
 

 

IJAMBR 9 (2021) 110-121    ISSN     2053-1818 

 

  
 

 
 

Maximization of extracellular mannanase KMAN 
production from the recombinant Escherichia coli 

KMAN-3 by auto-induction system 

doi.org/10.33500/
ijambr.2021.09.010 

 

Piyanat Damrongteerapap1, Nawapan Pongsapipatana1, Oraya Sobprasong1, Wilawan 
Sintuprapa1, Achara Chaiongkarn2, Kittipong Rattanaporn1 and Sunee Nitisinprasert1* 

 
1Specialized Research Unit: Prebiotics and Probiotics for Health, Department of Biotechnology,  

Faculty of Agro-Industry, Kasetsart University, 50 Paholyothin Rd., Chatuchak, Bangkok 10900, Thailand. 
2Thailand Institute of Scientific and Technological Research (TISTR), 35 Mu 3 Tambon Khlong Ha,  

Amphoe Khlong Luang, Pathum Thani 12120, Thailand. 
 

Article History  ABSTRACT 
Received 02 October, 2021 
Received in revised form 15 
November, 2021 
Accepted 18 November, 2021 
 
Keywords:  
Mannan degrading 
enzyme,  
Recombinant strain, 
Auto-induction, 
Lactose inducer. 
 
 
 
 
 
 
 
Article Type: 
Full Length Research Article 

 Most of the recombinant proteins expressed in Escherichia coli were typically 
employed to isolate proteins from either cytoplasm or periplasm. Optimization of 
mannanase from the recombinant Escherichia coli KMAN-3 by induction system 
to obtain extracellular enzyme was presented. Three media as Luria-Bertani (LB), 
mM9 and mM9NG were studied with enzyme production from mM9 40% cheaper 
than the others were obtained. Further study on three induction systems of IPTG 
(IP), lactose (L) and lactose auto-induction (LA) resulted in maximum total 
mannanase activities of 77.90±1.23, 33.44±0.48 and 61.64±0.01 U/ml, respectively 
at 18-24 h, correlating with results of transcriptional analysis of the kman-3 gene, 
except for the LA treatment that presented disparities of its transcription and 
translation. The lactose auto-induction system showed higher extracellular 
relative activities of 69.39% while the other two displayed high intracellular 
activities of 54.16-83.69%. Supplementation of 0.05% (w/v) glucose in mM9 
medium gave the highest mannanase production rate of 3.94±0.31 U/ml∙h, while 
induction temperatures of 26 and 30°C showed higher production rates than 20 
and 37°C at 1.26 and 3.96 times, respectively. Results suggested the potential of 
auto-induction using lactose as a cheap inducer to facilitate upscaled major 
extracellular mannanase production to generate a value-added product such as 
manno-oligosaccharides in the future. 

©2021 Blue Pen Journals Ltd. All rights reserved 

 
 
INTRODUCTION 
 
Endo-1,4-mannanase (β-mannanase, EC 3.2.1.78) is a 
mannan degrading enzyme that randomly hydrolyzes β-
1,4-mannopyranosidic linkages of mannan and 
heteromannan to produce metabolizable sugars and 
manno-oligosaccharides (MOS) (Moreira and Filho, 
2008). MOS can  be  used  as  prebiotic  sources  for  the  

 
 
 
*Corresponding author. E-mail: fagisnn@ku.ac.th. Fax: 
6625794096. 

selective growth of beneficial intestinal microflora that 
improve animal feed digestion and energy intake 
(Chauhan et al., 2012). Up to date, protein production by 
the recombinant Escherichia coli is appropriate for large-
scale production because of rapid growth, high volume 
productivity of recombinant protein, easy recovery of 
recombinant protein and readily controlled conditions 
(Rosano and Ceccarelli, 2014). Nevertheless, large-scale 
production of a recombinant protein must also be 
economical. Various optimization strategies have been 
investigated to improve yields and reduce production cost.  
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Table 1. Composition of cultivation media. 
 

