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Abstract: Three experiments were conducted to evaluate the feasibility of using a commercial slow-
release urea product (SRU; Optigen®, Alltech Inc., Nicholasville, KY, USA) as a partial replacement
for vegetable protein sources in cattle diets. The first experiment was an in vitro rumen fermentation
that evaluated the effect of replacing soybean meal (SBM) nitrogen with nitrogen from either SRU or
free urea in diets varying in forage:concentrate ratios. The second experiment examined the effect
of replacing SBM with SRU on in situ dry matter and nitrogen degradability in the rumen. In the
third experiment, a feeding trial was conducted to evaluate the effect of replacing SBM (0% as-fed
SRU) with 1% or 3% as-fed SRU on feed carbon footprint (CFP; total greenhouse gas emissions
associated with the life cycle of feed raw materials) and the toxicity potential of SRU in growing beef
cattle. Results showed that replacing SBM with SRU up to 1.3% did not negatively affect in vitro
rumen fermentation parameters. Supplementing SRU favourably decreased ruminal accumulation of
ammonia and lactic acid when compared to free urea. There was no significant effect on effective
rumen degradability of dry matter and nitrogen when one-third of SBM was replaced by SRU in
the in situ study. Compared with the 0% SRU diet, feed CFP decreased by 18% and 54% in 1% SRU
and 3% SRU diets, respectively. Additionally, feeding up to 3% SRU diet to beef cattle did not affect
health and intake, and blood hematological and biochemical indices were within the physiological
range for healthy bulls, suggesting no indication of ammonia toxicity. Overall, these results indicate
that SRU can be used as a sustainable alternative to partially replace vegetable protein sources in
ruminant diets without compromising rumen function and health of ruminants.

Keywords: cattle; vegetable protein; urea; rumen fermentation; sustainability

1. Introduction

Ruminants play a crucial role in converting human-inedible resources to high-quality
protein (meat and milk) which is vital for meeting the nutritional needs of humans [1].
Increasing population growth, household income and urbanization have contributed sig-
nificantly to a growing demand for animal protein, which has been projected to increase by
70% between 2005 and 2050 [2,3]. In recent times, the sustainability of the ruminant sector
has attracted intense public concerns due to the environmental impacts of the sector. Thus,
the ruminant sector is faced with the serious challenge of meeting the growing demand
for animal protein while reducing its environmental impacts. The environmental impacts
of the ruminant sector are largely due to manure nitrogen excretion and greenhouse gas
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(GHG) emissions originating mainly from enteric fermentation, as well as feed produc-
tion, processing and transport [3]. The low nitrogen utilization efficiency of ruminants
increases manure nitrogen excretion, which can negatively affect air quality through am-
monia volatilization, water quality through nitrate leaching and eutrophication and global
warming through the release of nitrous oxide [4,5]. Opio, et al. [6] estimated that GHG
emission from the ruminant sector was approximately 5.7 gigatonnes CO2-eq, of which beef
and dairy cattle production contribute about 4.6 gigatonnes CO2-eq, representing 65% of
the anthropogenic emissions from the livestock sector. Feed emission is the second-largest
source of ruminant emissions, contributing about 36% of emissions associated with beef
and milk production [3]. Thus, reducing the carbon footprint (CFP) of ruminant feeds
is crucial for improving the resource efficiency and environmental performance of the
ruminant sector [5,7,8].

Ruminants have the unique capability of converting dietary non-protein nitrogen
(NPN) sources, such as urea, into high-quality protein via microbial protein synthesis in
the rumen. Traditionally, the low cost of urea has increased its use as a partial substitute
for vegetable protein sources, such as SBM (soybean meal) and rapeseed meal, to supply
rumen-degradable protein (RDP) in ruminant diets. Moreover, the use of urea products
could reduce the effect of land-use changes and GHG emissions associated with the cul-
tivation and processing of plant protein sources, thus improving the resource efficiency
and carbon footprint of ruminant production [9,10]. However, the utilization of feed-grade
(unprotected) urea in ruminant nutrition is limited due to its rapid ruminal hydrolysis
to ammonia, often exceeding the rate of carbohydrate fermentation in the rumen [11].
Asynchronization between ammonia production and fermentable energy availability in
the rumen negatively affects the efficiency of microbial protein synthesis. This condition
decreases the amount of rumen microbial protein outflow which may reduce the availabil-
ity of metabolizable protein required to meet the maintenance and production needs of
ruminants [12]. The rapid ruminal hydrolysis of feed-grade urea could also reduce the
nitrogen utilization efficiency of ruminants, resulting in negative environmental impacts
associated with increased nitrogen excretion and ammonia emission from manure [12].
Furthermore, the rapid degradation of dietary urea in the rumen can increase the blood
ammonia concentration and increase the risk of ammonia toxicity and related negative
health impacts in ruminants [13]. As a consequence, dietary urea supplementation is
typically limited to 1% of total dietary dry matter or 0.3 g/kg body weight (BW)/day in
animals adapted to urea consumption and fed a diet with an adequate supply of readily
fermentable carbohydrates [14].

To alleviate the limitations associated with the use of feed-grade urea, several research
efforts have been dedicated to developing coated urea products with a reduced rate
of hydrolysis in the rumen and therefore improving the efficiency of microbial protein
synthesis, while minimizing nitrogen excretion and toxic effects in ruminants [11]. In earlier
research, Owens, et al. [15] estimated that 900 g of urea consumption in tung- and linseed-
oil-coated urea would be required to cause ammonia toxicity in steers. Similarly, other
slow-release forms of urea supplemented at 1.2–1.9% of the diet have been shown to exert
no detrimental effects on the health or performance of ruminants with improved nitrogen
use efficiency [16–18]. Another commercial slow-release urea product (SRU; Optigen®,
Alltech Inc., Nicholasville, KY, USA) involves the use of urea prills embedded in a lipid
matrix. The SRU has demonstrated a reduction in the rate of urea degradation in the
rumen [18,19] and led to a more consistent concentration of ruminal ammonia compared
to feed-grade urea [20]. Indeed, the rate of microbial urea hydrolysis must proceed in
synchrony with bacterial ammonia assimilation and fermentable energy availability to
maximize microbial protein synthesis in the rumen.

