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Abstract: The purpose of this study was to investigate the optimum proportion of sorghum straw
and ammoniated wheat straw in vitro and in vivo to apply in ruminant diets. One-factor and two-
factor experimental designs were used in the in vitro tests, with different ratios of sorghum straw to
ammoniated wheat straw (S:AWS) of 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, and 8:2 to measure the in vitro total
gas production, CH4 production, in vitro dry matter degradability (IVDMD), in vitro organic matter
degradability (IVOMD) and in vitro fermentation parameters. Additionally, the nylon bag technique
was used to determine the dynamic degradation of these different ratios of mixed feedstuffs for
incubating in sheep rumen for 6 h, 12 h, 24 h, and 48 h. The results show that IVDMD, IVOMD, and
the molar ratio of propionate were the highest when the ratio of S:AWS was 8:2 (p < 0.05) in vitro;
however, this ratio released much more CH4 (p < 0.05). In addition, the degradability of DM, OM, CP,
and ash and the effective degradability of DM and CP were the highest when the ratio of S:AWS was
8:2 cultured in sheep rumen for 48 h (p < 0.05). In the in vitro and in situ nylon bag tests, IVDMD,
IVOMD, rumen nutrient degradability, and effective degradability of DM and CP increased with the
increase in the sorghum straw proportion. In conclusion, the higher the proportion of sorghum straw,
the higher the nutrient degradability in vivo and in vitro, but also the higher the emissions of CH4.
Therefore, when the ratio of S:AWS is 8:2, ruminants can effectively utilize nutrients in feed.

Keywords: gas production; degradability; sorghum straw; ammoniated wheat straw

1. Introduction

In ruminant diets, the proportion of roughage is relatively high, usually 40% to 70%
or higher. It is not only necessary for maintaining the normal physiological functions of
ruminants but also an important source of energy. Some studies showed that nutritional
value evaluation is not only related to the nutrient content of feed but also to the digestion
and utilization efficiency in the animal body. However, the efficiency of nutrient digestion
and utilization in animals is closely related to species, physiological stages, and feed intake
of animals, so the determination of nutrient degradability of roughage is an indispensable
link in the evaluation of nutrient value for ruminants [1]. The animal’s degradability of the
feed can be used to rationally prepare the animal’s diet and improve feed utilization.

Ruminants digest and utilize roughage in the diet through microorganisms in the
rumen. The different combinations of dietary raw materials, as well as the different
processing methods and nutritional control measures, will affect the animal’s intake and
utilization of individual feeds in the diet [2,3]. The rumen degradability of roughage is
an important indicator for assessing its nutritional value [4]. The evaluation of rumen
degradability can be divided into three methods: in vivo, semi-in vivo, and in vitro [5].
The in vivo method is the most direct method to evaluate the degradation of roughage in
the rumen, because of its high accuracy; it is also a reference standard for other methods
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to correct. The in situ nylon bag technique belongs to the semi-in vivo method, which is
simple and can accurately reflect the physiological state of rumen digestion. The in vitro
method mainly includes the artificial rumen method, enzymatic digestion method, and gas
production method, which have the advantages of simple operation, good repeatability,
and low cost [6]. In vitro gas production is an alternative technique used to determine the
nutritional value of feed, since the rate and extent of degradation and rumen fermentation
can be easily determined by the measurement of cumulative gas production [7]. Datt et al.
also used the in vitro gas production technique to evaluate nutritional values of leguminous
and nonleguminous crops [8]. In vitro tests, on the other hand, are less time-consuming,
cheaper, and more efficient when large numbers of samples are handled.

Wheat straw and sorghum straw are important sources of feed, but wheat straw,
because of its high fiber content, not only cannot be digested and used by animals but
also, to some extent, can hinder the digestion and absorption of other nutrients. Generally,
the protein content of ruminant livestock feed is above 8%, while wheat straw has a low
protein content, a lack of trace elements, a high ash content, and a low digestible energy
value, so it cannot be fed directly, which, to some extent, limits the application of wheat
straw in animal production [9]. In contrast, the crude protein, calcium, and phosphorus
contents of sorghum straw are higher than those of wheat straw, and the lignin content is
lower than that of wheat straw [10]; furthermore, the crude protein in sorghum straw can
provide energy for fiber-degrading bacteria in the rumen to promote the degradation of
straw cellulose. However, sorghum straw is used far less than wheat straw in practical
applications.

The purpose of this experiment was to study whether different proportions of sorghum
straw and ammoniated wheat straw have better nutritional and feeding values through the
in situ nylon bag method and in vitro gas production method so as to provide a reference
for better utilization of straw resources in actual production.

2. Materials and Methods
2.1. Experiment Material

The raw materials were sorghum straw (hybrid japonica sorghum) and wheat straw
(Sichuan wheat 93), which were taken from Yuzhong County and Weiyuan County in
Gansu Province, China, respectively, and harvested after harvesting the seeds. The chemical
composition of the sorghum straw and wheat straw is presented in Table 1. The collected
straw was dried at 65 ◦C for 48 h and then partially crushed to 40 mesh for nutrient
determination and the in vitro gas production test. The other part was pulverized to a
2 mm particle size and uniformly mixed for the in situ nylon bag test.

Table 1. Chemical composition of sorghum straw and wheat straw (dry matter basis, DM %).

Item Sorghum Straw Wheat Straw Ammoniated Wheat Straw

DM (%) 89.3 91.60 92.35
CP (%) 6.36 2.80 6.03

Crude fiber (%) 34.63 40.63 34.40
Ether extract (%) 1.82 1.20 1.87

Ca (%) 0.77 0.26
P (%) 0.20 0.03

The wheat straw was ammoniated with plastic bags, and dry wheat straw with a
good quality, no deterioration or mildew and about 10% moisture was selected. The wheat
straw was cut into sections of 2 to 3 cm and placed into plastic bags. The plastic bags
were generally 40 × 20 cm. The use of atoxic polyethylene film plastic bags, preferably
double-layer plastic bags, is required. We prepared a 4% urea solution in warm water
(0.4 kg urea per 10 kg straw dissolved in 3 kg water), sprayed the short wheat straw with the
prepared urea solution [11], placed the sprayed wheat straw into the plastic bag, sealed the
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bag to avoid moisture, and used it after 5–14 days of treatment at an external temperature
of 20–30 ◦C.

