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Evaluating fermentation quality, in vitro digestibility and  
aerobic stability of a total mixed ration ensiled with  
different additives on Tibet plateau

Zhihao Dong1, Siran Wang1, Jie Zhao1, Junfeng Li1, Qinhua Liu1, Yuhong Bao2, and Tao Shao1,*

Objective: To investigate the improvement in utilization efficiency of total mixed ration 
(TMR) on Tibetan plateau, TMR were ensiled with different additives. 
Methods: A total of 150 experimental silos were prepared in a completely randomized 
design to evaluate the six treatments: i) control (without additive), ii) Lactobacillus buchneri 
(L. buchneri), iii) acetic acid, iv) propionic acid, v) 1,2-propanediol; and vi) 1-propanol. 
After 90 days of ensiling, silos were opened for fermentation quality and in vitro analysis, 
and then subjected to an aerobic stability test for 14 days.
Results: Treating with L. buchneri, acetic acid, 1,2-propanediol and 1-propanol decreased 
propionic acid contents and yeast number, whereas increased (p<0.05) pH, acetic acid and 
ethanol contents in the fermented TMR. Despite increased dry matter (DM) loss in the 
TMRs treated with 1,2-propanediol and 1-pronanol, additives did not affect (p>0.05) all in 
vitro parameters including gas production at 24 h (GP24), GP rate constant, potential GP, in 
vitro DM digestibility and in vitro neutral detergent fibre digestibility. All additives improved 
the aerobic stability of ensiled TMR to different extents. Specially, aerobic stability of the 
ensiled TMR were substantially improved by L. buchneri, acetic acid, 1,2-propanediol, and 
1-propanol, indicated by stable pH and lactic acid content during the aerobic stability test.
Conclusion: L. buchneri, acetic acid, 1,2-propanediol, and 1-propanol had no adverse effect 
on in vitro digestibility, while ensiling TMR with the additives produced more acetic acid 
and ethanol, subsequently resulting in improvement of aerobic stability. There is a potential 
for some fermentation boosting additives to enhance aerobic stability of fermented TMR 
on Tibetan plateau.
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INTRODUCTION 

Fermented total mixed ration (TMR) has attracted attention in Tibet in the past decade 
because ensiling TMR can reduce daily labor for feed preparation, improve longevity, and 
ease long-distance transportation compared with regular TMR. Furthermore, a large num-
ber of agricultural products, such as hulless barley straw (HBS) and wet hulless-barley 
distillers’ grains (WHDG), are available in Tibet. The locally available HBS or WHDS may 
improve the characteristics of ensiled TMR and replace traditional TMR ingredients which 
are limited in supply. Pastoral areas are scarce in Tibet and long-distance transportation 
of feed ingredients are necessary. During the transportation, ensiled feeds are inevitably 
exposed to air, which easily leads to aerobic deterioration. Identification of effective ways 
to improve the aerobic stability of fermented TMR is required in the region.
 Various additives have been developed to enhance the aerobic stability of silages. Inoc-
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ulation with Lactobacillus buchneri (L. buchneri) is effective 
for enhancing the aerobic stability of silages [1]. Short-chain 
fatty acids, such as acetic and propionic acids, are able to sup-
press the growth of yeast and aerobic microorganisms, and 
also are commonly used as additives to prevent aerobic dete-
rioration of silages [2]. However, effectiveness of an additive 
on fermentation quality and aerobic stability of silage varies 
depending on the materials to be ensiled. Studies on evalu-
ating the effectiveness of the additives on locally produced 
TMR on Tibetan plateau are limited. Additionally, it has 
been reported that L. buchneri improves aerobic stability by 
fermenting lactic acid to acetic acid and 1,2-propanediol 
[3]. Despite acetic acid being generally considered as the 
main active ingredient responsible for the increased aerobic 
stability of L. buchneri-inoculated silage, some evidence sug-
gests that accumulations of 1,2-propanediol and 1-propanol 
during fermentation may also be involved in the resistance 
to aerobic deterioration [4,5]. To our knowledge, previous 
studies focused exclusively on the evaluation of acetic and 
propionic acids, with little attention being paid to these al-
cohols.
 The objective of this study was to evaluate the effects of 
L. buchneri and two short-chain fatty acids as well as two 
alcohols on the fermentation quality, in vitro digestibility 
and aerobic stability of an ensiled TMR prepared in Tibet.

