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ABSTRACT

The study investigated the effects of dietary protein 
level and the inclusion of hydroponic barley sprouts 
(HB) on lactation performance, blood biochemistry and 
N use efficiency in mid-lactation dairy cows. Treat-
ments were arranged in a 2 × 2 factorial design with 2 
CP levels (16.8% and 15.5% of DM), with HB (4.8% of 
DM, replacing 4.3% of alfalfa hay and 0.5% of distill-
ers dried grains with solubles [DDGS]) or without HB. 
Forty-eight multiparous Holstein dairy cows (146 ± 15 
DIM, 40 ± 5 kg/d of milk) were randomly allocated to 
1 of 4 diets: high-protein diet (16.8% CP, HP), HP diet 
with HB (HP+HB), low-protein diet (15.5% CP, LP), or 
LP diet with HB (LP+HB). An interaction between CP 
× HB on DMI was detected, with DMI being unaffected 
by HB inclusion in cows fed the high-protein diets, but 
was lower in cows fed HB when the low-protein diet was 
fed. A CP × HB interaction was also observed on milk 
and milk protein yield, which was higher in cows fed 
HB with HP, but not LP. Inclusion of HB also tended 
to reduce milk fat content, and feeding HP resulted in 
a higher milk protein and MUN content, but lower milk 
lactose content. Feed efficiency was increased by feeding 
HP or HB diets, whereas N use efficiency was higher 
for cows fed LP or HB diets. There was an interaction 
on the apparent total-tract digestibility of DM and CP, 
which was higher when HB was fed along with HP, but 
reduced when fed with LP, whereas the digestibility of 
ADF was increased by feeding low-protein diets. In con-
clusion, feeding a low-protein diet had no adverse effect 
on cow performance, while feeding HB improved milk 
and milk component yield, and N efficiency when fed 

with a high-CP diet, but compromised cow performance 
with a low-CP diet.
Key words: dairy cow, dietary protein, feed efficiency, 
hydroponic barley, nitrogen utilization

INTRODUCTION

Dietary protein concentration is positively associated 
with DMI and production performance of dairy cows 
(Law et al., 2009). In pursuit of higher milk yield, high-
protein diets are widely used in dairy production. How-
ever, when the dietary protein content exceeds the re-
quirement for milk production this often results in more 
N excretion in the feces and urine, which increases the 
risk of environmental pollution (Olmos Colmenero and 
Broderick, 2006) and, due to the higher cost of protein 
feeds, raises dietary costs. Lowering the dietary protein 
level can also contribute to an improvement in N use ef-
ficiency (NUE) for milk production (Law et al., 2009; 
Kidane et al., 2018; Chowdhury et al., 2023). However, 
reducing dietary N supply may also reduce DMI and milk 
production (Hristov et al., 2004; Sinclair et al., 2014). 
To counteract these possible adverse effects, numerous 
strategies have been developed. Supplementation with 
rumen-protected AA to increase the supply of limiting 
EAA to the small intestine is one of the most common 
ways (Lee et al., 2012), while maximizing microbial 
protein synthesis by optimizing rumen fermentation can 
also increase metabolizable protein supply to the small 
intestine (Sinclair et al., 2014).

Hydroponic barley sprouts (HB) is a fresh forage 
that can be germinated and grown under optimized 
temperature, humidity, light and gas environment for 
a short period of time in special chambers, producing 
palatable sprouts with a height of 15 to 20 cm that can 
be provided without the limitation of climate and arable 
land (Farghaly et al., 2019; Ali et al., 2021). There are 
several changes that occur to the chemical composition 
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of barley during the process of sprouting. As the results 
of increasing enzyme levels, proteins are degraded into 
peptides and converted to AA, whereas carbohydrates are 
transformed to sugar, and fats are converted to fatty ac-
ids (Mohsen et al., 2015). The phenolic content of barley 
grain is also increased by sprouting, thereby enhancing its 
antioxidant activity (Nemzer et al., 2019; Niroula et al., 
2019). Meanwhile, the concentration of CP and vitamins 
in HB are increased compared with barley grain, and the 
availability of certain minerals are also increased, with 
the phytate in seeds degraded by phytases (Fazaeli et al., 
2012; Abouelezz et al., 2019). With improved nutrient 
availability and digestibility, the anticipated benefits of 
HB on ruminant performance have been demonstrated in 
some studies. For example, Hafla et al. (2014) compared 
the effect of HB and barley grain on nutrient digestibility 
with a continuous-culture fermentor system, and reported 
that the true DM digestibility of the diet was increased 
from 76.0% to 79.0% when barley grain (7% of dietary 
inclusion) was replaced by HB in the diet. Farghaly et al. 
(2019) evaluated the effect of HB on rumen fermentation 
and ruminal enzyme activity of sheep, and found that 
supplementing sheep with HB alone or HB in combina-
tion with a concentrate mixture (meeting 60% of their 
nutritional requirements), increased the total VFA con-
centration by 9.6%, the relative proportion of propionate 
by 9.0%, and rumen urease activity by 37.5%, when 
compared with sheep supplemented with only Egyptian 
clover or Egyptian clover with a concentrate mixture. 
Raeisi et al. (2018) also replaced barley grain with HB in 
the diet of sheep, and reported that N retention increased 
linearly with HB dosage, with N retention in the 21% HB 
group being 28.8 g/d, some 106% higher than that in the 
control group. Positive effects of HB on rumen fermenta-
tion and N metabolism may therefore compensate for any 
adverse effects of low-protein diets on animal perfor-
mance. However, the combination of low CP and HB has 
not been studied in ruminants. We hypothesize that the 
dietary inclusion of HB would increase DMI, feed and N 
efficiency, and milk production in cows fed low-protein 
diets. The objective of this study was to determine the 
effect of dietary protein level, sprouted barley inclusion, 
and their interaction on the performance and metabolism 
of dairy cows.

MATERIALS AND METHODS

Animals and Diets

This study was approved by the Animal Care and Use 
Committee of the Institute of Animal Sciences, Chinese 
Academy of Agricultural Sciences (No. IAS20180115). 
The use of animals in our study was in strict accordance 
with the Directions for Caring for Experimental Animals 

from the Institute of Animal Science, Chinese Academy 
of Agricultural Sciences. A statistical power analysis was 
carried out with an α = 0.05 and power = 0.80, and the total 
sample size required with 0.4 effect size was 44 cows, as 
estimated using G power 3.1 software (Faul et al., 2009). 
Milk yield and DMI were the variables used to determine 
the sample size. An effect size (ƒ) of 0.4 was used with 
variance explained by effect = 1.0, the variance within 
group = 5.25, and partial η2 = 0.15. Consequently, a total 
of 48 cows were used in our study. Forty-eight second-
parity mid-lactation Holstein cows (mean ± SD: 146 ± 15 
DIM, 39.9 ± 4.87 kg/d of milk) were randomly assigned to 
1 of 4 treatments (n = 12 per treatment) in a 2 × 2 factorial 
design with 2 CP levels (16.8% and 15.5% of DM), with 
HB (4.8% of DM, replacing 4.3% of alfalfa hay and 0.5% 
of distillers dried grains with solubles [DDGS]) or with-
out HB. Cows were housed in a freestall pen containing 
sand-bedded stalls with access to individual feed bins (n 
= 48) equipped with automatic feeding gates (American 
Calan Inc., Northwood, NH). Each cow was fitted with a 
transponder attached to a collar situated around her neck 
that allowed access to a specific feed bin. Before being 
trained to use the feeding system, all the gates of the feed 
bins were kept open, and all cows were provided with the 
same diet for a period of 2 wk. This allowed the cows 
to become accustomed to using the feed bins, and their 
relative positions were monitored during this time. Af-
terward, the cows were trained to use the feeding system 
1 wk before the start of the study. Cows remained on the 
study for 8 wk and received 1 of the 4 diets: high-protein 
diet (16.8% CP, HP), HP diet with hydroponic barley 
(HP+HB), low-protein diet (15.5% CP, LP), and LP diet 
with hydroponic barley (LP+HB). The 4 diets were bal-
anced for NEL, MP, minerals, and vitamins according to 
NRC (2001). The ingredient and chemical composition 
of the diets are presented in Table 1. The TMR was fed 
twice a day to ensure between 5% and 10% refusals, with 
refusals removed and weighed daily. Hydroponic barley 
was provided by Shandong Jiyuan Pastoral Technology 
Development Co. Ltd. China and grown in containers, 
with water and light supplied artificially, without the ad-
dition of any other nutrients. Briefly, barley seeds were 
evenly spread on a planting tray with a thickness of ap-
proximately 1 cm. The container temperature was set to 
28°C, and the relative humidity was maintained at 80% 
during the seed germination phase, which lasted for 3 d 
in darkness. Throughout the growth period of the barley 
sprouts, the temperature in the container was adjusted to 
26°C, and the relative humidity was controlled between 
60% and 80%. To maintain the humidity in the contain-
ers, the water spraying cycle was set to 90 min, with each 
episode lasting 16 s, and ventilation was initiated when 
the humidity exceeded 80%. High-power red and blue 
light-emitting diode light sources were used for illumi-
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nation, with a ratio of 7:3. The working cycle of light-
emitting diode was 40 min, with the on time lasting 28 
min. After 7 d of growth, the HB was harvested and fed 
fresh daily as part of the TMR. The chemical composi-
tion of the HB is shown in Table 2. Individual daily DMI 
was calculated by subtracting the refusals from the feed 
offered. Body condition score was determined by 3 inde-
pendent observers using a 5-point scale (1 = thin to 5 = 
obese, with quarter-point increments; Roche et al., 2009; 
Velásquez et al., 2018) and fecal score was examined by 
3 independent observers according to Hughes (2001) at 
wk 0, 4, and 8 of the study.

