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SUMMARY  

 

 

A series of experiments were conducted to isolate a proper Bacillus sp. 

from the rumen of Korean native goats and characterize its 

endoglucanase. In the subsequent experiment activity of the enzyme 

was improved by various DNA technologies and DFMs were prepared 

by solid-state-fermentation method to study effects of feeding DFM on 

rumen fermentation and feed digestion in Holstein steers. 

 

Exp. 1. Characterization of Cellulolytic and Xylanolytic Enzymes 

of Bacillus licheniformis JK7 Isolated From the Rumen of a Native 

Korean Goat 

A facultative bacterium producing cellulolytic and hemicellulolytic 

enzymes was isolated from the rumen of a native Korean goat. The 

bacterium was identified as a Bacillus licheniformis on the basis of 

biochemical and morphological characteristics and 16S rDNA 

sequences, and has been designated Bacillus licheniformis JK7. The 

optimum temperature for the enzymes of Bacillus licheniformis JK7 

was 70  for endoglucanase (0.75Units/ml) and 50  for ɓ-glucosidase 

and xylanase (0.63Units/ml, 0.44Units/ml, respectively). The optimal 
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pH for the three enzymes was 5.0, at which their activity was 1.46, 1.10, 

and 1.08 Units/ml, respectively. Endoglucanase activity was increased 

113% by K
+
, while K

+
, Zn

+
, and tween20 enhanced ɓ-glucosidase 

activity. Xylanase showed considerable activity even in presence of 

selected chemical additives, with the exception of Mn
2+

 and Cu
2+

. 

 

Exp. 2. Genome Shuffling to Improve ɓ-1, 4-Endoglucanase 

Activity of Bacillus licheniformis JK7  

Three strains (GS2-18, GS3-8 and GS3-20) which had higher 

endoglucanase production than those of wild type strain(WT) have 

been selected after genome shuffling of Bacillus licheniformis JK7. 

Genome shuffled strains showed higher growth performance than those 

of WT strain after 4 hrs up to final incubation. Endoglucanase 

production increased rapidly from hr 6 up to hr 16 in all strains 

including, WT. The increase in enzyme production was associated with 

an increase in cell growth.  

 

Exp. 3. In situ Degradation Characteristics of Bacillus licheniformis 

Based DFM  

The objective of this study was to develop Bacillus licheniformis sp. -

based DFM using solid-state fermentation (SSF), then to evaluate the 

difference between non-fermented meal (NFM) and fermented meal 

(FM) in ruminal disappearance in an in situ study. FM had higher CP, 

EE and ash contents but had lower DM, CF, NDF, ADF and lignin 
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compared to NFM. FM showed significantly higher DM, CP, NDF and 

ADF disappearance rate at 3, 6 and 24 hrs incubation. FM had  

microbial count (1×10
9
 CFU/g) and it had cellulolytic and xylanolytic 

(9.90 units/g for endoglucanase; 1.67 units/g for ƾ-glucosidase; 1.52 

units/g for xylanase) enzymes, which were not found in NFM. 

 

Exp. 4. Effects of Bacillus licheniformis -Based DFM on Rumen 

Fermentation and Microbial Population under in vitro Condition 

The objective of this experiment was to investigate the effects of 

Bacillus sp.-based DFM on rumen fermentation and rumen microbial 

population in the in vitro experiment.  

 

1. In vitro experiment 1 

Solid-state-frmentation significantly increased  in vitro DM 

digestibility of (p<0.05). There were no significant differences between 

NFM and FM in total VFA and butyrate at all time points except 3 hrs 

incubation (p>0.05). In contrast, NFM had significantly higher portion 

of acetate (0, 3hrs incubation and mean value) as well as propionate (12, 

24hrs incubation and mean value) than FM (p<0.05). FM reduced the 

number of. flavefaciens, R. amylophilus and S. bovis in at 3, 6 and 12hr 

(p<0.05), which  might be due to some antimicrobial substances 

produced by Bacillus licheniformis sp during solid-state-fermentation. 

 

2. In vitro experiment 2 
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Second in vitro study was conducted to study effects of DFM on in 

vitro fermentation pattern and substrate digestion. All treatments had 

timothy as a main substrate. NFM (10%, DM basis) (Con) , 5% of FM 

(T5) or 10% of FM (T10) was added to incubation medium. The 

addition of FM resulted in higher DM digestibility than those of Con 

(p<0.05), indicating that FM gave beneficial effect on fiber digestibility. 

T5 or T10 showed significantly higher production of total, acetate, 

propionate, isobutyrate, butyrate, isovalerate and n-valerate than Con 

(p<0.05). Log copy numbers  of fibrolytic (R. albus, R. flavefaciens, E. 

ruminantium), starch using bacteria (R. amylophilus, S. bovis) and 

proteolytic bacteria (P. ruminicola) increased significantly by addition 

of FM (p<0.05). 

 

Exp. 5. Effects of Supplementation of Bacillus licheniformis Based 

DFM on Rumen Fermentation and Microbial Population in 

Holstein Steers 

An in vivo study was conducted to confirm the beneficial effects of 

Bacillus-based DFM in steers. Total tract digestibility of DM, CP, EE, 

NDF and ADF were investigated but there was no significant 

difference between treatments (p>0.05). Ruminal pH variation, NH3-N 

concentration and microbial N also showed no difference between 

treatments (p>0.05). Total VFA and acetate concentrations were not 

different significantly between treatments at all incubation time points. 

Only R. flavefaciens at 6hrs and B. licheniformis at 0, 6, 12hrs were 
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significantly different (p<0.05). The significant difference of B. 

licheniformis population was also detected in fecal samples. The 

endoglucanase, ƾ-glucosidase and xylanase activity in the rumen also 

analyzed but concentration of all enzymes was not influenced by 

treatments. 
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INTRODUCTION  

 

 

Improvements of feed utilization, animal production and health, and 

animal food safety are the goals of rumen microbial studies. These 

goals can be achieved by facilitating desirable rumen fermentation, 

minimizing ruminal disorders, and excluding pathogens. The use of 

antibiotics like monensin, plant extracts, essential oils, rumen protected 

nutrients, prebiotics and Direct-Fed Microbials (DFM) were some of 

classical methods to modify rumen microbial ecosystem and to improve 

nutrient digestion and utilization by animals as well as hind-gut health. 

Among them, DFM have received much interests from researchers 

since the use of DFM might give beneficial effects on rumen 

(modification of fermentation, the improvement of fiber digestion and 

antimicrobial effects) and hind-gut (pathogen exclusion by competition, 

stimulation of immune response) (McAllister et al., 2011).  

 

In an effort to develop DFM that can produce high cellulolytic 

activities, Bacillus licheniformis JK7 was isolated from Korea native 

goatôs rumen (Experiment 1) as a candidate DFM strain because this 

strain is known as spore forming bacteria which can survive in harsh 



 

conditions such as acidic stomach and high bile acid concentration in 

hind-gut. Then this strain was undergone reculsive protoplast fusion, 

called genome shuffling to enhance endoglucanase production potential 

of this microorganism (Experiment 2)  

 

After developing strain with improved endoglucanase production, DFM 

was prepared by using solid state fermentation technique and the 

characteristics of developed DFM were studied in the in situ trial. The 

enzyme production potential and cell counts of DFM were also 

investigated (Experiment 3). Finally, the efficacy of DFM was 

assessed in the in vitro (Experiment 4) and in vivo experiment 

(Experiment 5) to investigate effects of DFM on rumen fermentation 

characteristics, microbial population in the rumen or intestine, and feed 

digestion. 

 

 

 

 

 

 

 

 

 



 

 

LITERATURE REVIEW  

 

 

Microorganisms used in DFM products 

 

Microorganisms used in DFM for ruminants include species of 

Lactobacillus, Bifidobacterium, Enterococcus, Streptococcus, Bacillus 

and Propionibacterium, all of which are commonly used as probiotics 

for human and mono-gastric animals or as inoculates for dairy product 

processing (Table 1). Other distinctive bacterial species such as 

Megasphaera elsdenii and Prevotella bryantii have also been used as 

DFM to stabilize or improve rumen function. These bacterial DFM 

strains may be classified as lactic acid producing, lactic acid utilizing, 

or other microorganisms. In ruminant animals, the rumen is the first 

organ that DFM reach upon ingestion. DFM grow in the rumen and 

beneficially modify its microbial ecosystem and/or fermentation 

characteristics. The intestinal tract may also provide a habitat for DFM. 

Lactic acid production and utilization in the rumen is closely related to 

feed efficiency and animal health. Although bacterial DFM are 

emphasized, fungal DFM are also commonly added to ruminant diets 



 

(Kung Jr, 2001). Most commercial yeast products contain species of 

Saccharomyces and Aspergillus. 

Table 1. Microorganisms used as DFM for ruminants 

Genus Species 

Lactic acid producing bacteria  

 Lactobacillus Lactobacillus acidophilus 

  Lactobacillus plantarum 

  Lactobacillus casei 

  Lactobacillus gallinarum 

  Lactobacillus salivarius 

  Lactobacillus reuteri 

  Lactobacillus bulgaricus 

 Bifidobacterium  Bifidobacterium pseudolongum 

  Bifidobacterium thermophilium 

  Bifidobacterium longum 

  Bifidobacterium lactis 

 Streptococcus  Streptococcus bovis 

  Streptococcus faecium 

 Enterococcus  Enterococcus faecium 

  Enterococcus faecalis 

Lactic acid utilizing bacteria  

 Megasphaera  Megasphaera elsdenii 

 Propionibacterium  Propionibacterium shermanii 

  Propionibacterium freudenreichii 

  Propionibacterium acidipropionici 

  Propionibacterium jensenii 

Other bacteria  

 Prevotella  Prevotella bryantii 

 Bacillus  Bacillus subtilis 

  Bacillus licheniformis 

  Bacillus coagulans 

Yeast  

 Saccharomyces Saccharomyces cerevisiae 

  Saccharomyces boulardii 

Fungi  

 Aspergillus  Aspergillus oryzae 

    Aspergillus niger 

 



 

Modes of DFM action 

 

1)  Ruminal effects 

 

Bacterial DFM intended to have beneficial effects on the post-ruminal 

gastrointestinal tract, but certain bacterial DFM were recently found to 

play a beneficial role in the rumen itself. The modes of action of 

different DFM sources in the rumen are summarized in Table 2. Lactic 

acid producing bacteria (LAB) have been proposed to have beneficial 

effects in the intestinal tract. However, some researchers have 

suggested that LAB might also have positive effects in the rumen. LAB 

such as lactobacilli and Enterococci might prevent ruminal acidosis in 

dairy cows (Nocek et al., 2002) by facilitating the growth of ruminal 

microorganisms adapted to the presence of lactic acid in the rumen 

(Yoon and Stern, 1995) and by stimulating lactic acid utilizing bacteria 

(LUB). 

 

LUB have also been proposed as DFM and have been used successfully 

to decrease concentrations of lactate and maintain ruminal pH. 

Megasphaera elsdenii may utilize lactate and prevent drastic pH drops 

caused by accumulation of lactate in the rumen when fed a highly 

fermentable diet (Kung and Hession, 1995), and the supplementation of 

M. elsdenii was proposed as a means of preventing acute acidosis in 

transition animals. 



 

Table 2. Modes of action of DFM in the rumen 

Proposed mechanisms 

Lactic acid producing bacteria 

 1. Provision of a constant lactic acid supply 

 2. Adaptation of overall microflora to the lactic acid accumulation  

 3. Stimulation of lactate utilizing bacteria 

 4. Stabilization of ruminal pH 

Lactic acid utilizing bacteria 

 1. Conversion of lactate to VFA (e.g., Megasphaera elsdenii) 

 
2. Production of propionic acid rather than lactic acid (e.g., Propionibacterium 

spp.) 