Medium Composition Reference 

LB NaCl 10 g/l, Peptone 10 g/l, yeast extract 5 g/l 
Sambrook and 
Russell (2001) 

mM9 
NaCl 0.5 g/l, Na2HPO4 6 g/l, KH2PO4 3 g/l, CaCl2·2H2O 0.1 g/l, MgSO4·7H2O 2 g/l, NH4Cl 1 
g/l, glucose 0.5 g/l, yeast extract 5 g/l 

De León-Rodríguez 
et al. (2006) 

mM9NG 
NaCl 5 g/l, Na2HPO4 7.2 g/l, KH2PO4 3.4 g/l, NH4Cl 1.34 g/l, glucose 0.5 g/l, peptone 10 
g/l, glycerol 5 g/l, 200 µl of 1M MgSO4, 1 ml of trace-elements (1M CaCl2, 0.1M CuCl2, 
0.1M NiCl2, 0.1M Na2MoO4, 0.1M H3BO3, 0.1M ZnSO4, MnCl2, 0.1M FeCl3) 

Sadaf et al. (2007) 

 
 
 

Studier (2005) proposed auto-induction technology which 
has recently gained interest as an alternative strategy 
applied instead of an isopropyl-β-D-thiogalactoside (IPTG) 
induction system due to cost reduction and non-toxicity. 
Furthermore, under auto-induction, a recombinant protein 
can be expressed without monitoring E. coli growth and 
time of inducer addition aspect. For example, the T7 
promoter expression system of E. coli following the auto-
induction method resulted in higher overexpression of the 
recombinant green fluorescent protein (GFP) and an 
artificial extracellular matrix protein (aECM-CS5-ELF) 
than the IPTG induction method by 2.3 and 8.1 folds, 
respectively (Kataoka and Takasu, 2021).  

Here, the recombinant E. coli KMAN-3, consisting of 
gene coding for mannanase KMAN from the wild type 
Klebsiella oxytoca KUB-CW2-3, known as the kman-3 
gene (Pongsapipatana et al., 2016) was investigated. Its 
expression exhibited 400 times higher mannanase 
activity than the wild type as a promising application at 
industrial scale. The kman-3 gene is specific to several 
substrates such as konjac glucomannan, locust bean 
gum and defatted copra meal. Hydrolysates from these 
substrates enhanced the growth of lactic acid bacteria 
due to their probiotic properties, immune response and 
antimicrobial peptide production such as Lactobacillus 
reuteri KUB-AC5, Lactobacillus salivarius KL-D4 and 
Lactobacillus johnsonii KUNN 19-2 (Pongsapipatana et 
al., 2016). To optimize its mannanase production, this 
study presented the effects of various factors to maximize 
mannanase KMAN production by E. coli KMAN-3 using a 
one-factor-at-a-time approach. Optimal induction of the 
recombinant protein and the correlation between mRNA 
levels and the corresponding protein level were 
investigated in meticulous detail.  
 
 
MATERIALS AND METHODS 
 
Bacterial strains and culture condition 
 
The recombinant E. coli KMAN-3 containing the kman-3 
gene coding for mannanase from wild type K. oxytoca 
KUB-CW2-3 constructed by Pongsapipatana et al.  (2016) 

was used as a source of mannanase KMAN and kept in 
20% glycerol at -70°C in the Department of 
Biotechnology, Kasetsart University. Its overexpression 
system occurred in E. coli Top10 using the pFlag-CTS 
system with tac promoter. The culture was grown in LB 
agar (Table 1) containing 100 µg ampicillin/ml at 37°C for 
18 h. Inoculum preparation for the fermentation study 
was performed by cultivating E. coli KMAN-3 in LB broth 

medium with 100 µg ampicillin/ml at 37C under aerobic 
condition by shaking at 200 rpm for 9 h.  
 
 

Time course fermentation of E. coli KMAN-3 
 

To enhance recombinant mannanase KMAN production 
by E. coli KMAN-3, independent cultivation parameters of 
cultivation media and an auto-induction system were 
optimized using a one-factor-at-a-time (OFAT) approach.  
The 1% (v/v) of inoculum grown in LB broth was 

transferred into 250 ml aliquots of three different media 
as LB, mM9 (De León-Rodríguez et al., 2006) with 
addition of 0.5% (w/v) of yeast extract and mM9NG 
(Sadaf et al., 2007) with some modification by alternation 
of NZ-amine to peptone (Table 1). Cell cultivation 
proceeded for 9 h and then 0.25 mM IPTG (Ameresco) or 
0.25 mM lactose (Ajax Finechem) used as an inducer 
were added to induce mannanase KMAN production at 

26C with shaking at 150 rpm. Culture solutions at each 
time interval were collected to determine their pH, viable 
cell concentration and mannanase activities. All 
experiments were conducted in duplicate.  
The auto-induction study was performed following the 

modified method of De León-Rodríguez et al. (2006). An 
aliquot of 0.05% (w/v) lactose was added instead of 
glucose as a carbon source and inducer. After cultivation 
at 37°C with shaking at 200 rpm for 9 h, the fermentation 
was performed at 26°C with shaking at 150 rpm to 
express the recombinant mannanase. Culture samples 
were collected and determined as mentioned above. 
 
