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Abstract

:

This study explores whether guanidinoacetic acid (GAA) addition can regulate nutrient degradability, rumen fermentation characteristics, and gas composition in two sheep-fattening diets. A 2 × 8 factorial in vitro culture was examined to determine the effects of GAA addition at the following levels of 0%, 0.03%, 0.05%, 0.07%, 0.09%, 0.11%, 0.13%, and 0.15% of two total mixed rations (T1 diet: early fattening stage diet; T2 diet: late fattening stage diet). After 72 h in vitro incubation of two diets with mixed rumen liquid obtained from six rumen-cannulated lambs, the T2 diet exhibited higher dry matter (DM) digestibility, higher cumulative gas production at 72 h (GP72), higher asymptotic gas production(A), and longer the time at which half of A is reached (C). However, it exhibited a lower acetic acid and a lower ratio of acetate to propionate than the diet of T1. A quadratic increase occurred in neutral detergent fiber (NDF) and acid detergent fiber (ADF) digestibility, with a maximum point occurring at the 0.09% GAA group. The gas production kinetic result indicated that increasing the level of GAA addition resulted mainly in an increase of GP72 and A, with the maximum point occurring at 0.09% for the T1 diet and 0.07–0.09% for the T2 diet. Moreover, the levels of GAA addition did not affect pH, the proportion of any of the volatile acid, or gas composition, but when the levels of GAA addition were increased, the microbial crude protein (MCP), ammonia nitrogen (NH3-N), and total volatile fatty acid (TVFA) content exhibited a quadratic relationship. The highest MCP contents were seen in the 0.07%, 0.09%, and 0.11% groups, while NH3-N and TVFA were in the 0.07% group. In summary, the appropriate level of GAA addition in early and late fattening stage diets ranged from 0.07% to 0.11%.
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1. Introduction


Guanidinoacetic acid (GAA), an amino acid derivative from L-arginine and glycine, is the precursor of creatine and can be methylated to creatine by guanidinoacetate N-methyltransferase (GAMT) [1,2,3]. In normal conditions, creatine and phosphocreatine (PCr) are in constant equilibrium [4]. Creatine and adenosine triphosphate (ATP) generate adenosine diphosphate (ADP) and PCr under the action of creatine kinase (CK), accompanied by the storage of energy [5]. Thereby, creatine is a rich energy source in high energy-demand tissues [6]. The metabolic end products of creatine and PCr are creatinine, which is excreted from the body through urine [7]. The reaction is depicted in Figure 1.



GAA is widely used as a nutritional feed additive in animals such as pigs [8] and chickens [9]. Its positive effects have been demonstrated mainly in terms of growth, digestion of nutrients, slaughter performance, and improved lean meat ratio. However, few studies have used GAA in ruminant animals. Previous trials have shown that post-ruminal GAA (30 or 40 g/d) supplementation increased creatine supply to cattle with a methyl group deficiency [10]. The administration of GAA (7.5 and 15 g/d) may improve lean tissue deposition and cattle growth without methyl deficiency [11]. A recent study demonstrated that protozoa and methanogens decreased linearly with increasing levels of GAA addition [12]. Furthermore, according to Dai et al. [13], methane production positively correlates with total protozoa. The livestock industry has recently undergone rapid development, and with the support of national policies, the intensive lamb-fattening industry has grown in scale. However, the effect of GAA addition on rumen fermentation and gas composition in early- and late-stage sheep-fattening diets is not yet known. Therefore, we hypothesize that a suitable amount of GAA may enhance in vitro fermentation, provide energy for microorganisms, and even change the type of fermentation, affecting the composition of fermentation gas in early- and late-stage sheep-fattening diets.



The technique of in vitro gas production is a simulation that uses rumen fermentation, a process closely linked to gas production, to assess the feeding value of forage [14] and feed additives [15] and to predict methane production [16].