Data from the Dutch FeedPrint software developed by Wageningen University and
Research, Wageningen, The Netherlands [21] indicate that the isonitrogenous replacement
of soybean meal nitrogen with SRU will reduce the carbon footprint of the diet. However,
feeding strategies aimed at utilizing SRU to replace vegetable protein sources must be
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achieved without impairing rumen function and production performance, and without
significant risk of toxicity to animals. In this paper, three studies were conducted to evaluate
the feasibility of using SRU to replace vegetable protein sources in cattle diets. The first
experiment examined the effect of dietary SRU on in vitro rumen fermentation parameters
at different forage:concentrate ratios to understand its potential application across beef
diets high in forage or grain. The second experiment was designed to evaluate the effect of
replacing vegetable protein with SRU on dry matter and nitrogen degradability using in
situ techniques. The third experiment evaluated the impacts of replacing SBM with dietary
SRU on feed CFP and the toxicity potential of SRU when fed up to 3% of cattle diet. To
test the toxicity potential of SRU, the maximal supplemented SRU dose (i.e., 3%) selected
in this experiment was three-fold higher than the maximum dose recommended for free
urea [14], but lower than the expected threshold (i.e., 4.8%) for toxicity [15].

2. Materials and Methods
2.1. Experiment 1: In Vitro Evaluation to Determine the Effect of Slow-Release Urea on
Rumen Fermentation
2.1.1. Diets, Treatments, and Doses

In this experiment, an in vitro rumen fermentation model developed by Alimetrics
Research Ltd. (Espoo, Finland) [22,23] was used to compare the effect of replacing SBM
nitrogen with nitrogen from either SRU or urea on the ruminal fermentation of high-forage
and high-grain rations. Two basic diets were used in the rumen fermentation study: a
high-forage ration consisting of 200 mg DM (dry matter) of wheat and 800 mg DM of grass
silage and a high-grain ration consisting of 600 mg DM of wheat and 400 mg DM of grass
silage. The total amount of feed introduced in each fermentation vessel was 1000 mg. Each
nitrogen supplement, SBM, SRU (Optigen®, Alltech Inc., Nicholasville, KY, USA) and urea,
were introduced at three doses. Notably, the SRU (Optigen®) consists of urea evenly coated
with a semi-permeable vegetable fat matrix containing 88% urea (41% N, 256% crude
protein (CP)) and 11–12% fat [24]. The fat coating in the SRU slows the dissolution of urea,
reducing the rate of urea conversion to ammonia in the rumen [19].

The starting point for dose determination was that 20, 60 or 100 mg of each basic
ration was replaced by the corresponding amount of SBM (2, 6 and 12% of ration DM).
The total nitrogen analysis of the SBM preparation revealed that the amount of nitrogen
thus added was 1.07, 3.22 and 5.35 mg, respectively. The doses of SRU and urea were
calculated so that the amount of nitrogen added was the same as in 20, 60 and 100 mg of
SBM. Since the nitrogen densities in SRU and urea were significantly higher than in SBM,
smaller proportions of basic diets were replaced by these nitrogen sources. For SRU, the
doses were 2.6, 7.8 and 13.1 mg (0.26, 0.78 and 1.31% of ration DM) and for urea, the doses
were 2.3, 6.9 and 11.5 mg in the 1000 mg amount of diet (0.23, 0.69 and 1.15% of ration DM).
Each of the 20 treatments was fermented in 5 replicate vessels. Thus, the total number of
fermentation vessels was 100. Table 1 summarizes the treatment combinations and dosages
used in this study.

2.1.2. Rumen Fermentation Simulation

Individual feed components and test products were weighed in 120 mL serum bottles,
flushed with CO2 that had passed through a hot copper catalyst for O2 scavenging and
sealed with thick butyl rubber stoppers. In each simulation vessel, 38 mL of anaerobic,
reduced, temperature-adjusted (38 ◦C) buffer solution was added under oxygen-free
CO2 flow. Ruminal fluid was obtained from a rumen-fistulated early-lactation Ayshire
cow fed ad libitum grass silage (13 kg dry matter with energy 10.8 MJ/kg and CP 16%)
and a compound feed at 8 kg DM/day (Opti-Maituri 26, Lantmännen Feed Oy, Turku,
Finland; energy 12.8 MJ/kg, CP 26%). Finally, 2 mL of fresh, strained rumen fluid was
added to the serum bottles, where the final volume was 40 mL. This inoculation started
the actual fermentation. Inoculation time for each vessel was registered and considered
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when sampling and stopping the fermentation. Details of the protocol are described by
Meissner, et al. [23] and Apajalahti, et al. [22].

Table 1. Treatments used for the evaluation of slow-release urea in in vitro rumen fermentation.

Diet
Number Ration 1 Nitrogen

Supplement
Dose, mg

(Nitrogen Levels) 2
Replicate

Fermentations

1

High-forage

None - 5
2

SBM
20 (low) 5

3 60 (medium) 5
4 100 (high) 5
5

SRU
2.6 (low) 5

6 7.8 (medium) 5
7 13.1 (high) 5
8

Urea
2.3 (low) 5

9 6.9 (medium) 5
10 11.5 (high) 5
11

High-grain

None - 5
12

SBM
20 (low) 5

13 60 (medium) 5
14 100 (high) 5
15

SRU
2.6 (low) 5

16 7.8 (medium) 5
17 13.1 (high) 5
18

Urea
2.3 (low) 5

19 6.9 (medium) 5
20 11.5 (high) 5

Total 100

SBM: soybean meal, SRU: slow-release urea. 1 High-forage ration: 20:80, wheat: grass silage ration; high-grain
ration: 60:40, wheat: grass silage ration. 2 Low, medium and high nitrogen levels correspond to 1.07 mg N,
3.22 mg N and 5.35 mg N, respectively, in the total 1 g of diet.

