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Introduction: Manganese (Mn) is an essential trace element for livestock, but little
is known about the optimal Mn source and level for yak.

Methods: To improve yak's feeding standards, a 48-h in vitro study was designed
to examine the effect of supplementary Mn sources including Mn sulfate (MnSO,),
Mn chloride (MnCl,), and Mn methionine (Met-Mn) at five Mn levels, namely 35
mg/kg, 40 mg/kg, 50 mg/kg, 60 mg/kg, and 70 mg/kg dry matter (includes Mn in
substrates), on yak's rumen fermentation.

Results: Results showed that Met-Mn groups showed higher acetate (p < 0.05),
propionate, total volatile fatty acids (p < 0.05) levels, ammonia nitrogen
concentration (p < 0.05), dry matter digestibility (DMD), and amylase activities
(p < 0.05) compared to MnSO4 and MnCI2 groups. DMD (p < 0.05), amylase
activities, and trypsin activities (p < 0.05) all increased firstly and then decreased
with the increase of Mn level and reached high values at 40-50 mg/kg Mn levels.
Cellulase activities showed high values (p < 0.05) at 50-70 mg/kg Mn levels.
Microbial protein contents (p < 0.05) and lipase activities of Mn-Met groups were
higher than those of MNSO4 and MnCI2 groups at 40—50 mg/kg Mn levels.

Discussion: Therefore, Mn-met was the best Mn source, and 40 to 50 mg/kg was
the best Mn level for rumen fermentation of yaks.

manganese, rumen fermentation in vitro, digestive enzyme activities, volatile fatty acids,
microbial protein

1. Introduction

Yak (Poephagus grunniens) is a kind of domestic animal who lives on the Asian plateau
between 3,000 and 5,000 meters above sea level (1). Local herdsmen mainly rely on grazing on
natural pasture to raise yaks (2), so nutrient intakes of yaks depend heavily on the forage supply.
However, forage supply on the Qinghai-Tibet plateau varied with time, which is abundant in the
warm season from May to September but extremely deficient in the cold season from October
to April (3). Rational feed supplementation can improve the growth performance of yaks (4).
However, there is not a good feeding standard for yaks due to the lack of knowledge about
mineral requirements. There is an increasing evidence that minerals are important for the health
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of herbivores (5) since they are key cofactors and components of
enzymes in various biological processes (6). Yak’s mineral sources are
mainly pasture and shrubs, and sometimes small amounts of minerals
are taken from the soil (7, 8). However, pasture in most areas cannot
meet the mineral requirements of grazing animals (9) and grazing
yaks in the Qinghai-Tibet plateau are deficient in minerals (10).
Mineral deficiency can impair growth and reproduction of animals
and damage immune function and even lead to death (11).

Manganese (Mn) is an essential trace element and plays an important
role in growth, development, and metabolism (12). Mn is an activator of
two important enzymes necessary for the synthesis of chondroitin
sulfate: polysaccharide polymerase and galactose transferase (13, 14). In
vitro culture experiments show that Mn deficiency reduces cellulose
digestibility and Mn supplementation improves cellulose digestibility and
dry matter digestibility (DMD) (15, 16), whereas, extremely high dose of
Mn (300 ppm) inhibits cellulose digestion (16). Moreover, Mn is one of
the trace elements essential for certain rumen microorganisms (17). In
male lambs, higher Mn intake increases the proportion of large rumen
bacteria (18). However, the study of Inner Mongolia grassland of China
finds that plants are seriously lacking in Mn, iron, copper, and zinc for
ruminants (19). Further, Mn content of various silages is lower than the
concentration indicated in the feed ingredient list (20) and lower than
the requirement of dairy cows (21). Additionally, diets with high calcium,
phosphorus, and iron levels also reduce the availability of Mn (20). In
general, Mn is usually supplemented in the form of inorganic Mn such
as Mn oxide, Mn chloride (MnCl,), and Mn sulfate (MnSQ,) (22) and
organic Mn such as Mn-methionine (Mn-Met), Mn-proteinate, and
Mn-polysaccharide (23). NRC (1996) (24) recommends 20-40 mg/kg
Mn for beef cattle. However, Mn requirement for growing yaks is
still unclear.

Therefore, to maximize the positive effects of Mn in yak breeding,
it’s necessary to formulate a reasonable Mn supplement scheme and
select an appropriate Mn supplemental type and level. Rumen is an
essential fermentation tank for the preparation of fermentation end
products, especially volatile fatty acids (VFAs) and microbial protein
(MCP), which are the main energy and protein sources for the
ruminants (25). The higher the rumen efficiency, the better the
fermentation end product synthesis (25), which indirectly reflects the
productivity of ruminants. This study aimed to dissect the effects of
different sources and levels of Mn on rumen fermentation of yaks
through in vitro fermentation, and finally provided data support for
the reasonable supplementation of Mn in yak feeding.

2. Materials and methods

2.1. Laboratory animals and feeding
management

Animal experiments were conducted in accordance with the
Guidelines for the Conservation and Utilization of Laboratory
Animals of Qinghai Province (Qinghai Bureau of Agriculture and
Animal Husbandry, 2002) and were approved by the Professional
Committee of Animal Use, Academy of Animal Husbandry and
Veterinary Medicine in Qinghai University (QHU20150301).
According to the requirements of Chinese Beef Cattle Breeding (NY/
T815-2004) (26) and Yak Nutrition Monograph (27), three healthy
Datong yaks with permanent rumen fistulas were fed 4kg/day diet.
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The ingredients and nutritional levels of the diet were shown in
Table 1. Yaks were fed the in the individual pens twice a day (8:00 and
18:00) and had free access to water.

