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Abstract
The biorefining of crop and plant organic matter represents a promising route to produce renewable fuels and bioproducts. The 

high contents of cellulose and hemicellulose make Agave americana an ideal candidate to produce value-added products. In this 
study, two different cellulase producing bacteria, isolated from rotting wood samples, were incubated and cultivated to examine their 
ability to decompose agave and produce ethanol. The results showed the transparent zones called halos on the plates containing 
Agave as the sole carbon source after iodine staining for these two isolates and positive control Cellulomonas xylanilytica; while, no 
halo was observed for negative control: Escherichia coli BL21. The Bacillus species K1 and A0 displayed hydrolysis ability greater 
than that of positive control based on halo diameter. Moreover, the quantitative ability to decompose agave was studied for the same 
two bacterial strains using minimal salt media containing 5% agave biomass. Dinitrosalicylic acid (DNS) method was used to detect 
cellulase and reducing sugars. Ethanol was detected by using micro-dichromate method. The results showed that strain K1 produced 
0.435 g ethanol/g Agave biomass and the isolate A0 produced 0.397 g/g ethanol on the 4th day of incubation.
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Introduction
With the exhaustion of non-renewable fossil fuels leading to 

environmental pollution and energy crisis, there is a demand for 
new renewable sources of energy. Biofuels are the renewable source 
of energy which is environmentally friendly with low carbon dioxide 
emission. Agricultural biomass and other cellulose based wastes are the 
good sources for production of biofuels.

Bioethanol is the biofuel mostly useful for transportation worldwide. 
It can be produced from different raw materials such as simple sugars, 
starch, agricultural products, and lignocellulosic biomass. Recent 
production of bioethanol is dependent on starch and sugars from 
existing food crops [1]. Although it might be beneficial to use renewable 
plant materials for bio-fuel, the use of crop residues and other biomass 
for bio-fuels raises many concerns about major environmental 
problems such as food shortages and serious destruction of vital soil 
resources [2]. The availability of raw materials for the production is 
one of the major problems associated with the bioethanol production. 
To overcome this problem, lignocellulosic biomass constitutes the 
world’s largest bioethanol renewable source. The production of 
bioethanol from lignocellulosic biomass is one way for reducing the 
consumption of petroleum oil and environmental pollution. Also, the 
lignocellulosic biomass is the most promising feedstock considering its 
great availability and low cost. However, the large-scale commercial 
production of fuel bioethanol from lignocellulosic materials has not 
been implemented. The main reason for this is the production cost of 
bioethanol from lignocellulose is too high due to enzyme production cost.

Agave can grow in a dry land with limited water supply and the 
biofuel produced from Agave biomass has very low CO2 emissions (35 
g/J); whereas there is higher CO2 emission from corn based biofuel (85 
g/J) [3]. Agave consists of natural fibers which can be degraded to a 
large number of bioproducts and value added products like bioethanol 
and xylitol [4]. So, this plant has potential application for the bioethanol 
productions. Its fibers are rich source of cellulose (68%) and other 
components are hemicelluloses (15%), lignin (5%), wax (0.26%), and 
moisture (8%) [5]. Cellulose is a polysaccharide formed by D- glucose 
units linked together by 1,4-glycosidic bonds and is insoluble in water 
but can be hydrolysed by acid, hemicellulose is composed of mainly 

the pentoses and hexoses and is not soluble in water but soluble in 
alkali and easily hydrolysed in diluted acids. Lignin is a complex 
phenolic polymer and is not soluble in water. The main role of lignin 
is to provide structural support, prevent oxidation and protect the cell 
against the microbial invasion.

