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Abstract: This study examined the effects of four levels of rumen-protected methionine (RPM) on the milk performance of dairy goats
subjected to severe heat stress (temperature humidity index >90). Seventy-five Guanzhong dairy goats (52.6+4.9 kg) with the same farrowing
period and lactation day (120£10 d) were randomly divided into five groups of 15 head and fed a 13.55% crude protein diet supplemented
with 0, 1.5, 3, 4.5 or 6 g/d RPM in the concentrate. The trial included nine days adaptation time and 30 days of sampling and analysis. The
addition of RPM did not change feed intake but 1.5 g/d RPM significantly increased milk protein content, the ratio of milk to feed, and the
economic returns. No significant changes in milk fat or urea-nitrogen concentrations or somatic cell count were observed. Plasma urea-
nitrogen was significantly lowered in the 1.5 g/d RPM group. RPM supplementation increased plasma methionine concentration and total
amino acid concentration in a dose-dependent manner. The highest dose of RPM (6 g/d) enhanced plasma immunoglobulin G concentration.
It is demonstrated that supplementation with an appropriate dose of RPM to dairy goats fed a relatively low protein diet and subject to heat
stress can increase milk protein production and improve economic returns.
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Is1 Stresine Maruz Kalmais Siit Ke¢ilerinde Rumen Korumali1 Metiyonin
Ilavesinin Siit Performansi, Plazma Biyokimyasal indeksleri ve Amino
Asit Konsantrasyonu Uzerine Etkileri

Oz: Bu aligmada, siddetli 1s1 stresine (sicaklik-nem indeksi >90) maruz kalan siit kegilerinde rumen korumali metiyoninin (RPM) dort farkls
konsantrasyonunun siit performans {izerine etkisi incelendi. Ayni yavrulama zamani ve laktasyon donemine (120+10 giin) denk gelen 75
Guanzhong siit kegisi (52.6+4.9 kg), 15 hayvandan olusan bes gruba ayrildi ve her bir grup 0, 1.5, 3, 4.5 ve 6 g/giin konsantreli RPM iceren
%13.55 ham protein diyeti ile beslendi. Deneme, dokuz giinliik adaptasyon siiresi ve 30 giinlilk 6rneklem ve analiz siiresini igeriyordu. RPM
ilavesi yem tiiketimini degistirmez iken, 1.5 g/giin konsantreli RPM ilavesi siit protein igerigini, siitiin besleme oranini ve ekonomik kazanci
6nemli olgiide artirdi. Siit yag: ve tire-azot konsantrasyonlarinda ve somatik hiicre sayisinda énemli bir degisiklik gozlenmedi. 1.5 g/giin
konsantreli RPM uygulanan grupta plazma tire-azot seviyesi 6nemli 6l¢iide azaldi. RPM ilavesi, doza bagiml bir sekilde plazma metiyonin
ve toplam amino asit konsantrasyonunu arttirdi. RPM’nin en yiiksek dozu (6 g/giin), plazma immiinoglobulin G konsantrasyonunu artirdi.
Nispeten diisiik protein diyeti ile beslenen ve 1s1 stresine maruz kalan siit kegilerine uygun dozlu RPM ilavesinin, siit protein tiretimini
artirabilecegi ve ekonomik kazancr iyilestirebilecegi gosterilmistir.

Anahtar sozciikler: Rumen koruyucu metiyonin, Siit bilesimi, Plazma iire-azot, Serbest amino asitler, fmmiinoglobulin G, Siit kegisi

INTRODUCTION to improve the utilization of protein by ruminants "

the limiting of supplemental amino acids being an
Low protein utilization and lack of protein-rich feed make  important approach 2. Heat stress is a series of non-
ruminant production less economical. It is necessary  specific physiological reactions in animals subject to high
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temperature and high humidity environments, and is
an important factor hindering the development of the
dairy goat industry due to its adverse effects on milk
production and composition ®~). Studies have shown that
when animals are subjected to heat stress their feed intake,
reproductive performance, and productivity are affected,
and, in severe cases, death can result .. Heat stress affects
immune function at the interface of the endocrine and
immune systems. Lactating ewes under heat stress have
shown elevated mastitis pathogen loads .. Thus, the
alleviation of heat stress and improvement of ruminant
performance must be urgently addressed.

Methionine (Met) is considered to be the primary limiting
amino acid in milk production in dairy ruminants .
It is an effective regulator of protein synthesis "*'! and
involved in transsulfuration, methylation reactions and
polyamine synthesis "!. Met has a significant impact
on oxidative stress status because it is essential for the
synthesis of glutathione, one of the most abundant
antioxidants produced in the liver 2. So, the essential
amino acid methionine is one of the antioxidant nutrients
that act to mitigate the deleterious effects of ROS to cells.
Thus, in addition to involvement in glutathione synthesis,
Met supplementation has a direct protective effect against
oxidative stress in animals under heat stress. Its functions
include the maintenance of animal growth, the development
of physiological activities, detoxification and anti-mould
activities, and myocardial protection. Insufficient Met can
cause animal weight loss, stunted growth, liver and kidney
dysfunctions, and poor milk quality %,

Dietary Met can be rapidly degraded by microorganisms
in the rumen, while Met in the microbial proteins that
enter the small intestine of the host is usually insufficient
for high milk production ""*. Previous studies have shown
that supplementing the feed of lactating ruminants with
rumen-protected methionine (RPM) consistently increased
milk protein concentration and milk protein yield 1>#],
Supplementation of dairy cow diets with RPM can improve
the utilization efficiency of feed protein, fulfil protein
requirements for lactation and reduce the influence of
heat stress on milk yield. Zhao et al."”! compared a low-
protein diet (12% CP) supplemented with RPM to a high-
protein diet (16% CP). The supplemented low-protein
diet increased both milk protein yield and urea-nitrogen
content and tended to increase milk yield. Lee et al.’*"
reduced the dietary protein of dairy cows from 15.7% to
13.5% and found a significant reduction in milk yield that
could compensated by supplementation with RPM. Many
reports have revealed that supplementation with RPM
increased milk production and immunity of lactating
cows 128221 but there have been few studies on RPM
supplementation of dairy goats.

