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Introduction: This study evaluated the effects of yeast supplementation (YS) on 
trace mineral (TM) concentrations in blood serum, rumen fluid, and meat, as well 
as on the growth performance of lambs fed a total mixed ration (TMR). In addition, 
correlations among TM concentrations in different tissues were examined.
Methods: A total of 24 healthy, growing lambs were randomly assigned to three 
groups (n = 8/group): YS0.00, YS1.50, and YS3.00 (0.00, 1.50, and 3.00 g yeast/
lamb/day). Feed intake and body weight were monitored every four weeks during 
the 8-week trial. The samples of blood serum, rumen fluid, and meat were 
analyzed for Fe, Cu, Zn, I, Se, and Co using ICP-OES.
Results and discussion: In the YS3.00 group, yeast supplementation significantly 
increased overall roughage intake. However, it decreased feed efficiency, 
indicating that although animals consumed more, nutrient utilization efficiency 
was altered. The YS1.50 group showed significantly higher serum levels of Mn, 
Cu, and Se (p < 0.05). Rumen fluid TM concentrations were significantly affected 
by treatment, with lower values observed in the YS1.50 and YS3.00 groups 
compared to the YS0.00 group. A similar pattern was observed in meat, with the 
YS1.50 group showing significantly higher levels of most TMs, except for I and Cu. 
Strong positive correlations (p < 0.05) were found between rumen and meat TM 
concentrations for Mn, Fe, Se, and I, as well as between rumen fluid and serum 
for Fe and Cu. In conclusion, yeast supplementation at 1.50 g/day increased trace 
mineral concentrations in serum and meat, with the exception of I and Cu, and 
improved correlations between rumen fluid and meat for Mn, Fe, Se, and I, as well 
as between rumen fluid and serum, in the growing lambs.
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Highlights

	•	 The study fills a major gap in understanding how yeast 
supplementation (YS) affects trace mineral (TM) levels in various 
tissues of lambs fed a total mixed ration (TMR).

	•	 Supplementing yeast at 1.50 g/day improved TM bioavailability, 
especially by increasing Mn, Cu, and Se in the blood and meat.

	•	 Strong correlations were observed between trace mineral levels 
in rumen fluid, blood serum, and meat, especially for Mn, Fe, Se, 
and I, indicating tissue-level mineral interaction influenced 
by yeast.

	•	 Yeast supplementation reduced ruminal concentrations of Mn, 
Fe, Zn, I, Se, and Co, suggesting enhanced systemic absorption 
and utilization.

	•	 Yeast-treated lambs showed slightly better feed intake and weight 
gain, with no adverse effects on growth performance or health.

1 Introduction

In recent years, global attention to food safety and public health 
has increased, particularly concerning the use of antibiotics and 
chemical additives in livestock diets (1, 2). In addition, these additives 
pose potential risks, including the accumulation of chemical residues 
in animal products and the development of antibiotic-resistant 
pathogens (3). As a result, there is growing international interest in 
exploring natural alternatives to antibiotic feed additives for 
ruminants. Among these, yeast supplementation (YS) has gained 
prominence due to its potential benefits for both animal and human 
welfare (4–6).

Yeast, particularly Saccharomyces cerevisiae, has been widely 
studied for its positive effects on nutrient utilization and animal 
performance in small ruminants (7–11). Reported benefits include 
enhanced dry matter (DM) intake and body weight gain (12), 
modulation of volatile fatty acid profiles (13–15), stabilization of 
rumen pH (16, 17), and improvements in rumen microbial balance 
(17, 18). However, some studies have also noted reductions or no 
effects on growth rate and feed conversion efficiency with yeast use 
(19). Yeast culture has been shown to influence trace mineral (TM) 
absorption from the digestive tract. For instance, Jiang (20) reported 
higher retention of potassium (K), copper (Cu), iron (Fe), and zinc 
(Zn) in lambs receiving yeast culture (21). Other studies indicate that 
yeast supplementation can enhance concentrations of Zn, Fe, Cu, and 
cobalt (Co) in blood serum, rumen, liver, kidney, and meat (22, 23), 
suggesting its potential to improve TM bioavailability and deposition 
in tissues. Yeast is rich in selenium (Se); therefore, Se supplementation 
levels in this study were selected according to National Research 
Council (NRC) (24) recommendations for small ruminants 
(0.1–0.3 mg/kg DM), remaining well below the maximum tolerable 
level (MTL) of 2.00 mg/kg DM and far from toxicity thresholds 
(> 5.00 mg/kg DM) reported for sheep (25).

Despite these findings, the relationship between trace minerals in 
rumen fluid, blood serum, and meat under yeast supplementation 
remains unclear. Limited data exist on how different levels of yeast 
affect TM distribution in growing lambs, especially when fed high-fiber 
diets consisting of a total mixed ration (TMR). This raises an important 
question: Is there a significant correlation between TM concentrations 
in various tissues and the level of dietary yeast supplementation?

This study offers a novel evaluation of inter-compartmental 
mineral dynamics (rumen–serum–meat), which remain 
underexplored in ruminant nutrition research. The study hypothesized 
that live yeast supplementation enhances ruminal solubility, improves 
systemic bioavailability, and promotes greater tissue deposition of 
essential trace minerals by modulating rumen microbial activity and 
mineral absorption pathways. Therefore, this study aimed to evaluate 
how different levels of orally administered yeast affect growth 
performance, trace mineral metabolism, and mineral levels in the 
rumen fluid, blood serum, and meat of growing lambs fed a total 
mixed ration.