For the production of bioethanol from lignocellulosic biomass, 
the cellulose is typically hydrolysed by an enzyme called cellulase. 
Microorganisms mainly the fungi and bacteria are the good candidates 
for lignocellulosic biomass degradation. Fungi such as Trichoderma, 
Aspergillus, Schizophyllum and Penicillium are widely used to 
produce cellulases [6]. Bacteria belonging to Clostridium, Bacillus, 
Thermomonospora and Ruminococcus can produce cellulases 
effectively as well [7]. Bacteria offer several benefits over the fungi for 
the degradation process of biomass as they have high growth rates as 
compared with fungi and other microorganisms. Also, bacteria can 
adapt to different types of environmental conditions in a wide range 
of pH and temperature. They can also be genetically engineered to 
increase the catalytic activity for the enzymes degrading lignocellulosic 
biomass [8]. This study aims the production of bioethanol by using two 
bacterial strains which have ability for the hydrolysis and fermentation 
of Agave biomass.

Material and Methods
Chemicals and bacterial strains

All the chemicals used in this research were of analytical grade. Agave 
americana biomass (untreated) was obtained from the Biotechnology 
Laboratory for Enzymes and Bioproducts, Lakehead University, 
Canada. The cellulase production and Agave biomass degrading 
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abilities of Bacillus sp. K1 (NCBI Accession no. KP987117) and Bacillus 
sp. A0 (NCBI Accession no. KP974676); which we previously isolated 
from rotting wood samples were tested. Cellulomonas xylanilytica 
and Escherichia coli BL21 were used as positive and negative controls 
respectively [4].

Screening of cellulase activity

For the screening of cellulase producing activity of bacterial strains, 
each strain was grown with positive and negative controls in 5 ml LB 
broth at 30ºC at 200 rpm separately. Five microliters of each sample was 
inoculated on agar plates which contain 5.0 g/L agave, 1.0 g/L NaNO3, 
1.0 g/L K2HPO4, 1.0 g/L KCl, 0.5 g/L MgSO4, 0.5 g/L yeast extract, 1.0 
g/L glucose, 15.0 g/L agar. After incubating all the plates for 48 h at 
30ºC, the plates were checked with Gram’s iodine solution [9]. The 
diameter of halo region (D) and bacterial colony (d) were measured to 
show the hydrolysis ability which can be expressed as (D/d)2.

Determination of reducing sugar and cellulase activity

For the determination of reducing sugar from the Agave biomass 
degradation, the bacterial strains were grown overnight in LB broth 
medium. Then 200 µl of the overnight LB grown bacteria were 
transferred to 50 ml minimal salt medium containing 0.1 g/L NaNO3, 
K2HPO4, 0.1 g/L, KCl 0.1 g/L and MgSO4, 0.05 g/L and 5% Agave 
biomass. The bacterial strains were incubated at 30ºC, shaking 200 rpm 
for seven days. The reducing sugars and cellulase activity were detected 
by using 3,5-dinitrosalicylic acid (DNS) method [10]. For this, 1ml of 
bacterial culture was harvested from each sample. It was centrifuged for 
2 min at 15000 g carboxymethyl cellulose (CMC) was used as substrate 
for cellulase activity. Briefly, 20 μl of enzyme supernatant was added to 
80 μl of substrate buffer (0.5% CMC in 0.05 M potassium phosphate 
buffer, pH 6.0) and incubated at 50ºC for 30 min. The reducing 
sugar released as glucose was determined. Microtitre plate was used 
for recording the absorbance at 540 nm using Epoch microplate 
spectrophotometer (BioTek). The reducing sugar was measured up 
to seven days of incubation. After seven days, the bacterial strain’s 
survival was confirmed by the drop plate method.

SDS-Polyacrylamide gel electrophoresis (PAGE)

The cellulase was confirmed by using SDS-PAGE according to the 
method of Laemmli [11] using Bio-Rad electrophoresis apparatus. The 
protein marker and enzyme were allowed to run simultaneously to 
determine the molecular weight of the enzyme. After completion of 
the electrophoresis, coomassie brilliant blue R-250 was use to stain the 
gel. The gel containing 0.25% CMC was used for detection of cellulase 
activity. The gel was then washed with 2% Triton X-100 for 30 min. 
Then, it was transferred in pH 7 and incubated at 50ºC for 30 min. 
After that the gel was stained with 0.1% Congo red solution and the 
over staining was removed with 1M NaCl to visualize the clear bands 
of cellulase activity.