2.1.3. Analytical Procedures

Rumen fermentation simulation was continued for 24 h at 38 ◦C. During fermentation,
the total gas production was measured after 3, 6, 9, 12 and 24 h of simulation fermentation
to reveal the general metabolic activity of rumen microbes. Volatile fatty acids (VFA), lactic
acid and pH were measured in all simulation vessels at 0, 9 and 12 h by taking 1 mL of the
inoculum from each vessel through the rubber stopper using a 1 mL syringe and needle.
The short-chain fatty acids (lactic acid and VFA) were analyzed by gas chromatography
using a packed column for the analysis of free acids as described in detail by Apajalahti,
et al. [22]. In brief, the following volatile fatty acids were analyzed: acetic, propionic,
butyric, valeric, isobutyric, 2-methylbutyric and isovaleric acid. The main non-volatile
fatty acid quantified was lactic acid. In this paper, all these acids are cumulatively referred
to as short-chain fatty acids (SCFA). In the gas chromatographic analysis, a glass column
packed with 80/120 Carbopack B-DA/4% Carbowax stationary phase was used. The use
of this column enabled quantification of the free acids, with no derivatization. Pivalic acid
was used as an internal standard (Sigma-Aldrich, St. Louis, MO, USA). The analytical
chromatography run was isothermal at 175 ◦C (Agilent Technologies, Santa Clara, CA,
USA), helium was used as a carrier gas and analytes were detected by flame ionization.

Total bacteria density was analyzed at 12 h in all the simulation vessels. Bacterial
samples were fixed with formaldehyde, stained with DNA-specific dye SYTO® 24 and the
total bacteria were enumerated by flow cytometry using settings adjusted to the counting
of bacteria. The details of the method have been described by Apajalahti, et al. [25]. The
samples from simulation vessels were analyzed for ammonia at 0, 3, 9 and 12 h. Ammonia
analysis was performed by using a colorimetric method described by Weatherburn [26]
modified from the Berthelot reaction [27]. The method was based on the reaction of phenol
and hypochlorite with ammonia, resulting in color formation and the color intensity was
measured with a spectrophotometer.
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2.2. Experiment 2: In Situ Evaluation to Determine the Effect of Slow-Release Urea on Feed
Degradability in the Rumen
2.2.1. Diets, Treatments and In Situ Incubation

Two rumen-fistulated cows in mid-lactation were fed with grass silage (CP = 16.4% of
DM) and a compound feed mixture (CP = 12.4% of DM) of hay, oats, wheat and protein-
rich meals (soy, pea and/or rapeseed), and were used to examine the effect of SRU (i.e.,
Optigen®) on in situ dry matter (DM) and nitrogen degradation. Two test diets (control
and SRU) were formulated as shown in Table 2. The control diet had no SRU whereas the
SRU diet contained one-third of the SBM in the control diet, replaced with an isonitrogenous
amount of SRU (0.75%). Thus, a cow consuming 20 kg DM/day of a total mixed ration would
have been provided 150 g of SRU. The CP content of both diets was 19.9%. Dacron bags
(10 cm × 20 cm; 53 µm pore size; ANKOM Technology Corp., Fairport, NY, USA) containing
5 g of the corresponding test diets were incubated in the rumen of the two cows. At 0 h, there
were 6 replicate bags and 3 replicates for the other time points. Bags were withdrawn from
the rumen after 0, 2, 5, 8, 16, 24 and 48 h of incubation. The bags were immediately dipped in
cold water to stop fermentation, after which the bags were rinsed with water and the excess
water was removed with a spin dryer and the bags were freeze-dried.

Table 2. Composition of test feeds used for in situ rumen degradability.

Diet Component
Nitrogen Content

(g/kg DM)
Crude Protein

(g/kg DM) DM (%)
% of Diet DM

Control SRU

Soybean meal 82.3 514 88.9 15 10
SRU 410 2563 100 0 0.75

Compound feed 1 19.9 124 90 44 45.25
Grass haylage 26.2 164 72.1 41 44

SRU: slow-release urea. 1 Compound feed (CP—12.4% of DM) containing hay, oats, wheat and protein-rich meals.

2.2.2. Analysis of Dry Matter and Nitrogen Degradation

Residual dry matter in the Dacron bags was determined by weighing the bags after
drying and dry matter (DM) residues in three replicate bags were determined. The nitrogen
content in the feed residues was determined by the Kjeldahl method [28]. In situ degradation
curves of DM and nitrogen were fitted to a non-linear model [29] using the equation:

Y = a + b
[
1 − e−Kd(t)

]
where Y = ruminal degradation of DM or nitrogen (%); a = rapidly soluble fraction
that disappeared at 0 h after the rinsing procedure; b = potentially degradable fraction;
Kd = constant rate of degradation of fraction b; and t = time of incubation (h). The un-
degradable fraction, c, was calculated as 100 − (a + b). Effective rumen degradability (ERD)
was determined by the equation:

ERD = a +
[
bKd/

(
Kd + Kp

)]
where a, b and Kd are the degradation constants described previously [29] and Kp is the
passage rate from the rumen (%/h) assumed fixed at 0.06/h. Degradation constants of DM
and nitrogen described above were estimated using the NLIN procedure of SAS (Statistical
Analysis Systems, Cary, NC, USA) [30].

2.3. Experiment 3: In Vivo Trial to Evaluate Feed Carbon Footprint and Toxicity Potential of
Slow-Release Urea in Cattle

The research protocol and animal care followed the European Union Directive
2010/63/EU on the protection of animals used for experimental or other scientific purposes
and were managed according to the regulations of the Animal Care Committee of the
Institute of Agrifood Research and Technology (IRTA), Spain. The animal experiment was
conducted at the Corporació Alimentaria de Guissona Experimental Station, Lleida, Spain.
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2.3.1. Animals, Diets and Experimental Design

Twenty-four growing Holstein bulls (3–4 months of age) were commercially-sourced
and subjected to the following preventive treatments before the start of the experiment:
Draxxin® (intravenous injection of tulathromycin, 2.5 mg/kg BW, Pfizer Animal Health,
Parsippany-Troy Hills, NJ, USA) to prevent intercurrent respiratory disease; Vectimax®

(subcutaneous injection of ivermectin, 0.2 mg/kg BW, Esteve Veterinaria, Barcelona, Spain)
for internal and external parasites; CattleMaster® (subcutaneous application of a vaccine
against IBR, BVD, PI3, BRSV, 2 mL/animal, Pfizer Animal Health), to prevent relevant viral
respiratory diseases affecting young ruminants; Vecoxan® (oral Diclazuril, 1 mg/kg BW,
Esteve Veterinaria) to prevent coccidiosis.