2 Materials and methods

2.1 Experimental design and lambs’ 
management

This study was carried out in the spring of 2020 at the Animal 
Experimental Station, Department of Animal Production, King 
Saud University, Riyadh, Saudi  Arabia. The Riyadh region is 
characterized by a hot desert climate with extreme aridity and 
minimal rainfall throughout the year (26). During the 
experimental period, the mean ambient temperature (AT), relative 
humidity (RH), and temperature-humidity index (THI) were 
20.0 ± 0.50 °C, 49.30 ± 1.53%, and 64.60 ± 0.58, respectively. A 
total of 24 healthy Awassi lambs, averaging 3.00 ± 0.50 months of 
age and weighing 24 ± 1 kg live body weight, were utilized in this 
study and randomly assigned to three treatment groups, each 
comprising eight individually penned lambs (one lamb per pen). 
The lambs were randomly allocated to three treatment groups, 
with eight lambs per treatment (n = eight replicated pens; one 
lamb/pen), providing adequate replication and statistical power, 
as supported by an a priori power analysis. The lambs were housed 
in separate 3.5 m2 pens to allow for natural movement and activity. 
Treatments consisted of a daily oral drench of 10 mL tap water 
(YS0.00 refers to the control group), 1.5 g live yeast dissolved in 
10 mL water (YS1.50), or 3.0 g live yeast dissolved in 10 mL water 
(YS3.00).

All lambs were maintained under identical environmental 
conditions throughout the study. During the preliminary periods, 
each lamb was ear-tagged with a unique identification number. 
Subsequently, they were housed in separate pens supplied with 
separate feeders and water buckets. Water was provided ad libitum. 
The lambs were given two weeks to adapt to the experimental 
conditions before the commencement of the actual trial. They were 
gradually transitioned from hay to a pelleted total mixed ration 
(TMR) during the first week, and they were fed exclusively on the 
pelleted TMR during the second week.

Throughout the 60-day trial, all treatment groups followed the 
same feeding protocol, with the TMR offered at 3.0% of body weight 
in line with the NRC guidelines (24). The TMR was a balanced 
commercial diet formulated to meet all nutrient requirements. To see 
whether additional fiber influenced intake, growth, and mineral 
metabolism, ground Rhodes grass hay (RGH) was added at 25% above 
the NRC-recommended daily feed intake (DFI), alongside the 
TMR. Live yeast was included as a cofactor to enhance fiber digestion 
and mineral absorption. While the average daily TMR intake 
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(ADTMRI) remained unchanged, the average daily RGH intake 
increased with yeast supplementation, suggesting improved fiber 
utilization and mineral dynamics. The TMR and nutritive values of 
the ingredients are reported in Table  1. The lambs were weighed 
weekly, and feed allotments (3.00% BW) were recalculated accordingly 
each week.

At the start of the experimental period, the lambs were 
divided into three treatment groups (each consisting of eight 
lambs) according to the level of live yeast administered via oral 
drenching. The lambs in the three experimental groups were 
orally drenched once daily for 60 days using drenching guns. The 

treatments consisted of 10 mL of tap water containing either 0.00, 
1.50, or 3.00 g of Actisaf® yeast probiotic (Lesaffre, Marcq-en-
Barœul, France), forming the groups YS0.00, YS1.50, and YS3.00, 
respectively. The inclusion levels of 1.50 g and 3.00 g/day of yeast 
were selected based on previous dose–response studies in lambs 
(27–30) and manufacturer recommendations, aiming to compare 
a moderate and a higher inclusion level.

2.2 Proximate and fiber analyses

At the end of the study, three pooled representative feed samples 
were randomly collected to assess their nutrient composition. The 
samples were oven-dried at 100 °C for 4 h to determine dry matter 
(DM) content and subsequently incinerated in a muffle furnace at 
550 °C for 3 h to measure ash content. The AOAC (31) methods used 
in the proximate analyses were for ash (AOAC, 2006; 942.05), moisture 
(AOAC, 2006; 930.15), crude protein (AOAC, 2006; 990.03), ether 
extract (AOAC, 2006; 920.39), crude fiber (AOAC, 2006; 978.10), and 
acid (ADF) and neutral (NDF) detergent fibers (AOAC, 2006; 973.18) 
(32, 33).

2.3 Growth performance evaluation

Following a once-daily drenching of live yeast at 09:00 for 60 days 
to promote more stable rumen fermentation and sustained nutrient 
availability, the lambs were offered their TMR ration twice daily at 
09:00 and 15:00 in two equal portions, as described by Mokhtar et al. 
(34). Average daily TMR intake (ADTMRI) and average daily Rhodes 
grass hay intake (ADRGHI) were determined by weighing the amount 
offered to each lamb, subtracting refusals using an electronic scale, 
and averaging the daily values over the experimental period and 
subsequently calculating daily feed intake (DFI). Individual TM 
consumption between the groups was not directly measured; feed was 
offered, and refusals were recorded at the group level. Therefore, 
intake was expressed as average daily DMI per lamb, based on group-
level data.

All lambs were individually weighed once a week before feeding 
time. Average daily gain (ADG) for each lamb was calculated using 
the sum of average daily gains recorded each week. Finally, the feed 
conversion ratio (FCR) for each lamb was calculated as the ratio of 
daily feed intake to ADG. Trace mineral intake per group was not 
measured; only concentrations in rumen fluid, blood serum, and meat 
were determined to assess mineral solubility, bioavailability, and 
tissue deposition.

