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Two consecutive trials were conducted to investigate the effects of glucosinolates (GLS) in rapeseed cake
(RSC) on nitrogen (N) metabolism and urine nitrous oxide (N2O) emissions in steers. In trial 1, 8 steers
and 4 levels of RSC, i.e. 0%, 2.7%, 5.4% and 8.0% dry matter (DM) (0, 6.0, 12.1, 18.1 mmol GLS/g DM) were
allocated in a replicated 4 � 4 Latin square. In trial 2, the static incubation technique was used for
measuring the N2O emissions of the urine samples collected from trial 1. The results of trial 1 indicated
that dietary inclusion of RSC decreased the digested N and increased the fecal N excretion (P < 0.01),
whereas it did not affect the urinary N excretion, total N excretion and N retention (P > 0.10). Dietary
inclusion of RSC decreased the urinary excretion of urea while it increased allantoin, total purine de-
rivatives, the predicted rumen microbial N flow and thiocyanate (SCN) (P < 0.05). Dietary inclusion of RSC
did not affect the plasma triiodothyronine and thyroxine while it down-regulated the plasma relative
concentrations of 4-aminohippuric acid, 3a,7a-dihydroxycoprostanic acid, phosphatidylserine (14:0/
16:0), 6b-hydroxyprogesterone, pyrrhoxanthinol, tatridin B, mandelonitrile rutinoside, taraxacoside
(P < 0.05), and up-regulated hypoglycin B, neuromedin N (1-4), dhurrin, 5-deoxykievitone (P < 0.01). The
results of trial 2 indicated that dietary RSC increased the steer urine N2OeN fluxes, the ratio of N2OeN to
N application and the estimated steer urine N2OeN emissions (P < 0.01). A close correlation was found
between the estimated steer urine N2OeN emissions and the output of urinary SCN (P < 0.001). In
conclusion, dietary RSC increased the fecal N excretion, whereas it did not affect the urinary N excretion
and the N retention rate in steers. Dietary RSC increased rather than decreased the urine N2OeN
emissions even though it decreased the urinary excretion of urea. The SCN excreted in urine could be the
major factor in increasing the urine N2OeN emissions. Whether other metabolites excreted into urine
from RSC have an impact on the urine N2OeN emissions in steers needs to be investigated in the future.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nitrous oxide (N2O) is a potent greenhouse gas with a global
warming potential about 296 times greater than carbon dioxide
iation of Animal Science and
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(CO2) (WMO , 2017). Livestock farming results in approximately
53% of the anthropogenic N2O emissions, which are equal to 39.3%
of the total agricultural N2O emissions (FAO, 2015). The N2O
emissions from livestock are considerably emitted from the excreta
deposition, particularly the urine from grazing animals (Di and
Cameron, 2002).

N2O is produced from the excreta of animals during storage
and fertilization in the processes of nitrogen (N) transformation
by microorganisms (Clough et al., 2020). Four pathways
including nitrifier nitrification, nitrifier denitrification, denitrifi-
cation, and nitrification coupled denitrification by denitrifiers are
identified for N2O formation in soil (Zhu et al., 2013). Nitrification
is the metabolic pathway by which microorganisms oxidize
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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Table 1
Ingredients and nutritional composition of the experimental rations (DM basis).

Item Dietary levels of RSC, % DM

0 2.7 5.4 8.0

Ingredients, %
Corn 27.50 28.30 28.90 29.15
Corn gluten meal 5.60 3.73 2.00 0.10
Soybean meal 5.35 4.32 3.20 2.20
RSC 0.00 2.65 5.35 8.00
Sodium chloride 1.00 1.00 1.00 1.00
Sodium bicarbonate 1.00 1.00 1.00 1.00
Premix1 2.00 2.00 2.00 2.00
Corn silage 57.55 57.00 56.55 56.55

Total 100.00 100.00 100.00 100.00
Nutritional composition
NEmf2, MJ/kg 5.42 5.50 5.48 5.48
OM, % 89.52 89.42 89.41 89.68
CP, % 11.96 12.06 12.04 11.93
RDP3, % CP 64.53 63.52 61.42 58.18
RUP3, % CP 35.47 36.48 38.58 41.82
ADIP, % CP 7.85 8.45 9.11 10.09
Neutral detergent fiber, % 44.85 44.14 44.52 44.91
Acid detergent fiber, % 25.54 25.49 25.99 26.46
Ether extract, % 1.49 1.80 1.82 2.05

GLS and metabolites, mmol/g
GLS 0.00 5.99 12.10 18.09
SCN 0.00 0.01 0.02 0.03

Total 0.00 6.00 12.12 18.12

DM ¼ dry matter; RSC ¼ rapeseed cake; NEmf ¼ net energy for maintenance and
fattening; OM ¼ organic matter; CP ¼ crude protein; RDP ¼ rumen degradable
protein; RUP ¼ rumen undegradable protein; ADIP ¼ acid detergent insoluble
protein; GLS ¼ glucosinolates; SCN ¼ thiocyanate.

1 Provided per kilogram DM of ration: 54mg Zn (ZnSO4); 70mg Fe (FeSO4); 38mg
Mn (MnSO4); 12.8 mg Cu (CuSO4); 1.2 mg I (KI); 0.17 mg Se (Na2SeO3); 0.6 mg Co
(CoCl2); 2.31 mg vitamin A; 75 mg vitamin D3.

2 NEmf was calculated according to Feng (2000).
3 The contents of RDP and RUP were calculated according to NRC (2001) based on

the nitrogenous fractions of feeds analyzed using themethods of Licitra et al. (1996).
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ammonium (NH4
þ) to produce nitrate (NO3

- ) with several inter-
mediate products including hydroxylamine and nitrite (NO2

- ),
while denitrification is the pathway by which microorganisms
reduce NO3

- to nitrogen gas (N2) with several intermediate
products including NO2

- , nitric oxide (NO) and N2O (Levy-Booth et
al., 2014). The N2O emissions from urine are generally higher
than emissions from feces in cattle because urea accounts for the
major part of urinary N (Dijkstra et al., 2013) which could be
easily degraded into NH4

þ-N and used as the precursor of N2O in
soil (Whitehead et al., 1989).

Approaches to mitigate N2O emission from animal excreta
include decreasing the total N excretion, regulating the fecal N-to-
urinary N ratio, and supplementing tannins and tannic acids to
rations (Zhao, 2017; Zhao et al., 2020; Zhou et al., 2019). A recent
method to mitigate the N2O emissions from the urine patches of
grazing ruminants is to use dicyandiamide (DCD) which is an
exogenous nitrification inhibitor (NI). It was reported that DCD
loading within urine patches at 10 to 30 kg DCD/ha reduced the
N2O emission factor (EF3, % N applied) by 34% to 64% (Minet et al.,
2018). However, it is difficult to achieve a synchronism between
the urinary N loading and the DCD application (Clough et al.,
2020) because DCD is easily degraded in soil (McGeough et al.,
2016). Supplementing DCD in the ration of dairy cows effectively
reduced the urine N2OeN emissions because part of DCD was
excreted into urine (Minet et al., 2018). However, about 1% of
orally administered DCD to lactating dairy cows was recovered in
milk (Welten et al., 2016), suggesting the potential negative effects
of feeding DCD on milk quality and human health. Thus, it is
necessary to find efficient endogenous NI that could be excreted
into ruminant urine.