2.2. Determination of Mn content

According to the method described in GB/T13885-2003 (28),
5mg diet sample was carbonized in a crucible and completely
incinerated in a muffle furnace (SX-4-10, Taisite Instrument Company;,
Tianjin, China) at 550°C for 4h. The ash was cooled to room
temperature and dissolved in 5mL of 6 mol/L HCI, which was then
diluted to 50mL using a volumetric flask. Subsequently, an atomic
absorption spectrophotometer (TAS-990, Beijing Puxi General
Instrument Company, Beijing, China) was used to determine the
content of trace element Mn in the dilution (29). The parameters for
the determination of Mn content in the diet were set as follows:
wavelength 279.5 nm, slit width 0.2nm, lighting mode NON-BGC,
minimum lamp current 10 mA. Finally, we obtained the Mn content
in the diet was 33.819 mg/kg.

2.3. Experimental design

A 3 x5 two-factor design with 3 Mn types and 5 Mn levels was
adopted for the fermentation in vitro. The 3 Mn types were MnSO,,
MnCl,, and Met-Mn (Xingjia Bioengineering Company, Changsha,
China). We used the diet as substrate for fermentation in vitro, so Mn
content of the basic fermented substrate was also 33.819 mg/kg. Mn
sources were added into the fermented substrates to make the final
Mn contents reach 35mg/kg, 40 mg/kg, 50 mg/kg, 60mg/kg, and
70mg/kg, respectively.

2.4. Yak's rumen fermentation in vitro

After 15days of adaption period, yak’s rumen fluid samples were
collected from the fistulas before morning feeding using a vacuum
pump (2 XZ-1, Kewei Yongxing Instrument Company, Beijing,
China), mixed well, and brought back to the laboratory. After filtration
with four layers of gauze, the rumen fluid was kept warm for
fermentation in vitro later. Artificial fermentation solutions were
prepared according to the formula in Table 2 (30). Then, 667 mL pure

TABLE 1 Formula of basic ration and conventional nutrient levels (dry
matter basis).

Item ‘ % ‘ Component ‘ %
Corn flour 36.00 Moisture 9.02
Wheat bran 12.00 Crude protein 11.03
Soybean meal 6.60 Acid detergent fiber 17.60
Rapeseed meal 2.13 Neutral detergent fiber 31.12
Stone powder 0.90 Ca 0.88
CaHPO, 0.17 P 0.19
NaCl 0.58 Mn (mg/kg) 33.819
Oat hay 40.00
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water, 0.17 mL trace elements solution A, 333 mL buffer solution B,
333 mL macro element solution C, and 1.7 mL resazurin indicator
solution, and 67 mL deoxidizer solution were, successively, added into
a2000mL glass jar warmed in water bath at 39°C. A magnetic stirrer
was used to mix the solutions and CO, was continuously injected into
the mixed solution until it faded and become colorless. Subsequently,
750 mL rumen fluid was added into the mixed solution (31) and CO,
was injected for another 30 min to remove the dissolved air, during
which the fermentation fluid was kept in a water bath at 39°C to
ensure the activity of rumen microorganisms.

YaK’s diet was physically ground and sifted through a 40-mesh
sieve (pore size 0.45 mm), which was used as the fermented substrate.
Different types (MnSO,, MnCl,, and Met-Mn) and levels of Mn were
added into the fermented substrates to reach the designed Mn levels
35mg/kg, 40 mg/kg, 50 mg/kg, 60 mg/kg, and 70 mg/kg. Then, 200 mg
fermentation substrate was accurately weighed using an analytical
balance and loaded into a glass fermentation syringe (Fortuna Haberle
Laboratory, Lonsee-Ettlenschie B, Germany) and 30 mL fermentation
fluid was added to each fermentation syringe using a liquid separation
device (Hirschmann-Laborgerite, Eberstadt, Germany).

2.5. Determination of total gas production
and methane yield

All the fermentation syringes were transferred into a preheated
thermostatic artificial rumen incubator (temperature 39+0.5°C,
rotation speed 40r/min) and cultured 48h to record the total gas
production (31). At the midpoint and the end point of fermentation
time, the gas produced by fermentation was collected into a vacuum
tube (Xinle Company, Shijiazhuang, China) for the determination of
methane content in the gas. Methane content was determined using a
gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) with FID
detector and capillary column (FFAP30 m x 0.32 mm x 0.5 pm). The
temperatures of column, vaporization chamber, and detector were set
at 100°C, 100°C, and 110°C, respectively. Carrier gas was high-purity
nitrogen (99.99%) with the pressure of 0.7 MPa. Hydrogen pressure
and air pressure of detector were both set at 0.4 MPa while capillary
column pressure was set at 65 KPa.

2.6. Determination of pH, NH3-N, MCP,
DMD, VFAs, and digestive enzyme activities

After 48, the fermentation syringes were quickly inserted into
the ice-water mixture to stop the fermentation and the pH was

TABLE 2 Each single solution’s formula of artificial rumen buffer.