2.4 Preparation and extraction of the 
biological samples

Baseline Rumen fluid and blood serum samples were collected 
prior to the initiation of supplementation, and analysis confirmed no 
pre-treatment differences between the groups. In rumen fluid, the 
baseline concentrations (μg/ml) of Mn, Fe, Cu, Zn, I, Se, and Co were 
50.0, 6.0, 15.0, 28.0, 1.60, 3.50, and 0.60, respectively, while in blood 
serum, they were 0.16, 0.60, 2.25, 0.28, 0.20, 0.15, and 0.12, 
respectively.

TABLE 1  Ingredients and chemical composition of the pelleted total 
mixed ration (TMR)1 diet.

Ingredients (%) TMR Rhodes grass 
hay

Barley grain 30.50

Wheat feed 26.00

Wheat Bran 5.00

Palm kernel cake 17.50

Soya Hulls 13.40

Salt 1.00

Limestone 2.50

Molasses 3.00

Acid buffer 1.00

Commercial premix2 0.10

Total 100

Calculated analysis as dry matter basis % (DM)

Dry matter, % 90.80 76.2

Crude protein, % 13.30 4.40

Ether extract, % 2.06 1.80

Ash, % 8.79 9.00

Nitrogen-free extract (NFE), % 53.95 29.8

Crude fiber, % 12.70 31.20

Acid detergent fiber 18.70 29.31

Neutral detergent fiber 41.40 40.54

ME, Mcal/kg 2.79 8.10

Calcium (%) 1.90 0.20

Phosphorous (%) 0.39 0.16

Iron (μg/g) 193.00 31.00

Copper (μg/g) 12.40 5.00

Zinc (μg/g) 39.30 22.00

Manganese (μg/g) 133.00 107.00

Selenium (μg/g) 0.48 0.12

Co (μg/g) 1.00 -

1All lambs were fed a commercially formulated pelleted TMR, which included ground 
Rhodes grass hay comprising 25% of the NRC-recommended daily feed intake. 2The 
commercial premix contained the following per kg of feed: 10000 IU vitamin A, 1000 IU 
vitamin D, 20 IU vitamin E, 300 mg Mg, 24 mg Cu, 0.6 mg Co, 1.2 mg I, 60 mg Mn, 0.3 mg 
Se, 60 mg Zn. Vitamin A 3335000 IU/kg, Vitamin D 335000 IU/kg, Vitamin E 16670 IU/kg, 
Cobalt 200 mg/kg, Copper 1,600 mg/kg, Iodine 500 mg/kg, Iron 0.0 mg/kg, Magnesium 
100,000 mg/kg, Manganese 10,000 mg/kg, Selenium 100 mg/kg, Zinc 33,340 mg/kg.
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2.4.1 Blood samples
In the study, blood samples were collected from a total of 24 healthy 

lambs at the end of the experiment. Blood serum was obtained through 
the initial centrifugation of the blood samples at 3000 g for 10 min at a 
temperature of 4 °C. The serum was immediately treated with 10% 
trichloroacetic acid (TCA) (1:4 Serum: TCA) and centrifuged 
(1,500 × g for 10 min). The supernatant was collected and stored at 
−20 °C until trace mineral analysis was performed on the serum.

2.4.2 Rumen sampling
Rumen fluid samples were obtained from six lambs from each 

treated group by using an oral stomach tube connected to a vacuum 
pump, with the initial 50 mL discarded to minimize saliva 
contamination, following the protocol of Abdelrahman (22). 
Approximately 50 mL of rumen fluid was collected from each lamb. The 
samples were collected one hour before the morning feeding at the end 
of the experimental period. Following collection, the rumen fluid 
samples were poured into labeled glass tubes. Subsequently, the samples 
were strained through four layers of cotton gauze. Then, the strained 
samples were centrifuged once at 1000 g for 10 min. The resulting 
supernatant was transferred into Eppendorf tubes, then they were 
appropriately labeled and stored frozen at −20 °C for further analysis.

2.4.3 Muscle sampling
At the end of the study, all lambs from the three treated groups (24 

lambs) were slaughtered according to Halal practices. Carcass and 
non-carcass components were weighed immediately after slaughter. 
All carcasses were chilled at 4 °C for 24 h. Longissimus thoracis (LT) 
muscles from the 9th to 12th thoracic vertebrae on both sides were 
excised for analysis of meat TM concentrations.

The samples were immediately pipetted to prevent settling before 
removing the sample. For trace mineral analysis, 0.50 ± 0.01 g of the 
rumen fluid and meat samples were weighed in the digestion glass tube 
(in triplicate). Then, 3 mL of H2NO3 (65% Riedel-de Haen, Germany), 
1–2 mL of HCl (36% Avonchem, UK), and 2 mL of H2O2 (30% w/v 
Avonchem, UK). The samples were digested for 30 to 60 min until the 
solution became clear, after which 1 mL of distilled water was added. 
The tubes were cooled after digestion. A 0.1 normality HCl solution 
was used for sample dilution to 25 mL in a flask after filtration using 
ashless filter papers. Subsamples were taken in tubes for analysis. The 
samples were stored in the refrigerator for the trace mineral analysis.