The main hypothesis of this study is that adding RPM to

a low-protein diet increases plasma Met concentrations,
promotes lactation, improves the utilization of dietary
protein by dairy goats, and alleviates the effects of heat
stress. The National Research Council (NRC) ! state that
it is common to supplement dairy goats with Met, but the
optimal dose of RPM is unknown. In this study various
doses of RPM were given to dairy goats and the effects on
milk quantity and quality and blood indices were assessed,
in order to define the appropriate RPM dose for dairy
goats subject to heat stress.

MATERIAL AND METHODS
Source of RPM

RPM containing 57% 2-hydroxy-4-(methylthio)isopropyl
butyrate was purchased from Adisseo Life Science Products
Co., Ltd. (Shanghai, China).

Animals and Experimental Design

Thetrial was conducted at Taiping Farm (Shaoyang, Hunan,
China; latitude 27°14’N, longitude 111°27E). Seventy-
tive Guanzhong dairy goats, a local Chinese breed, with
similar live weights (52.6+4.9 kg) and at similar lactation
ages (120+10 d) were selected and allocated to five group
consisting of 15 head per group. All animals were cared
for in accordance with the guidelines of the Institutional
Animal Care and Use Committee (IACUC) of the College
of Animal Science and Technology, Hunan Agricultural
University (CASTHAU-02-2019-10). The groups were
randomly assigned to five treatments involving supple-
mentation of the basal diet with RPM at doses of 0 (control
group), 1.5, 3.0, 4.5, and 6.0 g/d head. The trial lasted for
39 days, consisting of nine days for acclimation and 30
days (the experimental period) for sampling and analyses.

Diet and Animal Management

The diet referenced NRC nutrient requirements for dairy
goats 1%l and was prepared as a total mixed ration. Dietary
ingredients and nutritional parameters are listed in Table 1.
The average CP content of the basal diet in this study
(13.55%) was lower than the CP content recommended
by the NRC #I. Diet with low protein level (13.55%) was
fed to groups in the current study. Goats were kept in
individual pens and fed twice daily at 08:00 and 18:00.
Fresh drinking water was available all times.

Measurement of Temperature-Humidity Index (THI)

Wet-bulb and dry-bulb thermometers were hung in the
barn 1.5 m above the ground. Temperature and humidity
were recorded every day at 08:00, 12:00, and 17:00. The
formula THI = 0.72 x (Td + Tw) + 40.6 was applied,
where Td represents dry-bulb temperature and TW
represents wet-bulb temperature .. The average of the
two thermometer readings was recorded. As shown in
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the experimental period

30 35

Table 1. Composition and nutritional parameters of the basal diet (dry

matter basis)

Ingredients % gx::i;:: %
Alfalfa hay 24.00 DM 92.94
Oat hay 24.00 CP 13.55
Alfalfa pellets 12.00 NDF 52.75
Corn 2772 ADF 21.96
Wheat middling 2.00 Ca 0.39
Soybean meal 9.30 P 0.26
Ca(HCO:s), 0.60 Met 0.24
NaCl 0.30

CaCO; 0.03

Premix' 0.05

Total 100.00

! Premix provides (Purina commercial feed, per kg feed, dry matter basis):
Vit. A- 15.544 1U, Vit. D- 23.220 IU, Vit. E- 297 IU, Fe- 30 mg, Cu- 25 mg,
Zn- 60 mg, Mn- 75 mg, I- 0.15 mg, Se- 0.05 mg, Co- 0.15 mg

DM: dry matter; CP: crude protein; NDF: neutral detergent fiber; ADF:
acid detergent fiber; Ca: calcium; P: phosphorus; Met: methionine

Fig. 1, the THI during the experimental period was >90,
indicating the animals were subject to severe heat stress 1.

Sampling and Analyses

The quantities of feed offered and refused were recorded
daily during the experimental period to calculate the
average daily feed intake. Samples of the ration and any
feed refused were taken daily and stored at -20°C. At
the end of the experimental period, feed samples were
pooled, subsampled, and dried at 65°C for 48 h. Dried
samples were ground through a 40-mesh sieve and
their chemical composition determined using methods
described by the Association of Official Analytical
Chemists 12,

Goats were milked twice per day during the experimental
period using a parallel milking machine (DeLaval Co.,

Ltd., Sweden) and milk yield was recorded. Milk samples
(200 mL stored at -20°C) were taken on the last day
from nine randomly selected goats in each group. These
were aliquoted into 4 x 50 mL centrifuge tubes for milk
composition determination. There were three replicates
per sample. Concentrations of fat, protein, and non-fat
milk solids were determined using a MILKANA Milk
Analyzer (Beijing Harold Technology Co., Ltd., China).
Somatic cell count (SCC) was determined using a Lilavar
SCC analyzer (Nova Zagora, Bulgaria). Urea-nitrogen was
determined with an enzymatic (urease) method using a
commercial kit (Nanjing Jiancheng, China) following the
manufacturer’s protocol.

Feed costs, gross income from milk, and economic return
from the milk (i.e., ratio of milk income to the feed cost)
were calculated as follows:

Feed costs (¥/d) = Feed intake (kg/d) x Feed price (¥1.68/kg)
+ RPM cost (¥75/kg)

Milk income (¥/d) = Milk yield (kg/d) x Milk price (¥7.50/kg)
Gross milk income (¥/d) = Milk income - Feed cost

where ¥ is Renminbi (RMB). The ratio of average milk yield
(kg/d) to average feed intake (kg/d) was also calculated.

On day 30 of the experimental period, nine goats from
each group were randomly selected for blood sampling
before morning feeding. A total of 15 mL of blood was
drawn from the jugular vein and plasma was obtained
by centrifugation at 1.600 x g for 20 min and stored at
-20°C. Plasma concentrations of urea-nitrogen, glucose,
triglycerides, total cholesterol, and immunoglobulin
G were determined using commercial kits (Nanjing
Jiancheng Biotechnology Co., Ltd., Nanjing, China)
following the manufacturer’s procedures. Free amino acid
concentrations were determined by a high-performance
liquid chromatography (LC-10ADvp equipped with
Fr-10ADvp; Shimadzu, Japan) according to the method of
Hughes et al.l*”),
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Statistical Analysis

Differences between the five trial groups were analyzed
by one-way ANOVA using SAS 9.4 software **/. Since
four doses of RPM were offered, the linear, quadratic and
cubic trends were tested using CONTRAST statements
with orthogonal polynomial coefficients estimated by
PROC IML. Data are presented as least square means and
standard error of the means. Differences between means
with P< 0.05 were considered statistically significant.