Sample Collection and Measurements

Cows were milked 3 times daily at 0600, 1400, and 
2200 h. Individual milk yield was recorded at each milk-
ing. Weekly milk samples from each individual cow were 

collected on the final day of the week, over 3 consecu-
tive milkings. The samples were then mixed based on the 
average milk production at each milking. Milk samples 
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Table 1. The ingredient and chemical composition of TMR fed to the cows during the trial

Item

Treatment1

HP HP+HB LP LP+HB

Ingredient composition, % of DM        
  Corn silage 29.9 29.9 29.9 29.9
  High moisture corn 17.0 17.0 17.0 17.0
  Alfalfa hay 11.6 7.3 11.6 7.3
  Flaked corn 7.0 7.0 7.0 7.0
  Soybean meal 6.8 6.8 6.8 6.8
  Beet pulp 4.4 4.4 6.3 6.3
  Cottonseed meal 4.3 6.1 4.3 6.1
  Whole cottonseed 6.0 6.0 6.0 6.0
  Barley grass — 4.8 — 4.8
  Premix2 4.5 4.5 4.5 4.5
  DDGS 3.9 1.6 3.9 1.6
  Corn gluten meal 1.9 1.9 — —
  Beer grains 1.6 1.6 1.6 1.6
  Spouting corn bran 1.1 1.1 1.1 1.1
Chemical composition3        
  DM, % 49.9 45.3 50.4 44.7
  CP, % of DM 16.8 16.8 15.5 15.5
  NDF, % of DM 33.8 34.8 35.6 34.4
  ADF, % of DM 21.1 20.8 21.3 20.6
  Starch, % of DM 24.6 24.8 24.8 24.7
  NFC, % of DM 41.2 42.3 42.5 42.9
  NEL, Mcal/kg DM 1.65 1.67 1.64 1.66
  RDP, % of DM 9.81 9.81 9.47 9.46
  RUP, % of DM 6.99 6.99 6.03 6.04
  MP, % of DM 11.68 11.70 11.05 11.09
  Lys, % of MP 6.07 6.05 6.34 6.32
  Met, % of MP 2.16 2.14 2.14 2.12
  His, % of MP 2.61 2.60 2.64 2.64
  Lys:​Met 2.82 2.84 2.96 2.98
1HP: high dietary protein (CP = 16.8% of DM) without hydroponic barley; HP+HB: high dietary protein (HP, CP 
= 16.8% of DM) with hydroponic barley (HB, HB = 4.8% of DM); LP: low dietary protein (CP = 15.5% of DM) 
without hydroponic barley; LP+HB: low dietary protein (CP = 15.5% of DM) with hydroponic barley (HB, HB = 
4.8% of DM).
2Premix: lactation premix contained (per kg of premix, DM basis): 100,000 IU of vitamin A, 28,000 IU of vitamin 
D3, 1,000 IU of vitamin E, 100 mg of vitamin PP, 325 mg of Cu, 480 mg of Mn, 1,285 mg of Zn, 14 mg of I, 15 mg 
of Se, 11 mg of Co.
3NFC, NEL, RDP, RUP, MP, Lys, Met, His, and Lys:​Met were predicted based on NRC (2001).

Table 2. Chemical composition of the hydroponic barley(mean ± SD)1

Item, % of DM, unless otherwise stated Hydroponic barley

DM, % of as fed 10.2 ± 2.17
CP 15.0 ± 0.06
Starch 10.5 ± 0.23
Ether extract 3.1 ± 0.04
NDF 47.4 ± 1.32
ADF 20.4 ± 0.06
Ash 2.6 ± 0.04
ADL 3.0 ± 0.03
NDIN 2.5 ± 0.12
ADIN 0.7 ± 0.01
NPN 8.9 ± 0.67
1Hydroponic barley was grown in containers, and water and light were 
supplied artificially, without adding other nutrients during growing. After 
7 d growing, it was harvested for analysis and fed to dairy cows.
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were preserved with bronopol-B2 at 4°C for subsequent 
analysis of fat, protein, lactose, and MUN, using a near-
infrared reflectance spectroscopy analyzer (Foss Electric, 
Hillerød, Denmark). The 4% FCM yield was calculated 
as: 4% FCM = 0.4 × milk yield (kg/d) + 15 × milk fat 
yield (kg/d) (Palmquist and Conrad, 1978). Feed effi-
ciency (FE) was calculated by dividing 4% FCM yield 
(kg/d) by DMI (kg/d). Energy-corrected milk yield was 
calculated using the following equation: ECM = [12.82 × 
milk fat yield (kg/d)] + [7.13 × milk protein yield (kg/d)] 
+ [0.323 × milk yield (kg/d)] (Tyrrell and Reid, 1965). 
Apparent NUE was calculated as NUE = milk protein N 
(g)/N intake (g) × 100.

Total mixed rations were sampled for 3 consecutive 
days each week. Each type of TMR was sampled from 12 
locations (each feed bin) at the morning feeding before 
cow access. The samples were homogenized by treat-
ment and quartered to provide a 500 g sample every week 
for subsequent analysis. Hydroponic barley sprouts were 
collected at 5 locations per tray and 3 to 5 trays per day 
for 3 consecutive days each week. Collected HB samples 
were homogenized, and a 500-g subsample was obtained 
for later analysis. An in vivo digestibility trial was con-
ducted during the final 3 d of the experiment according to 
the method of Zhong et al. (2008). In brief, fecal samples 
(300–500 g) were collected every 6 h from the rectum of 
each cow at 0000, 0600, 1200, and 1800 h on d 1; at 0200, 
0800, 1400, and 2000 h on d 2; and at 0400, 1000, 1600, 
and 2200 on d 3, and feed samples were sampled daily 
during the in vivo digestibility trial. The fecal samples 
were pooled by cow and subsampled. All samples were 
dried at 65°C for 48 h in a forced-air oven, ground to pass 
a 1-mm Wiley mill screen (Arthur H. Thomas Co., Phila-
delphia, PA), and stored at −20°C for nutrient analysis. 
Hydroponic barley sample was analyzed for DM (method 
934.01), CP (method 976.06), ash (method 942.05), and 
ether extract (method 920.39) according to AOAC In-
ternational (1995), starch using the method reported by 
Hall (2009), NDF and ADF by the method of Van Soest 
et al. (1991), NPN content as per Licitra et al. (1996), 
and NDIN, ADIN, ADL as described by Van Soest et al., 
(1991). Feed samples were analyzed for DM, CP, NDF, 
and starch, with RDP, NFC, and NEL calculated accord-
ing to the NRC (2001). Fecal sample was measured for 
DM, CP, NDF, and ADF content. The acid-insoluble ash 
(AIA) content in feed and fecal samples was determined 
by the method of Van Keulen and Young (1977) and used 
for the calculation of apparent total-tract digestibility 
(ATTD). The ATTD of the nutrient of each cow was 
calculated as follow: ATTD = [1 − (Nf × Ad)/(Nd × Af)] 
× 1,000 g/kg, where Nd and Nf were nutrient content in 
the diet and feces, respectively, and Ad and Af were AIA 
content in diet and feces, respectively.

Blood samples from each cow were collected from 
the coccygeal vein with an untreated vacutainer before 
morning feeding on d 28 and d 56 of the study. All blood 
samples were centrifuged immediately at 3,000 × g at 
4°C for 15 min to harvest serum, which was separated 
into 4 aliquots and stored at −20°C until further analysis. 
Serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), total protein (TP), albumin (ALB), 
alkaline phosphatase (ALP), creatinine (CR), and BUN 
content were analyzed on an automated biochemistry 
analyzer (Hitachi 7600; Hitachi Co. Ltd., Tokyo, Japan) 
with kits from BioSino Bio-Technology and Science 
Inc. (Beijing, China) and Sekisui Medical (China) Co. 
Ltd. (Beijing, China). The inter- and intra-assay CV for 
ALT, AST, TP, ALB, ALP, CR, and BUN were 3.31% 
and 5.05%, 1.92% and 2.27%, 1.91% and 2.68%, 2.63% 
and 3.29%, 3.93% and 5.39%, 1.27% and 2.76%, and 
3.71% and 9.30%, respectively. The total antioxidant 
capacity (T-AOC), malondialdehyde (MDA), superoxide 
dismutase (SOD), and glutathione peroxidase (GSH-Px) 
concentrations in serum were determined with a UV 
spectrophotometer (Yipu Co. Ltd., Shanghai, China), 
using kits from Nanjing Jiancheng Bioengineering In-
stitute (Nanjing, China). The inter- and intra-assay CV 
for T-AOC, MDA, SOD, and GSH-Px were 1.77% and 
4.99%, 1.91% and 8.57%, 1.18% and 2.00%, and 1.43% 
and 2.13%, respectively. The difference between TP and 
ALB was calculated as the serum globulin content.