2.5 Minerals analysis

ICP-OES equipped with a MEINHARD nebulizer, including Type 
A2, was used to determine micro-mineral concentrations in the current 
study. Argon gas (with purity higher than 99.99%, supplied by AH Group, 
Dammam, Saudi Arabia) was utilized to sustain plasma and as a carrier 
gas. The operating conditions employed for the ICP-OES analysis were as 
follows: 1300.00 W RF power, 15.00 L min−1 plasma flow, 0.20 L min-1 
auxiliary flow, 0.80 L min−1 nebulizer flow, and a 1.5 mL min−1 sample 
uptake rate. Axial and radial views were used for metal determination, 
while 2-point background correction and three replicates were used to 
measure the analytical signal, with the processing mode being the peak 
area. To ensure accuracy, emission intensities were obtained for the most 
sensitive lines free from spectral interference. Calibration standards were 
prepared by diluting the stock multi-elemental standard solution 
(1,000 mg L−1) in 0.5% (v/v) nitric acid. The calibration curves for all 

elements were in the range of 1.00 ng mL−1–1.00 μg mL−1 (1–1,000 ppb). 
ICP-OES instrument calibration was verified using standard solutions 
and recovery tests, with spiked recoveries ranging from 95 to 102%, 
confirming analytical accuracy.

2.6 Statistical analysis

The data collected for the current study were statistically analyzed 
according to a completely randomized design using the PROC 
MIXED procedure of the SAS software (SAS Institute, Cary, NC, 
version 9.4). Then, least squares means were calculated for treatment 
comparisons at a significance level of α = 0.05, using the PDIFF option 
of LSMEANS when p-values were less than 0.05 (p < 0.05). Pearson’s 
correlation coefficient was also used to interpret the relationship 
between trace mineral levels in blood serum, rumen fluid, and meat 
of the growing lambs. The sample size of eight lambs per group was 
considered sufficient to detect moderate treatment effects (power 
≥ 0.80, α = 0.05), consistent with small ruminant nutrition studies. 
Linear and quadratic contrasts were performed to evaluate dose trends.

3 Results

3.1 Performance indicators

Table 2 illustrates the impact of yeast supplementation on various 
productivity variables, including daily feed intake (DFI), average daily 
gain (ADG), average daily Rhodes grass hay intake (ADRGHI), 
average daily TMR intake (ADTMRI), and the feed conversion ratio 
(FCR). Overall, no significant differences were observed between the 
treated groups across all experimental periods (Weeks 0–4, Weeks 5–8, 
and overall) for DFI, and similar results were observed for ADG and 
ADTMRI. While ADTMRI remained unchanged, average daily RGH 
intake increased with yeast supplementation, suggesting improved 
fiber utilization. It is worth noting that the lambs in the YS3.00 group 
exhibited a significantly higher linear increase in ADRGHI 
consumption compared to the other groups. However, 
supplementation in the YS3.00 group significantly enhanced the FCR 
compared to other treated groups during Weeks 5 to 8. The FCR values 
were similar across all groups—5.63, 5.92, and 5.20 for YS0.00, YS1.50, 
and YS3.00, respectively—but these differences were not significant.

3.2 Trace mineral evaluation in blood, 
rumen fluid, and meat

The summarized effects of varying levels of yeast supplementation 
(YS) on trace minerals in the blood serum of the lambs are presented 
in Table 3. Significant changes (p < 0.05) were observed in Mn, Cu, 
and Se concentrations, which were notably higher in the treated 
groups (especially in YS1.50) compared to the Y0 group. However, no 
significant differences (p < 0.05) were observed in the content of other 
TMs among all groups. In rumen fluid, there were significant 
variations (p > 0.05) in most of the TM concentrations (YS0.00, 
YS1.50, and YS3 groups per germ/head), except for I. Generally, the 
treated groups (YS1.50) showed significantly lower concentrations of 
TMs compared to the other groups. This difference was particularly 
pronounced in the lambs from the treated group, except for Cu and I, 
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which showed significantly lower values in the YS1.50 group. However, 
Zn did not follow this trend (Table 4).

The results indicated that yeast supplementation at 1.50 g had a 
significant impact on the concentrations of most TMs in the meat of 
the lambs. In general, TM levels were significantly lower (p < 0.05) in 
the YS0.00 group than in the treated groups. However, no significant 
differences were observed in the concentrations of I among the groups 
(Table 5). In general, iodine, among all TMs, was not affected by YS in 
blood, rumen fluid, and meat.

3.3 Trace mineral correlation

Correlation analysis (R2) was performed to understand the 
relationship among the supplemented trace minerals in the blood 
serum, rumen fluid, and meat samples. A highly significant 

(p < 0.01) correlation was observed among various studied 
minerals, enhancing the power of tests, and values above 0.01 are 
discussed here, as presented in Figure 1. The significant correlation 
(p > 0.05) between TMs and different levels of dissolved yeast in the 
blood serum, rumen, and meat of the growing lambs was observed 
for Mn, Fe, Cu, Zn, I, Se, and Co (Figure  1). In general, no 
significant correlations were observed between the concentrations 
of Zn and Co in serum and TM concentrations in the rumen fluid 
(Fe and Cu) and meat samples (Mn, I, and Se). However, there were 
notable correlations between TM concentrations in serum and 
those in the rumen fluid and meat samples. Specifically, the results 
indicated that significant correlations were observed between the 
concentrations of Mn, Fe, I, and Se in blood serum and their 
corresponding TM concentrations in the rumen fluid and meat 
samples. For instance, Mn in blood serum showed a strong positive 
correlation (R2 = 0.96) with Mn in rumen fluid, as well as a strong 

TABLE 2  Effects of yeast supplementation on growth performance parameters in the growing lambs.