 3. Increase of feed efficiency 

 4. Decrease of methane production 

 5. Increase of ruminal pH 

Fungal DFM 

 1. Reduction of oxygen in the rumen 

 2. Prevention of excess lactic acid in the rumen 

 3. Provision of growth factors such as organic acid and vitamin B 

 4. Increase of rumen microbial activity and numbers 

 5. Improvement of ruminal end products (e.g., VFA, rumen microbial protein) 

 6. Increase of ruminal digestibility 

 

Propionibacteria ferments lactate to propionate, and propionate is the 

major precursor for gluconeogenesis in early lactation dairy cows 

(Reynolds et al., 2003). Increments of propionate production in the 

rumen result in increases of hepatic glucose production (Stein et al., 

2006), providing more substrates for lactose synthesis, improving 

energetic efficiency and reducing ketosis (Weiss et al., 2008). In 

addition, increased propionate may reduce hydrogen available for 

methane production in the rumen (Stein et al., 2006). Certain species of 



 

propionibacteria were reported to modify rumen fermentation and 

increase the molar portion of ruminal propionate (Stein et al., 2006). 

Fungal DFM have been extensively used in ruminants for improving 

performance and normalizing rumen fermentation. Increases in 

bacterial numbers recovered from the rumen are the most reproducible 

effects of dietary yeast supplementation. Rose (1987) suggested that 

yeasts removed oxygen in the rumen.  Yeast cells in the rumen use 

available oxygen on the surfaces of freshly ingested feed to maintain 

metabolic activity. Jouany et al. (1999) observed a significant decrease 

in redox potential, up to -20mV, in the rumen with yeast 

supplementation. This change created better conditions for the growth 

of strict anaerobic cellulolytic bacteria, stimulated their attachment to 

forage particles (Roger et al, 1990), and increased the initial rate of 

cellulolysis. In addition, S. cerevisiae was able to compete with other 

starch utilizing bacteria for fermentation of starch (Lynch and Martin, 

2002) leading to the prevention of lactate accumulation in the rumen 

(Chaucheyras et al., 1995). Chaucheyras et al. (1995) also reported that 

S. cerevisiae had the ability to provide growth factors, such as organic 

acids or vitamins, thereby stimulating ruminal populations of 

cellulolytic bacteria and LUB. 

 

 

 

 



 

2)  Post-ruminal GIT  effects 

 

As noted, previous inquiries regarding feeding bacterial DFM to 

ruminant animals focused on its potential beneficial effects on the post 

ruminal gastro intestinal tract (GIT). Some suggested mechanisms are 

summarized in Table 3. Proposed roles of beneficial DFM are to: 

 

a. attach to the intestinal mucosa and prevents potential pathogen 

establishment 

b. maintain lower pH in the GIT thereby inhibiting growth of 

pathogens 

c. produce antibacterial compounds such as bacteriocins and 

hydrogen peroxide 

d. modulate immune cells and stimulate immune function 

e. modulate microbial balance in the GIT 

f. prevent illness caused by intestinal pathogens or stress 

 

Enterotoxin-producing strains of E. coli attach to intestinal epithelial 

cells and mucus to induce diarrhea (Jones and Rutter, 1972).  Lee et al. 

(2003) discovered that L. rhamonsus GG could attach to epithelial cells 

via hydrophobic interactions and limited pathogens from attaching to 

the enterocytic receptor. Steric hindrance displaces pathogens, which 

eventually detach from the enterocytic receptor. In addition, L. 

rhamonsus (Lcr35) decreases adhesion of enteropathogenic and 



 

enterotoxigenic E. coli and Klebsiella pneumonia (Forestier et al., 

2001). In other experiments, LAB was able to adhere to the intestinal 

tracts of mice, protecting animals against Salmonella Dublin DSPV 

595T (Frizzo et al., 2010). LAB produces lactate and acetate as main 

metabolic end products. These acids have critical roles in penetrating 

microbial cells and interfering with essential cell function to reduce 

intracellular pH (Holzapfel et al., 1995).  

 

Table 3. Modes of action of DFM in the post-rumen GIT 

Proposed mechanisms 

 1. Production of antibacterial compounds (acids, bacteriocins, antibiotics) 

 2. Competition with pathogens for colonization of mucosa and/or for nutrients 

 3. Production and/or stimulation of enzymes 

 4. Stimulation of immune response by host 

  5. Metabolism and detoxification of desirable compounds                                         

 

Hydrogen peroxide and several bacteriocins produced by LAB are also 

important compounds due to their competitive exclusion and probiotic 

characteristics. Hydrogen peroxide can oxidize, on the bacterial cell, 

sulfhydryl groups of cell proteins and membrane lipids (Dicks & Botes, 

2010), thereby blocking glycolysis due to the oxidation of sulfhydryl 

groups in metabolic enzymes such as glucose transport enzymes, 

hexokinase, and glycerol aldehyde-3-phosphate dehydrogenase 

(Carlsson et al., 1983). Holzapfel et al. (1995) suggested that LAB 

produced hydrogen peroxide, which effectively inhibited S. aureus and 

Pseudomonas spp.  



 

LAB bacteriocins were well documented by Cotter et al. (2005).  

Reuterin, produced by L. reuteri when grown anaerobically in the 

presence of glucose and glycerol (Dicks & Botes, 2010), inhibited the 

binding of substrates to the subunit of ribonucleotide reductase so that 

interfering with DNA-synthesis of target microorganisms (Dobrogosz 

et al., 1989). Lactobacillus GG, isolated from humans, was able to 

produce unidentified antimicrobial compounds that limited the growth 

of Staphylococcus spp., Streptococcus spp., and Pseudomonas spp. in 

in vitro (Silva et al., 1987).   

Modulation of host immune function is another mode of action of DFM. 

In the GIT, there are various immune cells such as dendritic cells, 

natural killer cells, macrophages, neutrophils, and T and B lymphocytes 

that are aggregated in Peyerôs patches, lamina propria, and 

intraepithelial regions (Krebiel et al., 2003). After DFM are 

administered to the GIT, they are directly taken up by intestinal 

epithelial cells via transcytosis. Antigen presenting cells, macrophages 

or dendritic cells engulf them, finally stimulating an immune response 

(Dicks & Botes, 2010). Various strains of LAB activated macrophages 

to produce cytokines that stimulate immune response. Matsuguchi et al. 

(2003) suggested that L. casei Shirota and L. rhamnosus Lr23 

stimulated macrophages to secrete TNF-Ŭ or promote development of 

regulatory dendritic cells. Miettinen et al. (1996) also reported that 

LAB could induce the production of proinflammatory cytokines, TNF-



 

Ŭ, and interleukin-6 from human peripheral blood mononuclear cells 

(PBMC), thereby stimulating non-specific immunity. 

 

Effects on performance of ruminants 

 

1) Calves 

 

Since young calves have to digest a significant amount of ration 

nutrients in their intestines, they may be at risk of intestinal 

proliferation of detrimental organisms. Neonatal calves are often 

stressed in new environments, such as transport, weaning, vaccination, 

and dehorning (Krehbiel et al., 2003). In intensive farm systems, calves 

are rapidly separated from cows before their intestinal microbiota have 

completely colonized. This situation might increase the possibility of 

diarrhea and weight loss. The administration of large amounts of 

beneficial microorganisms may allow stressed intestinal environments 

to be colonized and return GIT function to normal more quickly in 

scouring calves (Kung Jr, 2001). Therefore many studies have been 

conducted to evaluate the effects of DFM on young calves (Table 4).  

 

 

 

 

 



 

Table 4. The effects of various DFM on calf performance 

Strains Dose Effects References 
Aspergillus oryzae 5 x 10

7
cfunits/ml Higher total VFA, propionate, and 

acetate concentrations in the rumen. 

Cellulolytic bacterial counts tended to 

be higher than controls. 

(Beharka et al., 

1991) 

    

Lactobacillus 

acidophilus 

5 x 10
7
cfunits/ml Calves receiving L. acidophilus 

maintained initial BW, and control 

calves lost BW until 2 wk of age. 

(Cruywagen et al., 

1996) 

    

Bifidobacterium 

pseudolongum 

Lactobacillus 

acidophilus 

3 x 10
9
cfunits/ml  

 

Both strains improved ADG, feed 

efficiency and reduced diarrhea 

incidence. 

(Abe et al., 1995) 

    

Lactobacillus 

acidophilus   

Lactobacillus 

plantarum 

Lactobacillus 

acidophilus 27SC 

Not noted 

 

Not noted 

 

1.85x 10
7
cfunits/ml 

Incidence of diarrhea decreased after 

week 1 in calves fed DFM containing 

Lactobacillus. Lactobacilli increased 

in feces of calves fed a liquid diet 

treated with L. acidophilus 27SC. 

(Abu-Tarboush et 

al., 1996) 

    

Lactobacillusa 

acidophilus  

Propionibacterium 

freudenreichii 

from 

1 x 10
6
cfunits/ml 

to  

1 x 10
9
cfunits/ml  

Calves fed DFM showed lower fecal 

shedding of  E.coli. 

(Elam et al., 2003) 

    

Propionibacterium 

jensenii 702 

(PJ702) 

1.1 x 10
8
cfunits/ml  

1.2 x 10
9
cfunits/ml 

Calves fed PJ 702 exhibited 

successful gastrointestinal transit of 

the bacterium. 

(Adams et al., 

2008) 

    

Lactobacillus 

acidophilus  

Saccharomyces 

cerevisiae 

1 x 10
9
 

 

3 x 10
9
 

cfu/flask/kg 

ADG and feed efficiency were higher 

in calves receiving probiotics plus 

enzyme supplements.  

(Malik & Bandla, 

2010) 

    

Lactobacillus casei 

DSPV 318T  

Lactobacillus 

salivarius 

 DSPV 315T  

Pediococcus 

acidilactici 

 DSPV 006T 

3 x 10
9
 

cfu/kg live weight 

Inocula stimulated earlier 

consumption of starter and earlier 

development of the rumen. 

(Frizzo et al., 

2010) 

 

 



 

Many studies indicated that LAB could regulate diarrhea incidence as 

well as improve weight gain and feed efficiency when used as a DFM 

source. Holstein calves supplemented with L. acidophilus 27SC had 

significantly higher colony counts in feces compared to calves fed a 

control diet. As a result, calves fed L. acidophilus 27SC showed 

significant differences in scour index during weeks 5, 7 and 8 

compared with calves fed a control diet and during weeks 7 and 8 

compared with calves fed a mixed lactobacilli diet (Abu-Tarboush et al., 

1996). Abe et al. (1995) investigated the effects of oral administration 

of Bifidobacterium pseudolongum or L. acidophilus on newborn calves. 

Oral administration of the two types of LAB improved body weight 

(BW) gain and feed efficiency, and reduced frequencies of diarrhea 

occurrence compared calves that did not receive LAB. The BW gain 

was different between treated and control groups, but not between 

groups fed Bifidobacteria and Lactobacilli. Dicks and Botes (2010) 

suggested that bifidobacteria produce acetic and lactic acids at a ratio 

of 3:2, and that these acids might be more effective for the control of 

gram-negative pathogens and yeasts in the GIT than Lactobacillus spp. 

because acetate was more effective against gram-negative bacteria, 

moulds and yeasts (Gilliland, 1989). 

 

In recent experiments, LAB were also inoculated into young calves to 

improve growth performance (Frizzo et al., 2010). Young calves were 

fed milk replacer and a large quantity of spray-dried whey powder to 



 

generate an intestinal imbalance. Under these conditions, calves fed 

probiotics had higher average daily gain (ADG), total feed intake, and 

starter diet intake as well as lower fecal consistency index, indicating 

that diarrhea incidence was reduced (Frizzo et al., 2010).  

Adams et al. (2008) examined the effect of a novel bacterial strain, 

Propionibacterium jensenii 702 isolated in Australia on growth 

performance. Most bacterial DFM for young calves contain LAB, 

whereas dairy Propionibacteria are rarely used. Propionibacteria can 

increase propionate and butyrate concentration in the rumen thereby 

stimulating rumen development. Fecal recovery of P. jensenii 702 from 

the treatment groups from week 2 indicated successful gastrointestinal 

transit of the bacterium and these calves exhibited higher weight gain 

during pre-weaning and post-weaning periods. 