It was reported that the N2O emission from the urine of sheep
fed fresh forage rape (Brassica napus L.) was much lower than fed
fresh perennial ryegrass (Lolium perenne L.) (EF3 0.11% vs. 0.27%)
and it was inferred that the effect could be caused by glucosino-
lates (GLS) in forage rape (Luo et al., 2015). In a laboratory static
incubation, it was found that adding different types of iso-
thiocyanates (ITC) from GLS hydrolysis decreased the N2O emis-
sions from the soil applied with urea to different extents, while
adding phenethyl ITC reduced the N2O emission by 51% (Balvert
et al., 2017), indicating direct addition of ITC effectively inhibited
the soil microbes such as NH4

þ-oxidizing bacteria (Bending and
Lincoln, 2000; Aires et al., 2009). These results suggested that
the metabolites excreted in urine from brassica forages had
inhibitive effects on the urine N2O emissions in ruminants.
However, Hoogendoorn et al. (2016) reported that the EF3 of N2O
from the urine of sheep grazing on forage rape (Brassica napus L.)
was higher than on the perennial ryegrass/white clover pasture
(L. perenne L./Trifolium repens). Balvert (2018) also reported that
the total N2O emissions of urine from cattle fed kale (Brassica
oleracea L.) were higher than fed the perennial ryegrass/white
clover pasture (L. perenne L./T. repens). The reasons for the con-
tradictory results are unclear and the effects of Brassica forages on
N2O emissions are inconclusive.

Rapeseed cake (RSC), which is the by-product of rapeseeds
after oil extraction, is an important protein supplement for
livestock and also contains high levels of GLS. The objectives of
this study were to investigate the effects of dietary inclusion of
RSC containing high GLS on the N metabolism and urinary
nitrogenous components in steers, to clarify if the metabolites of
GLS in RSC could be excreted into steer urine, to explore the
effects of the metabolites on the urine N2O emissions, and to
elucidate the mechanisms of the effects of GLS and metabolites
on the urinary composition and animal health using plasma
metabolome.
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2. Materials and methods

2.1. Ethics statement

The use of animals and experimental procedures was approved
by the Animal Care and Use Committee of China Agricultural Uni-
versity, Beijing, China (No. 20130611e1).
2.2. Animal experiment (trial 1)

Eight Simmental steers (initial body weight [BW] 219 ± 14 kg
aged at 10 months) were used as the experimental animals. Four
levels of RSC, i.e. 0%, 2.7%, 5.4% and 8.0% of dry matter (DM) (GLS
contents: 0, 6.0, 12.1, 18.1 mmol/g DM) were included in the ra-
tions (Table 1) as experimental treatments, respectively. The
animals and the treatments were randomly assigned in a
replicated 4 � 4 Latin square design. The dietary crude protein
(CP) and net energy for maintenance and fattening (NEmf) were
1.2 times the maintenance requirements for the steers (Feng,
2000). Each animal was supplied with 3.5 kg DM of total
mixed ration (TMR) daily, which was about 90% of the ad libitum
DM intake. No orts from the animals were left during the
experiment. The animals were kept in individual pens. The daily
TMR was divided into 2 equal portions and fed to each animal at
07:00 and 16:00, respectively. The animals had free access to
fresh drinking water. Each experimental period included 15 d for
adaptation and 5 d for sampling.

The feces from each animal were totally collected daily using a
plastic bucket during the sampling period. The daily output of the
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feces from each animal was recorded, and 2% of the total was
sampled and mixed with 20 mL H2SO4 (10%, vol/vol) per 100 g of
feces to keep the pH < 3.0 to prevent the N loss. The total urine from
each animal was also collected using a rubber funnel connected by
polyvinyl chloride pipe to a plastic barrel surrounded by ice packs.
The daily urine output was recorded and homogenized, and 1% of
the total urine from each steer was sampled and mixed with
10 mL H2SO4 (10%, vol/vol) per 70 mL urine to keep the pH < 3.0 to
prevent the N loss, while another urine sample was taken without
adding H2SO4. The feeds were also sampled daily during the sam-
pling periods. All the samples were stored at �20 �C for later
analysis. A blood sample was taken from the jugular vein of each
animal 3 h after feeding in the morning on the last day of each
experimental period. The blood samples were centrifuged at 2,000
� g for 15 min to obtain the plasma samples which were then
stored at �80 �C for later analysis.

2.3. Static incubation experiment (trial 2)

The static incubation technique (Bao et al., 2018) was used to
determine the N2O emissions from the urine samples collected in
trial 1. The soil for static incubation of steer urine (sand 50.4% dry
weight [DW], clay 4.0% DW, and silt 45.6% DW; pH-KCl 7.57;
0.91 g N/kg soil DW; water content 15.9% [wt/wt]) was collected
from a crop field at the depth of 0 to 20 cm in Shandong province,
China (37�1301200N, 118�101200E). The soil was screened through a
sieve with 2 mm in pore size.

Glass jars which were 14 cm in length, 8.5 cm in internal
diameter, and 560 mL in scaled volume were used as the vessels
for static incubation. Each jar was packed with 274.8 g of soil DW,
5 cm in height, and 1.16 g soil DW/cm3 in bulk density. Approxi-
mately 320 mL headspace of air was left over the soil in each jar.
The soil moisture content was adjusted to 19.7% (wt/wt) by adding
distilled water. The jars were covered by parafilm (Bemis Com-
pany, Inc.) with 4 mini holes to allow the exchange of air and pre-
incubated at 25 ± 0.1 �C in a biochemical incubator (SHP-250,
Shanghai Peiyin Instrument Co., Ltd., China) for 3 d-stabilization.
The soil moisture content was kept at 19.7% by adding distilled
water during pre-incubation. Then 10 mL urine sample without
adding H2SO4 was added to the surface of the soil in each jar at
different points to yield the water-filled pore space (WFPS) at 60%.
Then the jars were incubated in a biochemical incubator at
25 ± 0.1 �C (SHP-250, Shanghai Peiyin Instrument Co., Ltd., China).
During incubation, the WFPS of the soil was kept at 60% by adding
distilled water based on the weight loss of each jar every 3 d.
Three jars were used as the replicates for each urine sample to
determine the daily N2O emission during 15 d-incubation, while
10 jars for each urine sample were used as the replicates for soil
sampling, of which 2 jars were used for soil sampling every 3 d.
Three jars containing soil without adding urine but 10 mL distilled
water were used as the blanks.