Feeding accounts for 70% of lamb meat’s total production cost, whereas a 1% increase in weight at slaughter reduces the total costs by 0.9% [17]. As a result, improving productivity and efficiency is crucial to increasing the competitiveness of lamb meat. Only a few studies have demonstrated that GAA addition (0.09% basal diet) increases final body weight, promotes muscle mass, and changes the distribution of myofiber size of Dorper (♂) × Small Tailed Han sheep (♀) crossed ram lambs (4 months of age, 24.8 ± 1.3 kg) [18]; Zhang et al. [19] recommend dietary supplementation with 500~1000 mg/kg GAA for three-month-old healthy Kazakh male lambs (27.35 ± 0.58 kg). However, the appropriate amount of GAA addition has not been determined for diets at different fattening stages.



Based on the current study selected, two diets were used in the intensive fattening of lambs: an early-stage fattening diet (the T1 diet) and a late-stage fattening diet (the T2 diet). The objective of this study was to evaluate the effects of different levels of GAA addition on fermentation and gas composition, and this evaluation provides preliminary data on the use of GAA in the fattening of lambs. The study used a China-patented Automated Trace Gas Recording System (AGRS-III, China Agricultural University, Beijing, China) [20] to measure the effects of different GAA levels on fermentation and gas composition, and this provides preliminary data on the use of GAA in the fattening of lambs.




2. Materials and Methods


2.1. Animal Ethics Statement


The Animal Care and Use Committee of China Agricultural University approved the experimental protocol. The present study’s experimental animals, designs, and animal management followed the Guidelines of the Beijing Municipal Council on Animal Care (with protocol CAU20171014-1).




2.2. Guanidinoacetic Acid Product


The GAA used in this study was a white powder with a purity of 94.8%, provided by a company in Hebei Province, Shijiazhuang City, China.




2.3. In Vitro System


The AGRS-III provides automatically in vitro gas production (Beijing, China), and it releases pressure automatically during fermentation and constantly monitors gas pressure within 64 modules. Moreover, the temperature can be adjusted as required. The data from electrical chips installed in the lid of a fermentation module are stored on a computer and may be used to characterize the kinetics of gas generation. Gas-tight bags were attached to the fermentation bottles to collect the gas produced during incubation in a constant temperature incubator at 39 °C. The CH4, CO2, and H2 concentrations in the gas sample were analyzed using gas chromatography (GC522, Wufeng Instruments, Shanghai, China) equipped with a thermal conductivity detector, as described by Yang et al. [21]. The reference gas contained 0.499% H2, 15.1% CH4, 1% O2, and 44.9% CO2, pure N2 was used as carrier gas.




2.4. Feed, Experimental Design, and Rumen Fluid Donor Animals


The two types of feeds used in the fermentation study were collected from a scaled sheep farm in Hebei Province, China. Two total mixed rations for the intensive fattening of lambs were used: the early-stage fattening diet (the T1 diet, in which the ratio of concentrate to roughage was 75:25) and the late-stage fattening diet (the T2 diet, in which the ratio of concentrate to roughage was 80:20). The samples were dried in a 65 °C oven for 48 h, rehydrated for 24 h to produce air-dried samples, ground through a 1 mm sieve, and used for subsequent experiments. Table 1 shows the daily diet formulations and nutritional components of the two feed types.



A 2 × 8 factorial design was applied to in vitro batch cultures with the two feeds (i.e., the T1 and T2 diet) and eight GAA addition levels (0%, 0.03%, 0.05%, 0.07%, 0.09%, 0.11%, 0.13%, and 0.15%) in each diet group, respectively. A 0.5 g sample of one of the feeds (accurate to 0.0001) was weighed into four 120 mL bottles for each additive level. This resulted in a total of 64 bottles, and the treatments were labeled as follows: 0% (control), 0.03%, 0.05%, 0.07%, 0.09%, 0.11%, 0.13%, and 0.15%.



Rumen fluid was collected at the Nankou Pilot Base Chinese Academy of Agricultural Sciences (Changping District, Beijing, China) from six cannulated lambs. The fluid was collected before morning feeding to ensure the tests would isolate the fermentation products resulting from the feed type and the GAA addition [22]. The rumen fluid collection procedure was described in detail by Robles-Jimenez [23]. The rumen liquid was filtered with four layers of cheesecloth and transferred to a thermos prewarmed to 39 °C for in vitro fermentation.