 

2) Adult ruminants  

 

During transition periods, defined as 3 weeks prior to calving to 3 

weeks after calving (Grummer, 1995), dairy cows are stressed due to 

calving, changing diets to rapidly fermentable carbohydrate sources, 

and lactation. Sudden changes that occur during this time may cause 

metabolic disorders such as sub-acute acidosis in dairy cows (Chiquette 

et al., 2008; Oetzel et al., 2007). In finishing beef cattle, it is also very 

important to prevent ruminal acidosis caused by highly fermentable 

feeds. Both dairy and beef cattle fed DFM showed improved growth 



 

performance, milk and meat production, and feed efficiency in many 

experiments (Ghorbani et al., 2002; Krehbiel et al., 2003; Nocek et al., 

2002; Stein et al., 2006).  

LAB with yeast or LUB has been used as DFM to improve 

performance of dairy cows. Enterococcus faecium with yeast was top 

dressed in a supplement during both pre- and postpartum periods. DFM 

increased dry matter intake, milk yield, and milk protein content during 

the postpartum period. Blood glucose and insulin levels were higher 

and non esterified fatty acid (NEFA) levels were lower for cows 

receiving DFM during the postpartum period (Nocek et al., 2003). In 

another study (Nocek and Kautz, 2006), cows supplemented with E. 

faecium with yeast had higher ruminally available dry matter (DM), 

consumed more DM during both the pre- and postpartum periods, and 

produced more milk/cow per day. There were no differences in 3.5% 

fat-corrected milk (FCM) between cows supplemented with DFM and 

controls. There were no differences in milk fat yield or milk protein 

percentage and yield. Cows consuming DFM had higher blood glucose 

postpartum, as well as lower beta-hydroxybutyrate (BHB) levels both 

pre-partum and on day 1 postpartum. Oetzel et al. (2007) reported that 

E. faecium plus S. cerevisiae increased milk fat percentages when used 

as DFM for first lactation cows and increased milk protein percentages 

for second and greater lactation cows during the first 85 DIM. Second-

lactation cows receiving DFM also received fewer antibiotic treatments 

before 85 DIM than cows receiving placebo.  



 

Table 5. The effects of various strains of DFM on adult ruminant performance 

Strains Dose Effects References 
Enterococcus 

faecium 

Lactobacillus 

plantarum, 

Sacchromyces 

cerevisiae 

from 

1 x 10
5
cfunits/ml 

to 

1 x 10
7
cfunits/ml 

 

Sustained a higher nadir pH than cows 

fed 10
6
 or 10

7
 and had a higher 

digestion rate of high moisture ear corn 

(HMEC) dry matter. 

(Nocek et al., 

2002) 

    

Propionibacterium 

P15 

Enterococcus 

faecium EF212 

1 x 10
9
cfu/g 

 

DMI and ruminal pH were not 

different.  DFM resulted in numerically 

lower blood CO2 concentrations and 

reduced risk of metabolic acidosis. 

(Ghorbani et al., 

2002) 

    

Enterococcus 

faecium 

Yeast 

5 x 10
9
cfu/g 

 

5 x 10
9
cfu/g 

Cows fed DFM consumed more DM, 

and produced 2.3kg more milk/cow per 

day. 

(Nocek & Kautz, 

2006) 

    

Propionibacterium 

P169 

6 x 10
10

cfu/cow 

6 x 10
11

cfu/cow 

Cow fed high doses and low doses of 

P169 exhibited 7.1 and 8.5% increases 

above controls in daily 4% FCM, 

respectively.  

(Stein et al., 2006) 

    

Lactobacillus 

acidophilus LA747 

Propionibacteria 

freudenreichii PF24 

Lactobacillus 

acidophilus LA45 

1 x 10
9
cfu/cow 

 

2 x 10
9
cfu/cow 

 

5 x 10
8
cfu/cow 

 

No differences in average DMI, yield 

of 4% FCM, ruminal pH and total VFA 

concentration in the rumen were 

observed. 

(Raeth-Knight et 

al., 2007) 

    

Enterococcus 

faecium  

Saccharomyces 

cerevisiae 

5 x 10
9
cfu/cow/d 

 

5 x 10
9
cfu/cow/d 

 

First lactation cows fed DFM produced 

more milk fat % and second lactation 

cows fed DFM received fewer 

antibiotic treatments. 

(Oetzel et al., 

2007) 

    

Saccharomyces 

cerevisiae subspecies 

boulardii CNCM 

I-1079 

0.5g of yeast  

/steer/d 

Treatments did not affect DMI, ADG, 

or feed efficiency during the 

experimental period. 

(Keyser et al., 

2007) 

    

Prevotella bryantii 2 x 10
11

cfu/dose Prevotella bryantii treatment increased 

milk fat %, concentration of acetate, 

butyrate, and decreased lactate 

concentration 2 to 3 hour after feeding. 

(Chiquette et al., 

2008) 

    

Propionibacterium 

strain P169 

6 x 10
11

cfu/d Cows fed P169 had lower 

concentrations of acetate, greater 

concentrations of propionate, and 

higher energetic efficiency. 

(Weiss et al., 

2008) 

    

    



 

Raeth-Knight et al. (2007) evaluated the effects of the combination of L. 

acidophilus LA747 and P. freudenreichii PF24 on 84 d dairy cattle 

performance and 28 d periods ruminal characterizations. DFM was top 

dressed on the total mixed ration (TMR) once daily. DFM did not affect 

performance including DM intake (DMI) , 4% FCM, percentage or 

yield of milk components, feed efficiency, apparent digestibility of DM, 

crude protein (CP), neutral detergent fiber (NDF), starch, rumen pH or 

concentrations of ammonia or total volatile fatty acids (VFA).  

DFM effects in the rumens of dairy cows have been studied in a 

feeding trial, in which mixtures of E. faecium, L. plantarum, and S. 

cerevisiae at a level of 10
5
, 10

6
, or 10

7
 cfu/ml rumen fluid were directly 

administered via rumen cannula to cows in early lactation once daily 

for 21 d. Cows fed 10
5
 cfu sustained a higher nadir pH than cows fed 

10
6
 or 10

7
 cfu. Cows fed 10

5
 cfu had a higher digestion rate of high 

moisture ear corn dry matter. Corn silage digestion was higher for cows 

fed 10
5
 cfu and 10

6
 cfu compared to those receiving 10

7
 cfu (Nocek et 

al., 2002). Weiss et al. (2008) supplemented dairy cows from 2 wk 

before anticipated calving to 119 d in milk with Propionibacterium 

strain P169. Cows fed P169 had lower concentrations of acetate, 

greater concentrations of propionate and butyrate. Plasma and milk 

glucose or plasma BHB levels were not affected by DFM. Cows fed 

P169 had greater concentrations of plasma NEFA on d 7 of lactation. 

Cows fed P169 during the first 17 wk of lactation produced similar 

amounts of milk with similar composition as cows fed a control diet. 



 

Calculated net energy use for milk production, maintenance, and body 

weight change were similar between treatments, but cows fed the P169 

consumed less DM, which resulted in a 4.4% increase in energetic 

efficiency. 

Ruminal anaerobic bacteria were also studied as DFM sources for dairy 

cows. Prevotella bryantii 25A was used as a DFM to dairy cows in 

early lactation (Chiquette et al., 2008). Six cows were given 2 x 10
11

 

cells/dose of P. bryantii 25A, inoculated directly with a syringe through 

the rumen cannula. Administration of P. bryantii 25A did not change 

milk yield, but tended to increase milk fat in accordance with increased 

acetate and butyrate concentrations in the rumen. P. bryantii 25A also 

decreased lactate concentration after 2-3h feeding compared with 

control treatments, thereby exhibiting the potential to prevent acidosis 

(Chiquette et al., 2008). Exogenous cellulolytic bacteria have been 

studied as DFM to improve ruminal fermentation (Chiquette et al., 

2007). Ruminococcus flavefaciens NJ, isolated from the rumen of a 

wild moose, was supplemented into the rumens of non-lactating dairy 

cows fed either a high concentrate or a high forage diet daily. NJ 

modified the abundances of other cellulolytic bacterial populations, and 

improved in sacco digestibility of timothy hay in the rumen when fed 

as part of a high concentrate diet. The presence of Aspergillus oryzae or 

S. cerevisiae, or a change of concentrate to forage ratio in the diet did 

not succeed in establishing the new strain in the rumen. In an early 

study, genetically marked Ruminococcus albus was inoculated into the 



 

rumen of a goat and the extent of bacterial survival in the rumen was 

measured (Miyagi et al., 1995). R. albus persisted in the rumen for 14 d 

at 10
2
 cells/mL of rumen contents. 

 

Strategies of DFM application for ruminant animals 

 

1) Aero-tolerant microorganisms 

 

As discussed above, microbials for DFM must be: 

a. viable during preparation and delivery to animals 

b. able to survive in digestive environments 

 

Cultivation and preparation of ready-to-use strict anaerobes may be 

cost-prohibitive. Any dosing method other than adding DFM to the diet 

is unlikely to be acceptable as a general on-farm practice (Nagaraja et 

al., 1997), especially for daily dosing. Individual administration may be 

labor and time-intensive and prohibitive for large feedlots. DFM 

studies of strict anaerobic bacterial species generally focus on 

establishment of exogenous or genetically modified strains after short-

term administration (Jones and Megaritty, 1986; Robinson et al., 1992; 

Miyagi et al., 1995; Gregg et al., 1998; Chiquette et al., 2007), while 

studies of facultative or aero-tolerant anaerobic bacterial species 

include long-term daily supercharging in the rumen (Swinney-Floyd et 

al., 1999; Ohya et al., 2000; Elam et al., 2003; Krehbiel et al., 2003).  



 

Synergesties jonesii (Jones and Megaritty, 1986) and B. fibrisolvens 

(Gregg et al. 1998) established populations in the rumen, while R. 

albus strain A3 (Miyagi et al., 1995) and R. flavefaciens NJ (Chiquette 

et al., 2007) did not persist in the rumen at effective population sizes. 

However, repeated dosing increased cell numbers of R. flavefaciens NJ 

in the rumen. The chance to succeed as a DFM with one-time 

administration may be limited to only a few strains. Therefore, innate 

or acquired aero-tolerance may be an important criterion for DFM to be 

useful to supercharge populations daily or establish populations in the 

rumen. 

An experiment was conducted to evaluate potentiality of aero-tolerant 

rumen LUB (Kim, 2007). Ruminal contents were collected from dairy 

cattle and enriched in lactic acid media anaerobically via two transfers 

(N2), and then used as inocula for further enrichments. A strict 

anaerobic preparation (N6) was enriched through four additional 

anaerobic subcultures. An aero-tolerant preparation (N2A2N2) was 

passed through two aerobic subculturing and then two anaerobic 

enrichments. An aerobic preparation (N2A4) passed 4 aerobic 

enrichments. When these enrichments were added to acidosis-inducing 

in vitro ruminal fermentation, N2A4 completely inhibited lactate 

accumulation, yielded greater total VFA and maintained higher pH than 

N6 or N2A2N2. Aerobic enrichment may increase the chances to 

isolate aero-tolerant lactic acid-utilizers by reducing strict anaerobes in 

the culture. The current study also supports the potential use of aero-



 

tolerant rumen microorganisms as DFM for cattle. However, there are 

only a few species of aero-tolerant microorganisms. Aero-tolerance is 

required only during delivery to the rumen, and does not guarantee that 

a microorganism will  be effective as DFM. 

 

2) Spore forming bacteria  

 

Tolerance of microorganisms to heat is also important for DFM since 

they have to survive processing during feed production. In general, 

most yeast and LAB are destroyed by heat during pelleting (Kung Jr, 

2001). Spore forming bacteria have advantages as probiotics for 

humans and animals (Ripamonti et al., 2009). Ripamonti et al. (2009) 

suggested that the ability to form spores might provide probiotics 

(DFM) with higher resistance to stresses during production and storage 

processes (Hyronimus et al., 2000) and also higher resistance to gastric 

and intestinal environmental conditions (Hong et al., 2005; Sanders et 

al., 2003).  

Several recent studies demonstrated the probiotic (DFM) effects of 

Bacilli , spore forming bacteria, on ruminant performance (Table 6). 

Bacillus species have specific mechanisms that inhibit gastrointestinal 

infection by pathogens or producing antimicrobials.  

 

 

 



 

Table 6. Effects of DFM containing bacilli on ruminant performance 

Strains Animals Effects References 
Bacillus licheniformis 

Bacillus subtilis 

Sheep and 

lambs 

Control group tended to have higher 

mortality than the DFM treated group and 

produced significantly more milk. 