The growing Holstein bulls were blocked by liveweight (128.1 ± 14.2 kg) and randomly
assigned to one of three treatments: a control diet, basal mash feed (CON, 0% SRU) or
the basal diet reformulated to include SRU (i.e., Optigen®) at a rate of 1% (1% SRU) or
3% (3% SRU) of the diet on an as-fed basis. Energy and CP levels were maintained in
the SRU diets by replacing SBM with SRU, barley grain meal and corn grain meal; the
ingredient and nutrient composition of diets are presented in Table 3. The SRU was added
in meal form to the complete feed and thoroughly mixed. Diets contained no antibiotics or
other growth promoters. Trace minerals and other nutrients were supplied at nutritional
concentrations according to the NRC requirements [31]. Basal diets were calculated to be
iso-nutritive, to meet the nutrient requirements recommended for growing ruminants [31].
Bulls were allocated to an individual, partially slatted pens (2.40 × 1.45 m), with two
feeders in each pen (one for mash feed and one for straw), which were hand-filled daily.
Animals were allowed ad libitum access to both the mash feed and straw and an automatic
watering device was available in each pen. The experimental feeding period lasted for
42 days. All animal handling and laboratory staff were blinded to the study diets.

Table 3. Ingredient composition of the experimental mash diets of growing bulls supplemented with
slow-release urea (SRU) in replacement for soybean meal.

Ingredient (%) 0% SRU 1% SRU 3% SRU

Corn grain meal 38.19 40.96 48.00
Wheat middlings 3.02 3.02 2.00
Barley grain meal 17.02 19.02 22.61

Wheat 2.51 2.51 2.00
Beet pulp 7.99 7.99 9.99

Dried alfalfa 8.33 8.33 6.52
Palm oil 2.46 2.85 3.27

Soybean meal 18.38 12.16 0.00
Calcium carbonate 0.80 0.86 0.80

Sodium bicarbonate 0.60 0.60 0.60
Salt 0.40 0.40 0.40

Bicalcium phosphate 0.00 0.00 0.51
Vitamin/mineral premix 809 1 0.30 0.30 0.30

Slow Release Urea 0.00 1.00 3.00
Analyzed nutrient content (% DM)

DM 87.46 87.81 87.51
Crude protein 18.22 18.03 18.28
Ether extract 4.28 5.39 6.15

Neutral detergent fibre 26.17 25.56 26.14
Ash 5.99 5.62 4.86
Urea - <0.1 0.88

Calculated NSC 53.2 53.1 53.3

DM: dry matter; NSC: non-structural carbohydrates. 1 Vitamin/mineral premixture: Calcium 0.0102%; Phospho-
rus 0.0612%; Magnesium 29.02%; Sodium 0.0139%; Selenium 150 mg/kg; Cobalt 240 mg/kg; Iodine 256 mg/kg;
Manganese 15,525 mg/kg; Zinc 20,350 mg/kg; Copper 2500 mg/kg Vitamin A (retinyl acetate) 5,000,000 IU/kg;
Vitamin D3 (cholecalciferol) 1,000,000 IU/kg; Vitamin E (di-alpha tocopheryl acetate) 50,000 mg/kg.

Animal liveweights were determined on d 0, 21 and 42. Individual intake of the
experimental mash diets was recorded daily, while the straw intake was recorded weekly.
Animal health, culls and mortality were recorded daily. Blood samples were collected from
each animal on d 0 and 42 (1 h post-feeding) for routine hematological and biochemical
analysis (total blood cell counts, hemoglobin, hematocrit, aspartate aminotransferase,
alanine aminotransferase, gamma-glutamyl transferase, glucose, uric acid, albumin, total
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protein, urea, and ammonia). Blood samples were taken via jugular venipuncture using
a vacutainer and an 18 G needle. For hematology, 4 mL of blood was collected in EDTA
vacutainer tubes (BD, Franklin Lakes, NJ, USA), inverted and stored at 5 ◦C until analysis.
For biochemistry analysis, 10 mL of blood was collected in spray-dried clot activator
vacutainer tubes (BD, Franklin Lakes, NJ, USA). For glucose analysis, 4 mL of blood was
collected in sodium fluoride and potassium oxalate vacutainer tubes (BD, Franklin Lakes,
NJ, USA). For ammonia analysis, 4 mL of blood was collected in EDTA dipotassium salt
vacutainer tubes (BD, Franklin Lakes, NJ, USA). The vacutainer tubes for biochemistry,
glucose and ammonia were then centrifuged at 1500× g at 4 ◦C for 15 min and the serum
from each tube was equally divided between three Eppendorf tubes.

2.3.2. Chemical Analysis

Proximal analysis and the urea concentration of each experimental diets was deter-
mined using the following methods: Crude protein (AOAC 988.05); Crude fat (AOAC
920.39); Ash (AOAC 642.05); Moisture (AOAC 925.04); Neutral Detergent Fiber [32]; Urea
(AOAC 967.07). Plasma glucose concentration was determined following the hexoki-
nase method, serum aspartate aminotransferase and alanine aminotransferase following
recommended IFCC reference method, without pyridoxal phosphate addition, serum
urea following GLDH method, serum uric acid following uricase/peroxidase method,
serum ammonia method by molecular absorption spectrometry, serum albumin follow-
ing bromocresol green method, and serum total protein following biuret method (OSR,
Winston-Salem, NC, USA). For hematology analyses, the ADVIA 120 Hematology System
developed by the manufacturer (Siemens Healthcare GmbH, Erlangen Germany) was used.
The following parameters were measured using flow cytometry methods and specific
staining such as peroxidase and basophilic staining: red cell count, hemoglobin, packed
cell volume, mean corpuscular volume, mean corpuscular hemoglobin, cell hemoglobin
concentration mean, white cell count, percentage and number of neutrophils, lymphocytes,
monocytes, eosinophils and platelet count.

2.3.3. Calculations

The impact of replacing SBM with SRU on feed CFP was determined by calculating
the sum of the CFP of feed raw materials in 0% SRU, 1% SRU and 3% SRU diets. The CFP
values (including land-use changes) of feed raw materials were retrieved from the Dutch
FeedPrint software developed by Wageningen University and Research, Wageningen, The
Netherlands [21]. The FeedPrint calculates the CFP of feed raw materials during their
complete life cycle and it has been developed to gain insight into GHG emissions during the
production and utilization chain of feed and to identify mitigation options. Supplementary
Table S1 presents the CFP of the common feed raw materials used for the estimation of
feed CFP. The contribution of the feed raw materials to the feed CFP was estimated by
multiplying the inclusion level of the raw material and the CFP per kg of raw material
(g CO2-eq/kg). The average feed CFP was expressed as g CO2-eq/kg diet. Figure 1 shows
that replacing SBM (0% SRU) with 1% and 3% SRU in the diets of growing bulls decreased
calculated feed CFP by 18% and 54%, respectively.