Statistical Analysis

Data were analyzed as a completely randomized design 
with repeated measurements using the PROC MIXED 
procedure of SAS 9.4 (SAS Institute Inc., Cary, NC). 
The MIXED statistical model used for analysis was as 
follows:

	 Yijkl = µ + Pi + Bj + PBij + Aijk + Tl + TPil + TBjl + εijkl,	

where Yijkl was the dependent variable, µ was the over-
all mean, Pi was the fixed effect of CP (CP = 15.5% or 
16.8% of DM), Bj was the fixed effect of hydroponic 
barley (j = without or with HB at 4.8% of DM); PBij was 
the interaction of CP and hydroponic barley; Aijk was the 
random effect of the kth cow in the ijth combination of 
CP and HB; Tl was the fixed effect of time (i.e., wk); the 
2-way interactions of time with TPil (the interaction of 
CP and time) and TBjl (the interaction of HB and time) 
were considered fixed, and εijkl was the residual error. 
The Fisher’s protected least significant difference (LSD) 
test was used for multiple treatment comparisons using 
the LSMEANS of SAS with letter grouping obtained 
using SAS pdmix800 macro (Saxton, 1998). Statistical 
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differences were declared significant at P < 0.05, and 
tendencies were stated at 0.05 ≤ P < 0.10.

RESULTS

DMI and Milk Production Performance

The HB had a low DM content (10.2%) and contained 
15.0% CP, 10.5% starch, 47.4% NDF, 20.4% ADF, and 
2.6% ash (Table 2), and was considered to be a high-
quality forage. The HB diets were formulated by replac-
ing 4.3% of the alfalfa hay and 0.5% of DDGS. To ensure 
that both LP and HP diets were isonitrogenous, 1.8% of 
DDGS was replaced with cottonseed meal. The formula-
tion of the low-protein diets was achieved by increasing 
1.9% of beet pulp to replace all the corn gluten meal in 
the diet (Table 1). The chemical composition of our TMR 
is consistent with the predicted value obtained by NRC 
(2001).

There was an interaction between dietary protein level 
and HB inclusion on DMI and NEL intake (P < 0.05; 

Table 3), with HB having no effect when cows were fed 
the high-protein diets, but decreased intake when fed the 
low protein level. There was also a CP × HB interaction 
(P < 0.05) in our study for milk, 4% FCM, and ECM 
yield, with HB increasing yield when fed with high-
protein diets, but decreasing yield when fed with the 
low-protein diets. Additionally, the 4% FCM and ECM 
yield of cows fed HP+HB did not differ from LP, but 
was greater compared with cows fed the HP or LP+HB 
diets. There was also an interaction between CP and HB 
on milk component yield (P < 0.05), with HB increasing 
milk protein and lactose yield when fed with HP but not 
LP diets, and decreasing milk fat yield when fed with 
the LP diet. The inclusion of HB tended to reduce milk 
fat content (P = 0.06), and feeding high-protein diets re-
sulted in a higher milk protein (P < 0.05) but lower milk 
lactose content (P < 0.05). In addition, the concentration 
of MUN was reduced (P < 0.05) when the dietary CP was 
decreased, with a mean concentration of 11.7 mg/dL in 
cows fed the high-protein diets, and 10.9 mg/dL in those 
fed the low-protein diets.

Wu et al.: DIETARY PROTEIN LEVEL AND HYDROPONIC BARLEY

Table 3. Effect of protein level and hydroponic barley on productive performance of lactating dairy cows

Item

Treatment1

SEM

P-value

HP HP+HB LP LP+HB CP2 HB3 CP × HB

DMI, kg/d 24.8b 24.3b 26.4a 23.9c 0.15 <0.01 <0.01 <0.01
NEL intake,4 Mcal/d 40.8b 40.7b 43.2a 39.7c 0.25 <0.01 <0.01 <0.01
Milk and milk component yield
Milk yield, kg/d 35.5b 38.3a 37.0ab 36.4b 0.59 0.72 0.08 <0.01
  4% FCM yield,5 kg/d 36.0b 37.8a 38.3a 36.1b 0.27 0.26 0.47 <0.01
  ECM yield,6 kg/d 39.2b 41.7a 41.5a 39.4b 0.28 0.95 0.50 <0.01
  Milk fat yield, kg/d 1.45ab 1.49ab 1.54a 1.44b 0.034 0.59 0.33 0.04
  Milk protein yield, kg/d 1.28b 1.41a 1.33b 1.29b 0.022 0.13 0.02 <0.01
  Milk lactose yield, kg/d 1.78b 1.92a 1.91a 1.83ab 0.032 0.41 0.38 <0.01
Milk composition
  Fat, % 4.12 3.88 4.09 4.01 0.085 0.57 0.06 0.36
  Protein, % 3.60 3.67 3.53 3.57 0.036 0.02 0.12 0.57
  Lactose, % 4.99 4.98 5.06 5.01 0.025 0.03 0.30 0.51
    TS, % 14.8 14.6 14.8 14.7 0.17 0.70 0.26 0.75
    MUN, mg/dL 11.7 11.6 11.1 10.7 0.27 <0.01 0.39 0.52
FE7 1.50 1.58 1.46 1.52 0.013 <0.01 <0.01 0.64
NUE,8 % 33.3 36.6 34.8 37.2 0.31 <0.01 <0.01 0.15
BCS 2.92 2.91 2.96 2.93 0.038 0.41 0.64 0.79
Fecal score 2.59ab 2.45b 2.36b 2.71a 0.089 0.90 0.26 <0.01
a–cMeans from interactions in the same row with different superscripts are significantly different (P < 0.05) using the LSD method.
1HP: high dietary protein (CP = 16.8% of DM) without hydroponic barley; HP+HB: high dietary protein (HP, CP = 16.8% of DM) with hydroponic 
barley (HB, HB = 4.8% of DM); LP: low dietary protein (CP = 15.5% of DM) without hydroponic barley; LP+HB: low dietary protein (CP = 15.5% of 
DM) with hydroponic barley (HB, HB = 4.8% of DM). Twelve cows were in each group.
2CP (protein level): high-protein diet (CP = 16.8% of DM), low-protein diet (CP = 15.5% of DM).
3HB (hydroponic barley level): with or without hydroponic barley (4.8% of DM).
4NEL was calculated based on NRC (2001).
54% FCM yield calculated as FCM yield = 0.4 × milk yield (kg/d) + 15 × milk fat yield (kg/d).
6ECM yield calculated as ECM yield = [12.82 × milk fat yield (kg/d)] + [7.13 × milk protein yield (kg/d)] + [0.323 × milk yield (kg/d)].
7Feed efficiency calculated as FE = 4% FCM yield (kg/d)/DMI (kg/d).
8NUE, apparent N use efficiency, calculated as NUE = milk protein N (g)/N intake × 100%.
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Effects on FE, NUE, BCS, and Fecal Score

There were no CP × HB interactions for FE and NUE, 
but there were main effects of both CP (P < 0.05) and HB 
(P < 0.05; Table 3). Feeding the high- compared the low-
protein diets increased FE (P < 0.05) but decreased NUE 
(P < 0.05), while the inclusion of HB increased both FE 
and NUE (P < 0.05). We observed a CP × HB interaction 
on fecal score (P < 0.05), which was highest in cows fed 
LP+HB, and was higher than HP+HB and LP, but not HP.

Effects on Blood Biochemical Parameters

We found no CP × HB interactions, or effects of HB 
on blood biochemical parameters in our study (P > 0.05; 
Table 4). Serum ALT concentration was increased in 
cows fed the low compared with the high-protein diets 
(P < 0.05), while ALP concentration tended (P = 0.08) to 
be higher in cows fed the high- compared with the low-
protein diets. Serum BUN concentration was decreased 
(P < 0.05), and serum MDA concentration tended to be 
decreased (P = 0.08) by feeding the low dietary CP level.

Effects on Nutrient Intake and ATTD

There was an interaction (P < 0.05) between CP and 
HB on the intake of N, RDP, NDF, and ADF (Table 5). 
Specifically, cows on HP diet exhibited the highest N in-
take, followed by those on HP+HB and LP diets, with the 
lowest intake observed in cows fed LP+HB. The intake 
of RDP or ADF was highest in cows fed LP, followed by 
HP and HP+HB, with those offered LP+HB having the 

lowest intake. Regarding NDF intake, cows fed LP had 
the highest intake, followed by those on HP and HP+HB, 
which did not differ, with the lowest intake in cows fed 
LP+HB. There was also an interaction between CP and 
HB on the predicted ruminal MP outflow (P < 0.05), with 
cows receiving the LP or HP diets having the highest 
predicted ruminal MP outflow, and those fed the LP+HB 
diet the lowest.

There was a CP × HB interaction (P < 0.05) on the 
ATTD of DM (DMD) and CP (CPD), with DMD being 
highest in cows fed LP (P < 0.05), intermediate in HP+HB 
cows, and lowest for those fed HP or LP+HB. The CPD 
was also highest in LP cows (P < 0.05), intermediate in 
HP+HB cows, and lowest in HP (P < 0.05), but did not 
differ between cows fed LP+HB and either HP contain-
ing diets. There was no effect of treatment on the ATTD 
of NDF, with a mean value of 49.5% of nutrient intake. 
However, the main effect of CP level on ADF digestibil-
ity, was that nutrient intake was 3.45 percentage points 
higher in dairy cows fed the low CP level (P < 0.05).