MATERIALS AND METHODS 

Total mixed ration silage preparation
Alfalfa (Medicago sativa L.) and tall fescue (Festuca arundi-
nacea Schreb.) were cultivated in the experimental field of 
Rikaze Grassland Station (29° 16′latitude N, 88° 53′longitude 
E, 3,836 m above sea level, Tibet, China). The HBS was the 
residue remaining after harvesting grain. Alfalfa was harvest-
ed at 75% bloom and tall fescue was harvested at the boot 
stage. The forages and HBS were chopped to the length of 2 
to 3 cm with a manual forage chopper. The WHDG was ob-
tained from a private barley wine processing company at 

Rikaze, and the mixed concentrates (7.5% crack corn, 20% 
rape cake meal, 20% cotton seed, 27.5% distillers dried grains 
with soluble, 20% wheat bran, 5% vitamin–mineral) were 
obtained from a private small-scale dairy farm in Rikaze, 
Tibet, China. TMRs (640 g) were ensiled using a plastic labora-
tory silo (1 L capacity). The chemical compositions of all 
used materials are shown in Table 1, and ingredients and 
chemical compositions of TMR are shown in Table 2. A total 
of 150 experimental silos (6 treatments×5 time points×5 
replicates per treatment) were prepared in a completely 
randomized design to evaluate the following treatments: i) 
control (without additive), ii) L. buchneri, iii) acetic acid, 
iv) propionic acid, v) 1,2-propanediol, and vi) 1-propanol. 
The L. buchneri was supplied by Institute of Forage Ensiling 
and Processing of Nanjing Agricultural University and ap-

Table 1. Chemical composition of ingredients used for the formulation of total mixed ration

Items Hulless barley straw Tall fescue Alfalfa Wet hulless barley 
distillers’ grains Concentrate

Dry matter (g/kg FW) 748 306 269 144 873
Crude protein (g/kg DM) 42.1 72.9 202 291 154
Water-soluble carbohydrates (g/kg DM) 44.8 144 85.0 56.6 103
Neutral detergent fiber (g/kg DM) 720 547 358 381 340
Acid detergent fiber (g/kg DM) 457 248 260 106 151
Ash (g/kg DM) 63.2 90.8 83.9 92.1 106
Ether extract (g/kg DM) 53.9 69.7 66.8 136 59.0
Buffering capacity (mEq/kg DM) 44.0 205 368 126 171

FW, fresh weight; DM, dry matter; mEq, milligram equivalent.

Table 2. Ingredients and chemical composition of total mixed rations 
without additives before ensiling

Items Total mixed ration

Ingredients of feedstuff (g/kg DM)
Hulless barley straw 160
Tall fescue 60
Alfalfa 170
Wet hulless barley distillers’ grains 60
Concentrate 550

Chemical composition 
DM (g/kg FW) 485
Crude protein (g/kg DM) 147
Water-soluble carbohydrates (g/kg DM) 90.5
Neutral detergent fiber (g/kg DM) 418
Acid detergent fiber (g/kg DM) 221
Ash (g/kg DM) 93.9
Ether extract (g/kg DM) 64.8
Buffering capacity (mEq/kg DM) 184

Microbial composition 
Lactic acid bacteria (log10 cfu/g FW) 5.37
Aerobic bacteria (log10 cfu/g FW) 6.44
Yeast (log10 cfu/g FW) 5.21

DM, dry matter; FW, fresh weight; mEq, milligram equivalent; cfu, colo-
ny-forming units. 
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plied at 1×106 colony-forming units (cfu)/g based on fresh 
weight (FW) [6]. The application rates of acetic and propi-
onic acids were 0.3% FW (equals to 6.2 g/kg dry matter [DM]) 
[6]. The 1-propanol and 1,2-propanediol were applied at 
0.5% FW. All chemicals used were of analytical grade. The 
prepared silos were stored at ambient temperature, opened 
after 90 days and then subjected to an aerobic stability test 
for 14 days.