Ethanol determination

The bacterial strains were grown for 7 days in 50 ml minimal salt 
medium containing 0.1 g/L NaNO3, K2HPO4 0.1 g/L, KCl 0.1 g/L and 
MgSO4 0.05 g/L and 5% Agave biomass at 30ºC, shaking at 200 rpm. 1 
ml aliquot of the cultured bacteria was centrifuged for 1 min at 17000 
g. The supernatant was used for bioethanol analysis. The samples were 
then analysed by using micro-dichromate method [12]. In this method, 
there is complete oxidation of ethanol by dichromate in the presence of 
sulphuric acid with the formation of acetic acid. Dichromate Cr2O7 is 
yellowish in color and the reduced chromic product (Cr3+) is intensely 
green. A standard curve of ethanol with was made with different 
concentrations of ethanol the absorbance of the samples was read at 
584 nm.

Morphology of Agave fibre

Scanning Electron Microscope (SEM) was used to observe the 
morphological changes of Agave fiber. The samples treated with 
bacterial strains up to 7 days were collected along with the control 
(samples without bacterial treatment). Each sample was washed with 
0.1M phosphate buffer and dehydrated with ethanol. After this, the 
samples were dried at room temperature and coated with gold in in 

Figure 1: (A) Agave plate assay and (B) bacterial growth in CMC minimal salt liquid medium.
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a Denton-DeskII sputter coater (Denton Vacuum USA, Moorestown, 
NJ). The samples were observed on SEM (Hitachi SU-70, Japan).

Statistical analysis

All the experiments were performed in triplicates and the results 
are expressed in terms of mean ± SD (standard deviation). The 
statistical analysis of data was performed by one way ANOVA followed 
by Tukey’s HSD test (p<0.05) using SPSS system.

Results and Discussion
Cellulase screening using Agave as the source of carbon

In this research, both the bacterial strains showed the area of 
depolymerisation which proved their ability for hydrolysis of Agave 
biomass (Figure 1A). The negative control did not have any cellulase 
activity so there was no halo region. The production of halo region is 
due to the depolymerisation of the cellulose by cellulase. As shown in 
Table 1, the hydrolysis ability of strain K1 is and A0 is more than the 
positive control after 48 h of incubation. The hydrolysis ability values 
for strains K1 and A0 are 19.04 and 14.27. This showed that both 
the bacteria have better ability than C. xylanilytica for hydrolysis of 
Agave biomass. As reported by other researchers, Bacillus strains have 
potentiality for the degradation of lignocellulose [13].

Cellulase activity and reducing sugar production

Since, these bacterial isolates showed maximum growth after three 
days of incubation (Figure 1B); the cellulase activity was assessed at 72 
h of incubation by growing the bacteria in minimal salt medium with 
CMC and with Agave biomass respectively. The CMCase activity of 
strains was compared with positive control C. xylanilytica and negative 

control E. coli BL21 (Figure 2A). While using CMC as a source of 
carbon during enzyme production, the CMCase activity of strain K1 
was 5.21 ± 0.21 U/ml and A0 produced 4.3 ± 0.25 U/ml CMCase. Both 
the strains produced higher CMCase than the positive control and the 
negative control did not show any CMCase activity. Similarly, while 
using the Agave biomass as a source of carbon during fermentation the 
CMCases activities of K1 and A0 were 3.82 ± 0.24 U/ml and 3.5 ± 0.12 
U/ml, respectively (Figure 2B). The enzyme activity of these isolates 
was found higher than those of the most widely studied bacteria and 
fungi, which have received wide attention for commercial production 
of cellulase [14].

The production of reducing sugar was maximum on the third day 
of incubation and then it was decreased considerably (Table 2). The 
Bacillus spp. K1 and A0 produced 0.729 ± 0.027 and 0.696 ± 0.016 g 
reducing sugars respectively by the degradation of per gram of Agave 
fibers. The reduction in the reducing sugar production after 72 h 
might be due to the fact that the production of bioethanol requires 
consumption and conversion of sugars during the bacterial growths. 
The production of reducing sugar might have been decreased with the 
increase in incubation period which could be due to the consumption 
and conversion to other chemicals by the bacterial strains. Further, the 
consumption of reducing sugars by bacteria prevented the inhibition 
effect of these sugars on enzymatic hydrolysis and ultimately end-
product production, producing ethanol. Also, after seven days of 
incubation, the survival rate of the both the strains were 100%.