RESULTS

Effects of RPM on Milk Performance and Economic
Return

As shown in Table 2, there were no significant differences
in dry matter intake or milk yield between the groups
(P>0.05). However, milk yield showed a significant quadratic
increase (P<0.05) in the treatment groups compared with
the control group. The milk to feed ratio was higher in
the 1.5, 3, and 4.5 g/d RPM groups than in the control
and 6 g/d RPM groups (P<0.05) while quadratic and cubic
effects were evident (P<0.05).

Protein and non-fat solids concentrations were highest
in the 6 g/d RPM group, followed by the 1.5 g/d RPM
group. Both concentrations were significantly higher in
these groups than in the other three groups (P<0.05),
and exhibited significant cubic responses (P<0.05). No
significant differences between groups were found for
milk fat and urea-nitrogen concentrations and SCC count
(P>0.05), but milk fat in RPM-supplemented groups was
higher than in the control group.

There were no significant differences in milk income

among groups (P>0.05). However, milk income showed
a significant quadratic trend (P<0.05), being higher in
the treatment groups than the control group. Gross profit
showed linear, quadratic and cubic relationships with RPM
dose and was higher in the 1.5 and 3 g/d RPM groups than
in the other groups (P<0.05). Feed cost increased with
the quantity of RPM supplement and displayed linear,
quadratic, and cubic relationships (P<0.05).

Effects of RPM on Plasma Biochemical Parameters

Plasma urea-nitrogen concentration was lower in the
treatment groups than the control group, with the 1.5
g/d group being significantly lower than other treatment
groups (P<0.05). There were no significant differences
between the groups in plasma concentrations of glucose,
non-esterified fatty acids, total cholesterol, and total
triglycerides (P<0.05; Table 3), but total cholesterol and
total glycerides were lower in the treatment groups than in
the control group. Immunoglobulin G was highest in the
6 g/d RPM group (P<0.05), and showed linear, quadratic,
and cubic relationships (P<0.05).

Effects of RPM on Plasma Free Amino Acid
Concentration

Table 4 shows plasma concentrations of essential
and non-essential amino acids. Supplementation with
RPM increased Met concentration in a dose-dependent
manner, the increments appearing between the 0 to
4.5 g/d RPM groups but being much greater in the 6
g/d group.

Generally, RPM supplementation increased the total
essential amino acid (TEAA) concentration in plasma,
but this effect varied between RPM doses. The greatest

Table 2. Effects of supplementation with rumen-protected methionine on milk production and economic returns in dairy goats

Ttem Rumen-Protected Methionine Supplement (g/d) SEM P-value
0 1.5 3 4.5 6 Linear Quadratic Cubic

DML, kg/d 2.65 2.64 2.70 2.63 2.67 0.021 0.607 0.774 0.791
Milk yield, kg/d 0.79 0.85 0.87 0.84 0.80 0.030 0.835 0.048 0.107
Milk-feed ratio 0.30° 0.32° 0.32° 0.32° 0.30* 0.003 0.666 <0.001 <0.001
Milk Composition

Fat, % 3.11 3.26 3.43 3.70 3.27 0.184 0.230 0.159 0.173
Protein, % 3.05* 3.20° 3.06* 3.07° 201 0.048 0.252 0.409 0.032
SNE% 8.07° 8.46° 8.09* 8.10* 8.51° 0.134 0.293 0.445 0.036
MUN, mmol/L 3.21 3.34 3.55 3.86 3.28 0.184 0.400 0.220 0.184
SCC, x10*/mL 23.84 24.41 24.25 39.48 29.67 0.353 0.247 0.514 0.504
Economic Returns

Milk income, ¥/head-d 5.55 5.93 6.07 5.86 5.58 0.212 0.865 0.048 0.107
Feed cost, ¥/head-d 4.44* 4.56 4.76° 4.76° 4.944 0.036 <0.001 <0.001 <0.001
Gross profit, ¥/head-d 1.11° 1.37¢ 1.31¢ 1.10° 0.64* 0.035 <0.001 <0.001 <0.001
DMTI: dry matter intake; Milk income: milk yield x milk price; MUN: milk urea-nitrogen; SCC: somatic cell count; SNF: non-fat milk solids; ¥: Chinese
Renminbi; Mean values within a row with different superscript letters differ significantly (P<0.05)
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Table 3. Effects of supplementation with rumen-protected methionine on plasma biochemical indices in dairy goats

Rumen-Protected Methionine Supplement (g/d) P-value

Item SEM

0 1.5 3 4.5 6 Linear Quadratic Cubic
PUN, mmol/L 6.31° 5.08° 6.09° 5.91° 6.03 0.264 0.861 0.647 0.423
GLU, mmol/L 1.83 1.60 1.67 1.64 1.62 0.141 0.448 0.667 0.774
IgG, mg/mL 9.42* 9.24* 9.31* 9.26* 10.69° 0.243 0.048 0.014 0.023
NEFA, mmol/L 0.25 0.22 0.27 0.25 0.23 0.021 0.929 0.781 0.586
TC, mmol/L 2.99 2.57 2.76 2.58 2.46 0.145 0.068 0.187 0.234
TG, mmol/L 0.30 0.22 0.29 0.24 0.28 0.023 0.997 0.384 0.486
PUN: plasma urea-nitrogen; GLU: glucose; IgG: immunoglobulin G; NEFA: non-esterified fatty acids; TC: total cholesterol; TG: triglycerides; Mean values
within a row with different superscript letters differ significantly (P<0.05)

Table 4. Effects of supplementation with rumen-protected methionine on plasma free amino acid concentrations (mg/100 mL) in dairy goats

