
Frontiers in Veterinary Science 01 frontiersin.org

Effects of dietary inclusion of dry 
distillers grains with solubles on 
performance, carcass 
characteristics, and nitrogen 
metabolism in meat sheep: a 
meta-analysis
Sai Chandan Chelkapally 1, Thomas H. Terrill 1, 
Zaira M. Estrada-Reyes 2, Ibukun Michael Ogunade 3 and 
Andres Alfredo Pech-Cervantes 1*
1 Agricultural Research Station, Fort Valley State University, Fort Valley, GA, United States, 2 Department of 
Animal Science, North Carolina A&T State University, Greensboro, NC, United States, 3 Division of Animal 
and Nutritional Science, West Virginia University, Morgantown, WV, United States

We conducted a meta-analysis in this scientific study to determine the effects 
of feeding meat sheep dry distillers grains with solubles (DDGS). Thirty-three 
peer-reviewed articles that met our inclusion requirements and were published 
between 1997 and 2021 were examined. To calculate the variation in performance, 
fermentation, carcass features, and nitrogen efficiency between the DDGS and 
control (no DDGS) treatments, we  used 940 sheep weighing an average of 
29.1 ± 1.5 kg. We used a hierarchical mixed model to conduct a meta-regression, 
subset, and dose–response analysis, while taking into consideration categorical 
variables like breed (pure or cross-breed), and continuous factors, like CP, NDF, 
and DDGS inclusion rate. Our findings indicate that sheep fed DDGS had higher 
(p < 0.05) final body weight (51.4 vs. 50.4 kg), neutral detergent fiber digestibility 
(55.9 vs. 53.8%), and total-tract ether extract digestibility (81.7 vs. 78.7%) than sheep 
on a control diet. No effects were observed on DMI, CP, and rumen fermentation, 
but dietary DDGS tended to increase (p = 0.07) HC weight (25.53 vs. 24.6 kg) and 
meat (redness) color (16.6 vs. 16.3) among treatment comparisons. Dietary DDGS 
was associated with higher N intake (29.9 vs. 26.8 g/d), fecal N (8.2 vs. 7.8 g/d), and 
digestibility (71.9 vs. 68.5%). Urinary nitrogen was significantly (p < 0.05) affected 
linearly by increasing the intake of DDGS in the diet. Based on the dose–response 
analysis, dietary DDGS inclusion should not exceed 20% to avoid negative effects 
on performance, nitrogen metabolism, and meat color. Dietary protein from 
DDGS should not exceed 17% to prevent reduced TVFA concentrations. Breed 
strongly influenced (p < 0.05) RMD in performance, and inconsistent responses 
were observed between crossbreed and purebred sheep comparisons. Despite 
these inconsistencies, no publication bias was observed, but a high variance (Ω2) 
among comparisons-between-studies was detected. This meta-analysis showed 
evidence in support of the hypothesis that feeding meat sheep DDGS at a rate of 
20% can improve their performance, digestibility, carcass weight, and meat color.
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Introduction

In ruminant feeding systems, using agro-industrial byproducts, 
such as dry distillers grains with solubles (DDGS), has long been a 
practice. Dry distillers grains with solubles are the main byproduct of 
the manufacturing of ethanol from corn (1), and its popularity is 
growing around the world (2). Feed prices have increased, resulting in 
lower revenue and profit for farmers (3). Therefore, farmers are 
increasingly using alternative feeds, such as DDGS, in ruminant diets 
to reduce expenses (4).

Ethanol made from corn are widely used as fuel or for 
pharmaceutical and medical purposes (5). To obtain ethanol, the 
grain’s starch is fermented and eliminated. As it is the byproduct of 
making ethanol (6), over the last ten years, the yearly production of 
DDGS has increased from 20 million metric tons (MMT) to 41.56 
MMT, more than doubling (7).

In accordance with NRC 2007, DDGS include more than 30% 
crude protein (CP), 73% of which is not digestible in the rumen, 40% 
NDF, and 11% fat (8). Also, the low nitrogen insoluble in acidic 
detergent (ADIN) content of DDGS reflects higher protein 
digestibility, and the higher PB2 + PB3 fraction of the Cornell net 
carbohydrate and protein system (CNCPS) fractionation system 
projects its use as a bypass protein source for animals (9). As a result, 
DDGS can serve as bypass proteins in ruminants when given at a dose 
of less than 150 g/kg DM, or as an energy source in ruminant diets 
when given at a dose of more than 150 g/kg DM (10). Because of its 
high calorie and fat content (3.67–4.34 Mcal/kg DM) (10), it is a 
highly digestible and economical feed component for ruminants (4).

Previous research on beef and dairy cattle shows that DDGS can 
improve their performance and growth when added to their diets at 
50 and 21%, respectively (11, 12). Although numerous researchers 
have examined the impact of DDGS on sheep performance and 
growth (7, 13) the optimum amount of DDGS inclusion in sheep diets 
is still unknown. One of the possible risks of DDGS is the possibility 
of higher sulfur content in the diet, which can result in PEM in 
ruminants (1, 7). Determining the optimal DDGS inclusion amount 
in sheep diets is essential to avoiding negative effects on nitrogen 
efficiency and animal performance. Using a meta-analytic method, 
this research aims to determine the ideal inclusion amount of DDGS 
for sheep by assessing the effects of dietary supplementation with 
DDGS on sheep performance, fermentation, carcass features, and 
nitrogen efficiency.