Gas sampling was conducted using the methods of Sanchez-
Martín et al. (2017) and Kool et al. (2006) with slight modifica-
tions. At 09:00 on d 2 after urine application, the parafilm on each
jar was removed and a mini fanwas used to blow into it for 15 min.
Then, each jar was covered by a rubber stopper fitted with a glass
tube and a valve. Immediately, 20 mL gas in each jar was sampled
using a syringe. A second 20 mL gas sample was collected after
20 min. Since a regression relationship between the N2OeN fluxes
and the 2 successive sampling time points (0 and 20 min) was
found to be linear (R2 > 0.99) (Bao et al., 2018), 2 gas samples taken
at t0 min and t20 min were used for predicting the daily N2OeN
emissions. At d 0, 3, 6, 9, 12 of incubation, 2 jars of each urine
sample were used for soil sampling. At the end of incubation, the
last 3 jars of each urine sample used for determining the daily
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N2OeN emissions were also used for soil sampling. All the soil
samples were stored at �20 �C.

2.4. Chemical analysis

2.4.1. Feeds, feces and urine
The feces and the corn silage were lyophilized using a LGJ-12

freeze dryer (Bejing Songyuan Huaxing Technology Development
Co., Ltd, Beijing, China). The fecal samples were milled using a
mortar with a pestle and the daily fecal samples from each animal
during each experimental period were composited as one sample.
The freeze-dried corn silage and other feeds were ground and
screened through a sieve with a pore size of 1 mm.

The DM in feeds and feces was determined in an oven at 105 �C
using the AOAC method No. 934.01 (2012). The crude ash and ether
extract (EE) of feeds were determined using AOAC (2012) methods
No. 942.05 and 920.39, respectively. The organic matter (OM)
content was calculated by DM minus crude ash. The neutral
detergent fiber (aNDF) and acid detergent fiber (ADF) of feeds in-
clusive of residual ash were analyzed on an Ankom A200i Fiber
Analyzer (Ankom Technology Corp., USA) using the methods of Van
Soest et al. (1991). The rumen degradable protein (RDP) and rumen
undegradable protein (RUP) of feeds were predicted according to
NRC (2001) based on the nitrogenous fractions of feeds (PA, PB1,
PB2, PB3, PC) analyzed using themethods of Licitra et al. (1996). The
total N of feeds, feces and urine was analyzed using the Kjeldahl
procedures according to AOAC (2012) method no.988.05. The CP
content of feeds was calculated by the total N content multiplied by
6.25.

Urinary urea and creatinine were analyzed by colorimetric
methods using commercial kits (Nanjing Jiancheng Bioengineering
Institute, Jiangsu, China) on an ultraviolet spectrophotometer (UV-
1801, Beijing Beifen Ruili Analytical Instrument Co., Ltd, Beijing,
China). The urinary hippuric acid was analyzed according to China
Hygienic Standard (WS/T 52-1996a). The urinary purine derivatives
(PD) including uric acid and allantoin were analyzed according to
the methods of Chen and Gomes (1992). The rumen microbial N
flow was predicted based on the urinary total PD using the method
of Chen and Ørskov (2004). The urinary thiocyanate (SCN) was
analyzed according to China Hygenic Standard (WS/T 39-1996b).
The urinary goitrin and ITC were analyzed using the methods of
Thomke et al. (1998) and Matth€aus and Fiebig (1996), respectively.
The GLS in RSC was extracted using the method of Tholen et al.
(1989) and analyzed using the method of Wathelet et al. (1988)
with slight modification.

2.4.2. Analysis of plasma biochemical indices
The plasma total protein (TP), albumin (ALB), total cholesterol

(TC), triglyceride, glucose and urea were analyzed on a biochemical
analyzer (A7, Beijing Shining Sun Technology Co., Ltd, Beijing,
China) using commercial kits (BioSino Bio-Technology and Science
Inc., Beijing, China). The plasma total antioxidant capacity (T-AOC)
was analyzed using commercial kit (HY-60021, Beijing Sino-UK
Institute of Biological Technology, Beijing, China) on a biochem-
ical analyzer (A7, Beijing Shining Sun Technology Co., Ltd, Beijing,
China). Considering metabolites of GLS could cause the goiter of
animals (Halkier and Gershenzon, 2006), the plasma triiodothyro-
nine (T3) and thyroxine (T4) were analyzed using enzyme-linked
immunosorbent assay (ELISA) kits (BioSino Bio-Technology and
Science Inc., Beijing, China) on a microplate reader (DR-200BS,
Wuxi Hiwell Diatek Instruments Co., Ltd, Jiangsu, China). The
plasma SCN was analyzed according to China Hygiene Standard
(WS/T 39-1996b). The plasma goitrin and ITC were analyzed us-
ing the methods of Thomke et al. (1998) and Matth€aus and Fiebig
(1996), respectively.
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2.4.3. Analysis of plasma metabolome
The extraction of plasmametabolites from the animals fed 0 and

8.0% RSC rations for LC/MS analysis was according to the method of
Wang et al. (2019). Briefly, 100 mL of each plasma sample was mixed
with 300 mL of the extracted solution (acetonitrile:methanol ¼ 1:1,
vol/vol) and 20 mL of the internal standard (DL-o-chlor-
ophenylalanine). The mixture was homogenized on a high
throughput tissue crusher (Wonbio-96c, Shanghai Wanbo
Biotechnology Co., Ltd, Shanghai, China) at 50 Hz for 6 min, fol-
lowed by vortex treatment for 30 s and ultrasonic treatment at
40 kHz for 30 min at 5 �C. The mixture was centrifuged at 13,000 �
g for 15 min at 4 �C and the supernatant was used for LC/MS
analysis.

The LC/MS analysis was performed using a UPLC-TripleTOF
system (AB Sciex, Framingham, MA, USA) with a Waters Acquity
HSS T3 column (100mm� 2.1 mm i.d., 1.8 mm,Waters, Milford, MA,
USA) preheated to 40 �C. The volume of each sample for injection
was 10 mL. The mobile phase consisted of 0.1% (vol/vol) formic acid
in water (phase A) and 0.1% (vol/vol) formic acid in a mixture of
acetonitrile and isopropanol (1:1, vol/vol) (phase B) at a flow rate of
0.40 mL/min. The elution gradient was used as: 0 to 3.0 min, 5% to
20% phase B; 3.0 to 9.0min, 20% to 95% phase B; 9.0 to 13.0min, 95%
phase B; 13.0 to 13.1 min, 95% to 5% phase B; 13.1 to 16 min, 5%
phase B. The parameters of the electron spray ionization (ESI)
source were set according to Liu et al. (2019). The quality control
(QC) samples were prepared by mixing all extracted plasma sam-
ples and were injected at regular intervals (every 5 samples).

2.4.4. Processing of metabolome data
The LC/MS raw data were generated by Waters MassLynx

Software (version 4.1, Waters Corporation, Milford, MA, USA). The
Progenesis QI (version 2.3, Nonlinear Dynamics, Newcastle, UK)
was used to process the raw data for peak detection and align-
ment. The human metabolome database (HMDB, http://www.
hmdb.ca/) and the Metlin database (http://metlin.scripps.edu/)
were used to identify the metabolites. The multivariate statistical
analyses including the principal component analysis (PCA) and the
orthogonal partial least squares discrimination analysis (OPLS-DA)
were performed using the ropls package (version 1.6.2, R software)
from Bioconductor on Majorbio Cloud Platform (https://cloud.
majorbio.com). The differential metabolites between treatments
were identified based on the variable importance (VIP) from the
OPLS-DA analysis and the student's t-test (VIP >1 and P < 0.05).
The fold-change (FC) value of each metabolite was calculated by
comparing the means of the peak area, and the log2FC value was
used to indicate the specific variable quantity in the comparison.

