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Z. mobilis has been widely studied as a potential microbe for consolidated 
bioprocessing to convert lignocellulosic biomass to fermentable sugars 
while at the same time producing ethanol. To achieve this goal, Z. mobilis 
must be evaluated for the production of cellulolytic enzyme. This work 
reports on the potential of intracellular and extracellular crude extracts 
from Z. mobilis ZM4 and TISTR 551 to hydrolyze various cellulosic 
materials including carboxymethylcellulose (CMC), delignified rice bran, 
microcrystalline cellulose, and filter paper. Crude intracellular extracts 
from ZM4 and TISTR 551 showed high endoglucanase activity with CMC 
substrates at an optimal pH of 6 to 7 and temperature range of 30 to 40 
°C. The endoglucanase activity from the crude extracts was significantly 
higher than the exoglucanase activity. Of the high crystalline celluloses 
substrates tested, the best results were obtained for the hydrolysis of 
delignified rice bran by crude intracellular enzyme extracts of Z. mobilis 
TISTR 551. 
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INTRODUCTION 
 

Lignocellulosic biomass is an abundant, renewable feedstock for the production of 

biofuels and bio-based chemicals, if an efficient and affordable conversion technology can 

be established to overcome its recalcitrance. Cellulose is one of most important 

components of lignocellulosic material; it is composed of glucose units linked by β-1,4,D-

glucosidic bonds. Cellulolytic microorganisms degrade crystalline cellulose by producing 

a cellulase system consisting of 3 classes of enzymes: endoglucanases, cellobiohydrolases, 

and β-glucosidase for the production of fermentable sugar as a final product. The 

bioconversion of lignocellulosic material to bioethanol represents a potential energy source 

to replace fossil fuels, but the production cost is not competitive with the existing 

technologies. Ethanol production from lignocellulosic materials includes four processes: 

chemical and physicochemical pretreatment to swell the biomass, hydrolysis of cellulose 

and hemicelluloses to fermentable sugars by cellulases and hemicellulases, microbial 

fermentation for the production of ethanol, and lastly, distillation to recover ethanol 

(Sanchez and Cardona 2008). Ethanol can be produced from lignocellulosic materials via 

separation hydrolysis and fermentation (SHF), saccharification and fermentation (SSF), or 

simultaneous saccharification and cofermentation (SSCF) using a variety of 

microorganisms, including Z. mobilis (Lynd et al. 2002, 2005; Antoni et al. 2007; Carere 

et al. 2008). Z. mobilis has some advantages over other microorganisms in ethanol 

production including a higher specific rate of sugar uptake, higher ethanol yield, less 
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production of byproducts, lower biomass production, no requirement for controlled 

addition of oxygen during fermentation, and tolerance to toxic inhibitors and substrates 

(Rogers et al. 2007; Yang et al. 2014; Gu et al. 2015;Yi et al, 2015). These characteristics 

make Z. mobilis a promising ethanologenic microorganism for large-scale production of 

bioethanol from sugar rich substrates or lignocellulosic materials; the technology can be 

further developed to provide a CBP microbe in the ethanol production using lignocellulosic 

material (Sarks et al. 2016). 

CBP, which combines enzyme production, saccharification, and fermentation in a 

single step by one microbe, is an alternative approach with outstanding potential for the 

large-scale production of ethanol from lignocellulosic hydrolysate. This is considered as a 

promising strategy for reducing the production costs (Lynd et al. 2005; Cardona and 

Sanchez 2007; Xu et al. 2009; He et al. 2014). CBP microbes for ethanol production from 

lignocellulosic materials can be developed using native cellulolytic microbes that are 

engineered to improve ethanol production, e.g., Trichoderma reesei, Aspergillus, and 

Fusarium (Ruiz et al. 2007; Xu et al. 2009, Piriya et al. 2012), or engineered non-

cellulolytic organisms that exhibit high native ethanol production, e.g., Z. mobilis and 

Saccharomyces cerevisiae (Van Zyl et al. 2007; Linger et al. 2010; Apiwatanapiwat et al. 

2011; Vasan et al. 2011; Den et al. 2015; Gonçalves et al. 2016).  