2.2. Experiment Design

For the experiment, we selected a 7 × 4 two-factor test design and set different propor-
tion A factors and time accumulation B factors for sorghum straw and ammoniated wheat
straw. Seven ratios of sorghum straw and ammoniated wheat straw were prepared—A1
(2:8), A2 (3:7), A3 (4:6), A4 (5:5), A5 (6:4), A6 (7:3), and A7 (8:2)—and the cumulative times
were B1 (6 h), B2 (12 h), B3 (24 h), and B4 (48 h). The nutritional value of ruminants was
evaluated by measuring the semi-in vivo degradability, in vitro degradability, cumulative
gas production, and CH4 content of each group of parallel samples at different times.

2.3. Experiment Method
2.3.1. In Situ Nylon Bag Test

Four 5-month-old wethers with T-cannulae were tested in the livestock farm of Gansu
Agricultural University. They were placed in a well-ventilated enclosed sheep house and
raised in a single cage (1.2 × 1.5 m) under strict hygienic conditions. Referring to the
standard table of mutton sheep breeding in China (NY/T816-2004), the nutritional needs of
rams weighing 30 kg with a daily gain of about 100 g were used to prepare the diets, as
shown in Table 2. The sheep were fed an equal amount twice a day (8:00 and 18:00) and
drank water freely. In order to adapt the living environment of rumen microorganisms and
ensure the viability of rumen microorganisms under this feeding scheme, the adaptation
period before the experiment was 7 days.

Table 2. Test diet composition and nutrient level (dry matter basis, DM %).

Item Concentration Nutrition Level Concentration

Corn 29.29 DM (%) 90.27
Soybean meal 9.00 DE (MJ/kg) 10.32

Cottonseed meal 1.50 CP (%) 11.03
Alfalfa hay 26.00 DE/CP (MJ/g) 0.094
Oat grass 33.00 Ca (%) 0.53

Salt 0.70 P (%) 0.23
Additive premix 1 0.51

Total 100.00
1 Additive premix provides the components per kg diet: S 200 mg·kg−1, Fe 25 mg·kg−1, Zn 40 mg·kg−1, Cu
8 mg·kg−1, I 0.3 mg·kg−1, Mn 40 mg·kg−1, Se 0.2 mg·kg−1, Co 0.1 mg·kg−1, vitamin A 940 IU·kg−1, vitamin E
20 IU·kg−1.

An amount of 3 g of mixed sorghum straw and ammoniated wheat straw in different
proportions from seven groups treated with different factors was accurately weighed into
3.5 cm × 6 cm nylon bags (pore size 23 µm) of known weight, and three replicates were
set up in parallel for each sample, where each sheep was one replicate. The samples were
removed at the design times of 6 h, 12 h, 24 h, and 48 h for subsequent degradability
measurements.

2.3.2. In Vitro Test

Three sheep were selected as rumen fluid donors with the same breeding standard
as described in Section 2.3.1. One hour before morning feeding, the rumen contents were
collected through the rumen fistula and filtered in a preheated 39 ◦C vacuum flask with
four layers of gauze, which was brought back to the laboratory to carry out the experiment.
The adaptation period was 7 days, and the experimental period was 4 days.

The in vitro gas production method is described in Menke [12]. Fermentation was
carried out using a DSHZ-300A water bath thermostat shaker device, weighing about
200 mg of the sample, using a long strip of paper placed into a glass syringe coated with
Vaseline for the in vitro gas production test, with 3 replicates per sample and 3 blank tubes.
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The artificial rumen fluid was prepared as per Menke [12], and the artificial rumen fluid
and the rumen fluid were mixed at a volume ratio of 2:1 as a culture solution. CO2 was
introduced, and 30 mL of the culture solution was added to the culture tube by a dispenser
to remove the air bubbles and placed in a 39 ◦C constant-temperature shaking incubator
for cultivation and timing. When cultured for 0, 6, 9, 12, 24, and 48 h, we took the culture
tube to quickly read the scale value of the piston and recorded it.

2.4. In Vitro Degradability and Fermentation Parameter Test

In vitro methods are widely used to evaluate the nutritive value of different classes
of feeds [13,14]. In vitro DM and OM degradability was estimated using methods of
Van Soest et al. [15]. We accurately weighed 0.5 g of the dried sample and added it to the
centrifuge tube. Then, it was placed in a 39 ◦C water bath for preheating. After transferring
the rumen fluid back into the laboratory, we dispensed 40 mL of buffer solution and
10 mL of rumen fluid into each tube as soon as possible, followed by shaking and mixing.
Afterwards, we filled the solution with CO2. Then, we covered the rubber stopper with a
Bunsen valve and sealed it. Incubation was carried out in a constant-temperature water
bath for 48 h with shaking 2 to 3 times a day. At the end of the culture, 3 mL of acidic
pepsin solution (enzyme activity 1:3000) was added to each tube, which was acidified to
reduce the pH to 1.5 and cultured for another 48 h. After the completion of the culture,
the mixture was centrifuged, and the centrifuge tube and the residue were sent to a dry
box (105 ◦C) and dried to constant weight. Then, we analyzed the nutrient content in the
residue.

Five mL rumen fluid was collected at 6 h, 9 h, 12 h, 24 h and 48 h of fermentation. pH
was determined by an acidimeter (PHS-3C, Demagnetization Instrument Factory, Shanghai,
China). VFA was determined by gas chromatography (6890N, Agilent Technologies, Santa
Clara, CA, USA). The ammonia nitrogen content was measured using a spectrophotome-
ter (SP-723; Spectrum Instruments, Shanghai, China) according to the Berthelot reaction
(phenol–hypochlorite) described by Broderick and Kang [16].