2.4. Statistical Analysis

For experiment 1 (in vitro fermentation study), the experimental unit was the indi-
vidual fermentation vessel. For each of the two diets (high-forage or high-grain), there
were ten experimental groups: a control group and three nitrogen supplements (SBM,
SRU and urea) each at three levels of nitrogen (low, medium or high). All data were
subjected to one-way ANOVA as a factorial arrangement, to determine the effect of dietary
treatment on rumen fermentation parameters. Tukey’s HSD test was used for multiple
comparisons of treatment means when significance was detected at p < 0.05 and a tendency
for treatment effect was observed when 0.05 < p ≤ 0.10. Statistical analyses were performed
using Minitab® software (Minitab, v18, State College, TX, USA). Data from experiment 2
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(in situ degradability study) were analyzed as a linear mixed model to test the effect of the
diets as a fixed factor and the cow was considered as a random term using SAS® software.
Diet effect was declared significant when p < 0.05. For experiment 3 (in vivo study), feed
intake data were analyzed using a linear mixed-effects model with repeated measurements
using SAS® software. The model accounts for the fixed effects of treatment, time and the
interaction between these two factors, plus the random effect of the pen as the experimental
unit and the initial body weight as a covariate. Blood parameters at 42 d were analyzed
using a linear model with the fixed effects of treatment including data of day 0 as covariate
plus the random effect of the pen. Tukey’s HSD test was used for multiple comparisons
of treatment groups when a significant effect of the treatment was found at p < 0.05 for
growth performance parameters and p ≤ 0.10 for blood indices.
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3. Results
3.1. Experiment 1: In Vitro Rumen Fermentation

Although the effects of supplementing different nitrogen sources (SBM, SRU and
urea) on in vitro rumen fermentation in high-forage and high-grain diets were measured
over 24 h of incubation, the most discerning effects were obtained at 9 h incubation. Thus,
the effects of treatments on in vitro fermentation characteristics at 9 h are reported here
(Figures 2–7) while results of total gas production, short-chain fatty acids, pH, ammonia
and lactate concentration measured at all time points (0 h, 9 h and 12 h of incubation) are
presented in Tables S2–S15. Total gas production at 9 h (p > 0.05) was unaffected when
different nitrogen sources (SBM, SRU and urea) were supplemented with high-forage
diets (Figure 2A). However, total gas production at 9 h for the high-grain diets increased
significantly (p < 0.05) for both urea and SRU treatments in a dose-dependent manner while
the isonitrogenous amount of SBM did not affect total gas production (Figure 2B). The
addition of urea significantly increased (p < 0.05) ammonia concentration in high-forage
diets after 9 h, whereas there was no difference (p > 0.05) between SRU, SBM and control
treatments (Figure 3A). For high-grain diets, only the highest dose (i.e., 5.35 mg N) of
urea increased ammonia concentration (p < 0.05) after 9 h, with no difference (p > 0.05)
observed between SRU, SBM and control treatments (Figure 3B). Nitrogen supplements
in high-forage diets did not influence the pH of the fermentation vessels (Figure 4A)
whereas medium and high dosage (i.e., 3.22 mg N and 5.35 mg N) of SRU and urea
in high-grain diets lowered the pH of the fermentation vessels (Figure 4B). Compared
with the control treatment, lactic acid accumulation at 9 h was not affected (p > 0.05) by
nitrogen supplements (SBM, SRU and urea) in high-forage diets (Figure 5A) whereas
high dosage of SRU and urea treatments (medium and high dosages) increased lactic acid
concentration in high-grain diets (Figure 5B). Notably, SRU resulted in 21 to 33% lower
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(p < 0.05) accumulation of lactic acid in the high-grain diets compared to urea (Figure 5B).
However, the residual concentration of lactic acid was marginal at 12 h with the high-
forage diet while its concentration at 12 h was still significant with the high-grain diet
(Table S14). Total volatile fatty acids concentration measured at 9 h was not different
(p > 0.05) between control, SBM, SRU and urea treatments in both high-forage and high-
grain diets (Figure 6A,B). The effect of nitrogen supplements on bacterial density was
observed (p < 0.05) in high-forage diets (Figure 7A) but not (p > 0.05) in high-grain diets
(Figure 7B). In high-forage diets, both SBM and urea inclusion slightly increased the total
bacterial density at this single analyzed time point (12 h). In general, the high-grain diet
yielded higher bacterial density than the high-forage diet.
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Figure 2. Total gas production measured at 9 h in an in vitro fermentation model incubated with (A) high-forage (20:80,
wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different nitrogen
sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and high). Low,
medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are presented as
means with standard error bars. a–f Bars with different letters are significantly different (p < 0.05).



Sustainability 2021, 13, 2464 10 of 22Sustainability 2021, 13, x FOR PEER REVIEW 11 of 23 
 

 

(A) 

 

(B) 

Figure 3. Ammonia (NH3) concentration measured at 9 h in an in vitro fermentation model incubated with (A) high-forage 
(20:80, wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different 
nitrogen sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and 
high). Low, medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are 
presented as means with standard error bars. a–c Bars with different letters are significantly different (p < 0.05). 

c c

c
c

c c
c

c

b

a

0

5

10

15

20

25

Low Medium High Low Medium High Low Medium High

Control SBM SRU Urea

Am
m

on
ia

 co
nc

en
tr

at
io

n 
(m

M
)

Nitrogen sources and levels

High-forage ration

b b

b b
b b

b b b

a

0

5

10

15

20

25

Low Medium High Low Medium High Low Medium High

Control SBM SRU Urea

Am
m

on
ia

 c
on

ce
nt

ra
tio

n 
(m

M
)