 

Enzyme preparation 
 

Preparations of extracellular, periplasmic and intracellular  
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fractions were performed according to the modified 
method of Pongsapipatana et al. (2016). In brief, 10 ml of 
the culture was collected, chilled on ice for 5 min, and 
then centrifuged at 5,800 g for 10 min at 4°C. The 
supernatant or extracellular fraction and cell pellets were 
collected and further prepared for periplasmic and 
intracellular fractions.  

To obtain the periplasmic fraction, the cell pellets were 
resuspended in 2.5 ml of cold spheroplast buffer (100 
mM Tris-HCl pH 8.0, 0.5 mM EDTA, 0.5 mM sucrose and 
20 µg/ml phenyl-methylsulfonyl fluoride, PMSF) on ice for 
5 min. The supernatant was then discarded by 

centrifugation at 8,000 g and 4C for 10 min. One milliliter 
of 1 mM MgCl2 was added to resuspend the cell pellets 
with slight shaking on ice for 5 min. The supernatant, 
defined as the periplasmic fraction, was collected by 

centrifugation at 8,000 g at 4C for 10 min. The 
aggregated cell pellets obtained were used as a source 
of intracellular fraction. They were washed once with lysis 
buffer (50 mM Tris-HCl and 0.5 mM EDTA) and further 
broken by resuspending with 400 µl of lysis buffer and 
sonication at 40 amplitude for 2 min on ice (Heat 
Systems-Ultrasonic model W-380, Inc., USA). The 
supernatant, defined as the intracellular fraction was 
obtained by centrifugation at 10,000 g for 30 min and 

kept at 4C for determination of mannanase activities. 
 
 

Determination of mannanase activities 
 
Mannanase KMAN activity was assayed according to the 
protocol of Pongsapipatana et al. (2016) using 1% (w/v) 
of locust bean gum (Sigma) dissolved in 50 mM citrate 
buffer pH 4.0 as a substrate. Reactions containing 100 µl 
of each enzyme at appropriate dilution and substrate 
were incubated at 40°C for 30 min. The reducing sugars 
released were determined using the 3,5-dinitrosalicylic 
acid method (Miller, 1959). One unit of enzyme was 
defined as the amount of enzyme that liberated 1 µmole 
of mannose per min under assay conditions.  
 
 
Determination of cell concentration 
 
One hundred microliters of culture at appropriate dilution 
were spread on LB agar supplemented with 100 µg 
ampicillin/ml and incubated at 37°C for 18 h. Dilutions 
containing 30-300 colonies were counted and calculated 
to express cell concentration as CFU/ml. 
 
 
Quantitative analysis of glucose and lactose 
 
Concentrations of glucose and lactose was determined 
by high performance liquid chromatography (HPLC) using 
a high pressure Shimadzu  liquid  chromatograph  (Japan)  

 
 
 
 
equipped with an LC-20AD model pump (Shimadzu, 
Japan), CTO-10AS VP column thermostat (Shimadzu, 
Japan), RID-10A refractometric detector (Shimadzu, 
Japan), LC solution software, Bio-Rad guard cartridge 
(30 mm × 4.6 mm) and an Aminex HPX-87H ion 
exchange column (300 mm × 7.78 mm). Twenty 
microliters of sample filtered through a 0.22 µm nylon 
filter were injected into the column. Separation was 
conducted at 60°C at a flow rate of 0.6 ml/min with mobile 
phases of 0.5 mM and 5 mM of sulfuric acid to determine 
glucose and lactose, respectively. Quantitative analysis 
was performed at various concentrations of 0.02 to 25 g/l 
of glucose or lactose with 30 g/l arabinose used as an 
internal standard at a ratio of 5:1 (v/v) to perform a 
standard curve. Sugar contents were assayed by 
comparing the ratio of peak areas from either glucose or 
lactose to the internal standard obtained in the examined 
samples with those from known sugar concentrations 
(standard curve). Concentrations of each sugar were 
expressed as g/l of cell-free culture supernatant.  
 
 
RNA isolation and cDNA synthesis 
 
One milliliter of cells was collected at each time period. 
Cell pellets of each sample were collected by 

centrifugation at 4C, 13,000 g for 5 min and kept at -
20°C until required for further total RNA extraction. The 
RNAprep Pure Kit for Cell/Bacteria (Tiangen, China) was 
used to extract total RNA according to the manufacturer’s 
guidelines. The RNA concentration was quantified using 
a NanoDrop 2000c spectrophotometer (Thermo Scientific, 
USA).  