2.5. Parameter Simulation and Statistical Analysis
2.5.1. Determination of Rumen Degradability and Calculation Method of Degradation
Parameters in In Situ Nylon Bag Method

The degradability of DM, OM, CP, and ash at different time points was calculated
using Equation (1):

A (%) =
B − C

B
× 100 (1)

where A indicates the rumen disappearance rate (%) of a certain nutrient component of the
feed to be tested; B indicates the content of a certain nutrient component in the sample to
be tested (g); and C indicates the content of certain nutrients in the residue of the nylon bag
to be tested (g).

The degradation parameters of DM and CP were calculated by Equation (2) according
to the ruminal kinetic model of Ørskov et al. [17]:

dP = a + b
(
1 − e−ct) (2)

where dP is the DM or CP degradability (%) at time t, a is the soluble fraction (%), b is
the slowly degradable fraction (%), c is the rate of degradation of the b fraction (%/h)
and t is the rumen culture time (h). Effective degradability was calculated according to
Equation (3):

ED(%) = a +
bc

(k + c)
(3)

where k indicates the rumen outflow rate. The value of k in this test was 0.031/h [18].
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2.5.2. In Vitro Gas Production and Gas Production Parameters

The net air production of the accumulated net gas production of the culture tube at a
certain time period = the gas production amount in a certain period of time—the average
gas production of three blank tubes in the corresponding period.

The gas production model was calculated using Equation (4):

GP = 200 × Vt − V0
W

(4)

where t is time after the fermentation starts (h); GP is the gas production (mL) at time t
of the sample; 200 is the total weight of samples in the trachea (200 mg); Vt is the trachea
reading after fermentation for t h (mL); V0 is the blank tube reading after fermentation for t
h (mL); and W is the weight of sample DM (mg).

2.5.3. Calculation Method of In Vitro Degradability

IVDMD(%) =
D − E

D
× 100 (5)

where D indicates the DM content before fermentation, and E indicates the DM content
after fermentation, and

IVOMD(%) =
F − G

F
× 100 (6)

where F indicates the OM content before fermentation, and G indicates the OM content
after fermentation.

2.6. Data Processing and Analysis

All the data were subjected to one-way and two-way ANOVA, and the significance of
differences among means was determined using the Tukey multiple range test; differences
at p < 0.05 were considered statistically significant. All the analyses were conducted using
SPSS 26 (IBM, Armonk, NY, USA) using the following statistical model:

Yij = µ + ti + eij (7)

where Yij is the response of the subject sheep (i) and treatment (j), µ is the overall mean, ti
is the treatment effect, and eij is the error due to the jth replication of the ith treatment and
normally distributed with a zero mean and constant variance.

3. Results
3.1. In Situ Nylon Bag Test Results

It can be seen from Table 3 that the degradability of DM, OM, CP and ash increased
significantly with the accumulation of time at the same ratio. The A and B factors had
significant effects on the DM, OM, CP and ash of sorghum straw and ammoniated wheat
straw in different ratios (p < 0.05). Meanwhile, the degradability of DM, OM, CP and
ash increased significantly with the increase in the sorghum straw proportion in factor
A (A1 < A2 < A3 < A4 < A5 < A6 < A7). In the same proportions, with the accumulation
of the time B factor, the degradability of DM, OM, CP and ash increased significantly
(B1 < B2 < B3 < B4). The degradability of DM, OM, CP and ash was the highest under A7
(8:2) and B4 (48 h). The interaction factor A × B had significant effects on the degradability
of DM, OM and ash (p < 0.05).
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Table 3. Effects of different proportions of sorghum straw and ammoniated wheat straw on rumen
dry matter, organic matter, crude ash, and crude protein degradability at different time points.

A
Sorghum

Straw:Ammoniated
Wheat Straw

B Time (h)
Ruminal

Degradability

DM% OM% CP% Ash%

A1 (2:8)

B1 (6 h) 11.54 16.22 14.86 18.35
B2 (12 h) 14.74 18.92 16.97 24.38
B3 (24 h) 22.90 22.66 19.56 27.90
B4 (48 h) 28.60 30.06 21.60 32.00

A2 (3:7)

B1 (6 h) 20.11 17.69 15.26 22.20
B2 (12 h) 25.02 21.16 19.15 26.35
B3 (24 h) 29.63 26.46 22.49 30.12
B4 (48 h) 34.20 32.77 24.02 35.74

A3 (4:6)

B1 (6 h) 19.98 17.31 16.26 24.15
B2 (12 h) 22.61 20.11 20.52 28.51
B3 (24 h) 24.31 23.58 23.13 34.61
B4 (48 h) 31.25 31.49 26.06 37.42

A4 (5:5)

B1 (6 h) 19.50 18.88 18.40 25.38
B2 (12 h) 23.78 24.56 22.00 33.30
B3 (24 h) 26.36 27.47 24.20 36.62
B4 (48 h) 29.05 31.05 28.40 38.42

A5 (6:4)

B1 (6 h) 18.47 19.29 19.20 27.14
B2 (12 h) 21.51 24.95 21.62 35.05
B3 (24 h) 25.11 27.39 23.49 39.21
B4 (48 h) 29.87 33.71 26.79 41.50

A6 (7:3)

B1 (6 h) 21.79 22.55 20.40 28.24
B2 (12 h) 26.66 26.98 23.35 34.58
B3 (24 h) 32.29 31.55 25.50 37.00
B4 (48 h) 39.54 33.49 28.57 42.70

A7 (8:2)

B1 (6 h) 22.83 22.52 21.30 31.43
B2 (12 h) 27.65 26.23 24.33 33.78
B3 (24 h) 32.91 32.36 27.50 39.65
B4 (48 h) 40.51 38.70 31.40 42.32