2.5. Experimental Procedures


The buffer solution was prepared according to the procedure developed by Menke [24]. The incubators were 120 mL glass bottles with Hungate’s stoppers and screw caps. The fermentation system included 0.5 g feed substrate, 50 mL prewarmed medium, and 25 mL rumen liquid. All the bottles were flushed with N2 to remove air before attaching the AGRS-III. At the same time, an identical fermentation system was placed in a constant temperature incubator at 39 °C, and all bottles were connected to airbags for gas composition analysis during the 72 h incubation. After 72 h in vitro incubation, all the sample bottle contents were filtered to collect undigested residue in a nylon bag (8 × 12 cm, 42 µm pore size). The nylon bags containing the undegraded residue were cleaned slowly and dried at 65 °C for 48 h, and the undegraded residues were then weighed.



The filtrate was collected from each bottle. A 1 mL subsample was mixed with 0.25 mL of meta-phosphoric acid (250 g/L), which was centrifuged at 20,000× g for 15 min and filtered using a 0.22 μm syringe filter to determine the total volatile fatty acid (TVFA). The TVFA content was analyzed using gas chromatography (HPGC; GC-128; INESA Corporation) with a hydrogen flame detector and a capillary column (FFAP, Zhonghuida Instruments Co., Ltd., Dalian, China; 50 m long, 0.32 mm diameter, 0.50 µm film) as described by Wang et al. [25]. As described by Bremner and Keeney [26], ammonia nitrogen (NH3-N) was measured at 660 nm following a spectrophotometric method. The microbial crude protein (MCP) was measured using Perez’s purine derivative method [27].




2.6. Calculations and Statistical Analyses


The gas production data recorded by the AGRS-III were fitted according to the following exponential model, as described by Groot [28].


    G P   t   = A × [ 1 +   ( C / t )   B   ]  








where GPt is the cumulative gas production (mL/g DM) at fermentation time t (h), A is the maximum gas production, and B is the shape of the curve.



The average gas production rate (AGPR, mL/h) when 1/2 of the maximum gas production is reached was calculated as follows [29]:


  A G P R = ( A × B ) / ( 4 × C )  











All the statistical analyses for gas production, nutrient disappearance, gas composition, and TVFA content used the MIXED procedure of the Statistical Analysis System Institute (SAS 9.4, Raleigh, NC, USA). The following model was used:


    Y   i j k   = μ +   F   i   +   N   j   +   ( F × N )   i j   +   R   k   + e i j  








where Yijk is the dependent variable under examination, µ is the overall mean, Fi is the fed-substrate effect where i = 2 for the T1 and T2 diets, Nj is the fixed GAA level effect for j = 8, F × N is the interaction between GAA and the feed-substrate, Rk is the random effect of a repeated batch run (k = 4), and eij is the residual error term. The least-square mean and standard error of the mean were calculated with the least-square mean statement to determine linear and quadratic dosage effects of GAA addition. Significance was declared at p ≤ 0.05 unless otherwise noted.





3. Results


3.1. In Vitro Degradability


As shown in Table 2, the DM degradability was greater in the T2 diet than in the T1 diet (p < 0.01). The levels of GAA addition did not alter DM degradability in either of the diets (p > 0.05). Moreover, when the level of GAA addition was increased, a quadratic increase (quadratic, p < 0.01) in NDF and ADF degradability was observed. NDF and ADF degradability reached their maximum point when the level of GAA addition was 0.09% in the T1 diet and 0.11% in the T2 diet.




3.2. Fitted Curves and Kinetic Gas Production


Figure 2 shows the fitted curves for each feed type. As Table 3 shows, a significant interaction between GAA and feed type was observed for GP72 (p < 0.05); the highest GP72 occurred in the T1 diet with 0.09% GAA, whereas the highest GP72 occurred in the T1 diet at 0.07% and 0.09% GAA.



