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ABSTRACT 

A large variety of wet by-products are produced by the agriculture-based, food, and 

beverage industries. Although animal husbandry has successfully used these by-products as 

ingredients of animal feed, thermal drying requires huge cost and fuel energy; hence, wet by-

products are often preserved under anaerobic fermentation in silos. During the natural ensiling 

process, the epiphytic lactic acid bacteria (LAB) of pre-ensiled materials play important roles in 

the acidification of silages, resulting in inhibition the growth of undesirable microorganisms. 

When a silo is opened, however, anaerobic conditions are no longer maintained, and aerobic 

microbes have the opportunity to grow. Therefore, secured aerobic stability of silages can confer 

a substantial advantage to farmers and consumers. In this dissertation, three experiments were 

carried out to examine the dynamics of bacterial and fungal microbiota associated with soybean 

curd residue, total mixed ration, and whole crop corn ensiling. 

In the first experiment, ensiling of wet soybean curd residue (SCR), a wet by-product 

generated during tofu processing, was examined. Laboratory-scale silos were prepared using wet 

soybean curd residue (SCR) obtained from two tofu factories (F1 and F2) mixed with or without 

added beet pulp (BP). Sealing was performed on the day of tofu production (prompt sealing [PS]) 

or 2 days after SCR was piled and unprocessed (delayed sealing [DS]). In PS silage, the 

abundances of typical lactic acid-producing bacteria, such as Lactobacillus spp., Pediococcus 

spp., and Streptococcus spp. reached >50%. In DS silage, Acinetobacter spp. were the most 

abundant in F1 products, whereas Bacillus spp. were the most abundant in long-stored F2 

products. The fungal microbiota was highly diverse. Although Candida spp., Aspergillus spp., 

Cladosporium spp., Hannaella spp., and Wallemia spp. were found to be the most abundant 

fungal microbiota, no specific genera were associated with factory, sealing time, or fermentation 

products. 

In the second experiment, the effect of different ambient temperatures on bacterial and 

fungal dynamics of total mixed ration (TMR) silage was examined. Two types of practical TMR 

mixture with different ingredients formulation were obtained from a feed company and stored for 

14 and 60 days at temperatures of 10
o
C, 25

o
C, room (RT), and 40

o
C. Regardless of the storage 

period, all TMR silages had lactic acid as the predominant fermentation product and exhibited 

acceptable aerobic stability after silo opening. The abundance of Lactobacillus spp. increased 
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regardless of storage period and temperature. In 40
o
C-stored TMR silages, the abundance of 

Lactobacillus spp. decreased and those of Aneurinibacillus spp., Bacillus spp., and Brevibacillus 

spp. increased to as high as 40%. A large number of fungal genera were detected at >1% level. 

Diutina spp. were the most abundant (>30%) fungi in pre-ensiled TMR mixtures. Aspergillus spp. 

and Vishniacozyma spp. were the second most in pre-ensiled TMRs. Regardless of storage period 

and temperature, Kazachstania spp. were the most abundant fungi in TMR silages. The findings 

that typical spoilage genera such as Candida spp., Saccharomyces spp., and Kluyveromyces spp. 

were kept suppressed over the ensiling may account for high aerobic stability of TMR silage. 

In third experiment, the potential of LAB species isolated from TMR silage was examined. 

Using the cultures of L. buchneri, L. casei, L. farciminis, L. parafarraginis, L. paralimentarius, L. 

plantarum, B. subtilis, and B. coagulans isolates, inoculation experiment was carried out using 

whole crop corn silage. Hetero-fermentative LAB species were effective to inhibit deterioration 

after silo opening and the ability of L. parafarraginis was shown greater than that of L. buchneri. 

The association of multiple LAB species that have significant inhibitory activities may contribute 

substantial resistance of TMR silage on exposure to air. 

 From three experiments conducted in this study, the dynamics of bacterial and fungal 

microbiota associated with wet by-products ensiling has been clarified and several LAB species 

have been shown as new additions to silage LAB inoculants. Major findings in this study may 

contribute greatly to improved utilization of wet by-products in livestock industry in cool, 

temperate, and tropical countries. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Agriculture-based industries produce a vast amount of residues every year. If these 

residues are released into the environment without proper disposal procedure, they may cause 

environmental pollution and become a potential source of risks to public and animal health. Most 

of the agro-industrial wastes are yet untreated and underutilized; therefore, in many reports they 

are disposed of by burning, dumping, and unplanned landfilling. Moreover, a large variety of wet 

by-products are produced by the food and beverage industries, with annual global amounts 

reaching as high as one billion tons. Although animal husbandry has successfully made use of 

these by-products as ingredients of animal feed, thermal drying requires huge cost and fuel 

energy; hence, wet by-products are often preserved under anaerobic fermentation in silos. Ensiled 

non-food biomass is also regarded as a renewable energy source, being used to produce biofuels. 

Ensiling is an effective technology with a long history of use in the preservation of forage 

crops for livestock. During the natural ensiling process, the epiphytic lactic acid bacteria (LAB) 

of plant surfaces play important roles in the acidification of silages, resulting in inhibition the 

growth of undesirable microorganisms. Anaerobic conditions are necessary during silage 

preparation to limit the activity of aerobic microbes, e.g., aerobic bacteria, yeasts and molds, and 

promote lactic acid fermentation. However, when a silo is opened, anaerobic conditions are no 

longer maintained, and aerobic microbes have the opportunity to grow. These aerobic microbes 

produce heat through the consumption of nutrients, thereby causing spoilage called as aerobic 

deterioration. If extensive aerobic deterioration occurs in silage, the dry matter (DM) loss may 

exceed 30%. In addition, a number of toxic substances can appear owing to aerobic deterioration, 

which might affect animal health and decrease their productivity. Therefore, secured aerobic 

stability of silages can confer a substantial advantage to farmers and consumers. In this 

dissertation, three experiments were carried out to examine the dynamics of bacterial and fungal 

microbiota associated with soybean curd residue, total mixed ration, and whole crop corn ensiling. 

The objective was to gain further insights into microbial fermentation and quality control of 
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ensiled wet by-products. Food quality of the silage was evaluated through acids and alcohols 

determination and microbiota analyses at silo opening and after aerobic stability test. 

In the first experiment, ensiling of wet soybean curd residue (SCR), a wet by-product 

generated during tofu processing, was examined. The world production of SCR is around 1.4 

billion tons, most of which is produced by Asian countries including Japan, Korea, China, and 

Singapore. The scale of tofu manufacturing varies widely across factories and their locations are 

scattered and separated from the livestock sector. Daily on-site ensiling is difficult to perform, 

thereby the sealing is often delayed in practice. Laboratory-scale silos were prepared using wet 

soybean curd residue (SCR) obtained from two tofu factories (F1 and F2) mixed with or without 

added beet pulp (BP). Sealing was performed on the day of tofu production (prompt sealing [PS]) 

or 2 days after SCR was piled and unprocessed (delayed sealing [DS]). Predominant lactic acid 

fermentation was observed regardless of the sealing time and BP addition. Acinetobacter was the 

most abundant (>67%) bacteria in pre-ensiled SCR, regardless of the factory and sealing time. In 

PS silage, the abundances of typical lactic acid-producing bacteria, such as Lactobacillus, 

Pediococcus, and Streptococcus reached >50%. In DS silage, Acinetobacter was the most 

abundant in F1 products, whereas Bacillus was the most abundant in long-stored F2 products. 

The fungal microbiota was highly diverse. Although Candida, Aspergillus, Cladosporium, 

Hannaella, and Wallemia were found to be the most abundant fungal microbiota, no specific 

genera were associated with factory, sealing time, or fermentation products. These results 

indicated that owing to preceding processing, including heating, distinctive microbiota may have 

participated in the ensiling of wet by-products. Lactic acid fermentation was observed even in DS 

silage, and an association of Bacillus was suggested. 

In the second experiment, a comprehensive study on the effect of different ambient 

temperatures on bacterial and fungal dynamics of total mixed ration (TMR) silage was performed. 

Ensiling wet by-products with other feeds as a TMR mixture is known to have an advantageous 

property over ensiling of wet by-products alone, i.e., spoilage does not take place for as long as 7 

days even in the summer, despite that non-ensiled TMR easily deteriorates within 1–2 days. 

Further, unlike usual crop silage, TMR silage can be produced in any season. Thus, storage 

temperature during the ensiling process may remain low for winter products and high for summer 

products. Many studies have reported that hot conditions (35– 40°C) can lower lactic acid 

production and aerobic stability, but the technology of TMR ensiling should be expanded to 
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upgrading by-products utilization in the tropics and cold regions. Two types of practical TMR 

mixture with different ingredients formulation (TMR-A and TMR-B) were obtained from a feed 

company and stored for 14 and 60 days at temperatures of 10
o
C, 25

o
C, room (RT), and 40

o
C. 

Regardless of the storage period, all TMR silages had lactic acid as the predominant fermentation 

product and exhibited acceptable aerobic stability after silo opening. One exception was 14-day 

silage (both TMR-A and TMR-B) stored at 10
o
C, which decreased the lactic acid and acetic acid 

and increased the pH value after exposure to air. The silage stored at 10
o
C became resistant to 

aerobic spoilage when storage was extended to 60 days.  

Lactobacillus was the most abundant bacteria in pre-ensiled TMR-A (36%) and TMR-B 

(19%). Acinetobacter (18%) and Bacillus (4.1%) were the second most in pre-ensiled TMR-A 

and TMR-B, respectively. The abundance of Lactobacillus increased regardless of storage period 

and temperature, except for 14-day TMR-A silage stored at 10
o
C. Regardless of the TMR types, 

the relative abundance of Lactobacillus decreased by about 15% in 25
o
C and RT-stored TMR 

silages when ensiling was extended to 60 days. In 40
o
C-stored TMR silages, the abundance of 

Lactobacillus further decreased and those of Aneurinibacillus, Bacillus, and Brevibacillus 

increased to as high as 40%. The fungal microbiota was diverse and a large number of genera 

were detected at >1% level. Diutina was the most abundant (>30%) fungi in both pre-ensiled 

TMR-A and TMR-B. Aspergillus (13%) and Vishniacozyma (16%) were the second most in pre-

ensiled TMR-A and TMR-B, respectively. The abundance of Aspergillus decreased in 10
o
C-

stored TMR-A silage and increased to >25% levels in RT-stored TMR-A silage. The abundance 

of Vishniacozyma decreased to <5% in 10
o
C- and 25

o
C-stored TMR-B silage; however, the 

abundance increased to as high as 50% in RT-stored TMR-B silage. Regardless of storage period 

and temperature, Kazachstania was the most abundant fungi in TMR silages. the findings that 

typical spoilage genera such as Candida, Saccharomyces, and Kluyveromyces were kept 

suppressed over the ensiling may account for high aerobic stability of TMR silage. An association 

of Bacillus in hot temperature storage was again suggested.  

In the third experiment, the potential of LAB species isolated from TMR silage was 

examined. From TMR-A and TMR-B silages prepared in the second experiment, 13 different 

LAB species (L. brevis, L. buchneri, L. casei, L. crispatus, L. farciminis, L. formosensis, L. 

hammesii, L. kefiri, L. paracasei, L. parafarraginis, L. paralimentarius, L. plantarum, and L. 

zeae) and 5 Bacillus groups (B. subtilis, B. coagulans, B. hisashii, Paenibacillus cooki, and 
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Rummeliibacillus suwonensis) were isolated. Using the cultures of L. buchneri, L. casei, L. 

farciminis, L. parafarraginis, L. paralimentarius, L. plantarum, B. subtilis, and B. coagulans, 

inoculation experiment was carried out using whole crop corn silage and the fermentation 

products composition and aerobic stability were determined. Hetero-fermentative LAB species 

were effective to inhibit deterioration after silo opening and the ability of L. parafarraginis was 

shown greater than that of L. buchneri, which has been commercialized as a promising LAB 

inoculant in Japan and other countries. The association of multiple LAB species that have 

significant inhibitory activities may contribute substantial resistance of TMR silage on exposure 

to air. Inoculation of Bacillus spp. did not work to suppress aerobic spoilage; hence, aerobic 

stability of long-stored TMR silage ensiled at high ambient temperature should require further 

studies. 

From three experiments conducted in this study, the dynamics of bacterial and fungal 

microbiota associated with wet by-products ensiling have been clarified and several LAB species 

have been shown as new additions to silage LAB inoculants. Major findings in this study may 

contribute greatly to improved utilization of wet by-products in the livestock industry in cool, 

temperate, and tropical countries. 
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CHAPTER 2 

LITERATURE AND REVIEW 

 

2.1. Agro-industrial by-products and their utilization  

Agricultural food industries produced a vast amount of residues every year. If these 

residues are released to the environment without proper disposal procedure, that may cause to 

environmental pollution and harmful effect on human and animal health. Most of the agro-

industrial wastes are untreated and underutilized, therefore in maximum reports it disposed of 

either by burning, dumping or unplanned landfilling. These untreated wastes create different 

problems with climate change by increasing a number of greenhouse gases. Besides this, the use 

of fossil fuels also contributes to greenhouse gases (GHG) emissions (Bos and Hamelinck 2014). 

So, now it is a worldwide concern to dictating the improvement of alternative cleaner and 

renewable bioenergy resources (Okonko et al., 2009). These wastes cause a serious disposal 

problem (Rodríguez-Couto, 2008). For example, the juice industries produced a huge amount of 

waste as peels, the coffee industry produced coffee pulp as waste, the soybean processing industry 

produced okara and cereal industries produced husks. All over the world, approximately 147.2 

million metric tons of fiber sources are found, whereas 709.2 and 673.3 million metric tons of 

wheat straw residues and rice straws were estimated, respectively, in the 1990s (Belewu and 

Babalola, 2009). As per the composition of these agro-industrial residues are concerned, they 

have a high nutritional perspective, therefore they are getting more consideration for quality 

control and also categorized as agro-industrial by-products (Graminha et al., 2008). 

Various studies reported that different kinds of waste such as pomegranate peels, lemon 

peels and green walnut husks could be used as natural antimicrobials (Adámez et al., 2012; 

Katalinic et al., 2010). Wastes from the organic compounds may be a risk to the atmosphere, but 

they represent a possible source for making mushrooms as foodstuffs and other bio-based 

products like bio-energy and biofertilizers. Some of the agricultural residues are used for animal 

food. However, such wastes contain variable composition like a high amount of proteins, sugars, 

and minerals. Due to high nutritional composition, these residues are not described as waste and 

considered as raw materials for other product formation and developments. The availability of 
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these nutrients in raw materials offers appropriate environments for the growth of 

microorganisms. These microorganisms can reuse the raw materials with the use of fermentation 

processes. The agro-industrial residues are used for animal nutrition. It also helps for the 

production of fermentable sugars by reducing the production cost based on food crops. Various 

studies were carried out to know the conversion of agricultural waste into sugars using different 

microorganisms (Nguyen et al., 2010). Our study described the future uses of agro-industrial 

wastes for animal food material after proper ensiling. 

 

2.1.1 Agricultural residues 

Figure 2.1 shows two different types of agro-industrial wastes, i.e., agriculture residues 

and industrial residues. Agriculture residues can be further divided into field residues and process 

residues. Field residues are residues that present in the field after the process of crop harvesting. 

These field residues consist of leaves, stalks, seed pods, and stems, whereas the process residues 

are residues present even after the crop is processed into a valuable alternative resource (Table 

2.1). These residues consist of molasses, husks, bagasse, seeds, leaves, stem, straw, stalk, shell, 

pulp, stubble, peel, roots, etc. and used for animal feed, soil improvement, fertilizers, 

manufacturing, and various other processes. Large amount of field residues are generated and 

most of them are underutilized. Controlled use of field remains can enhance the proficiency of 

irrigation and control of erosion. In the Middle East region, wheat and barley are the major crops. 

In addition to this, various other crops like rice, lentils, maize, chickpeas, fruits, and vegetables 

are also produced all over the world. Agricultural residues are differentiated on the basis of their 

availability as well as characteristics that can be different from other solid fuels like charcoal, 

wood, and char briquette (Zafar, 2014). 
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                                                     Figure 2. 1 Agro-industrial wastes and their types 

2.1.2 Industrial wastes 

A huge amount of organic residues and related effluents are produced every year through 

the food processing industries like soy milk, beer, sugar, juice, chips, meat, confectionary, and 

fruit industries. These organic residues can be utilized for different energy sources. As the 

population increases continuously, the requirement of food and its uses also increased. So, in 

most of the countries, different industries of food and beverage have increased remarkably in that 

region for the fulfillment of need of food. Table 2.2 shows different compositions of fruit 

industrial wastes that constitute the different compositions of cellulose, hemicellulose, lignin, 

moisture, ash, carbon, nitrogen, etc. and these constituents have the potential to biochemically 

digested to produce useful products like the production of biogas, bio-ethanol, and other 

commercially useful examples. Approximately 20% of the production of fruits and vegetables in 

India is going to waste every year (Rudra et al., 2015) because in India a large amount of apple, 

cotton, soybean, and wheat are produced. So as the production increased in the country, it also 

increased the percentage of waste produced. Similarly, the waste produced from food industries 
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contains a high value of BOD, COD, and other suspended solids. Most of these wastes are left 

unutilized or untreated, which caused an adverse effect on the environment as well as human and 

animal health but the composition of these wastes contains a large number of organic compound 

that produced a variety of value-added products and also reduced the cost of production as 

described in Table 1. Especially in oil industries, huge amount of processed residues are produced 

after oil extraction from the seeds; these residues are known as oil cakes. These industries cause 

air, water, and solid waste pollution because these residues contain high concentration of fat, oil, 

grease, suspended solids, and dissolved solids. Oil cakes have variabilities based on their 

substrate (Table 2.3). Oil cake is of different types like canola oil cake, sunflower oil cake, coconut 

oil cake, sesame oil cake, mustard oil cake, palm kernel cake, soybean cake, groundnut oil cake, 

cottonseed cake, olive oil cake, rapeseed cake (Ramachandran et al., 2007). These discussed 

agro-industrial residues are relatively cheap, containing a high amount of constituents that have 

an unlimited prospective of being consumed as alternative substrates for fermentation. 

 
Table 2. 1 Composition of agro-industrial wastes 

Agro-industrial 

wastes 
Chemical composition (% w/w) References 

Cellulose Hemicellulose Lignin 
Ash 

(%) 

Total solids 

(%) 

Moisture 

(%) 

Sugarcane bagasse 30.2 56.7 13.4 1.9 91.66 4.8 
El-Tayeb et al. (2012) and 

Nigam et al. 

Rice straw 39.2 23.5 36.1 12.4 98.62 6.58 El-Tayeb et al. (2012)  

Corn stalks 61.2 19.3 6.9 10.8 97.78 6.4 El-Tayeb et al. (2012)  

Sawdust 45.1 28.1 24.2 1.2 98.54 1.12 
El-Tayeb et al. (2012) and 

Martin et al. 

Sugar beet waste 26.3 18.5 2.5 4.8 87.5 12.4 El-Tayeb et al. (2012)  

Barley straw 33.8 21.9 13.8 11 _ _ Nigam et al. (2009)  

Cotton stalks 58.5 14.4 21.5 9.98 _ 7.45 Nigam et al. (2009)  

Oat straw 39.4 27.1 17.5 8 _ _ Martin et al. (2012)  

Soya stalks 34.5 24.8 19.8 10.39 _ 11.84 Motte et al. (2013) 

Sunflower stalks 42.1 29.7 13.4 11.17 _ _ Motte et al. (2013)  

Wheat straw 32.9 24 8.9 6.7 95.6 7 
Nigam et al. (2009) and 

Martin  
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Table 2. 2 Composition of fruit-industrial wastes 

Fruit-industrial 

waste 
Chemical composition (% w/w) References  

Cellulose 

Hemi-

cellu- 

lose 

Lignin Ash 
Total 

solids 
Moisture 

Total 

carbon 

Total 

nitrogen 

Potato peel waste 2.20% – – 7.70% – 9.89 1.30% 

– 

Weshahy and 

Rao (2012) 

 

Orange peel 9.21% 10.50% 0.84% 3.50% – 11.86 – 

– 

Rivas et al. 

(2008) 

 

Coffee skin 23.77% 16.68% 28.58% 5.36% – – 
C/N 

14.41 
– 

Lina et al. 

(2014) 

 

Pineapple peel 
18.11 

  
1.37 

  
93.6 91 40.8 0.99 

Paepatung 

et al. (2009) 

 

Table 2. 3 Composition of oil cakes 

Oil cakes Dry matter Crude protein Crude fiber Ash Calcium Phosphorus References 

CaOC 90 33.9 9.7 6.2 0.79 1.06 Ewing (1997) 

COC 88.8 25.2 10.8 6.0 0.08 0.67 Gohl (1970) 

CSC 94.3 40.3 15.7 6.8 0.31 0.11 Friesecke (1970) 

GOC 92.6 49.5 5.3 4.5 0.11 0.74 Kuo (1967) 

MOC 89.8 38.5 3.5 9.9 0.05 1.11 Kuo (1967) 

OOC 85.2 6.3 40.0 4.2 – – Maymone et al. 

(1961) 

PKC 90.8 18.6 37 4.5 0.31 0.85 Owusu et al. (1970) 

SuOC 91 34.1 13.2 6.6 0.30 1.30 Brendon (1957) 

 

 

2.1.3 Utilization of by-products 

There is an increasing demand for reducing the pollution arising from industrial activities 

due to environmental concerns, and most of the countries are trying to adapt to this situation by 

modifying their processes to enable the residue to be recycled. Therefore, large companies are 

now changing residues' concept: from wastes to raw materials for other processes (Mussatto et 

al., 2006). The most important process to utilize the residues is to use them as by-product 

feedstuffs for livestock. Most by-product feedstuffs are produced from various processing 

industries, such as commercial crops, food or beverage processing industry and fiber industry. 

By-product feedstuffs can support the growth and lactation of livestock and result in the 

production of human edible food (Mirzaei & Maheri, 2008). Consequently, by-product feedstuffs 

are becoming increasingly more important in food and fiber production systems because they are 
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available for use as livestock feeds at competitive prices relative to other commodities (Grasser et 

al., 1995). Many by-products have a great potential value as animal feedstuffs. Especially, 

ruminants have the unique ability to utilize fiber. Because of their rumen physiological 

adaptation, ruminants can utilize inexpensive by-product feedstuffs to meet their requirements for 

maintenance, growth, reproduction and milk production (Mirzaei & Maheri, 2008). Although the 

nutrient values of most by-product feedstuffs are very variable, they can be raised through 

effective processing. Consequently, utilizing by-products can solve the issues of competition 

between human and animal nutrition, and possibly reduce costs and environmental impact 

(Westendorf, 2000). 

 

 2.1.4 Chemical composition and digestibility of by-products 

 

There are several studies reported on the use of nutrient-rich by-products in the ruminant 

diet such as, brewers grain, green tea by-product, potato pulp silage, distillers by-product and 

soybean hulls (Wang et al., 2008a; Kondo et al., 2007; Aibibula et al., 2007; Ham et al., 1994; 

Cavani et al., 1990; Ipharraguerre and Clark, 2003). However, there are two fundamental 

problems for the use of such by-product feedstuffs in animal production systems: quantitative and 

qualitative problems. As some raw materials can be used for different production processes, the 

available amount of the various by-products is difficult to estimate and it is even more difficult to 

assess the quantity used as animal feed (Mirzaei and Maheri, 2008). As for the qualitative 

problem, these by-products as animal feeds have several problems, such as the high moisture 

content, nutritional imbalance, poor preservation and poor intake (Xu et al., 2007; Eruden et al., 

2005). When the raw material feedstuffs such as soybean curd residue, fresh brewers grain, or 

fruit pomace or marc, are utilized as animal feeds, the specialized storage facilities such as a 

commodity shed or a pit (for wet feeds) should be needed for their preservation. Even though 

they are the same origins of by-products, the chemical characteristics and the digestibility differ 

while changing their forms. In relation to the energy value of by-products for ruminants, the 

authors demonstrated that the digestibility of by-products depends on the composition of the basic 

diet (Bampidis and Robinson, 2006; Denek and Can 2006; Pirmohammadi et al., 2007a,b). 
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2.2 Major agro-industrial by-products as a potential source of Livestock Feed  

2.2.1 Sugar beet pulp 

The main raw materials for sugar production are sugar beet and cane. In sugar beet, soil 

contamination averages 12.5%, but is largely dependent on the harvesting conditions. During 

washing, broken beets and beet roots are obtained. They account for 2.5-5% of the beets and are 

either sold directly to the farmer for animal feeding or mixed with either the cleaned beets or the 

beet pulp. After extraction of the sugar, pulp is left; it is a valuable feedstuff for ruminants. The 

pulp can be used as such, with a DM content of 10-12%, or pressed to 20-25% or dried to 88-90% 

DM. About 5 kg beet pulp DM is obtained per 100 kg sugar beets (Figure 2.2). The extracted 

juice is then purified and crystallized, leaving scums and molasses. Scums are used as soil 

fertilizer, while molasses are used in animal nutrition, either as such or after mixing with pulp 

before drying (Mirzaei et al., 2008; Bhattacharya et al., 1970;  Bodas et al., 2007).  

 

          Figure 2. 2 By-products from the processing of sugar beets (Boucque et al., 1988) 

 

2.2.2 Brewing by-products  

  The brewing industry generates relatively large amounts of by-products and wastes; spent 

grain, spent hops and yeast being the most common. However, as most of these are agricultural 

products, they can be readily recycled and reused. Thus, compared to other industries, the 

brewing industry tends to be more environmentally friendly. In the brewing process, the initial 
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step involves the malting of barley. Brewers’ grains (BG) are a common feed resource of a beer 

factory. Although dried BG can be easily incorporated into rations, the energy cost associated 

with drying has resulted in increasing use of wet BG. Wet BG can be preserved anaerobically 

without any additives; the pH readily falls below 4.0 with prompt sealing, even though the 

concentration of soluble sugars is usually less than desired for ensiling forages. However, the risk 

of effluent production is high due to the low dry matter (DM) content (about 200 g/kg); therefore, 

pressed BG has been preferred for ensiling. 

2.2.3 Citrus fruits by-products  

The extraction of the juice from citrus fruits provides citrus pulp as residue. Citrus pulp 

consists of 60- 65% peels, 30-35% segment pulp and 0-10% seeds. On average citrus pulp 

represents 60% of the fresh weight with a mean DM of 19.7%, but the residue can range between 

49 and 69% of the initial weight. Pressing reduces the moisture to 65-75%. Molasses is then 

produced from the press liquor. Approximately 3.8 kg molasses may be obtained from 100 kg 

fresh grapefruit. Afterwards the pulp is dried, but it may also be dried without removing the press 

liquor. Dehydration of small particles of peel, pulp and seed, which were obtained by sieving the 

wet residue, provides dried citrus meal. Molasses is sometimes added back to the pulp during the 

drying process, but can also serve as a fermentation substrate in the beverage-alcohol industry, 

leaving condensed citrus molasses solubles as residue. There has also been some interest in the 

separation of the seeds. Citrus seed meal is left after the oil has been extracted from the citrus 

seeds. The differences in processing, in source and variety of fruit and in type of canning may 

produce a variation in the physical characteristics and nutritive value of citrus pulp (Martinez et 

al., 1980; Bampidis et al., 2006; Mirzaei et al., 2008). Almost the same amount of orange wastes 

comes out as by-products from the orange juice factories. These orange wastes are available non-

edible biomass. Part of these are used as animal feed, but a large proportion of these have to be 

disposed of due to high drying and transportation costs. The orange wastes, such as peel and 

strained lees, still contain much sugar, which conventional yeast, such as Saccharomyces 

cerevisiae, can utilize to ethanol fermentation (Oberoi et al., 2008). Also, useful chemical 

components can be extracted from citrus wastes (Shukla et al., 2016). S. cerevisiae can be 

engineered for simultaneous maltose utilization and in-situ carbon dioxide fixation to achieve 

efficient xylose fermentation. However, D-limonene, hereafter called limonene, which is included 
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in citrus fruits, is reported to have extreme toxicity to fermenting microorganism (Grohmann et 

al., 1994; Winniczuk et al., 1997: Sharma et al., 2017). Therefore, the fermentation with S. 

cerevisiae requires prior separation of limonene from the medium, or to protect from it by 

encapsulation or immobilization (Lane et al., 1983; Pourbafrani et al., 2007). On the other hand, 

few studies have been reported on the fermentation from citrus fruits by Clostridium beijerinckii. 