Chemical and microbial analysis
Fresh forages, pre-ensiled TMR and fermented TMR were 
analyzed for chemical and microbiological compositions. 
Approximately 200 g of sample was oven-dried at 60°C for 
48 h to determine DM content and then ground to pass 1-mm 
screen with laboratory knife mills (FW100, Taisite Instrument 
Co., Ltd., Tianjin, China) for other chemical composition anal-
ysis. Total nitrogen (TN, 978.04), ether extract (EE, 920.39), 
and crude ash (Ash, 942.05) were measured according to the 
methods of Association of Official Analytical Chemists [7]. 
Crude protein (CP) was calculated as TN×6.25. Water soluble 
carbohydrates (WSC) was determined by colorimetric after 
reaction with anthrone reagent [2]. The contents of neutral 
detergent fibre (aNDFom) and acid detergent fibre (ADFom) 
were measured by the procedures of Van Soest et al [8], the 
heat stable amylase and sodium sulphite were used for NDF 
procedure. 
 For microbiological composition analysis, 10 grams of 
sample was blended with 90 mL of sterilized water, and seri-
ally diluted in sterilized water. The lactic acid bacteria (LAB) 
was counted on de Man, Rogosa, and Sharpe agar medium, 
incubated in an anaerobic incubator at 30°C for 2 days. Yeasts 
and aerobic bacteria were enumerated on potato dextrose 
agar (Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China) and nutrient agar (Shanghai Sincere Biochemical 
Technology Co., Ltd., Shanghai, China) under aerobic con-
ditions.
 About 35 grams of sample was blended with 60 mL dis-
tilled water and macerated for 24 h at 4°C. The extract was 
filtered through 2 layers of cheesecloth and a filter paper 
(Xinhua Co, Ltd., Hangzhou, China). The filtrate was used 
for pH, organic acids and ammonia nitrogen (NH3-N) de-
terminations. The pH was measured with a HANNA HI 2221 
pH meter (Hanna Instruments Italia Srl, Villafranca Pado-
vana, Italy). The NH3-N was determined using the phenol-
hypochlorite reaction method [9]. Buffering capacity was 
determined according to the method of Chen et al [10]. The 
organic acids (including lactic, acetic, and propionic acids) 
and alcohols (including ethanol, 1,2-propanediol and 1-pro-
panol) were quantified using an Agilent 1260 HPLC system 
equipped with a refractive index detector (Carbomix H-NP5 
column, 2.5 mM H2SO4, 0.5 mL/min).

In vitro incubation and dry matter degradability 
measurements
In vitro fermentation was conducted in serum bottles fol-
lowing the method of Contreras-Govea et al [11] with some 
modifications. Briefly, approximately 1 g of ground sample 
was placed in 130-mL serum bottles. The rumen fluid was 
obtained through a rumen fistula before morning feeding 
from four dry Boer goats fed with diet consisting of 6% al-
falfa, 59% guinea grass, and 35% concentrate at 1.3 times of 
the maintenance level. Rumen fluid was filtered through 4 
layers of gauze and mixed in the ratio of 1:2 (v/v) with buffer, 
and 60 mL of the mixture was transferred into each serum 
bottle. Each serum bottle was flushed with CO2 and kept in 
a water bath at 39°C, after being capped with a butyl rubber 
stopper and sealed with an aluminum crimp. Gas produc-
tion was measured at 4, 8, 12, 24, 48, and 72 h using a pressure 
transducer technique and corrected with blank bottles. After 
72 h of incubation, undigested solids were precipitated by 
centrifugation at 1,000 g for 10 min at room temperature, 
dried in an aerated oven at 65°C for 48 h and then assayed 
for DM and aNDF. The in vitro digestibility of DM (IVDMD) 
and NDF (IVNDFD) were calculated based on the differ-
ences in their respective weight before and after incubation. 
 Cumulative gas production (GP) data were fitted to the 
exponential equation: y = b(1–e–ct), where y is the volume of 
gas produced at time t, b is the GP from the insoluble frac-
tion (mL), c is the GP rate constant, t is the incubation time 
(h).

Aerobic stability test
After 90 days of ensiling, fermented TMR from each silo was 
taken out, fully mixed and loosely placed into a bigger 15 L 
open-top and sterile polyethylene bottle. Each bottle was 
covered with a double layer of gauze and stored at ambient 
temperature (24°C to 27°C). During the test, TMR were sam-
pled for pH, organic acids, NH3-N, WSC, and microbes count 
analyses at 0, 3, 6, 9, and 14 days. Aerobic stability is defined 
as a rise in pH value of TMR by 0.5 unit above the initial pH 
value at silos opening [12].

Statistical analyses
Analysis of variance (ANOVA) was performed using the 
general linear model procedure of SAS rev. 9.2. The data 
related to fermentation variables were subjected to one-way 
ANOVA, with fixed effect of treatments. While data related 
to chemical and microbial composition during aerobic ex-
posure were analyzed using the following model: Yij = μ+Si+ 
Aj+Si×Aj+ε, where: Yij = the response variable; Si = treatment; 
Aj = aerobic exposure; Si×Aj = treatment×aerobic exposure; 
ε = random errors. Duncan’s multiple range test was used 
to separate means when significant effects (p<0.05) were 
detected. 
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RESULTS 

Characteristics of feed ingredients and total mixed 
ration before ensiling
As shown in Table 1, two roughages contained similar ADF, 
ash, and EE. Compared with tall fescue, alfalfa was lower in 
DM, WSC, and NDF contents, while higher in CP and buff-
ering capacity. The chemical and microbial compositions of 
the TMR before ensiling are presented in Table 2. The DM, 
NDF, CP, and WSC contents of TMR were 485, 418, 221, and 
90.5 g/kg DM, respectively. The LAB, aerobic bacteria and 
yeast counts were 5.37, 6.44, and 5.21 log10 cfu/g FW, respec-
tively.