Micro element
solution (A
liquid)

Buffer (B liquid)

CaCl,2H,0 6.60g Na,HPO, 1.14g
NH,HCO;0.80g

CoCl,-6H,0 0.50g KH,PO, 1.24g
NaHCO, 7.00g

FeCl;-6H,0 4.00g MgSO,7H,0 0.12g

Macro element
solution (C liquid)

10.3389/fvets.2023.1175894

measured immediately using a high-precision acidometer (Hanna
HI221, Ann Arbor, MJ, United States). Ammonia nitrogen (NH;-N)
concentration was measured using a spectrophotometry (TU-1810,
Beijing Puxi Instrument Company, Beijing, China) according to the
method described by Feng and Gao (32). MCP content was detected
using a kit (A045-1-1, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instruction. The
formula was MCP content (g/L) = (A,, - Ap)/(A,-Ay) X Cy x w, in which
A,, A}, and A, were the absorption values of sample tube, blank tube,
and standard tube, respectively while C, was the protein standard
concentration of 56.3g/L and w is the dilution times. The formula of
DMD was DMD (%) = (sample substrate weight - sample residue
weight + blank tube resides weight)/sample substrate weight x 100.

VFAs levels in the fermented fluid were determined by a Gas
Chromatography (GC-2014, Shimadz, Kyoto, Japan) with FID
detector and FFAP capillary column (30 m x 0.32 mm x 0.5 um) using
the method described by Zhao et al. (33). The column temperature
procedure was initial 60°C, an increasing of 10°C /min to 120°C,
holding at 120°C for 3 min, an increasing of 15°C /min to 180°C, and
holding at 180°C for 5min. Both the temperatures of vaporization
chamber and detector were set at 250°C. Carrier gas was high-purity
nitrogen (99.99%) with the pressure of 0.7 MPa. Hydrogen pressure
and air pressure of detector were both set at 0.4 MPa while capillary
column pressure was set at 0.6-0.8 MPa. Digestive enzyme activities
in the fermented fluid including amylase, lipase, trypsin, and cellulose
were detected using commercial amylase kit (C016-1-1), lipase kit
(A054-1-1), trypsin kit (A080-2-1), and cellulose kit (A138-1-1),
respectively, from Nanjing Jiancheng Bioengineering Institute
according to the manufacturer’s instructions (33).

2.7. Statistical analysis

Two-way ANOVA was performed using SPSS 19.0 (SPSS Inc.,
Chicago, IL, United States) software to analyze the effects of general
Mn type, Mn level, and the Mn type & level interaction on
fermentation parameters. When the Mn type & level interaction was
significant, one-way ANOVA was used to make multiple comparisons
among different Mn level groups with the same Mn type and among
different Mn type groups at the same Mn level. When the Mn type &
Mn level interaction was not significant, Duncan’s range test was used
to do multiple comparisons among different Mn type groups (without
regard to different Mn levels) and among different Mn level groups
(without regard to different Mn types). The orthogonal polynomial
contrast method was used to determine whether the effect of Mn on
the measured variable is linear or quadratic with the increase of Mn

Indicator solution Deoxidizer solution

NaOH 0.16¢g

resazurin 100 mg NaS9H,0 625.0mg
29° 2 .

Add ultrapure water to
Add ultrapure water to 200 mL
50mL

Add ultrapure water to 200mL

Add ultrapure water to 100mL Add ultrapure water to 100 mL
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level. All data were expressed as Mean +SD. p <0.05 was used to judge
significant difference.

3. Results
3.1. Gas production in vitro

Mn level & type interaction (p=0.006) had a significant effect on
total gas production (Table 3). For different Mn levels, when MnCl,
was used as a Mn source, the total gas production in the 50 mg/kg Mn
level group was significantly higher than all the other groups (p <0.05);
when MnSO, or Met-Mn was used as a Mn source, no significant
difference (p>0.05) was observed among different Mn level groups
(Table 3). For different Mn types, at 50 mg/kg Mn level, the total gas
production of MnCl, group was significantly higher than those of
MnSO, and Met-Mn groups, and at 70 mg/kg Mn level, the total gas
production of MnCl, group was significantly higher than that of
Met-Mn group (p <0.05, Table 3). Mn source (p=0.46), Mn level
(p=0.756), or Mn level & type interaction (p=0.621) had no
significant effect on methane production (Table 3).

3.2. DMD and pH of fermentation fluid in
vitro

Overall, Mn type (p <0.001) had a significant effect on pH,
while Mn level (p =0.385) and Mn level & type interaction
(p =0.116) had no significant effect (Table 4). For different Mn
types, the pH of MnCl, group was significantly higher than the
other two groups (p <0.05). Both Mn type (p =0.011) and level
(p <0.001) had significant effects on DMD but no significant
(p =0.326) interaction between Mn level & type (Table 4). The
DMD of Met-Mn group was the highest and was significantly
higher than that of MnCl, group (p <0.05) (Table 4). For different
Mn levels, DMD showed a quadratic change trend (p <0.001) of
first increasing and then decreasing with the increase of Mn level
and reached the peak value at 50 mg/kg Mn level. The DMD of
50 mg/kg group was significantly higher than those of 35mg/kg,
40 mg/kg, and 60 mg/kg Mn level groups (p <0.05, Table 4).