2.4.5. Analysis of N2O in gas and NO3
--N and NH4

þ-N in soil
The N2O concentration of the gas samples was analyzed ac-

cording to the method of Bao et al. (2018) on a gas chromatograph
(3420A, Beijing Beifen Tianpu Instrument Technology Co. Ltd, Bei-
jing, China) equipped with an electron capture detector (ECD), 2
Porapak Q columns (2 m in length, 3 mm in internal diameter,
Beijing Beifen Tianpu Instrument Technology Co. Ltd, Beijing,
China). The NO3

--N and NH4
þ-N of soil samples were analyzed ac-

cording to China National Standard (GB/T 32737-2016) and China
National Environmental Protection Standard (HJ 634-2012) on a
spectrophotometer (K5500, Beijing Kaiao Technology Development
Co., Ltd, Beijing, China), respectively.

2.5. Calculations

The rumen microbial N flow was predicted according to the
method of Chen and Ørskov (2004) based on the total urinary PD
output including uric acid and allantoin:
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Y ¼0:85X þ 0:147BW0:75 ;

where Y refers to the total urinary PD (mmol/d); X, the absorbed PD
(mmol/d); BW0.75, the metabolic body weight of steers (kg); 0.85,
the recovery rate of absorbed purines as PD in urine; 0.147, the
endogenous PD excretion (mmol/kg BW0.75 per d).

Microbial N flow ¼ ðX � 70Þ=ð0:116� 0:83� 1;000Þ
¼ 0:727X ;

where the unit for microbial N flow is g/d; X refers to the absorbed
PD (mmol/d); 70, the N content of purines (mg N/mmol); 0.116, the
ratio of purine N/total N in mixed rumen microbes; 0.83, the di-
gestibility of microbial purines.

The daily N2OeN flux was calculated according to the method of
Watanabe et al. (1997):

F¼273=ð273þTÞ�28�1440�10�3�ðV =22:4Þ�ðdc=dtÞ=W ;

where F refers to the N2OeN flux (mg N2OeN/kg soil DW per d);
273, the Kelvin temperature; T, the incubation temperature (�C); 28,
the mass of N in N2O (g/mol); 1,440, the total minutes of 1 d (min);
V, the volume of each jar over soil (L); dc/dt, the average changing
rate of N2O concentrationwith time (nL/L per min); 22.4, the molar
volume of gas at 273 K (L/mol); W, the DW of soil in each jar (kg).

The 15 d-cumulative N2OeN fluxes (FCumulative) of 10-mL urine
sample was calculated as:

FCumulative ¼ F1 þ F2 þ…þ F15 ;

where F1, F2,… F15 (mg N2OeN/kg soil DW per d) refer to the N2OeN
emissions of d 1, 2,… 15, respectively and the unit of FCumulative is mg
N2OeN/kg soil DW.

The estimated steer urine N2OeN emissions (E, mg) was calcu-
lated as:

E¼ FCumulative � U=10�W ;

where FCumulative refers to the 15 d-cumulative N2OeN flux of 10 mL
urine sample applied to soil, mg N2OeN/kg soil DW; U, the daily
urine volume of each steer, mL; W, the DW of soil in each jar, kg.

The ratio of N2OeN to applied urine-N was calculated as:

N2OeN to applied urine-N ratio
¼ (Urine sample N2OeN emissions e Blank N2OeN emissions)

/Urine sample-N � 100% ,

where the unit for N2OeN emissions and urinary sample-N is
micrograms.
2.6. Statistical analysis

The data were subjected for statistical analysis using PROC
MIXED procedure of SAS (version 9.4; SAS Inst. Inc., Cary, NC) using
the following model:

Yijk ¼ m þ Ti þ Pj þ Ck þ eijk ,

where Yijk is the dependent variable, m is the overall mean, Ti is the
ith effect of ration, Pj is the jth effect of period, Ck is the kth random
effect of animal, and eijk is the residual experimental error. The
statistical model included the random effect of animals (n ¼ 8) and
periods (n ¼ 4), and fixed effects of rations (n ¼ 4) for some vari-
ables. Linear and quadratic contrasts were used to test the effect of

http://www.hmdb.ca/
http://www.hmdb.ca/
http://metlin.scripps.edu/
https://cloud.majorbio.com
https://cloud.majorbio.com
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increasing levels of RSC. Multiple linear regression analysis be-
tween the estimated steer urine N2OeN emissions and the outputs
of urinary constituents was performed using the stats package of R
software (version 3.3.3). The fitted curve equation for all values of
the cumulative N2OeN in each treatment was analyzed by the
basicTrendline package of R software (version 3.3.3). The data were
declared significant when P < 0.05 and trends were indicated at
0.05 < P < 0.10. All values were presented as least-squares
means ± standard errors of means (SEM).

3. Results

3.1. Animal experiment (trial 1)

3.1.1. N utilization and liveweight gain
Dietary inclusion with RSC decreased the digested N (P ¼ 0.003)

and increased the fecal N excretion (P < 0.001) in a linear manner
and did not affect the urinary N excretion (P ¼ 0.452), resulting in a
linear increase in the ratio of fecal N to urinary N (P ¼ 0.035). Di-
etary inclusion with RSC did not affect the total N excretion, N
retention, N retention rate and daily liveweight in steers (P > 0.10,
Table 2).

3.1.2. Plasma indices
Dietary inclusion with RSC did not affect the plasma concen-

trations of T3 and T4 (P > 0.10, Table 3), and the TP, ALB, urea,
glucose, TC, triglyceride, and T-AOC (P > 0.10). Dietary inclusion
with RSC linearly increased the plasma concentration of SCN
(P < 0.001) while goitrin and ITC were undetectable at the limits of
1 mg/L and 7 mg/L plasma, respectively.

3.1.3. Plasma metabolome indices
The LC/MS detected 687 valid peaks that were unique and non-

overlapping in plasma samples. After quality control, 578 com-
pounds were obtained from the peaks. No obvious separation of the
PCA plot was detected between treatments of adding RSC at 0 and
8.0% DM (Fig. 1). Clear separation of the plasma metabolites was
found between treatments of adding RSC at 0 and 8.0% DM, as
shown in the OPLS-DA score plots (Fig. 1). The R2Y intercepts (0.90
and 0.91 > 0.50) and the Q2 intercepts (�0.28 and �0.12 < 0.00) of
the permutation test in Fig. 1 showed that the model had no over-
fitting, and it was effective and satisfactory to identify the plasma
differential metabolites based on the VIP values of OPLS-DA
analysis.

Combined with the statistical analysis and the VIP values ob-
tained from the OPLS-DA analysis, 12 different metabolites that
differentiate between treatments of adding RSC at 0 and 8.0% DM
Table 2
Effects of feeding RSC containing high GLS on the N metabolism in steers (g/d).