Fermentation quality of ensiled total mixed ration 
The fermentation quality and microbial composition of TMR 
after 90 days of ensiling are given in Table 3. Additives affected 
all fermentation parameters (p<0.05), except for butyric acid 
contents and LAB number. Treating L. buchneri, acetic acid 
decreased propionic acid contents, whereas increased (p< 
0.05) pH, acetic acid and ethanol contents. Adding 1,2-pro-
panediol and 1-propanol decreased (p<0.05) lactic acid and 
propionic acid contents, whereas increased pH, acetic acid, 
ethanol and NH3-N contents. The 1-propanol and 1,2-pro-
panediol were only accumulated greatly in their respectively 
treated TMR. Addition of acetic acid reduced (p<0.05) the 
aerobic bacteria counts. Compared with other TMR, the 
numbers of yeasts were much lower (p<0.05) in TMR en-
siled with L. buchneri, acetic acid, 1,2-propanediol, and 
1-propanol. 

Chemical compositions and in vitro degradability of 
ensiled total mixed ration 
The chemical compositions of ensiled TMR after 90 days of 
ensiling is shown in Table 4. With respect to chemical com-
positions, only DM was influenced by the additives (p<0.05). 
Compared with control, TMR ensiled with 1,2-propanediol 
and 1-propanol showed lower (p<0.05) DM contents and 
higher (p<0.05) DM loss. The measured or estimated in vitro 
parameters are presented in Table 5 and Figure 1. The po-
tential GP ranged from 158 to 200 mL/g DM. Additives did 
not affect in vitro parameters including GP24, GP rate con-
stant, potential GP, IVDMD, and IVNDFD.

Aerobic stability of ensiled total mixed ration 
The changes in fermentative characteristics and microbial 
compositions of ensiled TMR during aerobic exposure are 
given in Table 6 and 7, respectively. The control began to 
spoil after 6 days of aerobic exposure, with rises in pH and 
declines in lactic acid contents. All additives improved the 
aerobic stability of ensiled TMR to different extents. Of the 
additives, L. buchneri, acetic acid, 1,2-propanediol, and 1-pro-
panol had superior abilities to propionic acid at improving 
aerobic stability, indicated by stable pH and lactic acid con-
tent. Throughout the aerobic stability test, acetic acid, and 
ethanol contents were always greater (p<0.05) in L. buchneri, 
acetic acid, 1,2-propanediol, and 1-propanol-treated TMR 
relative to other TMR. Table 7 shows the changes in chemi-
cal compositions of ensiled TMR during aerobic exposure. 
The DM, WSC, and NH3-N contents fluctuated during the 
test period and did not differ among the TMRs at most in-
tervals of the aerobic stability test. The changes in microbial 

Table 3. Fermentation parameters and microbial compositions of total mixed ration after 90 days of ensiling

Items
Treatments1)

SEM p-value
Control B A P E F

Fermentation parameters
pH 4.27A 4.53BC 4.45B 4.35A 4.59C 4.58C 0.013 < 0.001
Lactic acid (g/kg DM) 74.3B 65.6AB 67.8AB 72.6B 62.0A 60.0A 1.073 0.013
Acetic acid (g/kg DM) 21.0A 38.0B 37.0B 21.0A 34.5B 40.1B 0.528 < 0.001
Lactic acid/acetic acid 3.54B 1.73A 1.83A 3.46B 1.80A 1.50A 0.069 < 0.001
Propionic acid (g/kg DM) 6.30D 1.50B 0.00A 7.40D 4.19C 3.10C 0.112 < 0.001
Ethanol (g/kg DM) 22.4A 41.8ABC 42.86ABC 29.6A 55.2BC 59.2C 3.796 0.009
1,2-propanediol (g/kg DM) 0.00A 0.00A 0.00A 0.00A 5.45B 0.12A 0.008 < 0.001
1-propanol (g/kg DM) 0.00A 0.00A 0.00A 0.00A 0.00A 4.87B 0.005 0.012
Butyric acid (g/kg DM) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
Ammonia nitrogen (g/kg TN) 76.7AB 81.7ABC 74.4AB 70.7A 90.1C 85.3BC 2.094 0.040