A

A1 (2:8) 19.45 d 21.97 e 18.25 f 25.66 e

A2 (3:7) 24.67 bc 24.52 d 20.23 e 28.60 d

A3 (4:6) 24.54 c 23.12 e 21.49 ed 31.17 c

A4 (5:5) 23.74 c 25.49 cd 23.25 bc 33.43 b

A5 (6:4) 27.24 b 26.34 c 22.77 cd 35.72 a

A6 (7:3) 30.07 a 28.64 b 24.45 b 35.63 a

A7 (8:2) 30.97 a 29.95 a 26.13 a 36.80 a

B

B1 (6 h) 19.17 d 19.21 d 17.95 d 25.27 d

B2 (12 h) 23.14 c 23.27 c 21.13 c 30.85 c

B3 (24 h) 27.64 b 27.35 b 23.69 b 35.01 b

B4 (48 h) 33.29 a 33.04 a 26.69 a 38.58 a

SEM 0.65 0.56 0.40 0.61

p-value
A <0.001 <0.001 <0.001 <0.001
B <0.001 <0.001 <0.001 <0.001

A × B 0.011 <0.001 0.329 0.012
A1 (2:8), A2 (3:7), A3 (4:6), A4 (5:5), A5 (6:4), A6 (7:3) and A7 (8:2) represent proportions of sorghum straw and
ammoniated wheat straw of 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, and 8:2, respectively. DM, dry matter; OM, organic matter;
CP, crude protein; SEM, standard error of mean. Data with different superscript letters within each column are
significantly different (p < 0.05).

It can be seen from Table 4 that different proportions of sorghum straw and ammoni-
ated straw had significant indigenous effects on rumen degradation parameters a, c, and
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a + b and the effective degradation rate of DM, as well as significant effects on rumen
degradation parameters a and a + b and the effective degradability of CP (p < 0.05). The
effective degradability of DM in A6 and A7 was significantly higher than that in the other
groups, and the effective degradability of CP in A7 was significantly higher than that in the
other groups (p < 0.05). With the increase in the proportion of sorghum straw, the effective
degradability of DM and CP gradually increased.

Table 4. Rumen kinetic parameters and effective degradability of DM and CP in different proportions
of sorghum straw and ammoniated wheat straw.

A
Sorghum

Straw:Ammoniated
Wheat Straw

DM CP

a (%) b (%) c (%/h) a + b ED (%) a (%) b (%) c (%/h) a + b ED (%)

A1 (2:8) 5.19 b 27.95 0.04 ab 33.14
ab 20.77 d 11.56

ab 10.91 0.06 22.48 c 18.58 d

A2 (3:7) 14.31 a 21.71 0.06 ab 36.03
ab 27.98 b 8.37 b 16.01 0.09 24.38 bc 20.31 c

A3 (4:6) 18.45 a 29.86 0.01 b 48.31 a 27.11 b 10.36 b 16.48 0.08 26.84 abc 21.77 c

A4 (5:5) 16.22 a 17.41 0.08 a 29.67 b 24.81 c 14.99
ab 16.81 0.05 31.80 ab 23.99 b

A5 (6:4) 15.20 a 21.76 0.03 ab 36.96
ab 24.82 c 17.09 a 15.10 0.03 32.19 ab 23.47 b

A6 (7:3) 16.69 a 33.87 0.03 ab 50.56 a 31.73 a 17.43 a 12.42 0.05 29.85 abc 24.93 b

A7 (8:2) 18.15 a 29.32 0.03 ab 47.46 a 32.58 a 18.03 a 15.94 0.04 33.97 a 26.88 a

SEM 1.02 1.65 0.01 2.07 0.86 0.91 0.64 0.01 1.04 0.59
p-value <0.001 0.066 0.057 0.005 <0.001 0.001 0.064 0.183 0.002 <0.001

A1 (2:8), A2 (3:7), A3 (4:6), A4 (5:5), A5 (6:4), A6 (7:3), and A7 (8:2) represent proportions of sorghum straw and
ammoniated wheat straw of 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, and 8:2, respectively. DM, dry matter; CP, crude protein;
a, soluble fraction (%); b, slowly degradable fraction (%); c, rate of degradation of the b fraction (%/h); a + b,
potential degradability; ED, effective degradability; SEM, standard error of means. Data with different superscript
letters within each column are significantly different (p < 0.05).

3.2. In Vitro Degradability Test Results

As can be seen in Table 5, in vitro dry matter degradability (IVDMD) increased with
the increase in the sorghum straw proportion in sorghum straw and ammoniated wheat
straw. The A6 (7:3) and A7 (8:2) groups had significantly higher results than the other
groups (p < 0.05). When the ratio of S:AWS was 8:2, IVDMD was the highest. For IVDMD,
except for the A4 (5:5) group, the change rules of dry matter degradability were similar to
those in vitro. The higher the proportion of sorghum straw, the higher the degradability
of dry matter in vitro. When the ratio of S:AWS was 8:2, IVOMD was significantly higher
than that in the other groups (p < 0.05) and reached the maximum.

Table 5. In vitro degradability of dry matter and organic matter in 48 h of sorghum straw and
ammoniated wheat straw with different proportions.

A
Sorghum Straw:Ammoniated Wheat Straw IVDMD% IVOMD%

A1 (2:8) 42.76 c 45.21 cd

A2 (3:7) 44.90 bc 47.91 cd

A3 (4:6) 45.89 bc 49.25 bcd

A4 (5:5) 48.59 ab 46.88 cd

A5 (6:4) 49.00 ab 52.26 abc

A6 (7:3) 48.56 a 54.69 ab

A7 (8:2) 52.01 a 56.78 a



Fermentation 2022, 8, 415 8 of 16

Table 5. Cont.

A
Sorghum Straw:Ammoniated Wheat Straw IVDMD% IVOMD%

SEM 2.84 3.95
p-value 0.011 0.001

A1 (2:8), A2 (3:7), A3 (4:6), A4 (5:5), A5 (6:4), A6 (7:3) and A7 (8:2) represent proportions of sorghum straw
and ammoniated wheat straw of 2:8, 3:7, 4:6, 5:5, 6:4, 7:3 and 8:2, respectively. IVDMD, in vitro dry matter
degradability; IVOMD, in vitro organic matter degradability; SEM, standard error of mean. Data with different
superscript letters within each column are significantly different (p < 0.05).