 Many ethanologenic Zymomonas strains have been engineered to harbor 

cellulolytic enzymatic activities with the aim of producing CBP strains.  For example, two 

cellulolytic enzymes E1 and GH12 from Acidothermus cellulolyticus were successfully 

expressed in Z. mobilis via its native signal secretion protein. Z. mobilis produces 

endogeneous extracellular cellulose activity against carboxymethyl cellulose (CMC) via 

both native and engineered cellulolytic expressing genes (Linger et al. 2010). Cellulolytic 

enzymes from Cellulomonas fumi and Ruminococcus albus have been introduced, co-

expressed, and secreted in Zymobacter palmae, which is then able to successfully ferment 

cellulosic polysaccharide (barley -glucan) to ethanol with 79.5% theoretical yield 

(Kojima et al. 2013). Finally, cellulase encoding genes from Enterobacter cloace and 

Heterotermes indicola have been isolated from the gut of a wood-feeding termite and 

transferred to Z. mobilis; this new strain performs CBP processes (Vasan et al. 2011). Thus, 

it is clear that Z. mobilis can express and secrete foreign microbial cellulases. However, 

there are some limitations to recombinant Z. mobilis strains containing cellulolytic 

enzymes, such as lower levels of protein expression, protein stability, and protein secretion 

when the protein are engineered from foreign microbes. This is due to the differences in 

the native codon usages and protein secretion system from the host organism (Gunasekaran 

and Raj 1999; Vasan et al. 2011; Davis and Olsen 2011; Luo and Bao 2015). Thus, the 

most obvious mean to achieve cellulolytic enzyme activity is to use native cellulolytic 

enzymes with a native translocation system for a protein secretion to direct contact with 

lignocellulosic substrate. The systematic analysis of available Z. mobilis strains that have 

native cellulolytic activities may reveal more cellulase producing strains that could be used 

as CBP microbes for hydrolyzing lignocellulosic material and ethanol production in the 

future. Genomic and enzymatic studies of Z. mobilis ZM4 (ATCC 31821) and Z. mobilis 

ATCC 29192 encode the ZMO 1086 (endoglucanase) and Zymop_0203 cellulases 

(endoglucanase) are only  recently available (Luo and Bao 2015; Rajnish et al. 2008).   

In this work, the cellulolytic activities of crude extracellular and intracellular 

extracts of Z. mobilis wild type strains ZM4 and TISTR 551 were evaluated for the ability 
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to hydrolyze carboxymethyl cellulose (CMC), microcrystalline cellulose (MCC), filter 

paper and treated rice bran. The pH and temperature optimum of the crude intracellular and 

extracellular cellulolytic enzymes of Z. mobilis strain ZM4 and TISTR 551 were analyzed. 

This is the first report on Z. mobilis endoglucanase activity and exoglucanase activity 

against various cellulosic materials. This raises exciting potential for this microorganism 

in further CBP studies. 

 

 

EXPERIMENTAL 
 
Bacterial Strains and Cultivation 

Z. mobilis strain ZM4 (a type strain, ATCC 31821) and TISTR551 (from Thailand 

Institute of Scientific and Technological Research (TISTR)) were used in this study. Z. 

mobilis was grown in yeast peptone glucose (YPG) medium (10 g peptone, 10 g yeast 

extract, and 20 g glucose per liter, pH 6.4) at 30 °C for approximately 24 h until the optical 

density at 600 nm (OD600) reached 1.0 prior to all studies. 

 

Enzyme Activity Test on CMC Plate 
Overnight cultures of Z. mobilis strains ZM4 and TISTR 551 (OD600 approximately 

1.0) were streaked on YPG agar supplemented with 0.12% w/v CMC. The plates were 

incubated at 30 °C for 48 h. The cellulolytic abilities of all strains were detected by the 

Congo red overlay method. The colonies were removed from the agar, and plates were 

flooded with 0.2% Congo red solution for 10 min then washed with 1 M NaCl. A clear 

zone surrounding colonies indicates cellulose hydrolysis (Wood 1980; Linger et al. 2010). 

The diameters of the cleared zones in three replicates were measured. 