Nitrogen sources and levels

High-grain ration

Figure 3. Ammonia (NH3) concentration measured at 9 h in an in vitro fermentation model incubated with (A) high-forage
(20:80, wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different
nitrogen sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and
high). Low, medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are
presented as means with standard error bars. a–c Bars with different letters are significantly different (p < 0.05).
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Figure 4. pH measured at 9 h in an in vitro fermentation model incubated with (A) high-forage (20:80, wheat: grass silage)
ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different nitrogen sources (soybean
meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and high). Low, medium and
high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are presented as means with
standard error bars. a–d Bars with different letters are significantly different (p < 0.05).
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Figure 5. Lactate concentration measured at 9 h in an in vitro fermentation model incubated with (A) high-forage (20:80,
wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different nitrogen
sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and high). Low,
medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are presented as
means with standard error bars. a–c Bars with different letters are significantly different (p < 0.05).
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Figure 6. Total volatile fatty acids concentration measured at 9 h in an in vitro fermentation model incubated with (A)
high-forage (20:80, wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with
three different nitrogen sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low,
medium and high). Low, medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively.
Values are presented as means with standard error bars.
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Figure 7. Total bacteria concentration measured at 12 h in an in vitro fermentation model incubated with (A) high-forage
(20:80, wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different
nitrogen sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and
high). Low, medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are
presented as means with standard error bars. a–c Bars with different letters are significantly different (p < 0.05).
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3.2. Experiment 2: In Situ Degradability

The effects of replacing one-third of the SBM in the control diet with SRU on in situ
dry matter and nitrogen degradability estimates are presented in Table 4. The potentially
degradable DM fraction was lower (p < 0.05) in the SRU diet whereas other estimated
parameters (c, Kd and ERD) were not affected. Similarly, the replacement of SBM with SRU
did not significantly affect (p > 0.05) the nitrogen degradability estimates. However, ERD of
dietary nitrogen tended (p = 0.052) to be lower in the SRU diet compared to the control diet.

Table 4. Effect of replacing soybean meal with slow-release urea (SRU) on estimated parameters of in
situ dry matter (DM) and nitrogen degradation in the rumen.

Parameter Control SRU SEM p-Value

DM degradation
b 68.30 62.31 0.029 0.004
c 29.05 31.27 0.686 0.263

Kd 0.15 0.16 0.006 0.640
ERD 51.86 51.71 0.219 0.716

Nitrogen degradation
b 88.40 85.91 0.509 0.179
c 11.60 14.09 0.509 0.179

Kd 0.10 0.10 0.002 0.252
ERD 54.40 53.98 0.024 0.052

b: potentially degradable fraction; c: undegradable fraction; Kd : fractional rate of degradation; ERD: effective
rumen degradability. SEM: standard error of the mean.

3.3. Experiment 3: Effect on Feed Intake and Blood Indices in Growing Cattle

There was no effect (p > 0.05) of dietary treatment on dry matter intake (5.06, 4.89 and
5.01 kg DM/day for 0%, 1% and 3% SRU respectively; p = 0.721).

The blood hematologic indices for all dietary treatments were within normal phys-
iological ranges (Table 5). Compared with 0% SRU (control diet), bulls fed SRU at 1%
or 3% diets had lower (p < 0.05) hemoglobin and packed cell volume. Bulls fed 3% SRU
diet had lower mean corpuscular volume (p = 0.090) and mean corpuscular hemoglobin
(p = 0.061) compared to those fed 0% SRU diet. Mean corpuscular hemoglobin concentra-
tions (39.4–39.6 g/dL) were slightly higher than reference values (30–38 g/dL [33]) but did
not differ between the control and SRU diets.

Table 5. Effect of slow-release urea (SRU) supplementation in concentrate diets on hematological
indices of growing cattle.

Parameter 0% SRU 1% SRU 3% SRU SEM p-Value Reference
Values 1

Red cell count (×106 cells/µL) 9.6 9.5 9.7 0.15 0.649 6.5–11.9
Hemoglobin (g/dL) 13.0 a 12.3 b 12.3 b 0.19 0.028 8–14.1

Packed cell volume (%) 33.1 a 31.1 b 31.2 b 0.44 0.007 23–42
Mean corpuscular volume (fL) 34.2 a 33.1 ab 32.6 b 0.44 0.090 26.6–44.3

Mean corpuscular hemoglobin (pg) 13.5 a 13.1 ab 12.8 b 0.18 0.061 9.1–15.6
White cell count (×103 cells/µL) 11.6 10.9 11.9 0.92 0.609 5.6–13.7

Neutrophils (×103 cells/µL) 4.6 3.7 4.5 0.67 0.428 0.6–6.1
Lymphocytes (×103 cells/µL) 6.1 6.4 6.8 0.46 0.527 2.2–8.7

Monocytes (×103 cells/µL) 0.5 0.5 0.5 0.06 0.809 0.1–0.2
Eosinophils (×103 cells/µL) 0.2 0.2 0.2 0.08 0.902 0–0.3
Basophils (×103 cells/µL) 0.3 0.3 0.4 0.03 0.519 0–0.1
Platelets (×103 cells/µL) 580 591 524 48 0.752 220–950

SEM: Standard error of the mean. 1 Reference values were according to Lumsden, et al. [33], Martin and
Lumsden [34], and Mohri, et al. [35]. ab Values in the same row with different superscripts are significantly
different (p ≤ 0.10).

Table 6 depicts the blood biochemical indices in growing bulls fed concentrate diets in
which SBM was replaced with 1% or 3% SRU. Albumin concentrations differed (p < 0.05)
between treatments, but all values were within the normal physiological range. Total pro-
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tein values were significantly lower (p < 0.05) in bulls fed diets containing SRU compared
to bulls fed the control diet and were slightly under the reference values. The activity
of aspartate aminotransferase was lower (p = 0.07) in bulls fed 1% SRU compared with
those fed 0% SRU, whereas a further reduction in aspartate aminotransferase activity was
not observed at 3% SRU. Serum ammonia concentrations were below the toxic limit (i.e.,
5 mg/dL) and did not differ (p > 0.05) between dietary treatments.

Table 6. Effect of slow-release urea (SRU) supplementation in concentrate diet on serum biochemical
indices of growing cattle.

Parameter 0% SRU 1% SRU 3% SRU SEM p-Value Reference
Values 1

Glucose (mg/dL) 101.2 103.0 102.9 2.91 0.879 45–135
Aspartate aminotransferase (IU/L) 66.1 a 56.9 b 62.5 ab 3.03 0.067 <60
Alanine aminotransferase (IU/L) 17.2 14.9 16.6 0.75 0.114 3–18

Gamma-glutamyl transferase (IU/L) 13.4 12.1 11.7 1.13 0.534 <16
Urea (mg/dL) 27.5 28.2 24.4 1.44 0.180 21–54

Uric acid (mg/dL) 0.4 0.4 0.4 - 0.679 -
Albumin (g/dL) 3.7 a 3.4 c 3.6 b 0.03 0.001 2.5–3.8

Ammonia (mg/dL) 0.7 0.7 0.9 0.09 0.105 <5
Total protein (g/dL) 6.8 a 6.6 b 6.5 b 0.09 0.031 6.8–7.5

SEM: standard error of the mean. 1 Reference values were according to EFSA [14], Lumsden, et al. [33], Martin
and Lumsden [34], and Mohri, et al. [35]. a–c Values in the same row with different superscripts are significantly
different (p ≤ 0.10).