Item Rumen-Protected Methionine Supplement (g/d) SEM P-value

0 1.5 3 4.5 6 Linear Quadratic Cubic
EAA
Met 0.37* 0.51° 0.67¢ 0.84¢ 1.40¢ 0.050 <0.001 <0.001 <0.001
Lys 1.72* 2.12° 2.54¢ 2.12° 2.12° 0.120 0.009 0.006 0.012
Leu 1.98° 1.85° 2.29* 2.16° 3.67° 0.150 <0.001 <0.001 <0.001
Ile 1.78* 1.35* 2.65° 2.69° 4.84° 0.175 <0.001 <0.001 <0.001
His 0.70* 0.83% 1.37¢ 0.96° 1.45¢ 0.079 <0.001 <0.001 <0.001
Arg 2.72 3.00 2.94 2.52 2.76 0.153 0.560 0.633 0.256
Phe 1.30° 1.62° 2.25° 2.28° 2.46° 0.110 <0.001 <0.001 <0.001
Thr 5.68° 7.38° 9.25¢ 6.88° 8.27¢ 0.248 0.004 0.001 <0.001
Val 3.62° 4.22¢ 5.46° 5.66° 8.38¢ 0.220 <0.001 <0.001 <0.001
BCAA 7.58° 7.11* 10.58¢ 10.29¢ 17.90¢ 0.110 <0.001 <0.001 <0.001
TEAA 20.04* 22.20° 30.91¢ 25.06¢ 37.28¢ 0.324 <0.001 <0.001 <0.001
NEAA
Ala 2.87* 3.27° 5.88° 6.19° 10.92¢ 0.215 <0.001 <0.001 <0.001
Asp 0.15 0.12 0.14 0.14 0.15 0.015 0.601 0.592 0.689
Glu 2.60* 2.44* 3.45° 2.82° 3.88° 0.162 <0.001 0.001 0.003
Ser 1.00* 1.11* 1.83° M7 2.73¢ 0.104 <0.001 <0.001 <0.001
Gly 0.67* 1.83° 2.39° 2.06° 2.45¢ 0.106 <0.001 <0.001 <0.001
Tyr 0.79* 1.44° 2.19¢ 1.79¢ 2.12¢ 0.105 <0.001 <0.001 <0.001
NEAA 8.07* 10.20° 16.07¢ 16.22¢ 24.70¢ 0.230 <0.001 <0.001 <0.001
TAA 28.11* 32.29* 46.99¢ 38.27° 59.60¢ 1.905 <0.001 <0.001 <0.001
Ala: alanine; Arg: arginine; Asp: aspartic acid; BCAA: branched chain amino acids; Glu: glutamate; Gly: glycine; His: histidine; Ile: isoleucine; Leu: leucine;
Lys: lysine; Met: methionine; NEAA: non-essential amino acids; Phe: phenylalanine; Ser: serine; TAA: total amino acids; TEAA: total essential amino acids;
Thr: threonine; Tyr: tyrosine; Val: valine; Mean values within a row with different superscript letters differ significantly (P<0.05).

TEAA increment was with the 6 g/d RPM group, followed
by the 3 g/d group, then the 4.5 and 1.5 g/d groups (Table
4). Branched-chain amino acids (BCAA) were lowered by
supplementation with 1.5 g/d RPM but were significantly
increased in the other treatment groups. The effects of RPM
supplementation on individual EAAs varied, depending
on RPM dose. In general, RPM supplementation increased
plasma concentrations of Lys, His, Phe, and Thr, but had
no significant influence on Arg concentration.

Supplementation with RPM had no significant influence

on Asp concentration in plasma (P>0.05) but increased
the concentration of the other non-EAAs (Ala, Glu,
Ser, Gly, and Tyr). The total concentration of non-EAAs
increased with RPM dose (Table 4).

Total amino acid concentration increased linearly with
RPM dose, except for the 4.5 g/d RPM group which was
lower than the 3 and 6 g/d groups. In addition, linear,
quadratic, and cubic relationships were evident (P<0.05)
with Met, Lys, Ile, His, Phe, Thr, Val, BCAA, EAA, Ala,
Gly, Ser, Gly, and Tyr, and non-EAA.
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Di1SCUSSION

Goats living under conditions of heat stress with 13.55%
crude protein in their diets (i.e., a low-protein diet)
produced 0.8-0.9 kg of milk per day. Adding 1.5 or 6 g/d
RPM to the diet increased the protein and non-fat solid
contents of the milk and improved economic returns.
Milk yield showed a significant quadratic increase, being
higher in the treatment groups than the control group.
Milk fat concentration tended to increase in response to
RPM dosage (1.5 to 4.5 g/d) but did not reach statistical
significance. The present findings are supported by previous
reports. Mateus et al.””) showed that cows given RPM
had increased milk protein (3.07 vs. 2.95%), yield (1.48
vs. 1.43 kg/d), and fat (3.87 vs. 3.77%), although milk fat
yield did not change. Similar increases in protein yield
and concentration following RPM supplementation have
been reported in dairy goats. For example, a 2.5 g/d RPM
supplement given to Shami goats from the final 60 days
of pregnancy through the first 60 days of lactation was
reported to increase milk yield from 1.18 kg/d (control
group) to 1.36 kg/d, and milk protein concentration from
3.55% to 3.85%. The Shami goats weighed 47-75 kg and
were fed a basal diet containing 17.5% crude protein 1.
In Zaraibe goats (bodyweight ~35 kg) fed a basal diet
containing about 14% crude protein, supplementation
with 2 g/d RPM increased milk yield from 1.73 kg/d
(control group) to 2.07 kg/d. Milk protein increased from
8.67% to 9.24% (RPM group), respectively, SNF also
increased correspondingly ' Increments in milk yield
and protein concentration were also observed in Saanen
goats fed a basal diet containing 14.4% crude protein and
supplemented with 2.5 g/d RPM %, and in Alpine dairy
goats supplemented with 5 g/d RPM %l These effects
vary depending on lactation stage, milk yield and dietary
crude protein content "\ Heat stress adversely affects milk
production and composition in dairy animals. According
to Bouraoui et al.®, daily THI negatively correlated
to milk yield, and lower milk fat and milk protein were
observed in the summer season. Hamzaoui et al.**! also
reported milk with lower protein (6-13%) content in heat
stressed goats. This demonstrates that heat stress affects
the health of dairy animals, impacting their normal
physiology and metabolism. The results of this study show
that RPM supplementation tends to improve milk yield in
dairy goats, possibly because it increases Met supply in the
small intestine, and, subsequently, the mammary gland,
providing sufficient precursors for protein synthesis in the
gland. Thus, RPM supplementation effectively promotes the
metabolic balance of amino acids in ruminants, improves
the utilization rate of amino acids, and reduces the adverse
effects of heat stress, providing adequate energy for milk
production and milk protein synthesis, and promoting
performance. In summary, supplementation of low-

protein diets with RPM alleviates the negative effects of
heat stress. Higher doses of RPM yield no further benefits.