3.3. Digestive enzyme activity in vitro

Only the Mn level & type interaction was significant for lipase
activity (p=0.029) but not for amylase (p=0.209), trypsin
(p=0.721), and cellulose (p=0.584) activities (Table 5). When
MnCl, was used as a Mn source, Mn level had a significant effect
on lipase activity (p =0.033), and the lipase activity of 50 mg/kg
group was significantly higher (p <0.05) than those of 35 mg/kg,
40 mg/kg, and 70 mg/kg Mn level groups; when Mn-Met was used
as a Mn source, Mn level also had a significant effect on lipase
activity (p <0.001), and the lipase activity of 50 mg/kg group was
significantly higher (p <0.05) than the other groups; when MnSO,
was used as a Mn source, no significant difference (p =0.076) was
observed among different Mn level groups (Table 5). For different
Mn types, at 50 mg/kg Mn level, the lipase activities of Met-Mn and
MnCl, groups were both higher than that of MnSO, group. Mn
type had a significant effect on amylase activity (p <0.001) but had
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TABLE 3 In vitro total gas and methane yield from substrate with added
manganese (Mn) from different sources at different levels'.

Mn (mg/ Total gas Methane
kg DM)? production yield (mL)
(mL)
35mg/kg 70.0 + 3.6 51428
40 mg/kg 64.2+3.38 45+16
MnSO, 50 mg/kg 67.3 +0.8" 48416
60 mg/kg 67.7 + 4.6 6.1+0.8
70 mg/kg 60.0 £ 6.2 56+0.6
Treat 0.106 -
p-value Linear 0.057 -
Quadratic 0.491 -
35mg/kg 67.3 4038 55+0.7
40 mg/kg 63.0+ 1.0° 5115
MnCl, 50 mg/kg 70.8 + 1.3% 52430
60 mg/kg 613+ 1.8 6.8+ 1.4
70 mg/kg 67.8+1.9% 55426
Treat 0.000 -
p-value Linear 0.814 -
Quadratic 0.166 -
35mg/kg 59.0 + 6.3" 57407
40 mg/kg 650425 5401
Mn-Met 50 mg/kg 64.3 +£0.8° 73106
60 mg/kg 642458 49+15
70 mg/kg 56.3 + 4.3 6.4+0.1
Treat 0.133 -
p-value Linear 0.464 -
Quadratic 0.018 -
MnSO, 65.8+5 52+15
Source MnCl, 66.0 +3.7 56+1.8
Mn-Met 61.8+52 59+1.1
35mg/kg 65.4£6.1 54+15
40 mg/kg 641425 50+1.2
Level 50 mg/kg 67.4+29 57+2.1
60 mg/kg 64347 59+ 1.4
70 mg/kg 61.4+6.4 58+ 1.4
Linear - -
p-value
Quadratic - -
Source - 0.460
p-value Level - 0.756
SxL? 0.006 0.621

'Different lowercase letters indicate significant differences in the means of each variable
between different Mn levels at the same Mn types (p <0.05), and different uppercase letters
indicate significant differences in the means of each variable between different Mn types at
the same Mn level (p <0.05).

*Includes added Mn and Mn in substrate.

*$x L: Source x Level interaction.

no significant effect on trypsin (p=0.33) and cellulose (p=0.151)
activities (Table 5). The amylase activity of Met-Mn group was
higher than those of MnSO, (p <0.05) and MnCl, groups (p <0.05,
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TABLE 4 In vitro pH and dry matter digestibility (DMD) from substrate
with added manganese (Mn) from different sources at different levels'.

Mn Source  Mn (mg/kg pH DMD
DM)?
35mg/kg 6.9+0.2 382442
40mg/kg 7102 559 £13.1
MnSO, 50 mg/kg 72+0.2 67.7 £10.1
60 mg/kg 7.1+0.1 60.8 5.9
70 mg/kg 7.0£0.3 65.4+11.1
Treat - -
p-value Linear - -
Quadratic - -
35mg/kg 73+0.1 484454
40mg/kg 7.5+0.1 545+5.1
MnCl, 50 mg/kg 7.5+0.1 60.3£3.5
60 mg/kg 74+0.1 514437
70 mg/kg 7.4+0.1 529437
Treat - -
p-value Linear - -
Quadratic - -
35mg/kg 7.140.1 482472
40mg/kg 6.9+0.1 66.4 8.7
Mn-Met 50 mg/kg 7.0 £0 744 +9.1
60 mg/kg 7.0+0.1 63.0+9.6
70 mg/kg 7240.1 61.6+8.3
Treat - -
p-value Linear - -
Quadratic - -
MnSO, 7.1+0.2° 57.6 + 13.5%°
Source MnCl, 7.4+0.14 53.5+5.5°
Mn-Met 7.0 +£0.1° 62.7 + 11.4*
35mg/kg 71402 445+ 7.1
40 mg/kg 7.1+0.3 58.9 + 10
Level 50 mg/kg 72%03 67.4+9.3°
60 mg/kg 72402 583 +7.9
70 mg/kg 72402 60 +9.1%
Linear - 0.001
p-value
Quadratic - 0.000
Source 0.000 0.011
p-value Level 0.385 0.000
SxL? 0.116 0.326

'Different lowercase letters indicate significant differences in the means of each variable
between different Mn levels at the same Mn types (P<0.05), and different uppercase letters
indicate significant differences in the means of each variable between different Mn types at
the same Mn level (p <0.05).

“Includes added Mn and Mn in substrate.

’Sx L: Source x Level interaction.