4. Discussion

Vegetable protein sources, such as SBM and rapeseed meal, are commonly utilized to
supply RDP in ruminant diets. Emissions from ruminant feeds represent 36% of the GHG
emissions attributed to beef and milk production [3]. Thus, formulating environmentally
friendly ruminant feeds offers an opportunity to mitigate the negative impacts of beef and
milk production on GHG emissions and climate change [7]. Vegetable protein sources
could constitute high CFP due to the impact of cultivation on land-use changes. This has
increased the interest in utilizing NPN sources for providing RDP in ruminant nutrition.
In the experimental design of the in vivo study (experiment 3), we employed a diet refor-
mulation strategy that reduced the feed CFP by using the inclusion of 1% or 3% SRU for
isonitrogenous replacement of SBM in concentrate diets of growing beef cattle. Consistent
with our experimental design, Reddy, et al. [10] reported that feed CFP was decreased by
23% when SBM was replaced by up to 1.2% SRU in a total mixed ration of sheep. Similarly,
replacing cottonseed meal with SRU at a 2% level of concentrate diet reduced the feed
CFP of dairy buffalo by 25% [9]. Moreover, a recent meta-analysis study revealed that
the replacement of vegetable protein sources with an average inclusion of 0.58% DM SRU
reduced the CFP of feed use for milk production by 14.5% [36]. In addition to a reduction
in feed CFP, these previous studies showed that feeding SRU to ruminants could offer other
environmental benefits such as lower global warming potential for meat and milk produc-
tion, lower eutrophication potential and reduction of land and virtual water requirement
for feed. Overall, this information suggests that SRU could be an eco-friendly alternative
to vegetable protein sources in ruminant diets.

As mentioned previously, feed-grade urea is a commonly used NPN source in rumi-
nant diets, but its utilization is limited due to rapid degradation in the rumen, producing
excess ammonia that can increase the risk of ammonia toxicity on animal health and in-
crease nitrogen excretion to the environment [11,37]. Alternatively, coating technologies
have been used to develop SRU with a reduced rate of hydrolysis in the rumen, increas-
ing the synchronization of ammonia and fermentable carbohydrate for microbial protein
synthesis in the rumen. This reduced rate of hydrolyses in the rumen may reduce their
toxicity when supplemented at greater rates compared with feed-grade urea, increasing
their potential to substitute vegetal protein sources and therefore reducing the CFP.
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In the first study, the effect of energy supply and N doses was evaluated on microbial
fermentation in vitro. Microbial fermentation of feed substrates in the rumen produces VFA
and microbial proteins that supply ruminant animals with energy and highly digestible
proteins used for maintenance and production purposes [38]. Thus, strategies aimed at
reformulating ruminant diets with SRU must not impair ruminal fermentation to avoid
negative effects on animal performance. It is noteworthy that the most discerning effects
of supplementing high-forage and high-grain diets with different nitrogen sources (SBM,
SRU and urea) on rumen fermentation were observed at 9 h incubation in the fermentation
vessels. Thus, the effect of treatments on in vitro fermentation characteristics at 9 h were
reported in this study. In general, the present results indicated that supplementation of SRU
in high-forage and high-grain cattle rations did not impair in vitro ruminal fermentation
characteristics. The effect of SRU on ruminal fermentation was similar to that of SBM
when supplemented in high-forage and high-grain cattle diets. Gas production in the
rumen directly results from the microbial digestion of feed substrates and indirectly from
buffering of acids generated as a result of fermentation [39]. Menke [40] indicated that the
amount of gas production reflects the extent and rate of digestion of soluble and insoluble
carbohydrates and the production of VFA. In this study, higher gas production was ob-
tained from the incubation of high-grain diets compared to high-forage diets, possibly due
to greater fermentation of higher non-fibre carbohydrate levels in the high-grain diet [39].
Dose-dependent stimulation of gas production by SRU and urea, when supplemented in
high-grain diets, could suggest that nitrogen supply may have been limiting rumen fermen-
tation. In contrast to the effect of NPN sources (SRU and urea), SBM supplementation did
not increase in vitro gas production, possibly indicating that more soluble protein might be
required to increase the fermentation of the high-grain diets. However, the effect of NPN
sources on increasing total gas production of high-grain diets did not result in greater total
VFA concentration.

Furthermore, the current results indicated that SRU resulted in similar ammonia
accumulation as SBM but lower than that of urea, confirming the reduced hydrolysis of
SRU in the simulated rumen environment. This effect could be explained by the similarity
in the nitrogen disappearance of SRU and that of SBM in the rumen, which is slower
than that of feed-grade urea [41]. This assertion is further supported by the similarity
in the in situ nitrogen degradation estimates when one-third of SBM was replaced by
SRU in diets incubated in the rumen of cows reported herein. In further agreement with
our observation, Garcia-Gonzalez, et al. [19] demonstrated that the dissolution rate of
SRU in the rumen was lower than that of urea, resulting in lower ruminal and blood
ammonia concentrations in steers. This implies that reduced ruminal hydrolysis of SRU
produces lower ammonia concentration that could decrease the risk of ammonia toxicity
and improve nitrogen utilization efficiency through better synchronization of ammonia
with available fermentable energy in the rumen [11]. An increase in rumen pH is a major
contributing factor to the toxicity of urea, as the permeability of the rumen epithelium
to ammonia increases as rumen pH increases [42]. In this study, there was no effect of
supplementing SRU or urea in high-forage diets on the pH of the fermentation vessels. This
is in agreement with previous observations reported when urea or SRU was supplemented
in high-fibre diets similar to the high-forage diets incubated herein [17,43]. However,
supplementing medium and high dosage (i.e., 3.22 mg N and 5.35 mg N) of SRU and
urea in high-grain diets lowered the pH of the fermentation vessels. This observation
is contrary to the assertion that ruminal ammonia from urea could increase ruminal pH,
as ammonia protonates to ammonium [44]. Notably, the lower pH in the present study
was accompanied by an increase in lactic acid accumulation particularly in high-grain
diets supplemented with NPN sources (SRU and urea). The high-grain diet presumably
induced an acidotic condition in the ruminal incubation system, typical of the effect of
high concentrate diets [45]. It is well documented that rapid fermentation of starch in high
concentrate diets results in the accumulation of lactic acid, which induces lower ruminal
pH [45]. Thus, the lower pH found in our study could be attributed to the acidotic potential
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of the high-grain diet, but NPN sources appeared to stimulate this acidotic condition to a
lesser extent for SRU compared to urea. It is noteworthy that the decrease in ruminal pH
was not as dramatic as the elevated level of lactic acid in the urea-based treatments, which
could be related to the counteracting effect of ammonia accumulation on ruminal pH.

