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ABSTRACT 

The aim of this work was to induce three bacterial species, including Bacillus amyloliquefaciens 

(cellulase-producing bacteria), Bacillus subtilis (xylanase-producing bacteria) and Enterococcus faecium (lactic 

acid bacteria), by using a low-energy plasma technique. The mutant bacteria were screened by hydrolysis 

capacity (H.C.) on carboxymethyl cellulose substrate. Then, the investigation of molecular changes, enzyme 

mechanisms, and fermentation processing from agricultural wastes, such as durian peel, corn cob, pineapple 

peel, and pineapple cork, was observed. The results showed that lactic acid bacteria, E. faecium, showed a 

mutant with higher lactic acid activity than control, approximately 12% under argon plasma treatment at 1.5/1.5 

min on MRS broth. B. amyloliquefaciens, a cellulase-producing bacteria, was treated by low-energy plasma 

immersion ion implantation (PIII) to enhance their cellulase activity. According to a protein modeling analysis, 

replacing K370 with glutamic acid was proposed to form a hydrogen bond to Y436 a shorter distance (2.6 Å) 

than the control (5.4 Å), which may allow the structure to be more compact and stable, contributing to higher 

catalytic efficiency. Moreover, xylanase-producing bacteria, B. subtilis, were bombarded by an atmospheric 

pressure plasma jet (APPJ) and higher catalytic activity was screened. Sequence analysis revealed only a single 

amino acid substitution from threonine to serine at position 162 (T162S) to be in the glycosyl hydrolase family 

(GH11). To reduce feed costs, agricultural wastes were an optional choice as raw material to feed under 

fermentation processing, which required bacteria. The quality of fermented feed after fermented by mutant 

bacteria showed that the mutant bacteria produced protein at a higher level than the control, increasing 20–

30%. The pH was decreased by 10–20%, indicating the quality of fermentation associated with lactic acid 

content increased by 10–20%. After that, the dairy cattle were fed for a month. The amount of milk and milk 

composition (fat, protein, lactose, and ash) were not different from the control, although the feed cost was 

decreased by 40%. 
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CHAPTER I 

 

Introduction 
 

Background and significance of the research 

The human population was expected to reach 9.15 billion in 2050, up 15% from 

2020 (United Nations, 2019). During the next few decades, human population growth, 

urbanization, and increasing incomes will result in significant increases in demand for 

animal products. The number of dairy farmers in Thailand increased by 14.06% between 

2016 and 2017, reaching 1,865 in 2017 (Information and Statistical Data Group, 2017). In 

addition, the cost of production in the agricultural animal industry had increased across the 

board. Feed was the most important factor (accounting for 60–70%) of total livestock 

production costs (Greenwood, 2021). Dairy cattle required nutrients to survive, grow, 

develop fetuses, and produce milk. Normally, forages were the main feed for ruminants, 

lack sufficient nutrients and minerals to fulfill the basic requirements of dairy animals, 

particularly those with high milk production. Concentrates were abundant in nutrients that 

forages lack, assist in balancing the diet. However, the concentrates were expensive, and 

as arable agriculture expands, the availability of conventional grazing areas for fodder 

quickly reducing, forcing the utilization of alternative feed sources. Furthermore, roughage 

was limited during the dry season (Velho, et al., 2018). As a result, microorganism-

fermented feed or drying will be necessary. In small-scale agriculture, feeding cattle with 

a variety of feed types was based on seasonal changes in feed supplies (Ajila, et al., 

2012). 

Furthermore, a large amount of agricultural waste in Thailand might be used to 

create an alternative feed. Agricultural wastes used as livestock feed vary depending on 

the season. Corn was harvested during August to November, as well as March to April. 

Durian was harvested twice a year, during May and October, while pineapple was 

harvested all year. Corn production provides for 60% of total country production, whereas 

durian production amounts for 10% and pineapple production provides for 25% (Office of 

Agricultural Economics, 2017). Agricultural wastes such as corn husks, corncobs, durian 
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peel, pineapple peel, pineapple cork, and other unnecessary components were left behind 

during harvest. Corncobs were about 1.2 million tons of annual production, whereas corn 

husks were about 3.1 million tons, or around 25% of total production (Tengkaew and 

Wiwattanadate, 2014). In Thailand, durian peels were wasted at a rate of 1,992 tons per 

day, or around 730,000 tons per year (Jirapornvaree, et al., 2017). Furthermore, a total of 

2.8 million tons of pineapple peels was wasted each year at factories all around country. A 

total of 4 million tons of pineapples were wasted each year, and approximately 370,000 

tons of cork were wasted each year. (Office of Agricultural Economics, 2017). The burning 

in agricultural waste mentioned about caused pollution and dust particles smaller than 10 

microns, affecting the respiratory system, or fertilizer would be created in landfills. 

However, this is costly and require up a lot of space. Increasing feed production efficiency 

using agricultural wastes was another strategy. Agricultural feed must be fermented to aid 

animal digestion and preservation. In terms of quantity, fiber feed (high lignocellulose 

content) had the best availability. Fermented feeds were usually simpler to degradable 

and contain more nutrients than the original materials. (Tengkaew and Wiwattanadate, 

2014). Fermentation may also be used to preserve materials and to minimize or even 

eliminate toxic compounds included in the components, as well as the presence of various 

microorganisms capable of carbohydrates conversion. Microorganisms in the rumen then 

utilized carbohydrates to synthesize protein. 

Atmospheric pressure plasma technology was useful due of its appropriate cost. 

Simple components can be constructed in the laboratory. To treat metals, plastics, glass, or 

polymers, the technique must be applied to material sciences especially plasma. At 

present time, medical research had used atmospheric pressure plasma technologies, such 

as using atmospheric pressure plasma to sterilize surfaces. (Laroussi, 2015). Plasma was 

used to repair surgical wounds. Investigation of the impact of atmospheric pressure plasma 

on DNA damage was reported as well. (Connell ‖O, et al., 2011; Lee, et al., 2014). 

Yaopromsiri, et al. (2015) investigated DNA mutations induced by low-energy plasma 

technology. Bacterial mutations enhancing cellulase activity was reported (Sangwijit, et al., 

2016). Moreover, Streptomyces albulus was mutated by room temperature and 

atmospheric pressure plasma (Hong, et al., 2011). On a small farm, the availability of feed 
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was dependent on seasonal changes. Most farmers attempt to maintain forage, but they 

were disappointing due to long-term preservation, which contributes microorganisms to 

growth from natural sources. As a result, low-energy plasma technologies were already 

being used to induce bacterial mutations to increase lignocellulose degrading enzymes and 

lactic acid activity, which allowed a rapid fermentation process. Therefore, low-energy 

plasma technology was used to produce fermented feed. 

Fermented feed was the anaerobic preservation of animal feed for the 

fermentation process. Fermented feed provides the benefit of maintaining the nutritional 

content of raw ingredients while allowing for long-term storage. However, the fermented 

feed had several disadvantages, including the loss of vitamin D, minerals, and the 

degradability of the feed when exposed to air. As a result, it required the application of 

professional knowledge (Dai, et al., 2020). Cellulase and xylanase were enzymes that 

break down agricultural waste into water-soluble carbohydrates. To prevent spoilage, the 

lactic acid was converted by adjusting the lower pH value (4.0) (Kim, et al., 2021; Puntillo, 

et al., 2020). Bacillus amyloliquefaciens (Ye, et al., 2017), Bacillus macernas SM (Ali, 

2003) and Bacillus megaterium MYB3 (Bai, et al., 2017) produced cellulase and xylanase. 

Lactic acid bacteria found in fermented feed include Lactobacillus plantarum, Lactobacillus 

casei (Li, et al., 2016), and Enterococcus faecium NCIMB 11181 (Jatkauskas, et al., 2013). 

In this research, low-energy plasma technology was used to induce mutation in 

three types of bacteria groups (cellulase-producing bacteria, xylanase-producing bacteria, 

and lactic acid bacteria) for fermented feed production. The mechanism for enhancing 

hydrolysis efficiency at the molecular level was investigated. Then, instead of concentrated 

feed, fermented agricultural waste feed was used. As a result of the community's 

contribution, this research could help for the cost of feed for farmers and reducing 2.5 PM 

dust from agricultural waste burning. 
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Objectives 

1. To apply a low-energy plasma technique for enhance cellulase, xylanase 

activity and lactic acid production in bacteria 

2. To formulate fermented feed from agricultural wastes after fermentation with 

bacterial mutants 

3. To analyze the mechanism of increasing the efficiency of molecular enzymes 

4. To monitor the quality of milk after provided the designed farming 

5. To train and disseminate fermented feed to the animal farmers 

 

The scope of research 

This research integrates scientific knowledge from physics, biology, and agriculture 

fields to produce feed for dairy cattle from a wide range of agricultural wastes. Mutated 

bacteria, such as cellulase-producing bacteria, xylanase-producing bacteria, and lactic 

acid bacteria, were treated with low-energy plasma techniques. The effectiveness of 

cellulase (BglC) and xylanase (XynA) genes at the molecular level, as well as their protein 

conformation changes, were examined. To identify lactic acid bacteria, the HAT-RAPD 

technique was chosen. The bacterial mutants were then used in feed fermentation with 

agricultural wastes such as corncobs, corn husks, pineapple peels, and durian peels as 

raw materials. The protein contents, pH, and lactic acid concentration of the feed were 

then determined. Following, dairy cattles were fed with fermented feed produced from 

agricultural waste, and milk quality was evaluated as shown in Figure 1. 
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Figure 1 The scope of research 
 

Expected benefits 

1. To obtain bacterial mutants with higher efficiency for agricultural waste 

hydrolysis 

2. To obtain microbes for the fermentation of animal feed 

3. To reduce the feed costs for dairy cattle farmers 

4. To decrease 2.5 PM dust from the burning by using agricultural waste as feed 

5. To be capable of supplying fermented feed for dairy cattle all year 

6. To disseminate fermentation knowledge to farmers



 

 

 

CHAPTER II 

 

Lactic acid bacteria 
 

Literature Review 

Lactic acid bacteria characteristics 

Gram-positive bacteria were categorized as lactic acid bacteria. It produced no 

immobile spores, no catalase enzyme, and survives in anaerobic conditions. They were 

cocci and rods. The yield was the lactic acid produced by the carbohydrate fermentation 

process (Axelsson, 2004). There were also two types of lactic acid bacteria. 

Homofermentative and heterofermentative glucose fermentations were the two types of 

glucose fermentation it uses. Lactic acid bacteria could grow in milk, cheese, meat, 

vegetables, soils, lakes, animals' digestive, and humans' digestive tracts (Chen, et al., 

2005; Suree, et al., 2016; Tserovska, 2002). 

Lactic acid fermentation 

Homofermentative 

The fermentation of glucose or galactose by the Emden-Meyerhof-Parnas 

(EMP) or glycolytic pathway produces approximately 95% of the lactic acid. When one 

molecule of glucose enters the EMP, two molecules of pyruvate were produced. The 

pyruvate is then converted into lactic acid (Figure 2). As a result, lactic acid may be 

discovered in D- and L-lactic acid (Burgé, et al., 2015). Lactic acid bacteria appear in a 

range of shapes, including rod-shaped types such as Lactobacillus and spherical-shaped 

species such as Streptococcus, Lactococcus, and Enterococcus. 
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Figure 2 Lactic acid production pathway representative in homofermentative 

 

Source:   Axelsson (2004) 

 

Heterofermentative 

The fermentation of lactic acid bacteria was known as heterofermentation. 

The 6-phosphogluconate/phosphoketolase pathway produces lactic acid, acetic acid, 

carbon dioxide, and ethanol in producing energy. Since these bacteria lacked the aldolase 

enzyme (a component of the EMP pathway), bacteria did not convert fructose-1,6-

diphosphate to triose-phosphate. As a result, glucose-6-phosphate will be oxidized to 6-

phosphogluconate via the phosphogluconate fermentation pathway. The decarboxylation of 

pentose phosphate and the production of carbon dioxide followed. Phosphoketolase breaks 
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down the pentose-phosphate into triose-phosphate and acetyl-phosphate, with the 

triose-phosphate subsequently converted to lactic acid. As shown in Figure 3, the acetyl-

phosphate is eventually converted to ethanol. Lactic acid bacteria can also produce formic 

acid and glycerol through various mechanisms. Lactic acid bacteria with 

heterofermentative Leuconostoc bacteria and Lactobacillus bacteria (Wagner, et al., 2005) 

had both fermentation pathways and products. Some species can also ferment hexose and 

pentose sugars, as well as lactic acid and acetic acid. These lactic acid bacteria were 

known as facultative heterofermentative because they use aldolase and phosphoketolase 

(Hammes and Vogel, 1995). 

 

 
 

Figure 3 Lactic acid production pathway representative in heterofermentative 

 

Source:   Axelsson (2004) 
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Pathogen inhibition 

The accumulation of organic acids (lactic acid, acetic acid, ethanol, and carbon 

dioxide) and a decrease in pH inhibit pathogen development (Rakhmanova, et al., 2018). 

As a result, lactic acid increased the shelf life of fermented feed. Bacteria depend on sugar 

fermentation to produce organic acids, that lower the pH of the feed and reduce nutrients 

(Lee, et al., 2009). Organic acids from lactic acid bacteria were found to be antibacterial 

agents, comparable to hydrogen peroxide (H2O2), diacetyl, and carbon dioxide (CO2) (Reis, 

et al., 2012). 

Moreover, lactic acid bacteria could be consumed to prevent spoiling (Wagner, et al., 

2005) and can produce a variety of inhibitory chemicals to inhibit pathogen infection 

1. Organic acid: lactic acid, lower the pH, of the feed inhibited pathogen 

growth. Furthermore, the cytoplasm was strongly acidic due to hydrogen ions (H+) 

penetrating the cell membrane and entering cellular bacteria, causing damage to the 

proton electrochemical gradient within the cell (Chalantom, et al., 2008). Acetic acid is the 

major metabolite generated by heterofermentative bacteria, with a small amount of 

propionic acid. The electrochemical proton gradient was affected by both molecules and 

showed a higher pKa value than lactic acid.  

2. Bacteriocin: Bacteriocins were peptides or small proteins that inhibit 

pathogens from growing. Bacteriocins were toxic to bacteria that had a similar affinity 

(Wagner, et al., 2005) and were bacteriocin sensitive (Chalantom, et al., 2008). 

Bacteriocins produced by lactic acid bacteria such as Bacillus cereus, Clostridium 

botulinum, Clostridium perfringens, Staphylococcus aureus, Listeria monocytogenes (Yang, 

et al., 2014). 

3. Hydrogen peroxide (H2O2): Even with its hydroxyl group, hydrogen peroxide 

(H2O2) was another strong oxidizer that can inhibit the growth of bacteria. In addition, it 

can oxidize cell protein molecules and the lipid layer of the cell membranes. The structure 

of nucleic acids and proteins in oxidized cells will change until they can no longer function 

correctly. In addition, the hydrogen peroxide process transports oxygen, resulting in a lack 

of oxygen and preventing other bacteria from growing (Chalantom, et al., 2008). 
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Lactobacilli, Pediococcus, and Leuconostoc were among the microorganisms that can be 

produced (Mokoena, 2017).  