DISCUSSION

Dry Matter Intake

Generally, dietary DMI is increased with dietary 
CP level, which may partly be due to the positive ef-
fect of ration CP content on fiber and DM digestibility 
(NASEM, 2021), and consequently a reduction in rumen 
distention. In a meta-analysis, Zanton (2016) reported 
a positive relationship between dietary CP content and 
DMI in both continuous and change-over experimental 
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Table 4. Effect of protein level and hydroponic barley on blood biochemical parameters of lactating dairy cows

Item

Treatment1

SEM

P-value

HP HP+HB LP LP+HB CP2 HB3 CP × HB

Alanine aminotransferase, U/L 23.9 23.9 25.2 26.9 0.81 0.02 0.31 0.30
Aspartate aminotransferase, U/L 97.5 94.4 84.5 95.4 9.38 0.53 0.68 0.46
Total protein, g/L 72.3 74.4 74.5 74.3 2.06 0.62 0.65 0.60
Albumin, g/L 32.4 32.0 31.3 32.9 1.45 0.93 0.70 0.49
Globulin, g/L 39.9 42.4 43.2 41.5 3.23 0.72 0.91 0.52
Albumin:​globulin 0.87 0.78 0.75 0.87 0.078 0.87 0.84 0.19
Alkaline phosphatase, U/L 38.9 51.8 36.2 37.4 4.680 0.08 0.14 0.22
Creatinine, µmol/L 63.6 71.4 69.0 69.1 2.84 0.58 0.17 0.18
BUN, mmol/L 5.14 5.26 4.52 4.57 0.230 <0.01 0.71 0.87
Total antioxidant capacity, U/mL 2.17 2.21 2.23 2.26 0.105 0.63 0.73 0.96
Malondialdehyde, nmol/mL 6.72 6.60 6.03 6.17 0.308 0.08 0.98 0.67
Superoxide dismutase, U/mL 158.3 159.4 156.3 151.0 6.519 0.43 0.75 0.63
Glutathione peroxidase, U/mL 99.9 98.3 103.3 100.5 6.00 0.64 0.72 0.92
a,bMeans from interactions in the same row with different superscripts are significantly different (P < 0.05) using the LSD method.
1HP: high dietary protein (CP = 16.8% of DM) without hydroponic barley; HP+HB: high dietary protein (HP, CP = 16.8% of DM) with hydroponic 
barley (HB, HB = 4.8% of DM); LP: low dietary protein (CP = 15.5% of DM) without hydroponic barley; LP+HB: low dietary protein (CP = 15.5% of 
DM) with hydroponic barley (HB, HB = 4.8% of DM). Twelve cows were in each group.
2CP (protein level): high-protein diet (CP = 16.8% of DM); low-protein diet (CP = 15.5% of DM).
3HB (hydroponic barley level): with or without hydroponic barley (4.8% of DM).
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designs. Additionally, given the conversion of starch 
in grains to simple sugars and the activation of certain 
enzymes in sprouts, an improvement in palatability and 
voluntary intake was anticipated with hydroponic barley 
feeding. Raeisi et al. (2018) corroborated this, reporting 
a linear increase in DMI when sheep were fed HB at 7%, 
14%, 21% of DM. Therefore, it was hypothesized that 
HB feeding would counteract the detrimental effects of 
a low-protein diet on DMI. However, contrary to expec-
tations, cows on LP+HB diet exhibited the lowest DMI 
in our study. This may be due to high water content of 
HB, which reduced the DM content of the TMR (50.4% 
vs. 44.7% for no and HB inclusion, respectively), in-
creased rumen fill, and consequently led to a decrease 
in DMI (Felton and DeVries, 2010; Fazaeli et al., 2021). 
Supporting this result, Morales et al. (2009) reported 
a linear decrease in DMI when rabbits were fed HB at 
rates of 10%, 20%, and 30% of their commercial feed. 
It is important to note that the inclusion of HB also led 
to a decrease in the DM content of HP+HB diet, from 
49.9% to 45.3%. However, this reduction did not result 
in a lowered DMI. It is possible that the lower ruminal 
N supply in the LP+HB diet compared with the HP+HB 
diet, might have compromised ruminal fiber digestion, 
potentially decreasing both the passage rate and DMI 
(NASEM, 2021).

In our study, the low-protein diets were predicted to 
provide a lower concentration of RDP and MP, as well 
as a lower levels of dietary Lys, Met, and His, despite a 
higher Lys percentage relative to MP in these diets. How-

ever, defying our initial predictions, cows fed the LP diet 
exhibited the highest DMI. The result is consistent with 
Komaragiri and Erdman (1997), who reported that cows 
fed high-protein diet consumed less DM for the first 7 
wk of postpartum, and attributed this result to the high 
content of animal by-products in the high-protein diet, 
which leads to poor palatability. We formulated the high-
protein diets by replacing a proportion of the beet pulp 
with corn gluten meal, which is unlikely to have affected 
palatability, and there is no clear reason why intake was 
higher in the LP diet in our study.

Milk Production and Composition

Feeding HB tended to increase milk yield in our study, 
particularly in cows fed the high-protein diet. Farghaly et 
al. (2019) reported that HB increased the concentration 
of total VFA and propionate in the rumen, and speculated 
that this may be due to an increased supply of vitamins 
and enzyme, which act as bioactive catalysts to promote 
the metabolism of feed and increase the release of energy 
with the high N concentration in rumen, resulting in a 
greater ruminal nutrient outflow, leading to a higher milk 
yield. Nevertheless, the expected enhancement of milk 
production via an HB-mediated improvement in ruminal 
fermentation was not discernible in cows fed the low-
protein diet in our study. This may primarily be ascribed 
to the lower DMI and intake of NDF and ADF in cows 
fed LP+HB, which likely restricted the ruminal supply of 
energy. Furthermore, despite an anticipated improvement 
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Table 5. Effect of protein level and hydroponic barley on nutrient intake and apparent total-tract digestibility of nutrients for lactating dairy cows

Item

Treatment1

SEM

P-value

HP HP+HB LP LP+HB CP2 HB3 CP × HB

Nutrient intake, g/d
  Nitrogen intake 665a 655b 654b 594c 3.9 <0.01 <0.01 <0.01
  Predicted RDP intake 2,428b 2,389c 2,494a 2,267d 14.4 0.05 <0.01 <0.01
  NDF intake 8,367bc 8,472b 9,383a 8,235c 51.5 <0.01 <0.01 <0.01
  ADF intake 5,223b 5,064c 5,614a 4,931d 31.3 <0.01 <0.01 <0.01
  Predicted ruminal outflow of MP 2,891ab 2,849b 2,939a 2,679c 17.1 <0.01 <0.01 <0.01
ATTD of nutrients, % of nutrient intake
  DMD4 67.0c 69.7b 71.6a 67.8c 0.59 0.03 0.39 <0.01
  CPD5 70.3c 73.3b 75.6a 71.7bc 0.71 0.02 0.59 <0.01
  NDF digestibility6 49.9 49.5 50.8 47.6 2.19 0.83 0.42 0.52
  ADF digestibility7 43.2 44.7 46.8 48.0 1.60 0.04 0.42 0.90
a–dMeans from interactions in the same row with different superscripts are significantly different (P < 0.05) using the LSD method.
1HP: high dietary protein (CP = 16.8% of DM) without hydroponic barley; HP+HB: high dietary protein (HP, CP = 16.8% of DM) with hydroponic 
barley (HB, HB = 4.8% of DM); LP: low dietary protein (CP = 15.5% of DM) without hydroponic barley; LP+HB: low dietary protein (CP = 15.5% of 
DM) with hydroponic barley (HB, HB = 4.8% of DM). Twelve cows were in each group.
2CP (protein level): high-protein diet (CP = 16.8% of DM), low-protein diet (CP = 15.5% of DM).
3HB (hydroponic barley level): with or without hydroponic barley (4.8% of DM).
4DMD: apparent total-tract digestibility of DM.
5CPD: apparent total-tract digestibility of CP.
6Apparent total-tract digestibility of NDF.
7Apparent total-tract digestibility of ADF.
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in rumen fermentation, the lower consumption of N and 
RDP could have limited microbial growth in the rumen, 
thereby contributing to the lower predicted ruminal out-
flow of MP and subsequent effect milk yield of cows on 
the LP+HB diet. The higher DMI, NEL intake, DMD, and 
CPD observed in the LP group could have supported an 
increased milk yield, ECM, 4% FCM, milk protein, and 
lactose production at levels equivalent to or surpassing 
those in HP diet.

Milk fat and protein contents are important economic 
parameters, and in our current study, milk fat content 
tended to be decreased by feeding HB, which may be 
associated with the higher milk yield in cows fed HB, as 
milk fat content is often negatively correlated with milk 
yield (Yoon et al., 2004). Additionally, HB may reduce 
the production of acetate (the precursor of milk fat) in 
the rumen (Farghaly et al., 2019), which can result in a 
reduction in milk fat synthesis.