Materials and methods

Literature search and inclusion criteria

Following the methodology described by Oliveira et al. (14) and 
Arriola et al. (15), a systematic search was carried out utilizing the 
databases ScienceDirect, Google Scholar, PubMed, The Web of 
Science, Scopus, and the Directory of Open Access Journals, to create 
a comprehensive database (2021). The search was conducted with the 
keywords DDGS, Sheep, Intake, Body weight (BW), Performance, 
Fermentation, Carcass features, and Nitrogen efficiency. Studies were 
only included if they met a set of requirements, which included being 
published in English peer-reviewed journals, focusing solely on sheep, 

reporting intake, body weight, and average daily gain, comparing 
DDGS with control, and reporting standard error of the mean (SEM), 
standard deviation (SD), and the number of experimental units per 
treatment. The final database only contained research published 
between 1997 and 2021 that satisfied the inclusion requirements, 
whereas excluded studies and duplicate records were removed. The 
initial database covered the period from 1985 to 2021.

Data extraction

The PRISMA methodology was followed during the data 
extraction process, which is shown in Figure 1 (16). Three hundred 
eight peer-reviewed publications were incorporated into the 
database after the first screening. However, 275 manuscripts were 
excluded because they were thesis papers, lacked adequate data 
analysis and reporting (108 manuscripts), wrong topic (9 
manuscripts), and in vitro research (8 manuscripts). Replicates, 
means, and SEM were extracted from the data relevant to the control 
and DDGS treatments. For each treatment, different response 
variables, including dry matter intake (DMI), total-tract digestibility 
of dry matter (DMD), total-tract crude protein digestibility (CPD), 
total-tract neutral detergent fiber digestibility (NDFD), total-tract 
ether extract digestibility (EED), initial body weight (IBW), final 
body weight (FBW), average daily gain (ADG), feed to gain ratio 
(F:G), hot carcass weight (HC), cold carcass weight (CC), dressing 
percentage, back fat, yield grade, muscle color lightness (MC l), 
muscle color redness (MC a), muscle color yellowness (MC b), 
rumen pH, total volatile fatty acids (TVFA), acetate, propionate, and 
butyrate molar proportions, acetate and propionate ratio, and 
ammonia (NH3-N), nitrogen intake, nitrogen urine loss, nitrogen 
fecal loss, nitrogen retention, and nitrogen digestibility were 
recorded. Moreover, the dry matter (DM) content, crude protein 
(CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), 
ether extract (EE), sheep breed (Table 1), DDGS type, and DDGS 
concentration in the dietary treatments were noted and used as 
covariates. Based on inclusion criteria, 33 papers with 940 sheep 
(29.1 ± 1.5 kg) were assigned to 60 treatment comparisons, with 
DDGS inclusion rates in diets ranging from 0 to 100% (Figure 2).

Statistical analysis

Weighed raw mean differences (RMD) between the control and 
DDGS treatments were used to determine the effects of dietary 
inclusion on performance and rumen fermentation. In a hierarchical 
effects model with a robust variance estimation based on Tipton, the 
computed weighting used the inverse of variance (43). The 
heterogenicity was computed using I2, which Higgins (44) proposed. 
It is the ratio of the variance effects of the treatment divided by the 
overall variance observed (45). Also, the variance component between 
clusters (τ2) and between-studies-within-cluster (Ω2) were estimated 
using the procedure previously published by Hedges et al. (46) and 
Fisher et al. (47). Briefly, using the formula SD = SEM x n, where n 
is the number of experimental units, the pooled SD in each 
comparison within the study (DDGS vs. Control) was determined 
from the reported SEM. The overall effect size was then determined 
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using the weighted RMD (SEM and n), τ2, and Ω2 statistics. Moreover, 
publication bias was calculated using the techniques outlined by Egger 
et al. (48) and implemented by Arriola et al. (15). Cook’s distances 
were calculated to remove outliers and significant points, and 
standardized residuals lower than 2.3 were regarded as acceptable (49).

The meta-regression was carried out to determine the effects of 
the covariates, such as CP, Sheep breed (crossbred = 1 and pure 
breed = 2), and DDGS inclusion level in the diet, that influenced the 
effect size in the response variables (Table 2). Following the steps 
outlined by Viechtbauer et al. (50) and Oliveira et al. (14), the Wald 
test multiparameter technique was used to calculate the effects of the 
covariates on the model (2017). When the covariates were significant, 
Pech-Cervantes et al. (49) modified Greenland’s method (51, 52) and 
used it to calculate the dose–response and trend (2022). Egger’s 
regression method’s asymmetry test between RMD and SE was used 

to calculate and demonstrate publication bias using funnel plots (14, 
48). Following the technique outlined by Arriola et al. (15), cook’s 
distances were also utilized to exclude outliers and influential points 
(Figure 3).

According to Fisher et al. (50, 53) and Viechtbauer et al., all data 
analyzes, including RMD, forest plot, and meta-regression analysis, 
were carried out using the robumeta (version 1.3.1093;1) and metafor 
(version 1.3.1093;2) packages in Rstudio (Version 1.25).

1 https://cran.r-project.org/web/packages/robumeta/robumeta.pdf

2 https://cran.r-project.org/web/packages/metafor

FIGURE 1

PRISMA workflow diagram from the meta-analysis of dietary supplementation of dry distillers grains with solubles (DDGS) on performance, 
fermentation, carcass characteristics, and nitrogen efficiency in sheep.
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Results

Dietary composition, animal performance, 
and rumen fermentation

Descriptive statistics are used in Table 2 to show the chemical 
composition of experimental diets that include various levels of 
DDGS. Despite the high heterogeneity found within studies (p > 0.05), 
the chemical composition was constant throughout literature 
comparisons, and no influential points were found to be  present. 
Table 3 provides a summary of the effects of dietary DDGS on the 
performance and digestibility of sheep. Dietary DDGS had no 
significant affect on initial body weight, crude protein digestibility, 

feed efficiency, or intake of dry matter (DMI), as compared to the 
control (p > 0.05). However, feeding DDGS was associated with an 
increase in ether extract digestibility (EED) (p < 0.05), neutral 
detergent fiber digestibility (NDFD) (p < 0.05), and final body weight 
(FBW) (p < 0.05), and showed a tendency to increase the average daily 
gain (ADG) (p = 0.06). Comparisons showed that DDGS reduced dry 
matter digestibility (DMD) (p = 0.02) in comparison to the control 
(Figure 4). Dry matter intake (DMI) and digestibility showed low to 
moderate Ω2 values according to variance analysis, whereas ADG and 
BW had greater Ω2 values across comparisons. Furthermore, the 
funnel test revealed that most response factors had high heterogeneity 
(I2 > 70%) for DMI, DMD, CPD, and F: G. Nevertheless, there was no 
significant publication bias among comparisons (p > 0.05).