4. Acetaldehyde: Acetaldehyde was produced by lactic acid bacteria when 

carbohydrates were fermented. The difficulty, however, was a lack of hydrogen alcohol 

enzymes. According to research, the concentration of acetaldehyde 10-100 ppm can 

inhibit Escherichia coli and Staphylococcus aureus (Chalantom, et al., 2008). 

5. Reuterin : Under anaerobic conditions, the breakdown of glycerol and 

glyceraldehyde Lactobacillus reuterin produce reuterin, which was a broad-spectrum 

pathogen inhibitor (Mokoena, 2017). Reuterin can inhibit intracellular activity by resisting 

the inhibitory effect of ribonucleotide oxidoreductase from a variety of bacteria, yeast, and 

fungi (Mokoena, 2017). Furthermore, the addition of reuterin to meat had been shown to 

suppress bacteria such as E. coli (Walsham, et al., 2016). 

Application of lactic acid bacteria for fermented feed production 

Fermented livestock feed had become increasingly popular these days. It had a 

significant effect on crops and reduced the amount of agricultural waste that was burned. 

Agricultural waste feed will also assist in reducing the dry season's inadequate and 

insufficient feed supplies. To maintain the quality of the grass, fermentation must be done 

in accordance with naturally occurring microbes in various parts of the plant (Bureenok, et 

al., 2011). To produce lactic acid, the fermentation process, such as microorganisms found 

in nature, must be supplemented with pure starter. Lactic acid bacteria, a valuable 

nutrient for product storage, were the most commonly used microbes in fermented feed 

preservation (Hwanhlem, et al., 2011). Lactic acid bacteria were frequently used to 

improve nutrition and inhibit mold or yeast growth, both of which can cause spoilage when 

fermented in anaerobic conditions (Reddy and Obulam, 2011). To improve fermentation 

efficiency, additives were already added, such as seedlings for nham (sour pork) 

fermentation by Lactobacillus brucei to enhance its antimicrobial activities. It should also 

depend on the cause of contamination added to each type for the greatest texture and 

flavor. In summary, the following were the advantages of lactic acid bacteria in fermented 

feed (Bintsis, 2018): 
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1. This improves the nutritional feed. In wheat tempeh, for example, the 

nutritional value of the fermented product will increase. Fermented feed included more 

vitamins than non-fermented feed because some microbes synthesize vitamins required 

for growth. 

2. Pathogens were inhibited from growing. Lactic acid bacteria in fermented 

feed were discovered to inhibit the growth of pathogenic microorganisms, keeping the 

feed safer and capable of long-term storage. 

3. The addition of lactic acid bacteria to fermented feed increased beneficial 

microorganisms in livestock, allowing them to form pathogenic microbes that lower acidity 

in the digestive tract. 

4. Nutritional protein value was increased because fermented feeds could be 

stored for longer periods of time, had a lower pH, and broke down lactose well. Thus, 

yeast from natural sources could be grow and make protein content higher. 

Low-energy plasma technique 

Plasma was an ionized state of matter made up of electrons and cations, and it 

was a form of gas. It also contains electrically neutral gaseous particles, such as active 

molecules or atoms (Harry, 2010). Large quantities of electrical energy can be used to 

form plasma in a neutral gas. When enough energy was released to the free electrons, 

they interact with the atom and lose their electrons. It was known as ionization, and it 

occurs very quickly states (Wagenaars, 2006) that ionization greatly increases the number 

of electrons released, causing the gas to decay and change into plasma. 

The generation of a plasma state at atmospheric pressure was referred to as 

atmospheric plasma. To ignite the plasma, no vacuum was necessary (Huang, et al., 

2020). At atmospheric pressure, many gases were employed to produce plasma; argon or 

helium was frequently used as the main gas (Hubert, et al., 2015). These matter atoms 

can disintegrate in a plasma state made up of high-energy particles such as ions, 

electrons, or protons that can transfer energy to molecules in contact with the plasma. 

Furthermore, it causes the atoms of a molecule to break their bonds. As a result, they 

induced molecular breakdown or atom rearrangement, which resulted in new structures 
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like polymerization or binding. As a result, these compounds' characteristics improved 

when compared to the control (Huang, et al., 2020). 

Because of its low cost, atmospheric pressure plasma technology was a preferred 

option. There were also some simple components that could be constructed in the lab. In 

materials science, plasma had been used to treat the surfaces of various items such as 

metals, plastics, glass, and polymers. At this time, atmospheric pressure plasma 

technology was being used in medical studies, such as sterilizing surfaces with 

atmospheric pressure plasma (Laroussi, 2015). The effect of atmospheric pressure plasma 

on DNA damage was already being investigated in the field of surface sterilization. 

(Connell ‖O, et al., 2011; Lee, et al., 2014). Furthermore, research into DNA mutations 

caused by the low-energy plasma approach was proceeded. (Yaopromsiri, et al., 2015). 

Additionally, lactic acid enrichment enhanced Lactobacillus thermophilus SRZ50 with 

heavy-ion mutagenesis (Hu, et al., 2018). As a result, it was chosen for application in the 

induction of bacterial mutants to enhance lactic acid activity in the production of fermented 

feeds for cattle. 

 

Research Methodology 

Screening and selection of lactic acid bacteria 

Preserved bamboo shoots (BB), Pra-ra (EPF), Plasom (NPF), pickled mussels 

(PM), Nham (SP), marinated lettuce (ML), bio-fermented water (EM), and fermented 

soybean (SB) were all weighted. First, 1 g of all samples were added to a test tube 

containing 9 ml of distilled water to form a suspension with a dilution of 10-1, followed by 

a 10-fold serial dilution to 10-2, 10-3, and 10-4 times. Then, the dilutions were cultured on 

a solid MRS medium containing 1% of CaCO3 (Neti, et al., 2018) using the spreading 

technique. Lactic acid bacteria were initially incubated for 24 to 48 hours at 37°C. The 

ratio between hydrolysis halo diameter and quality lactic acid activity was evaluated. The 

clear zone around the colony was then chosen and purified using the cross-streak method 

on a solid MRS medium containing CaCO3. The agar plates were incubated for 24-48 

hours at 37 °C, repeating at least five times until bacterial purity was reached, and the 

inoculation was kept at 4°C. 
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To determine the lactic acid production efficiency, lactic acid bacteria that can 

grow properly on a solid MRS medium containing CaCO3 were chosen. Bacteria were 

cultivated in MRS liquid medium for 24 hours at 37 °C. Each isolation was carried out in 

triplicate. First, 1 ml of the cell suspension was centrifuged at 13,000 rpm to measure the 

lactic acid concentration. The lactic acid solution (20 μl) was then added to 2 ml of FeCl3 

solution for 5 minutes at 390 nm using spectrophotometer (Appendix A). 

(Borshchevskaya, et al., 2016) and pH value was measured.  

 

Identification of bacteria strains 

Morphology 

Bacteria was smeared on a slide. Gram's staining evaluates their shape 

and arrangement. The crystal violet dye was dropped on the slide, and then immersed in 

the iodine solution for 1 minute. The decolorizer was used in 95% of the alcohol. The 

safranin-O dye was dropped on the bacteria drop area. Then, clean water was rinsed off 

and the cells were observed under a compound microscope for color, shape, and 

arrangement (American Public Health Association, 2015). 

Identification 

Each bacterial strain's genomic DNA was extracted according to (Ifuku, et 

al., 2007) and used as a template for 16S rDNA gene amplification using the polymerase 

chain reaction (PCR) method. 16SF: 5' AGTTTGATCCTGGCT C3' and 16SR: 

5'GGCTACCTTGTTACG A3' were universal primers. Purified DNA fragments were extracted 

from agarose gels using the DNA Gel Extraction Kit (Thermo Scientific, Thailand). Using a 

cloning kit (Thermo Scientific, Thailand), purified DNA fragments were cloned into the 

pTZ57R/T plasmid (InsTAcloneTM PCR), and the recombinant plasmids were electroporated 

into E. coli DH5α. Bacteria treated with plasmids were tested on antibiotic-resistant 

medium. First Base Laboratories, Selangor Darul Ehsan, Malaysia, examined the 16S rDNA 

gene sequencing using the dideoxy nucleotide sequence termination (Sanger, et al., 1977) 

and compared to the bacterial plasmids in the GenBank database.  
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Induction of mutation using atmospheric pressure plasma 

One isolated lactic acid bacterium was chosen. Atmospheric pressure plasma was 

used as the low-energy plasma. The plasma generator power was 100 watts, and the 

gas flow rate was 2 SCCM with 3 conditions: (1) continue bombard for 1 minutes, (2) 

bombard for 1.5 minutes then rest 1.5 minutes and continue bombard for 1.5 minutes, and 

(3) continue bombard for 2 minutes. They were generating plasma with argon gas. That 

was dropped into MRS liquid medium to see whether it would persist. In addition, the 

efficiency of lactic acid production of the mutant and control conditions was compared 

using a method description by (Borshchevskaya, et al., 2016). 

 

Identification of mutant by HAT-RAPD technique (Anuntalabhochai, et al., 2000) 

PCR methods were utilized to amplify the DNA profile using six primers: OPC06, 

OPAG13, OPAO20, OPAW18, OPAA14, and OPX12 for evaluation of genetic variation 

(Nakkanong, et al., 2008). Electrophoresis was used to detect DNA patterns. The 

electrophoresis was carried out for 60 minutes at a voltage of 100 V on a 1.2% 

concentrated agarose gel in a TBE buffer solution. It was analyzed under ultraviolet light 

using a UV transilluminator. The amplified wild-type and mutant DNA fragments were run 

on the same gel. By observing band shifts between mutant and wild-type samples, 

mutations can be detected. 

 

Results 

Isolation and selection of lactic acid bacteria 

Preserved bamboo shoots (BB), Pra-ra (EPF), Plasom (NPF), pickled mussels 

(PM), Nham (SP), marinated lettuce (ML), bio-fermented water (EM), and fermented 

soybean (SB) cultured in MRS with 1% CaCO3 were all used to isolate lactic acid bacteria. 

Lactic acid bacteria were detected at 21, 17, 23, and 4 isolates from Plasom, Nham, bio-

fermented water, and fermented soybean, respectively. Furthermore, no lactic acid 

bacteria were discovered in preserved bamboo shoots, marinated lettuce, pra-ra, or 

pickled mussels (PM), as indicated in Table 1. Lactic acid bacteria, on the other hand, 

formed a clear zone around the colony and were grown at 37 °C, as illustrated in Figure 
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4. The goal of this research was to establish the type of lactic acid bacteria and their acid 

production efficiency. 

 

 
 

Figure 4 Clear zone of lactic acid bacteria 

 

Table 1 The total number of lactic acid bacteria isolated from various sources 

Samples Number of isolated bacteria 

Preserved bamboo shoots (BB) - 

Pra-ra (EPF) - 

Plasom (NPF) 21 

Pickled mussels (PM) - 

Marinated lettuce (PL) - 

Nham (SP) 17 

Bio-fermented water (EM) 23 

Fermented soybean (SB) 4 

Total 65 

 

The content of lactic acid was then determined. The bacteria were grown for 24 

hours in MRS medium. The amount of lactic acid in the sample was determined. In six 

isolates, NPF1, NPF8, NPF11, SP2, SB1, and SB4, they were discovered that the bacteria 

had high lactic acid and a low pH, as shown in Table 2. 
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Table 2 Lactic acid content in MRS liquid medium after 24 hours of culture isolated 

from various sources, and pH values 

Isolated  Lactic acid content (g/L) pH 

NPF1 5.36 4.55 

NPF8 5.25 4.56 

NPF11 5.39 4.53 

SP2 5.30 4.55 

SB1 5.60 4.22 

SB4 5.45 4.51 

 

Identification of lactic acid bacteria 

Six isolates were selected (NPF1, NPF8, NPF11, SP2, SB1, and SB4). They 

demonstrated that all six isolates were spherical and gram-positive, providing 16s rDNA 

sequencing to identify the other species. The results were described in Table 3 after 

comparing the obtained data to the base sequence in the GenBank database. 

 

Table 3 Identification of lactic acid bacteria by 16s rDNA gene sequencing 

Isolates Species Identity (%) 

NPF1 Enterococcus faecium strain 

DSM 20477 

99% 

 

NPF8 Enterococcus mundtii strain QU 

25 

99% 

NPF11 Enterococcus faecium strain 

Aus0004 

99% 

SP2 Enterococcus durans strain 98D 94% 

SB1 Enterococcus faecium strain 

AT15 

99% 

SB4 Enterococcus faecium strain 

DSM 20477 

99% 
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Induction mutation using atmospheric pressure plasma 

The bacterial isolate SB1 (Enterococcus faecium) was chosen for this research for 

its high lactic acid efficiency. The bacteria were bombarded with low-energy plasma in 

this method. For 1 minute, 1.5/1.5 minutes (1.5-minute bombardment, 1.5-minute rest, 

1.5-minute bombardment), and 2 minutes, argon gas was used to generate plasma. The 

rate of survival was investigated. Bacterial survival decreased as the time interval 

increased. As shown in Figure 5, a bombardment of 2, 1.5/1.5, and 1 minute, and survival 

rates were 2%, 13, and 23, respectively. 

 

 
Figure 5 Survival rate of argon-bombarded Enterococcus faecium. The power of the 

plasma was 100 W, and the gas flow rate was 2 SCCM for 1 min, 1.5/1.5 min, and 2 min. 
 

According to this research data, the duration of the bombardment should be 

1.5/1.5 minutes. The amount of lactic acid after bombardment in comparison to control. 

These findings revealed that the bacterial mutant of the MT57 isolate produced lactic acid 

at a concentration of 5.4 g/L. The ability to produce lactic acid was 12 % better than the 

control strain (4.9 g/L), as shown in Figure 6. 
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Figure 6 Efficacy of Enterococcus faecium on producing lactic acid. It was bombarded 

with argon ions. The generator power was 100 W, and the gas flow was 2 

SCCM for 1.5/1.5 min. 

 

Identification of mutants by the HAT-RAPD technique 

HAT-RAPD methods were used to investigate the genetic diversity of bacterial 

mutant DNA (MT57) in lactic acid bacteria. OPC06, OPAG13, OPAO20, OPAW18, OPAA14, 

and OPX12 were used as RAPD markers. On an agarose gel, DNA bands were visible 

after the process. In comparison to the control, the OPAA14 primer exhibited a DNA band 

at position 1159 base pairs and none at position 514 base pairs. At position 486 base 

pairs, the OPAG13 primer detected the absence. The OPAO20 and OPAW18 primers 

revealed the 1093 and 514 base pair, respectively. In numerous sites, including 2838, 

1200, 1000, and 339 base pairs, the OPC06 primers revealed the absence. The OPX12 

primer, on the other hand, produced DNA bands that were like the control, as seen in 

Figure 7. 
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Figure 7 DNA profiles of wild type Enterococcus faecium mutant by atmospheric 

pressure plasma. The HAT-RAPD technique was analyzed using six primers: 

OPAA14(1), OPAG13(2), OPAO20(3), OPAW18(4), OPC06(5), and OPX12(6). 