Variables2 Period Treatments1 (yeast, g/lamb) SEM p-value Contrast

YS0.00 YS1.500 YS3.00 Linear Quadratic

DFI (g) Weeks 0–4 1160.00 1205.00 1180.00 27.700 0.350 0.153 0.105

Weeks 5–8 1656.00 1677.00 1652.00 28.100 0.790 0.239 0.190

Overall (0–8) 1427.00 1452.00 1423.00 29.300 0.810 0.192 0.166

ADG (g) Weeks 0–4 277.00 339.00 303.00 19.000 0.130 0.093 0.060

Weeks 5–8 335.00 284.00 313.00 17.700 0.530 0.401 0.305

Overall (0–8) 308.00 310.00 308.00 16.600 0.990 0.45 0.476

ADRGHI Weeks 0–4 300.00 337.00 309.00 14.200 0.120 0.110 0.082

Weeks 5–8 274.00b 303.00a 306.00a 8.980 0.020 0.024 0.051

Overall (0–8) 286.00b 319.00a 307.00ab 8.290 0.010 0.025 0.059

ADTMRI Weeks 0–4 854.00 868.00 871.00 20.050 0.790 0.702 0.679

Weeks 5–8 1382.00 1374.00 1346.00 21.820 0.500 0.567 0.532

Overall (0–8) 1134.00 1133.00 1116.00 20.520 0.910 0.976 0.622

FCR3 Weeks 0–4 4.71 4.22 4.51 0.360 0.570 0.689 0.536

Weeks 5–8 6.41a 7.46a 5.84b 0.320 0.050 0.091 0.050

Overall (0–8) 5.63 5.92 5.20 0.290 0.270 0.689 0.636

1Treatments: YS0.00, YS1.50, and YS3.00 represent 0.00, 1.50, and 3.00 g/animal, respectively. 2DFI is daily feed intake; ADG is average daily gain; ADRGHI is average daily Rhodes grass hay 
intake; ADTMRI is average daily TMR intake; FCR is feed conversion ratio. a and b Means within the same row with different superscripts are significantly different at a p-value of <0.05 due to 
the effect of treatment alone. 3FCR was calculated as the ratio of DFI to ADG.

TABLE 3  Effects of yeast supplementation on trace mineral concentrations (μg/ml; Mn, Fe, Cu, Zn, I, Se, and Co) in the blood serum of the feedlot lambs.

Variables Treatments1 (yeast, g/lamb) SEM p-value Contrast

YS0.00 YS1.50 YS3.00 Linear Quadratic

Mn 0.18b 0.19a 0.16c 0.006 0.050 0.094 0.051

Fe 0.79 0.80 0.82 0.025 0.210 0.404 0.330

Cu 3.12b 4.36a 3.12b 0.185 0.015 0.014 0.091

Zn 0.43 0.43 0.44 0.016 0.550 0.203 0.134

I 0.27 0.28 0.27 0.069 0.370 0.244 0.337

Se 0.18b 0.19a 0.16c 0.004 0.001 0.175 0.0004

Co 0.14 0.15 0.15 0.002 0.240 0.167 0.328

1Treatments: YS0.00, YS1.50, and YS3.00 represent 0.00, 1.50, and 3.00 g/animal, respectively. a–cMeans within the same row with different superscripts are significantly different at a p-value of 
<0.05 due to the effect of treatment alone.
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negative correlation (R2 = −0.97) with Mn in the meat samples. 
Similarly, Fe in blood serum showed a strong positive correlation 
(R2 = 0.96) with Fe in rumen fluid, and Se in blood serum showed 
a strong positive correlation (R2 = 0.94) with Se in the meat samples. 
Interestingly, the correlations indicate an interrelationship between 
TM concentrations in the blood serum, rumen fluid, and meat 
samples, particularly during YS administration.

During YS supplementation, Mn levels in rumen fluid showed 
a strong negative correlation (R2 ≤ 0.96) with Mn levels in meat. 
Fe in rumen fluid was positively correlated with Fe in meat 
(R2 ≤ 0.98; p > 0.05), with the effects of Fe in meat. At the highest 
YS level (YS1.50), Mn, Se, and I  in rumen fluid demonstrated 
strong positive correlations with their respective concentrations 
in the meat samples (R2 ≤ 0.96 for Mn; R2 ≤ 0.99 for Se and I). In 
contrast, Zn had a negative correlation with Se in the meat 
samples (p > 0.05; R2 ≤ −0.88). Overall, no significant correlations 
were found for Cu and Co among the rumen fluid, blood serum, 
and meat samples.

Overall, the effect of yeast supplementation was significantly 
(p > 0.05) higher at 1.50 g on all TM concentrations in the blood 
serum of the growing lambs compared to the YS0.00 group. However, 
the concentrations of TMs in rumen fluid were lowest (p > 0.05) in the 
YS1.50 and YS3.00 groups, as expected for I concentrations, which 
were higher than those in the YS0.00 group. For the meat samples, TM 
statuses in general were lowest (p > 0.05) for Mn, Cu, I, Fe, Zn, Se, and 
Co in the YS1.50 group, except for Zn, which was significantly 
(p > 0.05) higher in the YS1.50 group.