TABLE 1 Summary of the breed and inclusion level of DDGS fed to sheep.

Type of breed Breed DDGS inclusion level (% DM) Author

Crossbreed Suffolk X Dorsett 0, 93.4 Archibeque et al. (17)

Crossbreed Suffolk X Hampshire rams 0, 14.9, 29.7, 44.3 Crane et al. (18)

Crossbreed Suffolk X Western whiteface 0, 15, 30 Van Emon et al. (19)

Crossbreed Suffolk X Rambouillet 0, 15, 30 Crane et al. (20)

Crossbreed Creole X Rambouillet 0, 15, 30, 45 Curzaynz-Leyva et al. (6)

Crossbreed Pelibuey X Katahdin 0, 15, 30, 45 Castro-Perez et al. (21)

Crossbreed Romanov X Rahmani male 0, 6, 9, 12 Gabr et al. (22)

Crossbreed Whiteface X not reported 0, 30, 45 Lundy et al. (23)

Crossbreed Not reported 0, 40 Lodge et al. (24)

Crossbreed Not reported 0, 22.9 Huls et al. (25)

Pure breed Awassi 0, 20, 30 Alshdaifat et al. (10)

0, 7.5, 15 Obeidat et al. (26)

0, 7, 14 Aloueedat et al. (27)

0, 12.5, 25 Hatamleh et al. (5)

Pure breed Rambouillet 0, 33, 66, 100 McEachern et al. (28)

0, 20, 40, 60 Neville et al. (29)

0, 20, 40, 60 Schauer et al. (30)

Pure breed Canadian Arcott 0, 10, 30,47 Avila-Stagno et al. (31)

0, 20 O’Hara et al. (32)

Pure breed Merino 0, 20, 40 Graham et al. (33)

0, 23.8, 91.1 Moyo et al. (34)

Pure breed Hu 0, 20 Shen et al. (35)

0, 5 Chen et al. (3)

Pure breed Gulf coast 0, 12.7, 25.4 Abdelrahim et al. (36)

Pure breed Katahdin 0, 10, 20, 30 Castro-Perez et al. (37)

Pure breed Mexican Creole 0, 20, 40 Curzaynz-Leyva et al. (13)

Pure breed Nellore 0, 50, 75, 100 Reddy et al. (7)

Pure breed Lacaune 0, 18 De Evan et al. (38)

Pure breed Wrzosowka ram 0, 45 Kawecka et al. (39)

Pure breed Barki lambs 0,30,40, 50 Ghoneem et al. (8)

Pure breed Tuj lambs 0, 10,20 Sahin et al. (40)

Pure breed Whiteface 0,10, 15.34, 25.39 Zelinsky et al. (41)

Pure breed Merino 0, 20, 40, 60 Felix et al. (42)
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The effects of dietary DDGS on rumen pH and fermentation in 
meat sheep are shown in Table 4. Dietary inclusion of DDGS did not 
influence (p > 0.05) rumen pH (6.23 vs. 6.16), Total VFA (88.54 vs. 
89.6 mmol/L), and propionate molar proportions (31.49 vs. 29.8%) 
among treatment comparisons (DDGS vs. control). However, dietary 
DDGS tended to decrease (p = 0.08) molar proportions of acetate 
(50.06 vs. 52%) and butyrate (11.08 vs. 11.9%). Conversely, dietary 
DDGS did not affect the ruminal concentration of NH3-N (19.1 vs. 
18.1 mg/dL). However, dietary DDGS was associated with a lower 
(p < 0.05) A:P ratio (1.26 vs. 1.87) for DDGS treatment than control 
sheep. The variance analysis showed a lower Ω2 for the molar 

proportions of acetate, propionate, and butyrate between 
comparisons, and a larger Ω2 for total VFA concentrations. Rumen 
fermentation data exhibited high heterogeneity (I2 > 70%) for pH and 
NH3-N, similar to animal performance data. Despite the high 
heterogeneity, there was no significant potential for bias between 
comparisons for pH and rumen fermentation. Furthermore, acetate 
and the A:P ratio showed significant bias when compared 
across treatments.

Carcass characteristics

Table  5 illustrates the impact of dietary DDGS on the sheep 
carcass characteristics. Dietary supplementation with DDGS had no 
significant effect (p > 0.05) on dressing percentage (51.03 vs. 50.8%), 
MC l (41.29 vs. 40.7), and MC b (9.53 vs. 9.50) when compared to the 
control. Similarly, dietary DDGS did not affect (p > 0.05) back fat 
(0.46 vs. 0.47 cm) and yield grade (2.3 vs. 2.30) treatment 
comparisons. In contrast, dietary DDGS showed a trend to increase 
(p < 0.07) HC (25.53 vs. 24.6 kg; Figure 5), CC (21.1 vs. 19.8 kg), and 
(p < 0.08) MC a (16.59 vs. 16.3) relative to the control across 
comparisons. All carcass features among comparisons had a low Ω2 
according to the variance analysis. Apart from yield grade, MC a, and 
back fat, most response variables showed higher heterogeneity 
(I2 > 50%). Despite this high level of heterogeneity, no significant 
potential for bias was found for HC, dressing %, back fat, yield grade, 
MC l, or MC a; however, substantial potential for bias was found 
(p < 0.01) for CC and MC b.