Microbial compositions
Lactic acid bacteria 7.53 6.86 6.83 7.52 7.6 7.34 0.115 0.256
Aerobic bacteria 6.66B 6.07B 5.17A 6.78B 6.79B 6.61B 0.077 < 0.001
Yeast 5.55C 1.40AB 1.77AB 5.55C 2.94BC 0.00A 0.354 0.003

SEM, standard error of means; DM, dry matter; TN, total nitrogen.
1) B, L. buchneri; A, acetic acid; P, propionic acid; E, 1,2-propanediol; F, 1-propanol.
A-D Means in the same row with different superscripts differ (p < 0.05).
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composition of ensiled TMR during aerobic exposure are 
displayed in Table 8. TMR ensiled with L. buchneri, acetic 
acid, 1,2-propanediol, and 1-propanol showed numerically, 
or significantly lower yeast and aerobic bacteria counts than 
other TMR during the aerobic exposure.

DISCUSSION 

Additives on fermentative parameters
The fermentation quality of silage depends on the chemical 
and microbial properties of the material to be ensiled. To 

Table 4. Chemical compositions of the total mixed ration after 90 days of ensiling

Items
Treatments1)

SEM p-value
Control B A P E F

Dry matter (g/kg FW) 477A 466B 480A 482A 451B 463B 3.386 0.019
Dry matter loss 4.02A 6.24B 3.42A 3.02A 9.26B 6.84B 0.012 0.023
Crude protein (g/kg DM) 159 155 154 168 160 156 1.649 0.234
Water-soluble carbohydrates (g/kg DM) 16.5 18.3 17.7 19.5 13.5 15.8 1.012 0.627
Neutral detergent fiber (g/kg DM) 412 408 386 405 441 397 9.878 0.765
Acid detergent fiber (g/kg DM) 182 212 225 233 240 230 11.381 0.792
Ash (g/kg DM) 87.8 91.8 102 97.9 123 105 3.831 0.097
Ether extract (g/kg DM) 76.5 73.9 80.6 85.4 91.1 89.4 2.045 0.068

SEM, standard error of means; FW, fresh weight; DM, dry matter.
1) B, L. buchneri; A, acetic acid; P, propionic acid; E, 1,2-propanediol; F, 1-propanol.
AB Means in the same row with different superscripts differ (p < 0.05).

Table 5. In vitro degradability and gas production kinetics of total mixed ration after 90 days of ensiling

Items
Treatments1)

SEM p-value
Control B A P E F

Degradability
IVDMD 269 297 271 294 305 315 5.939 0.123
IVNDFD 145 147 146 152 167 169 2.413 0.064

In vitro gas production kinetics
GP24 (mL) 110 96.4 111 110 123 126 6.292 0.066
Rate of GP (mL/h) 0.047 0.039 0.051 0.058 0.047 0.042 0.003 0.210
Potential GP (mL) 173 175 162 158 161 200 6.943 0.137

SEM, standard error of means; DM, dry matter; IVDMD, in vitro degradability of DM; IVNDFD, in vitro degradability of neutral detergent fibre; GP24, gas pro-
duction at 24 h.
1) B, L. buchneri; A, acetic acid; P, propionic acid; E, 1,2-propanediol; F, 1-propanol.

Figure 1. Gas production kinetics (mL/g dry matter) from in vitro fermentation of fermented total mixed ration for 72 h (n = 5, bars indicate standard 
error of the means). B, L. buchneri; A, acetic acid; P, propionic acid; E, 1,2-propanediol; F, 1-propanol. Gas production data were fitted to the expo-
nential model: y = b(1–e–ct); the parameters b and c were estimated by an iterative least squares procedure using the NLIN procedures of SAS. 
There were no significant differences in gas production between the treatments during incubation.
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ensure satisfactory silage quality (i.e., extensive lactic fer-
mentation and high recovery of DM and energy), a feedstuff 
must have adequate WSC content (>60 g/kg DM) and pop-
ulation of LAB (>5.00 log10 cfu/g FW) as well as a proper 
DM (300 to 400 g/kg DM) [13]. These criteria were almost 
met in the TMR at the time of ensiling, despite the DM be-
ing slightly higher than the normal. After 90 days of ensiling, 
the butyric acid was undetected and lactic acid was domi-
nant among the fermentation products in all ensiled TMRs 
(Table 3). Treating with L. buchneri and acetic acid increased 
pH, acetic acid, and ethanol production in the TMRs. L. 
buchneri is well known as a heterofermentative LAB species. 
Altered fermentation in L. buchneri-inoculated silage might 
be attributed to the increased dominance of L. buchneri in 
epiphytic microflora that shifted the metabolism to a more 
heterofermentative process, while that in acetic acid-treated 