(Kritas et al., 

2006) 

    

Bacillus licheniformis 

Bacillus subtilis 

Holstein 

cows 

Milk yield and protein were increased by 

supplementation of Bacilli . 

Bacillus licheniformis increased ruminal 

digestibility and total VFA concentration. 

(Qiao et al., 2009) 

    

Bacillus subtilis Holstein 

calves 

Fecal shedding of presumptive Clostridium 

perfringens at day 7 was reduced in scouring 

calves treated with electrolytes plus DFM 

compared to scouring calves treated with 

electrolytes alone. 

(Wehnes et al., 

2009) 

    

Bacillus licheniformis 

Bacillus subtilis 

Holstein 

calves 

Cows fed DFM had a higher ADG, final live 

weight. 

(Kowalski et al., 

2009) 

    

Bacillus cereus  

var. Toyoi 

Saccharomyces 

boulardii 

Sheep Both probiotics enhanced humoral immunity. (Roos et al., 2010) 

    

Bacillus subtilis 

strain 166 

Cattle There were no dignificant differences 

observed between treatments for either hide 

or fecal prevalence of E. coli O157:H7. 

(Arthur et al., 

2010) 

 

 Kritas et al. (2006) examined the effects of DFM containing Bacillus 

licheniformis and B. subtilis on young lambs and milking ewes under 

field conditions. The addition of DFM tended to reduce the mortality of 

young lambs and increased the daily milk yield of ewes. Another 

experiment regarding bacilli DFM was conducted in China (Qiao et al., 

2009), and yields of 4% FCM, FCM/DMI, and milk protein 

percentages were increased after B. licheniformis supplementation. 

Total VFA and acetate concentrations were higher with B. 

licheniformis than in the other two groups, B. subtilis or animals that 

received no supplements.  



 

In addition to the practical advantages of spore forming DFM, strong 

cellulolytic activity may support the potential of bacilli as DFM for 

ruminant or nonruminant animals by improving fiber digestion in the 

rumen and/or in the GIT by supplying oligosaccharides to beneficial 

microorganisms.  

 

Enzymes for ruminant 

 

The improvement of fiber digestion is one of main tasks in ruminant 

nutrition since the major part of feed for ruminant is forage which has 

approximately 30-70% of NDF based on DM. Furthermore, the total 

tract digestibility of NDF might be less than 65% when rumen 

condition was optimal for cellulolytic microorganisms (Van Soest, 

1994). This digestibility could decrease by 35 to 50% when rumen 

condition was abnormal due to high concentrated diets (Beauchemin et 

al. 2001). Therefore, the improvement of fiber digestion could bring 

some beneficial effects such as the increment of energy utilization, 

DMI, ADG, feed conversion efficiency, increasing milk yield, and meat 

production. Oba and Allen (1999) also reported that 1% increment of 

NDF degradability in the rumen brought the 0.17kg/day of DMI as well 

as 0.25kg/day of milk yield higher than before. Because of above 

reasons, many researchers used fibrolytic enzymes as feed additives to 

improve fiber digestion. 



 

Fibrolytic enzyme is mostly consisted to cellulase and hemicellulase. 

Cellulase is the enzyme which can degrade cellulose materials. 

Cellulase which is produced by fungi or bacteria, can be divided into 

three types; endoglucanase (endo-1,4-ɓ-D-glucanase, EC 3.2.1.4), 

cellobiohydrolase (exo-1,4-ɓ-D-glucanase, EC 3.2.1.91) and ɓ-

glucosidase (1,4-ɓ-D-glucosidase EC 3.2.1.21) (Hong et al., 2001). 

Endoglucanase hydrolyze internal ɓ-1,4-glysidic bonds of cellulose 

chains randomly so that new chain ends were produced. While, 

cellobiohydrolase cleave cellulose chains at the end site to produce 

cellobiose or glucose. ɓ-glucosidase can attack only cellobiose and 

release glucose units (Kumar et al., 2008; Percival Zhang et al., 2006). 

These cellulolytic enzymes work together to degrade cellulosic 

materials quickly. Endoglucanase make new chain site which 

cellobiohydrolase can work. Then the end product is degraded by ɓ-

glucosidase. The hemicellulase system which is more complicated than 

cellulase system, include various enzymes such as ɓ-1,4-endoxylanase 

(EC 3.2.1.8), ɓ-xylosidase (EC 3.2.1.37), Ŭ -L-arabino furanosidase 

(EC 3.2.1.55), ɓ-mannosidase (EC 3.2.1.25) Ŭ-glucuronidase (EC 

3.2.1.139) and  acetyl xylan esterase (EC 3.1.1.72) (Wong et al., 1988). 

 

As mentioned above, the administration of fibrolytic feed enzyme has 

beneficial effects on ruminant energy utilization. First of all, the 

administration of exogenous fiber degrading enzyme can induce 

synergistic effect with ruminal fibrolytic enzyme. Morgavi et al. (2000) 



 

reported that exogenous fibrolytic enzymes combined with rumen 

microbial enzymes increased cellulose and xylan degradation up to 35, 

100%, respectively. Secondly, the use of exogenous enzyme has 

beneficial effects under low pH rumen condition since some 

commercial enzyme additives from fungal or bacterial have lower 

optimal pH than those of rumen microbial cellulolytic enzyme 

(Beauchemin et al., 2004). The other advantage of fibrolytic enzyme 

additives for ruminant fiber digestion is that the increase of rumen 

bacterial attachment and the stimulation of bacterial growth. The 

administration of fibrolytic enzyme can modify the surface of forage 

sources thereby helping bacterial colonization. Morgavi et al (2000b) 

suggested that exogenous fiber degrading enzymes may remove 

physical barrier which inhibits bacterial attachment.  

 

 

 

 

 

 

 

 

 

 

 



 

Classical strategies for improvement of microbial 

production 

 

Microorganisms have been receiving strong interests from many 

biotechnologists due to their capability of producing various 

compounds which are beneficial for human being. Primary metabolites, 

second metabolites, antibiotics and various enzymes produced by 

microorganism have been applied at industrial scale. However, some 

limiting steps must be solved before applying to industrial production. 

Microorganisms only produce ideal materials as much as they need for 

their growth, maintenance and reproduction (Adrio & Demain, 2006). 

They do not overproduce beneficial metabolites and have complex 

processing step. Strain improvement can provide the opportunity for 

reducing costs without any additional processing equipment or 

production system. For example, if microbes are modified to consume 

lower cost carbohydrate sources, then production cost will be 

significantly lower than wild type microorganisms which utilize pure 

glucose as an energy source. Therefore, Improvement of strain is 

prerequisite condition for industrial mass production.  
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Table 7. Mutagens employed for strain development (Parekh et al., 2000) 
 

Mutagen Mutation induced  Impact on DNA Relative effect 

Radiation    

Ionizing radiation    

1. X-rays, ƿ-rays Single or double strand breakage of DNA Deletions, structural changes High 

Short wavelengths    

2. Ultra violet (UV) rays Pyrimidines diamerization  

and cross link in DNA 

Transversion, deletion, frame shift,  

transitions from GC -> AT 

Medium 

    

Chemicals    

Base analogs    

3. 5-Chlorouracil 

    5-Bromouracil 

Results in faulty pairing AT -> GC, GC -> AT transition 

AT -> GC, GC -> AT transition 

Low 

Low 

4. 2-Aminopurine deaminating agents Errors in DNA replication  Low 

5. Hydroxylamin (NH2OH) Deamination of cytosine GC -> AT transition Low 

6. Nitrous acid (HNO2) Deamination of A, C and G Bi-directional translation, deletion 

AT -> GC and / or GC -> AT transition 

Medium 

 

 

 

 

(continue) 
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Mutagen Mutation induced  Impact on DNA Relative effect 

Alkylating agents    

7. N-Methyl-N'-nitro 

    N-Nitroguanidine (NTG) 

Methylation, high pH 

Alkylation of C and A 

GC -> AT transition 

GC -> AT transition 

High 

High 

8. Ethyl methanesulfonate (EMS) Alkylation of bases C and A GC -> AT transition High 

9. Mustards di-(2-chloroethyl)-sulfide    

    

Intercalating agents    

10. Ethidium bromide (ETBR) 

 Acridinedyes 

Interaction between two base pairs Frame shift, loss of plasmids  

and microdeletions 

Low 

    

Biological    

11. Phage, plasmid, DNA transposing Base substitution, breakage Deletion, duplication, insertion High 
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Artificially induced mutation has been widely used in commercial to 

improve the production of industrial strains. The most widely used 

method to acquire mutant strains which have desired characteristics is 

to adjust a population using mutagenic sources until a specific survivor 

is discovered. Mutation induces altering at least one nucleotide at a 

certain site throughout the DNA strand permanently. Almost part of 

mutations cause harmful incidence to host microorganisms, but certain 

mutation can lead the target microorganisms to adapt to harsh 

environment or improve metabolites production without any negative 

performances. Genetic alteration or improvement of strains along with 

mutation can be classically achieved by a diversity of physical as well 

as chemical mutagens which are listed in Table 7 (Pareke et al., 2000). 

N-Methyl-N'-nitro-N-Nitroguanidine (NTG), ethyl methanesulfonate 

(EMS), methylmethansulfonate (MMS), hydroxylamine and ultraviolet 

(UV) irradiation were the mostly used for mutation as a mutagen. 

These mutagens affect DNA condition by ways of nucleotides deletion, 

addition, base alteration and breakage of DNA strands. The success of 

mutagenesis is dependent upon how much we can improve the 

frequency of desired strains after mutation process because most 

mutagenesis cause negative effects on productivity of target strain, 

especially in the highly developed strains (Parekh et al., 2000). NTG 

have been known for an excellent chemical reagent for mutation since 

this can cause the DNA mutation at multi points and provide the 

highest generation rate of mutant among survivors (Baltz, 1986). In 
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addition to types of mutagen, the culture type of target strain, dosing 

amount of mutagen, incubation time with mutagen, the methods of 

treatment or post treatment can affect the frequency of successful 

mutagenesis (Vinch and Byng, 1998). The Improvement of microbial 

cellulase production was also achieved by above mutagens (Table 8). 

Many microorganisms including fungal and bacterial strain were 

mutated experimentally with various chemical, physical mutagens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

Table 8. Research related with strain improvement for cellulase production using classical method 
 

Wild type strain Mutagen Effects References 

Fusarium oxysporum 

DSM841 

NTG 

UV rays 

Mutant NTG-19 had enhanced production  

cellulase 

(Kuhad et al., 1994) 

Cellulomonas flavigena 

PN-120 

EMS 

NTG 

Mutant M9-82 had 2.7 fold higher xylanase  

activity 

(Reyes & Noyola, 1998) 

Bacillus pumilus EMS Catabolite repression-insensitive mutant 

released  

more cellulase(11.4mg/g of cell mass) than 

those (6.2mg/g of cell mass) of wild type 

 

(Kotchoni & Shonukan, 

2002) 

Bacillus pumilus Chemical mutagen Mutant type, BpCRI6 has ability to produce  

cellulase efficiently under catabolite repression 

condition 

 

(Kotchoni et al., 2003) 

Fungi (not identifyed) NTG 

ETBR 

UV rays  

 

Increase cellulase  

and endoglucanase activity 

(Chand et al., 2005) 

Penicillium echinulatum 

sp. 

Hydrogen peroxide Mutant strain showed 1.35 fold higher  

cellulase activity than those of wild type 

 

(Dillon et al., 2006) 
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Wild type strain Mutagen Effects References 

Penicillium janthinellum 

NCIM 1171 

EMS 

UV rays 

Mutant showed enhanced cellulase 

production and clearance zone on  

Avicel containing agar plate 

 

(Adsul et al., 2007) 

Acremonium cellulolyticus 

C-1 

NTG 

UV rays 

strain CF2612(mutant) showed higher  

filter paperase(17.8Units/ml) and ƾ-glucosidase 

activity 

 

(Fang et al., 2009) 

Penicillium janthinellum 

JU-A10 

EMS 

UV rays 

Mutant showed enhanced clear halo zone 

on cellulose containing agar plate 

(Cheng et al., 2009) 

Trichoderma reesei  

Rut C-30 

NTG 

UV rays 

Mutant strain exhibited increased  

cellulase production, clear halo zone in agar  

media and an efficient growth on Avicel plate 

 

(Jun et al., 2009) 

Trichoderma reesei 

ATCC66589 

UV rays Mutant produced cellulase in media which had  

glucose as a sole carbon source 

 

(Ike et al., 2010) 

Trichoderma reesei 

KCTC6950 

proton beam rays Mutant exhibited enhanced Fpase (165%), 

CMCase (146%), and ɓ-glucosidase (313%) 

compared with the wild type 

(Jung et al., 2012) 
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Current strategies for development of improved cellulase 

activity  

 

 

Currently, there are two strategies which are available for improving 

the performance of cellulase: 1) Rational design and 2) Directed 

evolution. 