3.3. In Vitro Gas Production Test Results

It can be seen in Table 6 that, at the same proportion, the in vitro gas production
increased significantly with the accumulation of time. At the same accumulation time, the
cumulative gas production of A7, A6, and A5 was significantly higher than that of A1, A2,
A3, and A4 (p < 0.05). At 6 h and 48 h, A7 gas production was significantly higher than that
of the other six groups (p < 0.05). At 6 h, the gas production increased with the increase in
the proportion of sorghum straw (A1 < A2 < A3 < A4 < A5 < A6 < A7). Except for groups
A3 and A4 (p > 0.05), there were significant differences among the groups (p < 0.05). It can
be seen in Figure 1a that with the extension of the culture time, the gas production of each
treatment group showed the same change rule, that is, the increase rate was lower before
12 h, and the gas production rate was faster after 12 h. The interaction factor A × B had
significant effects on gas production (p < 0.05).

Table 6. In vitro gas production at different time points.

A
Sorghum Straw:Ammoniated

Wheat Straw

B
Time (h)

Gas Production
(mL)

CH4 Production
(mL)

A1 (2:8)

B1 (6 h) 6.00 1.61
B2 (9 h) 10.67 3.74

B3 (12 h) 15.67 5.30
B4 (24 h) 33.33 15.23
B5 (48 h) 45.33 20.54

A2 (3:7)

B1 (6 h) 8.33 2.79
B2 (9 h) 12.33 4.68

B3 (12 h) 15.00 6.39
B4 (24 h) 30.67 12.84
B5 (48 h) 44.67 22.00

A3 (4:6)

B1 (6 h) 10.00 2.72
B2 (9 h) 12.00 4.64

B3 (12 h) 16.00 6.73
B4 (24 h) 35.00 14.96
B5 (48 h) 46.33 21.98

A4 (5:5)

B1 (6 h) 11.00 3.92
B2 (9 h) 14.33 6.26

B3 (12 h) 19.33 8.30
B4 (24 h) 38.00 17.49
B5 (48 h) 48.67 23.74

A5 (6:4)

B1 (6 h) 13.00 5.22
B2 (9 h) 22.33 9.95

B3 (12 h) 28.33 12.54
B4 (24 h) 54.00 25.12
B5 (48 h) 65.67 31.41
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Table 6. Cont.

A
Sorghum Straw:Ammoniated

Wheat Straw

B
Time (h)

Gas Production
(mL)

CH4 Production
(mL)

A6 (7:3)

B1 (6 h) 14.50 6.45
B2 (9 h) 21.67 10.33

B3 (12 h) 29.33 12.89
B4 (24 h) 55.00 26.05
B5 (48 h) 67.33 31.76

A7 (8:2)

B1 (6 h) 16.67 7.34
B2 (9 h) 23.00 10.68

B3 (12 h) 27.67 12.39
B4 (24 h) 54.33 25.52
B5 (48 h) 72.67 34.39

A

A1 (2:8) 22.20 d 9.28 d

A2 (3:7) 22.13 d 9.74 d

A3 (4:6) 23.40 d 10.21 d

A4 (5:5) 26.20 c 11.94 c

A5 (6:4) 36.67 b 16.85 b

A6 (7:3) 37.40 ab 17.50 ab

A7 (8:2) 38.60 a 18.06 a

B

B1 (6 h) 10.76 e 4.29 e

B2 (9 h) 16.62 d 7.18 d

B3 (12 h) 21.48 c 9.22 c

B4 (24 h) 42.91 b 19.60 b

B5 (48 h) 55.81 a 26.54 a

SEM 0.17 0.09

p-value
A <0.001 <0.001
B <0.001 <0.001

A × B <0.001 <0.001
A1 (2:8), A2 (3:7), A3 (4:6), A4 (5:5), A5 (6:4), A6 (7:3) and A7 (8:2) represent proportions of sorghum straw and
ammoniated wheat straw of 2:8, 3:7, 4:6, 5:5, 6:4, 7:3 and 8:2, respectively. SEM, standard error of mean. Data with
different superscript letters within each column are significantly different (p < 0.05).
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Figure 1. (a) In vitro gas production at different time points. (b) In vitro CH4 production at different
time points. A1 (2:8), A2 (3:7), A3 (4:6), A4 (5:5), A5 (6:4), A6 (7:3), and A7 (8:2) represent proportions
of sorghum straw and ammoniated wheat straw of 2:8, 3:7, 4:6, 5:5, 6:4, 7:3 and 8:2, respectively.

The amount of CH4 in vitro increased significantly with the accumulation of time. At
any time, CH4 contents of A7, A6 and A5 were significantly higher than those of A1, A2, A3,
and A4 (p < 0.05). At 6 h and 48 h, the CH4 content of A7 was significantly higher than that
of the other six groups (p < 0.05). At 6 h, the content of CH4 increased with the proportion of
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sorghum straw (A1 < A2 < A3 < A4 < A5 < A6 < A7), except that the difference between the
A2 group and A3 group was not statistically significant (p > 0.05); the difference between
the other groups was statistically significant (p < 0.05). At 9 h, the A1, A2, A3, and A4 CH4
levels increased in turn, and the differences between the groups were significant (p < 0.05);
the CH4 levels of A6 were significantly higher than those of A5 and A7 (p < 0.05). It can
be seen in Figure 1b that the CH4 gas production in each treatment group showed the
same tendency of change; in other words, with the extension of the culture time, the CH4
gas production in each treatment group increased continuously—slowly in the first 12 h
and rapidly after 12 h. The interaction factor A × B had significant effects on CH4 gas
production (p < 0.05).

