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Lambs were divided into 3 groups of 6 animals each. For 35 days lambs were fed a diet
including 2% rapeseed oil, 1% fish oil and 0.1% carnosic acid (the control group) or
two expetimental diets supplemented with 0.35 mg - kg Se as selenized-yeast (SeY) (the
SeY diet) or selenate (the selenate diet). Muscles (Musculus longissinus dorsi (MLD) and
Musculus biceps femoris (MBF)), ruminal fluids and microbiota were collected from each
lamb. SeY supplementation most effectively stimulated the accumulation of straight-
chain volatile fatty acids (VFAs), so-branched-chain VFAs, CO,and CH, in the ruminal
fluid. The contents of CO,, CH, and VFAs including straight-chain VFAs with the
exception of Zo-branched-chain VFAs were most effectively reduced by the selenite
diet. The control diet most efficiently increased the concentration sums of sdd-saturated
fatty acids (0dd-SFAs) and 7s0-SFAs in microbiota. The SeY diet most efficiently reduced
acetic acid to propionic acid ratio in the ruminal fluid. The selenate diet improved
animal performance by reducing ruminal concentrations of CH, and CO,. The SeY diet
and especially the selenate diet reduced the biohydrogenation to C18:0 when compared
with the control diet. The selenate diet more efficiently reduced the concentration sums
of all SFAs (ZSFAs) and all fatty acids (XFAs) in MLD and MBF than the SeY diet,
which most effectively increased the concentrations of XSFAs and ZFAs in MLLD and
MBF. The selenate diet most effectively increased the body mass gain of lambs.

Key words: carnosic acid, fatty acids, methane, ovine rumen, seleno-compounds,
volatile fatty acids

INTRODUCTION

The most common supplemental chemical forms of selenium (Se) for ruminants
are selenite, selenate or selenized yeast (SeY) [1,2]. The chemical form of Se affects
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biosynthesis yield of Se-complexes and Se-proteins in ruminal microorganisms [3].
Se-methionine (Se-Met) is more efficiently accumulated in the animal body than
inorganic forms of Se. Organic chemical forms of Se undergo less alteration in the
rumen leading to less of insoluble chemical forms of Se [1]. Ruminal micro-organisms
are capable to metabolize organic and inorganic forms of Se into Se-amino acids
(Se-AA). The poor bioaccumulation of inorganic Se has been linked to the ruminal
environment whereby selenate or selenite is reduced by microorganisms to insoluble
and unavailable elemental Se, which is excreted in the feces [1,3]; selenate has higher
relative bioavailability value than selenite. Ruminal microorganisms can reduce
excessive doses of organic or inorganic forms of Se to selenides or unabsorbable Se®.
Interestingly, Serra et al. [4] showed that dietary Se-compounds change the ruminal
production of volatile fatty acids (VFAs). In fact, numerous studies showed that Se-
compounds affect ruminal microorganism yield and activity of microbiota [1-6]. Thus,
Se-compounds affect VFAs production and rumen microbial fermentation [5,0].

Analyses of the Se content in the ruminal microorganisms revealed that the microbial
Se abundance was enriched relatively to the dietary level of Se [7]. Microorganisms
are also able to synthesize Se-Met and Se-cysteine (Se-Cys), and these Se-AA
are subsequently incorporated into microbial Se-proteins. Se-Cys is the essential
component of antioxidant enzymes (like glutathione peroxidases) that decrease the
risk of polyunsaturated fatty acids (PUFAs) peroxidation [8-11]. Numerous studies
have established that phospholipid hydroperoxide glutathione peroxidase interferes
more directly thus protecting PUFAs from peroxidation damage [8-12].

Interestingly, dietary carnosic acid (CA) modifies ruminal microbiota, the capacity of
biohydrogenation or isomerisation and, hence, the ruminal biosynthesis of fatty acids
(FAs) and VFAs, as well as the composition of FAs (especially PUFAs) in the ruminant
body [13]. CA has a significant influence on the biosynthesis of volatile compounds
in a dose dependent manner [13,14]. There is a lot of evidence that CA (polyphenolic
compound) possesses antioxidative properties and hence protects from peroxidation
damage the unsaturated fatty acids (UFAs), especially long-chain PUFAs (LPUFAs), in
animal tissues [14]. Indeed, recent studies with CA have documented improvements in
meat quality; CA seems to extend the shelf life of lamb meat [13].

Similarly to CA, dietary fish oil (FO) is able to modify the biohydrogenation yield by
decreasing the enzymatic capacity for the isomerization of linoleic acid or a-linolenic
acid, and simultaneously elevating #rans77C18:1 (#77C18:1) level in ruminal contents
and ruminant tissues [15,16]. FO, rich in LPUFAs, inhibited the growth (e.g, B.
[fibrisolvens) and activity of microorganisms (e.g., bacterial isomerase activity). PUFAs,
especially LPUFAs, revealed toxic effects on cellulolytic bacteria and protozoa; PUFAs
act against ruminal lactate producers thereby favouring propionate producers [10].

Therefore, we hypothesized that selenate or selenized yeast (SeY) added to the diet
containing CA, FO and RO would modify concentrations of VFAs, methane, CO, and
FAs in the rumen and contents of FAs in muscles. Moreover, we expected that these
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modifications depend upon the chemical form of dietary Se. Thus, the objective of
our study was 70 investigate the impact of different chemical forms of Se (as SeY or selenate) added
to the diet including CA, FO and RO on the amounts of VFAs, FAs, methane and CO, in
the rumen and the concentrations of FAs (especially UFAs) in Musculus longissimus dorsi
(MLD) and Musculus biceps femoris (MBF) of lambs.