 

1) Rational design 

 

Rational design, which is one of approaches of protein engineering, 

was developed after the introduction of DNA recombination and site-

directed mutagenesis technology. Rational design has three steps 

(Percival Zhang et al., 2006)  

 

1) Ideal enzyme selection 

2) Identification of the amino acid sites to be replaced depending 

on their structure visualized by computer model 

3) Mutant characterization 

 

The achievement of successful rational design needs detailed 

information on selected protein structure and relationship between 

protein structure and function. The choice of the certain site of protein 

to be altered to other amino acids requires knowledge of original 
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function as well as expected function when this region will be changed. 

Site-directed mutagenesis for point mutation has been used for rational 

design. In addition, the modification of secondary structure or whole 

domain exchange was also used for rational design (Percival Zhang et 

al., 2006).  Even though a lot of enzymeôs structures and their function 

were reported, still many enzymes need to be identified yet including 

cellulase. This is the reason why site-directed mutagenesis is used 

without any conventional rules and remains in a trial-testing procedure 

recently (Maki et al., 2009). 

 

2) Directed evolution 

 

Still limited information on protein structure and their function have 

restricted the use of rational design for improve enzyme activity, 

stability and catalytic properties. In this reason, directed evolution has 

emerged as another method to develop ideal enzymes because this 

strategy does not require any knowledge of enzyme structure or 

function. Directed evolution was achieved by the following steps: 

 

1) Target gene selection 

2) Induce of random mutagenesis such as error-prone PCR or 

DNA shuffling 

3) Looking for improved enzyme through appropriate selection or 

screening method 
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4) Repeat 1) to 3) until desired gene is developed 

Directed evolution was typically started from target gene selection so 

called parent gene. This gene is mutated randomly using genetic 

recombination method such as error-prone PCR or DNA shuffling. The 

library of candidate gene was used to make proteins which will undergo 

selection or screen process to search specific genes having enhanced 

properties (Bloom & Arnold, 2009). Thus, the development of 

appropriate screening or selection method that is able to detect 

improved genes rapidly is most important step rather than figuring out 

detailed knowledge about target protein structure and their function. 

Mutants that show enhanced performances are applied again to next 

round of random mutation as parent genes while the mutants not 

showing enhanced properties were discarded. Directed evolution have 

been extensively used for generation of improved characteristics of 

cellulase including activity, stability, catabolite repression sensitivity 

(Percival Zhang et al., 2006). Screening method conventionally used 

for improved cellulase gene includes carboxy methyl cellulose (CMC) 

containing agar plate with chromogenic dye such as Congo red, Trypan 

blue or chromogenic cellulosic substrates (Maki et al., 2009).  
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3) Genome shuffling 

 

Many industrial strains have been improved by classical mutagenesis so 

far and this successful result makes it still to be used for development 

of performance enhanced industrial strains at present. In nature, sexual 

breeding allows that entire genomes are recombined, but only two 

parents are possible to participate this mating. In the mean time, DNA 

shuffling for directed evolution induce recombination between multiple 

parents per each generation, but this technology are used for only DNA 

fragments (Zhang et al., 2002). The development of genome shuffling 

has been originated from the experiment which tries to combine both 

advantages of classical mating and DNA shuffling together, thereby the 

recombination between entire genomes from multiple parents can 

reduce the time to get a desired phenotype efficiently.  

Zhang et al. (2002) reported that just two rounds of genome shuffling 

processed for 1 year were enough to get the results which were 

achieved by classical random mutagenesis for 20years. GS2 strain 

undergone two rounds of genome suffling showed 9 fold higher tylosin 

production than that of wild type strain (Streptomyces fradiae) and this 

status was similar with that of SF2l strain which was developed after 10 

years of classical strain improvement trials using NTG, UV irradiation 

and HNO2. 
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Genome shuffling generally was achieved by three steps:  

1) The development of parent library 

2) Repeated trial of protoplast fusion 

3) Screening or selection for desired mutant 

The construction of parent strains is typically preliminary step for 

genome shuffling. Both of quantity and quality of parent strain is 

criteria for successful genome shuffling since the increment of diversity 

of parental strain is the important power for next step which is 

recursive protoplast fusion based on parental strains. To construct 

parental library, the selected microorganism should be randomly 

mutated using classical chemical or physical mutagen. Classical strain 

improvement is needed for generation of various parental strains. 

Basically, protoplast fusion which has been accomplished before 30 

years approximately is fundamental technology for genome shuffling. 

Protoplast fusion was used to improve the characteristics of prokaryotic 

as well as eukaryotic cells and showed successful results even though 

this technique was applied to different species or kingdoms (Hopwood 

et al., 1977; Iwata et al., 1986; Rassoulzadegan et al., 1982; Scheinbach, 

1983). Protoplast fusion exhibited a higher gene transfer or 

recombination efficiency than those of other genetic transfer technique 

such as conjugational transformation of genetic materials (Petri & 

Schmidt-Dannert, 2004). If the parental strains were prepared as 

protoplast types, these cells were undergone next steps; mixing, fusion 

and regeneration. Entire steps including the preparation of protoplast to 



38 

regeneration are repeated until desired strain is developed and 

regenerated strains were used as parental strains for next steps of 

genome shuffling. Diverse parental strain and recursive protoplast 

fusion is the basement tools of genome shuffling for the objective of 

strain improvement. There are some examples using genome shuffling 

for strain improvement (Table 9).  

As mentioned above, genome shuffling has both advantages from 

classical breeding and directed evolution such as DNA shuffling. This 

technique does not need any detailed knowledge about genome 

sequence data, genetic information, protein structure and their function. 

Genome shuffling also showed rapid improvement of selected strains 

than other classical technology. Furthermore, genome shuffling has 

another advantage that shuffled strain is not classified as genetically 

modified organism since this technique does not use gene sources 

originated from other organisms. Therefore shuffled strain can be used 

for food industry such as probiotics for human or animals. This is the 

reason why genome shuffling was used for this experiment for the 

development of probiotics strain which can be used to ruminant 

animals 
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Table 9.  Recent studies on genome shuffling for strain improvement 
  

Wild type strain Mutation method  

to prepare 

parent strain 

Protoplast fusion type Results References 

Candida  

versatilis 

EMS Conventional 

protoplast fusion 

Mutant showed stronger resistance of salts, 

higher production of aroma compounds 

 

(Cao et al., 2009) 

Bacillus  

subtilis 

UV irradiation 

He-Ne irradiation 

Protoplast 

inactivation fusion 

Mutant exhibited enhanced antagonistic 

activity against Fusarium oxysporum f. sp. 

Melonis and chemical fungicides 

(Chen & Chen, 2009) 

Penicillium  

decumbens  

JU-A10 

EMS 

UV irradiation 

N
+
 ion implanting 

Protoplast 

inactivation fusion 

Mutant had enhanced cellulase activity (Cheng et al., 2009) 

Clostridium diolis  

DSM 15410 

NTG Conventional 

protoplast fusion 

Mutant developed by 4 rounds of shuffling  

exhibited 80% improved 1,3-propandiol 

production 

(Otte et al., 2009) 

Streptomyces  

pristinaespiralis 

UV irradiation  

NTG 

Protoplast 

inactivation fusion 

Mutant produced 11.4-fold pristinamycin 

than that of the wild type strain 

(Xu et al., 2009) 

Diasporangium sp. 

Aspergillus niger 

- Protoplast fusion 

between different strains 

shuffled Diasporangium sp. showed 

enhanced arachidonica acid production 

(Zhao et al., 2009) 

Pichia stipitis UV irradiation  Conventional 

protoplast fusion 

Mutant had improved tolerance against  

hardwood spent sulphite liquor 

(Bajwa et al., 2010) 
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Wild type strain Mutation method  

to prepare 

parent strain 

Protoplast fusion type Results References 

Zygosaccharomyces  

rouxii 

EMS Conventional 

protoplast fusion 

Mutant showed stronger resistance of salts, 

potassium chloride and lithum chloride 

 

(Cao et al., 2010) 

Propionibacterium  

shermanii 

NTG 

EMS 

UV irradiation 

Protoplast 

inactivation fusion 

Mutant exhibited higher vitamin B12  

production and up regulated riboflavin 

synthase expression in 2D analysis 

(Zhang et al., 2010) 

Sporolactobacillus  

inulinus 

ATCC 15538 

UV irradiation 

Diethyl sulfate 

Conventional 

protoplast fusion 

Mutant had higher acid tolerance and 

119% higher D-lactate production than that 

of original strain 

(Zheng et al., 2010) 

Nocardia sp. 

ALAA 2000 

EMS 

UV irradiation 

Conventional 

protoplast fusion 

Mutant exhibited 19 fold higher ayamycin  

production than that of wild type strain 

(El-Gendy & El-

Bondkly, 2011) 

Aureobasidium  

pullulans 

EMS 

UV irradiation 

Protoplast 

inactivation fusion 

Mutant showed improved pullulans 

production 

(Kang et al., 2011) 
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EXPERIMENT I  

 

 

 

 

 

Characterization of Cellulolytic and Xylanolytic Enzymes of 

Bacillus licheniformis JK7 Isolated from the Rumen of a Native 

Korean Goat  
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Introduction 

 

Lignocellulosic materials are the most abundant resource for the 

production of renewable bioenergy and fermented products. Cellulosic 

materials need to be first hydrolyzed into fermentable sugars since they 

are not useful in their polysaccharide form (Li et al., 2009). The 

biohydrolysis of cellulose through the use of cellulolytic 

microorganisms is an attractive approach since the degradation of 

cellulose by chemical agents produces environmental pollution 

(Rizzatti et al., 2001). Cellulase, which is produced by fungi and 

bacteria, can be divided into three major types: endoglucanase (endo-

1,4-ɓ-D-glucanase, EC 3.2.1.4), cellobiohydrolase (exo-1,4-ɓ-D-

glucanase, EC 3.2.1.91), and ɓ-glucosidase (1,4-ɓ-D-glucosidase EC 

3.2.1.21) (Hong et al., 2001). Endoglucanases randomly hydrolyze the 

internal ɓ-1,4-glysidic bonds of cellulose chains so that new chain ends 

are produced. In contrast, cellobiohydrolases cleave cellulose chains at 

the ends to produce cellobiose or glucose. ɓ-glucosidase only 

hydrolyzes cellobiose, and releases glucose units (Kumar et al., 2008; 

Percival Zhang et al., 2006).  

 

Fungal species have been primarily used commercially for cellulase 

production because of their capacity to secrete cellulolytic enzymes 

into their medium, which allows for easy purification and extraction 

(Maki et al., 2009). Among the cellulolytic fungi, Trichoderma spp. 
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and Aspergillus spp. have been extensively investigated since they can 

produce all three types of cellulose-degrading enzymes (Wang et al., 

2008). However, bacterial cellulases have several advantages. First, 

bacteria have faster growth rates than fungi and can easily grow to high 

cell densities in inexpensive nutrient sources (Maki et al., 2009). 

Second, the enzyme expression system of bacteria is more convenient. 

Third, bacteria can not only survive harsh conditions but can also 

excrete enzymes that are stable under extreme conditions of high 

temperature and low or high pH. 