Item Dietary levels of RSC, % DM

0 2.7 5.4

Daily liveweight gain, kg 0.28 0.33 0.32
Ingested N 66.67 67.25 67.57
Digested N 38.77a 38.20a 38.49a

N excretion
Fecal N 27.90a 29.05a 29.08a

Urinary N 22.82 23.34 22.20
Fecal N to urinary N ratio 1.24 1.26 1.34
Total N excretion 50.72 52.39 51.28

N retention 15.95 14.87 16.29
N retention rate1, % 23.92 22.11 24.11

RSC ¼ rapeseed cake; GLS ¼ glucosinolates; N ¼ nitrogen; LW ¼ liveweight.
a,b Means in the same row with different superscripts differ (P < 0.05, n ¼ 8).

1 N retention rate ¼ N retention/ingested N � 100.
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were identified (P < 0.05, FC > 1.20 or < 0.83, VIP >1, Table 4).
Compared with 0 RSC, adding RSC at 8.0% DM downregulated the
plasma relative concentrations of 4-aminohippuric acid, 3a,7a-
dihydroxycoprostanic acid, phosphatidylserine (14:0/16:0), 6b-
hydroxyprogesterone, pyrrhoxanthinol, tatridin B, mandelonitrile
rutinoside and taraxacoside (P < 0.05), and upregulated the plasma
hypoglycin B, neuromedin N (1-4), dhurrin and 5-deoxykievitone
(P < 0.05).

3.1.4. Urinary nitrogenous components and GLS metabolites
Dietary inclusion with RSC linearly decreased the daily urine

volume (P ¼ 0.046), the urinary urea excretion (P ¼ 0.001) and the
urea-N-to-urinary N ratio (P ¼ 0.004), linearly increased the uri-
nary excretions of allantoin (P ¼ 0.023) and the total urinary PD
(P ¼ 0.027), the ratios of allantoin-N-to-urinary N (P ¼ 0.043) and
the PD-N-to-urinary N (P ¼ 0.048), and the predicted rumen mi-
crobial N flow (P ¼ 0.028), whereas it did not affect the urinary
excretions of hippuric acid, creatinine and uric acid (P > 0.10). Di-
etary inclusion with RSC tended to increase the urinary N con-
centration (P ¼ 0.072).

Dietary inclusion with RSC linearly increased both the urinary
concentration and the excretion of SCN (P < 0.001) (Table 5)
whereas other metabolites of GLS including goitrin and ITC were
undetectable in urine at the limits of 1 mg/L and 7 mg/L,
respectively.

3.2. Static incubation experiment (trial 2)

3.2.1. Urine N2OeN fluxes
The urine N2OeN fluxes increased from d 1 to 4 and decreased

after d 4 during incubation (Fig. 2A). The peak N2OeN fluxes were
observed on d 3 or 4 and came to zero after d 13 during incubation.
The cumulative N2OeN fluxes increased from d 1 to 9 and nearly
reached the maximum levels after d 9 (Fig. 2B). Close exponential
correlations were found between the cumulative N2OeN flux (Y)
and the incubation days (X) (Fig. 2B). Results in Table 6 showed that
dietary inclusionwith RSC linearly increased the 15 d-urine sample
N2OeN flux, the ratio of N2OeN to N application, and the estimated
steer urine N2OeN emissions (P < 0.001).

3.2.2. NH4
þ-N and NO3

--N in soil
Dietary inclusion with RSC tended to linearly increase the soil

concentrations of NH4
þ-N on d 0 (P ¼ 0.056) and 6 (P ¼ 0.051,

Fig. 3) and linearly increased the average soil concentrations of
NH4

þ-N (P ¼ 0.031), while it did not affect the soil concentrations
of NO3

--N and the average soil concentrations of NO3
--N

(P > 0.10, Fig. 3).
SEM P-value

8.0 Ration Linear Quadratic

0.36 0.04 0.513 0.176 0.877
66.94 e e e e

36.46b 1.12 0.007 0.003 0.099

30.48b 1.12 0.005 <0.001 0.772
22.33 1.18 0.688 0.452 0.803
1.37 0.07 0.178 0.035 0.891
52.80 1.80 0.234 0.158 0.927
14.14 1.80 0.221 0.264 0.493
21.12 2.69 0.236 0.234 0.614



Table 3
Effects of feeding RSC containing high GLS on the plasma biochemical parameters in steers.

Item Dietary levels of RSC, % DM SEM P-value

0 2.7 5.4 8.0 Ration Linear Quadratic

Nutrients
TP, g/L 54.24 52.85 52.93 51.78 3.93 0.819 0.382 0.948
ALB, g/L 16.98 16.78 17.22 16.42 0.662 0.659 0.554 0.515
Urea, mmol/L 1.75 1.78 1.83 1.75 0.172 0.947 0.930 0.631
Glucose, mmol/L 3.61 3.53 3.45 3.60 0.178 0.707 0.839 0.301
TC, mmol/L 1.25 1.36 1.47 1.39 0.162 0.265 0.155 0.246
Triglyceride, mmol/L 0.731 0.671 0.735 0.657 0.048 0.403 0.389 0.825

Hormones
T3, ng/mL 1.10 1.01 1.06 1.23 0.11 0.592 0.399 0.268
T4, ng/mL 53.18 52.85 54.44 55.72 2.68 0.721 0.302 0.678

Antioxidant
T-AOC, U/mL 11.54 11.48 13.84 13.83 1.68 0.353 0.120 0.985

GLS metabolites
SCN, mmol/L 0.00a 24.48b 61.72c 87.07d 4.83 <0.001 <0.001 0.919
Goitrin, mmol/L ND ND ND ND e e e e

ITC, mmol/L ND ND ND ND e e e e

RSC ¼ rapeseed cake; GLS ¼ glucosinolates; TP ¼ total protein; ALB ¼ albumin; TC ¼ total cholesterol; T3 ¼ triiodothyronine; T4 ¼ thyroxine; T-AOC ¼ total antioxidant
capacity; SCN ¼ thiocyanate; ND ¼ undetectable; ITC ¼ isothiocyanate.
a-d Means in the same row with different superscripts differ (P < 0.05, n ¼ 8).

Fig. 1. Plot of principal component analysis (PCA) (A), orthogonal partial least squares discrimination analysis (OPLS-DA) score (B), OPLS-DA permutation (C) in the positive model,
and plot of PCA (D), OPLS-DA score (E), OPLS-DA permutation (F) in the negative model of plasma samples corresponding to the comparison between the steers fed with 0% and 8.0%
rapeseed cake (RSC) (dry matter basis). PC ¼ principal component; Comp ¼ component.
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Table 4
Differential plasma metabolites in steers fed with 8.0% versus 0 RSC (DM basis) using a VIP threshold of 1 (fold change > 1.20 or < 0.83).