C. beijerinckii are well-known for isopropanol-butanol-ethanol fermentation ability and are 

employed repeatedly for research from the early 20th century (Jones et al., 1986) (Figure 3a, b). 

C. beijerinckii, which is also a mesophilic and anaerobic bacterium, is known to assimilate 

monosaccharides such as glucose, xylose, mannose and arabinose, and to convert them into 

organic acids such as acetic acid, lactic acid, and butyric acid, and alcohols such as, butanol, 

isopropanol, and ethanol (Lee et al., 2008; Ezeji et al., 2007). Furthermore, C. beijerinckii 

achieved the solvent productivity of 5.52 g/L/h, with the yield of 54% from glucose with wood 

pulp as a cell holding material 

2.2.4 Soybean curd residue 

Soybean curd residue is wet by-products generated during soybean and tofu processing 

after wet fractions have been extracted (Kamble et al., 2019). Around 1.2 kg of wet (fresh) 

soybean curd residue was produced when 1 kg of soybean was processed for tofu (Bo, 2008). 

Soybean curd residue world production is around 1.4 billion tons, most of which is produced by 

Asian countries including Japan, Korea, China, and Singapore. The tofu industry produces around 

800,000 tons of soybean curd residue in Japan, about 310,000 tons in Korea, and around 

2,800,000 tons of soybean curd residue in China annually (Kamble and Rani, 2020). The 

generation of a large quantity of soybean curd residue is a major problem in the manufacturing of 

soybean-based foods like soy milk (Santos et al., 2019). For the purpose of reducing the 

environmental impacts resulting from residue generation, ensiling is one practical way, to 

preserve and use soybean curd residue as a feed. To improve fermentation during ensiling, we 

need to study the dynamic of the microbial population of the silage.  

  2.2.4.1 Soybean Curd Residue Composition 

The main components of SCR are ruptured cotyledon cells and the soybean seed coat, 

which is rich in cell wall polysaccharides. Characterization of this byproduct, including the 
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protein, oil, dietary fiber, and mineral composition, along with unspecified monosaccharaides and 

oligosaccharides, can be found in the literature (Van et al., 1987; Surel and Couplet, 2005). The 

lyophilized SCR gives 6.99% H, 46.34% C, 3.99% N, 0.25% S, and 3.59% metal oxides as ash. 

The composition of SCR is different based on country and processing. The composition of SCR 

is shown in Tables 2.4. 

Table 2. 4 The moisture content and chemical composition of SCR. 

Moisture     Protein Crude fat Crude fiber Carbohydrate Ash Reference 

81.0 4.8 3.6 3.3 6.4 0.8 Ohno et al., 1996  

84.5 4.7 1.5 1.5 7.0 0.4 O’Toole, 1999  

83.9 4.5 2.6 — 8.3 0.7 Turhan et al., 2007  

85.0 3.6 1.4 9.2 — — Zhu et al., 2008  

84.5 4.2 1.5 3.52 5.78 0.55 Fafaungwithayakul et al., 

2011  

 

  Carbohydrates: Soybean curd residue is rich in cellulose, and it accounts for 

approximately 50% of the dry weight in soybean with very few calories. It is a good dietary fiber, 

which cannot be digested in the small intestine but can be fermented by microbes in the large 

intestine. It is reported that dietary fiber in SCR can reduce blood fat and blood pressure, lower 

the level of cholesterol in the blood, protect against coronary heart disease, and prevent the 

occurrence of constipation and colon cancer. It also regulates diabetics’ blood sugar levels. Due 

to these effects, dietary fiber is called the seventh nutrient by nutritionists. Especially, dietary 

fiber is known to provide important health benefits to the body, with regard to the maintenance of 

normal bowel function (Periago et al., 1997). Studies have shown that combining SCR with soft 

wheat flour resulted in increased protein, dietary fiber, and isoflavone contents compared with the 

use of soft wheat flour alone (Rinaldi et al., 2000). Several positive effects also have been 

attributed to the lipid profile in blood plasma, in liver, and in fecal lipid excretion in Syrian 

golden hamsters fed with SCR (Villanueva et al., 2011). The low-molecular-weight 

carbohydrates in SCR are shown in Table 2.5. The monosaccharide units in the polysaccharides 

in the insoluble fiber component include glucose, arabinose, and galactose when it is 

enzymatically digested. SCR also contains rhamnose, mannose, xylose, and uronic acids 

according to the study of Redondo-Cuenca et al. (2008). In addition, there is some soluble dietary 

fiber in soybean residue. According to reports in the literature, the amount of soluble dietary fiber 

in SCR treated by high hydrostatic pressure increased more than 8-fold (Mateos et al., 2010). 
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Furthermore, soluble dietary fiber plays an important role in the reduction of cholesterol levels in 

some hyperlipidemic individuals (Anderson et al., 1999; Reynolds et al., 2006), and it can also be 

used to improve glucose tolerance in people with diabetes (Messina et al., 1999; Jenkins et al., 

2002). The soluble fiber in SCR treated by high hydrostatic pressure has anti-inflammatory and 

anti-carcinogenic effects on the digestive tract (Mateos et al., 2008). On the other hand, insoluble 

dietary fiber increases faecal bulk and reduces gastrointestinal transit time. Moreover, it seems to 

have a positive effect on diarrhea and constipation and as a treatment for irritable bowel (Bosaeus 

et al., 2004). 

 

Table 2. 5 Low-molecular-weight carbohydrates from SCR (g/100 g dry matter) 

 

Ing. Rha Fuc Ara Xyl Man Gal Glu 
 

Reference 

Content 

0.85 0.45 6.35 5.13 1.26 10.83 15.01 

 

Redondo-Cuenca et al., 

2008  

0.3 ± 0.1 0.5 ± 0.1 5.7 ± 0.1 2.7 ± 0.1 1.5 ± 0.3 10.4 ± 0.2 11.9 ± 0.4 
 

Mateos-Aparicio et al., 

2010a  

1.0 ± 0.1 0.1 ± 0.0    0.2 ± 0.0 0.2 ± 0.0 

 

Mateos-Aparicio et al., 

2010c  

Ing.: ingredient, Rha: rhamnose; Fuc: fucose; Ara: arabinose; Xyl: xylose; Man: mannose; Gal: galactose; Glc: glucose; Suc: 

sucrose. 

 

 Protein and Amino Acid: Soybean curd residue has high quality protein, especially 

essential amino acids. It is well-documented that SCR contains about 27% protein (dry basis) 

with good nutritional quality and a superior protein efficiency ratio. Table 2.6 shows the amino 

acid composition in SCR. The protein in SCR is of better quality than from other soy products; 

for example, the protein efficiency ratio of SCR is 2.71 compared with 2.11 for soymilk, but the 

ratio of essential amino acids to total amino acids is similar to tofu and soymilk. It is clear that 

fermented thua nao, a Thai fermented soybean, has much higher concentrations of amino acids 

than its unfermented counterparts, which increases the flavor (Dajanta et al., 2011). However, the 

low solubility in water of protein in SCR is detrimental which affects its extraction. Accordingly, 

many papers focus on how to increase protein extraction from SCR. The related literature 

illustrates that solubility of protein in SCR treated by acid increased markedly with other 

functional properties such as emulsifying and foaming properties being improved (Chan et al., 

1999). About 53% of protein can be recovered from SCR if extracted at pH 9.0 and 80
o
C for 

30min. Protein isolated from SCR had a lower solubility than commercial soy protein isolate, 
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considering both acidic and alkaline pH levels, probably due to protein aggregation. A related 

essay suggests that the protein recovery is relevant to the particle size, and the maximum protein 

recovery of 93.4% was achieved with SCR flour from its fine fractions (<75 µm) using a three-

step-sequential extraction process (Vishwanathan et al., 2011). The functional properties of 

protein from SCR, including emulsification, water and fat binding, and foaming properties, were 

found to be comparable to the commercial soy isolate. Moreover, the protein in SCR after 

fermentation produces free amino acid and soy peptide (Chae et al., 1997). Therefore the 

development of protein resources from soybean residue has great potential. 

 

 

 

 

 

 

  

 

 

 

 

Soybean Isoflavones: Previous studies have reported that soybean is rich in isoflavones and 

phenolic compounds. As part of flavone compounds, soybean isoflavones have important 

biochemical activities. It is a plant chemical that is structurally similar to estrogen. The primary 

isoflavones present in the whole soybean include glycosides such as genistein, daidzein, syringic, 

chlorogenic, gallic, and ferulic acids which form the major phenolic compounds and have been 

credited with performing several health-promoting functions (Kim et al., 2006). Because the 

soybean isoflavones exist mainly in the plumular axis of soybean, during the process of making 

 
Table 2. 6  Amino acid composition (mg/g protein) in SCR 

Amino acid Content 

Aspartic acid 117 

Threonine 41 

Serine 50 

Glutamic acid 195 

Glycine 46 

Alanine 46 

Cysteine + methionine 26 

Valine 51 

Isoleucine 51 

Leucine 81 

Tyrosine + phenylalanine 95 

Lysine 65 

Histidine 28 

Arginine 75 

Proline 36 

Tryptophan - 
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tofu, most of the soybean isoflavones are left in SCR. Information from the literature confirms 

that the percentages of total isoflavones lost in water used to soak raw soybeans, SCR, and whey 

were 4%, 31%, and 18%, respectively (Jackson et al., 2002). A recent paper indicates that the 

total isoflavone content in acid-hydrolyzed SCR powders was much higher than unhydrolyzed 

ones (Tyug et al., 2010). When supercritical carbon dioxide extraction was applied to recover 

isoflavones from SCR, the amounts of two primary soy isoflavones, genistein and daidzein, in the 

extracts also increased with a corresponding increase in the amount of ethanol (Armando et al., 

2006). The soybean isoflavones were separated by column chromatography and thin layer 

chromatography in SCR, and their structures were elucidated by spectroscopic means and thin 

layer chromatography method (Griffith and Collison, 2001). The SCR fermented by Monilia 

sitophila Mont. produces isoflavone ligands which have more biochemical activities than 

isoflavone glycosides. Producing isoflavone using SCR fermented by microorganisms is 

extensive and related mainly to food and medicine. 

2.2.4.2 Utilization of Soybean Curd Residue 

Soybean curd residue is a good material which has reuse value and biotransformation 

possibilities, and it has been described as a potential source of functional food (Mateos et al., 

2010). In the past, SCR had limited uses because of drying cost, storage, and shipment. Recently, 

the utilization of by-products from the food industry has become widespread (Schieber et al., 

2001). As a nutritious food byproduct, SCR is no exception. Countries, such as Japan and 

America, pay more attention to reusing SCR. Previous papers focused on the following aspects. 

Firstly, the ingredients are directly extracted from wet or dry SCR. Some useful materials such as 

pectic polysaccharides (Yamaguchi et al., 1996), protein (Ma et al., 1996), and dietary fiber have 

been produced using SCR. Secondly, the useful components are extracted from SCR after 

processing or fructofuranosidase (Hayashi et al., 1992), iturin A, ethanol, and methane are 

produced by SCR under different fermentation conditions. It is reported that some constituents 

extracted have anticancer functions and antioxidants (Zhu et al., 2008). Within the food and drug 

processing industry, some processes use SCR to make biscuits, biodegradable edible paper, fiber 

beverages, lactic acid, and iturin A (Ohno et al., 1996). The SCR is rich in nutrients. 

Accordingly, the unfermented products are the most extractive of the products, which are made 

directly from SCR. Great efforts have been undertaken to study the fiber, polysaccharides, and 
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protein in SCR. At the same time, it is considered to be attractive due to its low cost and 

availability in large quantities as a raw material. Recent research on cell wall polysaccharides 

concludes that the swelling and water retention capacity of SCR indicates its potential application 

as a texturing additive (Mateos et al., 2010). Other authors, research on recovering the oil 

components of SCR is thought to have potential applications in the cosmetic, pharmaceutical, 

and food industry. The use of it in food and feed is a natural way of promoting reasonable usage. 

A little SCR can be added into food as roughage resulting in many advantages: (1) low calorie, 

(2) providing a full belly as food, and (3) carbohydrates, which are digested and enter the blood-

stream more slowly to balance nutrition. 

In the area of SCR extraction, firstly, SCR is a good source of dietary fiber to meet 

consumers’ growing needs as mentioned previously. Dietary fiber can also impart some 

functional properties to foods, for example, increase water holding capacity, oil holding capacity, 

emulsification or gel formation. The amount of soluble dietary fiber went up from 38.1% to 

64.8% after high hydrostatic pressure (Mateos et al., 2010). Research on Syrian hamsters fed by 

SCR tested its functional effects and results suggest that the main components of SCR, dietary 

fiber and protein, could be related to the decrease in the total lipids and cholesterol as well as 

fecal output increase in high-fat fed hamsters (Villanueva et al., 2011). Soybean polysaccharide 

is another main extractive from SCR, which can be used for water retention and as a food 

dispersing agent. Moreover, antioxidants are also important products of SCR. Processed SCR 

products, extrusion food, convenience food, bakery products, and pet food were all chosen for 

implementation. The use of SCR has received wide attention to date, and various large-scale 

procedures have been developed. In industrialized production, SCR has been used to produce 

wrapping paper for food, plastics, cookies, cakes, and pies. 

As we know, SCR is a loose material consisting of a good source of nutrients. 

Consequently, it is most suited for microorganism fermentation materials mechanism and 

processing requirements. For this reason, a number of authors carried out research on the 

fermentation products using SCR. Some of SCR fermented by various microorganisms for 

production are shown in Table 2.7. During fermentation, a series of biochemical reactions occur 

such as the decomposition of insoluble polymer material into soluble low-molecular-weight 

compounds and the negative factors of nutrition into favorable factors. The role of cell autolysis 



19 
 

creates new nutrients, and biological activity enhances the nutritional value of food. Although the 

SCR has a high nutritional value, its texture is rough because of the high cellulose content and 

large fiber particles. Also it contains antitrypsin, saponin, and anti-nutritional factors such as 

hemagglutinin, which cannot be easily digested. The fermentation process is not only conducive 

to digestion and absorption of nutrients, but also further improves the nutritional value of SCR. It 

can eliminate the bean’s sense of smell, increase the amount of edible fiber, free amino acids, 

sugars, fatty acids, vitamin B, and lactoflavin lactochrome through fermentation. Another 

purpose of SCR is fertilizer use because organic waste is a good material for fertilization. SCR 

can be diverted for disposal onto fields as it contains some nutritional properties good for crops 

and soils, including organic matter. Fungi play an important role in the process of decay, which 

returns the ingredients of SCR to the soil and enhances soil fertility. As a kind of agricultural 

waste, SCR is used as a raw material for energy generation by fermentation, especially methane 

and ethanol. In actual production, SCR was fermented to produce soy sauce, jam, microbial 

protein feed, fermented food additive, and beverages. 

 
 

        Table 2. 7 SCR fermented by various microorganisms for production. 

          No. Strain                                                 Products                     Authors 

1 Aspergillus japonicus MU-2  Fructofuranosidase Hayashi et al., 1992  

2 NRRL 330 + NCIM 653 

3 Bacillus natto 

4 Bacillus subtilis NB22 

Citric acid 

Crude antioxidant 

preparation  

Iturin A 

Khare et al., 1995  

Hattori et al., 1995  

Ohno et al., 1996  

5 Methanogens I and II 

6 Lactobacillus paracasei 

7 Ganoderma lucidum 

8 Lactobacillus paracasei 

9 Bacillus subtilis B2 

 Methane  

Hydrogen        

 Fruiting bodies  

Lactic  acid 

Antioxidant 

Muroyama et al., 2001  

Noike et al., 2002  

Hsieh and yang, 2004  

Muroyama et al., 2006  

Zhu et al., 2008  

10 Digestion sludge 

11 B. subtilis 

12 Flammulina velutipes 

Methane 

 Phenolic compounds 

Polysaccharides 

 Zhou et al., 2011  

Chung et al., 2011  

Shi et al., 2012  

    

 

2.2.4.3 Factors limiting the efficient use of soybean curd residue  
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Moisture: The moisture content of SCR is between 70% and 80%, and it is too high to 

preserve well; however, the nutrition components are rich. Consequently, SCR will decompose 

rapidly once it is produced. To overcome these limitations, fresh SCR must be dried as early as 

possible under appropriate drying conditions (Wachiraphansakul and Devahastin, 2007). The 

natural drying process is not fit for drying SCR because of the long period required and weather 

influences. SCR will rot before it is dried by natural drying. The general methods to preserve 

SCR include freezing of SCR, where low temperatures (from 0 C to −18°C or lower) inhibit the 

growth of microorganisms oven drying, where removal of water from SCR, which make it 

suitable for preservation, and vacuum freeze drying which is another method to handle SCR. 

However all the common drying methods are energy-intensive. Nevertheless, important 

alterations in flavor, color, and aroma take place. Some studies advocate advancing drying 

technology of SCR to improve drying quality. Prompt ensiling and aerobic fermentation is the 

alternative way for SCR utilization.  

Anti-nutrient: Raw soybeans have high anti-nutritional factors, especially soybean 

trypsin inhibitors which are partially inactivated during the solvent extraction and toasting 

process (Marty et al., 1995). Trypsin inhibitor is one of the most important factors that limit the 

application of SCR in animal feed. That is the reason why SCR cannot be fed directly to 

livestock. Livestock served with SCR will have digestion problems because of the antitrypsin, a 

further negative effect on its use to facilitate animal growth. The experimental results show that 

fresh SCR, used as direct feed, has an impact on growth, behavior, and physiological activity 

(Hinks et al., 1995). The inactivation methods for soybean trypsin inhibitors include processes 

utilizing physics, chemistry, bioreduction, and fermentation as well as the complex methods 

using natural compounds (Ao et al., 2010). 

Diversify Production: In Asia, SCR is mass-produced every day but most tofu and soy 

milk plants are small-scale workshops, actually a hand-craft workshop. While dispersed SCR is 

difficult to collect, it arranges the storage, handling, transportation, and application of this 

product. Small businesses cannot afford expensive disposal equipment for SCR. One method to 

solve this problem is the implementation of shared resources. Producers can share arrangements 

for drying and transportation. Regardless, trust and sharing of mutual goals will be important for 

any company considering the long-term use of SCR. Another way of overcoming this problem is 
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to facilitate tofu and soy milk and form centralized production. At the same time, the plant which 

facilitates extensive processing of SCR products near the production area saves transportation 

costs and decreases the SCR deterioration rate as well. 

2.2.4.4 Prospects for the Utilization of Soybean Curd Residue 

 

At present, the rational development and utilization of SCR have aroused public concern. 

A considerable number of studies reported the exploration and development of SCR in the 

literature. Reasons such as a lack of guidance, a lack of funding, and the fact that some countries 

are at an obvious disadvantage to the processes established in developed countries are examples. 

The drawbacks are primarily acts of utilization as this rate is low as well as the utilization 

methods being primitive or simple. In addition, the storage and transportation process of SCR has 

not reached normal technical standards. 

 

2.2.4.5 Preservation of soybean curd residue  

The extraction of soy milk involves the separation of the liquid fraction by mechanical 

means. The remaining SCR is wet to slighly damp depending on the efficiency with which the 

water phase is removed from the draft. The SCR putrefies very quickly because it has a high 

water activity (Noguchi, 1987). Kato et al. (1986) tried to prevent microbiological spoilage of the 

SCR using lactic acid bacteria. Yogurt and dried lactic acid bacteria were added to SCR, with or 

without added 1% glucose, and held under aerobic and facultatively anaerobic conditions. Under 

aerobic conditions, spoilage occurred quickly but when the okara was packaged in a polyethylene 

film bag or in a screw-cap bottle, a lactic fermentation occurred so that the pH value was lowered 

to less than 4.2, which inhibited growth of spoilage bacteria at 37°C for 4 days or longer. A dried 

lactic acid bacterial starter, particularly L. plantarum, was a better starter than yogurt. If tofu 

wastes can be stored without spoilage, they do not have to be delivered to farms every day. 

Ensiling is the most convenient way of preserving tofu wastes at present. Moreover, good silage 

made from tofu wastes is better than raw wastes in terms of both digestibility and palatability. 
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2.3 Practice of wet by-products in total mixed ration (TMR) silage 

Among the problems to use by-products, as indicated above, the preservation problem is 

quite important to be solved. The agro-industrial by-products such as soybean curd residue, fresh 

apple pomace, wet brewer’s grain, wet orange pulp and wet tomato pulp are readily damaged due 

to their high moisture content. Although these local food by-products have preferable nutrients, 

they are difficult to incorporate into a commercial feeding program because of the preservation 

problem (Westendorf, 2000). Ensiling can be considered to be a more effective method to use wet 

by-products (Kayouli and Lee, 1999). However, if high moisture by-products are ensiled without 

any additives, substantial financial resources are wasted on transporting water (Wang and Nishino, 

2008b). Therefore, the practice of mixed high moisture by-products with dry feeds to prepare a 

low moisture total mixed ration (TMR) is a suitable method to minimize the risk of effluent (Xu 

et al., 2007). In addition, unpalatable by-products could possibly be incorporated into a TMR if 

their odors and flavors were altered by silage fermentation (Xu et al., 2007; Cao et al., 2009). 

Several studies were reported on the use of TMR feeding to ruminants worldwide. According to 

the literature that can be confirmed so far, the first practice of TMR feeding was introduced by 

Coppock et al. (1981), who reported that farmers are encouraged to feed TMR to an animal for 

stabilizing the microbial function and improve the energy and protein utilization in the rumen. 

Huuskonen et al. (2008) reported that barley fiber was a good energy supplement when used in 

combination with good quality silage or with TMR for growing dairy bulls, and suggested that 

the performance of growing dairy-breed bulls did not change when 50% of the barley grain 

concentrates was replaced with barley fiber. Chumpawadee and Pimpa (2009) conducted an 

experiment to verify the effect of fodder trees, as fiber sources in TMR on feed intake, nutrient 

digestibility, chewing behavior and ruminal fermentation in beef cattle, and suggested that the 

fodder tree has a positive effect on feed intake and chewing behavior. Therefore, fodder trees can 

be used as fiber sources in TMR, especially when acute shortage of conventional fiber sources. 

Moya et al. (2011) reported the heifers fed the TMR had a greater total VFA concentration in the 

rumen after feeding than heifers fed free-choice diets. These differences may have resulted from 

the greater proportion of barley grain consumed by the animals fed the TMR. The ruminal pH and 

blood profiles of heifers were similar in TMR, corn silage with dried distiller grains and barley 

grain with dried distiller grains. They suggested that cattle can effectively self-select diets without 
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increasing the risk of subclinical acidosis and still maintain similar levels of growth and feed 

efficiency compared with TMR. 

2.3.1 Ensiling Total Mixed Ration 

Complete or total mixed rations (TMR) are produced by mixing forages, byproducts, 

concentrates, minerals, vitamins, and additives. From this mix, animals consume the nutrients 

necessary to meet the requirements of maintenance and production (Schingoethe et al., 2017). 

Ensiling TMR is not a recent practice. The first studies on TMR silage were reported in the 1960s 

in the United States (Owen et al., 1965); meanwhile, the ruminant production industry has shown 

a renewed interest in TMR silage in several countries, like Japan, China, South Korea, Vietnam, 

Thailand, Indonesia, Nepal, Israel, Italy, South Africa, Argentina, and Brazil (Schmidt et al., 

2017). Several benefits have been associated with TMR silages, such as a reduced requirement 

for labor and machinery (if TMR silage is purchased), uniform composition during storage under 

farm conditions, the potential for incorporating unpalatable byproducts (if their flavors and odors 

are altered by fermentation), and high aerobic stability after feed out (Schmidt et al., 2017). 

Additionally, TMR silages, similar to other silages, have the potential for commercialization, 

especially if stored in smaller structures (e.g., bales, bags, and pouches).In the industry, TMR 

ingredients are usually mixed in stationary mixer wagons and stored in big bags (e.g., 300 to 400 

kg) or baled by agricultural compactors (Restelatto et al., 2019). The latter are baler-wrapper 

combined machines (e.g., Orkel AS, Norway) able to pack the ingredients by tying the bale with 

plastic film and then wrapping the bale with stretch plastic film. The resulting TMR bales have 

approximately 1 Mg of fresh matter and high density (324 to 499 kg DM/m
3
) (Borreani et al., 

2019), which has been associated with low nutrient loss during storage, even when the plastic 

film is damaged (Restelatto et al., 2019). These technologies enable the transport of TMR silage 

and its flexible use by farmers. The purchase of TMR silage in bags or bales can be a plausible 

strategy adopted by small farmers without financial resources to invest in machinery and feed 

storage structures, when TMR silage cost is compatible with their production activities. When 

TMR silage is produced on farm, it may be stored in different silo types. In small herds, however, 

structures such as ag-bags, pouches, drums, and bales are preferred over bunkers or piles, to 

reduce the risk of aerobic deterioration during feed out. In Italy, for instance, silage contractors 

are currently offering a custom service for baling, wrapping, and hauling 900 to 1200 kg TMR 
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bales on farm (Restelatto et al., 2019). In our view, the main motivation for resuming the use of 

TMR silages has been the great availability of wet residues coproduced by the agroindustry. 

Byproducts from the industrialization of cereal grains (including breweries and distilleries), 

soybean (including the biodiesel industry), sugarcane, cotton, peanut, cassava, vegetables, 

legumes, and fruits (including citrus growers and wineries) are among the valuable residues 

available in different regions. Therefore, marketing TMR silages (containing byproducts) has 

been a promising business opportunity for the agroindustry. In small farms, TMR silage has also 

been proposed as a strategy to improve the conservation of wet forages (e.g., Orkel AS, Norway). 

Feeding a conventional TMR prepared daily allows the nutritional composition of the diet to be 

adjusted by using different feedstuffs and supplements (e.g., sources of rumen undegraded protein 

(RUP) and vitamins) in addition to conserved feeds (hays and whole-crop or grain silages). On 

the other hand, ensiling a TMR directs all nutrients to fermentation, which ultimately modifies 

the feeding value of the ration by altering nutrient content and availability. This review attempts 

to nutrient changes during the ensiling of complete rations and their feeding value for ruminants. 

In cases where studies investigating TMR silage were not available (to the best of our knowledge), 

we discussed data from other silage types (whole-crop or grain silages). Partial mixed ration 

(PMR) silage has also gained prominence in ruminant production systems (e.g., dairy cows 

receiving concentrates in feed stations or automatic milking systems) but is beyond the scope of 

this paper. 

2.3.2 Total Mixed Ration Ingredients 

Storage under anaerobic conditions is a worldwide method for conserving crops and 

byproducts with high moisture content. Ensiling rather drying wet feedstuffs avoid the energy 

cost associated with drying. However, the run of silage fermentation is not always optimum, 

depending on the DM, soluble carbohydrates, buffering capacity (Weissbach et al., 1994), nitrate 

and microbiota, especially the population of lactic acid bacteria (LAB). Nishino et al. (2007) 

reported benefits of ensiling wet brewers’ grains as TMR silage (538 g DM/kg) instead of 

ensiling the byproduct alone (207 g DM/kg). The TMR silage had a lower accumulation of 

volatile organic compounds with no detrimental effect on the formation of the lactic and acetic 

acid compared to the wet byproduct ensiled alone. After 40 d of storage, the TMR silage 

presented considerable amounts of soluble sugars, whereas in the brewers’ grain silage most 
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soluble sugars were consumed during the first days of fermentation. In addition, the TMR silage 

presented lower yeast counts and higher aerobic stability than the wet brewers’ grains ensiled 

alone. 