First-strand cDNA synthesis was carried out using a 
RevertAid First Strand cDNA Synthesis Kit (Thermo 
Scientific, USA). The RT_KMAN-3 primer 
(5’GGTCGACTACGA CTACAG 3’) and rrsA_FW primer 
(5’ CTCTTGCCATCGGATGTGCCCA 3’) were designed 
to synthesis the target kman-3 gene and rrsA gene 
encoding 16S ribosomal RNA (Zhou et al., 2011), 
respectively. The reaction contained 630 ng of total RNA, 
1 µl of 10 µmole of each primer, 4 µl of 5X reaction buffer, 
1 µl of RiboLock RNase inhibitor (20 U/µl), 2 µl of 10 mM 
dNTP, 1 µl of RevertAid M-MuLV RT (200 U/μl) and dH2O 
added to obtain a final volume of 20 µl. The reactions 

were incubated at 45°C for 60 min and held at 70C for 5 
min before storage at -20°C until required for further 
study.  
 
 
mRNA quantification by real-time PCR 
 
First-strand cDNA levels were amplified using a 
LightCycler®480 II real-time PCR (Roche Molecular 
Biochemical, Germany) and a 96-well plate (Roche 
Molecular Biochemical, Germany). Two  pairs  of  primers  



 

 

 
 
 
 
were designed following QF_KMAN-3 (5’ 
ACGAGATGAACGGC 3’) and QR_KMAN-3 (5’ 
TACAGATCCTGCCG 3’) and used to amplify the kman-3 
gene, while rrsA_FW (5’ 
CTCTTGCCATCGGATGTGCCCA 3’) and rrsA_RW (5’ 
CCAGTGTGGTGGTCATCCTC TCA 3’) were used to 
amplify the rrsA gene. The PCR reaction contained 2 µl 
of tenfold serial dilution of cDNA first-strand template, 10 
µl of 1X FastStart Essential DNA Green Master (Roche 
Molecular Biochemical, Germany), 1 µl of 10 µmol of 
each primer, with dH2O added to obtain the final volume 
of 20 µl. PCR reactions were subjected to initial 
denaturation at 95°C for 5 min, followed by 45 and 30 
cycles of amplification step (denaturation at 95°C for 10 

sec, annealing at 55C for 10 sec and extension at 72°C 
for 10 s) for kman-3 and rrsA, respectively. The negative 
control was performed using nuclease-free water instead 
of cDNA template.  

Crossing point (CP) data were calculated using 
LightCycler® 480 system software version 1.5 (Roche 
Molecular Biochemical, Germany). The normalization 
method based on the ∆∆Cp method of Livak and 
Schmittgen (2001) was used to quantify the concentration 
of kman-3 gene. 
 
 
Statistical analysis 
 
Duplicate data replications were statistically analyzed 
using one-way analysis and calculated by Duncan’s 
multiple range test using IBM SPSS Statistics software 
version 22 (IBM Corporation, USA). A p-value less than 
0.05 was considered statistically significant. 
 
 
RESULTS 
 
Effect of culture media on mannanase KMAN 
production 
 
LB is a traditional medium for E. coli cultivation but it is 
not suitable for large-scale production because of the 
high cost and lack of a buffering system. Thus, two 
defined cultivation media as mM9 and mM9NG were 
compared to the LB medium to optimize recombinant 
mannanase KMAN production. Results showed that all 
three media displayed highest cell concentrations of 
approximately 9 log CFU/ml (Figure 1). The specific 
growth rate at log phase of cells grown in mM9 (0.79 h-1) 
was significantly higher than mM9NG (0.62 h-1) and LB 
(0.68 h-1), (p < 0.05), while final pH values of cultivation in 
LB, mM9 and mM9NG were shifted from 6.80±0.05 to 
5.69±0.01, 7.19±0.02 and 7.78±0.01, respectively. Total 
mannanase activities including extracellular, periplasmic 
and intracellular fractions of LB, mM9 and mM9NG 
treatment were 92.70±1.61,  71.01±0.17  and  83.17±1.48 

Int. J. Appl. Microbiol. Biotechnol. Res.          113 
 
 
 
U/ml, respectively. Mannanase KMAN production from 
mM9 and mM9NG media were lower than from LB 
medium by 1.3 and 1.1 times, respectively. The cost of 
each medium to produce mannanase of 1,000 U is 
shown in Table 2. Cultivation in mM9 medium exhibited 
the lowest cost at 40% less than the other media. 
Therefore, the medium mM9 was selected and used for 
further study. 
 