3.4. In Vitro Fermentation Parameter Test Results

The fermentation parameters of different proportions of sorghum straw and wheat
straw at different time points are shown in Table 7. According to the table, different
proportions of the A factor had significant effects on pH, NH3-N, acetate, propionate
and butyrate (p < 0.05). Factor B had significant effects on pH, total volatile fatty acid,
propionate, butyrate, and acetate/propionate (p < 0.05). With the increase in the sorghum
straw proportion, pH gradually increased, except in A7 (A1 < A2, A3, A4 < A5 < A6),
and the molar ratio of propionate gradually increased, except in A3. The molar ratios
of propionate in A5 and A7 were significantly higher than those in the other groups
(p < 0.05). The NH3-N content of A5 was significantly higher than that of A6 and A7
(p < 0.05). The molar ratios of butyrate in A1, A2, A3 and A4 were significantly higher
than those of A5, A6 and A7 (p < 0.05). With the accumulation of time, pH gradually
decreased (B1 > B2 > B3 > B4 > B5), except in B2, and the molar ratios of butyrate and
acetate/propionate also gradually decreased, while total volatile fatty acid and propionate
gradually increased (p < 0.05). The interaction factor A × B had significant effects on pH,
NH3-N and butyrate (p < 0.05).

Table 7. Effects of different proportions of sorghum straw and wheat straw on fermentation parame-
ters in vitro at different time points.

A
Sorghum

Straw:Ammoniated
Wheat Straw

B
Time (h) pH NH3-N

(mg/dL)

Total
Volatile

Fatty Acid
(mM)

Acetate
(%)

Propionate
(%)

Butyrate
(%)

Acetate/
Propionate

A1 (2:8)

B1 (6 h) 6.79 25.37 44.40 70.79 11.55 10.96 6.22
B2 (9 h) 6.78 28.75 50.85 70.52 11.67 10.88 6.04
B3 (12 h) 6.73 16.07 50.53 71.69 12.02 10.27 5.98
B4 (24 h) 6.66 14.33 57.46 82.2 15.32 7.84 5.39
B5 (48 h) 6.57 17.08 98.79 71.04 14.32 7.89 5.10

A2 (3:7)

B1 (6 h) 6.85 23.16 36.41 70.58 12.01 10.85 5.97
B2 (9 h) 6.84 26.21 39.87 70.17 12.54 10.68 5.60
B3 (12 h) 6.74 31.53 54.55 70.46 12.43 10.79 5.67
B4 (24 h) 6.68 15.54 82.59 69.8 15.04 9.18 4.64
B5 (48 h) 6.68 18.25 97.42 70.82 15.32 8.17 4.62

A3 (4:6)

B1 (6 h) 6.91 23.74 39.83 70.67 12.58 10.27 5.67
B2 (9 h) 6.87 16.28 45.73 70.52 12.46 10.58 5.66
B3 (12 h) 6.88 13.29 48.73 72.12 12.42 9.86 5.82
B4 (24 h) 6.56 19.63 93.02 71.28 13.89 8.72 5.13
B5 (48 h) 6.58 23.86 107.88 70.22 15.5 8.36 4.53

A4 (5:5)

B1 (6 h) 6.91 11.18 39.17 71.37 12.8 9.95 5.54
B2 (9 h) 6.82 20.32 43.65 70.41 12.95 10.45 5.44
B3 (12 h) 6.87 22.34 46.6 73.42 12.33 9.11 5.96
B4 (24 h) 6.59 33.26 84.48 71.88 14.05 8.59 5.12
B5 (48 h) 6.62 40.55 109.37 71.23 15.01 8.09 4.76
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Table 7. Cont.

A
Sorghum

Straw:Ammoniated
Wheat Straw

B
Time (h) pH NH3-N

(mg/dL)

Total
Volatile

Fatty Acid
(mM)

Acetate
(%)

Propionate
(%)

Butyrate
(%)

Acetate/
Propionate

A6 (7:3)

B1 (6 h) 6.93 11.36 24.46 48.34 9.23 5.72 5.24
B2 (9 h) 6.9 13.56 33.71 72.87 13.87 8.66 5.26
B3 (12 h) 6.91 15.78 48.70 74.37 13.76 7.88 5.41
B4 (24 h) 6.82 18.95 66.67 72.91 14.79 7.78 4.93
B5 (48 h) 6.84 26.06 100.59 74.13 14.27 7.00 5.20

A7 (8:2)

B1 (6 h) 6.95 13.47 36.59 73.97 13.5 7.98 5.40
B2 (9 h) 6.89 14.62 44.60 73.01 14.06 8.52 5.20
B3 (12 h) 6.83 13.67 41.78 72.86 14.51 8.12 5.02
B4 (24 h) 6.83 16.93 59.85 73.24 15.19 7.32 4.83
B5 (48 h) 6.76 19.61 100.32 62.48 14.50 7.46 4.29

A

A1 (2:8) 6.70 d 20.32 abc 60.61 72.61 a 12.81 c 9.69 a 5.74
A2 (3:7) 6.76 cd 22.94 abc 60.71 70.41 ab 13.36 b 9.99 a 5.30
A3 (4:6) 6.76 cd 19.36 abc 65.18 70.94 ab 13.33 b 9.62 a 5.36
A4 (5:5) 6.76 cd 25.53 ab 63.24 71.65 ab 13.38 b 9.29 a 5.37
A5 (6:4) 6.81 bc 27.68 a 61.15 73.90 a 13.90 a 7.87 b 5.30
A6 (7:3) 6.88 a 17.14 bc 53.98 73.45 a 13.97 bc 7.38 b 5.23
A7 (8:2) 6.87 ab 15.66 c 56.40 73.14 ab 14.29 a 7.92 b 4.92

B

B1 (6 h) 6.89 a 17.83 35.78 b 71.91 12.11 c 9.23 a 5.64 a

B2 (9 h) 6.86 a 19.91 43.14 cd 71.63 12.97 c 9.75 a 5.54 a

B3 (12 h) 6.85 a 21.65 48.27 c 72.77 13.02 bc 9.11 a 5.61 a

B4 (24 h) 6.69 b 22.83 76.31 b 73.65 14.73 ab 8.08 b 4.98 b

B5 (48 h) 6.66 b 23.95 103.93 a 70.52 14.85 a 7.69 b 4.78 c

SEM 0.006 0.909 0.888 0.866 0.164 0.091 0.020

p-value
A <0.001 <0.001 0.057 0.008 0.033 <0.001 0.510
B <0.001 0.297 <0.001 0.420 0.002 <0.001 <0.001

A × B 0.014 0.033 0.197 0.325 0.066 0.028 0.055

A1 (2:8), A2 (3:7), A3 (4:6), A4 (5:5), A5 (6:4), A6 (7:3) and A7 (8:2) represent proportions of sorghum straw and
ammoniated wheat straw of 2:8, 3:7, 4:6, 5:5, 6:4, 7:3 and 8:2, respectively. SEM, standard error of mean. Data with
different superscript letters within each column are significantly different (p < 0.05).