(Molecular weight marker was indicated as M, wild-type were indicated as 

C and mutant were indicated as MT) 

 

Discussion 

This study identified 38 lactic acid bacteria from fermented meat and 27 lactic acid 

bacteria from fermented vegetable sources. During fermentation, both isolates were 

spherical (cocci) and did not produce catalase enzymes or carbon dioxide. The result of 

lactose or 6-carbon sugar fermentation by glycolysis belongs to the homofermentative 



 

 

  20 

type. All isolates produced more than 85% lactic acid (Eiteman and Ramalingam, 2015). In 

addition, the hydrolysis capacity (H.C.) on solid medium was determined, and the pH of a 

liquid medium was evaluated (Onda, et al., 2002). Although both isolates had high H.C. 

values and liquid medium, they had a low pH. Typically, a primary screening method was 

to examine for a clear zone with a high H.C ratio on solid medium. 

According to study on the efficacy of lactic acid bacteria isolated from six isolates, 

SB1 produces a large amount of lactic acid. Over the duration of 48 hours, the pH was at 

4.2. As a result, pH 4.2 might inhibit other pathogenic growth, resulting in long-term 

silage feed quality preservation (Amaral, et al., 2017). The bacteria most likely to cause 

silage spoilage, such as Clostridium, Listeria, and Bacillus, as well as the family 

Enterobacteriaceae (Dunière, et al., 2011; Konosonoka, et al., 2012; Rossi and Dellaglio, 

2007), were shown to be inhibited by lactic acid with a pH less than 4.20. Furthermore, 

Enterococcus sp., Leuconostoc sp., and Weissella sp. were lactic acid bacteria with a pH of 

at least 4.50 in the culture medium (Yang, et al., 2010). Dai, et al. (2020) also stated that 

good quality tropical grass silage should ferment with bacteria at a pH of less than 4.20. 

SB1 was identified as Enterococcus faecium strain AT15, a spherical, Gram-positive, non-

spore forming bacterium, after the 16s rRNA sequence from this research was analyzed 

with data from the GenBank database (Benson, et al., 2013) at the National Center for 

Biotechnology Information (NCBI) in the United States of America. 

The homofermentative of Enterococcus sp. can be used as a pure culture for feed 

fermentation (Santos, et al., 2013). Various pathogenic microorganisms, including mold and 

yeast, were inhibited by Enterococcus sp. Lactic acid bacteria were generally recognized 

as safe (GRAS) microorganisms that the Food and Drug Administration (FAD) had 

authorized for use in foods. As a result, both humans and animals were safe (Gueimonde, 

et al., 2006). 

The isolates NPF1, NPF8, NPF11, SP2, SB1, and SB4 were identified as Enterococcus 

faecium DSM20477, Enterococcus mundtii QU25, Enterococcus faecium Aus0004, 

Enterococcus durans 98D, Enterococcus faecium AT15, and Enterococcus faecium 

DSM20477, respectively. The 52 isolates from fermented seafood were identified by 

Nanasombat, et al. (2012). That was largely similar to this study. Induction of mutation by 
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cold plasma Enterococcus faecium mutant resulted in lactic acid with a lower pH than the 

wild type. Low pH inhibited the growth of fungi or pathogens in the fermented feed during 

the fermentation process (Puntillo, et al., 2020). Furthermore, the best survival rate 

condition for the bacterial mutant in this research was bombardment at 1.5/1.5 min, which 

was the same as Lin, et al. (2012). These results revealed that the MT57 isolated bacterial 

mutant produced lactic acid at a concentration of 5.4 g/L. Furthermore, the ability to 

produce lactic acid was 12% higher, as compared to the control strain (4.9 g/L). As a 

result, such mutants were identified using the HAT-RAPD technique (Anuntalabhochai, et 

al., 2000). OPC06, OPAG03, OPAO20, OPAW18, and OPAA14 were discovered to 

differentiate between wild type and mutant. Normally, the primer would bind to DNA at 

random sites throughout the bacterial genome. A change in the nucleotide sequence, on 

the other hand, prevents the primer from binding, resulting in an increased or absent DNA 

band (Ghazi, et al., 2013), which can be used to identify mutations. 

Other methods of mutation, such as heavy ion irradiation, were reported for 

Lactobacillus thermophilus. The mutant produced 14.28% more lactic acid than the wild 

type, according to Hu, et al. (2018). As a result, utilizing lactic acid bacteria in feed 

fermentation improves feed quality while also inhibiting the growth of a wide range of 

pathogens. Low-energy plasma techniques can enhance bacterial efficiency while also 

protecting humans and the environment. As a result, microbial mutation as a method had 

become an alternative. 

 

Conclusion 

Lactic acid bacteria were found to be more abundant in the fermented process that 

used plants as a raw material than in the fermentation that used meat as a raw material. 

The lowest value of pH was 4.22. Enterococcus faecium was identified as the isolate. 

Under atmospheric pressure plasma, E. faecium was mutated and showed a higher lactic 

acid concentration than the wild type. To detect mutations, the HAT-RAPD method was 

performed. Furthermore, since lactic acid bacteria were safe microorganisms that had 

been approved by the Food and Drug Administration (FAD), they can be controlled to 

maintain silage quality for a long time. 



 

 

 

CHAPTER III 

 

Cellulase-producing bacteria 

 

Literature Review 

The composition of agricultural waste 

The structures of cellulose, hemicellulose, and lignin in agricultural wastes varies 

depending on the type of agricultural waste were shown in Figure 8. However, cellulose 

with a composition of 40-60%, hemicellulose with a composition of 20-30%, and lignin 

with a composition of 15-30% were commonly discovered (Lee, et al., 2008). 

 

 
 

Figure 8 Structure and composition of agricultural waste. 

 

Source:   Martin Alonso, et al. (2012) 
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Cellulose 

Cellulose was small fibrous units bound to the cell walls of plants that stick 

together to form fibers. The basal layer of the cell wall consisted of D-glucose subunits 

linked by β-1,4 glucosidic bonds (Figure 9), including 2000-14,000 units of cellulose. 

The structure of cellulose is divided into two parts called fibrils:  

1. Crystal structure: Atoms were arranged in a specific order. Cellulose 

contained 30-40% lignocellulose.  

2. Amorphous structure: Atoms were disorganized. However, amorphous 

materials absorb water and biodegrade more readily than crystals (Soonthornchaiboon and 

Pawongrat, 2012; Tavares, et al., 2014). 

 

 
 

Figure 9 The chemical structure of cellulose. 

 

Source:   Richards, et al. (2012) 

 

Hemicellulose 

Hemicellulose contains different types of sugars: glucose, mannose, xylose, and 

arabinose were found in the xylan of polymers: mannan, galactan, and arabinan 

(Bastawde, 1992). The hemicellulose has an average length of about 200 units, in which 

the D-xylose polymer was the most abundant at 85-93%. Other components such as 

glucose, glucuronic acid and galacturonic acid had been found in small amounts (Zhou, et 

al., 2016). Moreover, xylose forms as β-1,4 glycosidic bonds (Altintas, et al., 2002; Zhou, 

et al., 2016). The chemical structure of xylan was shown in Figure 10. 
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Figure 10 The chemical structure of the polymer consists of hemicelluloses of different 

sugars. 

 

Source:   Sunna and Antranikian (1997) 

 

Lignin structure 

Lignin was an aromatic compound found in the cell walls of plants. It was found 

in varying amounts depending on the type of plant in nature. Lignin prevents cellulose 

from being easily broken down by microbial enzymes. Lignin was composed of a short-

lived non-crystallizing heteropolymer (Cheng, et al., 2008): trans-p-coumaryl alcohol, 

trans-coniferyl alcohol, and trans-p-sinapyl alcohol (Moore, 2020). In addition, lignin 

molecules were linked to aromatic substances, such as vanillin and syringaldehyde (Kilby, 

1975). The structures of trans-p-coumaryl alcohol, trans-coniferyl alcohool and trans-p-

sinapyl alcohol were shown in Figure 11. 
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Figure 11 The structure of lignin 

 

Source:   Moore (2020). 

 

Cellulase enzymes 

Cellulase was an enzyme that breaks the β-1,4 bonds created by fungi, 

bacteria, protozoa, plants, and animals. The catalytic modules of cellulose were classified 

into several different groups. It was based on the amino acid sequence and crystal 

structure (Henrissat, 1991). The carbohydrate-binding module (CBM) and other functional 

modules were located at the N or C terminal of the catalytic module. Cellulases were a 

group of enzymes (Percival Zhang, et al., 2006) that include three types of enzymes: 

(1) Endoglucanases (EC 3.2.1.4) digest both organized and disorganized 

cellulose molecules (amorphous) as well as cellooligomer molecules. The cellooligomer at 

the β-1,4 position was randomly digested. Furthermore, the product was an oligomer and 

cellobiose. 

(2) Exoglucanases (EC 3.2.1.91) consist of cellobiohydrolases (CBHs), 

which were enzymes that act together with endoglucanase enzymes. Exoglucanase 

digestion via non-reducing sugar digestion. Therefore, most of the degradation products 

were cellobiose sugars. 

(3) β-glucosidase (BG) (EC 3.2.1.21) digested the molecules of cellobiose 

and cellooligosaccharides to glucose. 

Cellulase enzyme was in high demand in many industries, including textile, fruit, 

and paper. In addition, the food industry was a supplement to increase digestibility in 

animal feed. There were two types of cellulose-degrading bacteria: (1) discrete, non-
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complexed cellulases (produced by aerobic bacteria and fungi) and (2) complex cellulases 

(produced on the surface of anaerobic bacteria and fungi). It broke down cellulose, 

releasing a group of cellulase enzymes (Figure 12A), each of which consists of a CBM 

connected to the catalytic module by a peptide bond. The CBM was located in the N-

terminus and C-terminus regions of the catalytic module (Wilson, 2008). Table 4 

illustrated the module structure of heterogeneous bacterial cellulose. In Figure 12B, 

anaerobic microorganisms can form multi-enzyme complexes called cellulosomes, which 

were vesicled on the surface of microbial cells (Bayer, et al., 2004). Only certain enzymes 

in cellulosomes were made up of CBM. However, most protein-bound enzymes contribute 

to CBM. Moreover, the crystal structures of the six endoglucanases and exoglucanase 

were shown in Figure 13. Some anaerobic bacteria can produce cellulosomes and 

cellulases independently (Berger, et al., 2007; Doi and Kosugi, 2004; Gilad, et al., 2003). 

Therefore, many specialist researchers had reported the functions of cellulosome (Bayer, 

et al., 1998; Doi, 2008; Doi, et al., 2003; Doi and Tamaru, 2001; Doi, et al., 1998). 
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Table 4 Modular structures of cellulase enzymes from various bacteria 

Organism Module structure Genbank code 

Anaerocellum thermophilum GH9- (CBM3)3 -GH48 ACM60955 

A. thermophilum GH9-(CBM3)3 -GH5 ACM60953 

Bacillus subtilis GH5-CBM3 CAA82317 

Clostridium phytofermentans GH48-Ig-CBM3 ABX43721 

C. phytofermentans GH9-CBM3-(Ig)2 - CBM3 ABX43720 

C. thermocellum GH48-(Doc)2 AAA23226 

C. thermocellum GH26-GH5- CBM11-(Doc)2 AAA23225 

C. cellulolyticum GH48-Doc ACL75108 

Cellulomonas fimi GH48-Fn3-CBM2 AAB00822 

Thermobifi dafusca CBM2-Fn3-GH48 AAD39947 

Note: GH, glycoside hydrolase; CBM, carbohydrate-binding module; Ig, immunoglobulin-

like domain; Doc, dockerin; Fn, fibronectin-like domain. 

 

Source:   Bayer, et al. (1998) 

  



 

 

  28 

 
 

Figure 12 A diagram showing the hydrolysis cellulose of non-complexed (A) and 

complexed (B) a, cellulose; b, glucose; c, cellobiose; d, oligosaccharides; e, 

endoglucanase to carbohydrate-binding module (CBM); f, exoglucanase 

(reducing ends) with CBM; g, exoglucanase (nonreducing ends) with CBM; 

h, β -glucosidase; i, cellobiose/cellodextrin phosphorylase; j, S-layer 

homology module; k, CBM; l, type- I dockerin–cohesin pair; m, type-II 

dockerin–cohesin pair. 

 

Source:   Doi (2008) 

 
Figure 13 The crystal structure of endoglucanases and exoglucanase from the family 

six. (A) Active region cleavage in the Thermobifida fusca endoglucanase 

Cel6A construct (PDB code: 1TML). (B) Humicola insolens exoglucanase 

Cel6A construct (PDB code: 1BVW), with a deep circle as the active region. 

This image was created by the program PyMOL.  

 

Source:   Doi (2008) 
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Industrial use of cellulase enzymes 

Cellulase enzymes can be applied in many industries divided by industry type as 

follows: 

(1) The textile industry, starting with fiber manufacture, bring a piece of 

cloth to weave or knit to spin. After that, the fabric or yarn should be cleaned in 

preparation for dyeing in the same process. Chemically or mechanically decorated after 

dyeing, printing, or bleaching. A ready-made finished fabric was manufactured from 

textiles with specific textures or qualities. Enzymes were utilized in the following steps: 

reducing fabric weight, polishing the fabric, and cleaning the yarn. 

(2) Dirt in clothes contains a variety of biological components, according 

to the detergent business. It's probable that it was an aqueous solution. Body sweat 

proteins bind these pollutants, allowing them to be securely absorbed into the tissue. 

Protease, lipase, and amylase were used in the past, but they were not as clean as they 

had been. Cellulase enzymes that perform well in alkaline environments were in use. As a 

result, it made its way into textiles made of clean cotton and blended cotton. 

(3) Ethanol can be produced from a variety of raw materials, including 

sugar, starch, and by-products from various industrial facilities, such as whey 

manufacturers or canned fruit. These fractions were broken down by enzymes or cellulose 

acids. Yeast can continue to consume this sugar to make ethanol to get glucose. 

(4) The major components of animal feed were various agricultural grains 

and waste, as well as fiber containing various amounts of cellulose, hemicellulose, and 

lignin, all of which were difficult for pigs and poultry to digest due to intestinal enzyme 

catalysis. As a result, the cellulase enzyme was used to produce animal feed from 

agricultural waste. 
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Research Methodology 

Bacterial strain and vectors 

The cellulase-producing bacterium, B. amyloliquefaciens (BglC-W), was mutated, 

and a mutant (BglC-M) was obtained as described in previous work (Sangwijit, et al., 

2016). This research used E. coli strain DH5α and BL21 (DE3) as hosts for transferring 

plasmids. All bacterial strains were grown at 37 °C in Luria-Bertani (LB) broth and shaken 

at 120 rpm. Cloning and expression vectors, pTZ57R/T and pETDuet-1, were purchased 

from Thermo Fisher Scientific (USA) and Novagen (USA). 

