supplied to growing
lambs did not protect dietary PUFA from BH and did not favour the accumulation of these
healthful fatty acids. In accordance with the rumen content, 18:1¢10 was greater in the liver
and in the meat (even if only as a statistical tendency) from CO group than tannin-receiving
groups, moreover, it was greater in the liver and meat from CT-fed lambs than HT-fed lambs.
A similar effect of tannin supplementation was observed in the liver for 18:1¢9, 18:1¢11 and
18:1¢9t11 greater in CO than in tannin-supplemented groups. These data may suggest that an
impairment of the intermediate steps of the biohydrogenation process due to the inclusion of
tannins in the diet of lambs may have occurred, and in particular the inhibition of the alterna-
tive pathways of the BH, and that HT could have been more effective than CT. Moreover,
some inconsistencies between fatty acids in the rumen content, liver and meat seem to indicate
a wider effect of the tannins. Discrepancies between the fatty acid profile of rumen content,
liver and meat could depend on several factors, such as the collection technique or the sam-
pling time. In this study the rumen fatty acids describe the specific moment of slaughter, while
liver and meat fatty acids result from absorption mechanisms and further lipid metabolism in
liver and tissues. Therefore, liver and meat fatty acid composition may add useful information
on fatty acid metabolism. Differing from rumen content, 18:1¢11 followed the same trend as
the 18:1£10. Due to the reasons explained above, usually, these two fatty acids are negatively
correlated. In the present study, the contemporary reduction of both 18:2¢9¢11 and 18:1¢10
could indicate that the administration of dietary tannins may have caused a general reduction
of BH extent, though with a magnitude lower than reported in the literature. It should be
stressed that the characteristics of the basal diet may play an important role in favouring the
effects of dietary tannins. For example, Jeronimo et al [12] and Frutos et al. [8] highlighted that
the supplementation of PUFA-rich oils may enhance the effect of tannins on ruminal BH. In
the present trial, the diet given to the animal was not added with PUFA, therefore, it cannot be
excluded that a greater availability of PUFA in the rumen could have hampered the effect of
tannins on BH.

Multivariate approach to fatty acid profile

Individual fatty acids significantly differed between treatments both in the rumen content and
meat. However, the univariate approach did not allow identifying specific patterns of fatty acid
metabolism due to the tannin extracts. Differing from the univariate, the multivariate statistics
can be implemented to assess the combined role of the individual variables of a dataset in
highlighting overall patterns within the dataset. For example, among the multivariate
approaches, the canonical discriminant analysis may allow to discriminate between subjects
(samples) belonging to different groups. The canonical discriminant analysis can be coupled
with a stepwise procedure that identifies the variables of the dataset having the biggest discrim-
inating ability. This approach has been previously applied to different datasets to discriminate
between meat or cheese samples differing for the geographical origin, breed or production sys-
tem [29, 53, 54]. In the present study, the same approach was used: i) to assess whether the
multivariate structure of the FA profile was able to reveal overall patterns able to discriminate
the dietary treatments, ii) to identify the fatty acids characterized by a greater discriminating
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power both in the rumen content and meat. After the stepwise procedure, 8, 5 and 6 fatty acids
were retained from the respective datasets of rumen content, liver fat and IMF and the retained
fatty acids were linearly combined into 4 canonical discriminant functions for each biological
matrix. All the fatty acids with a high standardized coefficient included in the two first CAN
for each of the three datasets arise from rumen microbial metabolism or BH, except for 22:0.
However, most of them were not significantly affected by the dietary treatments and only 66%
(rumen content), 59% (liver) and 57% (meat) of cases were correctly assigned to the original
experimental group after cross-validation. These results seem to confirm that the dietary
administration of the four tannin extracts did not produced specific patterns describing their
effects on fatty acid metabolism. A similar finding was reported by Morales et al. [55] after a
regression analysis conducted on 12 different experiments to investigate the response of meat
fatty acids to tannins supplementation. The authors reported that, tannins were associated
only with the reduction of 18:0. Nevertheless, it should be highlighted for all the three main
districts implicated in the fatty acid metabolism (i.e., rumen content, liver and meat), the CO
group was well discriminated from the tannin-fed groups, with maximum 2 cases from the CO
group being misassigned to a tannin-supplemented group (Fig 1). Together with the results of
the univariate ANOVA, the multivariate analysis showed that dietary tannins exerted a general
modification along the whole BH process, though it was not possible to identify specific pat-
terns for each of the administered extracts.

Conclusions

Our study confirmed that the dietary administration of tannins may have an effect in deter-
mining the fatty acid profile of the rumen content and meat in lambs. However, it was not pos-
sible to clearly describe specific mechanisms of action of the individual supplemented tannin
extracts on precise steps of the fatty acid metabolism, as previous studies supposed. Neverthe-
less, in our study, the multivariate structure of the fatty acid profile of rumen content and meat
allowed the discrimination of the CO treatment from the other groups. Interestingly, the fatty
acids showing the greater discriminant power arise from microbial metabolism and the princi-
pal or alternative BH pathways. These results may give new perspectives in investigating the
effect of tannins on BH. From one side, our study further confirms the impact that dietary tan-
nins may exert on the rumen BH. From the other side, it provides clues that tannins can have a
generalized influence on BH rather than on specific steps.
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