 
Effect of lactose and IPTG as inducers on mannanase 
KMAN production 
 
Expression of the kman-3 gene on pKMAN-3 plasmid 
constructed by Pongsapipatana et al. (2016) was 
controlled by lac-operon, which required an inducer for 
activation. IPTG is widely used for gene expression 
because it is highly stable and effective. However, its 
toxicity and high cost are uneconomical for industrial 
production. Thus, lactose, as a low-cost and non-toxic 
inducer was selected for further study of protein 
production. Recently, an alternative auto-induction 
method using a lactose inducer has gained increasing 
interest (De León-Rodríguez et al., 2006; Sadaf et al., 
2007). Therefore, three treatments of IPTG induction (IP 
treatment) used as the control, lactose induction (L 
treatment) and lactose auto-induction (LA treatment) 
were carried out as shown in Figure 2. Cell growth of 
both the IP treatment and L treatment reached early 
stationary phase at 6 h to obtain 109 CFU/ml. When each 
inducer of IP and L treatment were applied at 9 h, 
detectable abundance of mRNA encoding KMAN 
suddenly appeared and reached maximum transcription 
at 15 h. The kman transcript abundance of the IP 
treatment was higher than the L treatment by 9.55-28.35 
times during 9-24 h, resulting in different maximum total 
mannanase activities of 76.33±1.53 and 33.44±0.48 U/ml 
at 21 h for the IP and L treatments, respectively. These 
results implied that expression of the genes encoding 
mannanase regulated by IPTG was significantly higher 
than lactose.  

The auto-induction LA treatment system entered the 
log phase at 0-3 h and then reached the stationary phase 
with lower cell concentration of 107 CFU/ml. It seemed 
that no lag phase had occurred. The relative kman 
transcript amount suddenly increased 39.15 times and 
exhibited maximum at 6 h of 80.18 times, higher than 
both the IP and L treatments. However, LA transcript 
level then decreased, resulting in significantly higher total 
mannanase activities than the L treatment at 1.82 times, 
and lower than the IP treatment by 1.24 times (p < 0.05). 
Interestingly, its mannanase activity gradually increased 
from 3 h to the highest values of 61.64±0.01 U/ml at 24 h 
when the lowest transcript level of 6.53 times appeared. 
The disparity between changes in mRNA abundance and 
enzyme   activity   in   the   auto-induction   system   were  
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Figure 1. Time courses of growth and total mannanase production in different cultivation media. A, LB medium; B, mM9 medium; and C, 

mM9NG medium. (∆), viable cell concentration; (○), pH; and (□), total mannanase KMAN activities. 

 
 
 

Table 2. Production cost of mannanase KMAN by E. coli KMAN-3 from different cultivation media. 
 

Medium Cost (USD/liter) 
Total mannanase 

activity (U/ml) 
Medium volume of mannanase 
production at 1,000 Units (ml) 

Medium cost at 1,000 
Units (USD) 

mM9 1.01 71.01±0.17 14.00 0.015 

mM9NG 1.80 83.17±1.48 12.00 0.022 

LB 2.25 92.70±1.61 11.00 0.024 
 

*The cost was calculated from each price of medium composition. Data are means from duplicates ± standard deviations. 
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Figure 2. Time courses of total mannanase production and gene expression under induction and auto-induction systems. A, IP treatment; 
B, L treatment; C, LA treatment; (∆), viable cell concentration; (○), pH; (□), total mannanase KMAN activity; bar, relative transcripts of 
kman3 gene expression. 

 
 
 
different from the other two induction systems. This 
translation rate delay at early stationary phase (3-6 h) or 
mRNA decay at the late stage (9-24 h) was due to 
different underlying regulatory mechanisms that were 
connected with the expression of the genes (Glanemann 
et al., 2003; Liu et al., 2016).  

Mannanase obtained from each treatment existed in 
the extracellular, periplasmic and intracellular fractions 
that appeared in various activities (Figure 3). The 
activities of both extracellular and intracellular fractions 
from all treatments were significantly higher than the 
periplasmic   fraction   during   fermentation,   while   total 

mannanase activities from the IP treatment were higher 
than the other two treatments (Figure 3A). The 
extracellular mannanase activities from the IP treatment 
induced by IPTG were lower than the intracellular fraction 
by 1.36-4.23 times after induction at 9-24 h (Figure 3B), 
while the extracellular mannanase activities from the 
auto-induction system (LA treatment) were higher by 
0.59-14.28 times during 24 h fermentation (Figure 3B). 
This implied that maximum extracellular mannanase 
productivity of the LA treatment was 33.48±0.07 × 10-9 
U/cell/h, and higher than the IP one (11.54±0.72 × 10-
9U/cell/h) by 2.9 times. The high  extracellular  activity  by  
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Figure 3. Time courses of mannanase production. A, total mannanase activities of IP treatment ( ), L treatment ( ) and LA treatment ( ); B, 
Relative mannanase activity from extracellular fraction ( ), periplasmic fraction ( ) and intracellular fraction ( ).  