GP72, A, and C were lower in the T1 diet than in the T2 diet, regardless of the level of GAA addition (p < 0.05). Increasing the level of GAA addition resulted in a linear increase in GP72, A, and C (p < 0.01). The AGPR responded quadratically (quadratic, p < 0.01) to an increase in the level of GAA addition, with the maximum point occurring at 0.07% in the T1 diet and 0.09% in the T2 diet.




3.3. Final pH, NH3-N, MCP, and VFA Pattern


As shown in Table 4, the acetic acid ratio and A/P ratio were higher in the T1 diet than in the T2 diet, but the molar proportions of propionic acid and butyric acid were lower in the T1 diet than in the T2 diet (p < 0.05). The MCP, NH3-N, and TVFA content (quadratic, p < 0.01) initially increased but then decreased in response to increasing levels of GAA addition. Neither the pH value nor the isobutyric acid, isovaleric acid, or valeric acid ratios differed in relation to feed type or level of GAA addition (p > 0.05).




3.4. Fermentation Gas Composition


There was no significant difference (p > 0.05) in H2, CH4, or CO2 among the GAA treatments (Table 5), but the CO2 was lower for the T1 diet than for the T2 diet (p < 0. 01), although the ratios of H2 and CH4 were unaffected.





4. Discussion


4.1. In Vitro Degradability


The chemical composition of the feed plays a crucial role in predicting the degradability of DM and organic matter during in vitro gas production [29]. In the present study, the concentrate-to-roughage ratios of the T1 and T2 diets were 75:25 and 80:20, respectively. The DM degradability of the T1 diet was significantly lower than that of the T2 diet, which can be attributed to the fact that the T1 diet was higher in fiber but lower in starch than the T2 diet (starch is more easily degraded and utilized) [30]. Moreover, NDF degradability and ADF degradability responded quadratically to increases in the level of GAA addition, and NDF and ADF degradability reached their maximum point in the 0.09% and 0.11% groups, which is consistent with previous reports in bulls [31,32]. Further, the improvement in NDF and ADF digestibility was likely related to enhanced enzyme activities and bacterial populations [12]. These findings suggest that GAA addition at an appropriate concentration improves fiber digestibility.




4.2. Gas-Production Kinetic


The process of in vitro feed substrate fermentation produces gas, so the degradability of feed substrates is commonly estimated by measuring gas production [33]. Moreover, gas production is affected by the substrate’s chemical composition and feed type [34]. DM digestibility is typically used to determine how the feed is degraded [25]. In the current study, the change in cumulative gas production at 72 h (GP72), asymptotic gas production (A), and the time at which half of A is reached (C) coincided with the change in DM digestibility. The change of GP72, A, and C suggested that rumen fermentation can be slowed down to some extent by consuming dietary fiber composed of structural carbohydrates (T1) [35]. In addition, GP72 and A increased linearly with increasing levels of GAA addition, providing evidence that GAA is degraded in the rumen to support microbial growth [36].




4.3. Final pH, NH3-N, MCP, and VFA Pattern


The proportion of acetate acid and the A/P ratio in the T1 diet were higher than those in the T2 diet, whereas the proportions of propionate acid and butyrate acid proportion in the T1 diet were lower than those in the T2 diet. Generally, TVFA content is thought to be strongly influenced by the ratio of concentrate to roughage [37], whereas the composition of the proportion of each volatile acid is strongly affected by NDF [38]. Propionic acid is generally thought to be higher in high-concentrate diets, whereas acetic acid is higher in high-roughage diets [39]. Moreover, microbes can synthesize proteins using GAA as a source of N [40]. Therefore, the elevated MCP level may have reflected the growing population of microbes [21]. The increase in TVFA production was in line with the bacteria populations [31], indicating that GAA addition has a positive influence on nutrient degradation and microbial growth [41]. However, the introduction of excessive GAA may have inhibited TVFA production, this may be related to the effect of GAA overdose on rumen homeostasis [42], and it suggests that GAA coating is necessary for ruminants. However, we did not observe a change in the proportion of individual volatile acids, and this finding is inconsistent with the research on cows, which has demonstrated that GAA can alter the fermentation pattern and promote the formation of propionic acid [31]; this may be related to a lower NDF of the basal diet [43].