The high observed milk to feed intake ratio and the static
feed intake in the 1.5 g/d RPM group suggests that the
increases in milk protein and non-fat solids resulted from
the increased utilization of nutrients, particularly protein.
This study did not measure the digestion and metabolism
of N in the goats. However, RPM supplementation may
increase protein digestibility in some cases, for example in
Zaraibe goats P!l Muramatsu et al.*®’ showed that giving
RPM to Japanese Saanen goats substantially increased
whole-body protein synthesis while reducing urinary N
excretion; so N balance and utilization efficiency were
markedly increased at a constant N intake 7). Improved N
utilization efficiency in response to RPM supplementation
is supported by the reduced plasma urea-nitrogen
concentration observed in the current study, plasma urea-
nitrogen being a good indicator of protein status **l.

RPM did not alter the plasma concentrations of glucose,
non-esterified fatty acids, total cholesterol, or total
glycerides, but total cholesterol and total glycerides in the
treatment groups were lower than those in the control
group. Total cholesterol content reflects the lipid metabolism
status of the body. Total glycerides is a product of fat
metabolism and reflects the digestion and absorption status
of fat-the higher the content, the lower the utilization rate
of body fat *°. This also corresponded with the milk fat of
the treatment groups being higher than the control group.
The only substantial change was plasma IgG concentration,
which was significantly elevated in the 6 g/d RPM group.
The immune system is the major body defense systems
to protect and cope against environmental stressors 1“".
Met participates in the synthesis of immune system
molecules (cytokines, antibodies, complement, etc.) 4!
and influences the levels of immunoglobulins in the body.
In order to enhance the humoral immune response, Met
is present at much higher concentrations than required for
production and health needs . The health implications
for dairy goats of having such high IgG levels in plasma
are not clear and the molecular mechanism by which high
levels of Met boost IgG concentrations warrants further
research.

Plasma concentrations of free amino acids reflect the
balance between amino acids entering the metabolic pool
from both intestinal absorption and metabolic protein
breakdown, and those leaving the pool as a result of protein
synthesis and irreversible oxidation **l. Based only on
changes in plasma concentration, it is not possible to judge
how this two-way flux of amino acids contributes to shifts in
concentration. It is notable that plasma Met concentration
increased in response to RPM dose, suggesting that the
amount of Met absorbed from the intestine increased
as a result of the supplementation, improving lactation
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performance and levels of immunity. Dose-responsive
changes in plasma Met concentration have been observed
in other studies. For example, plasma free Met and
the ratio of Met to total essential amino acids showed
significant linear responses to RPM supplementation of
Merion sheep (1, 2, 3, 5, and 8 g/d) “**1 and dairy cows “¢l.
Literature on changes in plasma Met concentrations
in dairy goats supplemented with RPM is scarce, so
definitive conclusions cannot be drawn. Increases in total
EAA and non-EAA plasma concentrations were observed
in this study after RPM supplementation. Changes in total
plasma amino acids after RPM supplementation of dairy
goats and cows vary. No changes "%, decreases 7, and
increases "®*) have all been reported. Amino acids not
only serve as direct precursors for protein synthesis, but
also act as regulators of the rate of protein synthesis. When
activated by Met, mammalian target of rapamycin may
increase the initiation rate of protein synthesis %, which
might explain the increased milk protein production of
RPM-supplemented dairy goats.

The experimental design of the current study did not allow
the source of the increase in total plasma amino acids
to be defined; it could be attributed to either increased
dietary protein digestion or reduced cellular oxidation
of amino acids. Further studies are needed to explore the
mechanisms of Met-associated metabolic processes.

In conclusion, supplementing the diet of dairy goats
with an appropriate dose of RPM (1.5 g/d) while being
fed a relatively low protein diet and subjected to severe
heat stress increased milk protein content and improved
economic returns, while reducing blood urea-nitrogen.
Supplying additional RPM yielded no further production
or economic benefits.

AVAILABILITY OF DATA AND MATERIALS

The authors declare that data supporting the study findings
are also available to the corresponding author (P. Zhang).

ACKNOWLEDGEMENTS

The authors would like to express their gratitude to
EditSprings (https://www.editsprings.cn/) for the expert
linguistic services provided.

FUNDING SUPPORT

This research was funded by the Key Research and
Development Plan of Hunan Province, China (Project
No._2016NK2171).

COMPETING INTEREST
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

P. Zhang designed the study. L. Li drafted and wrote the

manuscript. H. Ling collected and analyzed the data. L.
Li and J. Qu performed the animal trial and laboratory
analysis. Q. Jiang, S. Tang and X. Lan revised the manuscript.
All authors gave intellectual input to the study and
approved the final version of the manuscript.

REFERENCES

1. Schwab CG: Protected proteins and amino acids for ruminants. In,
Wallace R, Chesson A (Eds): Biotechnology in Animal Feeds and Animal
Feeding, 115-141, Wiley, 1995.