Nitrogen metabolism and efficiency

Table 6 illustrates the impact of dietary DDGS on sheep’s 
nitrogen utilization. For the control and DDGS-supplemented 

y = -0.0015x2 + 0.1934x - 0.9653
R² = 0.2478

y = 0.0445x - 2.1349
R² = 0.3039
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FIGURE 2

Dose–response plot of the dietary inclusion of dried distillers grains with solubles (DDGS) on nitrogen intake (NI) and urinary nitrogen (NU) in sheep. 
Raw mean difference (RMD) was performed between DDGS vs. control.

TABLE 2 Chemical composition and descriptive statistics of the 
experimental diets and treatments for sheep fed with dried distillers 
grains with solubles (DDGS).

Item N1 Mean Std Min Max Median

DM (% 

of as fed)
60 80.4 20.3 25.7 95.2 90.1

CP (% of 

DM)
60 17.5 5.1 10.1 39.1 16.0

NDF (% 

of DM)
60 31.3 13.3 11.7 91.7 29.2

ADF (% 

of DM)
60 15.2 6.1 3.9 32.4 14.1

EE (% of 

DM)
60 3.5 1.9 1.0 10.3 2.7

DDGS2 

level (% 

DM)

60 21.1 22.6 0 100 15

1Total number of treatment means (control and DDGS treatments).
2Dried distillers grain with solubles (percent unit per kg of dry matter).
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TABLE 3 Effect of dietary supplementation of DDGS on intake, digestibility, and performance by sheep.

Control2 RMD3 Variance 
component14

Bias

Item N1 Mean STD Effect size p-value4 Ω2 τ2 Funnel test6 
(p-value)

I2 (%)

DMI5 (kg/d) 56 1.51 0.4 0.04 (−0.01,0.09) 0.11 0.001 0.003 0.30 72.77

DMD6 (%) 38 74.9 4.2 −1.27 (−2.38, −0.16) 0.02 1.21 0 0.47 84.75

CPD7 (%) 18 73.9 4.9 0.35 (−1.97,2.68) 0.36 4.01 0 0.45 82.10

NDFD8 (%) 34 53.8 11.2 2.13 (1.36,2.9) <0.01 2.66 0 0.69 48.79

EED9 (%) 16 78.7 7.6 3.17 (2.14,4.2) <0.01 0 0 0.70 34.16

IBW10 (kg) 57 29.1 11.5 0.07 (−0.24,0.34) 0.56 0.2 0 0.45 0

FBW11 (Kg) 57 50.4 18.2 1.03 (0.29,1.77) <0.01 26.8 0 0.65 54.54

ADG12 (g/d) 60 247.6 92.8 6.47 (−0.4,13.4) 0.06 2027.2 0 0.86 54.93

F: G13 45 6.11 2.6 −0.03 (−0.25,0.20) 0.81 1.01 0 0.16 99.96

Positive values in RMD indicate an increase by the addition of DDGS, whereas negative values in RMD indicate a decrease by the addition of DDGS with respect to the control.
1Total number of comparisons.
2No DDGS in the diet.
3Raw mean difference between control vs DDGS treatment.
4p-value for X2 (Q) test for heterogeneity; I2, Proportion of total variation of size effect estimated due to heterogeneity.
5Total-tract dry matter intake.
6Total-tract dry matter digestibility.
7Total-tract crude protein digestibility.
8Total-tract neutral detergent fiber digestibility.
9Total-tract ether extract digestibility.
10Initial body weight.
11Final body weight.
12Average body gain.
13Feed to gain ratio.
14Ω2, between-studies-within-cluster variance component; τ2, between-cluster variance component (46, 47).

groups across treatment comparisons, no significant differences 
(p > 0.05) were observed in NU (10.11 vs. 11.1 g/d) or NR (11.98 
vs. 11.2 g/d). However, across treatment comparisons, dietary 

DDGS  supplementation was correlated with higher (p < 0.05) 
NF (8.22 vs. 7.8 g/d) and had a tendency (p = 0.06) to increase 
NI (29.93 vs. 26.8 g/d) and ND (71.92 vs. 68.5%). The variance 

y = 0.0051x2 - 0.334x + 5.4778
R² = 0.3143

y = 0.0055x2 - 0.2546x + 1.5998
R² = 0.2508
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FIGURE 3

Dose–response plot of the dietary inclusion of dried distillers grains with solubles (DDGS) on the molar concentration of propionate and ammonia in 
the rumen of sheep. Raw mean difference (RMD) was performed between DDGS vs. control.
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analysis indicates that the nitrogen efficiency across 
comparisons had a low Ω2 value. The funnel tests showed that, 
except for NU, the majority of response variables showed 

moderate heterogeneity (I2 > 50%). Despite the high 
heterogeneity, no significant potential for bias was found 
across comparisons.

TABLE 5 Effect of dietary supplementation of DDGS on hot carcass, cold carcass, dressing, back fat, yield grade, muscle color (l), muscle color (a), 
muscle color (b) of sheep.