silage might be related to the depression of homofermenta-
tive LAB species considering that heterofermentative LAB 
are more tolerant to acetic acid than homofermentative 
LAB [14]. Similarly, Ren et al [15] also found that addition 
of acetic acid weakened the intensity of lactic fermentation 
and lowered the ratio of lactic to total organic acids in silages 
prepared with dried corn stover and cabbage waste. Inter-
estingly, it was observed that adding 1,2-propanediol and 
1-propanol also increased the pH, acetic acid and ethanol 
concentrations in the ensiled TMR. The effects of 1,2-pro-
panediol and 1-propanol addition on fermentation have 
been rarely reported in the literature. However, Mukdsi et 
al [16] reported that some lactobacilli are capable of synthe-
sizing esters with lactic acid and alcohol as the precursors. 
A possible explanation might be esterification of lactic acid 
and the alcohol which slowed the pH decline and increased 

Table 6. Changes in fermentative characteristics of fermented total mixed ration during aerobic exposure

Items Treatments1) Days of exposure (d)
SEM

p-value2)

0 3 6 9 14 T D T×D

pH Control 4.27Aa 4.36Aab 4.39Ab 4.87Cc 5.95Cd 0.008 < 0.001 < 0.001 < 0.001
B 4.53C 4.56B 4.56B 4.58BC 4.58AB

A 4.45BC 4.41A 4.42A 4.45A 4.45A

P 4.35ABa 4.36Aa 4.36Aa 4.49Ab 5.16Bc

E 4.59C 4.64C 4.61B 4.64BC 4.62AB

F 4.58C 4.60BC 4.57B 4.62BC 4.60AB

Lactic acid Control 74.3Bc 90.0Bc 36.4Ab 38.5Ab 25.0Aa 0.914 < 0.001 < 0.001 0.001
 (g/kg DM) B 65.6ABb 69.0Ab 45.9Ba 56.1Bab 55.8Bab

A 67.8ABb 72.3BCb 42.6Ba 79.2Cb 61.5Bab

P 72.6Bc 77.6BCc 52.5Bb 38.5Aab 30.2Aa

E 62.2ABb 58.8Aab 48.8Ba 49.0Ba 59.4Bab

F 59.9Aab 61.7Aab 62.1Cb 52.4Ba 53.0Ba

Acetic acid Control 20.6Ab 21.8ABb 12.0Aab 11.8Aab 4.85Aa 0.449 < 0.001 < 0.001 < 0.001
 (g/kg DM) B 38.1Bc 29.2Bb 20.3BCa 32.2Bb 31.0Bb

A 37.1B 31.8B 21.9C 39.0B 31.9B

P 20.7A 16.2A 12.8AB 21.0AB 9.95A

E 34.5Bb 26.2ABa 27.1Ca 29.4ABab 28.7Ba

F 40.1B 32.6B 41.9D 36.1B 34.3B

Propionic acid Control 6.27Dc 0.03Aa 2.50Ab 2.85Ab 2.48Ab 0.078 < 0.001 < 0.001 < 0.001
 (g/kg DM) B 1.53Ba 1.22ABa 2.99Ab 3.72Ac 3.81ABc

A 0.00Aa 0.01Aa 2.85Ab 3.81Ac 3.43ABbc

P 7.36Dab 5.57Ca 5.02Ba 9.22Bc 7.99Db

E 4.19Cab 2.67Ba 5.27Bb 5.46Ab 5.56Cb

F 3.11Ca 2.55Ba 5.04Bb 4.47Ab 4.46BCb

Ethanol Control 22.4A 11.1A 6.08A 1.03A 0.00A 0.614 < 0.001 < 0.001 0.068
 (g/kg DM) B 41.8ABc 15.1ABab 12.6ABa 18.5BCb 11.5Ba

A 42.9ABb 15.8ABa 13.4Ba 21.7BCa 15.9Ba

P 29.6Ab 10.6Aa 8.72ABa 8.47ABa 2.11Aa

E 55.2Cb 18.2ABa 20.3Ca 26.4Ba 25.5Ca

F 59.2Cd 21.7Ba 32.7Dc 29.8Bbc 26.0Cab

SEM, standard error of means; DM, dry matter.
1) B, L. buchneri; A, acetic acid; P, propionic acid; E,1,2-propanediol; F, 1-propanol.
2) T, treatment; D, ensiling day; T × D, interaction between treatment and ensiling day.
A-D Means in the same column with different capital letter differed (p < 0.05). 
a-d Means in the same row with different lowercase differed (p < 0.05).
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the activities of acetic acid and ethanol-producing micro-
organisms, such as enterobacteria and yeasts, at early stages 

of ensiling. NH3-N is a sensitive indicator for silage prote-
olysis and its production is closely related to the pH decline 