Chemical taxonomy Metabolite name VIP Log2FC P-value

Super class Sub class

Downregulated
Benzenoids Benzoic acids and derivatives 4-aminohippuric acid 1.35 �0.33 0.017
Lipids and lipid-like molecules Bile acids, alcohols and derivatives 3a,7a-dihydroxycoprostanic acid 3.61 �0.39 0.002
Lipids and lipid-like molecules Glycerophosphoserines Phosphatidylserine (14:0/16:0) 3.96 �0.58 0.001
Lipids and lipid-like molecules Pregnane steroids 6b-hydroxyprogesterone 2.77 �0.36 0.012
Lipids and lipid-like molecules Terpene lactones Pyrrhoxanthinol 2.27 �0.46 0.028
Lipids and lipid-like molecules Terpene lactones Tatridin B 2.60 �0.55 0.043
Organic oxygen compounds Carbohydrates and carbohydrate conjugates Mandelonitrile rutinoside 2.40 �0.50 0.042
Organic oxygen compounds Carbohydrates and carbohydrate conjugates Taraxacoside 2.46 �0.30 0.033

Upregulated
Organic acids and derivatives Amino acids, peptides, and analogues Hypoglycin B 4.83 1.24 <0.001
Organic acids and derivatives Amino acids, peptides, and analogues Neuromedin N (1-4) 5.97 1.92 <0.001
Organic oxygen compounds Carbohydrates and carbohydrate conjugates Dhurrin 2.85 0.39 <0.001
Phenylpropanoids and polyketides Isoflavans 5-deoxykievitone 4.37 0.84 <0.001

RSC ¼ rapeseed cake; DM ¼ dry matter; VIP ¼ variable importance; FC ¼ fold-change.

Table 5
Effects of feeding RSC containing high GLS on the urinary components in steers.

Item Dietary levels of RSC, % DM SEM P-value

0 2.7 5.4 8.0 Ration Linear Quadratic

UN, g/L 2.48 2.39 2.91 2.77 0.34 0.101 0.072 0.882
Urea excretion, mmol/d 573.19a 576.68a 498.12b 472.45b 35.92 0.006 0.001 0.507
Urea-N-to-UN ratio, % 70.30a 68.85a 63.18ab 59.22b 2.92 0.027 0.004 0.627
Hippuric acid excretion, mmol/d 7.39 8.48 8.11 7.05 1.36 0.474 0.670 0.138
Hippuric acid-N-to-UN ratio, % 2.61 2.83 2.88 2.45 0.47 0.599 0.698 0.201
Creatinine excretion, mmol/d 55.57 56.47 54.95 56.84 2.50 0.846 0.763 0.765
Creatinine-N-to-UN ratio, % 10.31 10.27 10.47 10.74 0.42 0.730 0.307 0.632
Allantoin excretion, mmol/d 18.11 22.59 28.51 27.35 6.90 0.072 0.023 0.304
Allantoin-N-to-UN ratio, % 4.59 5.44 7.40 6.68 1.98 0.105 0.043 0.355
Uric acid excretion, mmol/d 3.90 3.64 4.02 3.69 0.62 0.882 0.898 0.929
Uric acid-N-to-UN ratio, % 0.94 0.86 1.03 0.92 0.15 0.629 0.805 0.907
Total PD excretion, mmol/d 22.01 26.23 32.53 30.68 7.32 0.081 0.027 0.315
Total PD-N-to-UN ratio, % 5.53 6.30 8.42 7.60 1.93 0.106 0.048 0.367
Rumen microbial N flow, g/d 11.38 14.98 20.32 18.71 6.36 0.084 0.028 0.314
SCN, mmol/L 0.00a 12.59a 111.03b 262.76c 24.83 <0.001 <0.001 0.005
SCN excretion, mmol/d 0.00a 0.13a 1.08b 2.56c 0.33 <0.001 <0.001 0.014
Goitrin, mmol/L ND ND ND ND e e e e

ITC, mmol/L ND ND ND ND e e e e

RSC ¼ rapeseed cake; GLS ¼ glucosinoltaes; N ¼ nitrogen; UN ¼ urinary N; PD ¼ purine derivatives; SCN ¼ thiocyanate; ND ¼ undetectable; ITC ¼ isothiocyanate.
a-c Means in the same row with different superscripts differ (P < 0.05, n ¼ 8).
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3.2.3. Correlations between N2OeN emission and urinary
constituents

The estimated steer urine N2OeN emission was positively
correlated with the daily urinary excretions of urea-N (P ¼ 0.045)
and SCN (P < 0.001), and negatively correlated with the urinary
excretion of creatinine-N (P ¼ 0.041, Table 7) whereas no correla-
tions were found between the estimated steer urine N2OeN
emission and the urinary excretions of hippuric acid-N, uric acid-N
or allantoin-N (P > 0.10). A multiple linear correlation was found
between the estimated steer urine N2OeN emission and the uri-
nary excretions of urea-N, hippuric acid-N, creatinine-N, uric acid-
N, allantoin-N and SCN (R2 ¼ 0.617, P < 0.001, Table 7).
4. Discussion

4.1. Effects of RSC containing high GLS on N excretion and urinary
nitrogenous compounds in steers

The RSC used in the present study was from rapeseeds after oil
extraction by hot-pressing. Therefore, the RUP content of the ra-
tions increased with the percentages of RSC and the RUP flowing to
the hindgut should have been increased. The results of the animal
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experiment indicated that the fecal N excretion increased linearly
with the increasing levels of RSC in the rations, resulting in lower
CP digestibility. The results suggested that the RUP was not well
digested. There are 2 reasons for the results. One is that the CP in
RSC could have been over-protected by hot-pressing, as indicated
by the increased dietary acid detergent insoluble protein (ADIP)
while another is that GLS and metabolites negatively impacted the
CP digestion. The results were in agreement with Rinne et al. (2015)
who reported that dietary RSC decreased the CP digestibility in
dairy cows and Dillard et al. (2018) who reported that dietary GLS
decreased the CP digestibility in in vitro rumen fermentation.

N intake is a major driver of urinary N excretion in ruminants
(Dong et al., 2014). The results of the present study showed that
dietary inclusion with different levels of RSC in the animal exper-
iment did not alter the urinary N excretion in steers. The reason for
the results could be that the CP and NEmf contents of the rations
and the N intakes of the steers among different groupswere similar.
The results were in agreement with Rinne et al. (2015) who re-
ported that replacing soybean expeller (1.3 kg DM/d) by rapeseed
expeller (1.8 kg DM/d) in the ration of dairy cows yielded similar
levels of dietary metabolizable protein and metabolizable energy
and did not affect the urinary N excretion.