 
 
 
the auto-induction system with lactose of this 
recombinant strain implied that it facilitated downstream 
processing (Mergulhao et al., 2005; Yamabhai et al., 
2008), with the potential for future upscaled production. 
 
 
Effect of glucose addition on mannanase KMAN 
production by lactose auto-induction 
 
Glucose is a common carbon source to support the 
growth of bacterial cells. Addition of glucose enhanced 
cell growth with a consequent increase in mannanase 
production (Tripathi, 2009). Therefore, the effects of 
glucose supplementation at various concentrations of 
0.01, 0.05, 0.5, 1.0 and 2.0% (w/v) on pH, glucose 
consumption, cell growth and total extracellular 
mannanase activity compared to the control (without 
glucose supplementation) were investigated (Figure 4). 
The pH at high glucose supplementation of 0.5-2.0% (w/v) 
decreased to 4.6-5.4, while the pH at low concentrations 
of 0.01-0.05% (w/v) and the control did not change. 
Glucose were consumed during fermentation and 
mannanase production was observed at 26°C (9-48 h). 
Specific growth rates of glucose supplementation at 
various concentrations compared to the control 
significantly increased, exhibiting the highest rates at high 
concentrations of 0.5-2.0% (w/v) (Table 3). However, only 
low extracellular mannanase activities (0.0-2.0 U/ml) 
were obtained at high glucose concentrations of 0.5-2.0% 
(w/v). Mannanase production rate was observed  at  6-24 

h at the highest rate of 3.94±0.31 U/ml∙h from 0.05% (w/v) 
glucose supplementation treatment, and significantly 
higher than the control by 1.82 times (p < 0.05).  
 
 
Effect of induction temperature on mannanase KMAN 
activity by lactose auto-induction 
 
Alternation of temperature affected cell growth and 
protein synthesis by E. coli. Pinsach et al. (2008) 
reported that increasing cell growth enhanced protein 
expression. However, higher growth provided lower 
protein expression due to misfolding of protein at 
unsuitable temperature. Therefore, four different 
temperatures of 20, 26, 30 and 37°C were studied for 
recombinant mannanase KMAN production, as shown in 
Figure 5. Cell cultivation was carried out at 37°C, with 
shaking at 200 rpm for 9 h to obtain the optimal cell 
growth at the early stationary phase. The condition was 
then switched to each induction temperature with shaking 
at 150 rpm, and extracellular mannanase production was 
observed for 24 h. Highest mannanase production rates 
at 3.60±0.17 U/ml∙h were observed at 30°C, significantly 
higher than rates induced by 20 and 37°C presenting as 
2.82±0.31 and 0.90±0.02 U/ml∙h at 18 h, respectively (p < 
0.05). While its production rate induced by 26°C as 
3.51±0.40 U/ml∙h was not significantly lower than the one 
at 30°C (p > 0.05).  

Interestingly, when the cost of either inducer alone or a 
combination  of  inducer  and  media  for  1  l  mannanase  
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Fig. 4 Time courses of Escherichia coli KMAN-3 fermentation by lactose auto- induction with glucose 7 

supplementation. A, control; B, 0.01% glucose; C, 0.05% glucose; D, 0.5% glucose; E, 1.0% glucose; F, 2.0% 8 

glucose; ( □), extracellular mannanase KMAN activity; ( ∆) , pH; (○) , viable cell concentration; and ( ◊) , glucose 9 
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Figure 4. Time courses of E. coli KMAN-3 fermentation by lactose auto-induction with glucose supplementation. A, Control; B, 0.01% 
glucose; C, 0.05% glucose; D, 0.5% glucose; E, 1.0% glucose; F, 2.0% glucose; (□), extracellular mannanase KMAN activity; (∆), pH; (○), 
viable cell concentration; (◊), glucose concentration. 
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Figure 5. Extracellular mannanase KMAN activity by lactose auto-
induction fermentation at various induction temperatures. (○), 20°C; 
(∆), 26°C; (□), 30°C; (◊), 37°C. 