Cellulase gene (BglC) cloning and vector construction 

The genomic DNA of the wild-type strain and the mutant had been 

extracted and used as a DNA template for cellulase gene cloning. First, the known 

sequences of the cellulase gene from B. amyloliquefaciens registered in GenBank 

(accession numbers: KY797654.1, MF134665.1, and EU022559.1) have been selected as 

templates to design primers for amplification the full-length sequence. Both primers, 

forward primer 5‖ CCGGCACATATGGCAGGGACAAAAACGCCAGG 3‖ with NdeI restriction 

site, and reverse primer 5‖ CTAATGCTCGAGGCCTAAAGCTTAACTAATT 3‖ with XhoI 

restriction site, were designed. Then, the entire cellulase gene sequences of BglC-

W and BglC-M were amplified by PCR. The 1,416 bp of both PCR products were obtained 

and subcloned into the pTZ57R/T cloning vector. DNA sequencing was performed using an 

auto sequencer (ABI) by Macrogen, Korea, and nucleotide sequences were determined 

online with NCBI blast (www.ebi.ac.uk). 

Both BglC-W and BglC-M were digested with NdeI and XhoI and ligated 

into the corresponding sites of the pETDuet-1 expression vector. The recombinant plasmids 

of the mutant and control were transformed into E. coli BL21(DE3), respectively. The 

transformed cells were incubated overnight at 37 °C on LB plates with 100 µg/ml 

ampicillin. 

Expression of recombinant BglC-W and BglC-M in E. coli BL21 (DE3) 

The transformants harboring recombinant BglC-W and BglC-M were 

cultured in LB-ampicillin (100 µg/ml) medium at 28 °C and shaken at 200 rpm until the 

OD600 reached 0.6 (Polsa, et al., 2020). The recombinant cellulase expression was 

http://www.ebi.ac.uk/
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induced by isopropyl β-D-1-thiogalactopyranoside (IPTG, 1 mM) for 12 hours at 28 °C. 

The bacterial cells were harvested by centrifugation, followed by ultrasonication. The 

measured protein concentration was calculated using the bradford method with bovine 

serum albumin as a standard. 

Temperature and pH effects on BglC-W and BglC-M hydrolysis activity 

The hydrolysis activities of BglC-W and BglC-M were assayed using 

CMC as a substrate. The effect pH was incubated at 50 °C for 30 minutes at pH 2.0-11.0 

in a mixture containing 1% (w/v) CMC with each enzyme. Four different buffers were 

used: citrate buffer (pH 2.0-5.0), potassium phosphate buffer (pH 6.0-7.0), Tris-HCl 

buffer (pH 8.0-9.0) and CAPS buffer (pH 9.0-11.0). The optimal temperature of each 

enzyme activity was determined by incubating 1% (w/v) substrate with the enzymes in 50 

mM citrate buffer (pH 4.0) for 30 min at various temperatures ranging from 10-100 °C. 

The amount of reducing sugar was determined by the DNS method (Appendix B) (Miller, 

1959), and the activity at each pH was calculated. All experiments were carried out in 

triplicate, and the data was expressed as the mean ± standard deviation. Duncan‖s 

multiple range test analyzed the statistical analysis, and the values were considered 

significant at P < 0.05. 

Effect of Ca2+, Fe2+ and EDTA on cellulase activity 

The BglC-W and BglC-M in 50 mM citrate buffer (pH 4.0) with Ca2+, Fe2 

and EDTA were incubated at room temperature for 30 min. The final concentrations of 

metals and EDTA were 1, 5, and 10 mM. After incubation, the cellulase activities were 

measured. All experiments were carried out in triplicate, and the data was expressed as 

the mean ± standard deviation. Duncan‖s multiple range test analyzed the statistical 

analysis, and the values were considered significant at P < 0.05. 

Structure prediction and molecular docking of BglC 

ClustalW (1.83) multiple sequence alignment software (Larkin, et al., 

2007). was chosen for amino-acid sequence alignment. After that, ESPript (Robert and 

Gouet, 2014) was linked to illustrate the secondary structure of the templates selected. 

The catalytic core of BglC was aligned with that obtained from B. subtilis cellulase 5A (PDB 
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code 3PZT). The carbohydrate-binding module of mutant K370E BglC and B. 

subtilis cellulase 5A (PDB code 2L8A) were aligned. 

The structural models of BglC were created using SWISS-MODEL 

(Waterhouse, et al., 2018). The model of the catalytic domain of BglC was built using the 

X-ray structure PDB code 3PZT, and the carbohydrate-binding module of BglC-M was 

built using PDB code 2L8A, which corresponded to a family of 5 catalytic domains and a 

family of 3 carbohydrate-binding modules (CBM3), respectively. 

The coordinates of divalent cations (Ca2+ and Fe2+) were simulated within 

the catalytic core of the model structure. In addition, the coordinates of cellopentaose were 

docked into the carbohydrate-binding module of the predicted structure of BglC-M. 

Docking studies in both catalytic and carbohydrate-binding domains were performed by 

AutoDock Vina (Trott and Olson, 2010). Finally, all structures were displayed with PyMOL 

(Schrodinger, 2010). 

Analysis of the hydrolysis of cellulases against lignocellulosic substrates 

The hydrolysis activities of BglC-W and BglC-M were determined using 

lignocellulosic substrates, including pineapple peel, corncob, and durian peel. The 

hydrolysis activities were carried out by incubating the enzyme separately for seven days 

in 5% (w/v) substrates in 50 mM citrate buffer at 50 °C. Then, the reaction mixtures were 

collected every 24 h. The reducing sugar released from the substrates was measured by 

the DNS method. All experiments were carried out in triplicate, and the data was 

expressed as the mean ± standard deviation. Duncan‖s multiple range test analyzed the 

statistical analysis, and the values were considered significant at P < 0.05. 

 

Results 

Cloning and sequence analysis of BglC 

Sequence comparison between cellulase genes of the wild type (BglC-W) and 

the mutant (BglC-M) revealed that BglC-W and BglC-M consisted of 1,416 nucleotides, 

encoding a protein of 471 amino acids. The amino acid sequence alignment of BglC-W and 

BglC-M was almost identical. However, a single amino acid, lysine, located at position 

370, was substituted with glutamic acid (K370E). Analysis of the conserved domain 
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further confirmed that our cellulase gene was comprised of the catalytic domain (from 1M 

to 301I), which belongs to family 5 of glycoside hydrolases (GH5), and a family 3 cellulose 

binding module (CBM3) (from 326I to 471H). In addition, a catalytic domain (CD) and a 

family of three carbohydrate-binding modules (CBM3) were connected by a short linker 

sequence (from 302L to 325G). Based on sequence alignment and domain analysis, the 

mutant residue (K370E) was situated in CBM3, not in the catalytic site. 

Characterization of cellulase enzymes 

The enzymes with more stable and higher catalytic activity under a broad range 

of pH and temperature were required for a feed fermentation process. Both cellulase 

genes (BglC-W and BglC-M) were subcloned and introduced into host cells, then 

incubated with 1% CMC at pH ranging from 2 to 11. The reducing sugar was liberated 

from the reaction and measured using the DNS method, and the enzyme activity was also 

calculated. As shown in Figure 14, the cellulase activity of BglC-W and BglC-M attained 

the highest values at pH 4.0. The effect of temperature on cellulase activities was 

measured, and the result was shown in Figure 15. The highest activity of BglC-M was 

observed at 50˚C, and the cellulase activity of BglC-M was exhibited 2.5 times higher 

over a broad range of pH and temperature, which also retained about 80% of the activity 

at 90˚C after 30 min of incubation (Figure 15). 
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Figure 14 Cellulase activities of BglC-W and BglC-M at various pH levels ranging 

from 2 to 11 at 50 °C. The letters indicate a significant difference (P < 

0.05) as determined by Duncan‖s multiple range test. 

 

 
 

Figure 15 Cellulase activities of BglC-W and BglC-M at various temperature ranging 

from 10 to 100 °C. The letters indicate a significant difference (P < 0.05) as 

determined by Duncan‖s multiple range test. 

 

Effects of Ca2+, Fe2+ and chelating agents 

As shown in Table 5, Ca2+ and Fe2+ on cellulase activity of BglC-W and BglC-M 

were reported. The effects of these ions were proven to be dependent on their 

concentration. At the lowest concentration of 1 mM, Ca2+ and Fe2+ were able to increase 

cellulolytic activity slightly. The activities of both enzymes slightly increased in the 

presence of Ca2+ and Fe2+ at low concentrations, but it decreased when ion concentrations 

increased. Under the same conditions, increasing the EDTA concentration resulted in a 

slight decrease in enzyme activity. 
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Table 5 Effect of ions and chelating agents on cellulase activity 

 

Note: The letters indicate a significant difference (p < 0.05) as determined by Duncan‖s 

multiple range test. 

 

Structural comparison between BglC-W and BglC-M 

Sequence analysis of the cellulase enzyme 

The amino acid sequence alignment between the control (BglC-W) and 

mutant (BglC-M) B. amyloliquefaciens cellulases (BaCel5) was shown in Figure 16. 

Analysis of the conserved domain (Figure 16) confirmed that the BglC gene belonged to a 

cellulase superfamily, consisting of a GH5 family catalytic domain (CD ~301 residues) and 

a family 3 cellulose-binding module (CBM3 ~144 residues), according to the CAZy 

classification (http://www.cazy.org/). The two domains were joined by a short linker 

sequence (302LGSKDSTKERPETPAQDNPAQENG327), rich in hydrophobic residues. Based 

on sequence alignment and domain analysis, the mutant residue (K370E) was suggested 

to be locate in CBM3, not the catalytic motif. 

Relative 

cellulase activity 
BglC-W 

 
BglC-M 

 0 mM 1 mM 5 mM 10 mM  0 mM 1 mM 5 mM 10 mM 

Ca2+ 
100.00 

± 0.11c 

103.57 ± 

0.36b 

94.14 ± 

0.11d 

81.44 ± 

0.21g 

 100.00 ± 

0.25c 

115.97 ± 

0.47a 

92.57 ± 

0.21e 

88.66 ± 

0.39f 

Fe2+ 
100.00 

± 0.28b 

110.27 ± 

0.05a 

53.14 ± 

0.45e 

45.97 ± 

0.01f 

 100.00 ± 

0.47b 

100.10 ± 

0.07b 

80.52 ± 

0.24c 

66.30 ± 

0.12d 

EDTA 
100.00 

± 0.34a 

73.34 ± 

0.15f 

74.20 ± 

0.35e 

64.19 ± 

0.22g 

 100.00 ± 

0.30a 

83.29 ± 

0.31c 

86.60 ± 

0.30b 

80.54 ± 

0.23d 
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Figure 16 Amino acid sequence alignment of wild type and mutant cellulase from B. 

amyloliquefaciens (BglC-W and BglC-M, respectively) and cellulase from B. 

subtilis 168 (BsCel5A). Secondary structures were predicted using the X-ray 

structures of the catalytic domain and carbohydrate-binding module of 

BsCel5A as templates (PDB entries 3PZT and 2L8A, respectively). The 

catalytic domain was shown above the sequences, but the carbohydrate-

binding module was below the sequences. The dashed arrow indicated the 

mutant residue (K370E). α-helices and β-strands were displayed as 

squiggles and arrows, respectively. TT indicates turns. Fully conserved 

residues were printed as white characters on a black background. Similar 

residues were written in bold black characters and boxed. 

Analysis of the BglC catalytic core 

The catalytic core of BsCel5A (PDB code 3PZT) was used as a template 

to compare with that of BglC. The alignment result showed that our cellulase shared 96% 

amino acid identity with the catalytic core of the structural template. In the previous 

report, the BsCel5A catalytic core structure was composed of a typical (β/α)8-TIM-barrel 
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domain with the catalytic residues on β-strands (Santos, et al., 2011). Structural analysis 

revealed that the model structure of the catalytic core of our cellulase displayed a common 

TIM barrel fold. In addition, Ca2+ and Fe2+ were docked in the model structure of the 

catalytic core, thus having the same binding free energy of -1.4 (in kcal/mol). This study 

suggests that the docked metals were located at the catalytic core, surrounded by the 

polar serine and asparagine for their coordination sites. 

Analysis of BglC carbohydrate-binding module (CBM3) 

The CBM3 amino acid sequence of BglC-W and BglC-M shared 90% 

and 89% sequence identity, respectively, with BsCel5A (PDB code 2L8A) as a template 

model. The predicted structure revealed that CBM3 folded into a β-sandwich, a dominant 

fold among CBMs. It was made up of two β-sheets with four and five antiparallel β-

strands, similar to the selected template (Figure 17). The predicted structure also had one 

short α-helix at the C-terminus, which was similar to that of BsCel5A (Figure 17). The 

structure of cellopentaose docked into the structure of BglC-M had a binding free energy 

of -7.5 kcal/mol. 

From the docking study, 376Y was close to the substrate's reducing end 

terminal residue (~8 Å apart), which may facilitate the substrate's occupancy. 376Y was 

proposed to lie along with the hydrophobic platform since it may form a hydrophobic stack 

against the incoming cellulose chain's pyranose rings (Figure 17). From the docking study 

of cellopentaose with the model structure of BglC-M, the residues proposed to form 

hydrogen bonds with cellopentaose were 370E of BglC-M and 398K of BsCel5A CBM3 

(homologous to 370K of BglC-W) (Figure 17). The oxygen atom of the sugar residue at 

the non-reducing end (subsite -3) recognizes the side-chain oxygen of 370E and the 

amide side chain of 398K with the predicted hydrogen bond distances of 3.8 Å and 3.6 Å, 

respectively (Figure 17). 398K of BsCel5A CBM3 (homologous to 370K of BglC-W) was 

located on a surface loop, and its amide side chain was far from the hydroxyl side chain 

464Y (BsCel5A CBM3) with the distance of 5.4 Å, thus being predicted in BglC-W 

similarly. The predicted hydrogen bonding with 2.6 Å between 370E (BglC-M) and 436Y 

linked the flexible loops together, thus making the structure more compact. 
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The backbone carbonyl of 370E of BglC-M was structurally homologous 

to 398K of BsCel5A and was proposed to form a hydrogen bond within the sugar ring at 

subsite -2, with 3.0 Å (Figure 17). Similarly, the backbone carbonyl of 373G formed a 

hydrogen bond with the oxygen atom of the sugar residue (subsite -1) docked at a 

predicted distance of 3.9 Å (Figure 17). The glucosyl substrate at subsite -2 was 

proposedly to be stacked against the indole ring of 433W (Figure 17). 

 

 
Figure 17 The superposed structures of the cellulose-binding domain were shown. The 

structure model of BglC-M from B. amyloliquefaciens was shown in salmon. 