MATERIALS AND METHODS

Animals, diets, and experimental design

Eighteen male Corriedale lambs with an average body weight (BW) of 30.4%2.6
kg at the beginning of the experiment were individually penned and divided into 3
treatment groups of 6 animals (Tables 1 and 2). The animals were distributed into 3
groups, according to the initial mass of lambs; so that the average initial body mass
of lambs between the groups were similar (Table 2). The study was conducted under
the authority of the Third Local Commission of Animal Experiment Ethics at the
University of Life Sciences, Ciszewskiego 8, 02-786 Warsaw, Poland (decision No
41/2013). During a 3-week preliminary period the animals were given free access to
the standard concentrate-hay diet with vitamins and mineral premix ( Table 1). The
basal diet (BD) consists of the following components: meadow hay (~36%), a mixture
of soybean meal (~36%) barley meal (~16.5%), wheat starch (~9%) and mineral-
vitamin mixture (20 g/kg BD). This basal diet contained: crude protein 120 g, crude
fibre 12 g, and 11 MJ metabolizable energy in 1 kg dry mater. The content of Se in 1
kg of the basal diet was 0.29 mg. The basal diet was supplemented with 2% RO and
1% odoutless fish oil (FO). After the preliminary period, for 35 days the lambs were
fed the basal diet containing 2% RO, 1% FO and 0.1% CA (the control diet) and two
experimental diets (Table 2); these experimental diets were made by adding 0.35 mg Se
as SeY or selenate to 1 kg the control diet. The control and all experimental diets were
formulated to be isoenergetic and isonitrogenous. All diets were adjusted weekly and
supplied as two equal meals at 07.30 and 16.00 hours each day to ensure free access to
the feed. Fresh drinking water was available at libitum. Animals completely consumed
the served portion of the meals. All lambs were fed the same mass of freshly prepared
diets with the appropriate additives (Table 2). The average daily diet intake was 1.08
kg per lamb. At the end of the 35-day experiment the lambs were slaughtered at 07.00
hour. Muscles (MLD and MBF) were removed, weighed, homogenized and frozen;
all muscle samples were stored in sealed tubes at -32°C until analysis. The whole
digesta of the rumen were collected from each animal just after slaughter. Ruminal
digesta samples were maintained at 39°C and ruminal fluid samples were obtained by
straining through four layers of linen cloth [15,17]. The obtained ruminal digesta and
fluid samples were frozen and stored in sealed tubes at -20°C until analysed. Ruminal
microorganism fractions were isolated from ruminal liquid by two-step centrifugation,
according to Meyer et al. [18]. Obtained solid fraction samples were lyophilised. The
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fatty acid concentrations in ruminal microbiota were derived from the dry matter

(DM).

Table 1. Chemical composition (% in dry mass) of the concentrate-hay diet with vitamins and
mineral mixture® (the basal diet), RO and FOP

Ttem Meadow hay* Concentrare
Barley meal Soybean meal Wheat starch

Dry mass (%) 88.4 87.6 89.7 87.3
Crude protein (%) 9.50 9.94 41.8 0.90
Crude fibre (%) 27.3 2.87 4.34 -
Crude fat (%) 3.40 2.50 2.25 0.09
Ash (%) 4.85 1.84 6.16 0.12
Neutral detergent fiber (%) 59.2 18.0 18.8 -

Acid detergent fiber (%) 32.1 4.61 6.44 -

Acid detergent lignin (%) 4.47 1.14 1.49 -

*vitamins and mineral mixture provided by POLFAMIX OK (www.trouwnutrition.pl); ® The iodine value of FO: 50-65
¢/100 g FO; the acid value of FO: 20 mg KOH/g FO; ©The main fatty acids in concentrate (ug/g): C14:0 104, C16:0
3189, C18:0 1425, ¢9C18:1 774, ¢9c12C18:2 29163, ¢9¢12¢15C18:3 1014; the gross energy (M] per kg of dry matter
(DM)): batley meal: 16.3, soybean meal: 17.8, wheat starch: 16.7; ¢ The gross energy: 17.1 MJ per kg of DM; the mean
fatty acid composition of meadow hay (ug/g): C8:0 83, C12:0 142, C14:0 239, ¢9C15:1 131, C16:0 4034, 9C16:1
184, C18:0 459, ¢9C18:1 1266, ¢12C18:1 72, ¢9¢12C18:2 13100, 9¢12¢15C18:3 4178, C20:0 58, ¢17C20:1 74, C22:0 101,
C24:0 69, ¢15C24:1 71

Table 2. The experimental scheme, the composition of the control and experimental diets, the
body mass (BM) of lambs and rumen content masses

The body mass of lambs Bod M c
. Additives added to o b o e oodymass ;88 9
Group . initial 35days gain ruminal content
the basal diet kg kg v, ke
(]

The control diet:
+ + + +
Control 2% RO, 1% FO and 0.1% CA 30.6+2.6 37.212.3 21.5+4.8 4.341+0.51

The SeY diet:

ST 2% RO, 1% FO, 0.1% CA 30.3+2.7 36.812.7 21.6+3.2 4.1520.60

and 0.35 mg Se as SeY (P=0.75) ¢ (P=0.99) (P=0.47) (P=0.47)

in 1 kg of the control diet
The selenate diet:

- 2% RO, 1% FO, 0.1% CA 30§i3.0 38._54_”3.1 26§i4.0 5.39i().60

111 and 0.35 mo Se as selenate (P=0.52) (P=0.37) (P=0.01) (P=0.06)

) 2 (P,,=0.96) 8 (P, =0.37) (P, =0.01) (P,,=0.02)

in 1 kg of the control diet

* for the 3-week of preliminary period lambs were fed the diet containing 2% RO and 1% FO; ® the average initial
body mass of lambs after the 3-week preliminary period; ¢ the average body mass of lambs fed the diets for 35 days of
the experimental period; ¢ the relative body mass gain (BMG, %) of lambs; BMG (%)=[(m,,, —m_ )X100%]/m,_ ;
¢in parenthesis - statistical analyses of results; P—values: statistical analyses were carried out between the control
group and the experimental groups (“II or **“III); P, - P-values: statistical analyses were carried out between >¥II

group and 3*III group
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Chemicals