 
 
 

Table 3. Effect of glucose concentration on specific growth rate and extracellular mannanase productivity of 
E. coli KMAN-3. 
 

Glucose concentration (%) Specific growth rate (h-1) Mannanase production rate (U/ml∙h) 

0 0.15±0.04d 2.17±0.00c 

0.01 0.22±0.01c 3.18±0.12b 

0.05 0.28±0.01b 3.94±0.31a 

0.5 0.42±0.00a 0.02±0.00d 

1.0 0.43±0.01a 0.00±0.01d 

2.0 0.42±0.02a 0.05±0.05d 

 

a,b,c,dSuperscripts within a column indicate  significant difference (p < 0.05). Data are means from duplicates ± 
standard deviations. 

 
 
 
production was considered, costs of IPTG and lactose 
used as inducers were 3.47 USD and 0.0085 USD, 
respectively resulting in a reduction of 99.75% for lactose 
usage. However, when the cost of both the inducer and 
media were taken into account, the LB medium with IPTG 
and the mM9 medium with lactose were costed at 5.72 
USD and 1.02 USD, respectively, implying 82% reduction 
in the latter case. Therefore, based on the shake flask 
fermentation, the LA treatment reduced enzyme 
production cost compared to the complex LB medium 
together with inducer IPTG, commonly used for 
recombinant E. coli cultivation. However, to obtain more 
cost accuracy, the fermentation by fermentor is needed 
and possibly provides certain mannanase yields for 
further cost calculation which will be studied in the future. 

DISCUSSION 
 
Optimization of the culture media was the first parameter 
considered to maximize recombinant protein expression 
in E. coli because this dramatically affected the microbial 
process (Broedel et al., 2001) and economic performance. 
In this study, among three cultivation media studied, the 
LB medium provided the highest productivity. However, it 
had high cost and without a buffering system which may 
effect to a large-scale production system (De León-
Rodríguez et al., 2006; Sadaf et al., 2007). While the 
mM9 medium previously reported as having high 
recombinant protein production had stronger buffering 
systems than LB medium (De León-Rodríguez et al., 
2006)  resulting  in  better  survival  cells  stability   during  



 

 

 
 
 
 
fermentation. In addition, it provided lower cost 
production. This would be important and possibly 
considered for large-scale future production of 
mannanase.  

IPTG is an efficient inducer that expresses protein 
under the control of lac-regulated systems such as lac, 
tac, lacUV5 and T7 promoters (Yamabhai et al., 2011). 
However, IPTG has many disadvantages including high 
cost, toxicity and possible inhibition of microbial strain 
growth (Briand et al., 2016). Recently, lactose has been 
reported as a promising inducer for high enzyme 
production compared to IPTG. Nevertheless, the use of 
lactose as an inducer has not always shown efficiency for 
some protein production. In this study, a pFLAG-CTS 
system operating under the tac promoter was used to 
regulate gene expression. The cell growth of the L 
treatment was comparative to the IPTG treatment which 
was higher than the one of the LA treatment. However, its 
maximum mannanase production rate was much lower 
than both the IPTG and the LA treatment. This might be 
due to catabolite repression from the preferred carbon 
source proposed by Menzella et al. (2003). Both growth 
rate of the host cell and induction time affect protein 
production. While more than 70% of mannanase of the 
LA treatment secreted as an extracellular protein were 
higher than both the L and IPTG treatment. Studier (2005) 
reported the wide use of auto-induction, using lactose as 
an inducer to produce a variety of recombinant proteins 
from different E. coli hosts. An auto-inducing medium that 
did not require IPTG induction expressed only the target 
intracellular protein calibrated by the balance of the 
glucose repression of the lac operon and natural lactose 
induction under specific condition. While none of protein 
secretion was reported. Oppositely, the extracellular 
mannanase activities were enhanced by the LA treatment 
in this study. These findings implied that low cell growth 
of the LA treatment might affect secretion system of 
mannanase with higher proportional extracellular 
mannanase than both the IPTG and L treatment. 
Referring to the expression of mannanase KMAN by the 
LA treatment, the highest transcription of the kman-3 
gene was found at 6 h, which then gradually decreased 
while its mannanase activity slowly increased and 
reached the maximum at 24 h. The disparity between 
changes in mRNA abundance and enzyme activity to 
reach the maximum yield occurred later but took longer 
than 18 h. These results implied that transcription of the 
kman-3 gene preceded the translation process to obtain 
mannanase KMAN by E. coli KMAN-3, which is similar to 
the expression system in the wild type Aspergillus niger. 
Castella et al. (2015) reported that production of 
ochratoxin A (OTA) by wild type A. niger was observed at 
48 h, while transcription of the pks gene came earlier at 
about 12 h. Highest mRNA abundance of about 90 times 
was observed at 48 h and then rapidly degraded, while 
highest OTA production was found at 72 h and  remained  
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constant. Therefore, it was postulated that the abundance 
of mRNA coding for mannanase reached the highest at 6 
h and then rapidly degraded, with translation 
accumulation to obtain the highest mannanase 
production at 24 h. These observations were proposed 
that the growth with low cell concentration at stationary 
phase together with gradually mannanase production 
may concern to secretion preference as an extracellular 
mannanases which is different to previous  studies 
(Briand et al., 2016; Studier, 2005). However, it 
correlated with Simmons and Yansura (1996) who 
reported higher growth cells, resulting in overexpression 
of the recombinant protein but limited transport 
machinery in E. coli cells, with reduction of protein 
secretion level and remains unexplained. Therefore, by 
the LA treatment, most mannanase KMAN secreted as 
an extracellular enzyme could be a beneficial commercial 
aspect due to cost reduction of the downstream process 
and enhanced biological activity and stability. This can be 
a tentative strategy in production of extracellular protein 
from the recombinant E. coli that requires further study.  