The structure of BsCel5A CBM3 from B. subtilis 168 (PDB code 2L8A) was 

shown in cyan. The residues involved in carbohydrate recognition in the 

structure model of BglC-M K370E was shown as stick models with carbon in 

salmon, nitrogen in blue, and oxygen in red. K398, labeled in italic, was from 

the structure of BsCel5A CBM3 shown as a stick model with carbon in cyan. 

The docked cellopentaose was shown as a ball-and-stick model with carbon 

in yellow. Sugar-binding subsites were labeled. The black dashed line 

represented a predicted hydrogen bond formed in the BglC-M structure 

model between the surrounding residues and the cellopentaose molecule; the 

distances between them were given in Å. 
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Hydrolysis activity on lignocellulosic substrates 

The hydrolysis activity of cellulases on pineapple peel, corncob, and durian peel 

was tested. The results showed an increase in hydrolysis activity by measuring the 

amount of reducing sugar liberated from substrates since the first day of incubation. As 

shown in Figure 18, the results indicated that BglC-M exhibited the highest hydrolysis 

activity against all substrates. Therefore, the most suitable substrate for this experiment 

was the corncobs, since it released the highest amount of reducing sugar on the 7th day. 

 

 
Figure 18 Hydrolysis activities of BglC-W and BglC-M on durian peel, corncob, and 

pineapple peel. The letters indicate a significant difference (P < 0.05) as 

determined by Duncan‖s multiple range test. 

 

Discussion 

The cellulase-producing bacteria isolated from horse manure was Bacillus 

amyloliquefaciens from previous reports (Sangwijit, et al., 2016). It can degrade 

lignocellulose, consisting of cellulose (45-55%), hemicellulose (25-35%), and lignin (Xu, et 

al., 2020). In addition, it produces cellulase and xylanase enzymes to break down plant 

cell walls into single sugar molecules. The other microorganisms use sugar as their food 

source to produce organic acids. 
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To maintain the quality of fermented feed, several groups of cellulase-producing 

bacteria, such as Cellulomonas, Cellvibrio, Pseudomonas sp., Bacillus, and Micrococcus 

(Immanuel, et al., 2006; Nandimath, et al., 2016) were reported. In poultry feed, 

cellulolytic enzymes had higher total weight and energy values than in animals (Café, et 

al., 2002). In addition, cellulase and xylanase increased feed intake and milk production 

(Romero, et al., 2016). Therefore, the cellulase enzyme was very important for animal 

feed. During feed fermentation, the temperature inside the fermentation chamber 

increases gradually, up to 42˚C (Dai, et al., 2020). Therefore, our mutant has higher 

catalytic activity between 40-60˚C, which is suitable for fermentation. Interestingly, the 

mutant produced cellulase with approximately 2.5-fold higher catalytic activity than the 

wild type. Sequence analysis determined that the mutant K370E, located in CBM3 at the 

C-terminus, may be involved in enzyme activity. 

The docked metal atoms (Ca2+ and Fe2+) can be coordinated by the side chains of 

the polar residues of serine and asparagine, carbonyl oxygen, and nitrogen amide (Table 

5). The metal-binding motif with hepta-coordination may contribute to its stability, thus 

further enhancing cellulase activity. Such a metal binding site had been reported 

previously for the crystal structure of the catalytic core of B. subtilis cellulase 5A (Santos, 

et al., 2011). Yaniv, et al. (2012) also confirmed that the role of metal ions was to facilitate 

the maintenance of loops, but not for protein reconformation. Moreover, EDTA was a 

strong chelator and effectively removes concentrations of divalent cations from the catalytic 

domain, thereby removing the metal binding motif and suggesting lower stability. 

Therefore, the 1 mM to 10 mM range of EDTA reduces cations, resulting in decreased 

enzyme stability and activity. 

Docking studies presume that the coordination of metal ions by serine and 

asparagine can stabilize the structure of the enzyme and increase its cellulolytic activity. 

Fe2+ and Co2+ had previously been reported to increase the activity of endocellulase Cel-

5A enzyme at concentration as low as 1 mM (Ma, et al., 2020). Moreover, Co2+ ion in the 

endoglucanase CelCM3 can increase enzyme activity (Khalili Ghadikolaei, et al., 2018). 

Metal ions were proposed lead the enzyme in its stable and optimized conformation 
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(Santos, et al., 2011; Yan, et al., 2008). The contribution of metal ions in our study could 

facilitate a more stable enzyme structure, thus increasing its activity. 

Usually, the carbohydrate-binding modules (CBMs) were the amino acid sequence 

that was important in carbohydrate-binding. The alignment results showed that our CBM 

belongs to CBM 3 family, forming a flat surface for cellulose recognition (Santos, et al., 

2011). A specifically shaped substrate was needed to catalyze the catalytic site and 

optimize the enzymatic reaction (Santos, et al., 2011). The recognition of protein and 

carbohydrate-binding use the Van der Waals bond. Moreover, the reaction was made 

from an aromatic ring complex between furanose and pyranose. The hydrogen bonds 

between the polar saccharide groups and amino acid side chains of Y380 and Y436 were 

aromatic groups attached to the β-sandwich core, which are hydrophobic, suggesting 

that most of the interactions of CBM3 with cellulose were due to the polarized side chains. 

Therefore, the increase in enzyme activity on the K370E mutant was likely a change in 

the electrostatic cycles around CBM3 causing the positive side chain (K) to change to the 

negative side chain (E). The predicted hydrogen bonding with 2.6 Å between E370 (BglC-

M) and Y436 linked the flexible loops together, thus making the structure more compact. 

These might increase the stability of the enzyme and collectively contribute to the 

accommodation of the cellulose chain. Our biochemical assays indicated that K370E 

mutant exhibited approximately 2.5-fold improvement in activity compared to the wild-

type. Docking studies of BglC-M CBM3 with cellopentaose reported that the 

carbohydrate-binding site involves hydrophobic stacking against the pyranose rings and 

that hydrogen bonds form between the hydroxyl groups of cellopentaose and the protein 

structure. 

On this face, two aromatic residues were W433 and Y436, while Y376 was buried 

at β-sandwich core that make hydrophobic contacts. The study showed that aromatic 

residues and polar side chains contributed to CBM3 BglC with cellulose. Yaniv, et al. 

(2012) It had been found that the base substitution by site mutagenesis from asparagine 

to tryptophan (N126W) in the carbohydrate-binding domain enhanced the binding ability of 

cellulase from Clostridium thermocellum, thus proposing its crystalline structure. However, 

the activity of the cellulase had not been demonstrated. 
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The distance between K398 and Y464 was 5.4 Å in BsCel5ACBM3 (K370 to Y436 

in BglC-W). Therefore, the replacement of E370 by K370 in the model corresponds to 

reported experiments to increase enzymatic activity in mutants. It refers to the dynamic 

structure and evolution of the enzyme, which increased the properties of enzymes not only 

at the catalytic site, but also at the site of the substrate module (Zhang, et al., 2015). 

Mutations outside the catalytic site enhance the enzymatic activity by changing the 

protein, reacting with substrates and transition conditions. The amino acids can promote 

catalysis with groups involved in certain catalytic mechanisms (Suto, et al., 2002), such as 

structural flexibility, which contributed to forming new catalytic regions by mutation. Thus, 

the substrate was necessary to catch the transition conditions (Zhang, et al., 2015).  

Thermostability and pH stability produced by the mutants are also the keys to 

improving enzyme properties and activities (Contreras, et al., 2020). Moreover, CBM plays 

an important role in substrate binding, which further improves the catalytic activity 

(Badino, et al., 2017) and thermostability (Westh, et al., 2017). Our study indicated that a 

mutant, which involved the modification of a single residue charged into the CBM3 domain 

by plasma immersion ion implantation, increased its cellulase activity. 

According to the composition of lignocellulosic biomass containing 45-55% cellulose, 

the reducing sugar released during our experiment could be calculated as 20-40% of total 

cellulose on each lignocellulosic substrate. This result indicated that the mutant could be 

used to hydrolyze these lignocellulosic wastes for animal feed. In the future, this mutant 

cellulase will be applied to hydrolyze lignocellulosic wastes for fermented animal feed, 

especially corncob and durian peel. This could provide low-cost animal feed and reduce air 

pollution by avoiding the combustion of lignocellulosic waste. 

Furthermore, it was the first evidence showing that a single amino acid substitution 

in CBM, not in the catalytic domain, increased its enzyme activity. Moreover, it can be 

applied to animal feed.  
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Conclusion 

B. amyloliquefaciens was mutated by cold plasma implantation to enhance its 

cellulase activities. The cellulase mutant (BglC-M) showed higher catalytic activity about 

2.5-fold than the control under a wide range of temperature and pH. The molecular 

docking study proposed carbohydrate-aromatic and hydrogen bonding interactions 

between cellopentaose and BglC. Moreover, the residue that recognized the incoming 

substrate was predicted. Sequence analysis and structure prediction revealed that a single 

amino acid residue was substituted from lysine to glutamine at position 370 (K370E) in the 

cellulose binding module, while not in the catalytic domain. The predicted structure of 

BglC-M with bound substrate revealed the role of mutant K370E, thus facilitating the 

attachment of the two loops. This amino acid (K370E) involved a charge residue change 

on the CBM3, resulting in increased structural stability and enzymatic activity. In addition, 

the hydrolysis ability of cellulase was investigated on agricultural wastes, including 

pineapple peel, corncob, and durian peel. A greater released of reducing sugar was 

detected in the corncob. Although an amino acid mutation in CBM (N126W) increased the 

binding activity of C. thermocellum cellulase had been reported by Yaniv, et al. (2012), its 

enzyme activity was not demonstrated. This was the first evidence shown that a single 

amino acid substitution in CBM, not in the catalytic domain, increased its enzyme activity. 

 



 

 

 

CHAPTER IV 

 

Xylanase-producing bacteria 

 

Literature Review 

Xylanase enzyme 

Xylan is the major polysaccharide in primary cell wall, about 20% and its 

composition depend on the original. Structurally, xylan is polysaccharide with a backbone 

composed of β-1,4-linkage between D-xylose residues (Duan, et al., 2021). The 

digestion of xylan requires enzymes with many different and specific mechanisms. The 

enzymes involved in the breakdown of hemicellulose was called hemicellulase or glucan 

hydrolase. They had divided the specific actions of the substance (Suto, et al., 2002):  

(1) The substances were only degradable to L-arabinose (1,3) and (1,5)-

2-L-arabino-furanosyl. Thus, the arabinose sugar (L-arabinose) was produced.  

(2) The enzyme D-galactanase only degraded galactan and produces the 

sugar, L-arabino-D-galactan.  

(3) D-mannanase was an enzyme which can break down β-(1,4)-D-

mannanopyranosyl from D-mannan. 

(4) β-xylanase cleaved the xylan bond. 

The degradation of xylan to obtain small subunits found outside the main xylose 

related to β-(1,4)-D-xylopyranosyl and many other enzymes also involved in the 

digestion of the main branches or main strands e.g., β-(1,2), β-(1,3), or β-(1,4). Each 

enzyme was different and specific to the subunits and linkage bonds that can split the 

enzyme as the following mode: 

1. The branched digestive enzyme (Beg, et al., 2001) indicates that the 

xylan plant was a polymer consisting of xylose molecules connected by β-(1,4) bonds. It 

was composed of xylose molecules. Acetyl, arabinofuranosyl, or glucuronic groups of 

enzymes were responsible for reducing branched subunits. It had been verified that the 

enzyme that works on the main branch cannot operate without disapproval. Therefore, 
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digestion begins with trimming by the acetyl esterase, L-arabinofuranosidase, and 

glucuronidase enzymes. 

2. All branches were eliminated by the main digestive enzymes; The 

main branch was digested by three types of enzymes as follows: 

1.Endo-β-1,4-D-xylan xylanohydrolase (E.C.3.2.1.8). It worked 

by randomly break the β-1,4 bonds in the main chain. These were xylooligosaccharides of 

different sizes.  

2.Exo-β-1,4-D-xylanase. It acted to branch xylan and 

xylooligosaccharides into subunits from the non-reducing end, then the product was 

xylose. 

3.β-D-xyloside xylohydrolase (E.C.3.2.1.37). It digested 

disaccharides, a function product of endo-xylanase and exo-xylanase, producing xylose 

sugar. 

Normally, the enzyme xylanase was activated in foods containing xylan 

(Balakrishnan, et al., 1992). The enzyme xylanase was immobilized, and was useful in 

studies such as repeated use of the enzymes, easy separation yield, and development of 

enzyme stability (Beg, et al., 2001). 

Source of the enzyme xylanase 

Xylanase was produced by bacteria and actinomyces bacteria 

(Bacillus sp., Pseudomonas sp., Streptomyces sp.). The optimal pH range was 5-9, with 

an optimum temperature of 35-60 °C (Beg, et al., 2001; Mandal, et al., 2015). The 

bacteria studied for xylanase production were presented in Table 6 (Amore, et al., 2015; 

Dhiman, et al., 2008; Maheswari and Chandra, 2000). 
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Table 6 The xylanase-producing bacteria. 

 
 

Source:   (Van Schie and Young, 2000) 

 

This study showed that Bacillus sp. exhibited high xylanase at pH, alkali, and 

high temperatures. As a result of their alkaline and heat resistance, xylan degradation 

bacteria were used in the industry (Mandal, et al., 2015). 

Fungi (Aspergillus spp., Fusarium spp., Penicillium spp.) were essential in the 

production of xylanase because of its high efficiency and the release of cells (Van Schie 

and Young, 2000). Fungi had high enzyme activity. However, some limitations were not 

suitable for industrial applications (Mandal, et al., 2015). Fungal enzymes were effective at 

temperatures below 50°C and pH values in the range of 4-6 (Balakrishnan, et al., 1992), 

but they cannot be used in the fruit and paper industries, which require an alkaline pH and 
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temperatures above 60°C (Mandal, et al., 2015). The fungi were also found in cellulase 

enzymes. Moreover, very few other reports had found a xylanase enzyme without 

cellulase (Subramaniyan and Prema, 2002). The strains of fungi that produce xylanase 

were shown in Table 7. 

 

Table 7 Fungi produce the enzyme xylanase. 

 
 

Source:   (Van Schie and Young, 2000) 

 

The xylanase enzyme can be produced by solid-state fermentation (SSF) or by 

submerged fermentation (SMF). However, SSF fermentation enzymes were more 

abundant than SMFs (Van Schie and Young, 2000). In addition, large-scale production in 
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fungi was more difficult due to slow growth and reproduction with highly viscous 

substances that affect oxygen (Mandal, et al., 2015). 

 

Research Methodology 

Bacterial strains, growth conditions, and vectors 

A xylanase-producing bacteria, Bacillus subtilis, was isolated from a termite 

comb. Escherichia coli strain DH5α and BL21 (DE3) were used as hosts for transferring 

plasmids. All bacterial strains were grown at 37 °C in Luria-Bertani (LB) broth with 

vigorous shaking at 120 rpm. Cloning and expression vectors, pTZ57R/T and pETDuet-1, 

were purchased from Thermo Fisher Scientific (USA) and Novagen (USA). 