 

Enzymatic Assays for Optimum pH and Temperature 
Activities of crude extracellular enzymes (unpurified cellulase enzyme secreted 

into culture supernatant) and crude intracellular enzymes (obtained from the cell lysate) 

from Z. mobilis strain ZM4 and TISTR 551 were analyzed for optimal pH and temperature 

requirements. The crude extracellular enzymes were obtained by centrifugation of 

overnight cultures at 5000 rpm (RCF= 3588g) for 2 min, and the supernatants were saved 

for further testing. The crude intracellular enzymes were obtained by disrupting cells with 

glass beads (Sigma, G8772), centrifuging, and saving the supernatant. Standard enzymatic 

activity was measured by the dinitrosalicylic acid (DNS) method with carboxymethyl 

cellulose (CMC) as the substrate (Miller 1959). Briefly, 20 L of the enzyme diluted to an 

appropriate concentration and 320 L of 1% w/v CMC in buffer at a specific pH were 

incubated at the specific temperature test for 5 min prior and then the reaction was carried 

out at that specific temperature for 15 min. The reaction was terminated by adding 680 L 

of DNS solution. The level of reducing sugars produced by the enzymatic reaction was 

subsequently monitored at 540 nm with a spectrophotometer (UNICO (model 1200), 

cuvette dimension 12.5 ×12.5 ×45 mm). The protein content of the crude extracts was 

analyzed according to the method of Lowry et al. (1951). One unit of enzyme activity (U) 

was defined as the amount of the enzyme that produces the equivalent of 1 mol of glucose 

per min under the assay conditions. Specific activity of the crude enzyme was determined 

by the activity of an enzyme per milligram of total protein (U/ mg). The optimal pH and 
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temperature were determined by subjecting the reaction mixtures to various pH from 4 to 

8 (0.2 M sodium acetate pH 4.0 to 5.0 and 0.2 M potassium phosphate pH 6.0 to 8.0) and 

various temperature ranges from 30 to 50 °C. The optimum pH and temperature for 

cellulose activity of extracellular and intracellular crude enzymes of Z. mobilis ZM4 and 

TISTR551 were analyzed based on triplicate analysis, and the results were statistically 

analyzed by ANOVA. 

 
Substrate Specificity of Crude Enzymes 

The crude intracellular and extracellular cellulolytic enzymes of Z. mobilis ZM4 

and TISTR 551 were monitored for substrate specificities on CMC, microcrystalline 

cellulose, filter paper (Whatman no. 1), and treated rice bran under specific pH and 

temperature optimums according to previous analysis. To measure enzymatic activity 

against CMC, 20 L of the enzyme diluted to an appropriate concentration was reacted 

with 320 L of 1% CMC. Activity to hydrolyze MCC was tested by adding 20 µL of the 

enzyme diluted to an appropriate concentration to 1% microcrystalline cellulose in 320 L. 

To measure enzymatic activity against filter paper (Whatman no. 1 (50 mg, 1 × 1.5 cm) 

(50 mg)), 0.5 mL of the enzyme diluted to an appropriate concentration was added to filter 

paper (in 1 mL of buffer). Enzyme and substrate were separately incubated at specific 

temperature and pH test for 5 min prior to the reaction. The reactions were carried out at 

optimum temperature and pH for each crude extract for 2 h, 15 min, and 1 h when 

microcrystalline cellulose, CMC and filter paper were used as substrates, respectively, and 

stopped by adding 680 L of DNS solution. For the filter paper test, the reactions were 

terminated by adding 1 mL of the mixture to 3 mL of DNS solution and then the amount 

of reducing sugar was monitored. Delignified rice bran was used as a representative 

lignocellulosic material and was prepared by treating rice bran with 0.2 M potassium 

hydroxide (KOH) for 4 h at room temperature (10% w/v). The materials were filtered 

through cheese cloth and washed in tap water until the pH became neutral. The samples 

were then dried at 85 °C until the weight was constant. Pretreated rice bran (2 g) was added 

to 10 mL specific buffer containing enzymes diluted to appropriate concentrations. The 

reactions were performed for 4 h for intracellular crude extract and 1 h for extracellular 

crude extract. The reducing sugar and specific enzyme activity were elaborated. The 

experiments were performed in triplicate, and the results were statistically analyzed by 

ANOVA. 
 

 

RESULTS AND DISCUSSION 
 

The preliminary quantitative analysis on cellulase production and secretion was 

conducted on Z. mobilis strains ZM4 and TISTR551 using agar plates containing 0.12% 

w/v CMC. ZM4 and TISTR551 exhibited extracellular cellulolytic activities by 

hydrolyzing CMC with diameters of the zones of clearance 2.23 ± 0.25 cm and 1.79 ± 0.10 

cm, respectively (Table 1, Fig. 1). This rapid detection demonstrated that ZM4 represented 

higher hydrolytic activity than TISTR551, as indicated by the higher diameter in clear zone.  