Milk protein content decreased with dietary protein 
level in our study, a finding that is in agreement with 
Barros et al. (2017), who reported a linear decrease in 
milk true protein percentage from 3.58% to 3.33% as the 
CP content of TMR ration reduced from 16.2% to 11.8%. 
However, Chowdhury et al. (2023) reported negligible 
effect of dietary CP content (17.5% vs. 15.0%) on milk 
protein levels in cows fed diets based on lucerne or red 
clover, a variation that may be ascribed to the different 
nitrogen sources present in these diets. Additionally, the 
increase in milk protein yield in cows fed with HB at 
the high dietary CP level could also be attributed to the 
increase in milk production.

As the major bovine milk solid and osmotic regulator, 
the lactose content in milk has a low variability (Costa 
et al., 2019), although its concentration has been shown 
to be affected by dietary energy level. For example, Xue 
et al. (2011) reported that milk lactose concentration in-
creased with increasing dietary concentrate level, while 
a low caloric density ration significantly reduced milk 
lactose (−0.15%) in the study of Beerda et al. (2007). 
Therefore, we speculate that the higher lactose content in 
cows fed the LP diet in the current study may relate to the 
greater energy intake.

Milk urea N concentration is an indicator of N use 
(Bobbo et al., 2020). A lower MUN content in cows fed 
the low-protein diets was observed in our study, which is 
in agreement with Chibisa and Mutsvangwa (2013), who 
reported that when dietary CP decreased from 17.2% to 
15.0%, MUN concentration decreased from 14.8 mg/
dL to 12.9 mg/dL. Rumen-derived NH3-N, which is 
converted to urea-N in the liver, is the main source of 
MUN (Mutsvangwa et al., 2016). The high-protein diets 
were predicted to supply a greater content of RDP, which 
probably resulted in higher ruminal NH3-N and led to 
the higher MUN concentration. Moreover, the predicted 

increase in the ruminal outflow of MP associated with 
high-protein diets could further contribute to the rise in 
MUN (Tebbe and Weiss, 2020). The reduction of MUN 
in the study of Chibisa and Mutsvangwa (2013) is higher 
than ours but still within our expected range, as the low 
dietary protein levels between studies were formulated 
by adjusting different protein feeds, and the type of pro-
tein may affect the metabolism of N in the rumen (Bach 
et al., 2005) and result in different magnitudes of MUN 
variation. As milk and milk component yield, in addition 
to DMI, were affected by a CP × HB interaction, then it 
is clear that the effect of HB is not consistent at different 
dietary protein levels, and that providing HB in a high-
protein diet may be more beneficial to the performance 
of dairy cows.

Feed Efficiency and NUE

Lee et al. (2015) observed that cows that received MP-
adequate diets tended to have a higher FE than those fed 
a MP-deficient diet. Gabler and Heinrichs (2003) also re-
ported that the FE of Holstein heifers (ratio of kg of feed 
to kg of gain) improved linearly with dietary CP level. 
Feed efficiency also increased in cows fed the high-pro-
tein diets in our current study. However, the result should 
be interpreted with caution, as the improved FE in the 
above studies was mainly caused by an increased milk 
production or average daily gain, while it was mainly the 
lower feed intake in cows on high-protein diets compared 
with those in LP group that led to this result in our study. 
Reasons for these differences merits further investiga-
tion.

As dietary N intake decreases with the low-protein diet, 
the dependency of ruminal bacteria on urea-N increases. 
This urea-N is recycled from NH3-N, which originates 
in the rumen and is subsequently processed in the liver 
(Mutsvangwa et al., 2016). Compared with the cows fed 
the high-protein diets, more recycled urea-N will be used 
for anabolic purposes to support microbial growth in re-
sponse to the reduction in dietary N supply in cows fed 
the LP diets (Chibisa and Mutsvangwa, 2013). Microbial 
protein will be used as an amino acid source to the host 
animal, with deaminated amino acid-N converted to urea 
in the ornithine cycle and either recycled back to the ru-
men or excreted in urine (Mutsvangwa et al., 2016). Lee 
et al. (2011) also reported that urine N losses are more 
responsive to N intake than milk N secretion. Thus, NUE 
was improved by feeding the low-protein diets in the 
current study, which is in agreement with other findings 
(Mutsvangwa et al., 2016; Hynes et al., 2016).

Additionally, BUN content, a common indicator of 
NUE (Kohn et al., 2005), exhibits a positive correlation 
with CP intake and a negative correlation with NUE (Zhu 
et al., 2020; Lavery and Ferris, 2021; Chowdhury et al., 
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2023). In our study, the reduced BUN concentration in 
cows receiving the low-protein dietary treatments was 
associated with a higher NUE, reinforcing the relation-
ship between dietary protein level and efficient nitrogen 
utilization.

Replacing 50% of CP of concentrate mixture with hy-
droponic barley in the ration of growing lambs improved 
nutrient utilization and N balance (Devendar et al., 2020). 
Hydroponic barley inclusion in the current study also re-
sulted in a greater FE and NUE. The process of soaking, 
germination and sprouting often results in an increased 
content or availability of protein, carbohydrate, minerals 
and vitamins (Abouelezz et al., 2019), and the increased 
total VFA and propionate concentration from feeding HB 
reported by Farghaly et al. (2019) may have contributed 
to the increased FE in our study. Moreover, the increased 
energy metabolism in the rumen reflected in the higher 
total VFA concentration will have supported a greater 
microbial growth, thereby improving N utilization.

Blood Biochemical Parameters

Alanine aminotransferase plays an important role in 
the intermediate metabolism of glucose and amino acids 
(Sookoian and Pirola, 2012) and is found most abundant-
ly in the cytosol of the hepatocyte, and little is released 
into blood, unless in the case of hepatocellular injury or 
death (Kim et al., 2008; Mohamed, 2014). An increased 
serum ALT concentration was detected in cows fed the 
low-protein diet in our current study, which is in accor-
dance with the study of Zhu et al. (2020), who observed 
higher serum ALT content in goats fed a 12.0% CP diet 
than those fed a 14.8% CP diet. However, higher serum 
ALT content in the current study might not indicate liver 
damage because serum ALT concentrations were within 
the normal range (Andjelić et al., 2022).

Research by Niroula et al. (2019) and Nemzer et al. 
(2019) has shown that barley germination enhances its 
phenolic content and antioxidant activity. Lee et al. 
(2017) further discovered that barley sprout extract aids 
in protecting liver cells from oxidative stress by boost-
ing glutathione synthesis in a mouse model. Addition-
ally, Barbarestani et al. (2024) reported that including 
barley sprouts in the diet of aged broiler roosters (2% of 
their basal diet) not only reduced serum MDA concen-
trations but also upregulated the mRNA expression of 
GSH-Px and SOD. However, our study did not observe 
a similar influence on the activity of antioxidant en-
zymes in blood, which could be attributed to the rumen 
microbiota’s involvement, and it has been suggested 
that polyphenolic compounds may be degraded or trans-
formed into alternative complex structures in the rumen 
(Kim et al., 2021).

Nutrient Intake and ATTD

The intake of nutrients is directly related to the DMI of 
dairy cows and the nutritional level of the diet. Although 
the DMI has been discussed earlier, this section will fo-
cus on the apparent digestibility of nutrients.

As discussed, as barley grain germinates and devel-
ops into hydroponic barley, the nutrient availability is 
improved, resulting in an enhanced rumen fermenta-
tion (Farghaly et al., 2019), which may explain the 
increased DM and CP digestibility in cows fed HB at 
the high dietary CP level in our study. These results are 
also consistent with our findings on the production of 
dairy cattle, in that HB had no effect on DMI but in-
creased the milk yield, FE, and NUE of cows fed the 
high-protein diet. It has been shown that ration RDP has 
a large influence on the production of rumen microbial 
crude protein, and is positively related to NDF and DM 
digestibility (NASEM, 2021). The RDP content of the LP 
diet was predicted to be lower than the HP diet, but cows 
in this group achieved a higher DM, CP, and ADF digest-
ibility, which may be attributed to the higher DMI that 
supplied additional RDP to the rumen of LP cows. With 
the increased energy intake, this led to the milk yield, 
ECM production, 4% FCM output, and the yields of milk 
protein and lactose of LP being on par with or surpassing 
those observed in the HP group. Moreover, cows fed the 
LP diet exhibited a higher DMD and CPD, but lower FE. 
This pattern suggests that nutrients absorbed from diges-
tion were not being efficiently allocated to milk produc-
tion. We speculate that the low-protein diet may lead to 
a preferential redistribution of nutrients to body tissues 
rather than lactation, despite only a nominal increase in 
the BCS of these cows. This premise warrants further 
investigation.

CONCLUSIONS

Cows fed the high-protein diets exhibited a higher 
milk protein content and FE. Feeding the LP diet resulted 
in a higher DMI and milk lactose content, but a lower 
concentration of MUN and BUN. Additionally, NUE 
was increased by feeding the low-protein diets. Hence, 
feeding low-protein diets had no adverse effects on 
dairy cow performance. Regardless of the dietary pro-
tein level, the inclusion of HB improved FE and NUE. 
However, caution should be exercised when feeding HB 
with low-protein diets, as it led to reductions in DMI, 
milk yield, and milk fat yield. In contrast, when feeding 
with a high-protein diet, HB had no effect on DMI but 
increased milk production and elevated yields of milk 
protein and lactose. Therefore, incorporating HB into 
higher protein diets may support improvements in milk 
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production performance. Moreover, further work on the 
effect of the inclusion of hydroponic barley on the rumen 
microbiota and metabolism may help to better explain 
the mechanism behind these results.