2. Tsiplakou E, Mavrommatis A, Kalogeropoulos T, Chatzikonstantinou
M, Koutsouli P, Sotirakoglou K, Labrou N, Zervas G: The effect of dietary
supplementation with rumen-protected methionine alone or in combination
with rumen-protected choline and betaine on sheep milk and antioxidant
capacity. J Anim Physiol Anim Nutr, 101, 1004-1013, 2017. DOI: 10.1111/
jpn.12537

3. Gao ST, Guo J, Quan SY, Nan XM, Sanz Fernandez MV, Baumgard LH,
Bu DP: The effects of heat stress on protein metabolism in lactating Holstein
cows. ] Dairy Sci, 100, 5040-5049, 2017. DOI: 10.3168/jds.2016-11913

4. Spiers DE, Spain JN, Sampson JD, Rhoads RP: Use of physiological
parameters to predict milk yield and feed intake in heat-stressed dairy cows.
] Therm Biol, 29 (7-8): 759-764, 2004. DOI: 10.1016/ j.jtherbio.2004.08.051

5. Wheelock JB, Rhoads RP, Van Baale MJ, Sanders SR, Baumgard LH:
Effect of heat stress on energetic metabolism in lactating Holstein cows. J
Dairy Sci, 93 (2): 644-655, 2010. DOI: 10.3168/jds. 2009-2295

6. Fernandez MVS, Johnson JS, Abuajamieh M, Stoakes SK, Seibert JT, C
Lox, Kahl S, Elsasser TH, Ross JW, Isom SC, Rhoads RP, Baumgard LH:
Effects of heat stress on carbohydrate and lipid metabolism in growing pigs.
Physiol Rep, 3 (2):e12315, 2015. DOI: 10.14814/phy2.12315

7. Sevi A, Annicchiarico G, Albenzio M, Taibi L, Muscio A, Dell Aquila
SD: Effects of solar radiation and feeding time on behavior, immune
response and production of lactating ewes under high ambient temperature.
J Dairy Sci, 84, 629-640, 2001. DOI: 10.3168/jds.S0022-0302(01)74518-3

8. Park JK, Yeo JM, Bae GS, Kim EJ, Kim CH: Effects of supplementing
limiting amino acids on milk production in dairy cows consuming a corn
grain and soybean meal-based diet. ] Anim Sci Technol, 62 (4): 485-494,
2020. DOI: 10.5187/jast.2020.62.4.485

9. Abbasi IHR, Abbasi F, Abd El-Hack EM, Abdel-Latif MA, Soomro RN,
Hayat K, Mohamed MAE, Bondinga BM, Yao J, Cao Y: Critical analysis
of excessive utilization of crude protein in ruminants ration: Impact on
environmental ecosystem and opportunities of supplementation of limiting
amino acids. Environ Sci Pollut Res Int, 25, 181-190, 2018. DOI: 10.1007/
§11356-017-0555-4

10. Appuhamy JADRN, Knapp JR, Becvar O, Escobar J, Hanigan MD:
Effects of jugular-infused lysine, methionine, and branched-chain amino
acids on milk protein synthesis in high-producing dairy cows. ] Dairy Sci, 94
(4):1952-1960, 2011. DOI: 10.3168/jds.2010-3442

11. Brosnan JT, Brosnan ME: The sulfur-containing amino acids: An
overview. ] Nutr, 136 (6): 1636S-1640S, 2006. DOI: 10.1093/jn/136.6.1636S

12. Sakkas P, Jones LA, Houdijk JGM, Athanasiadou S, Knox DP,
Kyriazakis I: Leucine and methionine deficiency impairs immunity to
gastrointestinal parasites during lactation. Br J Nutr, 109 (2): 273-282, 2013.
DOI: 10.1017/ S0007114512000931

13. Ayyat MS, Al-Sagheer A, Noreldin AE, Abd El-Hack ME, Khafaga
AF, Abdel-Latif MA, Swelum AA, Arif M, Salem AZM: Beneficial effects
of rumen-protected methionine on nitrogen-use efficiency, histological
parameters, productivity and reproductive performance of ruminants. Anim
Biotechnol, 32, 51-66, 2021. DOI: 10.1080/10495398. 2019.1653314

14. Osorio JS, Ji P, Drackley JK, Luchini D, Loor JJ: Supplemental
Smartamine M or MetaSmart during the transition period benefits
postpartal cow performance and blood neutrophil function. J Dairy Sci, 96,
6248-6263,2013. DOI: 10.3168/jds.2012-5790

15. Toledo MZ, Baez GM, Garcia-Guerra A, Lobos NE, Guenther JN,
Trevisol E, Luchini D, Shaver RD, Wiltbank MC: Effect of feeding rumen-
protected methionine on productive and reproductive performance of


https://onlinelibrary.wiley.com/doi/10.1111/jpn.12537
https://www.sciencedirect.com/science/article/pii/S002203021730293X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0306456504001329?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022030210715071?via%3Dihub
https://physoc.onlinelibrary.wiley.com/doi/full/10.14814/phy2.12315
https://www.sciencedirect.com/science/article/pii/S0022030201745183?via%3Dihub
http://www.ejast.org/archive/view_article?pid=jast-62-4-485
https://link.springer.com/article/10.1007/s11356-017-0555-4
https://www.sciencedirect.com/science/article/pii/S0022030211001652?via%3Dihub
https://academic.oup.com/jn/article/136/6/1636S/4664439?login=true
https://www.cambridge.org/core/journals/british-journal-of-nutrition/article/leucine-and-methionine-deficiency-impairs-immunity-to-gastrointestinal-parasites-during-lactation/444663BC382964964F73324C71125191
https://www.tandfonline.com/doi/full/10.1080/10495398.2019.1653314
https://www.journalofdairyscience.org/article/S0022-0302(13)00527-4/fulltext
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0189117

184

Rumen-Protected Methionine Increases Milk Protein in Dairy Goats

Research Article

dairy cows. Plos One, 12 (12):¢0189117, 2017. DOI: 10.1371/journal.pone.
0189117

16. Batistel F, Arroyo JM, Bellingeri A, Wang L, Saremi B, Parys C, Trevisi
E, Cardoso FC, Loor JJ: Ethyl-cellulose rumen-protected methionine
enhances performance during the periparturient period and early lactation
in Holstein dairy cows. ] Dairy Sci, 100, 7455-7467, 2017. DOI: 10.3168/
jds.2017-12689