Wang et al. (2015) observed a lower accumulation of organic acids (lactic acid and acetic 

acid) in a TMR containing whole crop corn (444 g DM/kg) compared to corn ensiled alone (198 

DM/kg). Interestingly, after 56 d of fermentation both silages had similar amounts of soluble 

sugars and yeast counts, but the TMR silage presented higher aerobic stability compared to corn 

silage. Therefore, combining ingredients with different characteristics before ensiling would 

improve the conservation process. Mixing dry with wet ingredients may minimize the risk of 

effluent production and undesirable fermentation. Using ingredients rich in soluble sugars and 

homofermentative LAB would improve the fermentation, whereas ingredients that promote 

heterofermentation would improve the aerobic stability of TMR silages. 

2.3.4 Effects of Moisture Content on the Conservation of TMR Silages 

In practice, most TMR silages have been produced with dry matter content between 400- 

650 g/kg. However, a limited number of trials have evaluated TMR silages with distinguished 

moisture levels but the same ingredient composition. Overall, changing the moisture level might 

affect the fermentation pattern and nutrient fractionation (e.g., protein) and availability (e.g., 

starch). Weinberg et al. (2011) evaluated TMR ensiled in bales with a DM content of 500 or 650 

g/kg and observed lower DM recovery in moister silage, which was in line with the lower sugar 

content in the wetter TMR silage (100 vs 280 g/kg DM. Nonetheless, the moisture content did not 

affect the in vitro DM digestibility (IVDMD) of the TMR silages (793 g/kg DM) after 140 d of 

storage. It suggests that other nutrient fractions (e.g., starch) might have gained digestibility 

during storage, although it was not measured in that study. In starch digestibility depending on 

moisture content have been repeatedly reported for cereal crop silages (Benton et al., 2005). 

Greater proteolysis in TMR silages with higher moisture content might support this premise (Hao 

et al., 2015 ). 

Hao et al. (2015) observed no changes in chemical composition (e.g., crude protein (CP), 

soluble carbohydrates, neutral detergent fiber (NDF), and IVDMD) in TMR silages containing 

distinguished moisture levels (400, 450 or 500 g/kg) stored up to 56 d. However, the 

concentrations of fermentation end-products such as lactic acid, acetic acid, and NH3-N increased 
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with moisture level accretion. Nevertheless, all TMR silages were aerobically stable for more 

than 21 d after feed out, regardless of the moisture content. 

In brief, increasing moisture levels in TMR silages affects the fermentation pattern, 

leading to greater accumulation of fermentation end-products and proteolysis, accompanied by 

higher DM loss, but minor or no effects on the aerobic stability within the DM range adopted 

currently. The effect of moisture content on starch digestibility in TMR silages remains to be 

confirmed. 

2.3.5 Nutrient Changes during Silage Fermentation 

2.3.5.1 Carbohydrates 

Water-soluble carbohydrates (primarily sucrose, glucose, and fructose) are the main 

substrates for microbial growth during silage fermentation (Rooke et al., 2003). After ensiling, 

fermentation end-products accumulate at the expense of a decrease in soluble carbohydrates. In 

TMR silages stored in bales, Weinberg et al. reported a continuous decrease in soluble 

carbohydrates during 144 d of storage. (Ning et al., 2016) observed losses of soluble 

carbohydrates by 57% and 54% in TMR silages containing alfalfa hay or Leymus chinensis hay 

stored for 56 d (111 to 49.3 and 117 to 55.8 g/kg DM, respectively). Compared with fresh TMR, 

Kondo et al. (2015) found lower concentrations of soluble carbohydrates in a TMR ensiled 

without additive (53 vs. 7 g/kgg DM, respectively), regardless of the length (30 d or 90 d) and 

temperature (15 or 30 
o
C) of storage. Hence, the final content of soluble carbohydrates in TMR 

silages will depend on their initial contents and the course of fermentation, but most soluble 

carbohydrates are consumed during the first weeks of fermentation. One may argue that including 

silages already fermented as TMR silage ingredients would limit the content of soluble 

carbohydrates, but it contributes to acidify the mixture immediately at ensiling, sparing the 

number of soluble carbohydrates required for fermentation. In the industry, feedstuffs already 

fermented have been successfully used as ingredients for TMR silage. The fermentation end-

products are essential for the preservation of TMR silages during storage and feed-out. Moreover, 

these compounds may contribute to animal nutrition by supplying nutrients, altering feed intake, 

and changing rumen and host metabolism (Kondo et al., 2015). As in conventional silages, LAB 

dominates the fermentation, and lactic acid is the main end-product in TMR silages, whereas 

several other compounds may be formed during fermentation (e.g., volatile fatty acids, alcohols, 
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esters, aldehydes, and ketones). Of course, the final profile of fermentation products will depend 

on ration ingredients, DM content, storage length, and the temperature and application of 

additives (Hao et al., 2015). Not rarely, TMR silages present high concentrations of lactic acid 

(e.g., >80 g/kg DM) (Weinberg et al., 2011). Although this finding is seldomly discussed, the 

inclusion of urea, mineral mixtures, limestone, and buffers 

 

2.3.5.2 Starch 

Once most bacteria responsible for silage fermentation have not been associated with an 

amylolytic activity, a decrease in starch content is generally not expected due to ensiling (Rooke 

et al., 2003). However, Ning et al. observed that amylase activity from silage microorganisms 

decreased by 75% and 57% of the original activity in TMR silages containing alfalfa hay or 

Leymus chinensis hay, respectively, and that starch losses occurred until the end (56 d) of storage 

(by 20.5% for alfalfa hay TMR and by 17.1% for Leymus chinensis hay TMR). Miyaji et al. 

(2016) reported a starch loss by 22.8% (on average) in TMR silages containing steam-flaked corn 

or brown rice and stored for 210 d. Nevertheless, in TMR silage, the starch concentration tends to 

be similar to the fresh TMR due to the consumption of other nutrients during fermentation. In 

addition to starch loss, ensiling often increases starch digestibility, especially in cereals with a 

greater content of prolamins in their endosperm (e.g., flint corn and sorghum) (Benton et al., 

2005). Prolamins are hydrophobic proteins that surround the starch granules, impairing starch 

digestion. Protease activity during ensiling reduces prolamin concentration and increases starch 

availability (Bedrosianet al., 2012). In a meta-analysis, Daniel et al., (2017) showed that the 

starch digestibility markedly increased with storage length in whole plant corn silage. The authors 

reported an increase in starch digestibility by 2.8 g/kg per day until day 30 of storage and after 

this phase, it continued to increase linearly up to 570 d, but at a lower rate (0.3 g/kg per day). For 

high moisture corn silages, improvements in starch digestibility also occur with extended storage 

time. (Da Silva et al., 2019) modeled the ruminal in situ DM degradability of high moisture corn 

silage and reported an increase of 3 g/kg per day until 71 d of storage. After 71 d of storage, the 

DM degradability proceeds to increase linearly but at a rate ten-fold lower (0.3 g/kg per day). 

Hence, an increase in starch digestibility is likely to occur in TMR silages. Miyaji et al. (2016) 

reported an increase in ruminal starch degradation with a greater benefit in a TMR silage 
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containing steam-flaked corn (by 6.83%) than brown rice (by 1.57%). A pronounced 

enhancement in starch digestibility is expected for dry ground or dry rolled corn (or sorghum) 

when ensiled as part of a TMR if stored for at least two months (based on data of high moisture 

corn silage). Such an increase in starch digestibility has been associated with higher feed 

efficiency in animals fed TMR silages. 

2.3.5.3 Cell Wall Polysaccharides 

The plant cell wall is a complex matrix of polysaccharides, mainly consisting of cellulose, 

hemicellulose, and pectin. Although soluble carbohydrates from the cell content are the main fuel 

for microbes during ensiling, in a minor proportion, the constituents of the cell wall may also be 

cleaved and used as a substrate for silage fermentation (Rooke et al., 2003). Such partial breakage 

of cell wall polymers is likely favored in silages with higher moisture content. For instance, in 

alfalfa silage, Jones et al. (1992) reported a decrease in constituents of cell wall carbohydrates 

(e.g., uronics, rhamnose, arabinose, and galactose) in low DM silage (290 g/kg), whereas in high 

DM silage (400 g/kg), no changes were observed. Weinberg et al. (2011) reported NDF loss 

(recovery of 880 g/kg) and a lower content of NDF (340 vs. 380 g/kg DM) in a TMR ensiled for 

140 d compared with the fresh TMR (both with DM of 500 g/kg). The same authors did not find a 

loss of NDF or alterations in NDF concentration (NDF of 380 g/kg DM on average) in a similar 

TMR ensiled with higher DM content (DM of 648 g/kg). Ning et al. examined the occurrence of 

carbohydrate losses and hemicellulase activity in TMR silages. They did not observe 

hemicellulase activity after 14 d of storage, but hemicellulose loss continuously increased in both 

silages up to 56 d of storage, probably due to acid hydrolysis (by 19.9% in alfalfa hay TMR and 

by 23.5% in Leymus chinensis hay TMR). Compared to fresh TMR, Wang et al. [13] observed a 

reduction in NDF content in an ensiled TMR formulated with whole crop corn during 56 d of 

storage (NDF of 460 vs. 430 g/kg DM), whereas the acid detergent fiber (ADF) concentration did 

not change during storage (270 g/kg on average), suggesting the occurrence of hemicellulose 

hydrolysis. Kondo et al., (2005) on the other hand, did not observe changes in NDF concentration 

after ensiling a TMR, regardless of the length (30 d or 90 d) and temperature (15 or 30 _C) of 

storage. Xu et al. (2007) partially replaced timothy and alfalfa hay with wet coffee grounds in a 

TMR silage (0, 100, or 200 g/kg DM) and reported a linear increase in the NDF and ADF content 

and a linear decrease in apparent digestibility of NDF and ADF with the inclusion of coffee 
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grounds. Hence, cell wall hydrolysis and changes in fiber content and digestibility during ensiling 

are mainly dependent on the ingredients included in the TMR. 

In alfalfa and orchard grass silages, Yahaya et al. (2001) observed that ensiling slightly 

reduced the concentrations of hemicellulose and pectin, whereas changes in cellulose 

concentrations were inconsistent. Compared to fresh forage, hemicellulose and pectin decreased 

by 2.9% and 1.5% in alfalfa silage and by 4.1% and 1.2% in orchard grass silage, respectively. In 

Napier grass silage. Desta et al. (2016) reported a slight decrease of fiber entities during 90 d of 

storage (NDF by 2.2%, ADF by 1.2%, hemicellulose by 3% and cellulose by 1.9%). Although 

lignin is not a carbohydrate, it is closely related to polysaccharides in the cell wall. Classically, 

lignin has been assumed to be un-degradable under anaerobic conditions. In fact, most silages 

have higher lignin concentrations than their fresh crops due to the disappearance of soluble 

nutrients. However, lignin is not completely recovered after ensiling. Recently, Machado et al. 

(2017) examined the effects of an enzymatic complex on the recovery of nutrients in whole-plant 

corn and sugarcane silages. For lignin assayed as acetyl bromide lignin, these researchers 

reported recoveries of 840 and 810 g/kg for untreated corn and sugarcane silages, respectively. In 

both silages, lignin recovery linearly decreased with enzyme dose (from 840 to 540 and from 810 

to 690 g/kg, respectively), while the contents of flavonoids and polyphenols steeply increased, 

resulting in silages with greater antioxidant capacity. 

2.3.5.4 Proteins  

During silage fermentation, N loss may occur; however, they usually are less expressive 

than other soluble fractions with minor effects on the total content of crude protein (CP) (Rooke 

et al., 2003). Silages with slightly higher CP contents than their crops are not rare due to other 

nutrients' consumption, primarily soluble carbohydrates. On the other hand, protein breakdown 

undergoes extensively during fermentation. The partial transformation of true protein into non-

protein compounds due to ensiling is an inevitable process performed by plant and microbial 

enzymes (McDonald et al., 1991). The occurrence of proteolysis in high-CP forages (e.g., 

legumes, temperate grasses) is undesirable and leads to lower N use efficiency (NUE) (Huhtanen 

et al., 2008). However, in corn and sorghum silages (whole plant or grain silages), proteolysis has 

been positively associated with starch digestibility due to the degradation of hydrophobic proteins 

(prolamins) surrounding the starch granules. Such an increase in starch digestibility often results 
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in the more remarkable synthesis of ruminal microbial protein and, in turn, higher NUE 

(Wilkerson et al, 1997). Nevertheless, in conventional (non-ensiled) TMR, protein sources (e.g., 

heat-treated soybean meal) are incorporated into the ration to balance any loss of true protein 

during the storage of ensiled ingredients, in turn, meet the requirements of metabolizable protein. 

In TMR silages, however, all ingredients are ensiled. Therefore, all protein sources are 

exposed to proteolysis. During ensiling, protein degradation occurs in two phases. Protein 

hydrolysis occurs primarily due to plant and microbial proteases, resulting in peptides and free 

amino acids (AA) (Rooke et al., 2003). Afterward, AA's decarboxylation leads to the formation 

of biogenic amines and carbon dioxide, whereas the deamination of AA results in NH3 and 

organic acids. Heron and Kemble (2010) observed that ryegrass and timothy silages sterilized 

before ensiling still present high amounts of free AA, indicating an enormous contribution of 

plant enzymes to proteolysis. In wilted alfalfa silage, Ding et al. (2003) reported that ensiling 

increased the proportion of non-protein N (NPN) from 260 to 730 g/kg of total N plant enzymes 

contributed approximately 2/3 of the proteolysis, whereas microorganisms contributed 1/3. 

Interestingly, most NPN remained as peptides (~700 g/kg of NPN), which is more 

efficiently used by both ruminal microorganisms and animals than NH3-N. However, in 

rehydrated corn grain silage, Junges et al. (2017) reported that bacterial enzymes were the 

foremost responsible for proteolysis (60%) followed by plant proteases (30%). Fungi enzymes 

and fermentation products contributed approximately 5% of the proteolysis during fermentation. 

In TMR silages, which are mixtures of ingredients, we did not find any report that accounted for 

microorganisms' contribution and plant proteases to proteolysis. 

Meanwhile, enterobacteria, clostridia, and bacilli are the leading candidates involved in 

protein breakdown during silage storage. The extent of protein transformation during ensiling is 

determined by factors capable of altering enzyme and microbial activities, such as pH, moisture, 

temperature, and storage length. In general, a rapid pH decrease below four notably reduces 

protein breakdown. However, protein degradation may continue during extended storage. In 

TMR silages, ingredient sources may also affect proteolysis. Hao et al. (2015) evaluated the 

effects of moisture content (400, 450, and 500 g/kg of moisture) and storage length (from 0 to 56 

d) and reported no differences in total N content in TMR silages. 

Nevertheless, higher moisture content increased the concentrations of NPN, free AA, and 

NH3-N during fermentation. No effect was observed on the content of peptides. Although 
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proteolysis continuously increased during storage, major transformations in N fractions were 

observed within the first week of storage. According to the authors, on d 56 of storage, 430 g/kg 

of N was NPN. 

Kondo et al. (2011) observed that storage length and temperature influenced the 

concentrations of soluble protein (SP) and NH3-N in TMR silage. The authors reported no 

differences of SP in ensiled TMR stored for 30 d compared with fresh TMR, whereas extended 

storage (90 d) increased SP concentration. Besides, silage stored at 30 
o
C had a higher SP content 

than silage stored at 15
 o

C. The NH3-N increased with temperature and length of storage. Nishino 

et al. (2003) reported a lower synthesis of biogenic amines (histamine, cadaverine, tyramine, and 

putrescine) in TMR silage compared with whole-plant corn and wilted festulolium silages, 

possibly because of the ingredients used to formulate TMR (dry grains and heat-treated 

byproducts) were less susceptible to proteolysis, reducing substrates (free AA) for biogenic amine 

synthesis. Recently, we compared the N fractionation in TMR silages (untreated with silage 

additives) containing different sources of CP (urea, soybean grain, and soybean meal) for 

finishing beef cattle (Lazzari et al., 2020). As expected, ensiled TMR had higher proportions of 

NH3-N (A1 fraction) than fresh TMR, but the values remained within acceptable levels (<100 

g/kg N), except for the TMR silage formulated with urea. The proportion of the A2 fraction (non-

ammonia SP, including true soluble protein) also increased in ensiled TMR due to the proteolytic 

process. 

On the other hand, the insoluble N fractions (true insoluble protein (B1), fiber-bound 

protein (B2), and indigestible protein (C)) decreased during ensiling. Combining N fractionation 

outcomes enabled the ration's rumen-degraded protein (RDP) to be estimated. Except for the 

TMR silage containing urea, all ensiled rations contained similar RDP concentrations, including 

the ensiled ration supplemented with soybean meal before each feeding. Supplying non-

fermented soybean meal at feeding or ensiling it with other ingredients altered the content of RDP 

or RUP only 2 g/kg DM In brief, proteolysis extension seems to be lower in TMR silages (except 

for urea-containing 

TMR) We usually see high-CP forages (e.g., alfalfa and temperate grasses), mainly due to 

the higher DM content. Additionally, the use of byproducts that have undergone washing and 

heating during food processing (at agroindustry) might also decrease protein fractions that are 

susceptible to proteolysis, both during ensiling and rumen fermentation. Of course, the content of 
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RUP in TMR silage is lower than in fresh TMR, but it does not mean that RDP/RUP cannot be 

balanced in the diet. From our perspective, more research is merited to define and predict patterns 

of proteolysis for a given ingredient or a combination of ingredients and, ultimately, allow the 

supply of adequate amounts of metabolizable protein to meet animal requirements. 

2.4 Microbial inoculation and their effects on silage fermentation and aerobic stability  

For decades, producers have had a wide variety of silage additives available to assist in 

forage preservation. Silage additives generally fall into one or more of 4 categories based on their 

effects on silage preservation: (1) fermentation stimulants, (2) fermentation inhibitors, (3) aerobic 

deterioration inhibitors, and (4) nutrients and absorbents (McDonald et al., 1991; Kung et al., 

2003a). The most common type of silage additive is a bacterial inoculant containing lactic acid 

bacteria. The main reason for applying an inoculant to harvested crops to be ensiled is to increase 

the numbers of lactic acid bacteria in the crop to guarantee high lactic acid production and 

efficient silage fermentation. High lactic acid production decreases pH, restricting acetic acid 

production, resulting in a more homolactic fermentation of the plants (Muck, 1993). 

Inoculant can encourage early lactic acid production, with a subsequent decrease in pH, 

acetic acid, and NH3-N concentrations in wilted alfalfa silage during the first days of ensiling 

(Kung et al., 1991). Jones et al. (1992b) reported that inoculation resulted in the increased rate of 

pH decline and increased lactic acid but decreased acetic acid and NH3-N concentrations in 

wilted alfalfa (330-540 g DM/kg) after 60 d of ensiling. Bolsen et al. (1992) found only small 

effects of inoculant on fermentation of wilted alfalfa silage during the first days of ensiling. The 

addition of dextrose to the inoculated silage improved fermentation characteristics consistently 

throughout the ensiling period. Results from experiments, where low DM (190-200 g DM/kg) 

grasses have been ensiled, have also shown improved fermentation characteristics using 

inoculants (Gordon, 1989; Smith et al., 1993; Sharp et al., 1994). However, Mayne (1993) found 

that inoculant had inconsistent effects on fermentation of ryegrass ensiled at 160 to 170 g DM kg '. 

Different results among these experiments depend largely on differences in natural lactic acid 

bacteria numbers, buffering capacity, and DM and sugar concentrations in the plants at ensiling 

(Mahanna, 1993). Inoculation at 10% or more of the natural level of lactic acid bacteria on alfalfa 

can improve the pH decline rate and increase homolactic fermentation (Muck, 1989b). Since no 
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method currently exists for quick determination of natural lactic acid bacterial numbers within 

crops, a common recommendation in the 

The USA is to add a minimum of 10
6
 colony-forming units of lactic acid bacteria per 

gram of fresh forage (Nadeau and Bamhart, 1995). In Europe, however, 10® colony-forming 

units of lactic acid bacteria per gram forage are commonly applied. Because lactic acid bacteria 

use sugars as their main substrates, inoculants are less successful in plants with low sugar 

concentrations, such as legumes and low DM grasses (Mahanna, 1993). Additionally, legumes 

have a higher buffering capacity than grasses and are, consequently, more resistant to a sufficient 

pH decrease for homolactic fermentation to occur (McDonald and Henderson, 1962). Inoculant 

has little effect on silage DM recovery (Gordon, 1989; Mayne, 1993), but inoculated silage is 

more susceptible to aerobic deterioration (Mayne, 1993). Decreased aerobic stability in 

inoculated silage is probably related to decreased acetic acid production, inhibiting yeasts and 

molds (Muck, 1993). 

Because of a more homolactic fermentation, DM intake by dairy cows and young cattle is 

greater in inoculated than in control grass silage (Gordon, 1989; Steen et al., 1989; Martinsson, 

1992; Sharp et al., 1994). The increased intake resulted in greater average daily live weight gain 

in the experiment reported by Steen et al. (1989). Gordon (1989) and Martinsson (1992) reported 

improved DM and organic matter digestibilities in inoculated grass silage fed to sheep. These 

increased intakes and digestibilities in inoculated grass silage resulted in increased milk 

production by dairy cows (Gordon, 1989; Martinsson, 1992). Satter et al. (1991) concluded that 

the inoculant must provide a 10-fold increase in lactic acid bacterial numbers in alfalfa silage for 

improved milk production by dairy cows to occur. 

There are six groups of additives from a producer's practical perspective: 

homofermentative LAB, obligate heterofermentativeLAB, combination inoculants containing 

obligate heterofermentative LAB plus homofermentative or facultative heterofermentative LAB, 

other inoculants (non- LAB species), chemicals, and enzymes. Within each group, we will 

discuss effects on silage fermentation, aerobic stability.  

2.4.1 Homofermentative LAB  
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2.4.1.1 Effects on Silage Fermentation 

The oldest and most common bacterial inoculants for making silage are the 

homofermentative LAB. Today most of the bacteria in this group are recognized taxonomically 

as facultative heterofermentative LAB species rather than obligate homofermentative species 

(Pahlow et al., 2003). The facultative heterofermentative LAB ferment hexoses, such as glucose, 

the same as obligate homofermenters, producing almost exclusively lactic acid. This is in contrast 

to obligate heterofermenters that produce other compounds from hexoses in addition to lactic acid. 

The facultative heterofermenters differ from obligate homofermenters by possessing 

phosphoketolase. This enzyme allows facultative heterofermenters to ferment pentoses, 

producing primarily lactic and acetic acids. Common facultative heterofermentative strains 

include Lactobacillus plantarum, Lactobacillus casei, Enterococcus faecium, and various 

Pediococcus species. Silages treated with one or more of these bacteria are often lower in pH, 

acetic acid, butyric acid, and ammonia-N but higher in lactic acid content and exhibit better DM 

recovery than untreated silages (Muck and Kung, 1997). A recent meta-analysis of 130 articles 

revealed that these inoculants' effects varied by crop (Oliveira et al., 2017). Inoculation reduced 

the pH of silages in temperate and tropical grasses and alfalfa and other legumes, but not in corn, 

sorghum, and sugarcane. The reduction in acetic acid by inoculation was significant for all crops 

except for alfalfa and other legumes. Dry matter recovery was 2.8 percentage units higher in grass 

silages than untreated, unaffected corn and sorghum silages and reduced by 2.4 percentage units 

in sugarcane silage. In contrast, the reduction in butyric acid and ammonia-N and the increase in 

lactic acid from inoculation were unaffected by forage type. 

2.4.1.2 Effects on Aerobic Stability 

One potential issue with homofermentative or facultative heterofermentative LAB 

inoculants is reducing bunk life or aerobic stability in some cases. Muck and Kung (1997) 

reported that homofermentative inoculants reduced aerobic stability in about a third of their 

summarized studies. This occurred more in corn silage than in grass or legume silage. In the 

recent meta-analysis, Oliveira et al. (2017) found that aerobic stability was not affected by 

inoculation, nor was there any effect by crop. However, yeast count was higher in inoculated 

silages than in untreated silages. Because yeasts are commonly the initiators of aerobic 

deterioration (Pahlow et al., 2003), higher yeast counts may explain the occasional reduced 
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aerobic stability of silages inoculated with homofermentative LAB. Reduced acetic acid 

concentrations from inoculation with homofermentative LAB may also contribute to faster yeast 

growth rates and reduced aerobic stability. Overall, more research is needed to understand why 

homofermentativeLAB results are not consistent among all studies. 

2.4.2 Obligative heterofermentative LAB 

Heterofermentative (facultative and obligate) LAB belong to the Lactobacillaceae family 

and are from the genera Lactobacillus, Oenococcus, Leuconostoc, and Weissella (Hammes and 

Hertel, 2009). The genus Lactobacillus is divided into four groups known as the Lactobacillus 

buchneri group, the L. plantarum group, the Lactobacillus reuteri group, and the L. casei group 

(Hammes and Hertel, 2009). Both the L. buchneri and L. reuteri groups contain obligate 

heterofermenters, but the former has been the sole source of obligate heterofermentative strains 

studied as potential silage inoculants. The L. buchneri group includes species L. buchneri, L. 

diolivorans, L. farraginis, L. hilgardii, L. kefiri, L. kisonensis, L. otakiensis, L. parabuchneri, L. 

parafarraginis, L. parakefiri, L. rapi, L. sunkii (Hammes and Hertel, 2009; Sun et al., 2014), L. 

ferintoschensis (Hammes and Hertel, 2009), L. seniors (Feichtinger et al., 2016), L. kunkeei, L. 

homohiochii, L. fructivorans, L. sanfranciscensis, L. lindneri, L. spicheri, L. namurensis, L. 

zymae, L. acidifarinae, L. hammesii, and L. brevis (Pot and Tsakalidou, 2009). However, only a 

few species from the L. buchneri group has been evaluated for their effects on silage fermentation, 

including primarily L. buchneri and much less commonly L. brevis, L. diolivorans, L. hilgardii, L. 

kefiri, and, recently, L. parafarraginis. 

2.4.2.1 Lactobacillus buchneri is a Silage Additive 

In the mid-1990s, Muck (1996) suggested that the addition of L. buchneri to silages might 

prove valuable in improving aerobic stability because it resulted in moderate increases in acetic 

acid that could inhibit yeasts responsible for initiating aerobic spoilage. This suggestion and the 

research that followed raised much debate because its classification as a heterolactic acid 

bacterium went against the dogma of solely using homolactic acid bacteria as silage inoculants. 

Oude Elferink et al. (2001) showed that the increase in acetic acid was not via the classical 

phosphoketolase pathway but the anaerobic conversion of moderate amounts of lactic to acetic 

acid 1,2-propanediol via the proposed pathway in Figure 1. Lactobacillus buchneri was initially 
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thought to be unable to metabolize 1,2-propanediol to propanol and propionic acid further. 

Several organisms, including L. diolivorans (Krooneman et al., 2002) and L. reuteri (Sriramulu et 

al., 2008), have this capability; however, recently, Zielinska  

 

 

 

Figure 2. 3 Proposed pathway for anaerobic degradation of lactic acid by Lactobacillus buchneri into 

equimolar amounts of 1,2-propanediol and acetic acid and trace amounts of ethanol (Oude Elferink et al., 

2001; Appl. Environ. Microbiol., 67:125–132. https://doi.org/10.1128/AEM.67.1.125-132.2001; 

reproduced with permission from the American Society for Microbiology). 

 

The novel strain L. buchneri A KKP 2047p was also able to metabolize 1,2-propanediol to 

propionic acid, and that this was facilitated in the presence of glucose and cobalamin. Cobalamin 

is a cofactor of diol dehydratase, needed for glycerol's metabolism to 1,3-propanediol and 1,2-

propanediol to propionic acid (Lee and Abeles, 1963). It is unknown if naturally occurring strains 
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of L. buchneri in silage can make this conversion. Since its introduction as a microbial inoculant 

for silages, numerous laboratory (e.g., Weinberg et al., 1999; Driehuis et al., 1999; Ranjit and 

Kung, 2000) and field studies (e.g., Mari et al., 2009; Kristensen et al., 2010; Tabacco et al., 

2011) have shown that L. buchneri successfully improves the aerobic stability of a variety of 

silages; however, the effects are strain-specific (Muck, 2004; Kleinschmit et al., 2005) and dose-

dependent (Ranjit and Kung, 2000; Taylor and Kung, 2002; Filyaet et al., 2006). The meta-

analysis by Kleinschmit and Kung (2006a) reports that the aerobic stability of untreated corn 

silage was 25 h, whereas it was 35 h for corn silage treated with ≤100,000 cfu of L. buchneri/g of 

fresh forage, but 503 h for corn silage treated with >100,000 cfu of L. buchneri/g of fresh forage. 