Acetonitrile and n-hexane (99%; GC) were purchased from Lab-Scan (Ireland).
Volatile fatty acids (VFAs) and fatty acid standards, 25% BF, in methanol and sodium
selenate were provided by Sigma-Aldrich (USA). All other chemicals were of analytical
grade (POCh, Poland). Carnosic acid (CA) was purchased from Hunan Geneham
Biomedical Technology Ltd. (Changsha Road, Changsha, Hunan, China). Rapeseed oil
(RO) and fish oil (FO) were supplied by Company AGROSOL (Pacanéw, Poland). RO
comprised the following main fatty acids (ug/g RO): C14:0 56, C16:0 13091, ¢9C16:1
33, C18:0 5490, «9C18:1 385859, ¢712C18:1 786, ¢9c12C18:2 282394, ¢9¢12:15C18:3
38474, C20:0 194, ¢17C20:1 108, C22:0 430 and ¢75C24:1 61. FO included the following
main fatty acids (pg/g): C12:0 82, C14:0 12345, ¢9C14:1 215, C15:0 477, C16:0 56947,
¢7C16:1 318, ¢9C16:1 420, 2C16:2 15586, C17:0 493, ¢9C17:1 193, C18:0 9452, «6C18:1
188, ¢7C18:1 842, «9C18:1 290592, ¢712C18:1 15834, ¢74C18:1 159, c9:712C18:2 114512,
9e12¢15C18:3 20968, ¢11C20:1 24206, ¢7¢9c12c15C18:4 473, ¢11¢14C20:2 2270,
¢8¢11¢14C20:3 258, ¢5¢8c11c14C20:4 304, c8c11c14c17C20:4 607, C22:0 139, ¢73C22:1
11036, ¢7171C22:1 1704, c5c8c11c14c17C20:5 6792, ¢130616C22:2 95, ¢7c10c13c16C22:4
144, c15C24:1 397, ¢7¢10¢13¢16¢19C22:5 1560 and  e4¢7c10c13¢16¢19C22:6 26570.

The vitamin and mineral mixture was purchased from POLFAMIX OK (Grodzisk
Mazowiecki, Poland); 1 kg of vitamin and mineral mixture comprised: 285 g calcium,
16 g phosphorus, 56 g sodium, 42 mg cobalt as carbonate, 10 mg iodine as iodate, 1
g iron as sulphate, 6 mg Se as selenite, 0.5 g copper as sulphate, 5.8 g manganese as
sulphate, 7.5 g zinc as sulphate; vitamins: A (500 000 IU/kg), D3 (125 000 1U/kg), and
E as a-tocopherol (25 000 IU /kg).

The selenized yeast (Se-Saccharomyces cerevisiae) was donated by Sel-Plex (Alltech In.,
USA); ~83% of the Se content of the selenized yeast (SeY) represents Se in the form
of Se-Met [19].

Chromatographic equipment and analytical methods

To 5 ml of filtered ruminal fluid 0.5 ml of 85% formic acid in water was added; it is
recommended to store the resulting solution for 30 min at room temperature. The
obtained solution was centrifuged at 15 550 g for 30 min (at 4°C). The supernatant
in a sealed vial was stored at 4°C when not in use. Before gas chromatography, 75 pl
of the internal standard solution (1 ml of 4-methylvaleric acid in 100 ml of water)
were added to 0.5 ml of the supernatant The analyses of VFA were performed on a
gas chromatograph (GC-2010 SHIMADZU) equipped with a Zebron™ ZB-FFAP
column (30 m x 0.25 mm id. x 0.25 pm film thickness; the phase: nitroterephthalic
acid modified polyethylene glycol; Phenomenex) and a flame ionization detector
(FID). Helium as the carrier gas operated at the initial pressure (37.3 kPa) and the
constant column flow rate of 0.87 ml/min. The injector and FID temperatures were
maintained at 250 and 280°C, respectively. H, and air flows were 40 and 400 ml/min.
The injector and FID temperatures were maintained at 200 and 240°C, respectively.
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The VFAs profile in 1 ul sample at a split ratio of 10:1 was determined using the
column temperature gradient programme. The oven temperature was programmed as
follows: initially 80°C for 1 min, increasing by 15°C/min to 220°C, held for 4 min; the
total run time of the GC-FID analysis was 15 min.

Methylations were introduced for preparation of methyl esters of fatty acids (FAMEs)
in ruminal fluid, microbiota and muscle samples [20]. FAMEs were then quantified
using gas-chromatography according to Rozbicka-Wieczorek et al. [20]. The analyses
of FAMEs were performed on a SHIMADZU GC-MS-QP2010 Plus EI equipped
with a BPX70 fused silica column (120 m X 0.25 mm i.d. X 0.25 ym film thickness;
SHIM-POL and a quadrupole mass selective detector (Model 5973N).

Calculation of the concentrations of CO, and CH, in the rumen

Contents of CO, and CH, in the rumen were calculated according to Wolin [21].

Statistical analysis

Statistical analysis was performed using the Statistica software package (StatSoft,
Version 10, 2010). Statistical analyses of dietary effects of SeY or selenate added to
the diet including FO, RO and CA on concentrations of VFAs and FAs in ruminal
samples and concentrations of FAs in MI.D and MBF of lambs were conducted using
the non-parametric Mann-Whitney U test. Differences were considered significant at
P<0.05 or P<0.01, while at P<0.10 differences were taken as tendencies. The results
are presented as the means of the individually analyzed ruminal and muscle samples
(n=0). The results are presented as the meantthe standard deviation.

RESULTS

Neither macroscopic lesions nor pathological changes were found in the muscles
and in any other internal organ of lambs fed the control, SeY or selenate diets. The
selenate diet more efficiently increased (P=0.01) the body mass gain (BMG) of lambs
than the control and SeY diets (Table 2). This diet increased also the ruminal content
mass when compared with the control (P<0.1) and SeY (P<0.05) diets. In contrast,
the SeY diet revealed negligible impact on the BMG and the ruminal content mass in
comparison with the control diet.

Effects of diets on concentrations of VFAs, methane and CO,
in the ruminal fluid

The SeY diet increased the concentration sums of all VFAs (XVFAs) in the ruminal
fluid when compared with the control (P<0.05) and selenate (P<0.01) diets (Table
3). Consequently, the SeY diet more effectively stimulated the accumulation of all
straight-chain VFAs (P<0.05 or P<0.1) than the control and selenate diets. The SeY
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diet increased (P<0.05) the concentrations of zso-VFAs (-BA and i-VA) in the fluid
when compared with the control diet. The SeY diet resulted in a insignificant increase
(P=0.3) in the ~BA and /-VA contents in the fluid in in comparison with the selenate
diet.