Glucose is a carbon source that enhances high cell 
density during growth and increases the volumetric yield 
of recombinant products during fermentation. However, 
excess glucose metabolism generates acid and prevents 
lactose induction (Studier, 2005). In this study, an 
increase in specific growth rate in lactose auto-induction 
was observed when glucose was added. High glucose 
concentrations of 0.5-2% (w/v) provided high specific 
growth rates of 0.42-0.43 h-1 but decreased the pH and 
mannanase production. Tripathi (2009) and Choi et al. 
(2006) reported that glucose concentration in the culture 
should be close to zero and supported low specific 
growth rate in the range 0.14 h-1-0.35 h-1. The high 
glucose concentration in our study was over 0.35 h-1 and, 
consequently, inhibited mannanase KMAN production 
corresponding to results in previous studies. On the other 
hand, addition of low glucose concentration at 0.01% (w/v) 
and 0.05% (w/v) increased both specific growth rate and 
mannanase production to higher than the control (without 
glucose). Highest mannanase KMAN production was 
found at 0.05% (w/v) glucose addition, similar to results 
reported by Studier (2005).  

Changes in fermentation temperature affect protein 
production in E. coli. Farewell and Neidhardt (1998) 
reported that increased temperature resulted in higher 
protein synthesis. Protein folding depends on individual 
characteristics such as the rate of protein synthesis that 
aggregates the protein, resulting in inclusion body 
formation. In our study, low temperatures of 26-30°C 
caused high mannanase production in E. coli KMAN-3. 
However, when the temperature decreased to 20°C, 
extracellular mannanase activity also decreased due to 
protein synthesis rate reduction that impacted protein 
yields (Rosano and Ceccarelli, 2014). Mannanase 
activities also decreased when temperature  increased  to  
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37°C as a result of partially folded protein chains leading 
to the formation of inclusion bodies. Our results 
concurred with previous studies of range 18-30°C by EL-
Baky et al. (2015) and Guo et al. (2015). A suitable 
temperature for E. coli KMAN-3 was different to the 
camel’s HSPA6 nucleotide and amino acid sequences, 
while the interleukin (IL)-37 protein from mammalian 
species exhibited high production at an ambient 
temperature of 37°C (Guo et al., 2015).  

With these optimization, higher extracellular 
mannanase activities were successfully obtained. These 
optimal fermentation conditions will be verified in a 
fermenter for future study. However, low cell growth at 
log phase, delay in the translation rate at the early 
stationary phase (3-6 h) and rapid mRNA degradation at 
the late stage (18-24 h) of the LA treatment should be 
further studied to improve efficiency for industrial 
production.  
 
 
Conclusion 
 
Mannanase production was successfully enhanced using 
an OFAT approach. A cheap mM9 medium as a lactose 
auto-induction system, with low glucose concentration of 
0.05% (w/v) and induction temperature of 26-30°C, 
promoted twice the extracellular mannanase KMAN 
production and reduced production costs by 82% 
compared to a complex LB medium with IPTG induction. 
Therefore, production of mannanase KMAN by E. coli 
KMAN-3 has a potential for large-scale economically 
viable production in the future. 
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