Fig. 2. Dynamic changes in (A) the daily and (B) the cumulative N2OeN fluxes of soil
applied with the urine samples from steers fed RSC (dry matter basis). The fitted curves
of the cumulative N2OeN flux were: Y ¼ 4,492 e 6,356e�0.318X (R2 ¼ 0.83, 0 RSC,
P < 0.001), Y ¼ 4,128 e 5,786e�0.353X (R2 ¼ 0.77, 2.7% RSC, P < 0.001), Y ¼ 5,627 e

7,646e�0.259X (R2 ¼ 0.60, 5.4% RSC, P < 0.001), Y ¼ 6,317 e 8,293e�0.293X (R2 ¼ 0.78, 8.0%
RSC, P < 0.001). Dashed lines represented the fitted curves of treatments. Error bars
denoted the least squares mean of the cumulative N2OeN fluxes on each day. Vertical
bars denoted the standard errors of the mean (n ¼ 8). RSC ¼ rapeseed cake; DW ¼ dry
weight.
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Since dietary inclusionwith different levels of RSC increased the
fecal N excretion and did not affect the urinary N excretion, the fecal
N-to-urinary N ratio was increased linearly. However, dietary in-
clusion with different levels of RSC did not affect the total N
excretion and the N retention. The reason for the results could be
that the variability in urinary N is higher than that of fecal N and the
higher variability could be resulted from the effects of some me-
tabolites originated from RSC. The results were in accordance with
the unchanged daily liveweight gains among different treatments.
The results indicated that dietary inclusion with RSC up to 8.0% DM
did not depress the N utilization in steers even though RSC con-
tained high level of GLS.

Urea is the major nitrogenous compound in the urine of cattle
and urea-N accounts for about 52.1-93.5% of urinary N (Dijkstra
Table 6
Effects of feeding RSC containing high GLS on the urine N2O emissions in steers.

Item Dietary levels of RSC, % DM

0 2.7 5.4

N2OeN flux, mg/kg soil DW 4.27ab 3.98a 5.22bc

N2OeN to N application ratio, % 4.58a 4.79a 5.28a

Urine volume, L/d 9.87 10.17 8.95
Estimated N2OeN emissions, mg 1,049.0a 1,102.8a 1,142.3a

RSC ¼ rapeseed cake; GLS ¼ glucosinoltaes; DM ¼ dry matter; N2O ¼ nitrous oxide; N ¼
a-c Means in the same row with different superscripts differ (P < 0.05, n ¼ 8).

211
et al., 2013). The urinary urea was from the blood synthesized in
the liver by using ammonia-N (NH3eN) absorbed from the rumen.
Our previous results showed that dietary inclusion with hot-
pressed RSC decreased the ruminal concentration of NH3eN (Gao
et al., 2021). Hence, dietary inclusion with RSC should have
reduced the amount of NH3eN absorbed from the rumen, resulting
in less urea synthesis in the liver and less urinary excretion of urea
in steers. Since dietary inclusion with RSC did not affect the total
urinary N excretion, the urea-N-to-urinary N ratio was decreased.
The results were in agreement with Maxin et al. (2013) and
Broderick et al. (2015) who reported that replacing soybean meal
by rapeseed meal in the ration of dairy cows decreased the urinary
excretion of urea and the urea-N-to-urinary N ratio. The results of
the present study also showed that dietary inclusion with RSC
increased the urinary excretions of allantoin and total PD and the
predicted rumen microbial N flow. The results indicated that di-
etary inclusion with RSC improved the efficiency of rumen micro-
bial N synthesis. Since the rumen microbial N synthesis is affected
by many dietary factors, the exact mechanism for the results needs
to be investigated in further research.

4.2. Effects of RSC on plasma indices and metabolome

Many studies indicated that feeding monogastric animals with
RSC containing high GLS was harmful to thyroid function (Bourdon
and Aumaitre, 1990). Ruminants are more tolerant to GLS than
monogastric animals. However, feeding ruminants with high di-
etary GLS for long terms also negatively affects their health
(Tripathi et al., 2001) since the metabolites of GLS such as goitrin
and SCN can cause the goiter in animals (Halkier and Gershenzon,
2006). Results of the present study showed that dietary inclusion
with RSC up to 8.0% DM did not affect the plasma concentrations of
T3 and T4. The results are in agreement with Veselý et al. (2009) and
Trøan et al. (2018), who reported that dietary inclusion with
extruded RSC at 11.8% DM and heat-treated RSC at 8.4% DM,
respectively, did not affect the plasma thyroid hormones in dairy
cows. The results of present study indicated that the dietary con-
tent of GLS and metabolites up to 18.12 mmol/g DM did not affect
the thyroid function of steers even though the plasma concentra-
tion of SCN was increased up to 87.07 mmol/L. It should be noted
that each experimental period in the present study was only 20 d.
Therefore, longer term feeding experiments are needed to be car-
ried out to clarify the results.

The plasma metabolome analysis showed that dietary inclusion
with RSC at 8.0% DM containing high GLS upregulated the plasma
relative concentration of dhurrin, which was a type of cyanogenic
glucoside similar to GLS. The results suggested that RSC not only
contained GLS but also other secondarymetabolites which could be
transformed into dhurrin in metabolism, possibly because the
CYP79 homologues in GLS-producing plants are able to convert
amino acids (AA) into cyanogenic glucosides and GLS (Bak et al.,
1998). Dhurrin could be readily hydrolyzed into hydrogen cyanide
which is toxic and reduces the apparent nutrient digestibility in
SEM P-value

8.0 Ration Linear Quadratic

6.32c 0.45 0.002 <0.001 0.091
6.72b 0.51 0.001 <0.001 0.110
8.81 1.23 0.119 0.046 0.623
1,491.4b 112.1 <0.001 <0.001 0.026

nitrogen; DW ¼ dry weight.



Fig. 3. NH4
þ-N (A) and NO3

--N (B) concentrations of the soil applied with the urine samples from steers fed RSC (dry matter basis). Vertical bars indicated the standard errors of
means for sampling times. PT: P value of treatments; PL: linear P value; PQ: quadratic P value. RSC ¼ rapeseed cake; DW ¼ dry weight.

Table 7
Multiple linear regression between the estimated urine N2OeN emissions and the
urinary excretions of different components in steers (g/d).

Item Coefficient estimate P-value

Urea-N 0.04 0.045
Hippuric acid-N �0.03 0.882
Creatinine-N �0.34 0.041
Uric acid-N 0.03 0.960
Allantoin-N �0.07 0.255
SCN 3.22 <0.001
Intercept 1.32 0.002
Fitting degree of multiple linear equation: R2 ¼ 0.617, P-value < 0.001

N ¼ nitrogen; SCN ¼ thiocyanate.
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livestock (Etuk et al., 2012). The plasma dhurrin could possibly be
derived from some antinutritional factors in RSC which could be
one of the reasons for decreasing the digested N.