4 Discussion

In the present study, the effects on overall DFI, ADG, ADCI, and 
the FCR were not significant. On the other hand, YS did show 
significant effects on ADRI in the growing lambs. Furthermore, YS 
supplementation with 1.50 g dissolved in tap water significantly 
enhanced ADCI and FCR during the 5th and 8th weeks. These 
findings are consistent with some previous studies (35–37) and 
contrast with others (38, 39).

Several studies have indicated interactions (synergism and 
antagonism) among trace minerals. This affects absorption, 
availability, utilization, and marginal deficiencies of inorganic and 
organic dietary components (40–42). Yeast supplementation may 
mitigate mineral antagonism by stabilizing rumen pH, reducing 
insoluble precipitate formation, and binding excess minerals to 
microbial cell walls, thereby facilitating improved intestinal 
absorption (43, 44). Dietary factors play a crucial role in the 
bioavailability, absorption, and accumulation of trace elements. A 
prime example of this is the interaction between iron and other 
elements. Iron exhibits antagonistic behavior with copper (Cu) and 
zinc (Zn). In addition, elements such as Cu, Se, and cobalt (Co) 
have an antagonistic interaction with molybdenum (Mo), iodine (I), 
zinc (Zn), iron (Fe), and magnesium (Mg). Notably, copper is 
particularly sensitive to inhibition by iron, Mo, and sulfur (S) (13, 
45, 46). These interactions highlight the intricate relationships 
between dietary factors and trace element availability, further 
emphasizing the need to consider these dynamics in studies related 

TABLE 4  Effects of yeast supplementation on trace mineral concentrations (μg/ml; Mn, Fe, Cu, Zn, I, Se, and Co) in the rumen fluid of the feedlot lambs.

Variables Treatments1 (yeast, g/lamb) SEM p-value Contrast

YS0.00 YS1.50 YS3.00 Linear Quadratic

Mn 46.40a 33.60b 29.00b 1.720 0.018 0.028 0.054

Fe 13.00a 7.79b 5.99b 0.630 0.004 0.011 0.021

Cu 13.30a 9.06b 9.01b 0.760 0.011 0.046 0.065

Zn 31.50a 27.50b 30.90ab 0.920 0.012 0.016 0.052

I 1.56 1.91 1.59 0.170 0.065 0.886 0.021

Se 2.18a 2.17a 1.06b 0.210 0.001 0.047 0.187

Co 1.48a 0.51b 0.22b 0.100 0.031 0.018 0.200

1Treatments: YS0.00, YS1.50, and YS3.00 represent 0.00, 1.50, and 3.00 g/animal, respectively. a and b Means within the same row with different superscripts are significantly different at a 
p-value of <0.05 due to the effect of treatment alone.

TABLE 5  Effects of yeast supplementation on trace mineral concentrations (μg/ml; Mn, Fe, Cu, Zn, I, Se, and Co) in the meat of the growing lambs.

Variables Treatments1 (yeast, g/lamb) SEM p-value Contrast

YS0.00 YS1.50 YS3.00 Linear Quadratic

Mn 16.90a 8.07b 5.79b 1.020 0.002 0.001 0.572

Fe 54.20a 47.60b 23.70c 1.430 <0.001 0.112 0.002

Cu 816.00 709.00 681.00 36.900 0.581 0.322 0.775

Zn 87.50a 84.10a 54.60b 2.610 <0.001 <0.0001 0.045

I 1.44 1.26 1.23 0.110 0.132 0.284 0.085

Se 35.10a 18.90b 15.70b 1.830 0.041 0.040 0.452

Co 1.27a 0.92ab 0.47b 0.150 0.0001 <0.0001 0.773

1Treatments: YS0.00, YS1.50, and YS3.00 represent 0.00, 1.50, and 3.00 g/animal, respectively. a–cMeans within the same row with different superscripts are significantly different at a p-value of 
<0.05 due to the effect of treatment alone.
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to nutrition and health. In grazing sheep, an increase in Mo levels 
in pasture remains a significant problem, especially in the presence 
of dietary S. As little as 1 mg Mo per kg−1 of DM in pasture has a 
significant impact on Cu absorption and storage (42, 47). This, in 
turn, affects its presence in animal tissues; for example, low Cu 
status is linked with altered blood serum biochemical profiles, bone 
and nervous disorders, poor live weight gain, compromised 
immunity and antioxidant capacity, and impaired reproductive 
performance in farm animals (48, 49).

Furthermore, changes in mineral interactions may account for 
certain disparities. This study is consistent with previous findings (50, 
51), which reported improved Se and Cu bioavailability with yeast 
supplementation, as well as with the study of Gowda et al. (52), who 
observed enhanced Cu and Zn status in lambs. However, the 
divergence from the findings of Abdelrahman et al. (53), who noted 
increases in both rumen and tissue mineral concentrations, is likely 

due to differences in basal diet type (forage-based vs. TMR) and 
mineral turnover. Excessive intake of Fe and Zn in lambs reduces Cu 
concentrations in the plasma and liver, possibly through the formation 
of insoluble mixed Fe and Cu sulfides in the gastrointestinal tract or 
Zn-mediated inhibition of Cu absorption (49). Therefore, high 
ruminal Fe might inhibit Cu absorption by precipitating insoluble 
sulfides, whereas excess Zn can impair Cu uptake by competing for 
intestinal transport sites (25, 54). In the current investigation, lower 
ruminal Fe and Zn levels in the YS1.50 group may have mitigated 
these antagonistic effects, leading to increased serum Cu 
concentrations. In contrast, the lower levels of Mn in meat from the 
YS1.50 and YS3.00 groups compared to the YS0.00 group may indicate 
that Mn is being prioritized for enzymatic functions in tissues with 
higher metabolic turnover rather than for accumulation in skeletal 
muscle. The YS1.50 group’s favorable associations between blood and 
meat concentrations of Mn, Fe, Se, and I  suggest that yeast 
supplementation improves mineral partitioning between circulating 
pools and tissue storage. These relationships are consistent with the 
findings of Abdelrahman and Hunaiti (55), although they differ from 
several instances where tissue mineral concentrations did not match 
serum levels, presumably due to short-term supplementation or an 
insufficient yeast dose.