Under current commercial settings, formulations with L. buchneri can be found with a wide range 

of final application rates, ranging from about 100,000 to 400,000 cfu/g of fresh forage and up to 

600,000 cfu/g for high-moisture corn. Concerns relative to large losses of DM from a heterolactic 

acid fermentation and negative effects on DMI due to high acetic acid levels have generally been 

proven to be unwarranted. Although the meta-analysis grouping of studies where L. buchneri was 

added at more than 100,000 cfu/g of forage showed a decreased DM recovery in corn silages by 

about 1 percentage unit (Kleinschmit and Kung, 2006a). Several studies in that grouping applied 

more than the highest recommended commercial dose (400,000 cfu/g of fresh forage). Small 

increases in fermentative DM losses can be readily accepted if offset by substantial improvements 

in aerobic stability of silage during feed out. In 12 studies, DMI did not differ when dairy cattle 

or sheep were fed silages untreated or ensiled with L. buchneri (Table 1). In a field summary 

involving 39 farms in Denmark, Kristensen et al. (2010) reported no detrimental effect of silage 

inoculated with L. buchneri 40788 on the intake, milk production, health, or reproduction of dairy 

cows. Rabelo et al. (2016) summarized the effect of 107 treatment means from 29 studies that 

assessed sugarcane silage treated with L. buchneri, L. brevis, L. kefiri, and L. hilgardii. That 

summary showed that treating sugarcane silage with obligate heterolactic acid bacteria resulted in 

higher concentrations of acetic acid, decreased numbers of yeasts, and improved aerobic stability 

compared with untreated silage. In addition to improved aerobic stability, some strains of L. 

buchneri are capable of producing ferulic acid esterase in silage with the potential to enhance 

fiber digestibility (Nsereko et al., 2008). However, the effects have been inconsistent (Hofherr et 

al., 2008; Kang et al., 2009; Jin et al., 2015, 2017), and factors that might contribute to the ability 
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of these organisms to express significant amounts of this enzyme to produce the desired effect in 

silage are not understood. 

 

Table 2. 8  Dry matter intake (kg/d) from studies feeding silages treated with lactobacillus buchneri 

(MUCK ET AL.) 

 

2.4.3 Other Obligate Heterofermentative LAB as Silage Additives 

An area for improvement with inoculants based on L. buchneri is the rapidity of its effects 

on aerobic stability because producers often must feed forages within weeks or even days of 

ensiling. Data suggest that anaerobic conversion of lactic acid to acetic acid by L. buchneri does 

not occur immediately and needs about 30 to 60 d to become apparent. Driehuis et al. (1999) 

applied L. buchneri at five × 10
5
 cfu/g to corn silage. At 14 d, no differences were present in 

concentrations of lactic and acetic acids between treated and untreated control. Still, at 28 d, 

acetic acid was increasing, and lactic acid was beginning to decrease in the L. buchneri treatment. 

Schmidt et al. (2009) reported that when L. buchneri 40788 was added to alfalfa, 1,2-propanediol 

(as an indicator of lactic acid to acetic conversion) was not detectable after 5 d of fermentation 

but was present at 45 d. Kleinschmit and Kung (2006b) did not detect 1,2-propanediol in corn 

silage treated with L. buchneri after 28 d of fermentation, but it was present at 42 d. Similarly, 

Johanningsmeier and McFeeters (2013) reported that the conversion of lactate to 1,2-propanediol 

did not generally occur until ≥21 d of fermentation in pickles. The reasons for the delayed 
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conversion of lactate to 1,2-propanediol by L. buchneri are unknown. Still, Oude Elferink et al. 

(2001) reported that this did not occur until glucose was depleted from the growing medium. 

Daughtry (2015) isolated a wide range of strains of L. buchneri isolated from pickled cucumbers 

that varied in lactate utilization and growth rates, but we are not aware of similar studies 

conducted with L. buchneri 's naturally occurring strains. L. buchneri in silages. To date, several 

studies have attempted to identify other obligate heterolactic acid bacteria that improve the 

aerobic stability of silage more rapidly than L. buchneri. For example, Danner et al. (2003) 

reported that the addition of L. brevis slightly improved aerobic stability (72 h until heating) than 

untreated silage (40 h). Still, they added a very high dose (7 × 108 cfu/g of fresh forage), and 

stability improvements were markedly better with L. buchneri (274 h). Addition of L. brevis 

(strain DSM23231) alone or in combination with L. kefiri (strain DSM19455; application rates of 

2 × 10
5
 cfu/g) did not affect the concentration of acetic acid, surprisingly increased the numbers 

of yeasts, and had no effect on aerobic stability compared with untreated sugarcane silage (Daniel 

et al., 2015). The addition of L. hilgardii has shown some promise to alter the fermentation and 

improve the aerobic stability of silages. In sugarcane silage, Avila et al. (2014) reported that two 

strains of L. hilgardii (UFLA 51 and 52; now CNCM I-4784 and CNCM I-4785, respectively) 

resulted in higher acetic acid and 1,2-propanediol than in untreated or sugarcane silage treated 

with strains of L. brevis. Silages treated with the L. hilgardii strains also had lower DM losses 

and lower concentrations of ethanol and butyric acid than other treatments. However, aerobic 

stability was not improved in that study, perhaps because of the silage's high residual sugar 

content. Assis et al. (2014) added one × 10
6
 cfu of L. hilgardii per gram of corn forage, which 

improved aerobic stability compared with untreated silage after 90 but not 30 d of ensiling. 

Polukis et al. (2016) added L. hilgardii CNCM I-4785 or Lb. buchneri 40788 to high-moisture 

corn at a final application rate of 6 × 10
5
 cfu/g of fresh high-moisture corn. They reported that 

both organisms resulted in similar increases in acetic acid production and 1,2-propanediol and 

lower numbers of yeasts than untreated corn silage. After 10 d of fermentation, the aerobic 

stability was 22 h for untreated silage, whereas it increased to 42 h with L. buchneri and to 56 h 

with L. hilgardii. Both organisms resulted in stable silages for more than 250 h after 30 and 90 d 

of fermentation compared with 31 to 49 h of stability for untreated silage. Liu et al. (2014) 

reported that L. parafarraginis ZH1 and a commercial silage inoculant containing L. buchneri 

improved aerobic stability equally in oat silage stored at 30°C, but L. parafarraginis ZH1 
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provided better stability than L. buchneri in silage stored at 15°C. Recently, Costa et al. (2017) 

isolated L. parafarraginis from corn silage in Brazil and showed it possessed some antibacterial 

and antifungal properties. 

2.4.3.1 Modes of Action of Obligate Heterofermentative Bacteria in Improving Aerobic 

Stability 

To date, acetic acid production has been the most accepted explanation of how organisms 

from the L. buchneri group of bacteria increase the aerobic stability of silages; however, other 

modes of action may exist. For example, Strom et al. (2002) reported on antifungal compounds 

[3-phenyllactic acid, two dipeptides cyclo (l-Phe-l-Pro) and cyclo (l-Phe-trans-4-OH-l- Pro)] 

produced by LAB in silage. Later, Broberg et al. (2007) reported elevated concentrations of 

antifungal compounds in grass silage treated with LAB inoculants, including benzoic acid, 

catechol, hydrocinnamic acid, salicylic acid, 3-phenyl lactic acid, 3-hydroxydecanoic acid, and 4-

hydroxybenzoic acid. Ganzorig et al. (2016) isolated L. hilgardii and L. diolivorans strains that 

had an antifungal activity that was deactivated after protease treatment, suggesting that the 

activity was associated with peptides. L. hilgardii has also been shown to produce phenylacetic 

and 4-hydroxyphenyllactic acids with antifungal activity (Valerio et al., 2004). Thus, multiple or 

synergistic effects may account for improvements in aerobic stability beyond acetic acid alone. 

Understanding how and why L. buchneri becomes the dominant LAB in prolonged fermentation 

in silages (Schmidt et al., 2009) and other fermented foods (although it is undesirable in these 

cases; Johanningsmeier and McFeeters, 2013) may also help us better understand what 

characteristics to look for in future microbial inoculants designed to improve the aerobic stability 

of silages. 

2.4.4 Combination Inoculants  

2.4.4.1 Effects on Silage Fermentation 

The development of inoculants that combine facultative and obligate heterofermentative 

LAB has the goal of achieving the benefits of both types of inoculants in one product. The 

facultative heterofermentative LAB would control the early active fermentation period, 

suppressing enterobacteria, clostridia, and other microorganisms, thus reducing proteolysis and 

fermentation DM losses. In this active fermentation period, pH would be expected to drop more 
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rapidly and to a lower value than in untreated silage. The obligate heterofermentative LAB, in 

most cases L. buchneri would slowly convert lactic acid to acetic acid after the active silage 

fermentation period, raise pH, and improve the silage's aerobic stability. Ideally, animal 

production, whether daily gain or milk production, would be improved by the effect of facultative 

heterofermentative LAB on production or in keeping the silage cool in the feed bunk. The 21st 

century has seen the rise of these inoculants in the laboratory and the marketplace. One of the 

earliest sets of experiments that combined traditional plus L. buchneri inoculants were conducted 

by Driehuis et al. (2001). Using laboratory silos (both jars and bags), they inoculated perennial 

ryegrass with L. buchneri alone or in a mixture with P. pentosaceus and L. plantarum, comparing 

the results to grass that was untreated and treated with P. pentosaceus and L. plantarum, negative 

and positive controls. All strains were commercial strains with proven efficacy in silage. In their 

initial experiment, silos (jars) were opened four times over the first 14 d, providing a picture of 

the early stages of silage fermentation. All treatments with P. pentosaceus and L. plantarum, 

including the mixtures with L. buchneri had the most rapid drop in pH and the lowest DM losses. 

Treatments with L. buchneri alone had a pH decline similar to the untreated control and DM 

losses similar to or greater than the untreated control. After 21 d of fermentation, DM losses in 

the L. buchneri alone treatments were always greater than those in the untreated control. In 

contrast, DM losses in the mixed inoculant treatments were intermediate between those of the 

untreated control and the positive control, P. pentosaceus and L. plantarum. In the 90-d bag silos 

used for aerobic stability measurements, elevated acetic acid concentrations occurred only in the 

L. buchneri-alone treatments, whereas the mixtures had levels similar to the control; 

concentrations in the P. pentosaceus and L. plantarum treatment was lower than in control. 

Relative to the control, all treatments are containing P. pentosaceus and L. plantarum had higher 

lactic acid contents, whereas L. buchneri alone had lower lactic acid concentrations. All inoculant 

treatments reduced ammonia content. Yeast counts were decreased, and aerobic stability was 

increased in all treatments containing L. buchneri, whereas P. pentosaceus and L. plantarum 

alone decreased aerobic stability. In 2 subsequent experiments, results similar to the first 

experiment were observed for the combination inoculant mixtures: more rapid pH declines and 

increased aerobic stability relative to the control. With longer storage (120 d), a greater 

conversion of lactic acid to acetic acid occurred compared with the first experiment. The 

fermentation profiles with the combination inoculants were more similar to L. buchneri alone. 
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Overall, by using commercial strains in combination, improvements were observed in early 

fermentation from the P. pentosaceus and L. plantarum strains and improvements in aerobic 

stability with extended storage time from L. buchneri. Since Driehuis et al. (2001), more than two 

dozen peer-reviewed reports have been published using combination inoculants in various crops. 

The sources of combination inoculants have varied, including laboratory strains, commercial 

strains, or commercial products. Most studies have been in laboratory silos of different types. The 

length of ensiling has been typically between 90 and 120 d. Most often, no measurements have 

been collected in early fermentation to document the facultative heterofermentative or 

homofermentative LAB effects. Some trials have only compared the combination inoculant 

against an untreated control so that one cannot be certain how well the product affected aerobic 

stability than treatment with L. buchneri alone. All the published studies have investigated 

combinations with L. buchneri even though there are combination products where L. brevis is the 

obligate heterofermenter in the marketplace. Typically, one or more facultative heterofermenter 

or homofermenter have been paired with L. buchneri, with selected species varying considerably 

among studies. The most common pairing in the literature has been with P. pentosaceus (e.g., 

Sousa et al., 2008; Schmidt and Kung, 2010; Arriola et al., 2011), which was commercialized. 

Other species used include L. plantarum (Filya, 2003), P. pentosaceus and L. plantarum 

(Adesogan and Salawu, 2004), L. plantarum and E. faecium (Huisden et al., 2009; Jatkauskas and 

Vrotniakiene, 2011), L. casei (Kang et al., 2009), P. acidilactici (Reich and Kung, 2010), L. 

plantarum and L. casei (Addah et al., 2012), P. acidilactici, P. pentosaceus, L. plantarum, and E. 

faecium (Thomas et al., 2013), L. lactis (Ellis et al., 2016a), and L. lactis and L. plantarum (Ellis 

et al., 2016a). With such a broad spectrum of different species, with variations in relative rates of 

inclusion of species within inoculants, and considering differences among strains of a given 

species, it should not be surprising that there are variations in results with combination inoculants. 

Only one published study has attempted to compare potential partners for a given L. buchneri 

strain in a combination inoculant. Reich and Kung (2010) individually compared three facultative 

heterofermentative LAB strains (P. acidilactici, P. pentosaceus, and L. plantarum) paired with L. 

buchneri strain on whole plant corn. All three pairs resulted in silages with low or below 

detectable yeasts' levels and aerobic stabilities greater than 500 h compared with 180 h in the 

untreated control. The inoculants with the Pediococcus strains produced the highest levels of 

acetic acid and lowest ethanol concentrations. The inoculants with P. acidilactici and L. 
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plantarum produced the highest DM recoveries and NDF digestibilities that were higher than that 

of the untreated silage. Although it is unclear why these LAB strains improved NDF digestibility, 

these results indicate the importance of the strains selected for use in the formulation of a 

combination inoculant. Relatively few studies since Driehuis et al. (2001) have focused on the 

combination inoculant success during the first 1 to 2 wk of fermentation. Schmidt et al. (2009) 

followed fermentation in alfalfa silage untreated or treated with L. buchneri or L. buchneri plus P. 

pentosaceus. The pH over the first 5 d was higher with L. buchneri inoculation compared with the 

untreated silage, whereas the combination inoculant produced a faster pH decline than untreated 

silage. Addah et al. (2012) compared a combination inoculant containing L. buchneri, L. 

plantarum, and L. casei with an untreated control in whole-crop barley silage; in laboratory silos, 

the combination inoculant had a more rapid pH decline in the first week of ensiling. Arriola et al. 

(2015) compared four commercial inoculants versus untreated for making bermudagrass silage in 

wrapped round bales at approximately 50% DM. One of the inoculants was a combination 

inoculant containing L. buchneri and P. pentosaceus. It had the fastest pH decline rate over 7 and 

30 d; however, an inoculant from the same company containing P. pentosaceus and 

Propionibacterium freudenreichii performed similarly. These results indicate that a combination 

inoculant can dominate the early stages of fermentation, causing a more rapid pH reduction 

compared with untreated silage. 

2.4.4.2 Effects on Aerobic Stability 

At some point during storage, L. buchneri populations begin to rise and cause changes in 

pH and silage fermentation characteristics. Schmidt et al. (2009) were the first to use real-time 

quantitative PCR to follow the L. buchneri population in alfalfa silage untreated or treated with L. 

buchneri alone or in a combination inoculant that included P. pentosaceus. The L. buchneri 

populations were similar at ensiling across all three treatments. The L. buchneri population rose 

similarly in both inoculated treatments, achieving >10
8
 cfu/g of alfalfa by d 5, whereas it 

remained low in the untreated silage. By the next sampling time at 45 d, both inoculated 

treatments showed similar production of 1,2-propanediol, indicating the ability of L. buchneri’s in 

fermenting lactic acid. The eventual domination of the fermentation by L. buchneri with the loss 

of lactic acid and increase in acetic acid and aerobic stability has been commonly observed in 

most studies. Thus, it is probably more instructive to look at the few cases where combination 
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inoculants have failed to improve aerobic stability. Adesogan and Salawu (2004) were the first to 

report the effects of a commercially available combination inoculant containing L. buchneri, P. 

pentosaceus and L. plantarum. This inoculant was compared with three other treatments 

(untreated, L. buchneri, and formic acid) on two pea/ wheat mixtures. Neither inoculant improved 

aerobic stability relative to those of the untreated silages. In both untreated silages, acetic acid 

was high (42 and 26 g/kg of DM), and the combination inoculant failed to increase acetic acid 

relative to untreated silage. Kang et al. (2009) reported on the effectiveness of a combination 

inoculant containing L. casei and L. buchneri in corn silage. With one corn cultivar, the inoculant 

successfully improved aerobic stability, but in the other cultivar, the inoculant reduced aerobic 

stability compared with untreated silage. In the latter case, fermentation characteristics between 

inoculated and untreated were similar, suggesting the inoculant may have been overwhelmed by 

the natural LAB population associated with the corn forage. Arriola et al. (2011) compared L. 

buchneri with or without P. pentosaceus in corn silage ensiled for 575 d. The untreated control 

was aerobically stable (390 h); L. buchneri alone did not improve aerobic stability but had the 

highest DM recovery of all treatments. The combination inoculant reduced aerobic stability (276 

h) and had an intermediate DM recovery; it was the only treatment with a lactic-to-acetic acid 

ratio greater than 1.0. It appeared that the untreated silages underwent an L. buchneri-like 

fermentation, with acetic acid concentration three times greater than lactic acid. Thomas et al. 

(2013) studied the effects of a combination inoculant (L. buchneri, P. acidilactici, P. pentosaceus, 

L. plantarum, E. faecium) on four sorghum cultivars. The inoculant did not produce silage that 

was more heterofermentative than the corresponding untreated silage. In fact, in 2 of the four 

cultivars, the inoculated silage had a more homofermentative fermentation profile than the 

control; not surprisingly, this inoculant did not improve aerobic stability the cultivars. The 

combination of the fermentation and aerobic stability results suggested that the L. buchneri 

portion of this inoculant did not contribute to the fermentation for whatever reason, even though 

the silages were ensiled for 120 d, a duration sufficient for L. buchneri to exhibit activity. Overall, 

failures of combination inoculants may arise from either the natural population exhibiting 

significant L. buchneri-like activity or the Lb. buchneri strain in the inoculant failing for some 

reason to dominate the latter stages of fermentation. 

2.4.5 Other Inoculants  
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Several novel inoculant approaches have been investigated in recent years; these include 

Streptococcus bovis, Propionibacterium acidipropionici, Bacillus species, and yeast. The 

bacterial species have been studied before 2000, and commercial inoculants exist containing 

Propionibacterium or Bacillus species. 

2.4.5.1 Bacillus Species 

Bacillus subtilis may be a promising species to improve aerobic stability by producing a 

bacteriocin that inhibits yeasts and molds (Pahlow et al., 2003). Recently, Lara et al. (2016) 

compared three treatments on corn silage (untreated, B. subtilis, and B. subtilis plus L. plantarum). 

After 96 d of ensiling, yeast counts were lowest in the B. subtilis treatment, whereas counts were 

similar in the other two treatments. Aerobic stabilities in the B. subtilis and combination 

treatments were more than 3-fold longer and twice as long, respectively than in the untreated 

silage. Additionally, both inoculant treatments improved in vitro apparent OM digestibility by 50 

g/kg. Two other studies have included treatments containing B. subtilis, but their experimental 

designs make it more difficult to determine the effects of B. subtilis. Gandra et al. (2016) 

compared four treatments (untreated, L. buchneri, L. buchneri plus B. subtilis, and chitosan) in 

making sugarcane silage. The addition of B. subtilis produced few differences from the L. 

buchneri treatment. Gaseous and effluent losses during ensiling were similar between the two 

inoculants but lower than those of the untreated control. In vitro, DM and NDF digestibilities 

were similar between inoculants and control. Acetic acid content was higher, and butyric acid 

was lower in the L. buchneri plus B. subtilis treatment compared with L. buchneri alone. Both 

inoculants had similar aerobic stabilities greater than the control, but the combination produced 

lower DM losses over a 7-d aeration period than L. buchneri alone. Keles et al. (2010) 

investigated various silage additives' effects in making grass silage in wrapped round bales. One 

of the treatments was a commercial inoculant containing L. plantarum, Serratia rubidaea, and B. 

subtilis. This product did not improve aerobic stability relative to the untreated control. 

2.4.6 Future Opportunities  

Silage additives have been used to address a wide variety of silage management issues. 

These issues include ensuring a rapid production of lactic acid and lowering pH, avoiding 

clostridial fermentation, reducing yeast populations to make silages more aerobically stable, and 
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improving animal performance. Beyond enhancing these roles, we think the following 

possibilities hold promise for the future. 

2.4.6.1 Improving Silage Fermentation 

On occasion, producers will be forced by weather conditions to ensile crops too wet, 

creating a situation where clostridial fermentation is more likely a problem, which can be 

addressed with nitrites, formic acid and its salts, and sorbic acid, as is typical in northern Europe 

where this issue is more common. Homofermentative LAB inoculants, by lowering pH, may help 

in some, but not all, situations; however, this approach is an indirect one. Direct inhibition of 

clostridia by inoculant LAB is certainly an interesting goal. Different groups have made 

considerable efforts to find bacteriocin production in LAB strains that would inhibit clostridia and 

other detrimental bacteria (e.g., Flythe and Russell, 2004; Marcinakova and Laukova, 2004; De 

Vuyst and Leroy, 2007). Challenges exist in terms of inhibiting other LAB (Settanni et al., 2005) 

while at the same time inhibiting a large percentage of clostridial strains or other detrimental 

species. Even so, this approach needs further research to identify promising strains. Good silage 

management can minimize or prevent mycotoxin production in the silo. The potential for 

production in the silo can be further reduced through the chemical and microbial additives 

discussed. Unfortunately, in some years, corn and other whole-crop grain crops may contain high 

levels of mycotoxins at harvest. In such cases, it would be desirable to reduce mycotoxin 

concentrations in the silo rather than using feed additives in the ration. Several possible avenues 

for silage additives to decrease mycotoxins include microbial strains that convert mycotoxins to 

safe compounds, binding agents applied at ensiling instead of at feeding, and other enzymes or 

chemicals detoxify the mycotoxins. 

2.4.6. 2 Enhancing Aerobic Stability 

Improvement of aerobic stability has been an area of considerable research activity, as 

noted, through obligate heterofermentative LAB, combination inoculants, other inoculants, and 

chemical additives. Given the importance of preventing aerobic microbial activity, we expect that 

there will continue to be considerable research to find better and more promising approaches to 

improving aerobic stability. Target goals will depend on the type of additive. The current obligate 

heterofermentative LAB on the market takes approximately 45 to 60 d before substantially 

improving aerobic stability. Identifying strains that would improve aerobic stability earlier in the 
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ensiling process would be helpful. Chemical additives should provide a more consistent return on 

investment than inoculants because chemical additives are less dependent on biological processes 

during ensiling. However, the higher initial cost compared with inoculants may be a barrier to 

producers' adoption. Thus, finding new compounds or mixtures of the current ones that lower 

product cost while maintaining good antifungal activity is of the greatest importance. 
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CHAPTER 3 

BACTERIAL AND FUNGAL MICROBIOTA ASSOCIATED WITH THE 

ENSILING OF WET SOYBEAN CURD RESIDUE UNDER PROMPT AND 

DELAYED SEALING CONDITIONS 

 

3.1 INTRODUCTION   

A large variety of wet by-products are produced by the food and beverage industries, with 

annual global amounts as high as one billion tons. Animal husbandry successfully uses these by-

products as ingredients in animal feed (Orosz et al., 2015). The by-products are often stored 

under anaerobic fermentation in silos. Thus, ensiling is regarded as the most efficient way to 

preserve wet by-products. Furthermore, ensiled non-food biomass is also regarded as a renewable 

energy source used to produce biofuels. 

A significant amount of soybean curd residue (SCR) is generated as a by-product from the 

manufacturing of tofu, traditional Asian food prepared by coagulating soy milk. The sum of SCR 

in China, Korea, and Japan is approximately 3.9 million tons per year, equivalent to the annual 

amount of tomato pomace generated globally (Knoblich et al., 2005; Kamble et al., 2019). 

Although the low dry matter (DM) content (about 200 g/kg) of wet SCR poses a challenge to its 

handling and transportation, its high crude protein content (about 250 g/kg DM) makes it an 

attractive ingredient for use in animal feed. Besides, the storability of SCR can vary greatly 

between factories and seasons because of large differences in the handling procedures executed 

by vendors. 

During tofu manufacturing, soybeans are milled and mashed. As a result, SCR is more 

easily compacted than other forage crops. A density of >900 kg/m
3
 is difficult to obtain in forage 

ensiling, even with fine chopping and intensive compaction. However, this can be easily achieved 

when using SCR without the help of special devices (Amaha et al., 2020). Moreover, the physical 

properties of SCR may accelerate the establishment of an anaerobic environment, allowing for 

lactic acid fermentation without the need for additives. As a result of the heating step, during 

which the soy milk and SCR are separated, the resulting SCR can reach temperatures as high as 
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80°C, which may restrict the general bacterial population at the 10
3-5

 CFU/g level and can change 

its bacterial composition under non-farm environmental conditions (Amaha et al., 1999). 

Meanwhile, the major components of soybean sugars are removed from soymilk during 

processing; hence, soluble sugars would help increase lactic acid fermentation of SCR silage. 

Because the moisture content of raw SCR is relatively high, the addition of dried by-products, 

such as wheat bran and beet pulp (BP), would also help improve SCR silage's storability. 

The industrial-scale of tofu manufacturing varies widely across factories. Besides, their 

locations are scattered and are separate from the livestock sector. Daily on-site ensiling is difficult 

to perform; thus, sealing is often delayed in practice. This lowers the opportunity for the stable 

production of a high-quality feed and increases the risk of spoilage due to rancidity, especially in 

hot summers. 

In this study, wet SCR was obtained from 2 tofu factories (F1 and F2) and ensiled with and 

without BP on the day of tofu production (prompt sealing [PS]) and two days after being piled 

and unprocessed (delayed sealing [DS]). Ensiling was performed for six months since the effects 

of DS could lead to changes in the microbiota under conditions of long-term storage. The 

objective was to characterize the microbiota associated with SCR silage stored under PS and DS 

conditions. Both bacterial and fungal microbiota were assessed using high-throughput amplicon 

sequencing. 

3.2. MATERIALS AND METHODS  

3.2.1 Ensiling 

Two sets of SCRs were obtained from F1 and F2, and each was further divided into two 

subsets. The first and second subsets of SCR were subjected to PS and DS ensiling, respectively. 

Briefly, 300 g of wet SCR was sealed in a plastic bag (Hiryu BN-12; Asahi Kasei Pax, Tokyo, 

Japan) in triplicate, with or without dried BP (60 g). Air was removed using a vacuum sealer (SQ-

303; Asahi Kasei Pax, Tokyo, Japan), and the bags were stored at room temperature. The silos 

containing the samples were opened after two weeks and 3 and 6 months to examine the 

fermentation products and evaluate the bacterial and fungal microbiota. 

3.2.2. Chemical composition analyses and epiphytic microbiota counts 
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The DM content was determined after oven drying at 60°C for 48 h. The pH values and 

fermentation products were determined using water extracts. The lactic acid, acetic acid, and 

ethanol contents were measured by ion-exclusion polymeric high-performance liquid 

chromatography with refractive index detection (Tran et al., 2014). For the determination of soluble 

sugars, freeze-dried samples were extracted using an ethanol/water (80:20, v/v) solution. The 

fructose, glucose, sucrose, maltose, raffinose, and stachyose contents were determined by 

hydrophilic interaction chromatography with refractive index detection (Nishino et al., 2003). 

 The levels of lactic acid bacteria and yeast and molds were determined using de Man, 

Rogosa, Sharpe agar, and Yeast Malt agar. The serially diluted plates were incubated at 30°C for 

two days. 