 

Several bacterial genera show cellulolytic activity, including Bacillus, 

Clostridium, Cellulomonas, Rumminococcus, Alteromonas, Acetivibrio, 

and Bacteriodes (Roboson &Chambliss, 1989). Among these, Bacillus 

species produce a variety of extracellular cellulolytic enzymes. Bacillus 

licheniformis is a facultative and a Gram-positive endospore-forming 

bacterium (Sneath et al., 1986) which is used extensively in large-scale 

commercial enzyme production since it can excrete proteins in large 

quantities of up to 20-25g/l (Schallmey et al., 2004). 

 

Many cellulolytic or xylanolytic Bacillus species have been isolated 

from compost (Archana & Satyanarayana, 1997; Rastogi et al., 2010), 

milled paper (Geetha & Gunasekaran, 2010), swine waste (Liang et al., 

2009), and hot springs (Mawadza et al., 2000). However, the isolation 

of cellulolytic and xylanolytic Bacillus sp. from the rumen of goats has 
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not previously been reported as the rumen environment is a strictly 

anaerobic environment, which can make it difficult  for aerobic bacteria 

to survive. In this study, the facultative anaerobic bacteria Bacillus 

licheniformis JK7, which can secrete endoglucanase, ɓ-glucosidase, 

and xylanase was isolated from the rumen of a native Korean goat. 

Bacillus licheniformis is expected to survive on harsh condition such as 

provision of low quality roughage as a sole feed source (Son, 1999). 

The objectives of this study were 1) to isolate and identify the 

microorganism responsible for degrading cellulose and xylan, and 2) to 

characterize the endoglucanase, ɓ-glucosidase, and xylanase released 

by selected Bacillus sp. 
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Materials & M ethods 

 

1) Materials  

All chemicals, media components and reagents used in these 

experiments were purchased from Sigma (Sigma & Aldrich, St. Louis, 

USA) and Difco laboratories (Sparks, USA). Azo-CM-Cellulose 

(Megazyme co. Ltd., Ireland) was used as a substrate to screen 

cellulolytic bacteria. 

 

2) Isolation and screening of cellulose-degrading bacteria  

The ruminal fluid of goats was collected before morning feeding by 

rumen fistulas. The rumen fluid was diluted with modified Dehority 

(MD) medium (Scott and Dehority, 1965) using 1% CMC as the sole 

carbon source and anaerobically cultured overnight at 37 . The fluid 

was then spread onto MD agar plates containing 1% Azo-CMC and 

anaerobically cultured overnight at 39  to screen for bacteria with 

endoglucanase activity. The colonies forming clear zones were then 

carefully picked and re-streaked onto Azo-CMC agar plate to check for 

enzyme activity and isolate single strains. The strains which showed 

consistent endoglucanase activity were transferred to aerobic conditions 

and cultured in Luria-Bertani (LB) medium overnight at 37 . 

Surviving strains which were facultative anaerobic cellulolytic bacteria 

were selected. The isolated strain was analyzed by Gram staining as 
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described by Moaledj (1986). Spore formation was examined using 

phase-contrast microscopy (Nikon Optiphot-2, Japan). 

 

3) 16s rDNA sequencing for strain identification 

A total of 1.5 ml of LB culture was centrifuged (10,000g x 1min.) to 

obtain a cell pellet for DNA extraction, which was performed using a 

DNeasy Blood & Tissue Kit (Qiagen, Seoul, South Korea). PCR 

amplification of the 16s rDNA gene fragments was performed using the 

universal primers 27f (5ô-AGAGTTTGATCMTGGCTCAG-3ô) and 

1492R (5ô-ACGGCTACCTTGTTACGACTT-3ô). The amplified PCR 

product was visualized by gel electrophoresis.  The 16s rDNA band 

was cut and purified using a Gel DNA extraction kit (Qiagen, Seoul, 

South Korea). The purified PCR product was then cloned using pGEM-

T Easy Vector and transformed into E.coli top10 competent cells 

(Promega, USA) as per the manufacturerôs protocol. Plasmids were 

isolated using a plasmid extraction kit (Bioneer, Korea). A sequence 

similarity search was carried out using BLAST with the NCBI database 

(http://www.ncbi.nlm.nih.gov) and alignment was carried out using V-

NTI (Life Science Technology, Co. Ltd., USA). 

 

4) Biochemical analysis of strain identification  

Exponentially growing cells were biochemically analyzed using the 

API 50 CHB Kit (Biomeriux, USA) according to the manufacturerôs 

instructions. 

http://www.ncbi.nlm.nih.gov/
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5) Growth curve 

The culture medium used in this experiment was liquid LB medium 

containing 1% CMC. The seed culture was developed prior to 

measurement of growth phase using same media. The culture media 

(100ml) in 500ml shake flasks was inoculated with 1% of seed culture 

having 0.5 of OD600 value.  Aliquots of the bacterial cultures were 

taken from the growth medium at two hour intervals, and absorbance 

was measured at 600nm. Growth curves were plotted as absorbance vs. 

time. Enzyme activity was also calculated at the two hour intervals. 

 

6) Enzyme assays 

Cellulase and xylanase activities were measured by spectrometric 

determination of reducing sugars by the 3, 5-dinitrosalicylic acid (DNS) 

method (Ghose, 1987). Briefly, a mixture of the enzyme and a 1% 

CMC solution (1:1) was prepared in 50 mM phosphate buffer (pH 6). 

Endoglucanase activity was assayed using CMC as a substrate. ɓ-

glucosidase activity was determined using salicin (2-hydroxymethyl-

phenyl-ɓ-D-glucopyranoside) as a substrate and xylanase activity was 

determined by measuring the release of xylose from birch wood xylan. 

For crude enzyme preparation, Bacillus licheniformis JK7 was cultured 

in the basal medium (g/l, 2.5 KH2PO4, 2.5 K2HPO4, 0.1 NaCl, 0.2 

MgSO4·7H2O, 0.01 FeSO4·7H2O, 0.007 MnSO4·7H2O, 0.05 

CaCl2·2H2O, 1.0 (NH4)2SO4, 2.5 yeast extract, 5.0 CMC, 5.0 

birchwood xylan) at 37  for 24h. The cultures were centrifuged at 



48 

13,000g x 10min at 4  and the supernatant was used for the enzyme 

assay. The reaction mixture was incubated at 37 for 30 min. After 

incubation, 300 ùl of DNS reagent was added and the mixture was 

heated to 99  for 5 min in a boiling water bath. The release of 

reducing sugars was calculated from the OD measured at 546 nm. One 

unit of enzymatic activity was defined as the amount of enzyme that 

released 1 ɛmol of reducing sugar per minute. All assays were 

performed in triplicate and average values are reported. 

 

7) Optimum pH and temperature of cellulase and xylanase and 

their stability  

The optimum pH for crude enzyme preparations was measured in 

different buffers (50 mM acetate buffer for pH 3-5, 50 mM phosphate 

buffer for pH 6-8) at 37 . The stability of the enzymes at different pH 

values was determined by pre-incubating crude enzyme in various pH 

buffer solutions for 4 hr at 4  (Dong et al., 2010). Relative activity 

was expressed as the percentage of enzyme activity that remained after 

incubation in comparison to the maximum observed activity at each pH. 

To determine the optimum temperature for cellulolytic and xylanolytic 

enzymes, crude enzyme preparations were incubated at a range of 

temperatures (20-80 ) in 50 mM phosphate buffer (pH6). Thermal 

stability was determined by incubating crude enzyme at selected 

temperatures (20-80 ) for one hour. The relative activity was 

calculated in comparison to the maximum observed activity at 
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respective temperature. All assays were carried out in triplicate, and 

average values are reported. 

 

8) Effects of ions and detergents on enzyme activity 

The effect of various metal ions and detergents on the activity of the 

crude enzyme preparations was investigated. The additives used in this 

study were 5 mM of nine different metal ions (CaCl2, CoCl2, KCl, 

MnCl2, NiCl2, MgCl2, FeCl2, CuCl2, ZnCl2) and 0.25% detergent 

(TritonX-100, Tween20). The reaction mixtures were incubated with 

respective additives for 60 min at 37  and pH 6, and enzyme activities 

were assayed as described previously. Residual activity was calculated 

as relative (%) value to control. All assays were performed in triplicate. 

 

9) Statistical analysis 

Data from the characterization of the enzymes at different temperatures 

and pH values were analyzed statistically using the MIXED procedure 

in SAS (SAS, 1996). The effects of enzymes, treatments, and the 

interactions between enzymes and treatments were considered fixed. 

Significant differences (p<0.05) in treatment least square means were 

reported only if the Tukey-test (SAS, 1996) for treatments was also 

significant (p<0.05).  The relative enzyme activities of different 

chemical additives were analyzed using the GLM procedure (SAS, 

1996). Differences between treatments were considered significant if 

p<0.05.   
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Results & Discussion 

 

1) Isolation and identification of cellulolytic bacteria 

The majority of rumen bacteria are anaerobic as the rumen maintains an 

obligate anaerobic environment. Representatives of many Bacillus 

strains are known to grow even under anaerobic conditions (Williams 

& Withers, 1983), but there have been few reports of the isolation of 

Bacillus spp. from the rumen ecosystem. In this study, ten spore-

forming facultative microorganisms were screened on LB agar plates 

containing 1% Azo-CMC. Of these, bacteria JK7 showed maximum 

endoglucanase activity (data not shown). This strain was found to be a 

facultative, spore forming, Gram-positive bacteria. The physiological 

and biochemical characteristics of this organism are listed in Table 10.  

 

This bacteria was found to be able to hydrolyze various carbohydrates, 

including L-arabinose, galactose, fructose, mannose, Ŭ-methyl-D-

glucoside, N-acethyl-glucosamine, D-turanose, salicin, cellobiose, ɓ-

gentiobiose, and D-xylose (Table 10), but did not utilize D-arabinose, 

erythritol, sorbose, dulcitol, inositol, Ŭ-methyl-D-mannoside, Lactose, 

D, L-arabitol, 2-keto-gluconate, or 5-keto-gluconate (Table 10). Based 

on these results, JK7 was preliminarily identified as Bacillus 

licheniformis. Strain JK7 was found by 16S rDNA sequence alignment 

to be closely related to the Bacillus genus, with the highest similarity 

with Bacillus licheniformis ATCC14580 (99%). Therefore, this strain 
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was identified as a Bacillus licheniformis and designated to Bacillus 

licheniformis JK7 on the basis of biochemical and morphological 

characteristics and 16S rDNA sequences. 

 

Table 10. Physiologic and biochemical characteristics of Bacillus 

licheniformis JK7 

Characteristics result Characteristics result 

Gram stain + Esculine + 

Spore formation + Salicin + 

Glycerol + Cellobiose + 

Erythritol - Maltose + 

D-arabinose - Lactose - 

L-arabinose + Melibiose - 

Ribose + Sucrose + 

D-xylose + Trehalose + 

L-xylose - Inuline - 

Adonitol - Melezitose - 

ɓ-methyl-D-xylose - D-raffinose - 

Galactose + Starch + 

Glucose + Glycogen + 

Fructose + Xylitol  - 

Mannose + ɓ-Gentiobiose + 

L-sorbose - D-turanose + 

Rhamnose + D-lyxose - 

Dulcitol - D-tagatose + 

Inositol - D-fucose - 

Mannitol + L-fucose - 

Sorbitol + D-arabitol - 

Ŭ-methyl-D-mannoside - L-arabitol - 

Ŭ-methyl-D-glucoside + Gluconate + 

N-acethyl-glucosamine + 2-keto-gluconate - 

Amygdaline + 5-keto-gluconate - 

Arbutine +     
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2) Growth curve 

The endoglucanase production and cell growth of Bacillus 

licheniformis JK7 was measured by culturing in a 500 ml shake flask 

with 100 ml of LB media containing 1% CMC at pH6 and 37  (Figure 

1).  