However, in order to ensure on the presence of cellulolytic activities of both strains, the 

activities of crude extracts needed to be revealed.     
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Table 1. Hydrolytic Activity of Microbial Cells *  

Strain Diameter of Clear Zone (cm) 

Z. mobilis ZM4 2.23 ± 0.25 

Z. mobilis 551 1.79 ± 0.10 

* The diameter of clear zones (cm) created by Z. mobilis ZM4 and TISTR 551 on YPG agar 
supplemented with 0.12% w/v CMC indicates hydrolytic activity of microbial cells. 
 

 

 

 

 
 
 
 
 
 
 
 

  ZM4      TISTR 551 
 

Fig. 1. CMC Degradation by cellulolytic enzyme activities 

 

The effects of temperature and pH on crude extracellular and intracellular cellulases 

of ZM4 and TISTR 551 were determined using 1% w/v CMC in buffer at various pH (4, 

5, 6, 7, and 8) and temperatures (30, 35, 40, 45, and 50 °C) for 15 min. The cellulase specific 

activities of crude extracts were determined through the production of reducing sugar 

(Konig et al. 2002). Z. mobilis ZM4 crude intracellular extracts showed the highest 

cellulolytic activity at pH 7 and 30 °C (837.98 ± 22.5 U/mg) (Table 2). Intracellular crude 

extracts of TISTR 551 demonstrated optimal cellulolytic activity at pH 6 and 40 °C (667.30 

± 43.2 U/ mg) (Table 3). At pH 8, the specific activities of the crude intracellular cellulases 

were dramatically reduced for both strains. 

 

Table 2. Z. mobilis strain ZM4 Intracellular Cellulose Specific Activities with the 
Statistical Analysis using ANOVA 

Specific Activity (U/ mg) 

pH 30 °C 35 °C 40 °C 45 °C 50 °C 

4 144.01 ± 4.7i 155.68 ± 3.8hi 220.08 ± 13.8fg 252.47 ± 13.9def 142.98 ± 9.4i 

5 225.23 ± 26.4fg 442.11 ± 13.3b 203.30 ± 16.9g 196.70 ± 2.2gh 121.32 ± 2.2ij 

6 132.43 ± 3.5i 279.57 ± 7.8cd 234.02 ± 19.9efg 422.52 ± 30.6b 298.76 ± 11.5c 

7 837.98 ± 22.5a 133.00 ± 3.9i 272.87 ± 25.3cde 122.39 ± 5.4ij 267.04 ± 4.9cde 

8 89.41 ± 7.2j 195.44 ± 13.4gh 89.90 ± 4.7j 42.64 ± 4.0k 38.16 ± 3.1k 

Data represent the mean and standard deviation of three replicates. Based on ANOVA, a, b, and c 
had the three highest activity levels. The different letters represent a significant difference of p < 
0.05. The data were compared in all conditions. 
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Table 3. Z. mobilis strain TISTR 551 Intracellular Cellulose Specific Activities with 
the Statistical Analysis using ANOVA   

Specific Activity (U/ mg) 

pH 30 °C 35 °C 40 °C 45 °C 50 °C 

4 271.46 ± 19.8d 51.66 ± 1.5ghi 81.85 ± 10.9fgh 552.46 ± 17.5b 346.87 ± 15.5c 

5 265.53 ± 23.7d 126.32 ± 10.8f 158.18 ± 5.5f 142.39 ± 15.1f 78.52 ± 6.5fgh 

6 262.87 ± 32.5d 304.87 ± 27.5cd 667.30 ± 43.2a 110.26 ± 5.2fg 166.70 ± 6.5ef 

7 260.99 ± 36.3d 225.30 ± 20.9de 242.53 ± 29.4d 13.59 ± 0.8i 510.35 ± 39.9b 

8 44.26 ± 2.1hi 46.72 ± 3.5ghi 104.34 ± 2.3gh 45.47 ± 4.3hi 43.96 ± 2.3hi 

Data represent the mean and standard deviation of three replicates. Based on ANOVA, a, b, and c 
had the three highest activity levels. The different letters represent a significant difference of p < 
0.05. The data were compared in all conditions. 