NOTES

This research was financially supported by the National 
Key Research and Development Program of China (Bei-
jing, China; 2022YFD1301002), the Key Research and 
Development Program of the Ningxia Hui Autonomous 
Region (Yinchuan, China; 2022BBF02016), the Agricul-
ture Science and Technology Innovation Program (Bei-
jing, China; ASTIP-IAS07-1), the Chinese Academy of 
Agricultural Science and Technology Innovation Project 
(Beijing, China; CAAS-XTCX2016011-01), and Beijing 
Innovation Consortium of Livestock Research System 
(Beijing, China; BAIC05-2023). This study was approved 
by the Animal Care and Use Committee of the Institute of 
Animal Sciences, Chinese Academy of Agricultural Sci-
ences (No. IAS20180115). The use of animals in our study 
was in strict accordance with the Directions for Caring 
for Experimental Animals from the Institute of Animal 
Science, Chinese Academy of Agricultural Sciences. The 
authors have not stated any conflicts of interest.

Nonstandard abbreviations used: AIA = acid-insol-
uble ash; ALB = albumin; ALP = alkaline phosphatase; 
ALT = alanine aminotransferase; AST = aspartate ami-
notransferase; ATTD = apparent total-tract digestibility; 
CPD = ATTD of CP; CR = creatinine; DDGS = distillers 
dried grains with solubles; DMD = ATTD of DM; FE = 
feed efficiency; GSH-Px = glutathione peroxidase; HB 
= hydroponic barley sprouts; HP = high-protein diet, 
16.8% CP; HP+HB = HP diet with hydroponic barley; 
LP = low-protein diet, 15.5% CP; LP+HB = LP diet with 
hydroponic barley; LSD = least significant difference; 
MDA = malondialdehyde; NUE = N use efficiency; TP 
= total protein; SOD = superoxide dismutase; T-AOC = 
total antioxidant capacity.

REFERENCES

Abouelezz, K. F. M., M. A. M. Sayed, and M. A. Abdelnabi. 2019. 
Evaluation of hydroponic barley sprouts as a feed supplement for 
laying Japanese quail: Effects on egg production, egg quality, fertil-
ity, blood constituents, and internal organs. Anim. Feed Sci. Technol. 
252:126–135. https:​/​/​doi​.org/​10​.1016/​j​.anifeedsci​.2019​.04​.011.

Ali, A. F., F. M. Suhail, H. A. Salim, and A. H. Abed. 2021. Influence 
of Azotobacter chroococcum, Azospirillum brasilense, Trichoderma 
harzianum and tri-calcium phosphate on hydroponically-grown bar-
ley grains. IOP Conf. Ser. Earth Environ. Sci. 735:012056 https:​/​/​doi​
.org/​10​.1088/​1755​-1315/​735/​1/​012056.

Andjelić, B., R. Djoković, M. Cincović, S. Bogosavljević-Bošković, M. 
Petrović, J. Mladenović, and A. Čukić. 2022. Relationships between 
milk and blood biochemical parameters and metabolic status in dairy 
cows during lactation. Metabolites 12:733. https:​/​/​doi​.org/​10​.3390/​
metabo12080733.

AOAC. (1995) Official Methods of Analysis. 14th ed. Association of 
Official Analytical Chemists, Washington, DC.

Bach, A., S. Calsamiglia, and M. D. Stern. 2005. Nitrogen metabolism 
in the rumen. J. Dairy Sci. 88:E9–E21. https:​/​/​doi​.org/​10​.3168/​jds​
.S0022​-0302(05)73133​-7.

Barbarestani, S. Y., F. Samadi, M. Zaghari, Z. A. Pirsaraei, and J. P. 
Kastelic. 2024. Dietary supplementation with barley sprouts and 
d-aspartic acid improves reproductive hormone concentrations, tes-
ticular histology, antioxidant status, and mRNA expressions of apop-
tosis-related genes in aged broiler breeder roosters. Theriogenology 
214:224–232. https:​/​/​doi​.org/​10​.1016/​j​.theriogenology​.2023​.10​.030.

Barros, T., M. A. Quaassdorff, M. J. Aguerre, J. J. Olmos Colmenero, S. 
J. Bertics, P. M. Crump, and M. A. Wattiaux. 2017. Effects of dietary 
crude protein concentration on late-lactation dairy cow performance 
and indicators of nitrogen utilization. J. Dairy Sci. 100:5434–5448. 
https:​/​/​doi​.org/​10​.3168/​jds​.2016​-11917.

Beerda, B., W. Ouweltjes, L. B. J. Šebek, J. J. Windig, and R. F. 
Veerkamp. 2007. Effects of genotype by environment interactions 
on milk yield, energy balance, and protein balance. J. Dairy Sci. 
90:219–228. https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(07)72623​-1.

Bobbo, T., M. Penasa, A. Rossoni, and M. Cassandro. 2020. Short com-
munication: Genetic aspects of milk urea nitrogen and new indicators 
of nitrogen efficiency in dairy cows. J. Dairy Sci. 103:9207–9212. 
https:​/​/​doi​.org/​10​.3168/​jds​.2020​-18445.

Chibisa, G. E., and T. Mutsvangwa. 2013. Effects of feeding wheat or 
corn-wheat dried distillers grains with solubles in low or high crude 
protein diets on ruminal function, omasal nutrient flows, urea-N 
recycling, and performance in cows. J. Dairy Sci. 96:6550–6563. 
https:​/​/​doi​.org/​10​.3168/​jds​.2013​-6622.

Chowdhury, M. R., R. G. Wilkinson, and L. A. Sinclair. 2023. Feeding 
lower protein diets based on red clover and grass or alfalfa and corn 
silage does not affect milk production but improves nitrogen use ef-
ficiency in dairy cows. J. Dairy Sci. 106:1773–1789. https:​/​/​doi​.org/​
10​.3168/​jds​.2022​-22607.

Costa, A., N. Lopez-Villalobos, N. W. Sneddon, L. Shalloo, M. Franzoi, 
M. De Marchi, and M. Penasa. 2019. Invited review: Milk lactose—
Current status and future challenges in dairy cattle. J. Dairy Sci. 
102:5883–5898. https:​/​/​doi​.org/​10​.3168/​jds​.2018​-15955.

Devendar, R., N. N. Kumari, Y. R. Reddy, K. S. Rao, K. K. Reddy, J. 
Raju, and K. Sridhar. 2020. Growth performance, nutrient utilization 
and carcass characteristics of sheep fed hydroponic barley fodder. 
Anim. Nutr. Feed Technol. 20:321–331. https:​/​/​doi​.org/​10​.5958/​
0974​-181X​.2020​.00029​.3.

Farghaly, M. M., M. A. M. Abdullah, I. M. I. Youssef, I. R. Abdel-Ra-
him, and K. Abouelezz. 2019. Effect of feeding hydroponic barley 
sprouts to sheep on feed intake, nutrient digestibility, nitrogen reten-
tion, rumen fermentation and ruminal enzymes activity. Livest. Sci. 
228:31–37. https:​/​/​doi​.org/​10​.1016/​j​.livsci​.2019​.07​.022.

Faul, F., E. Erdfelder, A. Buchner, and A.-G. Lang. 2009. Statistical 
power analyses using G* Power 3.1: Tests for correlation and regres-
sion analyses. Behav. Res. Methods 41:1149–1160. https:​/​/​doi​.org/​
10​.3758/​BRM​.41​.4​.1149.

Fazaeli, H., H. A. Golmohammadi, S. N. Tabatabayee, and M. Asghari-
Tabrizi. 2012. Productivity and nutritive value of barley green fod-
der yield in hydroponic system. World Appl. Sci. J. 16:531–539.

Fazaeli, H., H. A. Golmohammadi, and S. N. Tabatatbaei. 2021. Effect of 
replacing dietary corn silage with hydroponic barley green fodder on 
Holstein dairy cows performance. Iran. J. Appl. Anim. Sci. 11:47–57.

Felton, C. A., and T. J. DeVries. 2010. Effect of water addition to a total 
mixed ration on feed temperature, feed intake, sorting behavior, and 
milk production of dairy cows. J. Dairy Sci. 93:2651–2660. https:​/​/​
doi​.org/​10​.3168/​jds​.2009​-3009.

Gabler, M. T., and A. J. Heinrichs. 2003. Dietary protein to metabolizable 
energy ratios on feed efficiency and structural growth of prepubertal 
Holstein heifers. J. Dairy Sci. 86:268–274. https:​/​/​doi​.org/​10​.3168/​
jds​.S0022​-0302(03)73605​-4.

Hafla, A. N., K. J. Soder, A. F. Brito, M. D. Rubano, and C. J. Dell. 2014. 
Effect of sprouted barley grain supplementation of an herbage-based 
or haylage-based diet on ruminal fermentation and methane output 
in continuous culture. J. Dairy Sci. 97:7856–7869. https:​/​/​doi​.org/​10​
.3168/​jds​.2014​-8518.