4.4. Fermentation Gas Composition


In vitro gas production technology is widely used to evaluate the gas composition of microbial fermentation [44]. Liu et al. [12] noted that total protozoa and methanogens respond linearly to decreased levels of GAA addition. Methanogens utilize H2 and CO2 to produce CH4 [45]. It was speculated that GAA had the potential to reduce methane emissions. Moreover, studies have shown that methane production is positively correlated with A/P ratio [46]. In the present study, the level of GAA addition and feed type had little effect on molar CH4 proportions. Except for the significantly lower CO2 ratio in the T1 diet than in the T2 diet, neither the feed type nor the level of GAA addition had a significant effect on the gas composition of rumen fermentation. The insignificant effect on gas composition may be due to the high proportion of concentrate-to-roughage in the basal diet in this study, compared to the 50:50 ratio in dairy cows where an increase in GAA addition resulted in a linear decrease in protozoa and methanogens [31]. There is limited research on using it for energy saving and emission reduction. The result of the current study indicates only that the feed type and GAA addition had no adverse effects on the gas composition of the fermentation system.



In summary, the addition of GAA had a similar effect on the two rapid-growing meat sheep diets, which may have been due to the higher ratio of concentrate to forage in both diets. Thus, the diets exhibited similar nutrient digestibility, gas production, and rumen fermentation characteristics under the conditions of this study.





5. Conclusions


The feed in the late fattening period had a higher DM digestion rate and GP72 than the diet in the early fattening period. Adding GAA can enhance the digestion rate of fiber in the in vitro fermentation system but does not affect the gas composition. Under a high-concentrate feed lotting pattern, the appropriate dosage of GAA, addition in early fattening stage and late fattening stage diets, ranged from 0.07% to 0.11%.
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Figure 1. Guanidinoacetic acid metabolism (Arg, arginine; AGAT, L−arginine: glycine amidinotransferase; CK, creatine kinase; GAMT, guanidinoacetate N−dimethyltransferase; SAH, S−adenosylhomocysteine; SAM, S−adenosylmethionine). 
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Figure 2. Effect of GAA addition on gas production kinetics of T1(A) and T2 (B) substrates incubated in batch cultures of mixed rumen microorganisms. 
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Table 1. Feed ingredients and chemical composition of early and late fattening stages diets.
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Items

	
T1

	
T2






	
Ingredients, g/kg dry matter




	
Peanut vine hay

	
100

	
80




	
Foxtail millet silage

	
150

	
120




	
Corn meal

	
380

	
500




	
Soybean meal

	
150

	
150




	
Corn DDGS

	
180

	
110




	
1 Premix

	
40

	
40




	
Nutrients, g/kg dry matter




	
Dry matter

	
803

	
799




	
Crude protein

	
183

	
170




	
Organic matter

	
859

	
885




	
Ether extract

	
42

	
37




	
Neutral detergent fibre

	
234

	
194




	
Acid detergent fiber

	
119

	
98




	
Calcium

	
8.5

	
8.6




	
Phosphorus

	
3.8

	
3.4




	
Metabolic energy MJ/kg

	
10.62

	
10.37








1 The mineral–vitamin premix provided nutrients per kg: vitamin A, 150,000 IU; vitamin D3, 50,000 IU; vitamin E, 500 IU, vitamin B1, 200 IU; Fe, 1800 mg; Mn, 1500 mg; Zn, 1000 mg; I, 10.0 mg; Se, 3 mg; Co, 5 mg; Ca, 100 g; NaCl, 100 g; Total P, 3 g.
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Table 2. Effect of feeds and GAA addition in vitro disappearance (%, as DM basis).
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Items

	
Feed

	
GAA

	
SEM

	
p-Value




	
0

	
0.03%

	
0.05%

	
0.07%

	
0.09%

	
0.11%

	
0.13%

	
0.15%

	
F

	
G

	
L

	
Q

	
F × G






	
DM

	
T1

	
90.0

	
89.9

	
89.0

	
89.4

	
89.6

	
89.7

	
89.8

	
90.0

	
0.58

	
**

	
ns

	
ns

	
ns

	
ns




	
T2

	
92.7

	
92.2

	
91.8

	
93.1

	
92.6

	
92.7

	
92.2

	
92.3

	