 

Specific cellulase activities of extracellular crude extracts from Z. mobilis ZM4 and 

TISTR 551 exhibited optimal enzyme activity at pH 6, 40 °C (81.80 ± 7.7 U/ mg) and pH 

8, 40 °C (111.61 ± 7.4 U/ mg), respectively (Tables 4, 5). Thus, the optimal enzymatic 

reactivity conditions for crude extracellular and intracellular cellulases were in the ranges 

30 to 40 °C and pH 6 to 7, except for the TISTR 551 extracellular cellulases, which had an 

optimum pH of 8.0. However, TISTR 551 extracellular cellulases also represented high 

enzymatic activity at pH 6.0 and 35 °C.  

Crude intracellular and extracellular extracts from the individual strains also 

showed different pH and temperature optimums (Table 6), implying that several cellulases 

may be produced by one native strain, as previously suggested (Lynd et al. 2002). The 

optimum pH and temperature for intracellular and extracellular crude cellulase enzyme 

activity correlated well with the optimal conditions reported for growth and ethanol 

production for Z. mobilis (30 to 37 °C and pH 6 to 7.5), which are proximal to the optimum 

cellulase activities (King and Hossain 1982). Therefore, Z. mobilis ZM4 and TISTR 551 

are good candidates for consolidated bioprocessing (CBP) for on-site cellulolytic activity 

and ethanol production by a single microbe.  

 

Table 4. Z. mobilis strain ZM4 Extracellular Cellulose Specific Activities with the 
Statistical Analysis using ANOVA 

Specific Activity (U/ mg) 

pH 30 °C 35 °C 40 °C 45 °C 50 °C 

4 67.49 ± 5.1bcd 15.47 ± 1.3hij 61.67 ± 5.8cde 48.48 ± 3.9f 26.39 ± 3.3gh 

5 18.52 ± 1.3hi 22.38 ± 1.1hi 25.73 ± 1.7ghi 17.80 ± 1.3hij 22.70 ± 7.1hi 

6 23.94 ± 2.2ghi 55.42±3.5ef 81.80 ± 7.7a 28.15 ± 0.7gh 34.77 ± 1.4g 

7 70.90 ± 6.2abc 50.50 ± 5.2ef 49.98 ± 4.8ef 13.85 ± 0.9ij 75.72 ± 3.5ab 

8 55.87 ± 3.4def 75.86 ± 2.7ab 33.03 ± 2.6gh 9.90 ± 1.2ij 6.38 ± 0.8j 

Data represent the mean and standard deviation of three replicates. Based on ANOVA, a, b, and c 
had the three highest activity levels. The different letters represent a significant difference of p < 
0.05. The data were compared in all conditions. 
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Table 5. Z. mobilis strain TISTR 551 Extracellular Cellulose Specific Activities 
with the Statistical Analysis using ANOVA 

Specific Activity (U/ mg) 

pH 30 °C 35 °C 40 °C 45 °C 50 °C 

4 21.39 ± 1.5g 99.84 ± 3.5b 53.78 ± 3.1e 58.66 ± 1.7e 87.37 ± 6.5c 

5 69.31 ± 3.2d 18.49 ± 1.6gh 11.33 ± 1.8gh 57.05 ± 2.9e 9.41 ± 0.8hi 

6 70.94 ± 2.9d 104.95 ± 6.0ab 58.73 ± 2.1e 58.61 ± 4.1e 57.75 ± 3.1e 

7 24.31 ± 0.7fg 33.79 ± 4.2f 100.46 ± 0.5b 66.48 ± 1.7de 51.18 ± 5.8e 

8 19.50 ± 1.2g 0.35 ± 0.04i 111.61 ± 7.4a 33.79 ± 1.2f 13.56 ± 1.3gh 

Data represents the mean and standard deviation of three replicates. Based on ANOVA, a, b, and 
c had the three highest activity levels. The different letters represent a significant difference of p < 
0.05. The data were compared in all conditions. 