 

Figure 1. Bacterial growth curve (Ά) and endoglucanase activity (ͮ) 

of Bacillus licheniformis JK7. The cell growth was determined by 

measuring the OD600 of the cell culture. Enzyme activity was 

determined using the culture supernatants. All experiments were 

performed in triplicates. The data points and error bars indicate the 

average values and standard errors. 
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The growth phase of Bacillus licheniformis JK7 started at time zero (0 

hour) and has grown to sixteen hours later (16hour). It started faster 

than previously studied Bacillus sp. (Peixoto et al., 2011; Samiullah et 

al., 2009; Yang et al., 1995). The difference is possibly due to different 

culture condition and the amount of inoculums population. The 

stationary began at hour sixteen, which was similar to another Bacillus 

sp. (Peixoto et al., 2011) and Geobacillus thermoleovorans (Sharma et 

al., 2007). Bacterial growth was maintained up to hour 48. The OD600 

values were around 2.1 at the stationary phase, and maximum values 

reached around 2.3 at hour 48. The stationary phase started faster than 

seen in the growth curves of the previously described Bacillus 

licheniformis 77-2 (Damiano et al., 2003) and Bacillus licheniformis 

SVD1(van Dyk et al., 2009) and lasted for 30 hours, which was longer 

than previously described Bacillus sp. (Samiullah et al., 2009) and 

Bacillus sp. V1-4 (Yang et al., 1995). 

 

Endoglucanase production increased rapidly from hour 6 up to hour 16, 

with a maximum value of 0.68 units/ml at 24 hours and a steady 

decrease thereafter. The increase in enzyme production was associated 

with an increase in cell growth, which indicated that cellulose was 

actively utilized by Bacillus licheniformis JK7 during the growth phase. 

There have been several previous studies on endoglucanase production 

which reported similar patterns as our results (Ariffin et al., 2008; Ko et 

al., 2011; Rastogi et al., 2010; Saratale & Oh, 2011). For example, 
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Rastogi et al. (2010) showed that Bacillus sp. DUSELR13 had 

maximum CMCase activity (0.12Units/ml) at day 9, when the culture 

had reached the dying phase. The Geobacillus strain WSUCF1 also 

produced maximum CMCase activity (0.13Units/ml) on day 7 at the 

end of stationary phase (Rastogi et al., 2010). Saratale and Oh (2011) 

reported that the decrease in cellulolytic enzyme production at the 

stationary phase was caused by metabolite repression by molecules 

released after the hydrolysis such as glucose or cellobiose.  

 

3) Effect of temperature on endoglucanase, ɓ-glucosidase and 

xylanase activity and stability 

The effect of temperature on endoglucanase, ɓ-glucosidase, and 

xylanase activity of the crude enzyme was determined over a 

temperatures range of 20 to 80 at pH 6.0 (Figure 2(A)). At all 

temperatures, endoglucanase activity was higher than that of either ɓ-

glucosidase or xylanase. In the present study, the xylanase activity of 

Bacillus licheniformis JK7 was lower than those reported by others at 

all temperatures. According to van Dyk et al. (2009), Bacillus 

licheniformis SVD1 predominantly produced xylanase, and showed 

minimal production of mannanase, CMCase and avicelase. This 

difference might be due to differences in culture conditions (Geetha 

and Gunasekaran, 2010; Saratale and Oh, 2010). Van Dyk et al. (2009) 

also used complex media containing 1% xylan, which could induce 

increased xylanase production.  
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The optimum temperature for Bacillus licheniformis JK7 

endoglucanase activity was 70 , at which activity was 0.75 Units/ml. 

Activity increased linearly with increased temperature up to 70, and 

declined thereafter. The previously described Bacillus sp. CH43 

(Mawadza et al., 2000) showed a similar optimal temperature for 

endoglcucanase. In another study, Bacillus DUSELR13 (Rastogi et al., 

2009) also showed maximum endoglucanase activity at 75. However, 

in that study, endoglucanase activity was very low at low temperatures 

(20-40 ). In comparison, Bacillus licheniformis JK7 showed 

endoglucanase activity at broad range of temperatures in our study. 

Thermophilic cellulose degrading enzymes have great potential for the 

biofuel, leather, textile, food and agriculture industry since high 

temperatures are often required in these processes (Rastogi et al., 2009; 

Trivedi et al., 2011).  

 

Bacillus licheniformis JK7 showed maximum ɓ-glucosidase and 

xylanase activity (0.63 Units/ml, 0.44 Units/ml respectively) at 50  

(Figure 2(A)). This is similar to that  of Bacillus licheniformis 

KCTC1918 (Choi et al., 2009), which had a r optimal temperature of 

47 . The optimum temperature of various Bacillus sp. xylanases have 

also been reported in the literature with similar results (Archana & 

Satyanarayana, 1997; Ko et al., 2010; Ko et al., 2011; Yang et al., 1995; 

Yin et al., 2010). 
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The thermo-stability of endoglucanase, ɓ-glucosidase, and xylanase 

was assessed at selected temperatures ranging from 20-80  as shown 

Figure 2(B). The relative activity was calculated as the relative enzyme 

activity compared to the maximum value observed across the range of 

temperatures. All three enzymes were stable at a range from 20 to 50. 

At 50 , endoglucanse, ɓ-glucosidase and xylanase had 90.29, 94.80, 

and 88.69% residual activity, respectively. However, the residual 

activity of endoglucanse, ɓ-glucosidase and xylanase declined at higher 

than 50 . In the case of endoglucanase, maximum activity was 

observed at 70 , but it maintained 44.68% residual activity after one 

hour of pre-incubation.  
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Figure 2. Temperature and pH effects on endoglucanase, ɓ-glucosidase 

and xylanase of Bacillus licheniformis JK7 activity (A and C) and their 

stability (B and D). Enzyme activity of the culture supernatants was 

determined at 24 hours. All assays were performed in triplicates. The 

data points and error bars indicate the average values and standard 

errors. 

a,b,c,d,e,f,g
  indicates a significantly (p < 0.05) different activity influenced 

by temperature or pH in the same enzyme group. 

x,y,z
  indicates a significantly (p < 0.05) different activity between 

different enzymes within same temperature or pH. 

1
 NS means not significant 
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4) Effect of pH on endoglucanase, ɓ-glucosidase and xylanase 

activity and stability  

The effect of pH on enzyme activity was investigated at various pH 

levels ranging from a pH of 3.0 to 8.0 as shown Figure 2(C). The 

optimal pH for all three enzymes was 5.0 and their activity at that pH 

was 1.46, 1.10 and 1.08 Units/ml, respectively. Endoglcucanase 

retained 39% and 46% of its maximum activity across the pH range of 

4.0 to 6.0 and ɓ-glucosidase retained more than 45% residual activity in 

the same range. Xylanase maintained 41% and 34% of its maximum 

activity between pH 4.0 and 6.0. This is consistent with Bishoff et al. 

(2007), who reported a cloned glycoside hydrolase family 5 

endoglucanase gene from Bacillus licheniformis B-41361 had 

maximum endoglucanase activity at pH5.5. The optimum pH of 

xylanase in the multi enzyme complex of Bacillus licheniformis SVD1 

was also 5.0 (van Dyk et al., 2010).  

 

Many industrial cellulase producing systems need to use extreme pH 

conditions to reduce contamination by other bacteria (Dong et al., 

2010). Since these processes often require acidophilic enzymes to 

degrade fiber efficiently under low pH conditions, the relatively high 

acidophilic nature of the enzymes examined in this study might be 

considered beneficial for industrial application. All three enzymes were 

strongly inhibited at pH 7.0-8.0. Figure 2(D) shows the pattern of pH 

stability of selected enzymes. Relative activity was calculated as the 



60 

percentage of the maximum observed activity for each enzyme. 

Endoglucanase, ɓ-glucosidase and xylanase activities were found to be 

stable in the pH range of 3 to 6. They maintained more than 58% of 

their maximum activity at selected pH after four hour pre-incubation at 

4 . At pH 7 and 8, relative enzyme activity of all three enzymes 

dramatically declined, with remaining endoglucanase, ɓ-glucosidase 

and xylanase activity of only 23, 30 and 29% of their maximum activity, 

respectively.  

 

5) Effects of various chemicals on endoglucanase, ɓ-glucosidase and 

xylanase activity 

The effects of various chemicals on endoglcucanase, ɓ-glucosidase, and 

xylanase were investigated by the DNS assay method. Crude enzyme 

was incubated for one hour with 5 mM of each of the metal ions and 

0.25% of TritonX-100 and Tween20 before determining the residual 

activity of the three enzymes. Residual activity was expressed as the 

relative amount (%) compared to control (100%). Understanding the 

effect of various metal ions and reagents on enzyme activity is 

important since many industrial applications need to increase enzyme 

activity, which is often accomplished by addition of chemical additives 

at various stages of the process (Dong et al., 2010). The majority of 

Bacillus spp. which produces cellulase showed responses ranging from 

stimulation to inhibition depending on the specific cation 

(Christakopoulos et al., 1999).  
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Figure 3. Effect of chemical additives on endoglucanase, ɓ-glucosidase, 

xylanase activity of Bacillus licheniformis JK7. Residual activity was 

calculated as relative (%) activity considering control as 100%. All 

assays were performed in triplicates. The data points and error bars 

indicate the average values and standard errors. 

a,b,c,d,e,f
  indicates a significantly (p < 0.05) different enzyme activity 

compared to control. 

 

In this study, endoglucanase activity was stimulated by K
+
 by 113% 

over control. Glycosil hydrolase family 5 (GH5) endoglucanase from 

Martelella mediterranea (Dong et al., 2010) was previously reported to 

show increased relative activity when K
+
 was added.  K

+
 may stimulate 

enzyme activity by altering the structure of the enzyme itself (Kui et al., 
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2009). On the other hands, the enzyme activity was inhibited by Ca
2+

, 

Co
2+

, Mn
2+

, Ni
2+

, Mg
2+

, Fe
2+

, Cu
2+

, Zn
2+

, and TritonX-100. In 

particular, Mn
2+

 and Fe
2+

 both strongly inhibited endoglucanase 

activity (2.18 and 19.0%, respectively). The strong inhibitory effect of 

Mn
2+

 on endoglucanase activity is consistent with previous reports of 

Bacillus amyloliquefaciens DL-3 and Bacillus flexus (Lee et al., 2008; 

Trivedi et al., 2011). An inhibitory effect on enzyme activity by metal 

ions usually suggests the presence of a sulfhydryl group in the active 

site, where oxidation by the metal ions destabilizes the conformational 

folding of the enzymes (Karnchanatat et al., 2007). 

 

In present study, the relative activities of ɓ-glucosidase with 5 mM 

Ca
2+

, Co
2+

, K
+
, Mn

2+
, Ni

2+
, Mg

2+
, Fe

2+
, Cu

2+
, Zn

2+
, and 0.25% of 

TritonX-100 and tween20 were 99, 90, 130, -33, 90, 96, -19, 60, 111, 

91 and 120%, respectively. Detergents such as tween20 have been 

implicated in altering the conformational or structural characteristics of 

selected enzymes (Bajaj et al., 2009). Xylanase was not influenced by 

selected chemical additives, with the exception of Mn
2+

 and Cu
2+

. The 

strong inhibition of Mn
2+

 on the xylanase activity of Bacillus species 

was also reported in a previous study (Mamo et al., 2006). The slight 

stimulatory effect of K
+
 and the inhibition of the xylanase enzyme 

activity of Bacillus licheniformis by tritonX-100 is also similar to what 

was observed by Archana et al. (2003). 
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EXPERIMENT II  

 

 

 

 

 

Genome Shuffling to Improve ɓ-1, 4-Endoglucanase Activity of 

Bacillus licheniformis JK7  
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Introduction  

 

Microorganisms have been receiving strong interests from many 

biotechnologists due to their capability of producing various 

compounds which are beneficial for human beings. Primary metabolites, 

second metabolites, antibiotics and various enzymes produced by 

microorganism have been applied at industrial scale. Strain 

improvement of microorganism is prerequisite process for applying to 

industrial production since all microorganisms which have been used 

for industry recently have some limitations for production of ideal 

materials.  