Atmospheric pressure plasma jet bombardment  

Plasma bombardment of the bacterial samples was carried out using our in-

house developed atmospheric pressure plasma jet (APPJ) at the Biotechnology Unit, 

University of Phayao. A schematic of the APPJ system, comprised of a high voltage power 

supply, electrodes, and a dielectric tube, is shown in Figure 19. 

 

 
Figure 19 Schematic drawing of the atmospheric pressure plasma jet (APPJ) system. 
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B. subtilis cells were harvested by centrifugation at 6,000 rpm for 5 min after 

overnight incubation at 37 °C and resuspended with 100 µl of sterile distilled water. 

Bacterial suspensions were dropped into holes in a sample holder for plasma 

bombardment. Both argon and helium plasmas were chosen to generate plasma with an 

energy input of 120 W and a gas flow rate of 2 SCCM (standard cubic centimeters per 

minute) at room temperature for all experiments. The bacterial samples were bombarded 

at time intervals ranging from 1 to 5 min. After plasma bombardment, 1 ml of LB media 

was added to each bombarded sample and incubated at 37 °C on a rotating shaker for 1 

h. Then, 100 µl of each sample was spread on LB agar containing 1 % (w/v) beechwood 

xylan and incubated overnight at 37 °C. 

Bacterial survival comparison 

After bombardment, all bacterial samples were recovered by spreading them on 

LB agar plates and incubating them at 37 °C. The number of colonies was counted to 

determine the colony-forming units (CFUs). The effectiveness of the bombardment was 

calculated as the percentage of CFUs observed on treated plates relative to CFUs on 

untreated plates at the lowest dilution where survival was observed (Humud, 2013). The 

percentage of bacterial survival was calculated using the following formula:  

 

R = (     )

  
      

 

where: N0 = C.F.U. of non-treated bacterial control and Nt = C.F.U. of treated 

bacteria. 

 

Screening for xylanase (XynA) gene mutation  

After the bacterial cells were bombarded with either argon or helium plasmas, 

the bombarded bacterial samples were screened for xylanase (XynA) gene mutation by 

spotting on agar plates consisting of 1% (w/v) beechwood xylan and incubated at 37°C for 

24 h. Wild type B. subtilis was grown on the same agar media as the control. The 

hydrolysis halos were stained by congo red in order to observe bacterial xylanase activity 

(Klunk, et al., 1999). The ratio between hydrolysis halo diameter evaluated the qualitative 
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xylanase activity of each bombarded bacterial to the colony diameter ratio (H.C.). The 

mutant with the highest H.C. ratio was selected with the xylanase gene MxynA and the 

control CxynA.  

Gene cloning and vectors construction  

Xylanase gene cloning  

Control and mutant chromosomal DNA were extracted and used as a 

DNA template for xylanase gene cloning. A known sequence of B. subtilis xylanase gene in 

GenBank (accession no.; WP_038829967.1) was chosen as a template to design primers 

for amplifying the xylanase gene. Two primers, forward primer 

5‖CCGGCAGGATCCGCAGGGACAAAAACGCCAG 3‖ with restriction site BamHI, and reverse 

primer 5‖ CTAATGAAGCTTGCCTAAAGCTTAACTAATT3‖ with restriction site HindIII were 

designed. Then entire xylanase gene sequences of CxynA and MxynA were amplified by 

PCR. The 642 bp PCR products were obtained and subcloned into the corresponding sites 

of the pTZ57R/T vector. DNA sequencing was performed using an auto sequencer (ABI) by 

Macrogen, Korea, and the nucleotide sequences were determined online with NCBI blast 

(www.ebi.ac.uk). 

Construction of recombinant expression vectors and transformation of E. 

coli BL21 (DE3) 

Both CxynA and MxynA were digested with BamHI and HindIII and 

ligated into the corresponding sites of the pETDuet-1 vector. The recombinant plasmids of 

the mutant and the control, named pMxynA and pCxynA, were transformed into E. 

coli BL21(DE3), respectively. The transformed cells were cultured on LB plates containing 

100 µg/ml of ampicillin and incubated overnight at 37 °C. 

Expression and purification of recombinant MxynA and CxynA in E. coli 

BL21 (DE3) 

The control and the mutant transformants were cultured in LB-ampicillin 

(100 µg/ml) medium at 28 °C with vigorous shaking at 200 rpm until the OD600 reached 

0.6. The expression of the recombinant xylanase was induced with isopropyl β-D-1-

thiogalactopyranoside (IPTG, 1 mM) for continuous 12 h cultivation at 28 °C. The bacterial 

cells were harvested by centrifugation followed by ultrasonication. Then both MxynA and 

http://www.ebi.ac.uk/
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CxynA were purified using Protino, Ni-TED 1000 kit (Mycherey-Nagel, Germany). Protein 

concentration of the purified xylanase was measured using the bradford method with 

bovine serum albumin as standard. 

Structural analysis between MxynA and CxynA 

Three-dimensional (3-D) structures of the MxynA and CxynA were 

developed by homology modeling, a computational tool that has been widely applied in 

the field of structural biology. The three-dimensional structure was generated by SWISS-

MODEL protein-modeling server (http://swissmodel.expasy.org/). 

Characterization of MxynA and CxynA 

Xylanase activity of MxynA and CxynA was assayed with 1 % (w/v) of 

beechwood xylan at various temperatures ranging from 10 to 100 °C for 15 min. The 

amount of reducing sugar was determined by the DNS method (Appendix C) (Miller, 

1959). One unit of enzyme activity was defined as the amount of enzyme that liberated 

one nanomole of reducing sugar per minute. The optimum pH values of MxynA and CxynA 

were determined, ranging from pH 2.0 – 11.0 at 50 °C for 15 min. 

Enzyme kinetic assays 

Kinetic parameters were determined using beechwood xylan as substrates at 

concentrations in the range of 0.1-10 mg/mL. The reaction mix contained 25 μg/mL of the 

enzyme, 0.5 mM citrate buffer pH 6.0, and was incubated at 50 °C for 15 min. The 

amount of reducing sugar released was measured using the DNA method. The Km, kcat, 

and kcat/Km were obtained from Lineweaver-Burk plots (Lineweaver and Burk, 1934). 

Hydrolysis of xylanase on lignocellulosic raw materials 

Xylanase hydrolysis activities of MxynA and CxynA were investigated using 

lignocellulosic material, including rice straw, corncob, and para grass. The hydrolysis 

activities were carried out by incubating each material's purified enzyme in 5% (w/v) at 

37°C for seven days. The suspension from the reaction was collected every 24 h to 

measure the reducing sugar released from each material by the DNS method. 

  

http://swissmodel.expasy.org/
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Results 

Atmospheric pressure plasma jet induced mutation in bacterial cells 

B. subtilis was bombarded under various conditions by the plasma jet, then the 

survival of each treated bacteria was investigated using a plate count method and 

compared with the bacterial control. Higher survival inactivation efficiencies were observed 

in helium plasma treatment at 1- and 2-min treatments. The highest survival inactivation 

was observed at 5 min treatment with argon plasma (Figure 20). The bombarded 

bacteria were spread on media containing 1% (w/v) beechwood xylan to screen for 

bacterial mutants. The mutant with the most significant xylanase activity showed the 

highest H.C. ratio on a plate containing beechwood xylan, observed only under argon 

plasma bombardment at 1 min (Figure 21).  

 

 
Figure 20 Survival rate comparison of bacteria bombarded by atmospheric pressure 

plasma jet using helium and argon plasma. 
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Figure 21 Congo Red staining displayed hydrolysis halo zone of B. subtilis (a) control 

and (b) mutant. 

 

Cloning of the xylanase gene and sequence analysis 

The entire CxynA and MxynA were amplified by PCR using the specific primers 

(as described in materials and methods), subsequently cloned into pTZ57R/vector, and 

sequenced. Both CxynA and MxynA nucleotide sequences consisted of 642 nucleotides 

encoding for 213 amino acids. Nucleotide alignment between CxynA and MxynA revealed 

that five nucleotide substitutions were found in MxynA (data not shown), but only one 

amino acid residue changed in the MxynA sequence.  

The amino acid comparison between CxynA and MxynA showed that these two 

sequences were almost identical (Figure 22), except the threonine residue was 

substituted into serine residue at position 162 (T162S). Our xylanases belong to the 

glycosyl hydrolase family 11 (GH11) based on the amino acid sequence homology. 

Generally, the structure of GH11 xylanases consists of two large β-pleated sheets and a 

single α-helix that form a structure resembling a partially closed right hand (Törrönen and 

Rouvinen, 1997). The 3-D structures of MxynA and CxynA were simulated by SWISS-

MODEL protein-modeling webserver (http://swissmodel.expasy.org/). The BLAST program 

performed the template search for homology modeling. From our results, GH11 xylanase 

from B. subtilis with PDB No. 2DCY was chosen as the template for structural analysis. 

Based on sequence alignment and domain analysis, T162S residue was located at a loop 

http://swissmodel.expasy.org/
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connecting the β-sheet B7 and A6 exposed to a hydrophilic environment (Figure 23). 

The former β-strand constitutes an active site and carries the conserved residues. For 

instance, F153 and W157 maintain the substrate during the reaction mechanism 

(Murakami, et al., 2005). 

 

 
 

Figure 22 Sequence comparison of XynA of the wild type (CxynA) and the mutant 

(MxynA) using the CLUSTAL-W program. The red arrow indicates the 

mutant residue (T162S). 
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Figure 23 The ribbon representation of the three-dimensional structures of CxynA (A) 

and MxynA (B) shows the position of the mutation (T162S). In addition, 

hydrophobic residues located at β-sheet B7 involved in substrate binding are 

shown as yellow sticks. The model was generated with the SWISS-MODEL 

server using family 11 xylanase from Bacillus subtilis (PDB code: 2DCY). 

 

Characterization comparison between the xylanase enzymes 

The effects of pH and temperature on xylanase activity were determined. The 

purified MxynA and CxynA were incubated with 1% beechwood xylan and a pH ranging 

from 2.0 to 11.0 at 50 °C for 15 min. The quantity of released reducing sugar was 

detected and calculated using the DNS method. The catalytic activity of CxynA and MxynA 

at pH 5.0 were 304.10 IU/mg and 1463.47 IU/mg, respectively (Figure 24). Furthermore, 

both MxynA and CxynA showed their similarity of activities in a wide pH range of 4.0 - 

8.0. 
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Figure 24 Xylanase activities of MxynA and CxynA at different pH ranging from pH 2.0– 

11.0 at 50 °C. 

 

For optimal temperature, the catalytic activity of both xylanases was carried at a 

broad range of temperatures. Both MxynA and CxynA had an optimum temperature of 

60˚C. However, the catalytic activity of MxynA was approximately 2-fold that of CxynA 

over a broad range of temperatures from 10-100 ˚C. Moreover, the catalytic activity of 

MxynA still retained about 80% activity at 90 ˚C after 15 min of incubation (Figure 25). 

 

 
 

Figure 25 Xylanase activities of MxynA and CxynA at different temperatures ranging 

from 10-100 °C 



 

 

  57 

The kinetic parameters of the purified enzymes CxynA and MxynA towards xylan 

were determined to reveal the substitution effects from threonine to serine at position 162 

on enzyme activity. As shown in Table 8, the Km value of MxynA was not significantly 

different from that of CxynA. At the same time, the kcat value and kcat/Km value of MxynA 

were approximately 2-fold that of CxynA. These results suggest that mutation leads to a 

higher turnover number. 

 

Table 8 Kinetic parameters on beechwood xylan of CxynA and MxynA. 

Kinetic parameter Km (mg/mL) kcat (sec-1) kcat/Km (S-1mg-1mL) 

CxynAa 9.11 15.43 1.69 

MxynAa 10.8 35.19 3.26 

 

Note: a Values were the mean of three replicates. 

 

Lignocellulosic biomass hydrolysis by xylanase 

Since MxynA exhibited enzyme activity about four times higher than CxynA over 

a broad range of temperatures and pH, both MxynA and CxynA were applied to hydrolyze 

lignocellulosic wastes, including rice straw, para grass, and corn cob. The reducing sugars 

released from each hydrolysis reaction were then measured. Reducing sugars were 

detected from the first day of incubation, increasing gradually until the end of day 7th 

(Figure 26). 
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Figure 26 The hydrolysis activity of each substrate from day 1 to day 7 

 

Discussion 

The effect of the argon and helium plasma bombardment on B. subtilis survival was 

shown in Figure 20. The survival at 1 min of bombardment reveals that helium plasma 

has a significantly different, greater effect than argon plasma. When exposure times were 

increased, the effect of argon plasma on survival dramatically decreased while the effect 

of helium plasma gradually decreased. At 5 min exposure, survival under argon 

bombardment was barely detected. These results indicate that the longer the exposure to 

plasma bombardment, the lower the bacterial survival. Previous research has reported 

argon plasma having a greater effect on inactivating bacterial cells than helium plasma 

(Chandana, et al., 2018). The different effects on bacteria survival between helium and 

argon plasma could be due to argon and helium gases physical and chemical 

characteristics, especially the different ionization energies and molecular weight of ions. 

The penetration depth of light ions such as helium was higher than that of heavy ions like 

argon, at low energy levels or shorter exposure times (Cai, et al., 2006) When exposure 

time was increased, the penetration depth of argon ions into cells was deeper. In addition, 

heavy ions have higher linear energy transfer (LET) than light ions, which causes a greater 

relative biological effect (RBE) (Bai, et al., 2016). Heavy ions with a different LET spectrum 
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killed more cells by inducing DNA double-strand breaks (DSBs) which are more 

challenging to repair (Aufderheide, et al., 1987; Löbrich, et al., 1994). Therefore, 5 min 

exposure to argon bombardment led to more cell damage than the light ion, helium. 

After plasma bombardment, the mutant, MxynA, with the highest xylanase activity, 

was screened under argon plasma bombardment. According to the above experimental 

data, the recombinant MxynA showed a higher xylanase activity, approximately two-fold, 

under a wide range of temperature conditions. The catalytic activity of MxynA was about 

3.5- 3.9-fold higher than that of the control at pH 4 - 6. pH values decreased rapidly 

during the fermentation process and were usually kept under pH 4-5 (Kim, et al., 2021). 

Meanwhile, the temperature increased gradually, up to 42˚C (Dai, et al., 2020). 

Therefore, enzymes that had a high catalytic activity between 40-50˚C were required. 

Since the xylanase activity of MxynA displayed high hydrolysis characteristics over a wide 

pH range of 4-8 and a broad temperature range of 20-60 ˚C (Figure 24 and Figure 

25), this enzyme is suitable for livestock feed fermentation.  