	

	

	

	

	




	
NDF

	
T1

	
56.6 bc

	
56.7 bc

	
57.0 bc

	
56.9 bc

	
57.5 a

	
57.5 a

	
57.1 ab

	
56.5 c

	
0.24

	
ns

	
**

	
ns

	
**

	
ns




	
T2

	
56.7 b

	
56.9 b

	
56.7 b

	
57.1 ab

	
57.7 a

	
57.7 a

	
56.1 ab

	
56.5 b

	

	

	

	

	

	




	
ADF

	
T1

	
47.1 c

	
47.9 b

	
47.8 b

	
47.6 bc

	
48.7 a

	
48.7 a

	
47.9 b

	
47.7 b

	
0.25

	
ns

	
**

	
ns

	
**

	
ns




	
T2

	
47.2 c

	
47.9 bc

	
47.9 bc

	
47.3 bc

	
49.0 a

	
48.9 a

	
48.1 b

	
47.7 bc

	

	

	

	

	

	








Means in a row with different superscript letters differ within the same subclass as noted by p-values (ns, p > 0.05; ** p < 0.01). F, feed; G, GAA levels; L, linear effect of GAA addition; Q, quadratic effect of GAA addition; F × G, the interaction between feed and GAA.
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Table 3. Effect of different addition levels of GAA in culture fluids on the kinetics of gas production of the T1 and T2 diet.
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Items

	
Feed

	
GAA

	
SEM

	
p-Value




	
0

	
0.03%

	
0.05%

	
0.07%

	
0.09%

	
0.11%

	
0.13%

	
0.15%

	
F

	
G

	
L

	
Q

	
F × G






	
GP72, mL/g DM

	
T1

	
76.41 d

	
90.61 c

	
91.60 c

	
94.42 b

	
107.85 a

	
102.55 b

	
87.85 c

	
74.46 d

	
2.34

	
**

	
**

	
**

	
ns

	
*




	
T2

	
79.66 d

	
88.57 c

	
95.55 b

	
107.49 a

	
109.33 a

	
98.83 b

	
93.81 bc

	
82.86 d

	

	

	

	

	

	




	
A, mL/g DM

	
T1

	
81.66 d

	
100.56 bc

	
99.01 bc

	
101.36 bc

	
118.04 a

	
112.44 ab

	
93.53 cd

	
86.68 cd

	
3.80

	
*

	
**

	
**

	
ns

	
ns




	
T2

	
85.42 d

	
96.62 cd

	
103.37 c

	
116.5 ab

	
120.18 a

	
107.41 bc

	
103.54 c

	
102.75 c

	

	

	

	

	

	




	
B

	
T1

	
1.31

	
1.22

	
1.23

	
1.29

	
1.27

	
1.31

	
1.34

	
1.40

	
0.07

	
ns

	
ns

	
ns

	
ns

	
ns




	
T2

	
1.36

	
1.37

	
1.30

	
1.36

	
1.35

	
1.37

	
1.29

	
1.28

	

	

	

	

	

	




	
C, h

	
T1

	
7.11

	
8.08

	
7.47

	
6.94

	
8.87

	
8.73

	
8.01

	
7.49

	
0.67

	
*

	
ns

	
ns

	
ns

	
ns




	
T2

	
8.04

	
8.88

	
8.13

	
9.39

	
8.50

	
9.35

	
7.90

	
10.09

	

	

	

	

	

	




	
AGPR, mL/h

	
T1

	
3.79

	
3.90

	
4.23

	
4.74

	
4.28

	
4.35

	
3.89

	
4.10

	
0.35

	
ns

	
ns

	
ns

	
**

	
ns




	
T2

	
3.64 b

	
3.72 ab

	
4.21 ab

	
4.24 ab

	
4.80 a

	
4.01 ab

	
4.20 ab

	
3.32 b

	

	

	

	

	

	








Means in a row with different superscript letters differ within the same subclass as noted by p-value (ns, p > 0.05; * p < 0.05; ** p < 0. 01). GP72, cumulative gas production at 72 h; A, asymptotic gas production; B, sharpness parameter determining the curve shape of the cumulative gas production; C, the time at which half of A is reached; AGRP, the time at which maximum gas production rate is reached; F, feed; G, GAA levels; L, linear effect of GAA addition; Q, quadratic effect of GAA addition; F × G, the interaction between the feeds and GAA addition.