Table 5). Mn level showed significant effect on amylase (p =0.008),
trypsin (p<0.001), and cellulose (p<0.001) activities for yak’s
rumen fermentation in vitro (Table 5). With the increase of Mn
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level, the activity of trypsin increased firstly and then decreased
which showed a quadratic change trend (p<0.001) while the
activity of cellulose linearly increased (p <0.001). The activities of
amylase, trypsin, and cellulose reached the high values at 40 mg/
kg, 40-50mg/kg, and 50-70mg/kg Mn levels, respectively
(Table 5). Therefore, Mn-Met was the optimal Mn type, and the
optimal Mn levels for amylase, lipase, trypsin, and cellulase
activities were 40 mg/kg, 50 mg/kg, 40-50 mg/kg, and 50-70 mg/
kg, respectively.

3.4. VFAs levels in fermentation fluid in vitro

Mn level & type interaction had a significant effect on acetate/
propionate (p=0.033) but had no significant effects on acetate
(p=0.153), propionate (p=0.122), isobutyrate (p=0.65), butyrate
(p=0.428), isovalerate (p=0.592), valerate (p=0.656), and total
VFAs (p=0.257) levels (Table 6). For different Mn levels, acetate/
propionate showed a linear increase (p =0.01) with the increase of
Mn levels when MnCl, was used as a Mn source, and the acetate/
propionate was highest at 50 mg/kg and 70 mg/kg Mn levels, which
was higher than that of 35mg/kg and 40 mg/kg Mn level groups
(p <0.05, Table 6); when MnSO, or Met-Mn was used as a Mn
source, no significant difference (p >0.05) was observed among
different Mn levels. For different Mn types, acetate/propionate in
MnCl, group was significantly higher than that in MnSO, and
Met-Mn groups at the Mn level of 50-70 mg/kg (p <0.05, Table 6).
Mn type only had significant effect on acetate (p =0.01), propionate
(p<0.001), butyrate (p =0.023), and total VFAs (p =0.014) levels
(Table 6). The acetate and total VFAs levels of Met-Mn group were
higher than those of the other two groups (p <0.05); the propionate
level of Met-Mn group was higher than that of MnCl, group
(p <0.05) but had no significant difference with that of MnSO, group
(p >0.05, Table 6). The butyrate level of MnCl, group was higher
than that of MnSO, group (p <0.05) but had no significant difference
with that of Met-Mn group (p <0.05, Table 6). Mn level had no
significant effects on acetate (p =0.075) and propionate (p =0.052),
isobutyrate (p=0.687), butyrate (p=0.606), isovalerate (p=0.639),
valerate (p=0.569), and total VFAs (p=0.163) levels (Table 6).

3.5. NHz-N and MCP levels in fermentation
fluid in vitro

Mn type (p<0.001) had a significant effect on NH;-N
concentration while Mn level (p=0.821) and Mn level & type
interaction (p=0.266) had no significant effect on it (Table 7). For
different Mn types, NH;-N concentration of Met-Mn group was
significantly higher (p <0.05) than those of MnSO, and MnCl, groups
(Table 7). Overview, Mn level & type interaction (p<0.001) had a
significant effect on MCP content (Table 7). With the increasing of Mn
level, when MnSO, or Met-Mn was used as a Mn source, MCP content
showed a quadratic change trend (p <0.001) which increased firstly
and then decreased, reaching the highest values at 40 mg/kg and
50 mg/kg Mn levels; when MnCl, was used as a Mn source, MCP
content linearly increased (p <0.05) and peaked at 70 mg/kg Mn level
group, which was significantly higher than those of 35-50 mg/kg Mn
level groups (p <0.05) but was not significantly higher (p>0.05) than
that of 60 mg/kg Mn level group (Table 7). For different Mn types,
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TABLE 5 In vitro digestive enzyme activities from substrate with added manganese (Mn) from different sources at different levels®.

Mn Source Mn (mg/kg DM)?  Amylase activity Lipase activity Trypsin activity Cellulase activity
35mg/kg 1.3+0.2 0.4 +0.0* 28.1+14 53.3+2.0
40mg/kg 1.8+0.0 0.4 +0.0° 748 £8.1 68.4+5.3

MnSO, 50 mg/kg 1.3+0.2 0.4 +0.0° 70.1 +14.0 78.8 £4.0
60mg/kg 12+04 0.5+0.1 60.8 +21.4 86.9+7.0
70 mg/kg 1.3+0.1 0.4+0.0 28.1+14.0 834+92
Treat - 0.076 - -

p-value Linear - 0.095 - -
Quadratic - 0.116 - -
35mg/kg 1.1+0.2 0.3+0.1° 32.7+8.1 56.8+5.3
40 mg/kg 12+0.1 0.3 +0.0°¢ 65.5+8.1 742+ 8.7

MnCl, 50mg/kg 1.0+£0.4 0.5 +0.0" 56.1 +14.0 84.6 +8.7
60 mg/kg 0.8+0.2 0.4 +0.0° 42.1+14.0 81.1+8.7
70 mg/kg 09+0.0 0.3+0.2° 37.4+16.2 81.1+11.2
Treat - 0.033 - -

p-value Linear - 0.760 - -
Quadratic - 0.005 - -
35mg/kg 1.9+0.0 0.4 0.0 32.7+8.1 67.2+4.0
40 mg/kg 22+0.0 0.5 +0.0° 93.5+£29.2 69.5+9.2

Mn-Met 50mg/kg 2200 0.5 +0.0" 60.8 +8.1 86.9+9.2
60 mg/kg 2.1+0.0 0.4 £0.0° 51.4+429 85.8+8.7
70 mg/kg 2.1+0.1 0.4 +0.0¢ 46.8 +21.4 88.1+5.3
Treat - 0.000 - -

p-value Linear - 0.001 - -
Quadratic - 0.000 - -
MnSO, 14+0.3° 04+0.1 52.4+24.6 742 +13.6