Interestingly, many minerals exhibit both synergistic and 
antagonistic interactions with some other minerals, such as Fe-Cu, 
Fe-Mn, and Zn-Mn; the balance between these minerals is more 
complicated and requires more care when adding them to the diets of 
animals (56). Therefore, in our study, we aimed to understand the 
relationship between Mn and different levels of dissolved yeast 
supplementation in the blood serum, rumen, and meat of growing 
lambs. Our results indicated a significant increase in serum Mn 
concentrations in the group receiving 1.50 g/head compared with 
other groups, while iodine concentrations did not differ significantly 
among groups. The results show a similar trend to those reported by 
Abdelrahman and Hunaiti (55), who found that the bioavailability of 
copper, zinc, and cobalt in growing lambs and their growth 
performance improved with supplementation of 2.00 g/day of 
YS. Zhang et al. (50) found that combining yeast culture with organic 
Se supplementation increased Se, Cu, and Zn levels in sows while also 
improving antioxidant capacity through increased glutathione 
peroxidase (GSH-Px) and superoxide dismutase (SOD) activity, 
ultimately leading to improved animal health and performance. The 
current findings are consistent with their Se findings, despite changes 
in species, production stage, and basal diet composition. The 
convergence in Se response supports the concept that organic Se from 
yeast (mostly selenomethionine) is more efficiently absorbed into 
animal tissues than inorganic sources, regardless of ruminant or 
monogastric physiology. Unlike Zhang et  al. (50), the current 
investigation found declines in specific meat mineral concentrations 
(Fe and Mn at higher YS doses), which could reflect a mineral 
redistribution toward metabolic processes or antioxidant systems 
rather than storage in muscle tissue.

Based on the nutrient requirements of small ruminants, the 
National Research Council (NRC) (24) recommends an Se 
supplementation level of 0.10–0.30 mg/kg of diet dry matter for sheep 
to meet their maintenance and growth requirements. The NRC (24) 
and Suttle (25) indicate that the MTL of Se in sheep diets is 2.00 mg/
kg DM. Chronic selenosis (alkali disease) can occur when dietary Se 
intake exceeds 5.00 mg/kg DM over extended periods, and acute 

FIGURE 1

Correlation coefficient analysis of trace mineral levels between blood 
serum, rumen fluid, and meat samples from the growing lamb. 
1Treatments: YS0.00, YS1.50, and YS3.00 represent 0.00, 1.50, and 
3.00 g/animal, respectively. *p < 0.05; **p < 0.01; ***p < 0.001.
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toxicity (blind staggers) may occur above 10.00 mg/kg DM. Therefore, 
the Se supplementation levels used in this study were kept below the 
MTL of 2.00 mg/kg DM and well below toxicity thresholds (>5.00 mg/
kg DM). Although the experiment was conducted in modest thermal 
settings during the spring, when the average THI was 64.60, which is 
lower than the usual heat stress (HS) level for sheep (THI ≥ 72.00), 
the pattern of Se enrichment in serum and meat was consistent with 
findings from experiments conducted under higher heat loads (50). 
This suggests that the antioxidant effect of Se yeast is not limited to 
mitigating HS. In hotter regions (THI ≥ 72), Se response increases due 
to oxidative stress, but the direction of change stays consistent. Studies 
indicate that a THI of less than 72.00 reflects no HS, values between 
72.00 and 78.00 indicate mild HS, values from 78 to less than 90.00 
indicate moderate HS, and values of 90.00 or higher indicate severe 
HS (57, 58). Under these modest thermal settings, the oxidative 
damage caused by heat load was most likely minimal. Nonetheless, 
selenium-enriched yeast may improve antioxidant defense because 
organic selenium from yeast (mostly selenomethionine) is easily 
absorbed into antioxidant enzymes such as glutathione peroxidase. 
This could explain the continuous increase in serum and meat Se 
concentrations in the YS1.50 group, despite the lack of significant 
ambient HS. Higher THI conditions, as found in summer trials, may 
make the antioxidant effects of Se yeast even more obvious due to 
increased reactive oxygen species production.