Table 3. The concentrations® of volatile fatty acids (VFAs), the sum of VFAs and the ratio of
AA to PA (AA/PA) in the ruminal fluids

. The
Acetic  Propionic B;SO;ic Butyric iso-Valeric Valeric  content Ratio of
Group Acid acid ag d acid acid acid sum of AA to PA
(AA) (PA) (-BA) (BA) (i-VA) (VA) VFAs (AA/PA)
(SVFAs)
Control mM/100 ml ~ 3.8%0.3 1.1+£0.3  0.14+0.03 0.651£0.11 0.18+0.05 0.0731£0.026 6.0+0.7 3.5£0.5
ontro % 64.1 185 2.38 10.8 3.05 120 100 3.46
mM/100 ml  4.6%0.6 15204  0.18%0.04 0.79+0.18 0.27£0.09 0.107+£0.036 7.5%1.3 3.1+0.4
S]] m(P=0.02)" (P=0.03) (P=0.048) (P=0.08) (P=0.046) (P=0.082) (P=0.02)  (P=0.09)
% 62.4 19.8 2.41 10.5 3.58 1.39 100 3.16
mM/100 ml ~ 3.3%£0.2 0.94 0.16+0.03  0.54+0.06 0.20£0.05 0.063+£0.010 5.3%0.4 3.620.4
(P=0.02)  (P=0.30) (P=030) (P=0.06) (P=034)  (P=028) (P=027) (P=0.76)
el (P, =0.005) (P,=0.009) (P, =0.142) (P_=0.008) (P, =0.141) (P,=0.023) (P,=0.005)
% 3.8 17.9 2.99 103 3.77 1.19 100 (P,=0.048)

3.56

“the content (mM) of the assayed VFAs in 100 ml of the ruminal fluid; ®in parentheses - statistical analyses of results;
P—values: statistical analyses were carried out between the control group and the experimental groups <11 or SnIII);
¢ P, - P-values: statistical analyses were carried out between *II group and 3***“ITI group

The SeY diet tended to decrease (P<0.1) the AA/PA ratio in the ruminal fluid when
compared with the control diet (Table 3). The selenate diet revealed negligible impact
on the AA/PA ratio in the fluid when compated with the control diet, whereas the
selenate diet increased (P<0.05) the AA/PA ratio in comparison with the SeY diet.

Table 4. The concentration® of CO,and CH, in the rumen and values of CO,and CH, indexes

Contents of fermentation products in the rumen

Group Co, CH, CO, index” CH, index"®
mM /100 ml ("CO,) ("CH,)

Control 2.59£0.47 1.51£0.27 0.31£0.03 0.18£0.01
- 3.17+0.75 1.8540.43 0.36+0.03 0.21£0.02
(P=0.086) © (P=0.086) (P=0.113) (P=0.151)

2.16+0.24 1.26+0.14 0.30£0.02 0.17£0.01

R (P=0.064) (P=0.064) (P=0.76) (P=0.82)

(P, =0.008)* (P, =0.008) (P, =0.041) (P, =0.041)

‘the contents of CO,(C,,) and CH, (C_,,)) calculated from the contents acetic, propionic and butyric acids in the

ruminal fluid [21]; ® CO, and CH, indexes were calculated as follows: ™CO,= C_ *m__ m and ™*CH, =
* . . _ . . _ . R

Cone fnn.,mm/ m, . respectively; m  —weight ol_f a rumen content (kg); m weight of lambs (kg); “in parentheses

- statistical analyses of results; P-values: statistical analyses were carried out between the control group and the

experimental groups (“II or *"*“III); ¢ P, - P-values: statistical analyses were carried out between *¥II group and

Selma(cIII gr()up
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The selenate diet tended to decrease (P<0.1) the concentrations of CH, and CO,
in the rumen when compared with the control diet (Table 4). In contrast, the SeY
diet increased concentrations of CH, and CO, in the rumen in comparison with the
control diet (a tendency; P<0.1) and the selenate diet (P<0.01). Moreover, the SeY diet
significantly increased (P<0.05) the indexes of CO, and CH, (***CO,and "**CH,) in
comparison with the selenate diet.

Effects of experimental diets on FAs concentration in the ruminal fluid, mi-
crobiota and muscles of lambs

The SeY added to the diet increased the concentration sums of saturated fatty
acids (SFAs) (tendency; P<0.1), Xodd-SFAs (P<0.05), ZCLA (tendency; P<0.1),
atherogenic-SFAs (A-SFA) (P<0.05), thrombogenic-SFAs (T-SFA) (tendency; P<0.1),
monounsaturated FAs (XMUFAs) (tendency; P<0.1) and ZPUFAs (P<0.05), including
2n-6PUFAs, 2n-3PUFAs and 2n-3LPUFAs, in the ruminal fluid when compared with
the control diet (Table 5). The SeY and selenate diets increased (P<0.05 or P<(0.1) the
concentration of #ans17C18:1 (#717C18:1) and the concentration sums of all positional
isomers of «C18:1 (£.C18:1) and n-3PUFAs (Zn-3PUFAs) in the ruminal fluid in
comparison with the control diet. The selenate diet decreased (P<0.05) the index of
the final biohydrogenation (BH) of #77C18:1 to C18:0 (“"*'BH, __) in the fluid when
compared with the control and SeY diets. The SeY diet increased the concentrations
of A-SFA (P<0.05) and T-SFA (tendency; P<0.1) in the fluid in comparison with the
selenate diet.

Table 5. The concentrations (ug/g) of C18:0, #17C18:1, 9¢711CLA, the sums of «C18:1,
SFAs, odd-chain-SFAs, 7s0-SFAs, MUFAs, PUFAs, all FAs (XFAs), atherogenic SFA (A-SFA),
thrombogenic SFA (T-SFA), n-3PUFAs, n-6PUFAs, n-3 LPUFAs, the index of the final
biohydrogenation to C18:0 and ratios of XSFAs, XPUFAs and Zn-3LPUFAs to ZPUFAs,
2UFAs or XFAs in the ruminal fluid

Significance of effects °

Group
Item
Control ST Selenate] T C-SeY C-SeO, SeY-SeO,

C18:0 4551131 553+110 466+110 0.048 0.91 0.08

>C18:1* 107£35 138131 144+28 0.08 0.04 0.47
#171C18:1 5.1+2.4 6.711.6 6.611.6 0.06 0.045 0.48
c9t11CLA 19£7 24+7 2218 0.08 0.17 0.29
YCLA?Y 217 27%7 2418 0.09 0.29 0.19
XSFAs © 7601201 920+141 7691161 0.09 0.47 0.09
0dd-SFAs ¢ 205 2613 21+5 0.046  0.35 0.06
Xis0-SFAs ¢ 10+1 1312 1212 0.41 0.42 0.47
YMUFAs £ 145143 189+40 185%39 0.06 0.047 0.47
2PUFAs ¢ 52+10 69%12 61+14 0.03 0.11 0.15
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cont. Table 5.