Table 7. Changes in chemical compositions of fermented total mixed ration during aerobic exposure

Items Treatments1) Days of exposure (d)
SEM

p-value2)

0 3 6 9 14 T D T×D

DM (g/kg FW) Control 477Aa 524b 531b 538b 496a 1.102 0.004 < 0.001 0.137
B 466Ba 531c 520bc 530c 506b

A 480Aa 525bc 526bc 544c 501ab

P 482Aa 535ab 534ab 538c 509ab

E 451Ba 529c 530c 521bc 489b

F 463Ba 532b 532b 537b 483a

Water-soluble carbohydrates Control 16.5a 16.3a 26.8b 15.0a 12.1Aa 0.451 0.005 0.001 0.209
 (g/kg DM) B 18.3 15.7 24.2 21.1 16.6AB

A 17.7 21.6 27.1 19.5 16.9AB

P 19.5 22.0 28.4 26.2 21.1AB

E 13.5a 16.0a 29.5b 16.7a 18.9ABab

F 15.8 22.6 22.3 23.6 23.1B

Ammonia nitrogen Control 76.7AB 70.6 68.4 69.4 63.2A 1.314 < 0.001 < 0.001 0.017
 (g/kg TN) B 81.7ABab 59.2a 66.6a 53.5a 99.0BCb

A 74.4AB 72.1 72.4 84.4 99.3BC

P 70.7Aab 61.4a 58.5a 61.3a 76.3ABb

E 90.1Bbc 72.2abc 66.4ab 63.8a 95.1BCc

F 85.3AB 70.9 65.8 101 114C

SEM, standard error of means; DM, dry matter; FW, fresh weight; TN, total nitrogen.
1) B, L. buchneri; A, acetic acid; P, propionic acid; E, 1,2-propanediol; F,1-propanol.
2) T, treatment; D, ensiling day; T × D, interaction between treatment and ensiling day.
A-C Means in the same column with different capital letter differed (p < 0.05).
a-c Means in the same row with different lowercase differed (p < 0.05).

Table 8. Changes in microbial composition of fermented total mixed ration during aerobic exposure

Items Treatments1) Days of exposure (d)
SEM

p-value2)

0 3 6 9 14 T D T×D

Lactic acid bacteria Control 7.53c 7.05a 7.30abc 7.38bc 7.17ab 0.035 0.042 0.016 0.110
 (log10 cfu/g FW) B 6.86 7.02 7.41 7.26 7.12

A 6.83 6.90 7.26 6.64 7.11
P 7.52 6.94 7.34 7.43 7.42
E 7.60 7.30 7.45 6.88 6.66
F 7.34 7.11 7.40 6.89 6.93

Aerobic bacteria Control 6.66Ba 6.77Ba 6.52Ba 6.32Ba 7.57Bb 0.003 < 0.001 < 0.001 < 0.001
 (log10 cfu/g FW) B 6.07Bab 5.68ABa 5.70ABa 5.62ABa 6.79ABb

A 5.17Aa 5.20Aa 5.72Ab 5.47ABab 6.82ABc

P 6.78Ba 6.96Ba 6.89Ba 6.23Ba 7.39Bb

E 6.79Bb 5.23Aa 6.00ABab 5.20Aa 6.49ABb

F 6.61Bc 5.64Aa 6.09ABab 5.79ABa 6.14Ab

Yeast Control 5.50BCa 5.61Bab 5.93Cabc 5.99Cbc 6.13Bc 0.160 < 0.001 < 0.001 0.003
 (log10 cfu//kg FW) B 1.40ABab 1.40ABab 1.20ABab 0.00Aa 4.92ABb