Source MnCl, 1.0 £0.2¢ 04+0.1 46.8 +16.5 75.6 £12.7
Mn-Met 2.1+0.14 04+0.1 57.0 £30.2 795+11.4
35mg/kg 1.5+0.4° 0.4+0.1 31.1+9.3¢ 59.1+£7.1°
40 mg/kg 1.7 £0.5° 04+0.1 77.9 £20.0* 70.7 +7.4°

Level 50 mg/kg 1.5+0.6" 05+0.1 623 £12.3% 83.4+7.6°
60 mg/kg 1.4+0.6 0.5+0.1 51.4 +26.2" 84.6 £ 7.6
70 mg/kg 1.5+0.5 03+0.1 37.4+17.1¢ 84.2 +8.3°
Linear 0.101 - 0.480 0.000

p-value
Quadratic 0.269 - 0.000 0.001
Source 0.000 - 0.330 0.151

p-value Level 0.008 - 0.000 0.000
SxL? 0.209 0.029 0.721 0.584

'Different lowercase letters indicate significant differences in the means of each variable between different Mn levels at the same Mn types (P<0.05), and different uppercase letters indicate
significant differences in the means of each variable between different Mn types at the same Mn level (p<0.05).

“Includes added Mn and Mn in substrate.

*$x L: Source x Level interaction.

MCP contents of Met-Mn group were significantly higher than those 4. Discussion
of MnCl, groups at 40-50mg/kg (p<0.05) Mn levels and were
significantly higher than those of MnSO, groups at 40-70 mg/kg
(p<0.05) Mn levels (Table 7). Taken together, Mn-Met was the
optimal Mn type and 40-50 mg/kg was the optimal Mn level for MCP
content in yak’s rumen fermentation in vitro.

Rumen is an important fermenter of ruminants and mainly
inhabited by microorganisms such as bacteria, fungi, and protozoa.
Microorganisms degrade the feed entering the rumen (34) to
synthesize VFAs and MCP (35) and provide energy and protein for
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TABLE 6 In vitro total volatile fatty acids (VFAs) and individual VFAs and acetate/propionate from substrate with added manganese (Mn) from different
sources at different levels’.

Mn (ng/ Total VFA Individual VFAs (mmol/L) A:P ratio
kg DM) (mmol/L) Acetate  Propionate @ Isobutyrate  Butyrate Isovalerate Valerate
35mg/kg 72.4+9.9 40.6 +2.3 22.1£52 0.5+0.1 72+1.7 1.3+0.1 0.8+0.2 1.9+04
40 mg/kg 64.8 £10.9 36.2+4.5 19.8+4.3 04+0.1 6.6+1.7 1.2+0.1 0.7+0.2 1.9+£0.2
MnSO, 50 mg/kg 70.7 +11.9 39.2+53 21.5+46 0.5+0.1 7.6+1.8 12+0.1 0.7+0.2 1.9+02°%
60 mg/kg 62.9 +3.8 36.2+2.7 186 1.5 0.4+0.0 6.1+£0.3 1.0+0.0 0.6+0.1 20+02°
70 mg/kg 68.4+9.1 37.6 4.1 212+33 0.5+0.1 72+13 12+0.1 0.7+0.1 1.8+0.1°
Treat - - - - - - - 0.918
p-value Linear - - - - - - - 0.763
Quadratic - - - - - - - 0.746
35mg/kg 68.9+£9.6 40.1+2.7 193 4.6 04+0.1 73+19 1.1+£0.1 0.7+0.2 21+04°
40 mg/kg 76.3 +£22.1 42.1+9.7 22.8+8.1 0.5+0.2 8.7+33 14+0.2 0.8+0.4 1.9+0.3°
MnCl, 50mg/kg 62.4 +£20.9 389+12.9 12.7+3.7 04+02 8.6 £4.0 12+0.2 0.7+0.4 3.1+0.7*
60 mg/kg 53.6+3.2 295+ 1.1 11.3£1.0 04+0.1 10.1£0.9 14+0.1 09+0.1 2.6 +0.1%4
70mg/kg 59.1+£82 340+53 114+£25 0.5+0.2 1051 1.8+0.2 09+0.2 3.0+£05%*
Treat - - - - - - - 0.026
p-value Linear - - - - - - - 0.010
Quadratic - - - - - - - 0.700
35mg/kg 68.2+17.1 392+7.1 203+7.4 03+0.1 69+24 0.8+0.1 0.7+0.3 2.1+0.6
40 mg/kg 96.2 +£17.7 543+93 292+59 0.5+0.1 10.0£2.2 12+0.1 1.1+£0.2 1.9+0.1
Mn-Met 50mg/kg 78.7 £8.9 46.2+9.2 226+2.1 0.4+£0.0 7.7+0.8 09+0.0 0.8+0.1 2.1+05%
60 mg/kg 82.6+12.5 45.6 £ 5.4 251+49 0.5+0.1 92+21 12+0.1 1.0+£0.2 1.8+0.2°%
70mg/kg 65.7 £8.2 357+4.0 204 £3.0 04+0.1 73+1.0 1.0+0.1 0.8+0.1 1.8+0.1°
Treat - - - - - - - 0.794
p-value Linear - - - - - - - 0.372
Quadratic - - - - - - - 0.797
MnSO, 67.8 +8.9" 38+0.3.8" 20.6 + 3.6 0.4+0.1 69+1.3% 12+03 0.7+0.2 1.9+0.2
Source MnCl, 64.1 +14.9% 36.9 +8.0° 15.5 + 6.3° 0.5+0.1 9.0+244 14+0.5 08+0.3 26+0.6
Mn-Met 78.3 £ 16.1* 442 +9.04 23.5+ 554 04+0.1 8.2+ 194 1.0+£0.2 09+0.2 1.9+£0.3
Level 35mg/kg 699 +11.1 40.0 £4.0 20.6+5.2 04+0.1 71+18 1.1+£0.3 0.7+0.2 20+04
40 mg/kg 79.1 +£20.5 44.2 £10.7 239+69 0.5+0.1 84+26 12+0.3 09+0.3 1.9+0.2
50mg/kg 70.6 £ 14.6 414+9.1 189+5.7 04+0.1 79+23 1.1+£0.4 0.7+0.2 23+07
60 mg/kg 66.3 £ 14.5 37.1+£7.6 183 +6.5 04+0.1 85+2.1 12+£0.3 0.8+0.2 21+04
70mg/kg 64.4+8.4 358+4.2 17.7 £ 5.4 0.5+0.1 83+19 1.3+0.5 0.8+0.2 22+07
p-value Linear - - - - - - - -
Quadratic - - - - - - - -
p-value Source 0.014 0.010 0.000 0.716 0.023 0.056 0.100 -
Level 0.163 0.075 0.052 0.687 0.606 0.639 0.569 -
SxL? 0.257 0.153 0.122 0.650 0.428 0.592 0.656 0.033