Control2 RMD3 Variance 
component10

Bias

Item N1 Mean STD Effect size P-value4 Ω2 τ2 Funnel test6 
(p-value)

I2 (%)

HC5 (kg) 34 24.6 7.7 0.93 (−0.16, 2.03) 0.07 0 0 0.47 76.17

CC6 (kg) 14 19.8 6.9 1.31 (−0.87,3.49) 0.10 0 0 <0.01 68.50

Dressing (%) 20 50.8 4.8 0.23 (−0.41,0.86) 0.40 0 0 0.75 59.93

Back Fat (cm) 17 0.47 0.2 −0.01 (−0.05,0.04) 0.80 0 0 0.49 34.66

Yield grade 24 2.30 1.2 −0.005 (−0.21,0.22) 0.95 1.62 0 0.71 15.88

MC l7 8 40.7 5.4 0.59 (−2.1,3.3) 0.43 1.41 0 0.93 71.70

MC a8 8 16.3 9.0 0.29 (−0.12,0.71) 0.08 0.04 0 0.67 31.83

MC b9 8 9.5 6.5 0.03 (−1.69,1.75) 0.94 0 0.30 <0.01 80.58

Positive values in RMD indicate an increase by the addition of DDGS, whereas negative values in RMD indicate a decrease by the addition of DDGS with respect to the control.
1Total number of comparisons.
2No DDGS in the diet.
3Raw mean difference between control vs DDGS treatment.
4p-value for X2 (Q) test for heterogeneity; I2, Proportion of total variation of size effect estimated due to heterogeneity.
5Hot carcass.
6Cold carcass.
7Muscle color l (lightness).
8Muscle color a (redness).
9Muscle color b (yellowness).
10Ω2, between-studies-within-cluster variance component; τ2, between-cluster variance component (46, 47).

TABLE 4 Effect of dietary supplementation of DDGS on rumen pH, volatile fatty acids, and ammonia nitrogen concentrations of sheep.

Control2 RMD3 Variance 
component7

Bias

Item N1 Mean STD Effect size P-value4 Ω2 τ2 Funnel test6 
(p-value)

I2 (%)

pH 20 6.16 0.43 0.07 (−0.03,0.16) 0.14 0.006 0 0.44 79.26

TotalVFA5 

(mmol/L)
17 89.6 33.3 −1.06 (−6.92,4.8) 0.62 257.1 0 0.34 42.46

Acetate (%) 14 52.0 5.5 −1.94 (−4.39,0.51) 0.08 0 0 0.04 49.66

Propionate (%) 14 29.8 5.8 1.69 (−1.37,4.75) 0.18 0 0 0.13 62.28

Butyrate (%) 14 11.9 1.6 −0.82 (−1.81, 0.16) 0.07 0 0 0.16 47.99

A: P6 ratio 14 1.87 0.61
−0.24 (−0.38, 

−0.09)
0.02 0 0 0.01 42.62

NH3-N (mg/dL) 14 18.1 10.9 0.09 (−2.21, 2.39) 0.91 20.17 0 0.61 87.41

Positive values in RMD indicate an increase by the addition of DDGS, whereas negative values in RMD indicate a decrease by the addition of DDGS with respect to the control.
1Total number of comparisons.
2No DDGS in the diet.
3Raw mean difference between control vs DDGS treatment.
4p-value for X2 (Q) test for heterogeneity; I2, Proportion of total variation of size effect estimated due to heterogeneity.
5Total volatile fatty acids.
6Acetate: Propionate ratio.
7Ω2, between-studies-within-cluster variance component; τ2, between-cluster variance component (46, 47).
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Meta-regression, subset analysis, and 
dose–response analysis

The results of the meta-regression analysis on the effects of dietary 
DDGS application on sheep performance, digestibility, rumen 

fermentation, carcass characteristics, and nitrogen efficiency are 
presented in Table  7. Covariates had no impact on the various 
intercepts (p > 0.05), but they reduced the Ω2 for all response variables 
in the meta-regression. Importantly, significant intercepts were seen 
for FBW, ADG, MC, and total VFA. Among all the covariates, breed 

FIGURE 4

Forest plot of the effect of dietary inclusion of dried distillers grains with solubles (DDGS) on dry matter digestibility in sheep. The x-axis shows the RMD 
between DDGS and control, squares on the left indicate a decrease in DMD whereas squares on the right indicate an increase in DMD by DDGS. Lines 
connected to the squares correspond to the 95% confidence interval. The dotted vertical line represents the overall size effect estimate, and the 
diamond at the bottom represents the mean response across the studies.
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strongly influenced (p < 0.05) the responses observed in FBW, ADG, 
HC, CC, and yield grade. Furthermore, breed tended to influence 
(p = 0.06) MC b among comparisons. Similarly, the dietary level of 
DDGS influenced (p < 0.05) yield grade, HC, and tended to influence 
(p = 0.08) ND among comparisons. The level of dietary CP significantly 
(p < 0.05) influenced the responses in FBW, HC, TVFA, and A:P, and 
it exhibited a tendency to influence (p = 0.06) ADG, (p = 0.07) DMI, 
and ND among treatment comparisons. Moreover, dietary NDF did 
not influence the responses observed in animal performance, 
digestibility, carcass, and rumen fermentation, but tended to influence 
(p = 0.06) the responses in ND among comparisons. The dose–
response analysis demonstrated that the dietary level of DDGS should 
not be more than 20% to prevent negative impacts on nitrogen intake 
and urinary nitrogen (Figure 6), propionate molar ratios, and NH3-N 
concentrations in the rumen (Figure 7). Furthermore, overall VFA 
concentrations in the rumen reduced linearly (Figure 6; R2 = 78%) 
when the CP level in the meal increased (primarily impacted by 
DDGS inclusion level). Also, the dose–response analysis indicated that 
a 20% inclusion level in the diet of DDGS increased MC a (Figure 7; 
cubic effect), and yield grade (Figure 8; cubic effect).

The subset analysis revealed that performance and carcass 
characteristics were strongly influenced by sheep breed (Figure 9). 
Thus, dietary DDGS increased FBW, ADG, HC, and CC in crossbreed 
studies compared to studies conducted with pure breeds. Moreover, 
dietary DDGS decreased yield grade in crossbreed studies compared 
to studies with pure breed sheep.