17. de Abreu Michelotti TC, Pacheco HA, Ledo GFM, Lopes F, Osorio JS,
de Almeida R: Effects of rumen-protected methionine supplementation on
dairy cows during early postpartum. J Appl Anim Res, 49, 257-263, 2021.
DOI: 10.1080/09712119.2021.1942882

18. Nursoy H, Gonzalez Ronquillo M, Faciola AP, Broderick GA:
Lactation response to soybean meal and rumen-protected methionine
supplementation of corn silage-based diets. J Dairy Sci, 101, 2084-2095,
2018. DOI: 10.3168/jds.2017-13227

19. Zhao K, Liu W, Lin XY, Hu ZY, Yan ZG, Wang Y, Shi KR, Liu GM, Wang
ZH: Effects of rumen-protected methionine and other essential amino acid
supplementation on milk and milk component yields in lactating Holstein
cows. J Dairy Sci, 102(9): 7936-7947, 2019. DOI: 10.3168/jds.2018-15703

20. Lee C, Hristov AN, Cassidy TW, Heyler KS, Lapierre H, Varga GA,
de Veth MJ, Patton RA, Parys C: Rumen-protected lysine, methionine,
and histidine increase milk protein yield in dairy cows fed a metabolizable
protein deficient diet. J Dairy Sci, 95 (10): 6042-6056, 2012. DOI: 10.3168/
jds.2012-5581

21. Patton RA: Effect of rumen-protected methionine on feed intake, milk
production, true milk protein concentration, and true milk protein yield,
and the factors that influence these effects: A meta-analysis. ] Dairy Sci, 93
(5): 2105-2118,2010. DOI: 10.3168/jds.2009—2693

22. Rulquin H, Graulet B, Delaby L, Robert J: Effect of differnt forms of
methionine on lactational performance of dairy cows. J Dairy Sci, 89, 4387-
4394, 2006. DOI: 10.3168/jds. S0022-0302(06)72485-7

23. The National Research Council (NRC): Nutrient Requirements of
Small Ruminants: Sheep, Goats, Cervids, and New World Camelids. 6™ ed.,
Washington DC: National Academy Press, 2007.

24. McDowell R, Hooven NW, Camoens JK: Effect of climate on
performance of Holsteins in first lactation. J Dairy Sci, 59, 965-971, 1976.
DOI: 10.3168/jds.50022-0302(76)84305-6

25. Marai I, El-Darawany AA, Fadiel A, Abdel-Hafez MAM: Physiological
traits as affected by heat stress in sheep - A review. Small Ruminant Res, 71
(1-3): 1-12, 2007. DOI: 10.1016/j.smallrumres.2006.10.003

26. Association of Official Analytical Chemists (AOAC): Official Methods
of Analysis of AOAC International (OMA), 18th ed., AOAC International,
Gaithersburg, MD, 2005.

27. Hughes MC, Kerry JP, Arendt EK, Kenneally PM, McSweeney PLH,
O’Neill EE: Characterization of proteolysis during the ripening of semi-
dry fermented sausages. Meat Sci, 62, 205-216, 2002. DOI: 10.1016/S0309-
1740(01)00248-0

28. SAS Institute Inc: SAS/STAT User’s Guide. Version 9.1. Cary: SAS
Institute Inc., 2002.

29. Toledo MZ, Stangaferro ML, Gennari RS, Barletta RV, Perez MM,
Wijma R, Sitko EM, Granados G, Masello M, van Amburgh ME, Luchini
D, Giordano JO, Shaver RD, Wiltbank MC: Effects of feeding rumen-
protected methionine pre- and postpartum in multiparous Holstein cows:
Lactation performance and plasma amino acid concentrations. J Dairy Sci,
104, 7583-7603, 2021. DOI: 10.3168/ jds.2020-19021

30. Titi H: Effect of long-term rumen-protected methionine supplementation
on performance of Shami goats and growth performance of their kids. Anim
Prod Sci, 57 (8): 1713-1718, 2017. DOI: 10.1071/AN14862

31. El-Gendy ME, El-Riedy KF, Sakr HS, Gaafar HM: Effect of rumen
protected methionine and/or choline additives on productive performance
of Zaraibi goats. ] Anim and Poultry Prod, 4 (2): 57-67,2013. DOI: 10.21608/
jappmu.2013.71008

32. Flores A, Mendoza G, Pinos-Rodriguez JM, Plata F, Vega S, Barcena
R: Effects of rumen- protected methionine on milk production of dairy
goats. Ital ] Anim Sci, 8, 271-275, 2009. DOI: 10.4081/ijas.2009.271

33. Poljicak-Milas N, Marenjak TS: Dietary supplement of the rumen

protected methionine and milk yield in dairy goats. Arch Anim Breed, 50 (3):
273-278,2007. DOI: 10.5194/aab-50-273-2007

34. Bouraoui R, Lahmar M, Majdoub A, Djemali M, Belyea R: The
relationship of temperature-humidity index with milk production of dairy
cows in a Mediterranean climate. Anim Res, 51 (6): 479-491, 2002. DOI:
10.1051/animres:2002036

35. Hamzaoui S, Salama AAK, Albanell E, Such X, Caja G: Physiological
responses and lactational performances of late-lactation dairy goats under
heat stress conditions. J Dairy Sci, 96, 6355-6365, 2012. DOI: 10.3168/
jds.2013-6665

36. Muramatsu T, Hatano T, Ueda Y, Furuse M, Okumura J: Whole-body
protein turnover in goats enhanced by supplementing a diet with rumen
protected methionine. Asian Austral ] Anim, 7 (2): 279-288, 1994. DOI:
10.5713/ajas. 1994.279

37. Muramatsu T, Tsutsumi K, Hatano T, Hattori M, Okumura J: Effects of
lysine or ruminally protected lysine administration on nitrogen utilization
in goat fed a diet supplemented with ruminally protected methionine. Asian
Australas ] Anim Sci, 6 (3): 325-330, 1993. DOI: 10.5713/ajas.1993.325

38. Hammond AC: Update on BUN and MUN as a guide for protein
supplementation in cattle. Proceeding of Florida Ruminant Nutrition Symposium,
University of Florida, Gainesville, 1997.