[image: Table] 





Table 4. Effect of different addition levels of GAA in culture fluids on fermentation characteristics of the T1 and T2 diets.






Table 4. Effect of different addition levels of GAA in culture fluids on fermentation characteristics of the T1 and T2 diets.





	
Items

	
Feed

	
GAA

	
SEM

	
p-Value




	
0

	
0.03%

	
0.05%

	
0.07%

	
0.09%

	
0.11%

	
0.13%

	
0.15%

	
F

	
G

	
L

	
Q

	
F × G






	
pH

	
T1

	
7.17

	
7.14

	
7.16

	
7.13

	
7.13

	
7.19

	
7.19

	
7.16

	
0.03

	
ns

	
ns

	
ns

	
ns

	
ns




	
T2

	
7.17

	
7.15

	
7.13

	
7.21

	
7.14

	
7.21

	
7.17

	
7.13

	

	

	

	

	

	




	
MCP, mg/mL

	
T1

	
0.31 b

	
0.33 b

	
0.33 b

	
0.37 a

	
0.38 a

	
0.37 a

	
0.34 b

	
0.33 b

	
0.01

	
ns

	
**

	
ns

	
**

	
ns




	
T2

	
0.31 c

	
0.32 bc

	
0.35 ab

	
0.36 a

	
0.37 a

	
0.37 a

	
0.34 abc

	
0.33 bc

	

	

	

	

	

	




	
NH3-N, mg/dL

	
T1

	
22.33

	
23.73

	
24.32

	
25.36

	
23.01

	
22.99

	
22.86

	
22.83

	
0.49

	
ns

	
**

	
**

	
**

	
ns




	
T2

	
23.16 b

	
24.41 ab

	
24.59 ab

	
25.72 a

	
23.85 ab

	
23.32 b

	
23.15 b

	
22.83 b

	

	

	

	

	

	




	
TVFA, mM

	
T1

	
74.27 cd

	
82.36 abc

	
83.36 ab

	
85.72 a

	
84.13 ab

	
83.64 ab

	
76.57 bcd

	
69.58 d

	
2.11

	
ns

	
**

	
ns

	
**

	
ns




	
T2

	
75.45 c

	
80.51 b

	
82.00 ab

	
84.82 a

	
82.19 ab

	
80.47 b

	
79.80 b

	
74.86 b

	

	

	

	

	

	




	
VFA pattern (%, molar)




	
acetic acid

	
T1

	
79.11

	
79.09

	
79.60

	
79.11

	
79.59

	
79.19

	
79.54

	
79.52

	
0.30

	
**

	
ns

	
ns

	
ns

	
ns




	
T2

	
78.98

	
78.56

	
78.60

	
78.91

	
78.62

	
78.51

	
78.61

	
78.86

	

	

	

	

	

	




	
propionic acid

	
T1

	
10.99

	
10.93

	
10.81

	
10.98

	
11.06

	
11.05

	
10.93

	
11.38

	
0.18

	
*

	
ns

	
ns

	
ns

	
ns




	
T2

	
10.96

	
11.07

	
11.06

	
11.26

	
11.31

	
11.22

	
11.36

	
11.44

	

	

	

	

	

	




	
isobutyric acid

	
T1

	
0.64

	
0.70

	
0.67

	
0.74

	
0.59

	
0.78

	
0.80

	
0.65

	
0.06

	
ns

	
ns

	
ns

	
ns

	
ns




	
T2

	
0.51

	
0.73

	
0.71

	
0.67

	
0.68

	
0.71

	
0.60

	
0.66

	

	

	

	