SFAs 9574252 1178+179 1015£211  0.048 017 0.09
A-SFA® 199447 248+29 208+38 0.04 041 0.03
T-SFA' 646179 7914136 668142 0.09 041 0.09
CISUBH 0.989+0.002  0.988+0.002  0.986+0.004 0.2  0.02 0.04
£n-3PUFAs * 122423 17.744.3 15.9+4.7 0.03  0.06 0.35
£n-6PUFAs ' 25.5+4.4 32.8+6.4 28.846.1 0.02 024 0.24
£n-3LPUFAs ™ 7.542.0 10.442.6 88130  0.046 0.39 0.15
£n-6/0-3 " 2.09+0.38 1.85+0.42 1814034 019 0.2 0.47
ESFAs/SPUFAs  125%17 11.641.3 11.0+1.1 029 0.5 0.19
TSFAs/SUFAs 3.85£0.33 3.5740.52 3124021 024 0.004 0.06
£SFAs/SFAs 0.794+0.015  0.781£0.026  0757£0.013 024  0.004 0.08
SPUFAs/SFAs  0.055+0.007 0.059+0.005  0.060+0.006 034 0397 0.45
SLPUFAs/SFAs  0.0100£0.0017  0.0101£0.0011  0.0097£0.0014 040  0.41 0.39
T3 PUFAs/SFAs  0.0078+0.0006  0.0088+0.0012  0.0087+0.0012  0.08  0.41 0.45

‘the sum of positional isomers of «C18:1; " the sum of ¢#/#CLA, #CLA, «CLA isomers; © the sum of C6:0, C8:0,
C9:0, C10:0, C11:0, C12:0, C13:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C21:0, C22:0, C23:0, C24:0; ¢ the sum
of C15:0 and C17:0; ¢ the sum of iso-C14:0, 750-C15:0, is0-C16:0, 750-C17:0; f the sum of 2cCl14:1, XcC15:1, X«C16:1,
ZC16:1, ZeC17:1, ZC18:1, 2eC18:1, A1C20:1, XeC22:1, [15C24:1; & the sum of A12C16:2, 69:12C16:3, CLA
isomers, n-3PUFAs, n-6PUFAs; " the sum of C12:0, C14:0, C16:0; | the sum of C14:0, C16:0, C18:0; i the index of
the final biohydrogenation to C18:0=C18:0/(C18:0+t11C18:1); * the sum of 9c12,15C18:3, n-3LPUFAs; 'the sum
of 9c12C18:2, (69¢12C18:3, ¢11c14C20:2, Bc11c14C20:3, 58c11c14C20:4, ¢13c16C22:2, [7:1043c16C22:4;,™ the sum
of 111417 C20:3, 8c11c14c17C20:4, 5c8c11c14c17C20:5, (7¢1013c16619C22:5, c4c7¢10613c16619 C22:5; ™ the ratio
of n-6PUFAs to n-3PUFAs;° C-SeY and C-SeO, - P-values: statistical analyses were catried out between the control
group and the experimental groups (V1T ot ****[II); SeY-SeO , - P-values: statistical analyses were carried out between
ST group and ™11 group

The SeY diet has been shown to reduce the concentration of C18:0 (P<0.1), X.C18:1
(P<0.05), #717C18:1 (P<0.05), T-SFA (P<0.05), XCLA (including ¢9777CLA) (P<0.1)
and XPUFAs (P<0.1) (including 2n-3PUFAs and Zn-3LPUFAs) in microbiota in
comparison with the control diet (Table 6). In contrast, the selenate diet more efficiently
increased the concentration of C18:0 (P<0.05), 2cC18:1 (P<0.1), #77C18:1 (P<0.01),
T-SFA (P<0.1) and XCLA (P<0.05), including ¢9#77CLA (P<0.1), in microbiota than
the SeY diet. The selenate diet tended to reduce the concentration of 2SFAs (P<0.1)
and 2odd-SFAs (P<0.1) when compared with the control diet. The diet including
selenate more efficiently decreased (P<0.05) the concentration of A-SFA, 2MUFAs
and XFAs in microbiota than the control diet. The selenate diet more efficiently
decreased (P<0.05) the concentration of Xn-3LPUFAs and the ratios of Xn-6PUFAs
to Xn-3PUFAs (£n-6/%n-3) and 2SFAs to XPUFAs (XSFAs/XPUFAs) in microbiota
than the SeY diet.

In the current study we investigated the effects of SeY and selenate added to the diet
on concentrations of XSFAs, Xodd-SFAs, Xiso-SFAs, all UFAs (XUFAs) and 2FAs in
MLD and MBF of lambs (Table 7). The selenate diet revealed a negligible impact
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on the concentrations of 2SFAs, ZUFAs and XFAs in MI.D and MBF of lamb in
comparison with the control diet. In contrast, the SeY diet most efficiently increased
the concentrations of XSFAs (P<0.05), XUFAs (P<0.05), ZFAs (P<0.05) and Ziso-
SFAs (tendency; P<0.1) in MBF of lambs. This diet usually insignificantly increased
the concentration of ~SFAs (P<0.05), 2UFAs (P>0.1) and XFAs (P>0.1) in ML.D
in comparison with the control diet. In contrast, the selenate diet usually significantly
reduced the concentration of XSFAs (P<0.05), XUFAs, ~FAs (P<0.05) in ML.D and
MBFin comparison with the SeY diet. SeY (P>0.1) or especially selenate (P>0.1) added
to the diet insignificantly reduced the concentration of Xodd-SFAs in MLLD compared
with the control diet. The SeY and selenate diets significantly (P<0.01) reduced the
concentration of 2is0-SFAs in MI.D when compared with the control diet.