SDS-Polyacrylamide gel electrophoresis (PAGE) and 
zymogram analysis

The molecular weight of the crude cellulases produced by K1 and 

Table 1: Hydrolysis ability of the bacterial isolates with positive (+ve) and negative (-ve) controls.

Bacterial isolates Halo diameter (d, cm) Colony diameter (d, cm) Hydrolysis ability (D/d)2 Species
K1 4.8 1.1 19.04 Bacillus sp. K1
A0 3.4 0.9 14.27 Bacillus sp. A0

+ve control 3.3 0.9 13.44 C. xylanilytica
-ve control - 0.7 - E. coli BL21
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Figure 2: Cellulase activity using (A) CMC and (B) Agave biomass.
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A0 were estimated ~36 kDa ~40 kDa respectively (Figure 3). Many 
researchers reported that the molecular weight of cellulases produced 
by Bacillus species ranges from 37-43 kDa [15-18]. However, other 
reports show the molecular weight of cellulases by other species of 
Bacillus to be 53–78 kDa [19-21].

Production of ethanol by degradation of Agave biomass

The microorganisms require nutrients for energy generation and 
enzymes production. The source of lignocellulosic biomass functions 
as the main source of carbon. The production of ethanol is influenced 
by different factors such as carbon source, nitrogen source, culture 
conditions, etc. [22]. The results showed that both the strains produced 
ethanol efficiently. The maximum bioethanol was produced by strain 
K1 0.435 g/g of Agave biomass and the strain A0 produced 0.397 g/g 
ethanol at the 4th day of incubation which was significantly different 
to its production on the other days by both the strains. The ethanol 

yield was decreased significantly after 4 days of incubation by both 
the bacterial isolates (Figure 4). It might be due to the toxic effect 
of ethanol to the bacteria or that they are metabolizing it to another 
product. Further, these Bacillus strains had ability for simultaneous 
saccharification and fermentation and were able to convert the 
reducing sugar to ethanol from the first day of incubation to day seven 
without pre-treatment of Agave biomass. The enzymatic hydrolysis is 
helpful to give better ethanol yields than thermal acid hydrolysis after 
fermentation [23]. During enzymatic hydrolysis, if the biomass is pre-
treated, the production of ethanol is always higher. Also, the hydrolysis 
ability and ethanol tolerance of microbial strains is different.

The development of low cost and high efficiency substrates like 
Agave in industrial scale is very important. However, the conversion 
of Agave lignocellulosic biomass to bioethanol and other value added 
products is limited by several factors such as the complexity in pre-

Table 2: Yields of reducing sugars from Agave degradation by two bacterial strains.

Incubation time (days) Yg/g Reducing sugar (A0) Yg/g Reducing sugar (K1)
1 0.414 ± 0.017 0.470 ± 0.027
2 0.561 ± 0.014 0.590 ± 0.015
3 0.696 ± 0.016 0.729 ± 0.027
4 0.490 ± 0.032 0.545 ± 0.012
5 0.371 ± 0.027 0.415 ± 0.026
6 0.283 ± 0.020 0.312 ± 0.022
7 0.114 ± 0.013 0.129 ± 0.017

Yg/g Reducing sugar = Reducing sugars (g/L)/50 g agave fiber per liter

K PK1 M

28 kDa

A0 P

72 kDa

55 kDa

36 kDa

Figure 3: SDS-PAGE and zymogram of crude cellulase enzyme. (M-Marker, PK1-Protein in supernatant and K1-cellulase by strain K1, PA0-Protein in 
supernatant and A0 cellulase by strain A0. Based on the gel, the molecular wt. of the enzyme was estimated about ~36 kDa for K1 and ~40 kDa for A0).
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Figure 5: Scanning electron microscopy (SEM) images of Agave fibers. (A and A’) Untreated agave leaf structure (control) during an incubation period of 7 days. (B 
and C) Bacillus sp. K1 and Bacillus sp. A0 treated agave leaf structures after 7 days of incubation.