Discussion

Factors like grain quality, milling procedure, fermentation process, 
and temperature have an effect on the quality and chemical 
composition of DDGS (36). The results of this meta-analysis suggest 
that the chemical composition of DDGS varied between comparisons 

in this aspect. According to earlier research (21, 37), the amount of 
solubles added during processing, as well as variations in distillers 
solubles proportions from plant to plant, have an effect on the lipid 
content and crude protein concentration in DDGS. However, the 
current meta-analysis suggests that animal responses were consistent 
across studies because these variations did not raise the publication 
bias (I value). Moreover, some of the variations in animal performance, 
rumen fermentation, and carcass characteristics were explained by the 
covariates used in this meta-analysis. The novelty of this study is in the 
relationship between the dietary inclusion of DDGS in the diet and 
meat quality of sheep, and additionally, it’s showing of a relationship 
between nitrogen metabolism, rumen fermentation, and carcass 
characteristics in meat sheep, which have not been shown in other 
studies. This study evaluates the effects of DDGS on nutritional, 
physiological, biochemical, and food science variables and uses a more 
comprehensive search strategy, a larger sample size, or more rigorous 
inclusion criteria in comparison to previous studies.

According to previous research, adding DDGS to sheep diets 
improves animal performance and carcass qualities (13, 54) by raising 
ADG and final body weight in meat sheep (4, 7). Collectively, DDGS 
supplementation had no effect on DMI or F: G ratio. In agreement 
with these results, a prior meta-analysis demonstrated that feeding 
DDGS to beef cattle increased their ADG and FBW (11). In addition, 
the current meta-analysis shows that included dietary DDGS 
increased FBW by 2.04% in comparison to the control. Likewise, 
improvements in performance and carcass weight in DDGS diets in 
this meta-analysis could be associated with the greater total-tract NDF 
and EE digestibility observed among treatment comparisons (7, 13). 
Previous research (34) has shown that inclusion of DDGS in the diet 
increased NDF digestibility. This meta-analysis showed that dietary 
DDGS inclusion increased NDFD and EED by 3.17 and 2.13%, 
respectively. The increased EED may result from the higher dietary EE 
content (5). However, DDGS supplementation reduced DMD without 
changing CP digestibility. The decrease in DMD may be due to the EE 

TABLE 6 Effect of dietary supplementation of DDGS on nitrogen intake, nitrogen urine output, nitrogen feces output, nitrogen retention, nitrogen 
digestibility of sheep.

Control2 RMD3 Variance 
component10

Bias

Item N1 Mean STD Effect size P-value4 Ω2 τ2 Funnel test6 
(p-value)

I2 (%)

NI5 (g/d) 18 26.8 8.7 3.13 (−0.30,6.56) 0.06 0 0 0.29 65.08

NU6 (g/d) 15 11.1 3.9 −0.99 (−2.66,0.67) 0.19 0 0 0.17 76.21

NF7 (g/d) 19 7.8 2.9 0.42 (0.02, 0.82) 0.04 0 0 0.60 52.18

NR8 (g/d) 15 11.2 4.5 0.78 (−0.24,1.81) 0.11 0 0 0.83 33.47

ND9 (%) 8 68.5 9.4 3.42 (−1.13,7.98) 0.07 0 0 0.46 40.85

Positive values in RMD indicate an increase by the addition of DDGS, whereas negative values in RMD indicate a decrease by the addition of DDGS with respect to the control.
1Total number of comparisons.
2No DDGS in the diet.
3Raw mean difference between control vs DDGS treatment.
4p-value for X2 (Q) test for heterogeneity; I2, Proportion of total variation of size effect estimated due to heterogeneity.
5Nitrogen intake.
6Nitrogen urine.
7Nitrogen feces.
8Nitrogen retention.
9Nitrogen digestibility.
10Ω2, between-studies-within-cluster variance component; τ2, between-cluster variance component (46, 47).
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TABLE 7 Meta-regression of the effect of dietary nutrient concentrations and dietary dose of dried distillers grain with solubles (DDGS) on raw mean 
differences (RMD) for performance, digestibility, carcass, rumen fermentation, and nitrogen efficiency of sheep.