Table 6. The concentrations of selected fatty acids and the values of “*'BH__ , the ratios of

ZSFAs, XPUFAs and 2n-3 LPUFAs to XPUFAs, 2UFAs or ZFAs in the ruminal microbiota®

Item Group Significance of effects
Control Se¥IT SeenaeI[T  C-SeY C-SeO, SeY-SeO,
C18:0, mg/g 12.2+5.8 8.2%3.6 11.5£3.3 0.08 0.41 0.04
XC18:1, mg/g 2.07£0.76 1.27%0.36 1.74%0.48 0.02 0.12 0.06
#1C18:1, ug/g 120£59 47+£38 144£62 0.03 0.34 0.005
9t11CLA, pg/g 409207 253%125 480£275 0.08 0.40 0.06
2CLA, neg/g 4141212 253+125 489+£275 0.09 0.41 0.049
XSFAs, mg/g 21.5%£5.9 19.7£3.9 18.6+3.4 0.29 0.08 0.34
Y0dd-SFAs, mg/g 1.02%0.30 0.87£0.26 0.77£0.22 0.19 0.09 0.29
Yiso-SFAs, mg/g 0.92%0.39 0.6910.41 0.64£0.14 0.27 0.12 0.47
XMUFAs, mg/g 5.6%£1.7 4.5%1.6 4.2%0.8 0.15 0.04 0.40
YPUFAs, mg/g 1.21+0.35 0.93+0.25 1.18%+0.34 0.09 0.34 0.16
YFAs, mg/g 28.2%7.1 25.0%4.3 23.8%4.3 0.09 0.045 0.15
A-SFA, mg/g 7.6£2.0 9.314.4 5.7£0.5 0.35 0.046  0.026
T-SFA, mg/g 18.4+6.1 14.3£3.2 16.4£3.7 0.04 0.24 0.09
¥n-3PUFAs, ug/g 3791253 248+168 279£90 0.08 0.15 0.15
¥n-6PUFAs, ug/g 428+158 427£165 381+125 0.20 0.14 0.23
>n3LPUFAsug/g 228+136 164£81 152£66 0.07 0.18 0.048
¥n-6/%n-3 1.13%0.69 1.72%0.78 1.36%0.38 0.02 0.24 0.02
XSFAs/~PUFAs 17.7£2.8 20.9%5.9 15.6£2.7 0.20 0.20 0.047
XSFAs/XUFAs 3.16£0.81 3.6310.87 3.4210.52 0.12 0.14 0.14
XSFAs/XFAs 0.757£0.046  0.782%0.061 0.774£0.029 0.13 0.14 0.14
YPUFAs/XFAs 0.043%0.005 0.037£0.011 0.043£0.007 0.20 0.046 0.03

YLPUFAs/XFAs 0.0095£0.0015 0.0096+0.0017  0.0078%0.0016 0.12 0.14 0.14
2n-3LPUFAs/ZFAs 0.0081+0.0036 0.0066%0.0027 0.0064%0.0015 0.15 0.24 0.07

2 all abbreviations as in Table 5
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DISCUSSION

Our studies demonstrate that the chemical form of Se added to the diet including CA
and FO affected the BMG of the examined lambs. No macroscopic lesions and toxic
symptoms of the control and experimental diets were observed in lambs. Indeed, diets
containing up to 2 mg Se per kg would not be toxic for ruminants [22,23]. In contrast
to selenate and especially selenite, Se-Met is less reactive, and because tRNA does
not discriminate between Se-Met and methionine (Met), dietary Se-Met is incorporated
into body proteins in place of Met [24]. The fate of dietary Se-Met will depend upon
whether Se released from Se-Met by ruminal degradation is further degraded to
inorganic Se or re-incorporated into microbial proteins as Se-Cys or Se-Met [24].

Effects of different chemical forms of Se on the VFAs profile
in the ruminal fluid

The primary end products of ruminal microbial digestion are VFAs. The changes in
VFAs concentrations in the ruminal fluids might have been the result of an adjustment
in the rumen due to the addition of different chemical forms of Se to the diet with
CA and FO. These additives have a significant impact on the type or species of micro-
organisms in the rumen [2, 3, 14, 16, 17, 25, 26]. This was shown by the change in
microbiota yield which affected VFAs abundance and fiber and protein digestion. Our
results documented that the SeY diet decreased AA to PA ratio (AA/PA) in comparison
with the control diet. Also, dietary SeY (rich in Se-Met) reduced fiber digestion when
compared with the control and selenate diets. Our investigation indicated that the Se-
Met-proteins from dietary SeY most efficiently reduced fiber digestion and bacteria
growth and most effectively increased microbial production of AA. In fact, AA is
the major source of acetyl CoA for the synthesis of lipids in tissues; moreover, AA is
oxidized throughout the most of animal body to generate ATP [21,27,28].

The SeY diet most efficiently increased the production of ~BA, VA, 2-methyl-
butyric acid and straight-chain VFAs in the rumen. Ruminal ~BA, 7-VA and 2-methyl-
butyric acid primarily originated from dietary proteins or recycling of microorganism
proteins by ruminal oxidative deamination and decarboxylation of valine, leucine, and
isoleucine, respectively [27]. In contrast, microbes utilize these z50-VFAs as a source of
carbon skeleton to synthesize branched-chain amino acids [27]. Moreover, Zso-VEAs
can improve apparent dry matter digestibility and microbial growth, and stimulate
microbial functions and enzyme activities in the rumen [28].