The kinetic parameters analysis of the purified enzymes CxynA and MxynA toward 

beechwood xylan were determined. It was discovered that mutants had a similar Km to 

the control but a significantly increased kcat (Table 8). The apparent kcat value and kcat/Km 

value of MxynA were 35.19 s-1 and 3.26 s-1mg-1ml, respectively, while kcat value 

and kcat/Km of CxynA were 15.43 s-1 and 1.69 s−1 mg−1 ml. The higher values of turnover 

number (kcat) indicated an improved catalytic efficiency. These results suggest that 

mutation plays a significant role in enzyme action. The homology structure model of 

MxynA was generated using GH11 xylanase from B. subtilis (PDB No. 2DCY) as the 

template for evaluation serine at position 162 (S162). The structure model reveals that 

S162 is located on the loop connected to the β-sheet B7 and A6 exposed to a hydrophilic 

environment (Figure 23). To the best of our knowledge, there is no report on the role of 

an amino acid at this loop in substrate binding and enzyme catalysis. However, we found 

that the replacement of threonine with serine increased the enzyme's catalytic efficiency 

(Table 8). According to amino acid sequence alignment, shown in Figure 22, the amino 

acid equivalent of S162 can be substituted to threonine, asparagine, and glutamine, which 

were polar amino acids and usually contribute to the formation of hydrogen bonds with 
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water molecules (Murakami, et al., 2005). As shown in Figure 27, the hydroxyl group of 

T162 in CxynA and S162 in MxynA were similarly oriented to protein surfaces to form 

hydrogen bonds with water molecules. However, T162 of CxynA possesses a methyl 

group with more hydrophobicity, which was also exposed to the protein surface, so it 

might be less favorable to create an interaction with water than serine MxynA. Therefore, 

this enhancement of the enzyme catalysis may be explained by the fact that serine 

substitution conduces more hydrophilic interactions of enzyme and substrate with 

increased enzyme turnover. Consequently, it might contribute to the enhancement of 

enzyme catalysis. 

Moreover, the substituted position occurred at highly conserved residues 

QYWSVRXXXR (X corresponds to a non-conserved residue). This phenomenon might 

indicate that these conserved sequences may play an important role in catalytic activity by 

supporting or involving the enzyme binding to polymeric xylan. For further characterization, 

multiple sequence alignment was carried out, and the result informs that our mutation 

residue belongs to the ―knuckles‖ of the enzyme, which was reported to be a secondary 

substrate-binding site (SBS) of B. circulans (Cuyvers, et al., 2011) 
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Figure 27 Amino acid sequence alignment of small molecular mass xylanases 

(generally less than 30 kDa). The sequence alignment is based on structure 

considerations. The sequences are B. cir = B. circulans (accession no.; 

AYV73613.1); T. com. = Thermobacillus composti (accession no.; 

WP_015253740.1); C. cel. = Clostridium cellulolyticum (accession no.; 

WP_015925319.1); B. amy. = Bacillus amyloliquefaciens (accession no.; 

ADK92885.1); B. kawa. = Aspergillus kawachii (accession no.; 

BAA07264.1); T. harz. = Trichoderma harzianum (accession no.; 

AIK67330.1); T. ree. = Trichoderma reesei (accession no.; APU51339.1); The 

conserved residue QYWSVRXXXR were indicated by yellow highlighting. 

Residues variable within polar amino acid group are displayed as blue letters 

on a red box. 

 

For lignocellulosic waste hydrolysis, three kinds of biomass were used as substrates. 

The highest reducing sugar was liberated from para grass after seven days (62.54 mg/g 

substrate) of incubation with xylanase produced from MxynA. According to the composition 

of lignocellulosic biomass, which contains 25-35% of hemicellulose, the reducing sugar 

released during our experiment can be calculated as 10-25 % of total hemicellulose in 

each lignocellulosic substrate. This result indicates that the mutant xylanase can be used to 

hydrolyze these lignocellulosic wastes without a pretreatment process. Therefore, 

lignocellulosic wastes could be used for cattle feed, particularly corncob and para grass, 

using MxynA. 
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Additionally, cattle feed from fermented corncob with the mutant xylanase had been 

primarily given to dairy cows in Phayao province (unpublished data). These results suggest 

that the atmospheric pressure plasma jet is a reliable tool for inducing bacteria to increase 

enzyme activity for animal feed production. These can reduce animal feed costs and air 

pollution from the burning of lignocellulosic waste. 

 

Conclusion 

B. subtilis was bombarded by argon plasma to enhance its xylanase activity. It was 

found that the bacterial mutant which exhibited the highest xylanase activity was obtained 

with a 1 min bombardment duration. The mutant named MxynA showed a single amino 

acid residue substitution from threonine to serine (T162S) at the beta-sheet linker and 

very close to the C terminal. The recombinant MxynA showed higher catalytic efficiency, 

approximately 4-fold than the control under a broad range of pH and temperatures. In 

addition, xylanase‖s hydrolysis ability on agricultural wastes such as rice straw, corncob, 

and para grass were also demonstrated, and para grass released the highest amount of 

reducing sugar. To the best of our knowledge, improving the hydrolysis characteristics of 

xylanase by plasma mutation at the beta-sheet linker region leading to an increase of 

enzyme turnover (kcat) had rarely been reported.  

 



 

 

 

CHAPTER V 

 

Feed production 

 

Literature Review 

Dairy cattle 

The Holstein Friesian cattle known by a different name in Thailand, were the 

most popular breed. In the United Kingdom, it was known as Friesland. This was known in 

Denmark as “Black and White Friesland” or “Dutch Friesland”. Israel, sometimes known as 

Israel Friesland, was one milk cattle breed characterized by a marked contradiction 

between black and white. A fully developed bull weighs between 800 and 1,000 kg. The 

female develops faster than the male and weighs around 600-700 kg. Cattles mature 

sexually at the age of 6-7 years, or approximately 18 months after reproduction, and give 

birth at the age of 28-30 months. High requirement, around 5,000 kg per year, with 

3.5% milk fat (Espe, et al., 1932). 

The amount of space required for dairy cattle varies depending on the type of 

housing, mature body weight, and feed management. Maximize space within a particular 

range while designing a lot or barn. Calculate the space requirements for animal pens and 

bunks, making sure to leave enough area for growth without compromising cattle condition 

or performance. The pen size for cattle was determined based on the work of (Ramos and 

Barbosa, 2016). The house was east or west. The area covered by the roof should reach 

as far inside the house as possible. For cattle weighing approximately 300-500 kg, a pen 

measuring 122 x 175 cm should be used for milking and concentrated feed. The house 

had a one-story gable roof with excellent drainage and ventilation. The amount of time 

cattle spend resting was influenced by a variety of factors, including the bedding available. 

Because straw was soft and provides thermal insulation, it was widely used as bedding; 

however mastitis-causing bacteria had grown in straw and sawdust, leading to an 

increase in the use of sand in free-stall housing (Bickert, et al., 2000).  

Cattles were milked twice a day in the early morning and late afternoon. Milk 

obtained in the morning was substantially lower in fat (e.g., 3% fat) than milk collected in 
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the afternoon (e.g., 5%). The milking procedure had a significant effect on the quality and 

safety of raw milk and milk products. The primary sources of microbial contamination were 

the mammary gland, the outside of the udder and teats, and milking equipment. Steps of 

milking process were as follows:  

1. The animals should be evaluated before milking, and the milk from 

each teat should be tested for visible defects. Diseased animals (such as those with clinical 

mastitis) should be separated or milked last, or milked using different milking equipment or 

by hand, and should not be consumed by humans. 

2. Always wipe the udder and teats with potable water and one 

disposable towel per cow. 

3. The initial amount of milk from each teat should be discarded into 

specialized containers and not consumed by humans. 

4. To avoid teat infection, the udder should be cleaned again after milking 

and preferably disinfected with a teat dip. Precautions should also be taken throughout the 

process to avoid infection. 

5. To significantly increase the bacteria populations per milliliter of milk 

passing through it, milking equipment, utensils, and storage containers must be severely 

contaminated. However, it must be carefully cleaned and disinfected both before and after 

usage (Lal, 2020).  

6. After milking, clean the equipment with warm water (between 38 - 

55oC) and detergent to remove minerals, fat, and protein from the milk (Reinemann, et al., 

2000). 

Today, the cattle industry was quickly expanding to satisfy increasing consumer 

demand. Cattle, buffalo, pigs, poultry, milk, and other meat consumption had increased 

every year (Lal, 2020). According to a Department of Livestock Development data, there 

were 1,774 dairy farmers in the northern region in 2016, with that number increasing to 

1,865 in 2017. Furthermore, the number of dairy cattle increased by 14.06% in 2017. In 

the province of Phayao Thailand, these were 16 dairy farmers, ranking the province 40th in 

the country (Information and Statistical Data Group, 2017). 
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Cattle feed 

Roughage, such as grass, legumes, and straw, was the cattle‖s primary source 

of nutrition. Roughage can be fed fresh as pasture or in a cut-and-carry system, or it can 

be stored as hay or silage. Roughage was frequently supplemented with cereals, 

concentrates, and agricultural byproducts such as oil-seed cakes, sugar cane tops, and so 

on. Roughage should be the basis of the feed ration and should contribute to fulfilling (at 

least) the entire maintenance requirements. Grains and concentrates should only be 

offered to fulfill extra requirements like growth, pregnancy, and milk production. A high 

intake of non-fibrous feed will affect the rumen ecology. 

The protein and sugar (energy) content of the grass were high during the 

beginning of the growing season, while the lignin level was low. The protein and sugar 

content of the cell walls decreases as they mature, and the cell walls become lignified. As 

a result, it was critical to collect roughage at the ideal time and store it for use during dry 

seasons. Fresh grass, maize, straw, and agricultural waste such as sugarcane shoots, 

banana trees, cassava leaves, and water hyacinths were all used in rough feeding. As a 

result, concentrated feed must be added to rough feed in Thailand.  

The term "concentrate" refers to a small amount of dry feed containing many 

nutrients. Animals received energy from the concentrated feed, which contains protein, 

carbohydrates, vitamins, and minerals. It was a diet that was low in fiber. Bean meal, rice 

bran, and concentrated by the company had a high nutritional value (Voigt, et al., 1978). 

 

Fermented feed 

Fermented feed was one term used to describe a variety of forage plants which 

were stored in anaerobic conditions, away from outside air, until fermentation developed. 

Fermented feed helps these plants maintain their nutritional content and can be stored 

during periods when fresh harvests were unavailable. During the rainy season, the forage 

crops required for fermentation were harvested from a variety of forage crops, and their 

growth were adequate to feed the animals. Furthermore, fermented feed generated from 

agricultural waste was high in nutrients. To increase nutritional value, microbes such as 

cellulolytic bacteria or yeast can be applied. 
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The preserving of animal feed in an anaerobic condition for the fermentation 

process was known as fermented feed. Fermented feed had the advantage of preserving 

raw material nutritional content. It can also be kept for a long time, although fermented 

feed had disadvantages: it lost some minerals, such as vitamin D, and it quickly degrades 

if exposed to air. As a result, professional expertise in practice was required (Dai, et al., 

2020). Bacteria break down cellulose and xylan to generate water-soluble carbohydrates 

in the fermentation process. 

Lactic acid bacteria convert it to lactate by maintaining a low pH (4.0), which 

inhibits the growth of anaerobic and aerobic pathogens, thereby preserving the fermented 

feed's quality (Kim, et al., 2021). Bacillus amyloliquefaciens (Ye, et al., 2017), Bacillus 

macernas SM (Ali, 2003) and Bacillus megaterium MYB3 (Bai, et al., 2017) were the most 

common bacteria found in fermented feed. Also used for fermented feed were 

Lactobacillus plantarum, Lactobacillus casei (Li, et al., 2016), and Enterococcus faecium 

NCIMB 11181 (Jatkauskas, et al., 2013). 

 

Research Methodology 

Comparison of small-scale and large-scale fermentation of feed by mutant bacteria  

A mill would be used to chop agricultural wastes such as durian peels, corncobs, 

pineapple peels, and pineapple cork to a size of 3-5 cm. Fermentation by three 

microorganisms; Bacillus amyloliquefaciens, B. subtilis, and Enterococcus faecium was 

fermented in a tank compared to the uninoculated control. After one month of 

fermentation, the protein content and pH values were measured. The following was the 

compositions (Table 9) 
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Table 9 The composition of fermented feed for small-scale and large-scale fermentation 

Material Small-scale Large-scale 

1.Agricultural wastes: durian peels, corncobs,  

pineapple peels, pineapple cork 

1.5 kg 150 kg 

2.Mutant microorganisms 45 ml 4.5 L 

3.Molasses 15 ml 1.5 L 

4.Water 1.4 L 140 L 

 

Note: Compared with the fermented feed in the uninoculated control. 

 

Animals and experimental design 

This research utilized four healthy, vaccinated, 87.5 % multiparous Holstein 

Friesian lactating dairy cattle in mid-lactation. All the cattle were 4–6 years old and 

weighed an average of 416.03 ± 34.66 kg. Before the data was collected, all cattle were 

randomly divided into 2 groups: treatments and allowed 3 weeks to adjust. Cattles were 

housed in individual pens and fed roughage ad libitum. Cattle in Treatment 1 received 

fresh grass + concentrated feed (C) as a control, while cattle in Treatment 2 received fresh 

grass + concentrated feed 50% + fermented feed from agricultural wastes 50% (C+F). 

The feed consumed by all dairy cattle in each group was determined using the nutrient 

requirements for maintenance and production (Council, 2001), with feeding twice daily at 

7:00 a.m. and 3:00 p.m. before milking. All animals had access to fresh, clean water and 

a mineral block always. 

Sampling and analysis 

All samples were collected weekly for 7,14 ,21, and 28 days. The samples were 

analyzed for dry matter (DM) and crude protein (CP) using the proximate standard 

(A.O.A.C., 1990; Lynch and Barbano, 1999). In addition, the pH value was determined 

using (Bernardes, et al., 2019) and the lactic acid content was determined using 

(Borshchevskaya, et al., 2016). At every milking time, the milk production of individual 

cattle was measured on a daily. A lactoscan was used to analyze fat, protein, lactose, and 

solids-not-fat (SNF) in milk weekly (up to a month) using a mixed sample containing 15 ml 
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of morning milk and 15 ml of afternoon milk. According to (Harding, 1995), the SNF 

content was determined. The fat collected milk (FCM) of 4 % was calculated using the 

method described by (Walker, et al., 2001). 

Analytical statistics 

All the data were analyzed for variance (analysis of variance, ANOVA) and 

compared for differences. Between the mean of each trial using Duncan's New Multiple 

Range Test (DMRT) (Steel and Torrie, 1980) at a 95% confidence level. 