A 1.77AB 0.00A 2.60ABC 1.53AB 3.05A

P 5.55C 5.10B 4.97BC 5.90C 6.10B

E 2.94ABC 1.48AB 1.36AB 0.00A 3.19A

F 0.00Aa 1.20ABa 0.00Aa 4.42BCb 4.53ABb

SEM, standard error of means; FW, fresh weight; cfu, colony-forming units.
1) B, L. buchneri; A, acetic acid; P, propionic acid; E, 1,2-propanediol; F, 1-propanol.
2) T, treatment; D, ensiling day; T × D, interaction between treatment and ensiling day.
A-C Means in the same column with different capital letter differed (p < 0.05).
a-c Means in the same row with different lowercase differed (p < 0.05).
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during ensiling [17]. Higher NH3-N concentrations dem-
onstrated the slower pH decline in 1,2-propanediol and 
1-propanol-treated TMR in comparison to control.
 Krooneman et al [18] previously isolated two strains of L. 
diolivorans from corn silage and demonstrated their abilities 
of fermenting 1,2-propanediol to propionic acid and 1-pro-
panol. As propionic acid exhibits antimicrobial activity, this 
fermentative process also contributes to the improvement in 
aerobic stability of L. buchneri-inoculated silage [4]. In the 
experiment, adding 1,2-propanediol did not result in increases 
in propionic acid and 1-propanol concentrations suggesting 
the absence of L. diolivorans in the TMR. In addition, propi-
onic acid addition did not elicit a significant effect on the 
suppression of aerobic bacteria and yeast when compared 
with control in this study (Table 3). This might be linked to 
the presence of microorganism species resistant to low con-
centrates of propionic acid. Crawshaw et al [19] found some 
yeasts still flourished in grass silage when treated with propi-
onic acid at a level of 6 litres/t FW (equals to 8 g/kg DM).

Additives on chemical composition and in vitro 
degradability
During ensiling process DM and nutrient losses are unavoid-
able and mainly results from plant respiration and activities 
of microorganisms [2]. Addition of 1,2-propanediol and 
1-propanediol did not efficiently decline pH and resulted in 
lack of preventing microbial activity. This probably caused 
higher DM loss relative to other treatments (Table 4).
 In vitro GP is often used as an important indicator for ru-
men digestibility potential [11]. In the present study, despite 
greater DM loss of 1,2-propanediol or 1-propanol treated 
TMR than others, in vitro digestibility parameters among 
the silages did not differ, suggesting none of these additives 
substantially affected ruminal digestion of the TMR.

Additives on aerobic stability
Aerobic deterioration is initiated, in most cases, by acid-tol-
erant yeasts [20]. Yeasts can oxidize the fermentation products, 
leading to pH rises and proliferation of aerobic microorgan-
isms in air-exposed silage. Aerobic deterioration of silage does 
not only cause losses of nutritional value, it also negatively 
affects the safety of silage with an increased risk of patho-
genic microorganisms [21]. Well-fermented silages are easily 
subject to aerobic spoilage when exposed to aerobic condi-
tion because of degradation of lactic acid by yeasts and aerobic 
microbes [22,23]. It is generally believed that silages are prone 
to deteriorate when the yeast population exceeds 5.00 log10 
cfu/g FW [24]. In the experiment, control began to spoil af-
ter 6 days and propionic acid-treated TMR became unstable 
after 14 days of aerobic exposure (Table 6). This may be linked 
with high yeast numbers (>5.00 log10 cfu/g FW) and accu-
mulations of lactic acid (>72 g/kg DM) at the silos opening 

(Table 3). The TMRs treated with L. buchneri, acetic acid, 
1,2-propanediol, and 1-propanol kept stable throughout the 
aerobic stability test (Table 6). 1,2-Propanediol itself has no 
inhibitory effects on yeast growth in silage, and 1-propanol 
only causes weak inhibition at concentrations of more than 
20.0 g/kg DM [25]. While acetic acid is well known as an ac-
tive substance for suppressing the proliferation of yeast, mold 
and fungi during aerobic exposure. This acid is typically pro-
duced in greater quantities than propionic acid during ensiling 
due to the hetero-fermentative metabolism of LAB [26]. High 
accumulations of acetic acid in these TMRs may be directly 
responsible for the increased aerobic stability. Furthermore, 
ethanol also exhibits antimicrobial activity and reportedly 
has the ability to potentiate the effect of acetic acid with re-
spect to inhibition of fermenting yeasts [27]. High ethanol 
concentrations were also supposed to play an important role 
in preventing aerobic deterioration.

CONCLUSION

The results of this study showed that treatments of L. buchneri, 
acetic acid, 1,2-propanediol, and 1-propanol did not alter in 
vitro digestibility, whereas they successfully modulated fer-
mentation patterns towards producing more acetic acid and 
ethanol and substantially improved the aerobic stability of 
ensiled TMR. In addition, our findings also suggested that 
mechanisms of 1,2-propanediol and 1-propanol in altering 
fermentation may be different from that of L. buchneri or 
acetic acid. Further study is required to evaluate their effects 
on metabolic activities and microbial community structures 
during the ensiling.
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