Wu et al.: DIETARY PROTEIN LEVEL AND HYDROPONIC BARLEY

https://doi.org/10.1016/j.anifeedsci.2019.04.011
https://doi.org/10.1088/1755-1315/735/1/012056
https://doi.org/10.1088/1755-1315/735/1/012056
https://doi.org/10.3390/metabo12080733
https://doi.org/10.3390/metabo12080733
https://doi.org/10.3168/jds.S0022-0302(05)73133-7
https://doi.org/10.3168/jds.S0022-0302(05)73133-7
https://doi.org/10.1016/j.theriogenology.2023.10.030
https://doi.org/10.3168/jds.2016-11917
https://doi.org/10.3168/jds.S0022-0302(07)72623-1
https://doi.org/10.3168/jds.2020-18445
https://doi.org/10.3168/jds.2013-6622
https://doi.org/10.3168/jds.2022-22607
https://doi.org/10.3168/jds.2022-22607
https://doi.org/10.3168/jds.2018-15955
https://doi.org/10.5958/0974-181X.2020.00029.3
https://doi.org/10.5958/0974-181X.2020.00029.3
https://doi.org/10.1016/j.livsci.2019.07.022
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3168/jds.2009-3009
https://doi.org/10.3168/jds.2009-3009
https://doi.org/10.3168/jds.S0022-0302(03)73605-4
https://doi.org/10.3168/jds.S0022-0302(03)73605-4
https://doi.org/10.3168/jds.2014-8518
https://doi.org/10.3168/jds.2014-8518


Journal of Dairy Science Vol. 107 No. 10, 2024

7754

Hall, M. B. 2009. Analysis of starch, including maltooligosaccharides in 
animal feeds: A comparison of methods and a recommended method 
for AOAC collaborative study. J. AOAC Int. 92:42–49.

Hristov, A. N., W. J. Price, and B. Shafii. 2004. A meta-analysis examin-
ing the relationship among dietary factors, dry matter intake, and 
milk and milk protein yield in dairy cows. J. Dairy Sci. 87:2184–
2196. https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(04)70039​-9.

Hughes, J. 2001. A system for assessing cow cleanliness. In Pract. 
23:517–524. https:​/​/​doi​.org/​10​.1136/​inpract​.23​.9​.517.

Hynes, D. N., S. Stergiadis, A. Gordon, and T. Yan. 2016. Effects of 
crude protein level in concentrate supplements on animal perfor-
mance and nitrogen utilization of lactating dairy cows fed fresh-cut 
perennial grass. J. Dairy Sci. 99:8111–8120. https:​/​/​doi​.org/​10​.3168/​
jds​.2016​-11110.

Kidane, A., M. Øverland, L. T. Mydland, and E. Prestløkken. 2018. 
Milk production of Norwegian Red dairy cows on silages presumed 
either low or optimal in dietary crude protein content. Livest. Sci. 
214:42–50. https:​/​/​doi​.org/​10​.1016/​j​.livsci​.2018​.05​.011.

Kim, D., P. Kuppusamy, J. S. Jung, K. H. Kim, and K. C. Choi. 2021. 
Microbial dynamics and in vitro degradation of plant secondary 
metabolites in Hanwoo steer rumen fluids. Animals (Basel) 11:2350. 
https:​/​/​doi​.org/​10​.3390/​ani11082350.

Kim, W. R., S. L. Flamm, A. M. Di Bisceglie, and H. C. Bodenheimer 
Jr.. 2008. Serum activity of alanine aminotransferase (ALT) as an 
indicator of health and disease. Hepatology 47:1363–1370. https:​/​/​
doi​.org/​10​.1002/​hep​.22109.

Kohn, R. A., M. M. Dinneen, and E. Russek-Cohen. 2005. Using blood 
urea nitrogen to predict nitrogen excretion and efficiency of nitrogen 
utilization in cattle, sheep, goats, horses, pigs, and rats. J. Anim. Sci. 
83:879–889. https:​/​/​doi​.org/​10​.2527/​2005​.834879x.

Komaragiri, M. V. S., and R. A. Erdman. 1997. Factors affecting body 
tissue mobilization in early lactation dairy cows. 1. Effect of di-
etary protein on mobilization of body fat and protein. J. Dairy Sci. 
80:929–937. https:​/​/​doi​.org/​10​.3168/​jds​.S0022​-0302(97)76016​-8.

Lavery, A., and C. P. Ferris. 2021. Proxy measures and novel strategies 
for estimating nitrogen utilisation efficiency in dairy cattle. Animals 
(Basel) 11:343. https:​/​/​doi​.org/​10​.3390/​ani11020343.

Law, R. A., F. J. Young, D. C. Patterson, D. J. Kilpatrick, A. R. G. Wylie, 
and C. S. Mayne. 2009. Effect of dietary protein content on animal 
production and blood metabolites of dairy cows during lactation. J. 
Dairy Sci. 92:1001–1012. https:​/​/​doi​.org/​10​.3168/​jds​.2008​-1155.

Lee, C., F. Giallongo, A. Hristov, H. Lapierre, T. Cassidy, K. Heyler, G. 
Varga, and C. Parys. 2015. Effect of dietary protein level and rumen-
protected amino acid supplementation on amino acid utilization for 
milk protein in lactating dairy cows. J. Dairy Sci. 98:1885–1902. 
https:​/​/​doi​.org/​10​.3168/​jds​.2014​-8496.

Lee, C., A. N. Hristov, T. W. Cassidy, K. S. Heyler, H. Lapierre, G. A. 
Varga, M. J. de Veth, R. A. Patton, and C. Parys. 2012. Rumen-pro-
tected lysine, methionine, and histidine increase milk protein yield 
in dairy cows fed a metabolizable protein-deficient diet. J. Dairy Sci. 
95:6042–6056. https:​/​/​doi​.org/​10​.3168/​jds​.2012​-5581.

Lee, C., A. N. Hristov, K. S. Heyler, T. W. Cassidy, M. Long, B. A. Corl, 
and S. K. R. Karnati. 2011. Effects of dietary protein concentration 
and coconut oil supplementation on nitrogen utilization and produc-
tion in dairy cows. J. Dairy Sci. 94:5544–5557. https:​/​/​doi​.org/​10​
.3168/​jds​.2010​-3889.

Lee, Y. H., S. H. Kim, S. Lee, K. M. Kim, J. C. Jung, T. G. Son, S. H. 
Ki, W. D. Seo, J. H. Kwak, J. T. Hong, and Y. S. Jung. 2017. Anti-
oxidant effect of barley sprout extract via enhancement of nuclear 
factor-erythroid 2 related factor 2 activity and glutathione synthesis. 
Nutrients 9:1252. https:​/​/​doi​.org/​10​.3390/​nu9111252.

Licitra, G., T. M. Hernandez, and P. J. Van Soest. 1996. Standardiza-
tions of procedures for nitrogen fractionation of ruminant feeds. 
Anim. Feed Sci. Technol. 57:347–358. https:​/​/​doi​.org/​10​.1016/​0377​
-8401(95)00837​-3.

Mohamed, G. A. E. 2014. Investigation of some enzymes level in blood 
and milk serum in two stages of milk yield dairy cows at Assiut city. 
Magallat Asyut al-Tibiyyat al-Baytariyyat 60:110–120. https:​/​/​doi​
.org/​10​.21608/​avmj​.2014​.170982.

Mohsen, M. K., E. M. Abdel-Raouf, H. M. A. Gaafar, and A. M. Yousif. 
2015. Nutritional evaluation of sprouted barley grains on agricul-

tural by-products on performance of growing New Zealand white 
rabbits. Nat. Sci. 13:35–45.

Morales, M. A., B. Fuente, M. Juárez, and E. Ávila. 2009. Short com-
munication: Effect of substituting hydroponic green barley forage 
for a commercial feed on performance of growing rabbits. World 
Rabbit Sci. 17:35–38.

Mutsvangwa, T., K. L. Davies, J. J. McKinnon, and D. A. Christensen. 
2016. Effects of dietary crude protein and rumen-degradable protein 
concentrations on urea recycling, nitrogen balance, omasal nutrient 
flow, and milk production in dairy cows. J. Dairy Sci. 99:6298–6310. 
https:​/​/​doi​.org/​10​.3168/​jds​.2016​-10917.

NASEM (National Academies of Sciences, Engineering, and Medicine). 
2021. Nutrient Requirements of Dairy Cattle. 8th rev. ed. The Na-
tional Academies Press.

Nemzer, B., Y. Lin, and D. Huang. 2019. Antioxidants in sprouts of 
grains. Pages 55–68 in Sprouted Grains. AACC International Press. 

Niroula, A., S. Khatri, D. Khadka, and R. Timilsina. 2019. Total phenolic 
contents and antioxidant activity profile of selected cereal sprouts 
and grasses. Int. J. Food Prop. 22:427–437. https:​/​/​doi​.org/​10​.1080/​
10942912​.2019​.1588297.

NRC (National Research Council). 2001. Nutrient Requirements of 
Dairy Cattle. 7th ed. The National Academies Press.

Olmos Colmenero, J. J., and G. A. Broderick. 2006. Effect of dietary 
crude protein concentration on milk production and nitrogen utiliza-
tion in lactating dairy cows. J. Dairy Sci. 89:1704–1712. https:​/​/​doi​
.org/​10​.3168/​jds​.S0022​-0302(06)72238​-X.

Palmquist, D. L., and H. R. Conrad. 1978. High fat rations for dairy 
cows. Effects on feed intake, milk and fat production, and plasma 
metabolites. J. Dairy Sci. 61:890–901. https:​/​/​doi​.org/​10​.3168/​jds​
.S0022​-0302(78)83667​-4.