Figure 4: Ethanol yield from degradation of Agave biomass expressed in Ethanol (g/L)/(50 g Agave fiber per liter.
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treatment, low conversion efficiency from pentose to ethanol, and high 
production cost of the enzyme. In this research both of the cellulase 
producing Bacillus strains could degrade the untreated Agave biomass 
and produced ethanol. The use of untreated biomass could eliminate the 
pre-treatment step. Ultimately, it lowers the production cost of ethanol 
by combining the hydrolysis and fermentation steps together. Similar 
reports of ethanol production by Bacillus strains from Agave biomass 
have been found by other researchers [4]. Other microorganisms such 
as yeasts could also produce ethanol from Agave biomass fermentation 
[24-26].

There has been a considerable interest in the production of ethanol 
using biomass fermentation on a large scale. There is a focus towards 
high yield of ethanol with the use of lignocellulosic biomass with 
the high productivity to reduce the cost of production. During the 
hydrolysis process of biomass using enzymes like cellulase, purified 
enzymes with optimized conditions give better result for degrading 
cellulose and hemicellulose of the biomass [27]. However, one of the 
major problems with the production of bioethanol from lignocellulosic 
biomass is the high production cost of the cellulolytic enzymes because 
most of the commercially available cellulytic enzymes are not efficient 
for simultaneous saccharification and fermentation process. The 
cellulolytic microorganisms possessing hydrolytic and fermentative 
abilities are more efficient for the bioethanol production from 
lignocellulosic biomass [28]. In this research the two Bacillus strains 
could produce cellulase efficiently by using Agave biomass and helped 
in the hydrolysis and fermentation of this lignocellulosic biomass to 
produce ethanol.

Morphology observation of Agave fiber

The control (untreated) Agave leaf surface was smooth after 7 days 
of incubation which indicates no degradation of the fibers (Figures 
5A and 5A’). The bacteria treated images show the broken cell wall 
with rough surface. After the bacterial treatment, the fiber surface was 
broken forming a large number of crevasses (Figures 5B and 5C). The 
degraded cell wall allows more cell wall degrading enzymes. Initially, 
the fine fibers are interwoven into a complex structure. The damage 
of cytoderm of the fiber helps to depolymerisation of cellulose and 
hemicellulose of Agave. Both of the Bacillus strains were able to damage 
the cytoderm of Agave fiber which helped to increase the cellulose and 
hemicellulose depolymerisation. This finding was similar with the 
findings of other researchers who reported that Bacillus species have 
ability to degrade the cellulose, hemicellulose and lignin [29,30].

Conclusion
In this research, the two Bacillus species isolated from rotting wood 

samples were assayed for cellulase activity. Both of the strains exhibited 
the higher cellulase activity than many other bacterial and fungal 
species. While using Agave biomass as a source of carbon, the CMCase 
activity of K1 was 3.82 ± 0.24 U/ml and A0 showed this activity as 3.5 ± 
0.12 U/ml. Based on SDS-PAGE analysis, the molecular weights of the 
cellulases produced by K1 and A0 were found ~36 kDa and ~40 kDa, 
respectively. By using untreated Agave biomass, the maximum ethanol 
production was 0.435 g/g Agave biomass by strain K1. Similarly, isolate 
A0 produced 0.397 g/g ethanol on the 4th day of incubation. Both of 
these strains are of particular interest for producing maximum cellulase 
using lignocellulosic biomass which might be valuable for biorefining 
industries for the production of bioethanol. Also, the Agave biomass 
was found as a good source of lignocellulose without pre-treatment. 

Further research is required for improving the ethanol yield by using 
different fermentation conditions and for detecting the other important 
chemicals produced during the fermentation of Agave biomass. 
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