	

	




	
butyric acid

	
T1

	
6.86

	
6.81

	
6.52

	
6.72

	
6.70

	
6.57

	
6.62

	
6.66

	
0.14

	
**

	
ns

	
ns

	
ns

	
ns




	
T2

	
7.29

	
7.31

	
7.17

	
7.26

	
7.30

	
7.31

	
7.33

	
7.01

	

	

	

	

	

	




	
isovaleric acid

	
T1

	
1.56 ab

	
1.65 a

	
1.45 bc

	
1.62 ab

	
1.52 abc

	
1.50 abc

	
1.50 abc

	
1.34 c

	
0.06

	
ns

	
ns

	
ns

	
ns

	
ns




	
T2

	
1.45 b

	
1.52 a

	
1.54 a

	
1.44 ab

	
1.45 ab

	
1.47 a

	
1.39 ab

	
1.38 ab

	

	

	

	

	

	




	
valeric acid

	
T1

	
0.84 ab

	
0.82 ab

	
0.80 ab

	
1.02 a

	
0.70 b

	
0.92 ab

	
0.81 ab

	
0.62 b

	
0.09

	
ns

	
ns

	
ns

	
ns

	
ns




	
T2

	
0.82 ab

	
0.81 ab

	
0.92 a

	
0.62 b

	
0.79 ab

	
0.77 ab

	
0.70 ab

	
0.65 ab

	

	

	

	

	

	




	
A/P

	
T1

	
7.21

	
7.24

	
7.38

	
7.21

	
7.20

	
7.17

	
7.28

	
7.00

	
0.13

	
**

	
ns

	
ns

	
ns

	
ns




	
T2

	
7.21

	
7.11

	
7.11

	
7.02

	
6.96

	
7.00

	
6.92

	
6.90

	

	

	

	

	

	








Means in a row with different superscript letters differ within the same subclass as noted by p-values (ns, p > 0.05; * p < 0.05; ** p < 0.01). MCP, microbial crude protein; NH3-N, ammonia nitrogen; TVFA, total volatile fatty acid; A/P, the ratio of acetate to propionate; F, feed; G, GAA levels; L, linear effect of GAA addition; Q, quadratic effect of GAA addition; F × G, the interaction between GAA and feed.
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Table 5. Effect of different addition levels of GAA in culture fluids on fermentation gas composition of the T1 and T2 diets.
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Items

	
Feed

	
GAA

	
SEM

	
p-Value




	
0

	
0.03%

	
0.05%

	
0.07%

	
0.09%

	
0.11%

	
0.13%

	
0.15%

	
F

	
G

	
L

	
Q

	
F × G






	
H2, %

	
T1

	
0.14

	
0.18

	
0.29

	
0.14

	
0.13

	
0.12

	
0.16

	
0.19

	
0.07

	
ns

	
ns

	
ns

	
ns

	
ns




	
T2

	
0.43

	
0.15

	
0.10

	
0.15

	
0.15

	
0.20

	
0.16

	
0.09

	

	

	

	

	

	




	
CH4, %

	
T1

	
10.59

	
11.35

	
11.89

	
11.45

	
11.70

	
11.79

	
11.68

	
11.05

	
0.45

	
ns

	
ns

	
ns

	
ns

	
ns




	
T2

	
11.97

	
11.03

	
10.53

	
11.18

	
10.65

	
11.75

	
11.09

	
10.81

	

	

	

	

	

	




	
CO2, %

	
T1

	
89.28

	
88.47

	
87.82

	
88.41

	
88.17

	
88.09

	
88.16

	
88.76

	
0.49

	
**

	
ns

	
ns

	
ns

	
ns




	
T2

	
87.59

	
88.81

	
89.37

	
88.67

	
89.20

	
88.04

	
88.76

	
89.09

	

	

	

	

	

	








Means in a row with different superscript letters differ within the same subclass as noted by p-values (ns, p > 0.05; ** p < 0.01). F, feed; G, GAA levels; L, linear effect of GAA addition; Q, quadratic effect of GAA addition; F × G, the interaction between GAA and feed.
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