It is crucial to consider that reformulating diets with SRU does not impair ruminant
health and performance due to their direct relationship with animal welfare and farm
profitability [46,47]. In this regard, we examined the tolerance of growing cattle to feeding
a high inclusion level of SRU at 3% of the concentrate diet. It is noteworthy that our feeding
trial was not primarily designed to test the effect of SRU in improving the production
performance of cattle. Growth performance parameters are not discussed in the present
paper and only intake data are considered to analyze if SRU exhibits toxicity potential
that affects animal health and consequently affects the production performance of cattle.
Replacement of SBM with 1% or 3% SRU in concentrate diets did not affect the intake
or health of growing bulls, suggesting that feeding up to 3% SRU was well tolerated by
cattle. In agreement with this result, Bourg, et al. [48] have also shown that the inclusion of
3.1% DM of SRU in concentrate diet did not negatively affect the growth performance and
carcass characteristics of steers. The lack of negative effect of SRU on animal performance
is consistent with results of in vitro and in situ experiments which indicated that SRU does
not impair rumen fermentation and feed degradability. Similarly, previous studies have
shown that dietary inclusion up to 1.75% DM SRU did not affect the growth performance of
cattle [16,47,48]. However, other studies have demonstrated positive effects of dietary SRU
on feed efficiency of beef and dairy cattle production [48,49]. A recent meta-analysis showed
that partial replacement of vegetable protein sources with an average SRU inclusion of
0.88% DM diet improved the liveweight gain and feed efficiency of growing and finishing
beef cattle [24]. The authors identified different diet- and production-related factors that
contributed to variations in the performance response of cattle when SRU is supplemented.
Dietary inclusion of corn silage as the forage source was particularly found to improve
liveweight gain and feed efficiency while other roughage sources did not affect these
performance parameters. This positive effect was explained by the high digestible energy
and digestibility value of corn silage which could have provided fermentable carbohydrate
with better synchronization with ammonia to optimize microbial protein synthesis [24].
In contrast, straw was fed as the roughage source in the present study, which might have
partly contributed to the lack of positive effect of SRU on the growth performance of
beef cattle.

Furthermore, the potential of SRU supplementation to cause ammonia toxicity in cattle
was determined by measuring blood hematological and biochemical parameters [50,51].
Excess ammonia produced from rapid ruminal hydrolysis of RDP sources, such as urea,
above the requirement of microbes may be absorbed across the rumen epithelium and
converted to urea in the liver through hepatic detoxification [52]. The liver can remove
ammonia added to the portal blood up to a maximum of 182 mg/min before peripheral
blood concentration increases [53]. The accumulation of ammonia in the blood of urea-fed
cattle is the primary cause of urea toxicity [42]. Serum ammonia concentration is one of
the primary biomarkers used to evaluate urea toxicity [54]. In the current study, serum
ammonia concentrations (0.7–0.9 mg/dL) measured at 1 h post-feeding were below the
toxic limit (i.e., 5 mg/dL) and did not differ between the three dietary treatments. This ob-
servation is consistent with the lack of treatment effect on plasma ammonia concentrations
when 0.55% SRU or 0.50% feed-grade urea were fed to dairy cows [18]. Similarly, the serum
urea concentration measured in this study was not different between treatments and was
within recommended range. Holder, et al. [55] showed that rumen ammonia and plasma
urea were higher in steers fed feed-grade urea compared to those fed SRU at two levels of
dietary CP (12.1% and 10.9%), suggesting that SRU offers a safer alternative to feed-grade
urea. Garcia-Gonzalez, et al. [19] also reported that replacing feed-grade urea with SRU re-
sulted in reduced rumen ammonia concentration and did not increase postprandial plasma
urea concentration. Moreover, aspartate aminotransferase (AST), alanine aminotransferase
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(ALT) and gamma-glutamyl transferase (GGT) are key enzymes that reflect the condition
of liver function and they are associated with the welfare of animals [50,56]. Chronic urea
toxicity could result in intense hepatic nitrogen metabolism, which may be manifested
by higher serum activity of AST, ALT and GGT enzymes in ruminants [50,57]. Thus, the
lack of substantial increase in these key enzymes is further evidence that feeding 3% SRU
did not induce toxicity in growing bulls. Overall, blood hematological and biochemical
indices measured in this study were within the normal physiological ranges for healthy
cows, suggesting that feeding high inclusion level of up to 3% SRU in a concentrate diet
was well tolerated by the bulls and did not exhibit a negative effect on animal health.

5. Conclusions

These results demonstrated that SRU is a viable NPN source that can be utilized
to partially replace vegetable protein sources, such as SBM, without negative impact on
in vitro rumen fermentation and in situ feed degradability under the current experimental
conditions. Replacement of vegetable protein sources with SRU could reduce the CFP of
ruminant diets, thereby contributing to lower environmental impacts of ruminant milk and
meat production. Moreover, dietary inclusion of SRU can be tolerated at up to 3% in cattle
diets without negative impacts on feed intake and health indices of bulls.
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S8. Isovaleric acid concentration (mM) measured in an in vitro fermentation model. Table S9.
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volatile fatty acids concentration (mM) measured in an in vitro fermentation model. Table S11. 2-
methylbutyric acid concentration (mM) measured in an in vitro fermentation model. Table S12. pH
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fermentation model. Table S15. Total volatile fatty acids concentration (mM) measured in an in vitro
fermentation model.
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