Raeisi, Z., R. Tahmasbi, O. Dayani, A. Ayatollahi Mehrgardi, and I. 
Tavassolian. 2018. Digestibility, microbial protein synthesis, rumen 
and blood parameters in sheep fed diets containing hydroponic bar-
ley fodder. J. Livest. Sci. Technol. 6:9–17. https:​/​/​doi​.org/​10​.22103/​
jlst​.2017​.10424​.1211.

Roche, J. R., N. C. Friggens, J. K. Kay, M. W. Fisher, K. J. Stafford, and 
D. P. Berry. 2009. Body condition score and its association with dairy 
cow productivity, health, and welfare. J. Dairy Sci. 92:5769–5801. 
https:​/​/​doi​.org/​10​.3168/​jds​.2009​-2431.

Saxton, A. M. 1998. A macro for converting mean separation output to 
letter groupings in Proc Mixed. Pages 1243–1246 in Proceedings of 
the 23rd SAS Users Group International, Nashville, TN.

Sinclair, K. D., P. C. Garnsworthy, G. E. Mann, and L. A. Sinclair. 
2014. Reducing dietary protein in dairy cow diets: Implications for 
nitrogen utilization, milk production, welfare and fertility. Animal 
8:262–274. https:​/​/​doi​.org/​10​.1017/​S1751731113002139.

Sookoian, S., and C. J. Pirola. 2012. Alanine and aspartate aminotrans-
ferase and glutamine-cycling pathway: Their roles in pathogenesis of 
metabolic syndrome. World J. Gastroenterol. 18:3775–3781. https:​/​/​
doi​.org/​10​.3748/​wjg​.v18​.i29​.3775.

Tebbe, A. W., and W. P. Weiss. 2020. Effects of oscillating dietary crude 
protein concentrations on production, nutrient digestion, plasma me-
tabolites, and body composition in lactating dairy cows. J. Dairy Sci. 
103:10219–10232. https:​/​/​doi​.org/​10​.3168/​jds​.2020​-18613.

Tyrrell, H. F., and J. T. Reid. 1965. Prediction of the energy value of 
cow’s milk. J. Dairy Sci. 48:1215–1223. https:​/​/​doi​.org/​10​.3168/​jds​
.S0022​-0302(65)88430​-2.

Van Keulen, J., and B. A. Young. 1977. Evaluation of acid-insoluble ash 
as a natural marker in ruminant digestibility studies. J. Anim. Sci. 
44:282–287. https:​/​/​doi​.org/​10​.2527/​jas1977​.442282x.

Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods for 
dietary fiber, neutral detergent fiber, and nonstarch polysaccharides 
in relation to animal nutrition. J. Dairy Sci. 74:3583–3597. https:​/​/​
doi​.org/​10​.3168/​jds​.S0022​-0302(91)78551​-2.

Velásquez, A. V., G. G. da Silva, D. O. Sousa, C. A. Oliveira, C. M. 
M. R. Martins, P. P. M. dos Santos, J. C. C. Balieiro, F. P. Rennó, 
and R. S. Fukushima. 2018. Evaluating internal and external mark-
ers versus fecal sampling procedure interactions when estimating 
intake in dairy cows consuming a corn silage-based diet. J. Dairy 
Sci. 101:5890–5901. https:​/​/​doi​.org/​10​.3168/​jds​.2017​-13283.

Wu et al.: DIETARY PROTEIN LEVEL AND HYDROPONIC BARLEY

https://doi.org/10.3168/jds.S0022-0302(04)70039-9
https://doi.org/10.1136/inpract.23.9.517
https://doi.org/10.3168/jds.2016-11110
https://doi.org/10.3168/jds.2016-11110
https://doi.org/10.1016/j.livsci.2018.05.011
https://doi.org/10.3390/ani11082350
https://doi.org/10.1002/hep.22109
https://doi.org/10.1002/hep.22109
https://doi.org/10.2527/2005.834879x
https://doi.org/10.3168/jds.S0022-0302(97)76016-8
https://doi.org/10.3390/ani11020343
https://doi.org/10.3168/jds.2008-1155
https://doi.org/10.3168/jds.2014-8496
https://doi.org/10.3168/jds.2012-5581
https://doi.org/10.3168/jds.2010-3889
https://doi.org/10.3168/jds.2010-3889
https://doi.org/10.3390/nu9111252
https://doi.org/10.1016/0377-8401(95)00837-3
https://doi.org/10.1016/0377-8401(95)00837-3
https://doi.org/10.21608/avmj.2014.170982
https://doi.org/10.21608/avmj.2014.170982
https://doi.org/10.3168/jds.2016-10917
https://doi.org/10.1080/10942912.2019.1588297
https://doi.org/10.1080/10942912.2019.1588297
https://doi.org/10.3168/jds.S0022-0302(06)72238-X
https://doi.org/10.3168/jds.S0022-0302(06)72238-X
https://doi.org/10.3168/jds.S0022-0302(78)83667-4
https://doi.org/10.3168/jds.S0022-0302(78)83667-4
https://doi.org/10.22103/jlst.2017.10424.1211
https://doi.org/10.22103/jlst.2017.10424.1211
https://doi.org/10.3168/jds.2009-2431
https://doi.org/10.1017/S1751731113002139
https://doi.org/10.3748/wjg.v18.i29.3775
https://doi.org/10.3748/wjg.v18.i29.3775
https://doi.org/10.3168/jds.2020-18613
https://doi.org/10.3168/jds.S0022-0302(65)88430-2
https://doi.org/10.3168/jds.S0022-0302(65)88430-2
https://doi.org/10.2527/jas1977.442282x
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3168/jds.2017-13283


7755

Journal of Dairy Science Vol. 107 No. 10, 2024

Xue, B., T. Yan, C. F. Ferris, and C. S. Mayne. 2011. Milk production and 
energy efficiency of Holstein and Jersey-Holstein crossbred dairy 
cows offered diets containing grass silage. J. Dairy Sci. 94:1455–
1464. https:​/​/​doi​.org/​10​.3168/​jds​.2010​-3663.

Yoon, J. T., J. H. Lee, C. K. Kim, Y. C. Chung, and C. H. Kim. 2004. 
Effects of milk production, season, parity and lactation period on 
variations of milk urea nitrogen concentration and milk components 
of Holstein dairy cows. Asian-Australas. J. Anim. Sci. 17:479–484. 
https:​/​/​doi​.org/​10​.5713/​ajas​.2004​.479.

Zanton, G. I. 2016. Analysis of production responses to changing 
crude protein levels in lactating dairy cow diets when evaluated 
in continuous or change-over experimental designs. J. Dairy Sci. 
99:4398–4410. https:​/​/​doi​.org/​10​.3168/​jds​.2015​-10438.

Zhong, R. Z., J. G. Li, Y. X. Gao, Z. L. Tan, and G. P. Ren. 2008. 
Effects of substitution of different levels of steam-flaked corn for 
finely ground corn on lactation and digestion in early lactation 

dairy cows. J. Dairy Sci. 91:3931–3937. https:​/​/​doi​.org/​10​.3168/​
jds​.2007​-0957.

Zhu, W., W. Xu, C. C. Wei, Z. J. Zhang, C. C. Jiang, and X. Y. Chen. 
2020. Effects of decreasing dietary crude protein level on growth 
performance, nutrient digestion, serum metabolites, and nitrogen 
utilization in growing goat kids (Capra hircus). Animals (Basel) 
10:151. https:​/​/​doi​.org/​10​.3390/​ani10010151.

ORCIDS

Z. H. Wu  https:​/​/​orcid​.org/​0000​-0001​-9789​-8176
L. Ma  https:​/​/​orcid​.org/​0000​-0002​-9752​-0218
L. A. Sinclair  https:​/​/​orcid​.org/​0000​-0002​-8543​-0063
D. P. Bu  https:​/​/​orcid​.org/​0000​-0003​-1548​-5509

Wu et al.: DIETARY PROTEIN LEVEL AND HYDROPONIC BARLEY

https://doi.org/10.3168/jds.2010-3663
https://doi.org/10.5713/ajas.2004.479
https://doi.org/10.3168/jds.2015-10438
https://doi.org/10.3168/jds.2007-0957
https://doi.org/10.3168/jds.2007-0957
https://doi.org/10.3390/ani10010151
https://orcid.org/0000-0001-9789-8176
https://orcid.org/0000-0002-9752-0218
https://orcid.org/0000-0002-8543-0063
https://orcid.org/0000-0003-1548-5509

	L Sinclair Hydroponic barley
	L Sinclair Hydroponic barley VoR.pdf
	Hydroponic barley supplementation fed with high-protein diets improves the production performance of lactating dairy cows
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Diets
	Sample Collection and Measurements
	Statistical Analysis

	RESULTS
	DMI and Milk Production Performance
	Effects on FE, NUE, BCS, and Fecal Score
	Effects on Blood Biochemical Parameters
	Effects on Nutrient Intake and ATTD

	DISCUSSION
	Dry Matter Intake
	Milk Production and Composition
	Feed Efficiency and NUE
	Blood Biochemical Parameters
	Nutrient Intake and ATTD

	CONCLUSIONS
	NOTES
	REFERENCES