4. Discussion
4.1. Evaluation of Mixed Ratio of Sorghum Straw and Ammoniated Wheat Straw by In Situ Nylon
Bag Method

In addition to general nutrient analysis, another common method involves studying
the degradation characteristics of feed nutrients in the rumen to reflect their nutritional
value. The degradation of feed CP in the rumen mainly depends on the residence time of
feed in the rumen and the difficulty of fermentation. In addition, the characteristics of the
feed itself, such as the composition of feed CP, the content of nonprotein nitrogen and true
protein, the physical and chemical properties of true protein, the existence of a cell wall
inert barrier and antinutritional factors, also have direct effects [19–21]. The more nutrients
in the feed digested and absorbed by animals, the higher the feed nutrient degradability
and the higher the nutritional value of the feed [22]. Li et al. [23] evaluated the nutritional
value of sorghum leaves with Dorper × small-tail Han hybrid F1 mutton sheep with a
permanent rumen fistula. The results showed that the degradability of DM was 24.86%,
27.69%, 39.50%, and 51.37% when the sorghum leaves were detained in the rumen for 6 h,
12 h, 24 h, and 48 h, respectively. The degradability of CP was 36.95%, 45.27%, 59.23%, and
75.09%, respectively. Liu et al. [24] studied the degradation characteristics of 10 types of
roughage in the rumen of dairy cows. The results showed that the effective degradability of
DM of wheat straw was 34.20% (the lowest of the 10 types of roughage), and the effective
degradability of CP was 45.11%. Yu et al. [25] studied the nutrient composition and rumen
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degradation characteristics of food crop straw and vine crop straw and measured the rumen
degradability of wheat straw at 6 h, 12 h, 24 h, and 48 h. The rumen degradability of DM
was 10.44%, 17.20%, 23.08%, and 32.17% at the respective time points. The degradability of
CP in the rumen was 20.50%, 29.10%, 42.91%, and 51.59%, respectively. In this experiment,
when the residence time was 6 h, 12 h, 24 h, and 48 h, the degradability of DM of S:AWS with
different ratios was 19.17%, 23.14%, 27.64%, and 32.29%, respectively, and the degradability
of CP was 17.95%, 21.13%, 23.69%, and 26.69%, respectively. The differences between the
abovementioned reports are obvious. In our experiment, compared with the wheat straw
reported by Yu et al., the degradability of DM was higher, while the degradability of CP
was lower; compared with the sorghum leaves reported by Li et al., the degradability of
DM and CP was lower. When the ratio of S:AWS was 8:2, the rumen degradability of DM,
OM, CP, and ash was the highest. When the ratio was 2:8, the rumen degradability of DM,
OM, CP, and ash was significantly lower. In other ratios, the rumen degradability of DM,
OM, CP, and ash increased with the increase in sorghum straw content.

There are several reasons for these findings, as follows. First, wheat straw contains
such nutrients as water, crude protein, acid detergent fiber, and soluble sugar, but the
nutrient content is low, meaning it needs to be mixed with other feeds to form a complete
mixed feed. Second, the crude protein in sorghum straw is higher than that in wheat
straw, which can provide energy for fiber-degrading bacteria in the rumen to promote the
degradation of straw fibers. Third, the sorghum energy component is the main component
of the feed, accounting for 60% to 70%, and the nutritional value of sorghum is generally
estimated to be 85% to 90% of wheat. The apparent degradability of sorghum is generally
higher than that of wheat. The crude protein content of common sorghum is also higher
than that of wheat. The essential amino acid composition is lower than that in wheat,
except for lysine, methionine, and cysteine, where the content is higher than or equal
to that of wheat [26]. Fourth, Mckee et al. [27] found that the difference in the chemical
composition and structure of different feeds resulted in some differences in the outflow rate
of rumen chyme. Poloyorach et al. [28] reported that the difference in the residence time
of different feeds in the rumen (the efflux time of rumen chyme determines the residence
time) is an important factor affecting their degradability. Fifth, the degradability of a feed
is closely related to the nature and mix ratio of the feed to which it is paired. Therefore, the
degradability of the feed is not constant, but varies with the combination and proportion of
the feed. Meng et al. [29] studied the combination effect of wheat straw and four types of
unconventional feeds (sprayed corn husk, soybean husk, orange peel, and apple residue)
and found that the DM degradability of the combinations of wheat straw and sprayed corn
husk, soybean husk, orange peel, and apple residue gradually decreased with the increase
in the proportion of wheat straw.

4.2. Evaluation of Degradability In Vitro

The dietary fiber proportion and water content are the internal factors affecting dry
matter intake and the degradability of the main nutrients [30]. Fiber can stimulate ruminant
chewing and rumination, promote salivary secretion, improve rumen buffering capacity,
and maintain rumen fermentation function. An appropriate dietary fiber level can increase
dry matter intake, which is closely related to the degradability of nutrients in the diet [31].
In this experiment, the IVDMD of sorghum straw and ammoniated wheat straw mixed in
different proportions was significantly different, and as the proportion of sorghum straw
increased, the degradability of DM of the mixture also increased. This is because the crude
fiber content of sorghum straw (346.3 g/kg) is lower than that of ammoniated wheat straw
(406.3 g/kg). The higher the proportion of sorghum straw in the mixture of sorghum straw
and ammoniated wheat straw, the lower the content of crude fiber, the easier it is for the
rumen microorganisms to digest, the higher the degradability of DM, and the higher the
nutritional value of sorghum. The results of this analysis are consistent with Luis’s [32]
analysis and evaluation of the nutritional quality of sorghum and wheat straw feed, which
showed that the nutritional value of hazelnut, millet, and sorghum was higher than that of
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wheat and oat straw. The IVOMD of sorghum straw and ammoniated wheat straw under
different ratios was significantly different. When the ratio of S:AWS was 2:8, 3:7, 4:6, 6:4,
7:3 and 8:2, the IVOMD increased with the increase in the sorghum ratio, which is similar
to the in vitro degradability of dry matter.