3.2.3 Microbiota analyses 

Silage samples were added to a 20 × volume of sterilized phosphate-buffered saline (pH 

7.4). DNA extraction was performed as described by (Yu et al., 2014). DNA purification was 

performed using a commercial kit (DNeasy Blood & Tissue Kit; Qiagen, Germantown, MD, USA) 

according to the manufacturer’s instructions. 

The resulting DNA was subjected to a 2-step polymerase chain reaction (PCR) to generate 

amplicon libraries. For bacterial MiSeq analysis, primers targeting the V4 region of 16S rRNA 

genes (forward: 5’-

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCCAGCMGCCGCGGTAA-3’; 

reverse: 5’-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT-3’) 

were used in the first round PCR [8]. The PCR protocol was as follows: initiation at 94°C for 2 min, 

followed by 25 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s, and final elongation at 

72°C for 5 min. For fungal MiSeq analysis, primers targeting the internal transcribed spacers (ITS2) 

separated by 5.8S (forward: 5’- 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGARTCATCGARTCTTTG-3’; reverse: 

5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCCTCCGCTTATTGATATGC-3’) 

were employed in the first round PCR [9]. The PCR protocol was as follows: initiation at 95°C for 

5 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and final 

elongation at 72°C for 10 min. The products were purified using the Fast Gene Gel/PCR Extraction 
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Kit (NIPPON Genetics Co., Ltd., Tokyo, Japan) and used in the second round PCR with the 

adapter-attached primers. The second PCR protocol was as follows: initiation at 94°C for 2 min 

followed by 10 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C for 30 s, and final elongation at 

72°C for 5 min. The PCR products were purified as described above. 

.  

Table 3. 1 Chemical composition and culturable microbiota count of soybean curd residue (SCR) used for 

the ensiling study with prompt and delayed sealing. 

Item Factory 1 SCR Factory 2 SCR 

 Prompt sealing Delayed sealing Prompt sealing Delayed sealing 

Dry matter (g/kg) 182 194 239 232 

Fructose (g/kg DM) 2.43 3.85 0.89 1.48 

Glucose (g/kg DM) 2.62 0.97 0.39 1.89 

Sucrose (g/kg DM) 5.70 3.11 14.3 1.92 

Maltose (g/kg DM) nd 1.28 nd 0.88 

Raffinose (g/kg DM) 1.40 1.85 1.25 0.95 

Stachyose (g/kg DM) 4.53 0.00 5.32 0.00 

pH 7.21 6.50 7.33 7.00 

Lactic acid (g/kg DM) 5.07 15.7 0.28 1.93 

Acetic acid (g/kg DM)  nd 2.12 nd 1.22 

NH3-N (g/kg DM) nd 1.37 nd 0.64 

Lactic acid bacteria (log cfu/g) 7.21 8.92 5.81 7.63 

Yeast and mold (log cfu/g) <2.0 8.41 5.06 7.89 

nd; not detected. 

3.2.4 Illumina MiSeq sequencing 

The purified amplicons were pair-end sequenced (2 × 250 bp) on an Illumina MiSeq 

platform at FASMAC Co., Ltd. (Kanagawa, Japan). The raw sequence data were analyzed using 

Quantitative Insights into Microbial Ecology (version 1.9.0). The 250-bp reads were truncated at 

any site, with an average quality score under 20. The truncated reads that were shorter than 225 bp 

were discarded. For primer matching, sequences with overlaps longer than 200 bp were assembled. 

The last reads obtained after pair-end joining were grouped into operational taxonomic units using a 

97% similarity threshold. The sequence data were analyzed and categorized from the phylum to the 

family level using the Ribosomal Database Project classifier's default settings. The sequence 



64 
 

analysis results are available in the DDBJ Sequence Read Archive under project identification 

number PRJDB10470. 

3.2. 5. Data analyses 

The fermentation product data were subjected to two-way analysis of variance (ANOVA), 

with sealing time and BP addition as the main factors. The microbiota data were subjected to 

principal coordinate analysis (PCoA) to define the assignment and clustering accounting for the 

microbiota variations. Discriminant vectors with a Pearson correlation >0.7 were considered 

significant. Two-way ANOVA was performed using JMP software (version 11; SAS Institute, 

Tokyo, Japan), and PCoA was carried out using Primer (version 7) with the Permanova+ add-on 

(Primer-E; Plymouth Marine Laboratory, Plymouth, UK). 

3.3 RESULTS  

3.3.1. Chemical composition and fermentation products 

The DM contents of raw SCR were 182 and 239 g/kg for the F1 and F2 products, 

respectively, indicating that the contents did not change much during piling and un-processing for 

two days (Table 3.1). A small amount of lactic acid was observed in raw SCR, while acetic acid 

and NH3-N were found in DS pre-ensiled SCR. 

Table 3. 2 Composition of fermentation products of factory 1 soybean curd residue silage prepared with 

prompt and delayed sealing (S) and with and without beet pulp (BP) addition. 

Item  Prompt sealing Delayed sealing  Two-way ANOVA 

  Control +BP Control +BP MSE S BP S X 

BP 

pH 2W 4.39 4.18 4.28 4.32 0.08 NS NS NS 

 3M 4.16 4.20 4.24 4.09 0.02 NS * ** 

 6M 4.12 4.08 4.22 4.08 0.02 NS ** NS 

Lactic acid (g/kg DM) 

2W 37.5 33.9 55.5 41.2 

 

1.02 

 

** 

 

** 

 

** 

 3M 48.2 39.6 79.8 53.8 1.79 ** ** ** 

 6M 54.5 39.1 75.6 50.7 2.12 ** ** NS 

Acetic acid (g/kg DM) 

2W 2.65 3.98 7.04 6.94 

 

0.37 

 

** 

 

NS 

 

NS 

 3M 4.45 8.16 14.9 13.1 0.80 ** NS ** 

 6M 7.69 10.7 12.6 10.1 0.70 * NS ** 

Propionic + Butyric 

2W 0.00 0.00 0.00 0.00 

 

0.00 

 

NS 

 

NS 

 

NS 
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acids (g/kg DM) 3M 0.00 0.00 0.00 0.00 0.00 NS NS NS 

 6M 0.00 0.00 2.08 0.00 0.42 * * * 

Ethanol (g/kg DM) 
2W 2.33 3.24 4.04 3.67 

 

0.25 

 

** 

 

NS 

 

* 

 3M 1.32 3.19 2.61 1.97 0.25 NS * ** 

 6M 0.00 0.00 3.68 2.79 0.17 ** * * 

NH3-N (g/kg DM) 2W 0.06 0.10 1.98 1.35 0.12 ** * * 

 3M 0.13 0.12 1.08 0.48 0.09 ** ** ** 

 6M 0.13 0.07 2.05 0.83 0.17 ** ** * 

2W; 2 weeks, 3M; 3 months, 6M; 6 months. NS; not significant, *; P<0.05, *; P<0.01. 

When F1 SCR was ensiled, lactic acid fermentation was observed regardless of PS and 

DS (Table 3.2). The lactic acid levels were 37.5 and 55.5 g/kg DM at two weeks in PS and DS 

silage, respectively. After storage for six months, the lactic acid content increased by about 40% 

compared to that at two weeks. BP addition suppressed lactic acid production, and this effect was 

manifested in DS silage. The acetic acid content was 6‒20% of the lactic acid content, with levels 

higher than PS silage. The addition of BP increased the acetic acid content in PS silage stored for 

3 and 6 months. The ethanol content was lower than the acetic acid content and greater in DS 

than in PS silage. Although the NH3-N content was as low as 0.13 g/kg DM even in long-stored 

PS silage, the level was substantially high (as much as 2.0 g/kg DM) in DS silage. The addition of 

BP lowered the NH3-N level in DS silage but not in PS silage. When F2 SCR was ensiled, lactic 

acid fermentation was predominant, and DS enhanced the lactic and acetic acid contents (Table 

3.3). Similar to F1 SCR silages, BP addition suppressed the lactic acid content in DS silage and 

increased the acetic acid content in PS silage. Likewise, the NH3-N content attained at 2.0 g/kg 

DM in DS silage, and BP addition only lowered the NH3-N levels in PS silage. Unlike F1 SCR 

ensiling, however, substantial amounts of propionic and butyric acid were produced, and the 

levels of 20 g/kg DM at six months were greater than those of acetic acid in PS silage. 

3.3.2. Bacterial microbiota 

The MiSeq sequencing resulted in non-chimeric sequence reads with an average of 68,820 

and 70,626 for F1 and F2 samples, respectively. Acinetobacter was the most abundant bacteria 

(67.4%) in pre-ensiled F1 SCR (Figure 3.1). In F1 PS silages, the abundance of Acinetobacter 

was 7.6‒26.1% at 3 months, growing to >40% at 6 months. Although Lactobacillus was 

undetectable in pre-ensiled F1 SCR, the abundance increased to 8.99% and >30% at 2 weeks and 
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3 months, respectively, in F1 PS silage. Streptococcus was found at >20% in pre-ensiled F1 SCR. 

The abundance was retained until 3 months before decreasing to <10% at 6 months. After 6 

months of storage, Bacillus (2.7‒4.9%), Enterococcus (1.2‒2.5%), and Clostridium (3.0‒4.4%) in 

F1 PS silage became non-negligible. 

The abundance of Acinetobacter in SCR increased to 88% during piling and un-

processing for 2 days. Although the abundance decreased during prolonged ensiling, levels of 

57.2‒65.2% were observed in F1 DS silage even after 6 months. BP addition did not affect the 

abundance of Acinetobacter. The abundance of Lactobacillus was maintained at <6% throughout 

the 6 months in F1 DS silage, regardless of BP addition. Likewise, Streptococcus were found at 

5.3% after ensiling; however, the abundance was almost unchanged throughout ensiling. 

Meanwhile, the abundance of Bacillus increased to 16.7‒19.7% at 6 months from <1% at the time 

of ensiling in F1 DS silage. 

Table 3. 3 Composition of fermentation products of factory 2 soybean curd residue silage prepared with 

prompt and delayed sealing (S) and with and without beet pulp (BP) addition. 

Item  Prompt sealing Delayed sealing  Two-way ANOVA 

  Control +BP Control +BP MSE S BP S X BP 

pH 2W 4.38 4.26 4.19 4.05 0.02 ** ** NS 

 3M 4.31 4.25 4.14 4.01 0.04 ** * NS 

 6M 4.36 4.15 4.12 3.99 0.03 ** ** NS 

Lactic acid (g/kg DM) 2W 35.5 29.3 78.7 53.3 1.48 ** ** ** 

 3M 50.9 42.0 88.5 61.8 1.95 ** ** ** 

 6M 42.9 34.4 78.9 54.3 2.35 ** ** ** 

Acetic acid (g/kg DM) 2W 2.78 3.74 16.4 7.51 0.38 ** ** ** 

 3M 7.68 6.87 24.7 13.6 0.92 ** ** ** 

 6M 4.91 6.62 18.4 10.5 0.81 ** ** ** 

Propionic + Butyric 2W 0.00 0.00 0.00 0.00 0.00 NS NS NS 

acids (g/kg DM) 3M 2.52 0.87 0.00 0.00 0.12 ** ** ** 

 6M 21.7 17.2 3.38 1.91 0.80 ** ** NS 

Ethanol (g/kg DM) 2W 0.73 2.08 2.20 0.96 0.30 NS NS ** 

 3M 0.00 2.65 0.00 0.00 0.03 ** ** ** 

 6M 0.76 0.45 0.00 0.00 0.23 * NS NS 

NH3-N (g/kg DM) 2W 0.15 0.13 2.05 1.20 0.11 ** ** ** 

 3M 0.20 0.13 1.45 0.73 0.05 ** ** ** 

 6M 0.31 0.11 2.05 1.09 0.10 ** ** ** 

2W; 2 weeks, 3M; 3 months, 6M; 6 months. NS; not significant, *; P<0.05, *; P<0.01. 
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Acinetobacter was the most abundant bacteria (91.9%) in pre-ensiled F2 SCR, followed 

by Enhydrobacter (4.47%). In F2 PS silage, the abundance of Acinetobacter was <10% at 3 

months, and increased to >20% at 6 months, regardless of BP addition. Similar to pre-ensiled F1 

SCR, although Lactobacillus were initially undetectable at ensiling in F2 PS silage, the 

abundance increased to 7.19‒16.6% at 2 weeks and 32.5‒50.7% at 3 months. Streptococcus were 

observed at <0.5% at ensiling, >20% at 2 weeks, and 8.5‒18.0% at 6 months in F2 PS silage. As 

a result of long-term storage, Bacillus  

 

Figure 3. 1 Genus-level bacterial microbiota in soybean curd residue silage prepared with prompt and 

delayed sealing and with and without beet pulp addition. PE, 2W, 3M, and 6M indicate pre-ensiled 

material and silage stored for 2 weeks, 3 months, and 6 months, respectively. P, D, and BP after the 

hyphenation denote prompt sealing, delayed sealing, and beet pulp addition, respectively. 

(1.7‒2.1%) and Enterococcus (4.0‒5.6%) were also observed in F2 PS silage. Unlike the F1 SCR 

silages, Clostridium were found at around <1.0% in F2 PS silage stored for 6 months. 

Keeping SCR piled and unprocessed for 2 days decreased the abundance of Acinetobacter 

(69.2%) in pre-ensiled F2 SCR. Although Acinetobacter remained the most abundant taxon at 2 

weeks, Bacillus became apparent after prolonged ensiling and were the most abundant bacteria 
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(46.8‒65.3%) at 6 months in F2 DS silage. The abundance of Lactobacillus in F2 DS silage 

remained low (<10%), regardless of BP addition. 

The PCoA results demonstrated that the microbiota of SCR silage was clearly separated 

by sealing time (Figure 3.2). Although the difference between F1 and F2 was not observed for PS 

silage, the difference was clear for DS silage. The effect of BP addition on silage microbiota was 

not distinctive in either the PS or DS silages. 

3.3.4. Fungal microbiota 

The number of non-chimeric sequence reads was low for fungal microbiota analysis, with 

an average of 7,649 and 5,854 for F1 and F2 samples, respectively. However, diverse fungal 

species with relative abundances of <10%, except for Rhodotorula (14.8%), were found in pre-

ensiled F1 SCR (Figure 3.3). In F1 PS silage, Aspergillus, Candida, Cladosporium, 

Aureobasidium, Hannaella, Wallemia, and Mucor were detected at >10% at 2 weeks. The major 

fungi detected at 3 months were Aspergillus (3.6‒11.0%), Cladosporium (8.3‒11.1%), and 

Wallemia (11.1‒13.6%) at 3 months, and Candida (14.0‒15.4%), Hannaella (15.6‒21.2%), and 

Wallemia (13.4‒26.3%) at 6 months in F1 PS silage. 

After SCR was piled and unprocessed for 2 days, Candida (21.7%), Cladosporium (23.6%), 

and Wallemia (17.2%) were found to be major fungi, while the abundance of Rhodotorula was 

substantially low (1.1%) in pre-ensiled F1 SCR. Wallemia (17.2‒29.7%) and Aspergillus (13.1‒

20.9%) were found in F1 DS silage at 2 weeks, while Candida became predominant (>95%) at 3 

months. The abundance of Candida (67%) was also high at 6 months in F2 DS silage stored with 

BP. Fungal microbiota were also highly diverse in pre-ensiled F2 SCR. Although Aspergillus, 

Rhodotorula, and Wallemia were the major species, their abundance was only <10%. Candida 

(6.1‒12.8%) and Hannaella (5.9–14.2%) became apparent at 3 and 6 months in F2 PS silage, 

respectively. Phlebia was detected at <0.2% at 3 months, but its abundance increased abruptly 

(21.4‒39.4%) in F2 PS silage at 6 months. 

Hannaella (48.1%), Wallemia (16.3%), and Cutaneotrichosporon (11.5%) were the major 

fungi in pre-ensiled F2 SCR after being piled and unprocessed for 2 days. The abundance of 

Hannaella and Wallemia decreased at 2 weeks and 3 months but returned to high levels (18.8‒

36.2%) at 6 months in F2 DS silage. The abundance of Cutaneotrichosporon spp. declined to 



69 
 

<3% at 6 months. Although Aspergillus was found at high levels (18.3–34.0%) at 2 weeks, the 

species was not observed in F2 DS silage at 6 months. The abundance of Candida gradually 

increased during ensiling, culminating in an abundance of 15.0‒18.7% at 6 months in F2 DS 

silage. Byssochlamys (35.2%) and Monascus (42.0%) were the major fungi in F2 DS silage at 3 

months. However, these fungi became undetectable at 6 months in F2 DS silage stored with BP. 

Figure 3. 2 Principal coordinates plot characterizing bacterial microbiota of soybean curd residue silage 

prepared with prompt and delayed sealing and with and without beet pulp addition. The operational 

taxonomy unit with a Pearson’s correlation of >0.7 is overlaid on the plot as vectors. Samples enclosed in 

the same group at a 60% similarity level are denoted with green circles. PE, 2W, 3M, and 6M indicate pre-

ensiled material and silage stored for 2 weeks, 3 months, and 6 months, respectively. P, D, and BP after 

the hyphenation denote prompt sealing, delayed sealing, and beet pulp addition, respectively. 

The PCoA results illustrate the diversity of fungal microbiota in SCR (Figure 3.4). All data 

for silages at 2 weeks were grouped separately. Silages at 6 months were characterized by 

Cutaneotrichosporon and Hannaella, but no fungi featured the differences between F1 and F2 

and the effect of BP addition. 

3.4 DISCUSSION   

Tofu is a traditional Asian food, and many studies have been conducted to examine the 

process of soybean fermentation and identify additives for SCR ensiling (Amaha et al., 1999). 

Because of its milled and mashed physical properties, SCR is regarded as an easy material to 

ensile. As a result, the fermentation of this legume can be performed by lactic acid without the 
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need for additives. The microbiota associated with SCR ensiling has also been examined in many 

studies (Wang et al., 2008). However, except for the total mixed ration silage, containing SCR as 

an ingredient, most of the previous findings have been derived from plate culture, which 

enumerated limited taxa (Hiwatashi et al., 2015; Liet al., 2016). The rancidity arising from piling 

and unprocessing is an important obstacle to the widespread use of SCR. Although this study 

examined 2 types of wet SCRs derived from 2 different factories (F1 and F2), the microbiota 

associated with SCR ensiling were found to be different from those associated with forage 

ensiling. 

 

Figure 3. 3 Genus-level fungal microbiota in soybean curd residue silage prepared with prompt and 

delayed sealing and with and without beet pulp addition. PE, 2W, 3M, and 6M indicate pre-ensiled 

material and silage stored for 2 weeks, 3 months, and 6 months, respectively. P, D, and BP after the 

hyphenation denote prompt sealing, delayed sealing, and beet pulp addition, respectively. 

After separation from soy milk, wet SCR (pre-ensiled PS material) had small amounts 

(16.7‒22.1 g/kg DM in total) of soluble sugars, with sucrose and stachyose major sugars. In pre-

ensiled DS materials, the sucrose content decreased, stachyose disappeared, and maltose 

appeared, indicating that the wet SCR microbiota exerted starch hydrolyzing activity before 
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ensiling. Acinetobacter spp. were the most abundant bacteria in pre-ensiled SCR. The fact that 

Acinetobacter spp. possess adequate levels of amylase activity (Onishi et al., 1978) supports this. 

Of note, stachyose and raffinose are soy oligosaccharides that can promote the growth of lactic 

acid bacteria (Bordignon et al., 2004); hence, the difference in the soy oligosaccharides content 

between PS and DS pre-ensiled SCR could account for a higher abundance of Lactobacillus in PS 

than that in DS silages. 

A diverse range of genera, including Agrobacterium, Erwinia, Methylobacterium, 

Microbacterium, Pedobacter, Pseudomonas, and Sphingomonas, are the most abundant species in 

forage ensiling (Ni et al., 2017). Acinetobacter spp. (Moraxellaceae) are regarded as minor 

bacterial species in pre-ensiled forages. However, in a previous study, Acinetobacter was detected 

at a high abundance in pre-ensiled napier grass and sudangrass (Nazar et al., 2020). Acinetobacter 

spp. are aerobic, non-fermentative, and ubiquitous in nature (Doughari et al., 2017); hence, 

because of the preceding manufacturing processes, including heating, pre-ensiled SCR was likely 

to be vulnerable to contamination by factory-associated microbiota. In F2 SCR, the levels of 

Enhydrobacter numerically increased during piling and unprocessing for 2 days. However, starch 

hydrolysis activity has not yet been observed in Enhydrobacter spp. 

Our finding that lactic acid dominated the fermentation of SCR silage with PS agrees with 

other studies (Kamble et al., 2019; Wang et al., 2008). Although the soluble sugar content was 

low, the lactic acid content reached >30 g/kg DM after 2 weeks. Although the initial abundances 

of lactic acid-producing bacteria were quite small, Lactobacillus and Streptococcus spp. were the 

main bacteria in F1 PS silage, while Lactobacillus, Streptococcus, Enterococcus, and 

Pediococcus were the main bacteria in F2 PS silage. Based on the PCoA results, the bacterial 

microbiota of PS silage was found to set up and remain separated from that of DS silage. 

Interestingly, although Acinetobacter and Bacillus remained the most abundant bacteria during 

ensiling, lactic acid was prevalent in DS silage. Since Acinetobacter lacks the ability to produce 

lactic acid, Bacillus could have been involved in lactic acid fermentation in DS silage. Although 

Bacillus spp. are generally regarded as strictly aerobic bacteria, facultatively anaerobic species 

are also present, and their ability to produce lactic acid has been acknowledged (Ohara et al., 

1996; Payot et al., 1999). 
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Bacillus spp. are known to grow well in soybean products, exhibiting various enzyme 

activities, including protease, amylase, cellulase, and pectinase (Sarker et al., 1993; Chen et al., 

2011). In the present study, when SCR was unprocessed and unsealed for 2 days, the abundance 

of Bacillus increased from 0.03‒0.05% to 0.49‒0.90%, while maltose became detectable, and a 

substantial amount of NH3-N (0.64‒1.37 g/kg DM) was produced. Paenibacillus, 

Exiguobacterium, Enhydrobacter, Stenotrophomonas, and Deinococcus also increased their 

abundance during piling and unprocessing for 2 days. Further, Acinetobacter, the most abundant 

bacteria in pre-ensiled SCR, are also shown to exert both proteinase and deaminase activities 

(Ashwini et al., 2015). Hence, the intensive production of NH3-N observed in the DS materials 

could be attributed to the collective activities of bacteria, including Bacillus and Acinetobacter. 

The NH3-N content of PS silage without added BP was as low as 0.31 g/kg DM, indicating that 

the proteolysis and deamination activities were efficiently suppressed under PS conditions. 

Although the cow gut microbiota has been demonstrated to be robust and not easily 

affected by silage-derived microbiota, several lactic acid bacteria species were shown to inhibit 

both silage and feces (Han et al., 2014). Moreover, Bacillus, isolated from fermented soybean, 

was proven to improve milk production and promote the growth of total, proteolytic, and 

amylolytic bacteria in the rumen (Sun et al., 2013). Therefore, the potential of SCR silage as a 

vehicle for probiotics delivery deserves to be explored. 
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Figure 3. 4 Principal coordinates plot characterizing fungal microbiota of soybean curd residue silage 

prepared with prompt and delayed sealing and with and without beet pulp addition. The operational 

taxonomy unit with a Pearson’s correlation of >0.7 is overlaid on the plot as vectors. Samples enclosed in 

the same group at a 60% similarity level are denoted with green circles. PE, 2W, 3M, and 6M indicate pre-

ensiled material and silage stored for 2 weeks, 3 months, and 6 months, respectively. P, D, and BP after 

the hyphenation denote prompt sealing, delayed sealing, and beet pulp addition, respectively. 

 

The fungal microbiota in SCR was found to be diverse, with no distinctive changes after the 

fermentation of the PS and DS silages. These results suggest that bacterial microbiota play a key 

role in the fermentation of SCR silage. Although Candida, Aspergillus, Cladosporium, 

Hannaella, and Wallemia were the major fungal species in the PS and DS silages, information on 

Cladosporium, Hannaella, and Wallemia is scarce in relation to their use in feed preservation. 

Although Pascal et al. (2019) found Hannaella in whole crop corn silage at a relative abundance 

of around 20%, their roles in anaerobic storage and spoilage are not known. Wallemia and 

Cladosporium are considered spoilage fungi (Janja and Nina, 2018; Peter et al., 2019); however, 

no studies have been conducted on detecting and isolation of these species from silage. 

Furthermore, microbiota assessment has yet been performed mainly on bacteria in silage 

research. Thus, further studies will be needed to improve our understanding of microbiota 

control. 
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3.5 CONCLUSION  

Although Acinetobacter was exclusively found in wet SCR at the time of generation in the 

tofu factories, predominantly lactic acid fermentation was obtained in SCR silage by low levels of 

Lactobacillus, Streptococcus, and Pediococcus. Further, Bacillus was involved in lactic acid 

production in DS silage and long-stored PS silage. Fungal microbiota was highly diverse. No 

specific genera were associated with factory, sealing time, or fermentation products; hence, 

bacterial microbiota played a key role in the fermentation of SCR silage. The rancidity arising 

from piling and unprocessing in wet SCR could be attributed to the collective activities of 

bacteria, including Bacillus and Acinetobacter. Owing to preceding processing, including heating, 

distinctive microbiota may have participated in the ensiling of wet by-products. 
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CHAPTER 4 

ACCEPTABLE STORABILITY AND AEROBIC STABILITY OF BY-

PRODUCTS ENSILED AS TOTAL MIXED RATION 

 

4.1. INTRODUCTION  

Production of total mixed ration (TMR) silage is regarded as a good practice to preserve 

wet by-products as ruminant feed. An interesting property of TMR silage is high aerobic stability 

after silo opening; spoilage does not take place for as long as seven days, even in the summer, 

although non-ensiled TMR easily deteriorates within 1–2 days (Nishino et al., 2004). Bacterial 

isolation from TMR silage could be a good approach to improve our understanding of its aerobic 

stability. (Li et al., 2016) isolated some bacteria from TMR silage such as L. 

pseudomesenteroides and L. plantarum in 14-day silage and P. acidilactici, L. paracasei, and L. 

brevis formed more than 90% of the isolates in 56- day TMR silage, to find the potential of high 

aerobic stability and also to extend the good property of TMR silage to other crop silages, 

extensive isolation from different types of TMRs might be good practice.   

Unlike normal crop silage, TMR silage can be produced in any season. Short-term storage 

is preferable; the storage temperature during the ensiling process may remain low in winter 

products and high in summer products. A previous study reported that acetic acid content in 

commercial TMR silage from warm conditions was higher than that in TMR silage from cold 

conditions. In contrast, the opposite trend was observed for ethanol content(Wang and Nishino, 

2010). Many studies have reported that hot conditions (35–40°C) can lower lactic acid production 

and aerobic stability (Yokota et al. 1991; Nishino et al 1998; Weinberg et al., 1998; Ashbell et al., 

2002). Wang and Nishino (2013) also reported that high ambient temperature enhances acetic 

acid production in TMR silage. To understand the potential of TMR silage stability and changes 

in fermentation at a different temperature, a comprehensive study of bacterial and fungal 

dynamics is worth examining.   

It’s already known that a high amount of acetic acid could produce in TMR silage during 

ensiling and after aerobic exposure. The inhibition of spoilage appears mainly due to the 
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capability of Lactobacillus buchneri to convert anaerobically degrade lactic acid to acetic acid 

and 1,2-propanediol, which in turn causes a significant reduction in yeast numbers (Elferink et al., 

1999). This reduction in yeast numbers agrees with the finding that volatile fatty acids such as 

propionic acid and acetic acid are much better inhibitors of yeasts than is lactic acid. And those 

mixtures of lactic acid and propionic or acetic acid have a synergistic inhibitory effect (Moon, 

1983).  It’s important to further investigate the relationship between higher production of acetic 

and propionic acid in TMR silage according to microbial dynamics changes during high and low 

temperatures.  