 

Many industrial strains have been improved by classical mutagenesis so 

far and this successful result makes it still to be used for development 

of performance enhanced industrial strains at present (Gong et al., 

2009). However, these methods require a lot of manpower, time as well 

as repeated rounds of same experiment to pick desirable strains. The 

development of genome shuffling has been originated from the 

experiment which tried to combine both advantages of classical mating 

and DNA shuffling together and therefore the recombination among 

entire genomes from multiple parents can reduce the time to get a 

desired phenotype efficiently. 
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After development of genome shuffling, many kinds of strains were 

improved using this method for a lot of different purposes (Table 4 in 

Chapter I) but only a few studies (Cheng et al., 2009) genome shuffling 

in enhancing cellulose activity. The objective of this experiment was to 

evaluate the effect of genome shuffling on cellulase production of 

Bacillus licheniformis JK7 isolated from Korean native goatôs rumen. 
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Materials & Methods 

 

1) Strains and materials 

Facultative bacteria, Bacillus licheniformis JK7 which has 

endoglucanase activity was isolated from Korea native goatôs rumen 

and used as the wild type (WT) strain. All chemicals, media 

components, reagents, lysozyme and mutanolysin used in this 

experiment were purchased from Sigma-aldrich (Electrophoresis grade, 

ACS reagents, Ultrapure) and Difco laboratories (Sparks, USA). Azo-

CM-Cellulose (Megazyme co. Ltd., Ireland) was used as a substrate to 

screen cellulolytic bacteria. Pharmalyte(pH3.5-10) was from 

Amersham Biosciences and IPG DryStrips(pH4-10NL, 24cm) were 

Genomine Inc. Modified porcine trypsin(sequencing grade) was from 

Promega. 

 

2) The composition of media and solutions for genome shuffling 

 Penassay broth (PAB) containing 1% of CMC (10g of peptone, 1.5g of 

yeast extract, 1.5g of beef extract, 3.5g of NaCl, 10g of CMC, 1.32g of 

KH2PO4 and 3.68g of K2HPO4 in 1liter distilled water adjusted pH 7.0) 

was used as basal media.  

 

Regeneration media (RM, 5g of glucose, 5g of casein acid hydrolysate, 

3.5g of K2HPO4, 1.1.5g of KH2PO4, 1.9g of MgCl2, 0.1g of L-

tryptophan, 250ml of 2M sodium succinate, 15g of polyvinyl 
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pyrrolidone and 12g of agar in 1liter distilled water) (Akamatsu & 

Sekiguchi, 1984) was used for genome shuffling basically. RM1 media 

containing 1% of glucose, 0.8% of CMC and 0.2% of AZO-CMC were 

used, while 5g glucose was used for 1
st
 genome shuffling to isolate 

strains having higher endoglucanase activity. RM2 media had 2% of 

glucose and RM3 media had 3% of glucose as well as 1% of cellobiose. 

SMM solution (0.5M sucrose, 0.02M maleic acid and 0.02M MgCl2) 

and PEG solution (40g of Polyethylene glycol 6000 in 100ml of SMM 

solution) were used for protoplast fusion. 

 

3) Mutagenesis 

UV irradiation method was used for development of first mutant strains. 

Uncovered PAB agar plates having wild type strain were irradiated 

under UV lamp (20W, 250nm, Sankei Co. Ltd. Japan) at the distance of 

30cm for 15min and incubated for 2 days at 37 °C. The survived 

colonies were isolated and analyzed for enzyme activity. The strains 

showing higher endoglucanase production were selected as parental 

strains for genome shuffling. 

 

4) Protoplast formation 

Parental colonies were inoculated and cultured at 37 °C overnight in 

10ml of PAB in a 150ml shake flask. Seed culture was inoculated in 

40ml of PAB in a 250ml shake flask repeatedly and incubated until OD 

value of 0.5.  Then, cells were harvested by centrifuge for 4000g × 
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10min at 4°C.  Pellets were suspended in 4ml of SMM solution 

containing lysozyme and mutanolysin (Romero et al., 2006) and 

incubated for 30min at 37°C on a rotary shaker 100rpm. The presence 

of protoplasts was confirmed by light microscopy. Then protoplasts 

were carefully centrifuged at 3000g for 5min at 4°C and washed twice 

with SMM solution.  

 

5) Genome shuffling 

Protoplast fusion was performed as suggestedin previous study (Wang 

et al., 2007). Protoplast suspensions from different strains were mixed 

and divided into two parts. One part was inactivated with heat at 70°C 

for 60 min. and the other was irradiated with UV for 20min. Differently 

treated protoplasts were mixed again in a ratio of 1:1, harvested by 

centrifugation and re-suspended in 1ml of PEG6000 solution. After 

incubation at 37°C for 30min with PEG solution, the fused protoplasts 

were washed with 1ml of SMM solution twice. Finally fused protoplast 

was diluted serially and spread on RM1 plate for 3days at 37°C. The 

strains which showed improved endoglucanase activity were obtained 

and named GS1, which were applied for 2
nd

 round of genome shuffling 

by repeated protoplast fusion as mentioned above using RM2. RM3 

media was also used for next rounds of protoplast fusion. 
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6) Randomly amplified polymorphic DNA (RAPD) PCR 

A total of 1.5ml of the PAB culture was centrifuged (10,000g x 1min.) 

to obtain the cell pellet for DNA extraction using DNeasy Blood & 

Tissue Kit (Qiagen, Seoul, South Korea). Each DNA from selected 

strains was extracted according to the manufacturer instruction. RAPD 

amplification was conducted using PCR pre mixture (Bioneer Co. Ltd. 

Korea) with 1ɛl of primer. PCR was carried out with following 

condition; an initial denaturation phase at 94 ǓC for 4min, followed by 

45 cycles of denaturation at 94 ǓC for 30sec, annealing at 36 ǓC for 

30sec, and extension at 72 ǓC for 2min, and a final extension at 72 ǓC 

for 8 min. The amplified PCR product was visualized by gel 

electrophoresis using 1.5% agarose gels with ETBR in 0.5× TBE buffer. 

The oligo primers used in this experiment are listed in Table 11. 
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Table 11. Oligo-primers used for RAPD PCR 

Name Sequence GC contents(%) Tm( ) 

B1 5' TACAACGAGG 3' 50.0 30.0 

B2 5' TGGATTGGTC 3' 50.0 30.0 

B3 5' TCGGTCATAG 3' 50.0 30.0 

B4 5' TACCTAAGCG 3' 50.0 30.0 

B5 5' GATCATAGCG 3' 50.0 30.0 

B6 5' AACGCGTAGA 3' 50.0 30.0 

B7 5' TACGATGACG 3' 50.0 30.0 

B8 5' TAGAGACTCC 3' 50.0 30.0 

B9 5' CACATGCTTC 3' 50.0 30.0 

 

7) Growth curve 

The culture medium used in this experiment was PAB containing 1% of 

CMC. An aliquot of bacterial cultures were taken from growth medium 

at an interval of 2hr and absorbance was taken at 600nm. The growth 

curve was plotted with absorbance vs. time and enzyme activity was 

also calculated at an interval of 2hr. 

 

8) Enzyme assays 

The endoglucanase activity was measured by spectrometric 

determination of reducing sugars by DNS method (Ghose, 1987). 

Briefly, the mixture of enzyme and 1% CMC solution (1:1) was 

prepared in 50mM phosphate buffer (pH6). Endoglucanase activity was 

assayed with CMC as a substrate. For crude enzyme preparation, WT 
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and genome shuffled strains were cultured in PAB at 37  for 16h. 

The cultures were centrifuged at 13,000g for 10min at 4  and 

supernatant was subjected to enzyme assay. The reaction mixture was 

incubated at 37  for 30 min. After incubation 300ul of DNS reagent 

was added and the mixture was heated to 99 for 5 min in a boiling 

water bath. The release of reducing sugar was calculated from OD 

measured at 546nm. One unit of enzyme activity was defined as the 

amount of enzyme that released 1umol of reducing sugar per minute. 

All the assays were performed in triplicates. 

 

9) Optimum pH and temperature of cellulase and xylanase, and 

their stability  

Optimum pH of crude enzyme preparations was measured in different 

buffers (50mM acetate buffer for pH 3-5, 50mM phosphate buffer for 

pH 6-8) at 37 . The enzyme stability at different pH was determined 

by pre-incubating crude enzyme in various pH buffer solutions for 4h at 

4 (Dong et al., 2010). The relative activity was expressed as 

percentage of enzyme activity remained after incubation in comparison 

to the maximum observed activity at respective pH. To determine the 

optimum temperature for cellulolytic and xylanolytic enzymes crude 

enzyme preparations were incubated at a range of temperatures (10-

80 ) in 50mM phosphate buffer (pH6). The thermal stability was 

determined by incubating the crude enzyme at selected temperatures 

(10-80 ) for 1hour. The relative activity was calculated in comparison 
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to the maximum observed activity at respective temperature. All assays 

were carried out in triplicates. 

 

10) Statistical analysis 

The data for characterization of enzymes at different temperature and 

pH were analyzed statistically by MIXED procedure of SAS (SAS, 

1996). The effects of enzymes, treatments and enzymes × treatments 

interaction were considered fixed. Treatment least square means 

showing significant differences at the probability level of p<0.05 were 

reported only if the Tukey-test (SAS, 1996) for treatments was 

significant (p<0.05).  The data for enzyme activity of different strains 

were analyzed using GLM procedure (SAS, 1996). Significant 

difference between treatments were considered at p<0.05. 
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Results &  Discussion 

 

1) Development of parent strains for protoplasts fusion 

Success of genome shuffling requires the diversity of parent strains at 

the starting point (Patnaik et al., 2002). Therefore, UV irradiation 

method was used to secure first mutant strains. The enzyme production 

of wild type and mutant strains were illustrated on Figure 4. UV3, UV9, 

UV33 and UV50 exhibited 0.76, 0.65, 0.78 and 0.78 Units/ml of 

endoglucanase respectively, which were higher than that of WT (0.60 

Units/ml), were selected for parent strains for genome shuffling.  

 

 

Figure 4. Improvement of endoglucanase production by UV mutation 

and genome shuffling. 
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2) Genome shuffling of Bacillus licheniformis JK7 

Four mutant strains (UV3, UV9, UV33 and UV50) were processed to 

form protoplasts and then inactivated using UV irradiation or heat 

treatment. The inactivation was used in this experiment since starting 

strain might not be survived after inactivation treatment (Wang et al., 

2007; Cheng et al., 2009). If the differently inactivated mutants could 

survive, they have to be fused each other at the protoplast condition. 

GS1-3, GS1-11 and GS1-19 strains were picked after the first round of 

genome shuffling. All three strains exhibited higher endoglucanase 

activity (0.85, 0.92 and 0.87 units/ml respectively) than WT and 

parental strains. GS1 strains were selected and used for starting strains 

for next round of genome shuffling. The three isolates at second round 

of genome shuffling, GS2-4, GS2-9 and GS2-18 showed 

endoglucanase activities of 1.18, 1.13 and 1.20 units/ml, respectively 

(Figure 4.) which were significantly higher (p<0.05) compared to WT, 

UV irradiated strains and GS1 strains.  

 

Finally, GS3-8 and GS3-20 together with GS2-18 were selected as final 

candidate isolates after three rounds of shuffling. Cellulase producing 

fungi have repression of cellulase production by end product like 

glucose commonly (Chandra et al., 2009). Cheng et al (2009) also 

demonstrated that the regeneration media having more glucose has 

good potential to improve cellulase production by searching shuffled 

strains which have more resistance to glucose repression. Proper 
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amount of glucose and cellobiose was added to RM to find catabolite 

repression resistant strains at each generation of shuffling and this 

media gave good contribution to the improvement of endoglucanase 

production.   

 

3) Growth curve and enzyme production of WT and genome 

shuffled strains 

The growth curve and endoglucanase activity was checked at each 

incubation time point. The growth phases of all strains started at 0 hr 

and have grown to 12 hrs. The stationary phases began at 12 hrs. The 

interesting finding was that genome shuffled strains showed faster 

growth than WT strain after 4 hrs up to final incubation (Figure 5). 

Endoglucanase activity increased rapidly from hr 6 up to hr 16, with a 

maximum activity at 16 hrs. The increase in enzyme production was 

associated with an increase in cell growth, which indicated that 

cellulose was actively utilized by Bacillus licheniformis JK7 during the 

growth phase. In consistent with growth data, endoglucanase 

productions of shuffled strains were also higher than that of WT from 8 

hrs to 16 hrs incubation (Figure 6.).  
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Figure 5. Time courses growth curve of WT, GS2-18, GS3-8 and GS3-

20 strains. 

 

Figure 6. Time courses endoglucanase production of WT, GS2-18, 

GS3-8 and GS3-20 strains. 


















































































































































