The selenate diet most efficiently decreased the concentrations of all straight-chain
VFAs in the fluids. Considering the above, we argued that the selenate diet reduced
the apparent intake of digestible energy and the intake of digestible organic matter.
So, the SeY diet more efficiently increased microbial conversion of valine and leucine
to ~BA and VA than the selenate diet. The selenate diet most effectively increased
the BMG of lambs, whereas the SeY the diet revealed a negligible effect on the BMG
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when compared with the control diet (Table 2). The current studies and our previous
investigations documented that dietary selenate most efficiently stimulated the
accumulation of protein amino acids in the liver, heart, spleen, muscles or pancreas of
lambs, whereas reduced the yield of FAs accumulation in the heart, spleen, pancreas
and especially in muscles [29]. Thus, the amount of selenate added to the diet with
FO and CA most effectively stimulated the micro-organism protein synthesis, while
decreased the capacity of carbohydrate fermentation into VFAs and lipogenic enzymes
in the lamb body. Our results indicated that the selenate diet most efficiently decreased
the concentration of SVFAs and especially CH, and CO, in the rumen. The selenate
diet improved growth performance of lambs, because this diet decreased the content
of CH, and CO, as well as ™**CH, and ™**CO, in the rumen (Tables 2 and 4). Indeed,
CH, is the high-energy compound and its elimination, as a waste product, causes the
loss of ~8% of the total digestible energy of the diet [21]. In contrast, the SeY diet
stimulated methanogenesis. So, this diet resulted in the decrease in the BMG of lambs
when compared with the selenate diet.

Effects of diets on the fatty acid profile in ruminal fluid and microbiota

Our studies showed that the SeY and selenate diets affected the concentration of FAs,
including CLA isomers, in the ruminal fluid and microbiota. It is apparent that the
composition of FAs in the rumen has an impact on FAs profile in the muscles. Among
all CLA isomers, ¢9¢11CLA was the most abundant isomer in bacteria and protozoa;
9t11CLA proportions in protozoa were 8.6-times greater than in bacteria. Protozoa
may have A9-desaturase activity that could convert #77C18:1 to «9#77CLA [29]. In our
study ¢9¢11CLA was the most abundant isomer (>98%) in the microbiota (Table 06).
The selenate diet most efficiently increased the content of XCLA in microbiota, while
the SeY diet most efficiently reduced this content. In contrast, the SeY diet more
efficiently increased the content of XCLA in the fluid than the selenate diet (Table
5). Thus, we argued that dietary SeY more efficiently stimulated the capacity of the
bacterial isomerase involved in the formation of CLA isomers (mainly ¢9#77CLA) in
the fluids than the selenate diet. However, enzymatically formed CLA isomers have
higher bioavailability in microbiota cells of selenate-fed lambs than in microbiota cells

of SeY-fed lambs (Table 06).

SeY or especially selenate added to the diet with CA and FO reduced the final BH in the
fluid in comparison with the control diet (Table 5). Thus, our results are in agreement
with previous studies in which Se-Met or selenate added to the ovine ruminal fluids
enriched in PUFA decreased the final BH to C18:0 when compared with the control
fluid [25,20]. So, the SeY and selenate diets affected the BH yield.

Our study showed that the contents of 2/C18:1, #77C18:1, XCLA (including
9t11CLA), XSFAs (including C18:0, T-SFA, 2Zodd-SFAs and Ziso-SFAs), 2MUFAs,
XPUFAs (including >n-3PUFA, Xn-6PUFA and Xn-3LPUFA) and XFAs were lower
in the microbiota of lambs fed the SeY diet than lambs fed the control diet (Table
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6). In contrast, the contents of these fatty acids were higher in the fluid of lambs fed
the SeY diet than in lambs fed the control diet. Therefore, we suggest that the SeY
diet decreased the incorporation yield of these FAs (especially PUFAs, including CLA
isomers and n-3LPUFAs) in microbiota compared with the control diet. Dietary SeY
more effectively stimulated a defense mechanism against the accumulation of PUFAs
in microbiota than the selenate treatment and especially the control diet.

The selenate diet stimulated the accumulation of >¢C18:1, #77C18:1, XCLA (including
¢9t11CLA) in microbiota in comparison with the SeY diet and especially the control
diet (with the exception of 2¢C18:1). For this reason, we argue that dietary selenate (the
very strong oxidant) reduced the BH (i.e. reduction of PUFAs to more saturated FAs).
In fact, selenate contains the element selenium in the +6 oxidation state. In contrast,
Se-Met, the main component of dietary SeY [19], contains the element selenium in the
-2 oxidation state. Therefore, dietary SeY more effectively stimulated the BH in the
ruminal fluid than dietary selenate (Table 5). Really, the selenate diet more effectively
decreased “'"""BH, __ in the fluid than the SeY diet and the control. In fact, the SeY
diet caused the reduction of the concentrations of BH intermediates (like #77C18:1,
¢9t11CLA and other CLA isomers) in microbiota cells compared with the control and
selenate diets (Table 6). Consequently, the selenate diet more efficiently reduced the
content of C18:0 and XSFAs/XPUFAs, XSFAs/>XUFAs and SSFAs/XFAs ratios in
the fluid than the SeY diet (Table 5).

One of the microbial transformations in the rumen is the microbial synthesis of odd-
and branched-chain (is0 and anteiso) FAs [30]. Odd-chain FAs (C15:0 and C17:0) are
formed through elongation of propionate or valerate, while precursors of branched-
chain FAs (i50C13:0, 7#50C14:0, z50C15:0, 750C16:0, 750C17:0, is0C18:0, anteisoC13:0,
anteisoC15:0 and anteisoC17:0) are branched-chain amino acids (valine, leucine and
Zso-leucine) and their corresponding iso-VEFAs (--BA, ~VA and 2-methyl butyric acid)
[30,31]. Odd, is0 and anteiso SFAs are important FAs within rumen microbial lipids to
maintain optimal fluidity of the microbial cell membrane [31]. Iso, anteiso and odd SFAs
can be used as biomarkers of cellulolytic or amylolytic bacteria. Higher proportions
of Zs0-SFAs in solid associated bacteria were suggested to reflect their enrichment
in cellulolytic bacteria, whereas amylolytic bacteria show low contents of branched-
chain SFAs, especially zs0-SFAs and are enriched in linear odd-SFAs and Jor anteiso-SFAs
[30,31]. Our study showed that the SeY or especially selenate added to the diet reduced
the concentration sums of o0dd-SFAs and Zso-SFAs in microbiota when compared
with the control diet (Table 6). Interestingly, the SeY diet more efficiently stimulated
the microbial synthesis of 0dd-SFAs and Zs0-SFAs in the fluid and microbiota than
the selenate diet (Table 3). The SeY diet more efficiently increased the contents of
precursors of odd-SFAs and iso-SFAs in the fluid (i.e., PA, VA, /-BA and /VA) than the
selenate diet. The selenate diet most efficiently reduced the contents of PA, VA and
AA (used primarily by microorganisms for reproduction and growth).