Bacillus is accounted as undesirable bacteria in crop silage; some specific Bacillus spp. 

can produce antifungal substances and have been used to inhibit aerobic spoilage of silage(Phillip 

et al., 2018). Except for these specific strains, the proliferation of bacilli in silage is generally 

considered undesirable. Not only are bacilli less efficient lactic and acetic acid producers than 

LAB (McDonald et al., 1991), they can also enhance (later stages of) aerobic deterioration 

(Lindgren et al., 1985). Although the amylase-producing microbes Bacillus were isolated, during 

the early stage of TMR fermentation (Ning et al., 2017), the dynamics of Bacillus in TMR silage 

with low and high temperature has not yet reported, detailed information about Bacillus at 

aerobically stable TMR silage might be different from other crop silages.   

Resistance to aerobic spoilage was observed even when more than 10
6
 colony forming 

units (CFU)/g of yeasts were counted at silo opening (Nishino et al., 2004); typically, silages with 

over 10
5
 CFU/g of yeasts are prone to spoil when exposed to air (McDonald et al., 1991). In 

addition, when ensiling is prolonged for several months, yeast counts fall below detectable levels 

(Nishino et al., 2004), which further improves the silage stability due to a lack of undesirable 

micro-organisms. Candida milleri was reported (Wang and Nishino, 2013) prominent bands with 

high ethanol production in TMR silage stored at 15 and 25°C. By conducting NGS analysis, 

fungal dynamics changes are expected regarding temperature, storage time, and ingredients 

composition.  

Some studies on Culture-based and culture-independent techniques such as DGGE are 

conducted on TMR silage, (Hao et al., 2015; Li et al., 2016; Nishino et al., 2003; Wang and 
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Nishino, 2013; Yani et al., 2015). Using a high-throughput amplicon sequencing approach 

enables us to gain thorough insight into TMR silage's microbial dynamics. 

In this study, we prepared two types of TMR silage with different nutrients compositions; 

TMR-A composed from wet by-products plus hay and TMR-B composed from dry by-products 

plus grass silage. The silage was stored at 10
o
C, 25

o
C,

, 
RT, and 40

o
C for 14 and 60 days, and 

aerobic stability was evaluated on day 67. The objective was to characterize the microbiota at 

TMR silage stored at low, moderate, and high temperatures and find the potential of aerobic 

stability in TMR silage. 

4.2 MATERIALS AND METHODS 

4.2.1 Ensiling and chemical composition analysis   

Two types (TMR-A and TMR-B) of commercial TMR mixture was obtained from a feed 

company. TMR-A is composed of wet by-products plus hay, and TMR-B is composed of dry by-

products plus grass silage.  Approximately 30 ingredients were used to prepare the mixture; the 

main dried ingredients were cracked maize, rapeseed meal, sugar beet pulp, Sudan grass hay, and 

the main wet ingredients were brewer’s grains, soybean curd residue, and grass silage. A 300 g of 

TMR mixture was sealed in a plastic bag (Hiryu BN-12; Asahi Kasei Pax, Tokyo, Japan) in 

triplicate. Air was removed using a vacuum sealer (SQ-303; Asahi Kasei Pax, Tokyo, Japan), and 

bags were stored at 10, 25, RT (room temperature [30
o
C]) and 40

o
C. Silos were opened after 14 

and 60 days to examine fermentation products and bacterial and fungal microbiota. The dry 

matter (DM) content was determined after oven drying at 60°C for 48 h. Silage pH, lactic acid 

content, short-chain fatty acid content, and alcohol content were determined from water extracts. 

Lactic acid, acetic acid, propionic acid, 1,2-propanediol, 1-propanol, and ethanol contents were 

determined by an Ion-exclusion polymeric HPLC method with refractive index detection (Wang 

and Nishino, 2010). Bacterial and fungal communities were assessed using metagenomic 

sequencing. 

 

4.2.2 Microbiota analyses 
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Silage samples were added to a 20× volume of sterilized phosphate-buffered saline (pH 

7.4), and DNA extraction was performed as described by Yu et al. (2004). The DNA purification 

was performed using a commercial kit (DNeasy Blood & Tissue Kit; Qiagen, Germantown, MD, 

USA) according to the manufacturer’s recommendations. The resulting DNA was subjected to 2-

step polymerase chain reaction (PCR) procedures to generate amplicon libraries. For bacterial 

MiSeq analysis, primers targeting the V4 region of 16S rRNA genes (forward: 5’ 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCCAGCMGCCGCGGTAA-3′; 

reverse: 5’-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGACTACHVGGGTWTCTAAT-3′) 

were employed and, for fungal MiSeq analysis, primers targeting the internal transcribed spacers 

(ITS2) separated by the 5.8S (forward: 5’- ACACTCTTTCCCTACACGACGCTCTTCCGATCT 

GTGARTCATCGARTCTTTG-3′; reverse: 5’-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT TCCTCCGCTTATTGATATGC-3′) 

were used in the first round PCR. The PCR protocol was as follows: initiation at 94°C for 2 min 

and followed by 25 cycles of 94°C for 30 sec, 50°C for 30 sec, 72°C for 30 sec, and a final 

elongation of 72°C for 5 min. The products were purified using the Fast Gene Gel/PCR 

Extraction Kit (NIPPON Genetics Co., Ltd., Tokyo, Japan) and moved to a second round of PCR 

with adapter-attached primers. The second PCR protocol was as follows: initiation at 94°C for 2 

min followed by 10 cycles of 94°C for 30 sec, 59°C for 30 sec, 72°C for 30 sec and a final 

elongation of 72°C for 5 min. The PCR products were again purified as described above.  

4.2.3 Illumina MiSeq Sequencing 

The purified amplicons were pair-end sequenced (2 × 250 bp) on an Illumina MiSeq 

platform at FASMAC Co., Ltd. (Kanagawa, Japan). Raw sequence data were analyzed using the 

Quantitative Insights into Microbial Ecology (QIIME version 1.9.0). The 250-bp reads were 

truncated at any site receiving an average quality score under 20. Truncated reads that were 

shorter than 225 bp were discarded. In primer matching, sequences showing overlaps longer than 

200 bp were assembled. The final reads obtained after pair-end joining were grouped into 

operational taxonomic units (OTUs) using a 97% similarity threshold. The sequence data were 

analyzed and categorized from the phylum to the family level using the default settings of the 

Ribosomal Database Project classifier.  
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4.2.4 Isolation and identification of Lactobacillus  

20g of each sample was mixed with 180mL of sterile NaCl solution (0.85%, w/v), 

homogenized into a homogenous suspension, and then subjected to a 10-fold serial dilution. Next, 

1 ml of each dilution sample was mixed into MRS (Man, Rogosa, Sharpe agar) agar medium and 

incubated at 37◦C under 2 days to isolate Lactobacillus. After observing and recording the colony 

morphology, suspicious colonies were picked from the medium of optimal dilution and 

inoculated into the corresponding broth medium at 30◦C for 24 h. The bacterial pellet was 

obtained by centrifugation at 8,000×g for 15 min at 4°C and was then treated with lysozyme, 

proteinase K, and RNase. The protein was removed by phenol extraction, and then the DNA was 

precipitated with 700 mL/L ethanol. Amplification of 16S rDNA was carried out using the 

forward primer 27f (5′-AGAGTTTGATCCTGGCTCAG-3′) and the reverse primer 1492r (5′-

GGCTACCTTG TTACGACTT-3′) in the reaction mixture described above. Polymerase chain 

reaction (PCR) was run with an initial denaturation at 96°C for 1 min, 25 cycles of denaturation 

at 96°C for 10 s, annealing at 55°C for 10 s, an extension at 72°C for 1 min, with a final extension 

at 72°C for 5 min. Sequence analyses of DNA: The products were purified using the Fast Gene 

Gel/PCR Extraction Kit (NIPPON Genetics Co., Ltd., Tokyo, Japan). Sequencing was carried out 

using the Big Dye Terminator v3.1 Cycle Sequencing kit combined with the ABI PRISM 310A 

automated sequencing system (Applied Biosystems, Foster City, CA, USA). Searches in the 

GenBank database using the BLAST program were performed to determine the closest relatives 

of the 16S rDNA sequences. 

4.2.5 Data analyses 

The fermentation product data were subjected to two-way analysis of variance with 

storage temperatures and ensiling periods as the main factors. The microbiota data were subjected 

to the conical analysis of principal coordinates (CAP) to define assignment and clustering that 

explained the microbiota variations. Discriminant vectors with a Pearson correlation > 0.7 were 

considered significant. The two-way analysis of variance was performed using JMP software 

(version 11; SAS Institute, Tokyo, Japan). The CAP was carried out using Primer version 7 with 

the Permanova+ add-on (Primer-E, Plymouth Marine Laboratory, Plymouth, UK). 
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4.3 RESULTS  

4.3.1 Chemical composition and fermentation products 

The dry matter of pre-ensiled TMR-A (49.5 g kg
-1

) and TMR-B (48.3 g kg
-1

) was similar, 

and the pH of TMR-A (5.07) was lower than TMR-B (5.5).  A small amount of lactic acid, acetic 

acid, propionic acid, 1, 2 propanediol, and ethanol were found in the pre-ensiled TMR mixture; if 

we compare the two types TMRs, TMR-A had greater fermentation compare to B (Table 4.1). 

The relative abundance of Lactobacillus was also higher at TMR-A than TMR-B (Figures 4.1 and 

4.2). These results indicate that the fermentation was already started at pre-ensiled material, 

which the proportion of Lactobacillus had a direct relationship with fermentation products.   

Table 4. 1 Chemical composition of pre-ensiled total mixed 

ration mixture used for preparing the laboratory-scale silage 

  TMR-A TMR-B 

Dry matter  (g kg-
1
) 49.5 48.3 

pH 5.07 5.5 

Lactic acid (g kg
-1

DM) 21.2 8.9 

Acetic acid (g kg
-1

DM) 6.9 3.0 

Propionic acid (g kg
-1

DM) 0.7 0.0 

1, 2 Propanediol (g kg
-1

DM) 0.6 0.8 

Ethanol (g kg
-1

DM) 3.6 1.9 

1 Propanol  (g kg
-1

DM) 0.0 0.0 

 

TMR-A silage: Low pH was achieved when silage was stored at RT following by 40 and 25
o
C 

for 14 days; the pH was further declined in 60 days. Acetic acid (AA) content was higher when 

stored at RT and 40
o
C for 14 days, but the contents were decreased at 60 days silage. Acceptable 

level of lactic acid (LA) was produced in silages with all storage temperatures except 10°C, the 

LA concentration was higher at 25
o
C and RT for 14 days, while the contents were further 

increased at RT after 60 days of ensiling. The propionic acid (PA) and ethanol contents were 

higher at 25°C for 14 days; however, the content was decreased after 60 days of ensiling.  The 

concentration of 1, 2 propanediol was higher at 40°C for 14 days, and the contents were further 

increased at 60 days silage. The amount of 1 propanol was higher at RT and 40°C for 14 days, 

while it declined at 40°C in 60 days silage. The fermentation parameters such as lactic, acetic, 

propionic acid, 1, 2 propanediol, ethanol, and 1 propanol were slightly declined on day 67 after 
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exposure to air. Simultaneously, pH was not changed, and aerobic deterioration was seen only for 

TMR silage stored at 10
o
C for 14 days (Table 4.2).  

TMR-B silage: In general lower pH was detected (pH<5) in 14 days silages stored at 

different temperatures, RT had lower pH compare to the other storage temperatures, after 60 days 

ensiling, the pH was declined in silage stored at 10
o
C, while the other was stable. The lactic acid 

concentration was higher at 25
o
C and RT for 14 days, while the contents further increased at RT 

after 60 days of ensiling. On the other hand, acetic acid contents were higher at RT and 40°C in 

14 days silage, whereas slightly declined after 60 days ensiling.  The propionic acid and ethanol 

contents were higher in the silages stored at 25 followings by 10°C for 14 days, while the amount 

was decreased after 60 days of ensiling. A small amount of 1, 2 propanediol was detected at 14 

days silage, while expecting 10
o
C, the concentration becomes double with silages stored for 60 

days. 1 propanol was only detected at RT and 40°C for 14 days, while after 60 days, it was also 

appeared at 10
o
C and declined at 40°C (Table 4.3).   

Table 4. 2 Fermentation products composition of TMR-A silage stored at various temperatures for 14 and 60 

days (g/ kg-1DM) 

  

14 days  60days  Aerobic exposure  ANOVA 

10 C 25 C RT C 40 C 10 C 25 C RT C 40 C 10 C 25 C RT C 40 C P T 
p x 

T 

Dry matter   52.62 51.6 51.9 52.6 49.8 50.8 51.8 59.2 49.8 50.8 51.8 59.2 NS ** ** 

pH 5.16 4.5 4.4 4.5 4.6 4.3 4.2 4.4 4.6 4.3 4.2 4.4 ** ** ** 

Lactic acid  22.7 64.4 62.7 58.8 53.1 68.9 74.9 60.3 44.7 51.2 61.8 47.5 ** ** ** 

Acetic acid  7.5 18.0 30.7 30.6 18.8 19.9 28.7 24.8 21.6 13.3 25.5 20.6 * ** ** 

Propionic acid  0.8 4.3 4.0 3.8 6.2 4.4 4.5 3.3 5.8 3.1 3.8 2.9 ** ** ** 

1, 2 Propanediol  0.6 1.3 0.7 2.6 1.1 2.2 2.1 3.3 1.1 1.3 2.2 2.5 ** ** NS 

Ethanol  9.8 17.9 5.8 3.9 25.1 13.9 5.2 2.5 14.7 6.3 2.5 1.3 ** ** ** 

1 Propanol   0.0 1.4 4.6 4.1 2.3 1.9 4.6 3.4 0.0 0.0 2.0 1.3 ** ** ** 

P, storage period; T, storage temperature; P x T, interaction between storage period and storage temperature; NS, not significant. 

Means of triplicate silages are significantly different *P < 0.05, **P < 0.001 
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Table 4. 3 Fermentation products composition of TMR-B silage stored at various temperatures for 14 and 60 

days 

  

14 days  60days  Aerobic exposure  ANOVA 

10 C 25 C RT C 40 C 10 C 25 C RT C 40 C 10 C 25 C RT C 40 C P T 

p x 

T 

Dry matter   49.17 49.15 47.89 51.52 47.77 50.52 49.26 57.92 47.5 49.2 49.9 56.8 ** ** ** 

pH 4.68 4.37 4.28 4.34 4.43 4.27 4.29 4.44 4.4 4.3 4.3 4.4 ** ** ** 

Lactic acid  49.0 84.9 79.9 67.0 51.7 77.9 87.2 67.6 68.0 74.2 72.6 53.5 NS ** ** 

Acetic acid  13.5 14.1 34.5 27.7 17.5 12.4 32.2 22.0 24.2 18.0 25.0 21.4 NS ** ** 

Propionic acid  5.0 5.7 4.1 2.0 4.4 4.9 5.3 2.4 5.6 6.1 5.4 2.4 NS ** NS 

1, 2 Propanediol  0.4 0.5 0.7 0.8 0.2 1.0 1.4 1.7 0.3 1.4 1.2 1.4 * ** NS 

Ethanol  15.9 24.5 11.0 2.5 11.5 16.7 9.7 1.5 10.1 17.1 7.9 1.3 ** ** * 

1 Propanol  (g  0.0 0.0 7.6 6.8 3.4 0.0 6.5 3.7 3.0 0.0 3.6 2.3 * ** ** 

P, storage period; T, storage temperature; P x T, interaction between storage period and storage temperature; NS, not significant. 

Means of triplicate silages are significantly different *P < 0.05, **P < 0.001 

 

4.3.2 Alpha diversity of TMR silage 

TMR-A: Overall, 1,529,697 quality filtered 16 rRNA sequences were clustered into 3,378 

OTUs. The bacterial richness (Chao1 index) was at the maximum level (296) on day-0, after 

ensiling slightly declined at 10
o
C (264.0 ± 25), while greatly lower at RT (91 ± 2.8), 25

o
C (107.0 

± 1.4), and 40
o
C (136 ± 0.7) for 14d silage. The richness was decreased at 10

o
C (113 ± 4.2) and 

slightly increased at RT (129. ± 15.6) and 25
o
C (129.5 ± 20.5), while at 40

o
C was dramatically 

enhanced to 375.5 ± 24 in 60d silage. After aerobic exposure for seven days, the bacterial 

richness sharply decreased at 40
o
C, while the silages stored with different temperatures not 

changed. The bacterial diversity (Shannon index) was higher at 0-day and 10
o
C (14d silage) 

following by 40
o
C (14d and 60d silages), while the others had lower diversity. The bacterial 

diversity was declined at 25
o
C and 40

o
C and slightly enhanced at RT when silage was exposed to 

air (Table 4.4).  

 Overall, 831,233 quality filtered fungal ITS sequences were clustered into 2,157 OTUs. 

The fungal community richness (Chao1 index) was 131 at 0-day. After 14 days ensiling, the 

richness was slightly decreased to 116.5 ±3.5 and 116 ± 2.8 at RT and 40
o
C respectively, while 
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sharply declined at 25
o
C (41.5 ± 23.3) and 10

o
C (55.5 ± 12). In 60 days silage, the richness was 

an increase to 74.0 ±1.4, 93.5 ± 9.2, 134.0 ± 8.5, and 206.5 ± 6.4 in silages stored at 10, 25, RT, 

and 40
o
C, respectively. The fungal richness decreased to 106.0 at 40

o
C when exposed to air, 

while others were not changed. The fungal diversity (Shannon index) was 4.6 at 0-day, while 

after 14 days ensiling, the richness was declined with all temperatures, except 10
o
C, which was 

similar to pre-ensiled material. The fungal diversity after 60 days ensiling was increased with all 

silages stored at different temperatures, while after aerobic exposure, the diversity was similar to 

60 days silage, except 40
o
C, which was declined (Table 4.4).     

 

TMR-B: Similar result was achieved by B- TMR silage; Overall 1,543,352 quality 

filtered 16 rRNA sequences were clustered into 4,298 OTUs. The bacterial richness (Chao1 

index) was 439 at 0-day and reached maximum value (477 ± 28.2) at 40
o
C of 60 days silage, 

where other silages were sharply declined during ensiling (Table). Surprisingly the Chao1 index 

dramatically increased at 25
o
C when exposed to air. The bacterial diversity (Shannon index) was 

higher at 0-day and 40
o
C following by 25

o
C and had lower diversity at 10

o
C in 14 and 60 days 

silages. After seven days of the opening silo, the diversity was only enhanced at 25
o
C, while the 

other was stable (Table 4.4).  

  Overall, 800,757 quality filtered fungal ITS sequences were clustered into 2,014 OTUs. 

The fungal community richness (Chao1 index) and diversity were similar to TMR A, where the 

Chao1 index at day-0 was 154. After 14 days of ensiling, the richness was increased to 103 ± 11.3 

and 105.5 ± 10.6  at RT and 40
o
C respectively, while on the other hand the richness was sharply 

declined at 25
o
C  (50.5 ± 6.4) and 10

o
C (43 ± 1.4). In 60 days silage, the richness was an increase 

to 71.0 ±5.7, 99.0 ± 11.3, 140.5 ± 2.1, and 155.5 ± 20.5 in silages stored at 10, 25, RT, and 40
o
C, 

respectively. The fungal richness decreased to 106.0 at 40oC when exposed to air, while others 

were not changed. The fungal diversity (Shannon index) was 4.7 at day-0, while after 14 days, the 

richness was declined with all temperatures. The fungal diversity after 60 days ensiling was 

increased with all silages stored at different temperatures, while after aerobic exposure, the 

diversity was declined (Table 4.4).      
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Table 4. 4 Alpha diversity of A & B-TMR silages   

  
  

  TMR-A (Bacteria)   TMR-B (Bacteria)    TMR-A (Fungi)     TMR-B (Fungi) 

Shannon Chao1 Shannon Chao1 Shannon Chao1 Shannon Chao1 

PE-M 6.0 296.0 5.4 439.0 4.6 131.0 4.7 154.0 

14d-10
o
C 5.4 ± 0.02 264 ± 25.5 3.1 ± 0.14 110 ± 12.7 3.0 ± 0.08 55 ± 12.0 2.4 ± 0.11 50 ± 6.4 

14d-25
o
C 3.8 ± 0.13 107 ± 1.4 4.2 ± 0.03 90 ± 13.4 1.9 ± 0.31 41 ± 23.3 1.9 ± 0.06 43 ± 1.4 

14d-RT
o
C 3.4 ± 0.02 91   ± 2.8 4.1 ± 0.05 92 ± 4.2 3.8 ± 0.03 116 ± 3.5 3.5 ± 0.06 103 ± 11.3 

14d-40
o
C 4.0 ± 0.10 136 ± 0.7 4.3 ± 0.05 117 ± 13.4 4.6 ± 0.20 116 ± 2.8 4.1 ± 0.16 105 ± 10.6 

60d-10
o
C 3.5 ± 0.03 114 ± 7.1 3.6 ± 0.08 144 ± 12.7 3.2 ± 0.15 74 ± 1.4 2.9 ± 0.05 71 ± 5.7 

60d-25
o
C 3.0 ± 0.05 129 ± 20.5 4.1 ± 0.05 178 ± 26.9 3.4 ± 0.41 93 ± 9.2 3.3 ± 0.10 99 ± 11.3 

60d-RT
o
C 3.1 ± 0.29 129 ± 15.6 4.3 ± 0.10 150 ± 5.7 4.2 ± 0.17 134 ± 8.5 4.7 ± 0.05 140 ± 2.1 

60d-40
o
C 4.6 ± 0.14 375 ± 24.7 5.7 ± 0.10 477 ± 28.3 5.0 ± 0.04 206 ± 6.4 5.7 ± 0.79 155 ± 20.6 

AST-10
o
C 3.5 119.0 3.6 139.0 3.8 79.0 2.8 62.0 

AST-25
o
C 2.7 129.0 4.9 381.0 3.1 94.0 2.7 79.0 

AST-R
 o

C 3.5 123.0 4.3 153.0 4.2 133.0 4.3 121.0 

AST-40
o
C 3.0 148.0 5.2 453.0 4.2 106.0 4.3 117.0 

PE-M (pre-ensiled material), d (day), AST (aerobic stability test)  
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Figure 4. 1 Genus-level bacterial microbiota in TMR-A  silage  stored at different 

temperatures. PEM (pre-ensiled material), AST (aerobic stability test) 
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4.3.3 Bacterial microbiota of TMR silage 

TMR-A: Lactobacillus (35.9%), Acinetobacter (17.9%) were dominated genera while 4% 

of Bacillus also existed at pre-ensiled materials. After 14 days of ensiling, the Bacillus nearly 

disappeared. Lactobacillus' relative abundance was dramatically increased to 89.3, 89.9, and 

73.8% at 25
o
C, RT, and 40

o
C, respectively, while the bacterial proportion at 10

o
C was not 

changed. Simultaneously the relative abundance of Acinetobacter becomes less than 5% at 25
o
C 

and RT
 
while remaining higher at 10

o
C (20.7.0%) and 40

o
C (15.3%). After 60d of ensiling, the 

relative abundance of Lactobacillus (53.7 %) and unclassified Lactobacillus (34.1%) were 

increased at 10
o
C. The abundance of Lactobacillus declined at RT (74.1%), 25 (73.6%), and 40

o
C 

(60.1%); on the other hand Bacillaceae, such as Bacillus, Aneurinibacillus, and Brevibacillus 

were increased (17%) at 40
o
C. After seven days of the opening of the silo, the proportion of 
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Figure 4. 2 Genus-level bacterial microbiota in TMR-B  silage  stored at different temperatures. 

PEM (pre-ensiled material), AST (aerobic stability test) 
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Lactobacillus was 36% increased at 40
o
C; consequently, the abundance of Bacillaceae was 9% 

declined (Figure 4.1).  

  Canonical analysis of principal coordinates demonstrated that the TMR-A silage's 

bacterial microbiota was separated by 40
o
C (60 days) and 10

o
C (14 days) silage. Although the 

different temperatures with ensiling periods were grouped together, the effect of high temperature 

in long storage had a clear effect on microbiota changes (Figure 4.3).   

TMR-B: Unidentified bacterial genera (Cyanobacteria phylum) (44.7%) and 

Lactobacillus (18.8%) were dominant genera, while 4% Bacillus also existed at pre-ensiled 

materials. After 14 days of ensiling, the Bacillus nearly disappeared. The relative abundance of 

Lactobacillus was increased to 53.4, 75.1, 91.5, and 86.6% in silages stored at 10, 25, RT, and 

40
o
C, respectively, while the abundance of unclassified Lactobacillus was only increased at 10

o
C 

(36.9) and 25
o
C (11.7%). After 60 days ensiling, the abundance of Lactobacillus was only 

increased at 10
o
C (66.9. %) and declined to 61.1, 74.9, and 26.8% at 25, RT and 40

o
C 

respectively; on the other hand, Unclassified Lactobacillus and Bacillaceae, such as (Bacillus, 

Aneurinibacillus, Brevibacillus and thermobacillus) were increased to 7.3, and 40.8% at 40
o
C 

respectively.  

Figure 4. 3 Conical analysis of principal coordinates (CAP) characterizing bacterial microbiota of TMR-A 

stored at different temperatures. PEM (pre-ensiled material), AST (aerobic stability test), RT (room 

temperature)  
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Weissella also appeared at 25
o
C (2.42) and RT (1.66%) for 14 days silage, and the 

abundance was further increased to 8.39 and 4.4% at 25
o
C and RT in 60 days silage, respectively.     

After seven days of opening the silo, the proportion of Lactobacillus was 15% increased at 40
o
C; 

consequently, the abundance of Bacillaceae (Bacillus, Aneurinibacillus, Brevibacillus, and 

thermobacillus) was further enhanced to 53.75% (Figure 4.2).   

 Conical analysis of principal coordinates demonstrated that the TMR-B silage's bacterial 

microbiota was separated by 10
o
C when silage was stored for 14 and 60 days and after aerobic 

exposure.  The microbiota was also separated by 40
o
C when silage was stored for 60 days and 

after aerobic exposure. The low temperature in short and long time storage and high temperature 

in long storage had a clear effect on microbiota changes (Figure 4.4).  

4.3.4 Fungal microbiota of TMR silage 

TMR-A: Diutina (32.52%) and Aspergillus (13.21%) were the dominant fungal genera in 

pre-ensiled TMR. After 14d of ensiling, the relative abundance of Diutina was increased only at 

10
o
C (57.9%) and sharply declined at 25 (1.2%), RT (3.5%), and 40

o
C (9.2%), while after 60d of 

ensiling was also declined at 10
o
C (16.73%) and increased at 40

o
C (23%). Kazachstania was 

appeared dominant bacteria at 25
o
C (83.44%) following 10

o
C (26.13%) and RT (21.82%), after 

60d ensiling sharply declined at 25
o
C (39.2%) and relatively increased at 10

o
C (36%) and 40

o
C 

(17%). The relative abundance of Aspergillus increased at RT (23%) and 40
o
C (19%) for 14 days 

silage, and further increased at RT (30%) after 60d ensiling. After aerobic exposure, the relative 

abundance of Kazachstania becomes double at 10, 25
o
C, and RT; in contrast, the abundance of 

Aspergillus was decreased compare to 60d silage. The abundance of Diutina becomes less than 

1%, at 10
o
C, and Aspergillus (14.9%) was increased at 40

o
C (Figure 4.5).  