'Different lowercase letters indicate significant differences in the means of each variable between different Mn levels at the same Mn types (p <0.05), and different uppercase letters indicate
significant differences in the means of each variable between different Mn types at the same Mn level (P<0.05).
“Includes added Mn and Mn in substrate.

*Sx L: Source x Level interaction.

animals. Rumen efficiency directly affects fermentation end  production has application value in evaluating the nutritional

products (25). Gases are produced when substrate carbohydrates  value of feed chemical components and reflecting the formation of

and proteins are fermented into VFAs and ammonia. Total gas  short-chain fatty acids and the growth of microbial biomass
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TABLE 7 In vitro total volatile fatty acids (VFAs) and individual VFAs and
acetate/propionate ratio from substrate with added manganese (Mn)
from different sources at different levels®.

Mn Mn (mg/ NHs-N Microbial
Source kg DM)? concentration protein
35mg/kg 10.4 £ 0.8 2.0 £ 0.4
40 mg/kg 9.9+ 17 3.4+ 0.4
MnSO, 50mg/kg 10.7 + 1.1 3.8+0.6"
60 mg/kg 119+ 1.0 13403
70 mg/kg 108+ 1.0 0.8 +0.1
Treat - 0.000
P-value Linear - 0.000
Quadratic - 0.000
35mg/kg 10.7 £ 1.1 2.8 +£0.14
40mg/kg 100+ 1.6 3.9+0.2%
MnCl, 50 mg/kg 10.1 £ 1.1 3.8+£0.3"
60 mg/kg 108 +2.1 4.1 +02%
70 mg/kg 101+ 1.7 45+02%
Treat - 0.000
P-value Linear - 0.000
Quadratic - 0.027
35mg/kg 124+02 14+0.5%
40mg/kg 137412 5.8 +0.5%
Mn-Met 50mg/kg 125+ 0.4 5.5+0.5"
60mg/kg 11.7 £ 0.6 4.0 £0.5%
70 mg/kg 115403 3.8+0.5%
Treat - 0.000
P-value Linear - 0.010
Quadratic - 0.000
MnSO, 10.7 £ 1.2° 23+13
Source MnCl, 10.3 +1.4% 3.8+0.6
Mn-Met 12.4 +1.04 4.1+17
35mg/kg 112+ 1.1 21+07
40 mg/kg 112+23 44+1.1
Level 50 mg/kg 11.1£1.3 44+09
60 mg/kg 1.5+ 13 31+14
70 mg/kg 108+ 1.2 30£13
Linear - -
P-value
Quadratic - -
Source 0.000 -
P-value Level 0.821 -
SxL? 0.266 0.000

'Different lowercase letters indicate significant differences in the means of each variable
between different Mn levels at the same Mn types (P <0.05), and different uppercase letters
indicate significant differences in the means of each variable between different Mn types at
the same Mn level (p <0.05).

“Includes added Mn and Mn in substrate.

*Sx L: Source x Level interaction.

synthesis (36). In this study, using MnCl, as Mn source and 50 mg/
kg Mn level were the most benefit for total gas production.
Methane emission is a waste of energy, and in cattle up to 10% of
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dietary energy is lost through methane emission (37). In this study,
we found that neither Mn level, Mn type, nor Mn level & type
interaction had significant effect on methane yield.