 
Table 6. Optimal Conditions for Z. mobilis ZM4 and TISTR551 Intracellular and 
Extracellular Cellulases 

Z. mobilis Strain Cellulase Optimum Temperature (°C) Optimum pH 

ZM4 
Intracellular  30 7 

Extracellular  40 6 

TISTR 551 
Intracellular  40 6 

Extracellular  40 8 

  

To determine the substrate specificities of the crude intracellular and extracellular 

cellulases from Z. mobilis ZM4 and TISTR 551, various substrates were used (CMC, rice 

bran, microcrystalline cellulose, and filter paper). Cellulose contains crystalline and 

amorphous structures mixed together in various degrees, and therefore various substrates 

have been used to compare the activities of crude intracellular and extracellular cellulases. 

CMC is a highly soluble cellulose that has been used as a substrate to study endoglucanase 

production. Microcrystalline cellulose, a nearly pure cellulose, is a most commonly used 

model substrate with a high degree of crystallinity. Microcrystalline cellulose is a good 

substrate to study exoglucanase activity because it is relatively inaccessible to attack by 

endoglucanases, despite some amorphous regions (Soares Junior et al. 2013). Filter paper 

and pretreated rice bran, which exhibit intermediate crystallinity, were included in the 

study of the total cellulase activity both as a comparison to the pure substrates and as 

examples of highly abundant by-products that can be diverted for further use (Lynd et al. 

2002; Dashtban et al. 2010). 

Cellulose hydrolysis requires three classes of cellulases: 1) endoglucanase that 

attacks regions of low crystallinity or internal amorphous site in the cellulose fiber to create 

free chain ends; 2) exoglucanase that acts in a processive manner from both reducing and 

non-reducing ends of cellulose polysaccharide chains to produce either glucose or 

cellobiose; and 3) β-glucosidase that hydrolyzes cellodextrin and cellobiose to glucose 

(Howard et al. 2004). This study of intracellular and extracellular crude extracts of ZM4 

and TISTR 551 cellulase under standard assay conditions revealed that the enzyme 

exhibited the highest specific activity toward CMC substrates (Fig. 2). Significant 

enzymatic activity was detected in intracellular extracts of Z. mobilis strains ZM4 (837.98 

± 22.5 U/ mg) and TISTR 551 (667.30 ± 43.2 U/ mg) (Fig. 2a). 
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(a) INTRACELLULAR 

 
(b) EXTRACELLULAR 

 
Fig. 2. Substrate-specific cellulose activities of Z. mobilis ZM4 and TISTR 551 intracellular (a) and 
extracellular (b) crude extracts on different types of substrates; CMC (CMCase), treated rice bran, 

microcrystalline cellulose, and filter paper (FPase) (Left scale for Rice bran, microcrystalline 

cellulose, and FPase while right scale for CMCase)   

 

Intracellular cellulase activities of both strains were significantly higher than 

extracellular cellulase activities, implying that Z. mobilis maintains cellulase inside cells 

rather than secreting it. Hence, Z. mobilis cellulase is an endoglucanase, as its highest 

enzyme activity was against CMC substrates (Adsul et al. 2007). Several Z. mobilis strains 

(ATCC 39676 and CP4) natively produce endoglucanase activity against CMC (He et al. 
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2014). Z. mobilis ZM4 (ATCC 31821) encodes a cellulase gene (endoglucanase) named 

ZMO 1086 (Cel A); Z. mobilis ATCC 29192 also encodes a cellulase (endoglucanase), 

Zymop_0203. There is no genomic database available for Z. mobilis strain TISTR 551. 

Other Z. mobilis genome sequences available in GenBank do not include predicted 

cellulase genes (Table 7) (Seo et al. 2005; Kouvelis et al. 2009; Kouvelis et al. 2011; 

Pappas et al. 2011; Desiniotis et al. 2012; Kouvelis et al. 2014). ZMO 1086 from Z. mobilis 

has been cloned and successfully expressed in Escherichia coli (Rajnish et al. 2008). 

However, the expression and secretion of native endoglucanase gene ZMO1086 that 

represented signal peptide SP1086 had facilitated its own secretion in only 12% of the 

expressed enzyme (Lou and Bao 2015). This finding correlated to our result that native 

endoglucanases from Z. mobilis ZM4 and TISTR551 represented the intracellular activity 

with 6-8 folds higher than extracellular activity or highly presented inside the cell rather 

than secreted out. Future development on the cellulase secretions can be processed by 

engineering the effective secretion system SecB-dependent and twin arginine translocation 

(TAT) to the native cellulases (Linger et al. 2010).    