In this experiment, the DM and OM degradability of sorghum straw and ammoniated
wheat straw at different ratios was measured in vitro and in vivo. It was obvious that the
degradability in vitro was significantly higher than that in vivo. Xie et al. [33] compared
the application of the nylon bag method and in vitro method in the study of the nutritional
value of ruminant feed. It was found that the nylon bag method can directly reflect the
nutritional composition and nutritional value of feed samples, but when it is used for feed
containing a large number of soluble components, the rumen effective degradability will be
high when measured. Although the in vitro method can completely reflect the degradation
of the feed ingredients, it is not intuitive enough to reflect the nutrient composition or
nutritional value of the feed.

4.3. Effect of In Vitro Gas Production Method Evaluation

The in vitro fermentation gas production of feed can reflect the fermentable degree of
feed in the rumen, the number of rumen microorganisms, degradability, and the character-
istics of the fermentation substrate, which together determine the gas production of feed
in vitro fermentation [34,35]. Metzler et al. [36] showed that adding the nutritional value of
the feed itself in the early stage of in vitro culture will underestimate the degree of fermen-
tation of the diet, which may affect the amount of rumen fermentation gas production. In
this experiment, the gas production of different feed ratios increased with the prolongation
of the fermentation time, but it did not increase linearly, which is similar to the results of
Robinson and other studies [37]. In the combination of sorghum straw and ammoniated
wheat straw, the gas production increased with the increase in the proportion of sorghum
straw, which may be caused by the different amounts and composition of carbohydrates
in different proportions of straw. The source of gas production from crop straw in vitro is
mainly carbohydrates. The proteins contained in them also produce a part of the gas when
fermented in vitro, but the contribution of protein to gas production is much lower than
that of carbohydrates in the whole process of in vitro fermentation [38]. Cone et al. [39]
studied the in vitro fermentation of casein and starch and found that the gas production
of protein fermentation after fermentation for 72 h was only 30% carbohydrates. Hai [40]
evaluated the nutritional value of natural herbage in the Qinghai Plateau by gas production
in vitro. It was found that with the increase in the culture time in vitro, the average gas
production increased gradually. There was no significant difference in the average gas
production between 2 and 8 h (p < 0.05), but the average gas production increased sharply
from 12 to 48 h (p < 0.01). After 48 h, the average gas production increased gradually, and
the difference was not significant (p > 0.05). It can be seen in Figure 1 that in this experiment,
the in vitro fermentation gas production and CH4 gas production of sorghum straw and
ammoniated wheat straw at different proportions tended to be flat at 6–12 h and increased
sharply after 12 h. The results of these experiments are different, and the difference between
the two may be due to the difference in the fermentation substrate and the composition
of the fermentation broth. However, the study of Basangzhuza et al. [41] showed that the
gas production of Tibetan wheat straw in vitro fermentation tended to be flat at 6–12 h and
increased sharply after 12 h, which is consistent with our results. The reason may be that
Hai evaluated the natural grassland in Qinghai Province, while Basangzhuza and others
evaluated a straw feed. Previous studies have shown that there is a strong correlation
between the gas production (CO2 and CH4) and the measured value of the in vivo degrad-
ability of the feed samples in the rumen fluid. The stronger the degradability of the feed,
the higher the activity of the microorganisms in the rumen. The greater the gas production,
the lower the activity of the microorganisms in the rumen [42]. In this experiment, with
the increase in the proportion of sorghum, the yield of CH4 also increased, but from the
absolute yield of CH4, the yield was not high (0.00194–0.03439 uL/g), and the proportion
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of total gas production was also low (0.0307–0.0473%). Therefore, with the increase in the
proportion of sorghum straw, the proportion of ammoniated wheat straw decreased, the
energy loss was small and the nutritional value could be utilized.

4.4. Evaluation of Fermentation Parameters In Vitro

Rumen fermentation parameters can comprehensively reflect the fermentation condi-
tions and environmental changes in the rumen. The pH range of ruminants maintaining
a normal rumen physiology is 5.5–7.0 [43]. High or low concentrations of NH3-N are
unfavorable for rumen fermentation. If the concentration of NH3-N is too high, the rate
of ammonia released from the nitrogen source by rumen microorganisms exceeds the
rate of protein synthesis by microorganisms, which increases the loss of nitrogen in the
nitrogen cycle of the rumen; a low concentration of NH3-N limits the efficiency of cellulose
decomposition by cellulose-decomposing bacteria [44]. NH3-N is a nitrogen source for
bacterial protein synthesis, and the optimal concentration of NH3-N is 0–50 mg/dL [45].
In this experiment, the pH and NH3-N content were within the normal range of rumen
fermentation. With the increase in the sorghum straw proportion, the molar ratio of pro-
pionate increased, and acetate/propionate decreased. Liu et al. [46] found that with an
increase in roughage quality, the concentration of propionic acid showed an upward trend,
and acetate/propionate showed a downward trend, which is consistent with the results
of this experiment. Propionate is the main sugar heterogeneous substance in ruminants.
When the proportion of propionic acid is high, it can provide high effective energy for
ruminants to some extent. This indicates that the increase in the sorghum straw proportion
in the diet had a positive effect on rumen fermentation [47].

5. Conclusions

When the optimal ratio of sorghum straw to wheat straw was 8:2, the sheep better
utilized the feed, but Ch4 production also increased, and some measures need to be taken
to inhibit the generation of Ch4. The in vitro gas production method can replace the in vivo
test to evaluate the nutritional value of roughage to a certain extent.
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Abbreviations

S Sorghum straw
AWS Ammoniated wheat straw
IVDMD In vitro dry matter degradability
IVOMD In vitro organic matter degradability
DM Dry matter
OM Organic matter
CP Crude protein
ED Effective degradability
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