Conical analysis of principal coordinates demonstrated that the fungal microbiota of TMR 

silage was separated by 10oC when silage was stored for 14d and separated by 25oC when silage 

was stored for 14d after aerobic exposure. The low and moderate temperature had a clear effect 

on fungal microbiota changes in the short time ensiling (Figure 4.7). 
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Figure 4. 4 Conical analysis of principal coordinates (CAP) characterizing bacterial microbiota of TMR-B 

stored at different temperatures. PEM (pre-ensiled material), AST (aerobic stability test), RT (room 

temperature)  

TMR-B: Diutina (30.8%), Vishniacozyma (16.1%), Zygosaccharomyces (10.6%), 

Kazachstania (8.7%) were the dominant fungal genera at pre-ensiled material. After 14 days of 

ensiling, the relative abundance of Diutina was sharply decreased (<5%) with all silages; on the 

other hand, Kazachstania appeared dominant bacteria at 25
o
C (86.7%) following 10

o
C (73.1%) 

and RT (58.4%). The relative abundance of Vishniacozyma and Aspergillus were increased at 

40
o
C, where Saccharomyces (10.6%) appeared dominant genera at 10

o
C for 14 days silage. In 60 

days, silage the relative abundance of Kazachstania were declined at 10 (66%), 25 (63%), and RT 

(32%), while Aspergillus were increased to 10, 11, 16, and 15% at 10, 25, RT and 40
o
C 

respectively. After aerobic exposure, the relative abundance of Aspergillus (>10%) was further 

increased with all silages. The relative abundance of Diutina was increased, while the 

Kazachstania was decreased except 40
o
C. Trichosporon appear dominated fungal genera after 

exposure to air, and their relative abundance was 33.3, 15.8, 17.4, and 21.9% in the silages stored 

at 10, 25, RT, and 40
o
C, respectively(Figure 4.6). Conical analysis of principal coordinates 

demonstrated that the fungal microbiota of TMR silage was separated by 40
o
C when silage was 

stored for 14d and 60d.  After aerobic exposure, the fungal microbiota was grouped separately at 

all temperatures. The high temperature had a clear effect on fungal microbiota changes in the 

short time ensiling. Also, the fungal microbiota was changed after aerobic exposure (Figure 4.8).  
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4.3.5 Interactions between microbial taxa and fermentation in the network of the TMR 

silage 

The co-occurrence patterns of TMR silage bacteria and fungi (based on genus level) under 

different storage temperatures were analyzed using network analysis (Fig. 4.9). We assessed the 

numbers of positive and negative links between bacteria and bacteria (B-B), fungi and fungi (F-F), 

bacteria and fungi (B-F), microbiota-fermentation quality (M-F), and their proportions in the total 

links obtained (Table 4.5). The number of total links in the network was higher in TMR silage 

stored at 10 and 40
o
C compare to RT and 25

o
C, while among them, the number of positive links 

was higher than negative. Interestingly, the highest number of positive B-B links was detected in 

TMR silage stored at 10 and 40
o
C compare to RT and 25oC. The largest number of positive F-F 

links was at 25 and 40
o
C, and negative F-F links were at 40

o
C. There were more negative than 

positive B-F links in silage stored at 10
o
C; however, the total B-F links were higher at 40

o
C. The 

negative M-F links were higher in the silage stored at 10 and 25
o
C compared to positive links and 

RT and 40
o
C. Lactobacillus and Weissella had an almost negative correlation with other bacteria, 

including Bacillus spp., while they didn’t correlate themselves. Lactobacillus and Weissella 

strongly negatively correlated with other bacteria at all temperatures. However, at 40
o
C 

unclassified LB becomes positively correlated, particularly with Bacillus spp. The major genera 

of Proteobacteria and Bacteroidetes had a high number of links at 10
o
C and were mostly 

positively correlated with each other. In contrast, the number of links was declined after 

increasing the storage temperature (Table 4.5).   

Kazachstania, Wickerhamomyces, Trichosporon, and Nakaseomyces had a high number 

of negative links (F-F), including Candida, Diutina, Aspergillus, and (B-F) including some 

spoilage bacteria such as Bacillus, and didn’t correlate with Lactobacillus. Candia and Diutina 

were negatively correlated with Lactobacillus while positively correlated with other undesirable 

bacteria such as Bacillus. Candia, Diutina, and Aspergillus might be the most potential spoilage 

fungi; on the other hand, Kazachstania and Trichosporon might play a supportive role in quality 

silage. The combined study of Lactobacillus and Weisella may have positive effects on silage 

quality. Zygosaccharomyces, Kluyveromyces, Filobasidium, and Thermobacillus were the only 

microorganisms that increased the number of links and negatively correlated with bacteria and 

fungi 40
o
C.  
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The correlation between the microbiota of fermentation quality (M-F) was higher at 10
o
C 

compare to other temperatures. The major existed genera of Proteobacteria and Bacteroidetes 

at10
o
C were negatively correlated with LA, while it was positive to pH. Simultaneously, 

Lactobacillus and Wickerhamomyces were negatively correlated with pH, while Kazachstania 

and Wickerhamomyces were positively correlated with LA. Unclassified Lactobacillus was the 

only bacteria that had a positive correlation with propionic acid (Figure 4.9).  

The role of microorganisms in ecosystem functioning is defined (Graham et al., 2016; 

Fierer, 2017), and microbial communities' correlations are complex in the forage fermentation 

ecosystem. Some species that impact the community are large and disproportionately large 

relative to their abundance (Power et al., 1996). This study is the first to identify keystone taxa 

with network correlation properties in TMR silage. The results indicated that temperature altered 

microflora and keystone genera correlations were identified to certificate their regulation. 

Table 4. 5 Number of links in the networks between bacteria, fungi and fermentation 

quality of TMR silages  stored at 10, 25, RT and 40 C 

  10 C 25 C RT 40 C 

Total links 295 245 249 351 

Positive links 163 158 152 207 

Negative links 132 87 97 144 

Bacteria-Bacteria 

    Positive links 53 39 29 61 

Negative links 17 19 21 23 

Fungi-Fungi 

    Positive links 30 47 34 46 

Negative links 25 11 25 44 

Bacteria-Fungi 

    Positive links 58 64 74 94 

Negative links 62 36 43 71 

Fermentation – Microbiota 

    Positive links 22 8 15 6 

Negative links 28 21 8 6 

Positive linear (spearman correlation, p<0.05, r > 0.9) and negative correlation (spearman 

correlation, p<0.05, r < 0.9) 
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4.3.6 Identification of Lactobacillus and Bacillus Isolates  

Using culture-dependent technology, 144 strains were isolated from 12 different TMR silage 

samples; a total of 20 different species were identified based on 16S rRNA gene sequence (Table 

5). 13 species were belonging to Lactobacillus, and the remaining 7 were belonging to Bacillus 

genera if we compare the proportion and diversity of the Lactobacillus species within silages 

stored at different temperatures: L. plantarum (90%) and L. brevis (10%) were detected in silages 

stored at 10
o
C for 14d, while after 60d ensiling, the diversity was increased at 10

o
C; L. kefiri 

(40%), L. buchneri (20%), L. paracasei (25%), L. hammesii (7.5%) and L. paralimentarius 

(7.5%) were identified. In silages stored at 25
o
C; L. kefiri (81.3%), L. buchneri (6.3%) and L. 

formosensis (12.5%) were identified at 14d silage, while after 60d ensiling, L. buchneri (73%) 

become dominant. In silages stored at RT; L. crispatus (70%) was the dominant species at 14d 

silage, after 60d; L. zeae (53%) become dominant, while five different species of Bacillus also 

existed. In silage stored at 40
o
C;  L. buchneri (14%) was the only species of Lactobacillus; while 

such as Bacillus coagulans, Bacillus hisashii, and Paenibacillus cooki were dominated bacteria 

(Table 4.6).   

Table 4. 6 Identification of bacteria isolates (%) based on 16 S rDNA sequencing 

  14 days 60 days  

Bacteria Species 10 C 25 C Room 10 C 25 C Room 40 C 

Lactobacillus kefiri ¯ 81.3 10 40 24.4 ¯ ¯ 

Lactobacillus buchneri ¯ 6.3 ¯ 20 73.3 ¯ 14.3 

Lactobacillus formosensis ¯ 12.5 ¯ ¯ 
 

¯ ¯ 

Lactobacillus parafarraginis ¯ ¯ ¯ ¯ 2.2 ¯ ¯ 

Lactobacillus plantarum 90 ¯ ¯ ¯ ¯ ¯ ¯ 

Lactobacillus brevis 10 ¯ ¯ ¯ ¯ ¯ ¯ 

Lactobacillus paracasei ¯ ¯ ¯ 25 ¯ ¯ ¯ 

Lactobacillus hammesii ¯ ¯ ¯ 7.5 ¯ ¯ ¯ 

Lactobacillus paralimentarius ¯ ¯ ¯ 7.5 ¯ ¯ ¯ 

Lactobacillus crispatus ¯ ¯ 70 ¯ ¯ ¯ ¯ 

Lactobacillus farcimini ¯ ¯ 10 ¯ ¯ ¯ ¯ 

Lactobacillus zeae ¯ ¯ ¯ ¯ ¯ 53 ¯ 

Lactobacillus casei ¯ ¯ ¯ ¯ ¯ 6.7 ¯ 

Bacillus subtilis ¯ ¯ 10 ¯ ¯ ¯ ¯ 

Bacillus coagulans ¯ ¯ ¯ ¯ ¯ 13.3 57.1 

Bacillus sp ¯ ¯ ¯ ¯ ¯ 6.7 ¯ 

Bacillus hisashii ¯ ¯ ¯ ¯ ¯ ¯ 14.3 

Paenibacillus cooki ¯ ¯ ¯ ¯ ¯ 6.7 14.3 

Rummeliibacillus suwonensis ¯ ¯ ¯ ¯ ¯ 6.7 ¯ 

Bacterium strain BS0608 ¯ ¯ ¯ ¯ ¯ 6.7 ¯ 
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4.4 DISCUSSION 

For a comprehensive study of TMR silage, we conducted research on two types of TMR silage 

with different nutrients compositions; TMR-A composed from wet by-products plus hay and 

TMR-B composed from dry by-products plus grass silage. Some minor differences existed 

between two types of TMRs; the abundance of Lactobacillus in pre-ensiled TMR-A was double 

compared to TMR-B. After a short time of storage, the fermentation at 10
o
C was very low in 

TMR-A. We also found some quantitative differences between the two types of silage. For 

instance, the abundance of Lactobacillus was decreased in both TMRs stored at 40
o
C for 60d 

silage and further declined after aerobic exposure; however, the degree of decline was greater at 

TMR-B. Although some differences existed between two types of TMR, the fermentation quality 

and aerobic stability were similar. From this comparative experiment’ of two types of TMRs, we 

understand, the effect will not appear in silage if the abundance of Lactobacillus is higher in the 

pre-ensiled material. We also understand that low and high temperatures might equally affect 
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Figure 4. 5 Genus-level Fungal microbiota in TMR-A silage stored at different 

temperatures. PEM (pre-ensiled material), AST (aerobic stability test) 
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TMRs with different compositions.  High content of LA was produced at 25 and RT for 14 days, 

and RT further enhanced it. 

On the other hand, Lactobacillus' relative abundance was also higher at 25 and RT at 14d silage, 

which RT further increased at 60 days silage. The above results indicate a strong correlation 

between the abundance of Lactobacillus and lactic acid production. The higher positive 

correlation between LA and Lactobacillus reported by many researchers in this study was 

confirmed that moderate temperature should enhance silage fermentation quality. The decline of 

LA at 25
o
C after 60 days might be due to the increasing proportion of unclassified Lactobacillus, 

which negatively correlated to LA at TMR-B silage.  The high temperature decreased the LA 

concentration at TMR silage during ensiling. A similar result was also reported (Weinberg et al., 

2001) at corn and wheat silages. Higher pH values and less lactic acid were produced at high 

temperatures compared to room temperature.  

In TMR-B acceptable amount of lactic acid was produced by silage stored at 10°C for 

14days, while the abundance of Lactobacillus was also high. However, the silage was not stable 

to aerobic exposure and soon become spoilage. (Wang and Nishino, 2013) also reported aerobic 

spoilage could occur if TMR silage is prepared at low temperature, opened after short storage. 

These results indicate that heterofermentative bacteria involved in aerobic stability couldn’t adapt 

to cold temperature in short periods, while long-time storage could improve cold adaptation.  
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Figure 4. 6 Genus-level Fungal microbiota in TMR-B  silage  stored at 

different temperatures. PEM (pre-ensiled material), AST (aerobic stability test) 
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Higher contents (>10 %) of acetic acid were produced with all silages, except B-type 

silage stored at 10
o
C for 14 days. If we compare AA production between temperatures, it was 

higher at RT and 40
o
C. The contents of acetic acid after aerobic exposure was about 20%, and the 

concentration was similar between silages stored at different temperatures. Higher acetic acid at 

14 and 60 days silages indicated that heterofermentative Lactobacillus was active in all 

temperatures during short and long storage; however, it was more active at RT and 40
o
C. A high 

and similar amount of acetic acid within different temperatures after seven days of aerobic 

exposure indicates that acetic acids are responsible for aerobic stability at low and high 

temperatures. (Danner et al., 2003) also reported that acetic acid had been proven to be the sole 

substance responsible for the increased aerobic stability. This acid acts as an inhibitor of spoilage 

organisms such as yeast and clostridium. Therefore, stability increases exponentially with acetic 

acid concentration. 

 

Figure 4. 7  Conical analysis of principal coordinates (CAP) characterizing fungal microbiota of TMR-A 

stored at different temperatures. PEM (pre-ensiled material), AST (aerobic stability test), RT (room 

temperature)  

 



97 
 

The relative abundance of Lactobacillus was low at 40
o
C; however, an acceptable amount of LA 

was produced; on the other hand, higher acetic acid, 1, 2 propanediol, and 1-propanol was 

produced in silage stored at RT and 40°C after 14 d and 60 d of ensiling. Looking to alpha 

diversity, the Shannon index (bacterial diversity) was higher at RT and 40°C, and the 

heterofermentative Lactobacillus such as L. buchneri and L. Kefiri might become active, these 

changes could be count for acetic acid production to maintain good quality silage and become 

stable to aerobic exposure. TMR silage stored at RT and 40°C suggested that L. buchneri 

produced 1,2-propanediol, and then L. diolivorans metabolized the diol to 1-propanol 

(Krooneman et al., 2002). Although Lactobacillus proportion was significantly changed by 

temperature, all silages achieved good fermentation and higher aerobic stability.  We found that 

natural fermented TMR silage has the unique characteristic of high-quality fermentation even 

tough at low and high temperature and can maintain aerobic stability. 

 

Figure 4. 8 Conical analysis of principal coordinates (CAP) characterizing fungal microbiota of TMR-B 

stored at different temperatures. PEM (pre-ensiled material), AST (aerobic stability test), RT (room 

temperature)  
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We found 4% Bacillus at pre-ensiled material, which becomes near zero at 14d silage; 

after a long time ensiling, it was only appeared at 40°C, although pH was low, and it was also 

detected after aerobic exposure. From these results, we could understand that in a short time 

ensiling, the abundance of Lactobacillus was not much affected by high temperature. In contrast, 

after a long time, the abundance of Lactobacillus was decreased than enhanced Bacillus growth. 

Bacilli ferment sugars to organic acids (acetate, lactate, and butyrate), ethanol, 2,3-butanediol, 

and glycerol with no significant effect on preservation but compete for substrates with LAB 

(Driehuis et al., 2003). Looking to this finding, we could reveal that Bacillus is the opportunistic 

bacteria which could also be active in anaerobic condition, while Lactobacillus suppressed by 

high temperature, and  

Figure 4. 9 Interactions between microbial taxa and fermentation in the network of the TMR silage stored 

at 10, 25, room temperature and 40
o
C 

 

Their activities might be decreased when Lactobacillus become dominated. Kazachstania has 

dominated fungi with intensive ethanol production at TMR silage stored at 25 and 10°C. 

Kazachstania belongs to the Saccharomycetaceae family, which was isolated from the aerobically 
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deteriorating corn silage and can produce ethanol from sugar (Lu et al., 2004). (Ehmann et al., 

1998) also reported that low temperatures during sourdough fermentation (20–26°C) are better 

for yeast growth. Although Candida milleri was reported (Wang and Nishino, 2013) prominent 

bands with high ethanol production in TMR silage stored at 15 and 25°C, our study reveals that 

Kazakchstania is the dominant genera with ethanol production at TMR silage. The abundance of 

Aspergillus was higher at pre-ensiled material of TMR-A; it was suppressed by low temperature, 

enhanced by Room and high temperature, and increased with a long storage period. The higher 

abundance of Aspergillus at pre-ensiled material of TMR-A might be from Sudan hay because 

hey is the main dry material of TMR-A while grass silage is the main wet material TMR-B. 

Aspergillus was also isolated from imported Sudan grass hay, a material used to make total mixed 

ration (TMR) in Japan (Uegaki et al., 2010).  

The higher Chao1 index at 10
o
C of 14 days silage may reflect the initial dynamic to the 

pre-ensiled material when the fermentation hasn’t yet started at the beginning of low temperature. 

The OTUs number, richness, and bacterial diversity at 40
o
C were greatly increased at 60 days, 

while aerobic exposure sharply declined. The higher richness and diversity at 60d might be the 

effect of high temperature, which facilitated thermophile (Bacillus, Aneurinibacillus, 

Brevibacillus, and thermobacillus) and other bacteria and also suppress Lactobacillus growth, the 

sharply decline after aerobic exposure because the silage was kept for seven days at room 

temperature (25
o
C) and the heterofermentative Lactobacillus were dramatically increased. The 

lower diversity in the silages stored at RT, 25
o
C, and 10

o
C, can be attributed to the LAB 

population's inhibitory effect upon the multiplication of other microbes before the development of 

the indigenous LAB population (Keshri et al., 2018). The moderate temperature could appropriate 

for LAB growth (Woo et al., 2020) also reported a high LAB abundance at 25
o
C. These results 

indicate that although the microbial community was changed and lactic acid was decreased by 

high temperature, the silage was stable when exposing to air. The fungal richness and diversity 

showed a similar pattern as bacteria; the richness and diversity were significantly increased with 

silages stored at high temperatures. Low temperature during ensiling might be responsible for the 

remarkable decline in the fungal OTUs.  

We isolated a high number of L. plantarum at low-temperature silage was stored for a 

short time. However, after a long time of storage, the diversity was increased, and five different 

heterofermentative (including L. buchneri and L. kefiri) Lactic acid bacteria appeared. The silage 
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deteriorated when stored at low temperature for a short time; however, long-time storage became 

aerobically stable. These results indicate that heterofermentative lactic acid bacteria should adapt 

to cold temperature after a long time of storage and prevent the silage from aerobic deterioration. 

We also isolated a diverse number of Bacillus from the TMR silage at RT and 40
o
C in a long 

time. These findings reveal that high temperature might facilitate Bacillus in the long time 

storage, which these results also agreed with NGS data. Silage deterioration after aerobic spoilage 

is still a big challenge in crop silages; considering all this comprehensive information about TMR 

silage quality fermentation, microbial dynamics, aerobic stability, and isolation of diverse 

dominant Lactobacillus species, give us possible opportunities to improve aerobic stability of 

other crops by inoculation of the isolated bacteria. For further investigation, we will select LAB's 

potential isolates; the inoculation study will be conducted in forage crops silage.    

4.5 CONCLUSION  

The microbial dynamics were changed in various temperatures, though silage was aerobically 

stable. The fermentation of TMR silage was suppressed by low temperature in a short time, 

whereas improved by a long time storage period. TMR silage stored at high temperature was 

aerobically stable, despite fermentation, and the microbial community was changed. We found 

that a high amount of acetic acid is responsible for aerobic stability at low and high temperatures. 

According to excellent fermentation at high temperatures, TMR silage might be good practice in 

tropical countries. Agro-Industrial by-products (raw material) provided an appropriate 

environment for microbial fermentation in TMR silage and a better process for proper utilization 

of wet by-products  
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CHAPTER 5 

THE AEROBIC STABILITY POTENTIAL OF SEVERAL LACTIC ACID 

BACTERIA FROM TOTAL MIXED RATION SILAGE IN APPLICATION 

TO CORN SILAGE 

 

5.1 INTRODUCTION  

Ensilage is an effective technology with a long history of use to preserve forage crops for 

livestock. During the natural ensiling process, the epiphytic lactic acid bacteria (LAB) of plant 

surfaces play important roles in acidifying silages under anaerobic conditions, resulting in 

inhibition of undesirable microorganisms' growth, reducing the risk of feedstock deterioration, 

and keeping forage available throughout the year. Anaerobic conditions are necessary during 

silage preparation to limit aerobic microbes' activity (e.g., aerobic bacteria, yeasts, and molds) 

and promote lactic acid fermentation. However, when a silo is opened, anaerobic conditions are 

no longer maintained, and aerobic microbes have the opportunity to grow. These aerobic 

microbes produce heat through the consumption of nutrients from silage, thereby causing 

spoilage. Once aerobic deterioration of silage starts, loss of dry matter (DM) in silage may exceed 

30% (Wilkinson and Davies, 2013). In addition, a vast number of toxic substances appear with 

the aerobic deterioration of silage, which might affect animal health and decrease their 

productivity (Muck et al., 1991). Therefore, improving the aerobic stability of silages can confer 

a substantial advantage to producers. 

The measures used for controlling aerobic deterioration of silage prevent or reduce 

aerobic microbes' growth responsible for the deterioration process. Many researchers have 

focused on improving aerobic stability by inoculating herbage with lactic acid bacteria (LAB) 

because they produce antifungal-substances during ensiling (Weinberg and Muck, 1996; Broberg 

et al., 2007). Since L. buchneri was found to improve aerobic stability of ensiled forage by 

increasing acetic acid through anaerobic degradation of lactic acid during fermentation, it has 

been widely used in silage preparation (Weinberg and Muck, 1996; Ranjit and Kung, 2000). 

Acetic acid has good antifungal characteristics (Kung and Ranjit, 2001; Danner et al., 2003). In 

addition to L. buchneri, another heterofermentative LAB was also examined for aerobic stability. 
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(Liu et al. 2013) reported L. parafarraginis (strain ZH1) improved the aerobic stability of sweet 

corn stalk silage and whole-plant oat silages.   

In our previous study, we isolated dominant LAB from TMR silage, an interesting 

property of TMR silage is its high aerobic stability after silo opening; spoilage does not take 

place for as long as seven days, even in the summer, although non-ensiled TMR easily 

deteriorates within 1–2 days (Nishino et al., 2004). From such aerobically stable silage, our group 

previously demonstrated that L. buchneri is the predominant species amongst lactic acid bacteria, 

and we confirmed the ability of L. buchneri to inhibit aerobic spoilage in grass and maize silages 

(Nishino et al., 2003; Nishino and Touno, 2005). These results indicated that L. buchneri might 

be involved in silage stability; however, resistance to spoilage was seen in silages without 

detectable L. buchneri (Wang and Nishino, 2008). High aerobic stability was also seen in a study 

from Israel, in which large-scale (700–800 kg) TMR silage was prepared using round bales 

wrapped in stretch polyethylene film (Weinberg et al., 2011); therefore, high shelf life can be 

expected, regardless of other heterofermentative lactic acid bacteria. According to the high 

aerobic stability of TMR silage, we isolated 144 LAB strains, and finally, we selected 6 LAB 

species and inoculated them into corn silage.  

To understand TMR silage isolated bacteria's aerobic stability potential, we selected 

whole crop corn; for silage production, corn has high nutritional value, suitable dry matter (DM) 

content, high concentration of fermentable carbohydrates, low buffering capacity, and a high 

digestibility (Silva et al., 2013). However, corn silages, due to the high concentrations of water-

soluble carbohydrates (WSC), afford a high content of lactic acid that causes a sharp drop in pH 

below 3.8, which allows the yeast’s development that deteriorates the silage in a short time with 

exposure to air (Sariçiçek et al., 2009). Because these microorganisms are facultative anaerobic 

leaven, the residual soluble sugars and yeasts can assimilate lactate, starting aerobic deterioration 

(Silva et al., 2013; Muck et al., 2010; Bedrosian et al., 2019). According to (Pahlow et al., 2003), 

the corn plant may have 3 to 5 log cfu/g epiphytic yeasts. The low concentration of fermentation 

products with antifungal capacity compromises the silage’s aerobic stability (Silva et al., 2015; 

Muck  et al., 2018). Thus, the inoculation of the forage during the ensiling process is a technique 

that reduces the growth of undesirable microorganisms and minimizes losses by secondary 

fermentations.  
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Fungi are the main spoilage organisms of various products, such as silage, bread, stored 

cereals, and fermented dairy foods such as cheese and yogurt (Tropcheva et al., 2014). Fungal 

growth changes the texture and harms the external aspect of the products (Coloretti et al., 2007), 

resulting in significant economic losses. Five to ten percent of the world's food production is lost 

due to fungal contamination (Pitt and Hocking, 2009). Generally, most molds weakly grow or die 

at the anaerobic conditions and low pH, while some yeasts' growth is little influenced by 

anaerobic conditions and low pH (Buxton et al., 2003). Thus, controlling yeasts is more difficult 

than molds. Some yeast, e.g., Candida krusei, Pichia membranefaciens, and Saccharomyces 

cerevisiae, have lactate-assimilating characteristics, mainly cause the aerobic deterioration of 

silage (Avila et al., 2010; Santos et al., 2015). Followed by pH increases, molds and aerobic 

bacteria invade and produce toxic substances in silage (Buxton et al., 2003; Santos et al., 2015). 

Using microorganisms to preserve feed or food is deemed to biopreservation, has been 

increasingly gaining interest during recent years due to consumers’ demand for reducing the use 

of chemical preservatives (Dalie et al., 2010). Lactic acid bacteria (LAB) were considered as the 

“generally regarded as safe” microbes, which were widely used all around the world due to 

producing lactic acid, acetic acid, bacteriocin, and anti-yeast compounds, and improving the new 

flavors and the nutritional quality of food (Tropcheva et al., 2014). Magnusson and Schnurer 

(2001) found that the Lactobacillus coryniformis strain produced a broad-spectrum proteinaceous 

anti-yeast compound. 

According to the good aerobic stability characteristics of TMR silage, we isolated the 

dominant lactic acid bacteria. For better evaluation of these bacteria, inoculation study was 

conducted with whole crop corn silage. Thus, this study's objective was to evaluate the TMR 

silage dominant LAB's application effects on the fermentative characteristics and aerobic stability 

of corn silages. 

5.2 MATERIALS AND METHODS  

5.2.1 Materials and silage preparation 

The whole-crop corn was harvested at the milking stage located at the Hiruzen dairy 

farms, Okayama, Japan, on 04 September 2020. Before ensiling, a crop chopper was used to cut 

the harvested materials into 2.0 cm bits. L. buchneri, L. formosensis, L. parafarraginis, L. 
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hammesii, L. paralimentarius, and L. farciminis were isolated from total mixed ration silage in 

the animal nutrition laboratory of Okayama University. The LAB inoculants were prepared in 50 

mL of normal saline solution used for the whole corn crop. The chopped crop was mixed and 

divided into equal portions. Each silo of corn crop (compressed manually into a polyethylene silo 

with approximately 300 g of fresh forage) was prepared for these treatments: Untreated (control), 

L. buchneri, L. formosensis, L. parafarraginis, L. hammesii, L. paralimentarius, and L. farciminis. 

The inoculants were added at10
6
 CFU/g fresh matter (FM), spraying an equivalent amount of the 

normal saline solution onto the fresh corn crop in the CK group. The siloes were sealed in a 

plastic bag (Hiryu BN-12; Asahi Kasei Pax, Tokyo, Japan) in triplicate. The air was removed 

using a vacuum sealer (SQ-303; Asahi Kasei Pax, Tokyo, Japan), and bags were stored at room 

temperature (21–30
o
C). 

5.2.2 Assessment of aerobic stability and fermentation profile 

 

Aerobic spoilage tests were carried out as follows. After the silage was completely opened, 

100 g of the contents were put into plastic bottles (500 mL) without compaction. The top of the 

bottle was covered with four layers of cheesecloth and exposed to air at 25°C for seven days, 

during which time samples were taken seven days later. We used a digital Thermo recorder 

(Thermo Recorder TR-71U; T&D Crop., Tokyo, Japan), sample temperatures were recorded 

every 10 minutes automatically, and silage was considered to have deteriorated when sample 

temperature was 2°C or more above the ambient temperature. The fermentation profiles were 

measured 0, 30, and 7 days after aerobic exposure. The dry matter (DM) contents of pre-ensiled 

crops and silages were determined after drying the mass in an oven at 60°C for 48 h. The pH 

value and lactic acid, volatile fatty acids, and alcohol content were determined in cold water 

extracts (Tran et al., 2014). 