The current study found that yeast supplementation at 1.50 g/day 
(YS1.50) significantly increased serum concentrations of Mn, Cu, and 
Se in the growing lambs while lowering most TM concentrations in 
rumen fluid. This pattern is consistent with the findings of 
Abdelrahman and Hunaiti (55), who observed increased serum and 
tissue Zn, Mn, and Co levels in Awassi lambs supplemented with 
2.00 g/day of yeast. These changes were accompanied by indications 
of improved mineral bioavailability through improved absorption 
efficiency, as well as improved growth performance. The reduction in 
rumen mineral concentrations here suggests more rapid transfer to 
systemic circulation, similar to the findings of Abdelrahman (22), 
where direct-fed microbials enhanced early mineral status in lambs. 
In contrast, Pal et al. (23) observed that Saccharomyces cerevisiae yeast 
supplementation, with or without TMs, increased rumen and tissue 
mineral concentrations in Black Bengal kids. This variation can 
be attributable to changes in diet type (forage-based vs. pelleted TMR), 
mineral background levels, and yeast form and dose. In the current 
study, the reduction in rumen mineral concentrations at the YS1.50 
and YS3.00 levels may reflect improved absorption efficiency (minerals 
being transferred more quickly from the rumen to the bloodstream), 
whereas the higher rumen mineral concentrations reported by Pal 
et al. (23) may indicate slower turnover rates or higher rumen binding 
capacity under their feeding conditions. In all experiments, yeast 
supplementation appeared to boost systemic mineral consumption, 
most likely through improved rumen microbial activity and the 
stabilization of ruminal pH, which enhances the solubility and 
transport of certain trace elements.

However, the meat samples from the lambs that were fed diets 
containing YS showed significantly lower levels, including an overall 
mean of Mn, Cu, I, Fe, Se, Zn, and Co in general (YS1.50 and YS3.00). 
Most of the TMs were lower in the YS1.50 group compared to the 
YS0.00 group. Our data showed a decrease in TM levels in rumen 
fluid, followed by an increase in blood serum and a reduction in the 
meat samples. Reducing TM in rumen fluid influenced TM deposition 

in meat. A stronger positive correlation of Mn and Fe among blood, 
rumen fluid, and meat samples was observed at the highest YS 
supplementation compared with the control (YS0.00). The 
concentrations of I and Se in blood serum were significantly highly 
correlated with their levels in the meat samples, especially at the 
YS1.50 level. These results indicated that there was a relationship 
between the concentrations of TM in the blood and their 
corresponding levels in the meat samples. The positive correlations 
suggested that the levels of Mn, Fe, Se, and I  in the blood were 
reflective of their concentrations in the meat samples (25, 56, 59), with 
YS1.50 showing a particularly strong association. On the other hand, 
there was a negative correlation between Mn and Zn in rumen fluid 
and Mn and Zn in the meat samples; this reinforces that some 
minerals have both synergistic and antagonistic effects on some other 
minerals (56). In this study, the correlation results indicated that the 
manipulation of rumen digestibility through YS at 1.50 g had 
significant effects on TMs in the blood samples and, consequently, 
manifested as discernible alterations in TM levels in the meat samples.

Differences between studies may also reflect the mineral 
composition of the base diet. According to previous studies (25, 54), 
high dietary Fe, S, or Mo levels can reduce Cu and Se absorption. In 
this investigation, the reduction in rumen Fe and Zn at the YS1.50 
level may have relieved these antagonistic effects, contributing to the 
observed serum Cu increase. Pal et  al. (23) did not report such 
reductions, presumably due to lower dietary Fe and S levels in their 
forage-based diet. This trial used twice-daily feeding, which has been 
proven to improve rumen pH and mineral solubility when compared 
to once-daily feeding or ad libitum systems. Abdelrahman and 
Hunaiti (55) utilized a comparable feeding frequency; however, Pal 
et al. (23) used a more flexible feeding schedule, which may explain 
some of the discrepancies in mineral dynamics. These findings 
suggest that the intermediate dose (YS1.50) was more successful than 
the higher dose (YS3.00) in increasing systemic mineral availability. 
The superior response at 1.50 g/day compared to 3.00 g/day may 
reflect microbial saturation at higher yeast inclusion levels or 
competition among minerals for shared transport pathways, as 
suggested by Abdelrahman and Hunaiti (55) and Zhang et al. (50). In 
this study, linear and quadratic contrasts revealed significant dose 
trends for several serum and rumen trace minerals, confirming a 
dose-dependent response to yeast supplementation. Abdelrahman 
and Hunaiti (55) also found that modest yeast inclusion resulted in 
excellent results, indicating a non-linear dose–response relationship, 
most likely due to microbial saturation or competing mineral 
absorption mechanisms. Zhang et al. (50) confirmed the superiority 
of Se yeast over inorganic Se for tissue deposition. This is consistent 
with the organic form’s better bioavailability.

The lack of individual TM intake measurements between the 
groups may restrict the interpretation of the results, and the study 
recommends that future studies incorporate individual intake 
monitoring for more precise assessment. Overall, these comparisons 
reveal that the response of trace mineral metabolism to yeast 
supplementation is complex, influenced by baseline diet composition, 
mineral type and dose, feeding frequency, rumen microbial ecology, 
and environmental factors. The obtained data support the idea that 
appropriate yeast inclusion rates (1.50 g/day) can increase the systemic 
availability of important trace minerals while remaining within 
tolerable limits, thereby boosting nutrient utilization efficiency in 
growing lambs.
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5 Conclusion

Dietary yeast supplementation at a level of 1.50 mg/kg led to a 
numerical increase in feed consumption and weight gain in the 
growing lambs. More importantly, yeast culture supplementation 
demonstrated beneficial effects on trace mineral metabolism across 
rumen fluid, blood serum, and meat samples, with positive 
correlations observed between these tissues. These improvements 
occurred without any adverse effects on lamb growth performance or 
welfare. TM concentrations were significantly elevated in blood 
serum, reduced in rumen fluid, and enhanced in meat tissue. 
Although some minerals exhibited potential synergistic or 
antagonistic interactions, these effects were not statistically 
significant. Further research is recommended to better understand 
the complex dynamics and interactions of TM in response to dietary 
yeast supplementation.
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