 

Results 

Comparison of small-scale and large-scale fermentation of feed by mutant bacteria 

There was no significant difference between small-scale and large-scale 

fermentation. Figure 28 reveals that corncobs had the highest protein content after 7 

days, compared to about 10% uninoculated, while other agricultural wastes had 8–9% 

protein content. Figure 29 indicated that the average pH of fermented feed was 

increased by 20–40% as compared to uninoculated agricultural waste. The pH ranged 

from 3.5 to 5.0, with the uninoculated pineapple peel maintaining a consistent pH of 3.8 

and the inoculated pineapple peel maintaining a constant pH of 3.6. Furthermore, the 

concentration of lactic acid increases in the reverse at different pH levels. In this case, the 

lactic acid concentration was high while the pH was low. Furthermore, after 35 days, each 

agricultural waste had a high lactic acid level of roughly 6 g/L (Figure 30). 
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Figure 28 The protein content of agricultural waste was fermented for one month 

 
Figure 29 The pH value of agricultural waste was fermented for one month 
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Figure 30 The lactic acid content of agricultural waste was fermented for one month 

 

The fermentation quality of feed 

According to this research, corncobs had a significant protein content. In addition, 

corncobs were abundant in Phayao. Corncobs were used in the dairy cattle experiment, 

consequently. Corncobs were fermented using mutant bacteria to compare protein content 

to the concentrated feed produced by the company. The protein content of the corncobs in 

the fermenter (150-liter) was determined. The protein content of corncobs fermented with 

corn dust was tested for seven days in a 150-liter fermenter and found to be 11.75 %. 

Corncobs fermented with corn dust and combined 50:50 with concentrated feed (used as 

cattle feed in the experiment) had a protein level of 15.75 % as concentrated feed, as 

shown in Table 10. 
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Table 10 The protein content in the feed. 

Feed Protein content (%) 

1.Fermented corncobs mixed with mutant 

microorganisms  

10.65% 

2.Fermented corncobs mixed with mutant 

microorganisms, mixed corn dust  

11.75% 

3.Fermented corncobs mixed with corn 

dust, mixed with concentrated feed (ratio 

50:50)  

15.75% 

4.Concentrated feed from the company 16% 

 

Production and composition of milk 

Cattle in formula 2 (C+F) had the same milk content as cattle in the control group 

in dairy cattle (C). Figure 31 revealed that there was no significant difference between 

the dairy cattle in the control group (P<0.05). 

 

 
Figure 31 The amount of dairy milk on a weekly basis. 
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In addition, the fat, protein, lactose, and ash content of milk were investigated. 

The milk composition of formula 2 (C+F) was not significantly different from the control 

(P<0.05). Protein and fat content were 3.3% and 4.2%, respectively. The average lactose 

and ash content of milk were 4.9% and 12.75%, respectively, as shown in Figure 32. 

 

 
Figure 32 The average milk composition over a one-month period 

 

The cost of dairy cattle feed was also described in Table 11. By dividing the 

quantity of concentrated feed (C) and the amount of fermented feed (C+F), the volume of 

feed was calculated. The cost of concentrated feed (C) was 7.2 baht/kg, according to the 

data. Treatment 2 (C+F), on the other hand, had the cost 4.5 baht/kg. Therefore, the cost 

of concentrated feed can be reduced by 40%. All 1 % molasses, mutant microorganisms, 

transportation, and concentrated additives in the formula were factored into the cost of 

fermented feed. 
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Table 11 The cost of feeding dairy cattle 

Ingredient Amount (Kg) Cost (Baht) 

Formula 1 Formula 2 Formula 1 Formula 2 

Fresh grass 

(Napier grass) 

225 225 450 450 

Corn cobs  36.75  36.75 

Molasses  0.375  3.75 

Corn dust  37.5  75 

Concentrated 

feed (Company) 

150 75 2,250 1,125 

Bacterial 

mutant  

 0.375  0.375 

Total 375 375 2,700 1,690.88 

per Kg 1 1 7.2 4.5 

 

Note: The costs shown in the table were the prices during the trial period, which ended in 

December 2017. 

 

Furthermore, cattle feces from this research were excessively liquid and odorous 

before consuming corncobs fermented feed, which might be due to overfeeding and low-

quality feed, negatively impacting the cattle's health. When feed corncob fermented feed 

containing mutant bacteria, however, cattle feces appear lumpier, not filthy, and has a 

little odor, as seen in Figure 33. 
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Figure 33 Cattle feces before to the use of fermented feed (1), Cattle feces 

immediately after the use of fermented feed (2). 

 

Dissemination activities 

Farmers typically discarded agricultural waste. Instead of being disposed of by 

burning, it may be utilized as animal feed, saving money. Agriculture waste had two 

drawbacks: it was unstable and had a low value. As a result, the fermentation process 

was necessary. For the fermentation process, knowledge and experience were required. 

The utilization of naturally occurring mutant microorganisms that take a long time to 

ferment. As a result, the goal of this research used to utilize what was learned and spread 

it to farmers. Starting with the growth of microorganisms and proceeding through the 

storage, fermentation, and usage of animal feed.  

 

Discussion 

According to the data, the feed without corn dust supplementation had the highest 

protein content of 10.65 %, whereas the feed with corn dust had the highest protein 

content of 11.75 %. As a consequence, corn dust supplementation was observed to 

increase protein content, and was comparable to a research (Jala and Srichana, 2011) that 

found that using corn dust as an additive in silage corn increased protein content. The 

silage containing 10% corn dust had a protein content of 9.32%. Corn silage treated with 

0%,2.5%, and 5% corn dust had protein level of 8.60 - 8.88%. In addition, (Thavorn, et 
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al., 2017) investigated at the use of Thai sweet, fermented rice balls to make corn husk 

for fermented feed in beef cattle. 

According to the research, the corn husk had a protein content of 1.81% of dry 

matter. As a result, the protein content of the fermented corn husk increased by twice to 

6.85%. The corn husk had been fermented with molasses, which costs about 1.4 baht per 

kilogram. Corn dust, the residue, had 89.52% dry matter, 7.08% protein, 2.18% fat, 

17.04% fiber, 3.93% ash, and 66.77% digestible carbohydrates (Department of Livestock, 

2001). It was also determined that adding 5-10% corn dust to corn silage produced the 

highest quality corn silage in terms of dry matter and protein content (Jala and Srichana, 

2011). 

The protein content of corncob fermented feed was determined using the Kjeldahl 

technique (Lynch and Barbano, 1999), and the protein content was determined to be 

15.75%, and was comparable with (Wachirapakorn, et al., 2014). Therefore, the 

researchers examined the effects of concentrated feed protein content, as well as the use 

of corncobs and rice straw as roughages, on cattle digestibility and milk production. The 

roughages were prepared in a 1:1 ratio from rice straw and corn cobs, with protein levels 

of 12%, 14%, 16%, and 18%, respectively. As a result, dairy cattle's protein level was 

sufficient at 14-16%, at milk production of 11-13 kg/day. Furthermore, after 30 days of 

feeding, the average milk yield was 16.89 ± 2.69 kg, with a fat content of 3.06 ± 

0.27%, a protein content of 2.56 ± 0.14%, a lactose content of 4.67 ± 0.22%, and an ash 

content of 11.14 ± 0.45%.  

Similarly, the researchers examined the effect of concentrated feed on different 

protein levels. As a result, dairy cattle's protein levels were adequate at 14.1%, and milk 

production of 26-28 kg/day. Furthermore, the milk composition was 4.18% fat, 3.64% 

protein, 4.5% lactose, and 12.9% ash, which was similar to this study (Wachirapakorn, et 

al., 2014). Cornmeal (100%) was also used as a dairy cattle feed, with a protein content 

of 13.2%, which was sufficient for dairy cattle producing 13.2 kg of milk per day. In 

addition, the milk had 4.1% fat, 3.4% protein, 4.6% lactose, and 12.9% ash (Ferraretto 

and Shaver, 2012). Furthermore, even though use of corn silage increased protein content 

by 16.7%, the milk composition remained unchanged at 3.58% fat and 3.05% protein. As 
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a result, milk composition was unaffected by protein quantity, although cattle digestibility 

increased. The protein content of palm pulp in concentrated feed formulation was 16-18%, 

according to (Lunsin, 2018). Consequently, they had no obvious effect on the composition 

of milk. The large number of microbes used for fermentation, resulted in a considerable 

increase in milk yield. Similarly, yeast (Saccharomyces cerevisiae) included a significant 

number of enzymes, according to (Denev, et al., 2007). It assisted in the complementation 

of enzymes already present in the digestive tract, resulting in improved digestibility. The 

supplement enzymes increase feed intake, resulting in increased weight and yield in cattle 

(Chung, et al., 2012). 

Additionally, before and after the feeding of fermented feed, cattle feces were 

examined. The only concentrated feed produced was liquid and odorous cattle feces. The 

cattle were also fed highly concentrated feed, which influenced the digestive tract 

(Hubbard and Lowrance, 1998). The concentrated feed was also low in fiber, rich in 

nutrients, and easy to digest. On the other hand, the dairy was given at a high 

concentration, which had an effect on the digestive system, reducing the capacity to chew 

the cud, decreasing dry matter digestion, and causing hoof difficulties (Li, et al., 2012). 

After feeding, the cattle feces were lumpier, cleaner, and had a slight odor. Fermented 

feed was thought to include mutant bacteria and were beneficial to animal health. Health 

and disease resistance had improved. In a similar study, yeast fermented cassava pulp 

was utilized to partially replace soybean meal in concentrated feed. The results showed 

that native beef had better rumen efficiency and growth rate, as well as an improved 

immune system (Khampa, et al., 2010). 

 

Conclusion 

Because the production cost was low, cheap, and simple, the bacterial mutant for 

agricultural applications can be considered for supplementation. The efficiency of the 

bacteria might also increase the quality of cattle feed, resulting in a higher-grade 

fermented feed. The bacteria-fermented cattle feed provided normal cattle growth while 

reducing farmer costs by up to 40%, reducing production costs for dairy and beef cattle, 
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and reducing burning by using agricultural waste to generate fermented feed. It also 

reduced smoke dust pollution from PM 2.5. 
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Appendix A 

Quantitative analysis of lactic acid 
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Equipment 

1. Micro pipettes of size 10-200 and 20-1000 µL. 

2. Test tube 

3. UV-Vis spectrophotometer 

4.  Volumetric flasks of 10 and 100 ml. 

Materials, reagents, and solutions 

1. FeCl3 ⋅ 6H2O, reagent grade (Khimmed, Russia) 

2. DL-lactic acid, cp grade (89%, VAG Chemie, Germany) 

Methods 

1. Lactic acid (1.2 g) with the know concentration (89%, ρ = 1.2 g/mL) was placed in a 

10-mL volumetric flask and diluted with water 

2. A stock solution with the x concentration of lactic acid 89 g/L was obtained 

3. A solution of iron(III) chloride (0.2%) was prepared. Iron(III) chloride (0.3 g) was placed 

in a 100-mL volumetric flask, diluted to the mark with water and stirred to the complete 

dissolution of the salt. The solution must be of room temperature 25 ± 5°C. 

4. A solution of lactic acid (50 μL) of a corresponding concentration was added to 2 mL of 

a 0.2% solution of iron(III) chloride and stirred. 

5. The absorbance of the obtained colored solutions was measured at 390 nm.  

6. The reference solution contained 2 mL of a 0.2% solution of iron(III) chloride. 

7. Calculation  

7.1 The measured OD was plotted on the standard graph of the lactic acid 

standard solution and determined to be linear regression 

7.2. Determine the concentration of the sample solution from the lactic acid 

standard curve. 

The relationship between reducing sugar and absorbance at 390 nm is illustrated in 

Figure A-1 
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Figure A-1 Standard curve of lactic acid 

 

This, therefore, provides the equation below for the calculation of lactic acid 

concentration from the absorbance at 390 nm.  

Lactic acid concentration (g/L) = 
        (  )        
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Appendix B 

Reducing sugar determination of glucose 
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Equipment 

1. Micro pipettes of size 10-200 and 20-1000 µL. 

2. Test tube 

3. UV-Vis spectrophotometer 

4. Volumetric flasks of 100 and 1000 ml. 

Materials, reagents, and solutions 

1. 3, 5-dinitrosalicylic acid (Aldrich) 10.0 g  

2. Na2SO3 (Ajax Finechem) 0.5 g  

3. Na-K tartrate (APS Finechem) 182.0 g  

4. NaOH (Merck) 10.0 g  

5. Phenol (Merck) 2.0 g  

6. Deionized water 1000 ml  

Methods 

1. NaOH 10 g are added into 700 ml of deionized water and mixed in order to add the 

300 g Na-K tartrate.  

2. When the solution dissolved, 3, 5-dinitrosalicylic acid 10 g is then added and 

continuously stirred. 

3. The 0.5 g of Na2SO3 and 2.0 g of phenol are dissolved, respectively.  

4. The volume is adjusted to 1000 ml by deionized water and kept away from light.  

5. Reducing sugar determination procedure:  

5.1 The samples 0.5 ml are mixed with 0.5 ml of DNS solution. The mixture is 

boiled for 10 min.  

5.2 The sample is cooled down by immersing the sample tube into cold water 

immediately. Five ml of water is added. The mixture was mixed well and measured at 

absorbance 540 nm. 

5.3 Absorbance 540 nm is converted to glucose concentration with standard curve. 

The relationship between reducing sugar and absorbance at 540 nm is illustrated 

in Figure B-1 



 

 

  106 

 

Figure B-1 Standard curve of glucose 

 

This, therefore, provides the equation below for the calculation of sugar 

concentration from the absorbance at 540 nm. 

Reducing sugar concentration (mg/ml) = 
        (  )         

     
 

 

  

y = 3.9564x - 0.0121 
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Appendix C 

Reducing sugar determination of xylose 
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Equipment 

1. Micro pipettes of size 10-200 and 20-1000 µL. 

2. Test tube 

3. UV-Vis spectrophotometer 

4. Volumetric flasks of 100 and 1000 ml. 

Materials, reagents, and solutions 

1. 3, 5-dinitrosalicylic acid (Aldrich) 10.0 g  

2. Na2SO3 (Ajax Finechem) 0.5 g  

3. Na-K tartrate (APS Finechem) 182.0 g  

4. NaOH (Merck) 10.0 g  

5. Phenol (Merck) 2.0 g  

6. Deionized water 1000 ml  

Methods 

1. NaOH 10 g are added into 700 ml of deionized water and mixed in order to add the 

300 g Na-K tartrate.  

2. When the solution dissolved, 3, 5-dinitrosalicylic acid 10 g is then added and 

continuously stirred. 

3. The 0.5 g of Na2SO3 and 2.0 g of phenol are dissolved, respectively.  

4. The volume is adjusted to 1000 ml by deionized water and kept away from light.  

5. Reducing sugar determination procedure:  

5.1 The samples 0.5 ml are mixed with 0.5 ml of DNS solution. The mixture is 

boiled for 10 min.  

5.2 The sample is cooled down by immersing the sample tube into cold water 

immediately. Five ml of water is added. The mixture was mixed well and measured at 

absorbance 540 nm. 

5.3 Absorbance 540 nm is converted to xylose concentration with standard curve. 

The relationship between reducing sugar and absorbance at 540 nm is illustrated 

in Figure C-1 
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Figure C-1 Standard curve of xylose 

 

This, therefore, provides the equation below for the calculation of sugar 

concentration from the absorbance at 540 nm. 

Reducing sugar concentration (mg/ml) = 
        (  )       

     
 

y = 0.5739x - 0.3263 
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