Dependent 
variable

N1 Intercept p-
value

DDGS2 P-
value

CP3 P-
value

NDF4 P-
value

Breed P-
value

Ω2 τ2

DMI5 (kg/d) 44 0.54 0.16 0.0005 0.46 −0.01 0.07 0.0009 0.71 −0.21 0.11 0.01 0

DMD6 (%) 35 2.19 0.63 −0.04 0.34 −0.14 0.45 −0.009 0.91 0.11 0.94 0 0.05

NDFD7 (%) 34 −1.28 0.82 −0.01 0.73 −0.02 0.80 −0.01 0.85 2.27 0.45 2.88 0

CPD8 (%) 17 −8.98 0.48 0.03 0.71 0.37 0.5 0.11 0.44 −0.31 0.89 2.63 0

EED9 (%) 16 −1.30 0.87 0.002 0.97 −0.004 0.97 0.26 0.42 −3.66 0.19 0 0

IBW10(kg) 45 −0.54 0.54 0.004 0.36 0.04 0.41 −0.02 0.28 0.19 0.50 0 0

FBW11(kg) 45 9.41 0.02 0.02 0.18 −0.26 0.04 −0.03 0.49 −2.23 <0.01 0 0

ADG12 (g/d) 48 90.1 0.01 0.08 0.60 −3.04 0.06 0.11 0.79 −23.13 <0.01 1528.9 0

F:G13 35 −0.03 0.97 −0.002 0.76 0.03 0.53 0.007 0.61 −0.38 0.18 3.03 0

HC14 (kg) 30 5.56 0.01 0.01 0.07 −0.14 0.03 −0.02 0.11 −1.47 <0.01 0 0

CC15 (kg) 13 8.43 0.10 0.05 0.15 −0.27 0.22 −0.08 0.16 −1.38 0.03 0 0

Dressing (%) 19 3.45 0.05 0.009 0.50 −0.22 0.11 0.06 0.11 −0.82 0.15 0 0

Back Fat (cm) 13 −0.11 0.55 −0.001 0.53 0.003 0.72 0.002 0.33 −0.001 0.99 0 0

Yield grade 16 −0.87 0.30 −0.03 0.02 0.05 0.20 −0.003 0.78 0.65 0.01 1.34 0

MC l16 7 −8.66 −0.05 0.05 0.11 0.43 0.04 0.003 0.95 2.07 0.10 0 0

MC a17 7 0.09 0.94 0.01 0.46 −0.14 0.45 0.06 0.24 0.51 0.25 0 0

MC b18 7 −5.75 0.02 −0.04 0.30 0.26 0.36 −0.03 0.64 1.97 0.06 0 0

pH 18 −0.33 0.07 0.001 0.35 0.01 0.16 0.007 0.10 0.001 0.56 0 0

Total VFA19 
(mmol/L)

15 42.68 0.03 −0.04 0.58 −2.11 0.03 −0.29 0.43 −0.80 0.70 0 0

Acetate (%) 14 1.45 0.66 0.08 0.15 −0.02 0.86 −0.21 0.16 1.19 0.38 0 0

Propionate (%) 14 5.21 0.43 0.13 0.36 0.10 0.41 0.0009 0.99 −1.58 0.61 0 0

Butyrate (%) 14 4.47 0.32 0.02 0.30 −0.12 0.31 −0.14 0.26 0.73 0.70 0 0

A: P20ratio 14 0.29 0.37 0.009 0.33 −0.01 0.05 −0.02 0.23 0.16 0.45 0 0

NI21 (g/d) 17 7.46 0.38 0.20 0.06 −0.24 0.40 −0.11 0.39 −1.01 0.71 0 0

NU22 (g/d) 14 −10.8 0.42 0.02 0.83 0.55 0.49 −0.06 0.48 1.46 0.33 0 0

NF23(g/d) 18 0.09 0.98 0.02 0.67 0.07 0.81 −0.02 0.58 −0.19 0.82 0 0

NR24(g/d) 14 3.16 0.51 −0.02 0.54 0.08 0.75 −0.02 0.66 −1.61 0.17 0 0

ND25(%) 6 −44.5 0.06 −0.62 0.08 3.60 0.07 0.68 0.06 −2.87 0.14 0 0.01

Comparisons were performed between DDGS vs. Control.
1Number of comparisons.
2Dietary level of dried distillers grains with solubles (%).
3Crude protein in the diet.
4Neutral detergent fiber in the diet.
5Total-tract dry matter intake.
6Total-tract dry matter digestibility.
7Total-tract neutral detergent fiber digestibility.
8Total-tract crude protein digestibility.
9Total-tract ether extract digestibility.
10Initial body weight.
11Final body weight.
12Average body gain.
13Feed to gain ratio.
14Hot carcass.
15Cold carcass.
16Muscle color l (lightness).
17Muscle color a (redness).
18Muscle color b (yellowness).
19Total volatile fatty acids.
20Acetate: Propionate ratio.
21Nitrogen intake.
22Nitrogen urine.
23Nitrogen feces.
24Nitrogen retention.
25Nitrogen digestibility.
Ω2, between-studies-within-cluster variance component (46, 47).
τ2, between-cluster variance component (46, 47).
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level in the diet exceeding the minimum threshold, which prevents 
microbes from adhering to the rumen digesta (5, 42). Previous 
research reported that dietary levels of DDGS above 20% linearly 
reduced total-tract DMD and total-tract starch digestibility, but 
increased total-tract NDF digestibility (55). The results of this meta-
analysis may illustrate the impacts that have been noticed. The effect 
of DDGS on starch digestibility cannot be determined because of a 
shortage of data, but it is expected that in most comparisons, dietary 
DDGS decreased total-tract starch digestibility. However, more studies 

are required to confirm these hypotheses. Furthermore, this meta-
analysis shows that DDGS improved performance (15 to 20% 
undegradable protein consumption and 8 to 12% fat) by providing 
bypass protein and fat to raise ultimate body weight (36). However, 
the dose–response study recommends that dietary DDGS not exceed 
20% (DM basis) to prevent negative effects on total-tract digestibility, 
body weight, and carcass weight in meat sheep. The inconsistencies 
observed between comparisons suggest a different productive 
response to DDGS supplementation in crossbreed animals compared 

FIGURE 5

Forest plot of the effect of dietary inclusion of dried distillers grains with solubles (DDGS) on hot carcass weight in sheep. The x-axis shows the RMD 
between DDGS and control, squares on the left indicate a decrease in HCW whereas squares on the right indicate an increase in HCW by DDGS. Lines 
connected to the squares correspond to the 95% confidence interval. The dotted vertical line represents the overall size effect estimate, and the 
diamond at the bottom represents the mean response across the studies.
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to purebred animals. These results could help to explain the high 
variance observed (Ω2) among comparisons-between-studies. The 
observed differences and high variance could be associated with the 
unaccounted effect of genotype x environment interaction, that has 
been known to influence animal performance (56), but was not 
estimated in this meta-analysis due to the limited amount of data. For 

instance, sheep breeds that are raised in cooler climates may have a 
higher ADG due to a decrease in heat stress, whereas those raised in 
warmer environments may require additional nutritional support to 
maintain optimal growth rates. Future studies should evaluate how 
dietary and genetic factors influence the response of DDGS in 
ruminants. The high level of crude protein in DDGS diets impacted 

FIGURE 6

Dose–response plot of the dietary inclusion of dried distillers grains with solubles (DDGS) on crude protein content in the diet and total VFA in the 
rumen of sheep. Raw mean difference (RMD) was performed between DDGS vs. control.