Effects of experimental diets on the fatty acid profiles in muscles

The SeY and selenate diets resulted in the concentration changes of FAs in MIL.D
and MBF (Table 7). The concentrations of XSFAs, >UFAs, >FAs and >0dd-SFAs and

386



Miltko e# al.: The influence of selenium on the formation of fatty acids and methane in rumen and muscles of lambs

Xiso-SFAs were significantly impacted by the muscle type and the chemical form of
dietary Se. The concentrations of these fatty acids in ML.D were considerably higher
than in MBF. The SeY diet most effectively increased the content of Xz0-SFAs in
MBF, while the control diet most efficiently increased the contents of Xodd-SFAs and
Xis0-SFAs in MLD. Similarly, the control diet most efficiently increased the contents
of 2o0dd-SFAs and Xis0-SFAs in microbiota, while the selenate diet most effectively
reduced the contents of these fatty acids in microbiota (Table 6). We argue that the
content of Xodd-SFAs and 2is0-SFAs in microbiota determine the accumulation yield
of 2odd-SFAs and Xiso-SFAs in MI.D. A similar good correlation was found between
the contents of Xodd-SFAs and Xis0-SFAs in microbiota and digest and MBF of lambs
fed the SeY and selenate diets. Indeed, X0dd-SFAs and Xiso-SFAs are largely derived
from microbiota and they have been transferred to animal tissues. Thus, these FAs
have been used as biomatkers of rumen fermentation [30,31].

The SeY diet most efficiently increased the content of SVFAs in the fluid (Table
3) and the contents of XSFAs, XUFAs and XFAs in ML.D and MBF. In contrast,
the selenate diet most effectively reduced the content of SVFAs in the fluid and the
contents of XSFAs, XFAs and X0dd-SFAs in MI.D and MBF. Indeed, SeY, rich in Se-
Met, is a stable and safe-storage mode for Se in the animal body. In contrast, selenate
or selenite added to diets can stimulate the catalysis of hydrosulphide oxidation that
results in the decrease in the biosynthesis yield of lipogenic enzymes (like acetyl-CoA
carbo-xylase or FAs synthase) in animal tissues [24]. We suggest that the lowest content
of AA in the fluid collected from lambs fed the selenate diet resulted in the decrease
in the biosynthesis yield of acetyl CoA. AA is the major source of acetyl CoA for
synthesis of lipids in lamb tissues. AA is oxidized throughout most of the animal body
to generate ATP, while BA is oxidized in tissues for energy production. Therefore, the
selenate diet most efficiently reduced the content of XFAs in MI.D and MBF, while
the SeY diet most effectively increased the content of XFAs in MIL.D and MBF.

CONCLUSION

Our studies constitute important information for nutritionists carrying out further
studies to improve the nutritional quality of ruminant and human diets. The selenate
diet improved the growth performance of lambs by reducing the concentrations of
CH, and CO, in the rumen. The SeY diet and especially the selenate diet reduced
the BH in the ruminal fluid in comparison with the control diet. The FAs profile was
impacted by the muscle type and the chemical form of dietary Se. The selenate diet most
efficiently decreased the concentration of ~VFAs in the fluids and the concentration
of XFAs in ML.D and MBF, and most effectively increased the body mass (BM) and
the body mass gain (BMG) of lambs. Thus, we suggest that the selenate diet decreased
body fat (BF), whereas considerably increased the lean body mass (LBM) of lambs
(LBM=BM-BF). Further investigations are needed to study the effects of dietary
CA, FO and different chemical forms of Se-compounds on the BH, the level of CA
metabolites and pro-healthy FAs in edible parts of lamb carcasses.
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UTICAJ RAZLICITIH HEMIJSKIH OBLIKA SELENA DODATOG
HRANI KOJA SADRZI KARNOZINSKU KISELINU, RIBLJE
ULJE I ULJE REPICE NA NASTANAK ISPARLJIVIH MASNITH
KISELINA I METANA U BURAGU, KAO I PROFIL MASNIH
KISELINA U SADRZAJU BURAGA I MISICIMA JAGNJADI

MILTKO Renata, ROZBICKA-WIECZOREK J. Agnieszka, WIESYK Edyta,
CZAUDERNA Marian

Jagnjad su rasporedena u 3 grupe od po 6 zivotinja. Tokom 35 dana jagnjad je hranjena
obrocima koji sadrze 2% ulje repice, 1% riblje ulje 1 0,1% karnozinske kiseline (kon-
trolna grupa) ili dve ogledne suplementirane sa 0,35 mg/ kg Se u obliku seleniziranog
(MBF), tecnost iz buraga i mikroflora su uzeti od svake zivotinje. Dijetarna suplemen-
tacija sa SeY je efikasno stimulisala nakupljanje isparljivih lancanih masnih kiselina
(VFAs), dso-razgrenatih lanaca VFAs, CO, i CH, u ruminalnoj te¢nosti. Obrok suple-
mentiran selenitom je najefikasnije snizavao vrednosti CO,, CH, i VFAs, ukljucujudi
linearne lance VFAS, sa izuzetkom Zso-razgranatih lanaca VFAs. Kod kontrole u mi-
krobioti bio je najvisi sadrzaj iso-SFAs 1 neparnih zasi¢enih masnih kiselina. Dijetarna
suplementacija sa SeY je u ruminalnoj tecnosti efikasno snizila odnos sircetne kiseline
prema propionskoj. Suplementacija selenatom je poboljsala performanse jagnjadi time
Sto je u buragu snizila koncentraciju CH, i CO,,.
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Dodavanje selenita smanjilo je biohidrogenizaciju C 18:0 u poredenju sa kontrolom.
Selenat je u poredenju sa SeY efikasnije snizio zbirnu koncentraciju svih SFA (SSFAs)
i svih masnih kiselina (SFAs) u MLD i MBE SeY je efikasnije uticao na porast koncen-
tracija SFA (SSFAs) 1 masnih kiselina (SFAs) u MLD i MBE. Selenat je bio efikasan u
povecanju telesne mase jagnjadi.
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