Rumen pH is an important indicator of rumen environmental
stability, and its normal level is between 5.5 and 7.5 (38). Rumen
pH affects the growth and proliferation of microorganisms, and
thus regulates rumen VFAs production (39). In turn, the
production of VFAs and other organic acids such as lactate will
also reduce rumen pH (40, 41). It has been reported that the
optimal pH for maintaining normal cellulose decomposition is
between 6.2 and 7.2 (42). When pH is lower than 6.2, cellulose
decomposition bacteria are inhibited (43). The pH of Mn-Met
group was significantly lower than that of MnCl, group, which
probably caused by the high levels of VFAs in Mn-Met groups
(Table 6). Further, the pH of Mn-Met group might be more suitable
for microbial biomass and enzyme activities for fiber, starch, and
protein breakdown. Trace minerals such as Mn can promote the
growth of microorganisms that degrade rumen cellulose, thus
improving the fermentability and utilization of organic matter
(especially hemicellulose) (17). In vitro experiments, the digestion
of rumen cellulose was obviously low without Mn supplementation
(44), while the digestion rate of rumen cellulose was increased with
Mn supplementation (5-30 pg/mL) (45). However, high doses of
inorganic Mn (182.7mg/kg) or organic Mn (184mg/kg)
supplementation decreased a-amylase activity (46). In the current
study, we found Mn-Met was the optimal Mn type and 50 mg/kg
was the optimal Mn level for digestive enzyme activities in yak’s
rumen fermentation. High digestive enzyme activities might
improve the digestibility of feed in the process of fermentation.
DMD is one of the best methods to estimate the digestibility of feed
(47). Mn supplementation improved DMD in rumen fermentation
(17, 45, 48). In this study, DMD was increased firstly and then
decreased with the increasing of Mn level and DMD of Mn-Met
group was higher than that of MnSO, and MnCl, groups (Table 4).
The increase in nutrient digestibility related to the addition of Mn
might be due to the improvement of metabolic activity of rumen
microorganisms or the changes of rumen microbial population
(15). Therefore, Mn-Met was the optimal Mn type and 50 mg/kg
was the optimal Mn level for feed breakdown in yak’s
rumen fermentation.

VFAs are mainly produced by microbial degradation of
carbohydrates in the rumen (49) and provide up to 70% of the
energy requirements of ruminants (50). Results showed that Mn
supplementation had effects on the levels of acetate, propionate,
butyrate, total VFAs, and the ratio of acetate to propionate. Acetate
is not only used to supply energy through oxidation in tricarboxylic
acid cycle but also used to synthesize fatty acids (51). Propionate
is the main precursor of gluconeogenesis, while butyrate is mainly
converted into f-hydroxybutyrate to provide energy for ruminants
(52). Acetate is produced by fiber degradation, while propionate
and butyrate are mainly produced by starch degradation (53, 54).
Lower acetate/propionate can provide the body with faster and
higher energy, which is conducive to improving the growth
performance of animals (55). In this study, compared with MnSO,
and MnCl, groups, VFAs levels were higher in Met-Mn group,
while acetate/propionate value were lower at 50-70 mg/kg Mn
level. The supplementation of Met-Mn in the diets of cows and
buffalo increased the concentration of total VFAs concentrations
(56, 57), which were consistent with our results. Taken together,
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Mn-Met was the optimal Mn type for yak’s rumen fermentation in
terms of VFA production.

Rumen microbiota can degrade the proteins and non-protein
substances in the feed into oligopeptides, amino acids, and
ammonia, which are then converted into MCP with the help of
energy generated by feed fermentation (58). NH;-N concentration
is the key factor for efficient synthesis of MCP (59), so NH;-N
concentration is widely used to evaluate essential nitrogen source
(25). Low NH;-N concentration will inhibit microbial growth and
productivity (60), limit rumen fermentation, and ultimately affect
rumen ecology (25). In this study, we found that the concentration
of ammonia nitrogen in Mn-Met group was higher than those in
MnSO, and MnCl, groups. MCP synthesis is affected by energy
substance, protein content, and the number and activity of rumen
microorganisms (61, 62). We found MCP content increased firstly
and then decreased subsequently with the increasing of Mn levels
when MnSO, or Mn-Met was used as a Mn source. Further, MCP
contents of Mn-Met groups were higher than MnSO, and MnCl,
groups at 40-50 mg/kg Mn levels (Table 7). Therefore, 40-50 mg/
kg is the optimal Mn levels and Mn-Met is the optimal Mn type for
yak’s rumen fermentation in terms of NH;-N production and
MCP synthesis.

Studies found dietary Mn requirement of sheep was about
20 mg/kg in growing and finishing period (63), Mn requirement of
sika deer was 80 mg/kg in terms of feed digestibility (64), and the
recommended concentration for breeding cattle is 40 mg/kg Mn
(19). In this study, it was found that 40-50 mg/kg Mn level was the
most beneficial to yak’s rumen fermentation in vitro. The relative
utilization rate of different types of Mn in digestive tract of
ruminants was different (65). Trace elements in organic form are
more beneficial for animals to absorb than inorganic form (66, 67).
In a lamb experiment, it was found that the relative bioavailability
of Mn-Met was 120% of MnSO, (68). This study also found that
organic form Mn-Met is more suitable as Mn source for yak’s
rumen fermentation in vitro.

5. Conclusion

Rumen fermentation in vitro of growing yaks was affected by Mn
source and Mn level. DMD, digestive enzyme activities, and MCP
content in the fermented fluid all showed relatively high values at
40-50 mg/kg Mn levels; further, amylase activity, VFAs levels, NH;-N
concentration, and MCP content in Mn-Met group were mostly better
than those of MnSO, and MnCl, groups. Therefore, Mn-Met was the
optimal Mn source and 40-50 mg/kg was the optimal Mn level for
yak’s rumen fermentation.
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