Intracellular and extracellular crude cellulases from strains ZM4 and TISTR 551 

displayed only trace exoglucanase activities against microcrystalline cellulose, filter paper 

(FPase), and rice bran, indicating a preference for amorphous rather than crystalline 

cellulose (Fig. 2). The hydrolysis activities of all crude extracts were slightly higher in 

pretreated rice bran substrate than microcrystalline cellulose and filter paper substrates. 

These results are in agreement with studies showing that the alkaline pretreatment of 

lignocellulosic materials as rice bran eliminates non-cellulosic polysaccharides, and 

efficiently releases maximal cellulose content from microfibrils, and further facilitates 

enzyme efficiencies with crystalline cellulose (Lynd et al. 2002; Vasan et al. 2011). 

Intracellular and extracellular cellulases did not show any significant differences in 

enzymatic activity against pretreated rice bran, microcrystalline cellulose, or filter paper. 

However, crude intracellular enzymes from Z. mobilis TISTR 551 demonstrated a slightly 

higher specific enzyme activity against treated rice bran than the other highly crystalline 

substrates. Interestingly, substrate pretreatment with steam explosion, diluted acid, or lime 

does reduce the crystallinity of lignocellulosic substrates but does result in high hydrolysis 

yield (Thompson et al. 1992; Alvira et al. 2010). This is the first report on the level of 

native cellulolytic activity of Z. mobilis against various cellulosic substrates. The level of 

cellulolytic activities has been dramatically reported for recombinant Escherichia coli, 

Saccharomyces cerevisiae and Kluyveromyces lactis through the engineered cellulase 

obtaining from native Bacillus sp., Clostridium thermocellum and fungal sources (Garvey 

et al. 2013; Gefen et al. 2012). The recombinant strains elaborated significant enzyme 

activity level against CMC and microcrystalline cellulose. Thus, this study indicated that 

Z. mobilis ZM4 and TISTR 551 represented their potential to be further developed as CBP 

microbes for the ethanol production using lignocellulosic material as a substrate.  

One future goal is to engineer the native strain to express higher levels of 

exoglucanase either from the native strain or engineered foreign exoglucanase. An 

additional goal is to engineer the strains to secrete the available endoglucanase and 

exoglucanase enzymes to synergistically increase cellulose degradation, as both ZM4 and 

TISTR 551 demonstrated highly intracellular cellulase activities. An effective CBP process 

requires extracellular enzymes to hydrolyze lignocellulosic materials. 
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Table 7. Summary of Genomics, Proteins, and Gene Encoded for Cellulases with GenBank Accession Number in Different Z. 
mobilis Strains  

Z. mobilis strain 

Genome 
Assembly 

Information 
(GenBank 
Accession 
Number) 

Reference for Genome 

Type of Cellulase in 
Z. mobilis Strain 

and GenBank 
Accession Number 

for the Protein 

Gene encoded for 
Cellulase and 

GenBank Accession 
Number 

Reference for 
Enzyme Activity 

ZM4 (ATCC 31821) NC_006526.2 (Seo et al. 2005) 
Endoglucanase, 

AAV89710.1 
ZMO1086, AE008692.2 

 
(Rajnish et al. 2008) 

NCIMB 11163 NC_013355.1 (Kouvelis et al. 2009) - - - 

ATCC 29191 NC_08145.1 (Desiniotis et al. 2012) - - - 

ATCC 29192 NC_015709.1 (Kouvelis et al. 2011) 
Endoglucanase, 

AE137106.1 
Zymop_0203, 
CP002865.1 

NCBI 

ATCC 10988 NC_017262.1 (Pappas et al. 2011) - - - 

CP 4 (NRRL B-14023) NC_022900.1 (Kouvelis et al. 2014) - - - 
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CONCLUSIONS 
 
1. Crude intracellular extracts from Z. mobilis ZM4 and TISTR 551 showed significant 

endoglucanase activity in the utilization of amorphous cellulose, such as CMC.  

2. The optimum temperature and pH for the enzymatic activities were 30 to 40 °C and 

pH 6 to 8.  

3. Of the crystalline cellulose substrates used, lignocellulosic material treated with KOH 

was most highly hydrolyzed compared with the other crystalline containing substrates 

(filter paper and microcrystalline cellulose).  
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