The plasma metabolome analysis also indicated that dietary
inclusion with RSC at 8.0% DM decreased the plasma relative con-
centration of 4-aminohippuric acid (an acyl glycine), and increased
hypoglycin B (an AA chemically related to lysine) compared with
the treatment of 0 RSC. The impact could have resulted from the
differences in the AA composition between RSC and soybean meal
(NRC, 2001) and the dietray GLS. However, the exact mechanisms
were unclear. The 4-aminohippuric acid is a non-toxic organic
anion. It is unable to bind plasma protein or moves across the
erythrocyte membranes (Rodríguez-Romero et al., 2015). Hypo-
glycin A could be converted into hypoglycin B by g-glutamyl
transpeptidase. The hypoglycin A and its metabolites can interfere
with gluconeogenesis, which could result in a rapid depletion of
hepatic glycogen (Gordon, 2015), suggesting that dietary inclusion
with RSC could possibly depress the energy utilization in steers.
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Dietary inclusion with RSC at 8.0% DM downregulated the
plasma relative concentration of phosphatidylserine (14:0/16:0) in
steers. The reason for the results could be that soybean meal con-
tains phosphatidylserine (Sur et al., 2010) whereas RSC does not
contain the compound. Phosphatidylserine functions as a consti-
tutive component of membrane anionic domains that bind and
thereby activate cytosolic proteins involved in neuronal signaling
(Kim et al., 2000).
4.3. Effects of RSC containing high GLS on urine N2O emissions

The nitrogenous compounds in the urine of cattle mainly
include urea, uric acid, creatinine, allantoin, hippuric acid etc., of
which urea accounts for the major part of the compounds. Urea can
be easily degraded into NH3 bymicrobial urease in soil and NH3 can
be transformed into NH4

þ (Whitehead et al., 1989) which is used as
the major precursor for N2O formation during nitrification and
denitrification in soil (Clough et al., 2020). Thus, urea in steer urine
is the major N source for N2O formation. The positive correlation
between the estimated steer urine N2OeN emission and the uri-
nary urea-N in the present study confirmed the effect of urea on
increasing the N2OeN emission. Since dietary inclusion with RSC
decreased the urinary excretion of urea, it could be expected the
urine N2O emission could be reduced. However, the results of the
present study showed that dietary inclusionwith RSC increased the
urine N2OeN emissions even though the urinary excretion of urea
was decreased. The results suggested that other urinary compo-
nents should have increased the urine N2OeN emissions.

Gardiner et al. (2018) reported that non-urea nitrogenous
compounds including allantoin, creatinine, creatine, and uric acid
in cattle urine did not affect the EF3 of N2O. Hence, although dietary
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inclusion with RSC linearly increased the urinary excretions of
allantoin and total PD, these compounds should have not affected
the urine N2OeN emissions in the present study. It could be
inferred that the GLS metabolites excreted in urine greatly affected
the N2OeN emissions.

GLS are the specific compounds in brassica forages (Clarke,
2010) and can be hydrolyzed into SCN, goitrin and ITC (Oliviero
et al., 2018). It was reported that the GLS in RSC was hydrolyzed
into SCN in the rumen of steers whereas goitrin and ITC were un-
detectable (Gao et al., 2021). The results of the present study
showed that dietary inclusion with RSC containing high GLS
increased both the plasma and the urinary concentrations of SCN in
steers. The results suggested that the SCN which was hydrolyzed
from GLS in the rumen of steers, had been absorbed into the blood
and partly excreted into the urine.

Snyder et al. (2010) reported that the SCN released from Bras-
sicaceae Sinapis alba seed meal could be an important factor to
inhibit the nitrification in soil. Kim et al. (2008) also reported that
SCN (200 mg/L) slightly inhibited the nitrification in sludge. How-
ever, the actual effects of SCN on the nitrification in soil are unclear.
Direct addition of ITC (i.e. 2-propenyl-ITC and phenylethyl ITC) also
showed the impact on inhibiting the nitrification process and
subsequently reducing the N2O emissions from soil applied with
urine (Bending and Lincoln, 2000; Balvert et al., 2017). Since ITC as
well as goitrin in steer urine were extremely low and undetectable
in the present study, the effect of GLS metabolites on urine N2O
formation should have come from SCN.

Majak (1992) reported that the disappearance rate of ITC was
about 50 times that of SCN in in vitro culture of bovine ruminal
fluid. Bheemreddy and Jeffery (2007) reported that most ITC
degraded from GLS existed in the conjugates of ITC and N-ace-
tylcysteine in rat urine. The results could explain the reason that
the urinary ITC was undectable in steers fed RSC. The results sug-
gested that the urine N2O emission can not be reduced by
increasing the urinary excretion of ITC in steers.

Hoogendoorn et al. (2016) reported that the EF3 of N2O from the
urine of sheep grazing on forage rape (Brassica napus L.) was higher
than on the perennial ryegrass/white clover pasture (L. perenne L./
T. repens). Balvert (2018) also reported that the total N2O emissions
of the urine from cattle fed kale (Brassica oleracea L.) were higher
than fed perennial ryegrass/white clover pasture (L. perenne L./
T. repens). The results of the present study showed that the N2OeN
emissions from the urine of steers fed with different levels of RSC
linearly increased rather than decreased. A close positive correla-
tion was found between the estimated N2OeN emission and the
urinary SCN excretion in the present study. The results were in
agreement with Hoogendoorn et al. (2016) and Balvert (2018) and
suggested that the SCN excreted in the urine of steers fed with RSC
had a positive effect on the urine N2OeN emissions. However, Luo
et al. (2015) reported that the N2O from the urine of sheep fed fresh
forage rape (Brassica napus L.) was much lower than fed fresh
perennial ryegrass (L. perenne L.) (EF3 0.11% vs. 0.27%). The incon-
sistency in the results of different experiments could have resulted
from the differences in urinary components of the animals in
different experiments.

It was reported that the ammonia-oxidizing bacteria (AOB) was
able to reduce NO2

- and increase the N2O production through the
nitrifier denitrification in soil (Wrage et al., 2001). In the aerobic
reactor of wastewater, SCN was found to be able to increase the
population of AOB (Kim et al., 2011). The results of the present
study showed that SCN was the only metabolite of GLS excreted
into the urine of the steers. This suggests that the urinary SCN could
have increased the steer urine N2OeN emissions through
enhancing the population of AOB in the soil. The results also
showed that dietary inclusion with RSC increased the
213
concentration of NH4
þ-N in the soil. However, it did not alter the

concentration of NO3
--N in the soil, suggesting that the conversion

rate from NH4
þ-N to NO3

--N was decreased in the soil applied with
steer urine and more NH4

þ-N was converted into N2OeN.
Bell (1984) reviewed that the anti-nutritional factors in rape-

seeds include GLS, erucic acid, sinapine, tannins and phytate. Leung
et al. (1979) reported that the tannins in rapeseeds were condensed
tannins which were only found in rapeseed hulls but not in rape-
seed meats. Therefore, the metabolites of rapeseed tannins could
hardly be excreted in steer urine and impact the urine N2O for-
mation in the present study. However, it is unclear if the metabo-
lites of erucic acid, sinapine, and phytate in RSC could be excreted in
steer urine and affected the steer urine N2O emissions. This needs
to be investigated in the future.

5. Conclusions

Dietary inclusion with RSC containing high GLS decreased the
CP digestibility, but did not affect the urinary N excretion or the N
retention rate in steers. GLS metabolite SCN was found in the
plasma and the urine of steers fed RSC containing high GLS. Feeding
steers RSC containing high GLS increased rather than decreased the
urine N2O emissions although it decreased the urinary excretion of
urea. The SCN excreted in urine could be themajor factor increasing
the urine N2OeN emissions. Other metabolites in RSC could
possibly be excreted into the urine and consequently affect the
urine N2O emissions in steers. Field trials are necessary to clarify
the effects of SCN hydrolyzed from the GLS of RSC on steer urine
N2OeN emissions.
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