FIGURE 7

Dose–response plot of the dietary inclusion of dried distillers grains with solubles (DDGS) on meat color redness (a) in sheep. Raw mean difference 
(RMD) was performed between DDGS vs. control.
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fiber digestibility by increasing proteolysis and the production of 
NH3-N in the rumen (10). According to Li et al. (57), fermentation 
procedures or granular starch hydrolysis resulted in up to 18% of the 
starch in DDGS to escape digestion. Resistant starch altered the 
process by which nutrients and fibers from other sources in the diet 
were digested and fermented (58). One of the possible phenomena is 
that when animals consume DDGS feed that has a lot of resistant 
starch, the fermentation of that starch can produce short chain fatty 
acids and lower the pH, which leads to an acidic environment that is 
less hospitable to bacteria that break down fiber. As a result, there may 
be fewer microbes that break down fiber in the large intestine, which 
could eventually lead to a reduction of overall fiber digestibility in the 
feed (59). Among treatment comparisons, the molar ratios of acetate 
and the acetate: propionate ratio decreased as DDGS inclusion 
increased. Although conflicting results have been reported in the 
literature, the outcomes of our meta-analysis suggest that the excess 
bypass protein in DDGS was connected to decreased rumen 
fermentation (3, 31). Also, the dose–response analysis supports the 
hypothesis that dietary DDGS in meat sheep should not exceed 20% 
to prevent negative effects on rumen fermentation. Dietary inclusion 
of DDGS in the diet above 35% reduced propionate molar proportions 
and increased NH3-N concentration in the rumen. These results imply 
that the rumen microbiome is sensitive to level of bypass protein in 
the rumen (26). As a result, more research is required to determine 
how DDGS affects the rumen microbiome-metabolome interplay and 
its relationship to performance, fermentation, and meat quality in 
meat sheep.

According to earlier research (2, 4), adding DDGS up to 60% to 
sheep diets enhanced hot carcass weight (HC) and cold carcass weight 
(CC) without affecting dressing percentage or back fat. Previous 
research reported that bypass essential amino acids and fat from 
DDGS contributed to a greater extent to the net energy of lactation in 

dairy cows (60). Likewise, recent research reports showed that dietary 
DDGS (20% DM basis) reduced total-tract DM digestibility, but 
increased metabolizable energy intake and milk yield in dairy cows 
(61). Similarly, the current meta-analysis shows that including DDGS 
up to 20% in the diet increases yield grade, and meat color redness (a), 
and beyond 30%, it shows the reducing effect (62). Likewise, older 
animals have higher myoglobin concentrations, and the color of the 
meat may differ according to the age at slaughter (54). Variations in 
meat color may also be  due to breed differences (5). This result 
suggests that the inclusion of DDGS in the diet has no negative effects 
on carcass characteristics (19).

Previous studies with dairy cows showed that 20% dietary DDGS 
improved digestibility, energy intake, and milk yield (35), and 
moreover, studies have indicated that including up to 60% of DDGS 
increases nitrogen intake, nitrogen digestibility, and urine nitrogen 
output, while decreasing nitrogen retention (27). Various levels of 
supplementation, sheep breeds, and the type of feed ingredients in the 
basal diet that DDGS replaced in different trials may all have an effect 
on the amount of N is excreted as a result of dietary DDGS inclusion 
(35). The results of the meta-analysis show that up to 20% of DDGS 
in the diet causes greater nitrogen intake and decreased urinary 
nitrogen production. However, there is a linear rise in urine N loss if 
the inclusion level exceeds 25% as a result of a quadratic increase in N 
intake in the diet. These results indicate that addition of DDGS at 
higher levels may increase the N loss, consequently causing 
environmental pollution (35).

Conclusion

Based on data collected from across the literature, dietary 
DDGS increased performance and carcass weight in meat sheep. 
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FIGURE 8

Dose–response plot of the dietary inclusion of dried distillers grains with solubles (DDGS) on yield grade in sheep. Raw mean difference (RMD) was 
performed between DDGS vs. control.
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Based on the dose–response analysis, the amount of DDGS in the 
diet should not be more than 20% in order to prevent negative 
effects on rumen fermentation, nitrogen metabolism, and meat 
coloring. Although dietary DDGS has been associated with 
increased NDF and EE digestibility, more research is required to 
fully understand its effect on DMD. Increased nitrogen intake and 
decreased urine nitrogen losses were observed when 20% DDGS 

was included in the diet. The excess bypass protein in DDGS 
reduced rumen fermentation and increased fecal nitrogen losses in 
sheep. However, a 20% inclusion rate in the diet of DDGS increased 
carcass yield and meat color. Due to the limited data, inconsistent 
responses were observed among comparisons conducted with 
crossbreeds and purebred animals. In conclusion, this meta-analysis 
supports the notion that DDGS at low concentrations can enhance 

FIGURE 9

Subset analysis of the effect of breed (Pure or Crossbreed) on (A) Final body weight, (B) Average daily gain, (C) Hot carcass weight, (D) Cold carcass 
weight, and (E) Yield grade of meat sheep fed with dried distillers grains solubles. The effect size (weighted raw mean difference) was calculated in 
each comparison (DDGS vs. Control). Error bars represent the 95% confidence interval. The symbol (*) indicates significant difference (p < 0.05).
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sheep performance, improve nitrogen metabolism, and increase 
carcass yield and meat color.
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