39. Knowles TA, Southern LL, Bidner TD, Kerr BJ, Friesen KG: Effect
of dietary fiber or fat in low-crude protein, crystalline amino acid-
supplemented diets for finishing pigs. J Anim Sci, 76 (11): 2818-2832, 1998.
DOI: 10.2527/1998.76112818x

40. Das R, Sailo L, Verma N, Bharti P, Saikia J, Imtiwati P, Kumar R:
Impact of heat stress on health and performance of dairy animals: A review.
Vet World, 9 (3): 260-268, 2016. DOL: 10.14202/vetworld.2016.260-268

41. Ruan T, Li L, Peng X, Wu B: Effects of methionine on the immune
function in animals. Health, 9 (5): 857-869, 2017. DOI: 10.4236/health.
2017.95061

42. Swain BK, Johri TS: Effect of supplemental methionine, choline and
their combinations on the performance and immune response of broilers.
Brit Poultry Sci, 41 (1): 83-88, 2000. DOI: 10.1080/00071660086457

43. Bergen WG: Free amino acids in blood of ruminants-physiological
and nutritional regulation. ] Anim Sci, 49, 1577-1589, 1979. DOI: 10.2527/
jas1979.4961577x

44. Madsen TG, Nielsen L, Nielsen MO: Mammary nutrient uptake
in response to dietary supplementation of rumen protected lysine and
methionine in late and early lactating dairy goats. Small Ruminant Res, 56
(1-3): 151-164, 2005. DOI: 10.1016/j.smallrumres.2004.04.010

45. Mata G, Masters DG, Buscall D, Street K, Schlink AC: Responses in
wool growth, liveweight, glutathione and amino acids, in merino wethers
fed increasing amounts of methionine protected from degradation in the
rumen. Aust ] Agric Res, 46 (6): 1189-1204, 1995. DOI: 10.1071/AR9951189

46. Donkin SS, Varga GA, Sweeney TF, Muller LD: Rumen-protected
methionine and lysine: Effects on animal performance, milk protein yield,
and physiological measures. J Dairy Sci, 72 (6): 1484-1491, 1989. DOI:
10.3168/jds.S0022-0302(89)79258-4

47. Vargas-Rodriguez CF, Yuan K, Titgemeyer EC, Mamedova LK,
Griswold KE, Bradford BJ: Effects of supplemental chromium propionate
and rumen-protected amino acids on productivity, diet digestibility, and
energy balance of peak-lactation dairy cattle. ] Dairy Sci, 97 (6): 3815-3821,
2014. DOI: 10.3168/ jds.2013-7767

48. Yang W, Sun H, Wang QY, Liu FX, Yang ZB: Effects of rumen-protected
methionine on dairy performance and amino acid metabolism in lactating
cows. Am ] Anim Vet Sci, 5 (1): 1-7,2010. DOI: 10.3844/ajavsp.2010.1.7

49. Jacometo CB, Zhou Z, Luchini D, Corréa MN, Loor JJ: Maternal
supplementation with rumen-protected methionine increases prepartal
plasma methionine concentration and alters hepatic mRNA abundance of
1-carbon, methionine, and transsulfuration pathways in neonatal Holstein
calves. ] Dairy Sci, 100 (4): 3209-3219, 2017. DOI: 10.3168/jds.2016-11656

50. Appuhamy JADRN, Knoebel NA, Nayananjalie WAD, Escobar
J, Hanigan MD: Isoleucine and leucine independently regulate mTOR
signaling and protein synthesis in MAC-T cells and bovine mammary tissue
slices. J Nutr, 142, 484-491, 2012. DOI: 10.3945/jn.111.152595


https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0189117
https://www.journalofdairyscience.org/article/S0022-0302(17)30668-9/fulltext
https://www.tandfonline.com/doi/full/10.1080/09712119.2021.1942882?scroll=top&needAccess=true
https://www.journalofdairyscience.org/article/S0022-0302(17)31206-7/fulltext
https://www.journalofdairyscience.org/article/S0022-0302(19)30547-8/fulltext
https://www.journalofdairyscience.org/article/S0022-0302(12)00485-7/fulltext
https://www.journalofdairyscience.org/article/S0022-0302(10)00201-8/fulltext
https://www.journalofdairyscience.org/article/S0022-0302(06)72485-7/fulltext
https://www.journalofdairyscience.org/article/S0022-0302(76)84305-6/pdf
https://www.sciencedirect.com/science/article/abs/pii/S0921448806002823?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0309174001002480?via%3Dihub
https://www.journalofdairyscience.org/article/S0022-0302(21)00504-X/fulltext
https://www.publish.csiro.au/an/AN14862
https://jappmu.journals.ekb.eg/article_71008.html
https://www.tandfonline.com/doi/abs/10.4081/ijas.2009.271
https://aab.copernicus.org/articles/50/273/2007/
https://aab.copernicus.org/articles/50/273/2007/
https://animres.edpsciences.org/articles/animres/abs/2002/06/04/04.html
https://www.journalofdairyscience.org/article/S0022-0302(13)00561-4/fulltext
https://www.animbiosci.org/journal/view.php?doi=10.5713/ajas.1994.279
https://www.animbiosci.org/journal/view.php?doi=10.5713/ajas.1993.325
https://academic.oup.com/jas/article-abstract/76/11/2818/4625119?redirectedFrom=fulltext
http://www.veterinaryworld.org/Vol.9/March-2016/7.html
https://www.scirp.org/journal/paperinformation.aspx?paperid=76409
https://www.tandfonline.com/doi/abs/10.1080/00071660086457
https://academic.oup.com/jas/article-abstract/49/6/1577/4699639?redirectedFrom=fulltext
https://www.sciencedirect.com/science/article/abs/pii/S092144880400121X?via%3Dihub
https://www.publish.csiro.au/cp/AR9951189
https://www.journalofdairyscience.org/article/S0022-0302(89)79258-4/pdf
https://www.sciencedirect.com/science/article/pii/S0022030214002811?via%3Dihub
https://www.thescipub.com/abstract/10.3844/ajavsp.2010.1.7
https://www.sciencedirect.com/science/article/pii/S0022030217300917?via%3Dihub
https://academic.oup.com/jn/article/142/3/484/4630868?login=true