5.2.3 Denaturing gradient gel electrophoresis 

Silage samples were added to a 20 × volume of sterilized phosphate-buffered saline (pH 

7.4), and DNA extraction was performed as described by Wali and Nishino (2020). In brief, a 

nested-PCR approach was used to detect the Lactobacillus-specific DNA, which involved an 

initial PCR with the Lactobacillus-specific primers LAB159f (5
/
-

https://onlinelibrary.wiley.com/doi/full/10.1111/grs.12187#grs12187-bib-0013
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/jam.13031#jam13031-bib-0002
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GGAAACAG(A/G)TGCTAATACCG-3
/
) and LAB677r (5

/
 

GGAAACAG(A/G)TGCTAATACCG- 3
/
), followed by a second PCR with the GC-containing 

universal primers GC357f (5
/
- 

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGC

AG-3
/
) and 517r (5

/
 ATTACCGCGGCTGCTGG-3

/
), which amplified the variable region (V3) of 

the16S ribosomal RNA (rRNA) gene. Amplicons were separated via DGGE using the DCode 

Universal Mutation Detection System (BioRad Ltd., Tokyo, Japan). Samples were applied 

directly into 80 g/L (w/v) polyacrylamide gels, which had denaturing gradients that ranged from 

25 to 50%. Gels were prepared using 7 mol/L
 
urea and 400 g/L (v/v) formamide as 100% 

denaturants. Electrophoresis was performed at a constant voltage of 150 V for 12 h at 60°C, 

following which the gels were stained with SYBR Green (Cambrex Bio Science Inc., Rockland, 

ME) and photographed under UV illumination. 

5.2.4 Cloning and sequencing 

Select bands were excised from DGGE gels and eluted in 10 μl of sterilized water at 4°C 

overnight. Extracted DNA was amplified using the 357f (without GC clamp) and 517r primers 

listed above. Purified PCR products were cloned into pTAC‐1 vectors, and the resulting plasmids 

were transformed into Escherichia coli strain DH5α competent cells (DynaExpress TA Cloning 

Kit; BioDynamics Laboratory Inc., Tokyo, Japan). DNA sequences were analyzed using an ABI 

PRISM 3130 sequencer (Applied Biosystems Inc., Foster City, CA). The Basic Local Alignment 

Search Tool (BLAST) program and GenBank databases were used to determine partial 16S rRNA 

gene sequences' closest relatives. Unknown sequences that were more than 98% identical to a 

sequence in the blast database were considered identified. 

5.2.5 Screening for antifungal activity against targeted spoilage fungi 

A total of six different LAB species were isolated from TMR silage; the isolates were kept 

at 4
o
C for a short time or -80

o
C for long-term usage. For cell-free supernatant preparation, the 

LAB isolates were inoculated into MRS broth and incubated for 48 h at 30 °C. Cell-free 

supernatant was prepared by centrifuging the broth in a micro-centrifuge (11,500×g for 10 min). 

The supernatant of the isolates was neutralized (pH 7) by 5 N NaOH and filtrated using a sterile 

filter (0.45 μm-pore-size filter, Millipore). We selected three different fungi species Issatchenkia 
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orientalis, Pichia kudriavzevii and Saccharomyces cerevisiae isolated from spoilage corn , TMR, 

and Soybean curd residue silages respectively. Fungi were grown on Potato Dextrose Agar (PDA, 

Oxoid) plates at 25°C for five days and stored at 4°C. To understand the inoculated LAB species' 

antifungal activity, we conducted and compared three different antifungal activates methods; 1. 

Non- neutralized supernatant of LAB against target fungi, 2. The neutralized supernatant of LAB 

against target fungi, 3. LAB cell (10
5
) against target fungi cell (10

5
) effects were determined in a 

micro-titer plate assay. Aliquots of Malt Extract Broth (MEB) (100 μL) containing 10
5 

cfu 

selected fungi were placed in the wells of a 96-well plate with 100 μL of LAB supernatant or 100 

μL LAB culture containing 10
5
 cfu bacteria cells. Plates were incubated at 30 °C for 72 h. fungal 

growth was measured visually and as optical density (OD) at 600 nm (BioTek EL 800 Universal 

Microplate Reader, Winooski, US).  

 

5.3 RESULTS  

5.3.2 Effects of LAB inoculants on silage fermentation quality 

The fermentation indicators of whole-crop corn silage are shown in (Tables 1 and 2). 

After one month of ensiling, the pH value was lower (<4.0) with all silages; if we compare 

between treatments, the control had lower (<4.0) pH values than the other LAB inoculants. Lactic 

acid was the main component of organic acid (Table 5.1); however, there was no significant 

difference between control and treatments. Acetic acid content was significantly higher with L. 

parafarraginis following by L. buchneri, L. paralimentarius L. hammesii, and L. fermosenis, and 

it was lower by control and L. faraciminis. A small amount of 1, 2 propanediol was also detected, 

which was higher by L. parafarraginis and L. buchneri treatments. The ethanol concentration was 

higher by L. paralimentarius and lowered with L. buchneri treatment.  Three inoculants (L. 

buchneri, L. parafarraginis, and L. faraciminis) were selected for a two-month silage analysis 

(Table 2). The pH was increased after two months ensiling; however, if we compare treatments, L. 

parafarraginis and L. faraciminis become similar to control, while L. buchneri was increased. 

Lactic acid content was significantly increased by L. faraciminis following by L. parafarraginis 

and control, while L. buchneri was not changed. The concentration of acetic acid and1 2 

propanediol increased after 2 months, which was still higher by L. parafarraginis and L. buchneri. 
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The ethanol content was increased by 2 months; however, there was no significant difference 

between treatments (Table 5.2).   

 

Table 5. 1 Fermentation products of whole crop corn silage after 1 month ensiling 

  Items  Control L. buchneri  L. formosensis L. parafarraginis L. hammesii L. paralimentarius L. farciminis 

Silage 

Dry matter  g/kg 377.6 a 365.3 ab 356.4 ab 367.5 ab 374.9 ab 360.7 ab 354.7 ab 

pH 3.8 c 3.9 ab 3.9 ab 3.9 ab 3.9 ab 4.0 a 3.9 ab 

Lactic acid  g/kg DM 31.3 31.9 36.2 38.9 40.4 40.9 34.3 

Acetic acid g/kg DM 5.2 c 9.6 abc 8.5 abc 12.2 a 9.2 abc 10.5 abc 6.4 bc 

1, 2 Propanediol g/kg DM ND 1.7 a  ND 1.9 a 0.7 b 0.2 b ND 

Ethanol g/kg DM 10.8 c 7.9 abc 9.5 ab 9.9 ab 10.5 bc 11.2 a 7.5 abc 

Aerobic 

stability 

test     

(AST) 

Dry matter  g/kg 364.4 ab 382.9 a 340.8 b 379.5 a 385.7 a 381.9 a 388.3 a 

pH 6.6 a 4.1 c 5.1 bc 4.07 c 5.8 ab 4.4 c 4.17 c 

Lactic acid  g/kg DM < 2 45.0 ab 23.5 c 49.6 a 4.6 28.7 bc 43.9 ab 

Acetic acid g/kg DM ND 19.7 a < 2 15.7 a 0.0 4.9 b 11.5 ab 

1, 2 Propanediol g/kg DM ND 2.7 a < 0.5 2.6 a ND ND ND 

Ethanol g/kg DM ND 4.3 ND 5.9 ND ND ND 

 

5.3.3 Effects of LAB inoculants on aerobic stability  

Figure 1 displays the aerobic stability of the whole-crop corn silage after one month of 

ensiling. The untreated corn silage deteriorated after an aerobic exposure period of 42 h. 

Compared with the untreated silage, aerobic stability was significantly improved in silages treated 

with LAB treatments. The maximum temperatures caused by secondary fermentation were higher 

in control (25.6°C) group, while among the treatments; L. faraciminis reached maximum 

temperature (24.9°C) after 85 h, L fermosenis reached maximum temperature (24.7°C) after 78 h, 

L. hamesii reached maximum temperature (25°C) after 97 h, and L. paralimentarius reached 

maximum temperature (24.8°C) after 116 h (Figure1). The temperature with L. parafarraginis, L. 

buchneri inoculation was stable within seven days after aerobic exposure and the maximum 

temperature was below 24°C (Figure 5.1). After two months of ensiling, the untreated and L. 

faraciminis inoculated corn silages deteriorated after aerobic exposure period of 60 h, and the 

maximum temperature was 25.3°C, in the other hand, the silages inoculated with L. 
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parafarraginis, L. buchneri were still stable to aerobic exposure, which L. parafarraginis had 

lower temperature compare to L. buchneri.  

The fermentation indicators of whole-crop corn silage after exposure to air are shown in 

tables 1 and 2. In one month silage; L. parafarraginis, L. buchneri, and L. faraciminis had lower 

pH value than t control and  L. hammesii, L fermosenis L. paralimentarius (P < 0.05). The 

highest LA content was observed in L. parafarraginis, L. buchneri, and L. faraciminis, and 

following by L fermosenis, and L. paralimentarius treatment, whereas control and L. hammesii 

had the lowest (<5 g/kg DM) LA content (P < 0.05). Compared to other groups, the whole-crop 

corn silage inoculated with L. buchneri, L. parafarraginis, and L. faraciminis had a higher 

concentration of 19.7 and 15.7 g/kg DM of acetic acid, respectively. A small amount of 1,2-

propanediol was also detected with L. buchneri, L. parafarraginis. According to better aerobic 

stability, three inoculants (L. buchneri, L. parafarraginis, and L. faraciminis) were selected for 

two months of silage analysis; the pH was increased with control and L. faraciminis after aerobic 

exposure, while L. buchneri,  L. parafarraginis were maintained the low pH value (Table 5.2). 

When the two months silage was exposed to air, the LA and AA contents were decreased, and 1, 

2 propanediol was increased with L. buchneri, L. parafarraginis compare to one-month silage; 

also, the fermentation products were not detected with L. faraciminis. The concentration of LA 

and AA was higher by L. parafarraginis compare to L. buchneri in 2 months silage after air 

exposure.  

Table 5. 2 Fermentation products of whole crop corn silage after two months ensiling 

  
Items  Control 

L. 

buchneri  L. parafarraginis L. farciminis 

Silage 

pH 4.1 b 4.2 a 4.0 b 4.1 b 

Lactic acid  g/kg DM 43.4 b 32.3 c 46.5 ab 54.1 a 

Acetic acid g/kg DM 9.1 b 17.8 a 16.8 a 10.2 b 

1, 2 Propanediol g/kg DM 0.0 6.5 a 3.8 b 0.0 

Ethanol g/kg DM 14.4 12.6 13.5 14.4 

Aerobic 

stability 

test     (AST) 

pH 6.0 a 4.1 b 4.0 b 5.9 a 

Lactic acid  g/kg DM ND 19.2 b 27.1 a ND 

Acetic acid g/kg DM ND 13.6 b 16.0 a ND 

1, 2 Propanediol g/kg DM ND 4.4 a 2.5 b ND 

Ethanol g/kg DM ND 2.1 a 1.5 b ND 
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5.3.4 Effect of LAB inoculants on bacterial diversity  

Denaturing gradient gel electrophoresis analyses revealed a different LAB pattern on the 

various treatments, and different taxa could be determined by sequencing diagnostic bands 

(Figure 2). Weissella cibaria (band 2) was found in pre-ensiled crop, which after ensiling also 

detected (band 18) by L. hamessi treatment; consequently, Weissella koreensis (band 9) was 

detected after aerobic exposure with L. buchneri treatment.  L. faraciminis (bands 5 and 11) was 

found in control (silage and AST) to be common (bands 1, 7, 11, 12, 13, 14, and16) in all 

treatments; however, the band was most clear with their own treatment. L. buchneri (bands 17 

and 19), L. fermosensis (bands 3 and 15), L. parafarraginis (bands 8 and 10) and L. faraciminis 

(bands 14 and 16) were dominantly detected in both silage and AST with their treatments. In 

contrast, the representative bands for L. hammesii and L. paralimentarius treatments did not 

appear in their silages. We obserbed that L. parafarraginis treatment changed the bacterial 
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Figure 5. 1 Temperature variation during the aerobic exposure of corn silage fermented with 
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diversity and decreased the band pattern. In contrast, their band was appeared dominantly 

compare to other treatments. Surprisingly L. rhamnosus (band 21) and L. brevis (band 22) were 

only detected after aerobic exposure with the control and L. hamesii treatments, in which the 

silages already deteriorated. L. kefiri (band 6) was another bacterium that was only detected after 

aerobic exposure with L. buchneri treatment (Figure 5.3).  

5.3.5 Antifungal activates of the inoculated lactic acid bacteria  

The antifungal activity of silage inoculated LAB was evaluated against three spoilage 

promoting (Issatchenkia orientalis, Pichia kudriavzevii and Saccharomyces cerevisiae) fungal 

species. The non-neutralized supernatant of the selected LAB species showed high suppression 

activities against Saccharomyces cerevisiae compare to the other two species. The fungal growth 

reduction was higher with L. faraciminis (57.2%) and lower for L. parafarragenis (35.5%) than 

other LAB species. To understand that the fungal suppression effects are from acids or other 

chemical compounds, we also assessed the antifungal activities by using neutralized supernatant 
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of the selected LAB species against isolated spoilage fungal strains. Although the antifungal 

fungal activities of neutralized supernatant were lower (16.7-40.8%) than non-neutralized, 

antifungal effects isolated LAB species against fungal strains were similar. The third method for 

evaluating the antifungal activity was bacteria and fungi cell to cell effect; the cell to cell (100 µ 

LAB 10
5
 + 100 µ Fungi 10

5
) combination showed a higher reduction (42.2-94.5%) of fungal 

growth compare to LAB supernatant. The fungal growth reduction percentage was higher with L. 

parafarragenis (94.5%) following by L. buchneri (75.8%), and lower by L. hamessi (42.2%) 

(Figure 5.2).   

5.4 DISCUSSION  

Ensiling is a complex process dominated by the epiphytic microbial community of LAB. 

Metabolomic and bacterial community analysis of silage fermentation system has contributed 

important information on screening targeted LAB for modulating silage fermentation to make 

high-quality silage and improve aerobic stability of silage being beneficial to animal health and 

welfare. Lactic acid bacteria are often inoculated into forage crops at ensiling for improving 

silage fermentation. Theoretical homofermentative LAB can rapidly reduce the pH of silage and 

preserve more forage mass, while heterofermentative LAB can produce much more acetic acid to 

improve aerobic stability. Fermentation parameters in the present study verified the theory. 

Compared with L. faraciminis inoculation, L. buchneri and L. parafarraginis treated samples had 

a higher concentration of acetic acid, better aerobic stability, and a lower concentration of lactic 

acid. This study showed a similar effect to the study conducted by (Ranjit and Kung, 2000; 

Weinberg et al., 2002), which had inoculation of L. plantarum and L. buchneri on forage 

fermentation quality.  

According to fermentation products, the silage quality was not improved by inoculation 

during one month of ensiling. The examining effects of LAB inoculation on silage quality 

suggested that inoculation did not improve corn silage fermentation. It is likely because these 

forages contained enough WSC for the silage fermentation as well as suitable epiphytic bacterial 

populations and buffering capacities (Weinberg and Muck, 1996; Avila et al., 2014). After 

aerobic exposure, the maximum temperature values were highest in the control corn silage (p < 

0.05), representing that these silages were more prone to deterioration. It is well known that the 
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aerobic deterioration is due to the initial action of yeasts using LA, and it is common in untreated 

corn silages to break aerobic stability due to the performance of these yeasts, which makes the 

environment susceptible to the development of molds and aerobic bacteria, causing silage 

deterioration. The higher aerobic stability of the LAB inoculated silages was due to the inhibition 

of yeast growth. Yeasts are directed as the first microorganisms involved in the deterioration of 

silages, supporting an environment suitable for the development of other aerobic microorganisms 

involved in the aerobic spoilage of the ensiled silage (Woolford, 1980). A microbiology study 

(Hu et al., 2009) observed 53 h of aerobic stability in corn silage without additives, while corn 

silages inoculated with LB reached 112 h of stability after exposure to air. 

In one month of silage, L. parafarraginis L. buchneri and L. faraciminis treatments 

showed stronger aerobic stability, and L. paralimentarius and L. fermosensis had a relatively 

weak response to aerobic stability. In contrast, control and L. hamessi treatment was spoilage 

after seven days of aerobic exposure. We selected three inoculants (L. parafarraginis, L. buchneri, 

and L. faraciminis) for further two months of investigations according to the good aerobic 

stability characteristics. After two months, ensiling L. faraciminis treated silage was also 

deteriorated, although high LA content was produced during ensiling.  L. faraciminis produced 

higher content of LA and AA during 1 and 2 months ensiling compare to control silage, and also 

the one month silage was aerobically stable.  As currently, L. plantarum is one important 

commercialized homofermentative bacteria, and many researchers (Wang et al., 2020; Keshri et 

al., 2018; Yang et al., 2020) reported the silage quality improvements by L. plantarum with a 

combination of heterofermentative LAB. We achieved good fermentation characteristics of L. 

faraciminis during ensiling. For silage quality improvement, we suggest combined inoculation of 

L. faraciminis with heterofermentative LAB. In general, the isolated LAB form TMR silage plays 

an important role in maintaining aerobic stability of corn silage, particularly L. parafarraginis L. 

buchneri has a strong aerobic stability potential.  The highest acetic acid content with L. buchneri 

inoculated silage is well known, and many researchers (Dongmei Xu et al., 2019; Santos et al., 

2020; Nishino et al., 2004; Romero et al., 2017) reported their high aerobic stability. Acetic acid 

has been proven to inhibit spoilage organisms and increase the aerobic stability of silage, and 

their stability increases exponentially with acetic acid concentration (Danner et al., 2003). In 

recent years, L. parafarraginis has been reported as a silage additive; however, the effect differed 

for different forages and strains. (Zhenshang Xu et al., 2017 and Liu et al., 2014) found 
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inoculation of L. parafarraginis had marginal effects on the aerobic silage stability. Our study not 

only confirmed the previous finding, but we found greater aerobic stability and fermentation 

quality with L. parafarraginis treatment compare to L. buchneri.  

After two months ensiling, a reduction in lactic acid content coupled with an increase in 

acetic acid and 1, 2-propanediol contents were shown in L. buchneri inoculated silages, 

suggesting that L. buchneri metabolism was activated. On the other hand, lactic acid content and 

acetic acid were further increased with L. parafarraginis inoculated silages. (Zhenshang Xu et al. 

2017) suggested that L. parafarraginis generates energy by fermenting simple sugars similar to 

other heterofermentative LAB, which increases in its numbers. Subsequently, L. parafarraginis is 

induced by the low pH to ferment moderate amounts of lactic acid under anaerobic conditions. 

The present data on the concentrations of acetic acid and 1, 2-propanediol in inoculated silages 

support the existence of high populations of L. parafarraginis in those silages. However, the high 

LA contents along the fermentation periods compare to other heterofermentative LAB is the 

uniqueness of L. parafarraginis and needs further investigations.  

Denaturing gradient gel electrophoresis analyses revealed a different LAB pattern on the 

various treatments, and different taxa could be determined by sequencing diagnostic bands 

(Figure 2). Weissella species were found in pre-ensiled crops, which also appeared during 

ensiling with L. hamessi treatment and L. buchneri treatment after aerobic exposure. The species 

belonging to Weissella are obligate heterofermentative bacteria, and acid-tolerant Lactobacillus 

regularly outcompetes them at the latter stage of ensiling (Ogunade et al., 2018). L. faraciminis 

was detected in control and nearly all treatments; however, the clear bands were detected with 

their treatment during ensiling and after aerobic exposure. According to fermentation data L. 

farciminis inoculation decreased pH and increased LA contents, which partly improved silage 

fermentation. (Wang et al., 2019) also reported that L. farciminis had a similar effect on pH 

reduction and lactic acid production; generally, there is little information available on the use of L. 
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farciminis to improve silage fermentation quality. Our data reveal that

 

L. farciminis inoculation should be one of the candidates for improving silage quality.  L. 

buchneri L. fermosensis L. parafarraginis and L. faraciminis were dominantly detected in both 

silage. After aerobic exposure with their treatments. These bacteria's dominant appearance shows 

the evidence supporting the fermentation products during ensiling and after aerobic exposure, 

which the silages improved the aerobic stability. The representative bands for L. hammesii and L. 

paralimentarius treatments have not appeared in their silages. It shows their weak response to 
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 Figure 5. 3 Denaturing gradient gel electrophoresis analysis of bacterial communities present 

in the whole crop corn silage and aerobic stability test (AST), inoculation with L. Buchneri, L. 

Fermocensis, L. Parafaragenisis , L. Hamesi, L. Paralementeruos  and L. Faraciminis 

Silage  AST 

1 Lactobacillus farciminis 

2 Weissella cibaria 

3 Lactobacillus formosensis 

4 Lactobacillus kimchiensis 

5 Lactobacillus farciminis 

6 Lactobacillus kefiri 

7 Lactobacillus farciminis 

8 Lactobacillus parafarraginis 

9 Weissella koreensis 

10 Lactobacillus parafarraginis 

11 Lactobacillus farciminis 

12 Lactobacillus farciminis 

13 Lactobacillus farciminis 

14 Lactobacillus farciminis 

15 Lactobacillus formosensis 

16 Lactobacillus farciminis 

17 Lactobacillus buchneri 

18 Weissella cibaria 

19 Lactobacillus buchneri 

20 Lactobacillus buchneri 

21 Lactobacillus rhamnosus 

22 Lactobacillus brevis 
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silage fermentation and aerobic stability. We absorbed that L. parafarraginis treatment changed 

the bacterial diversity and decreased the band pattern, while their band appeared dominantly 

compared to other treatments.  Looking at the fermentation data, the silage quality and aerobic 

stability were improved by L. parafarraginis significantly. These findings indicate that L. 

parafarraginis might improve silage quality and aerobic stability on their own, without 

supporting other lactic acid bacteria.  Surprisingly L. rhamnosus and L. brevis were only detected 

after aerobic exposure with the control and L. hamesii treatments, in which the silages already 

deteriorated. Although some studies reported L. rhamnosus (Guan et al., 2020) and L. brevis 

(Nami et al., 2019) inoculation for improving silage fermentation. Another study conducted by 

(Li and Nishino, 2011) reported that inoculation of L. rhamnosus did not effect on whole crop 

corn silage fermentation. In this study, these bacteria were detected with silages already 

deteriorated.  

We evaluated the antifungal activities against three fungal ( Issatchenkia orientalis, 

Pichia kudriavzevii and Saccharomyces cerevisiae) species, which were isolated from corn, TMR 

and soybean curd residue silages respectively, the above mentioned fungal species were isolated 

from current (corn silage) and previous silage experiments, conducted in animal nutrition 

laboratory. In a previous study, (Lan et al. 2012) evaluated the antifungal activity of 85 LAB 

isolates from fermented wax gourd against the P. oxalicum, A. flavus, A. sydowii, and Mucor 

racemosus fungi; and two LAB isolates, Weissella cibaria and W. paramesenteroides showed 

broad-spectrum activity against selected fungi. Several studies have recently reported the 

isolation and identification of LAB strains with antifungal activity. These findings are of interest 

due to the important role of LAB in the bio-preservation of processed foods. The non-neutralized 

supernatant of all six isolates was found to have moderate antifungal activities. To understand 

that the fungal suppression effects are from acids or other chemical compounds, we also assessed 

the antifungal activities by using neutralized supernatant of the selected LAB. The fungal growth 

reduction was higher by non-neutralized supernatant; this higher reduction might be the 

combined effect of acids and other compounds in the supernatant.  According to the good aerobic 

stability results, we conducted live cell to cell antifungal activities.  An overlay method was 

reported to understand live bacteria cell antifungal activities (Muhialdin et al., 2018). However, in 

this study, we conducted a micro- titer plate assay for understanding LAB cell antifungal 
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activities. Cell to cell combination showed a higher reduction (42.2-94.5%) of fungal growth than 

LAB supernatant. The fungal growth reduction percentage was higher with L. parafarragenis, L. 

buchneri, and lower by L. hamessi are agreed with silage fermentation and aerobic stability. The 

silage was aerobically stable with L. parafarragenis, L. buchneri treatment, while the silage 

becomes deteriorated with L. hamessi treatment.   

5.5 CONCLUSION  

We achieved good fermentation characteristics of L. faraciminis during ensiling; L. 

farciminis and heterofermentative LAB inoculation should be a good combination for improving 

silage quality. In general, the isolated LAB form TMR silage plays an important role in 

maintaining aerobic stability of corn silage, particularly L. parafarraginis L. buchneri has the 

strong potential of aerobic stability. We found greater aerobic stability and fermentation quality 

with L. parafarraginis treatment compared to L. buchneri. The lactic acid and acetic acid were 

further increased with L. parafarraginis inoculated silages. The high LA contents along the 

fermentation periods compare to other heterofermentative LAB is the uniqueness of L. 

parafarraginis and needs further investigations. Finally, our study found that diverse bacteria are 

involved in TMR fermentation and aerobic stability, which should be a good source for potential 

LAB identification and inoculation to other crop silages.  
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CHAPTER 6 

GENERAL CONCLUSION 

 

First experiment: Although Acinetobacter spp. were exclusively found in wet SCR at the 

time of generation in the tofu factories, predominantly lactic acid fermentation was obtained in 

SCR silage by low levels Lactobacillus spp., Streptococcus spp., and Pediococcus spp. Further, 

Bacillus spp. was involved in lactic acid production in DS silage and long-stored PS silage. 

Fungal microbiota was highly diverse. No specific genera were associated with factory, sealing 

time, or fermentation products; hence, bacterial microbiota played a key role in the fermentation 

of SCR silage. The rancidity arising from piling and unprocessing in wet SCR could be attributed 

to the collective activities of bacteria, including Bacillus spp. and Acinetobacter spp. Owing to 

preceding processing, including heating, distinctive microbiota may have participated in the 

ensiling of wet by-products. 

  Second experiment: The microbial dynamics were changed in various temperatures, 

though silage was aerobically stable. The fermentation of TMR silage was suppressed by low 

temperature in a short time, whereas improved by a long time storage period. TMR silage stored 

at high temperature was aerobically stable, despite fermentation, and the microbial community 

was changed. We found that a high amount of acetic acid is responsible for aerobic stability at 

low and high temperatures. According to excellent fermentation at high temperatures, TMR 

silage might be good practice in tropical countries. Agro-Industrial by-products (raw material) 

provided an appropriate environment for microbial fermentation in TMR silage and a better 

process for proper utilization of wet by-products 

The third experiment: We achieved good fermentation characteristics of L. faraciminis 

during ensiling, L. farciminis and heterofermentative LAB inoculation should be a good 

combination for improving silage quality. In general, the isolated LAB form TMR silage plays an 

important role in maintaining aerobic stability of corn silage, particularly L. parafarraginis L. 

buchneri has a strong aerobic stability potential. We found greater aerobic stability and 

fermentation quality with L. parafarraginis treatment compared to L. buchneri. The lactic acid 

and acetic acid were further increased with L. parafarraginis inoculated silages. The high LA 

contents along the fermentation periods compare to other heterofermentative LAB is the 
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uniqueness of L. parafarraginis and needs further investigations. Finally, our study found that 

diverse bacteria are involved in TMR fermentation and aerobic stability, which should be a good 

source for potential LAB identification and inoculation to other crop silages.  

Lactobacillus is typical bacteria for silage fermentation, which produces lactic acid and 

decreases the pH during ensiling. According to global warming, quality feed fermentation should 

be a concern by the animal production industry. In this study, we clarified the microbial dynamics 

and association with different wet by-products comprehensively. We found potential candidates 

such as Bacillus, which can be active and produce lactic acid in high temperature; we also 

characterized the natural fermentative lactic acid bacteria from TMR silage (Mixture of wet by-

products and forage), which play an important role in silage aerobic stability.   

From three experiments conducted in this study, the dynamics of bacterial and fungal 

microbiota associated with wet by-products ensiling have been clarified. Several LAB species 

have been shown as new additions to silage LAB inoculants. Major findings in this study may 

contribute significantly to improved utilization of wet by-products in the livestock industry in 

cool, temperate, and tropical countries. 

 

 


