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Abstract
Waste carbon straw like rice straw (RS) could be consumed as an ideal substrate in anaerobic fermentation for biofuel pro-
duction. However, this practice is obstructed by the existence of the lignin polymer in RS. Enzyme lysates from individual 
strains and enzyme lysate mixture from all seven strains were used in to remove the lignin of waste carbon straw (RS). The 
effect of enzyme lysate on removing lignin and increasing fermentation rate was measured. Maximum delignification of RS 
was obtained from enzyme mixture of all seven bacterial strain crude samples as compared to individual enzyme lysates 
of these bacterial strains. A selective lignin reduction of 46.7% was obtained from enzyme mixture-pretreated RS samples; 
however, the highest individual TL26E enzyme lysate degrades 19.9% of the lignin from the treated RS sample. Scanning 
electron microscopy (SEM) analysis displayed a visible modification in the organic fiber of the pretreated RS samples 
compared to the untreated RS. The cumulative biogas was up to 260–280 NmL/gVS from the individual enzyme lysate. 
However, maximum cumulative biogas of 489.6 NmL/gVS was obtained from enzyme mixture-pretreated RS. Cumulative 
biogas produced from treated RS was 38% higher than the untreated RS. The study suggests that the synergistic enzymatic 
treatment could be more effective for waste biomass hydrolysis in bioprocess technology.
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1  Introduction

The energy crises and dependency on fuels from petroleum 
sources focus on the demand for renewable energy from 
waste biomass. To build an efficient renewable energy and 

biochemical system, a specific robust hydrolytic inoculum, 
waste biomass, and safe biochemical process are necessary. 
It is necessary to isolate, screen, and purify only the efficient 
microbial strains. The introduction of standardized inoculum 
and enzyme lysate for each specific bioproduct is likely to 
have an enormous outcome on the cost of product yield at 
the industrial level [1].

Food waste and waste lignocellulosic biomass (WLB) are 
of potential interest for biomaterials and biobased products. 
Food waste is easily digestible; however, WLB like grasses, 
waste paper, wood residues, and crop residues are abundant 
and most of the countries practiced it to burn them in the 
field. So, a valuable carbon source has vanished. WLB is 
composed of mainly three basic molecules, lignin, hemicel-
lulose, and cellulose. Lignin crosslinking between the poly-
saccharides (cellulose and hemicellulose) confers hydrolytic 
stability and resists degradation and structural recalcitrance. 
Due to this barrier, the sugars remain entrapped inside 
lignin. Several pretreatment methods, which include chemi-
cal and physical, are employed for waste biomass hydrolysis. 
These waste biomass pretreatment methods are not suitable 
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because of high cost and inhibitor generation [2]. Without 
treatment, the final yield of products are less as lignin acts 
as a barrier to bioenergy production and other industrial fer-
mentation [2]. Thus, an economical pretreatment method 
will be chosen to provide readily digestible waste sugar 
carbon from lignocellulosic biomass for energy, biomateri-
als, and biochemicals and other industrial products [3]. The 
selection of a suitable pretreatment method is vital but the 
treatment method should be efficient and must be inexpen-
sive, must increase energy yield, and should not generate 
any inhibitors [4].

Gaseous anaerobic fermenting microorganisms are 
reported to breakdown simple sugars into energy and bio-
chemicals. However, the isolation of solvents producing 
aerobic and anaerobic microorganisms from complex bio-
mass is not known yet [5]. So far, known microorganisms are 
acetogenic, acidogenic, and methanogenic. These microor-
ganisms produce acetic acid, hydrogen, carbon dioxide, and 
methane. The acetogenic and acidogenic-specific microor-
ganisms yield acids and VFA production. The final product 
is methane which is generated mainly from the acids gener-
ated in these steps as shown in the equation below [6, 7].

To replace the need for chemical treatment for waste bio-
mass and to purify standardize strains and enzyme is desir-
able in future bioprocess technology. This study targeted 
to use enzyme from already isolated ligninolytic Bacillus 
sp. strains. These strains were capable of growth on lignin 
waste and straw. Laccase and lignin peroxidase are two 
important enzymes critical to lignin degradation. Besides 
other microorganisms, Bacillus sp. is reported with multiple 
enzymes including laccase and lignin peroxidase [8]. These 
two enzymes are vigorously involved in the breakdown of 
aromatic amines, phenols, and many other xenobiotic mole-
cules [9]. In this study, enzyme lysate in separate and enzyme 
mixture from selected seven best strains of Bacillus sp. were 
used. We tested the efficiency of enzyme extracts from these 
strains to break down lignin in rice straws. After the enzyme 
lysate pretreatment, the compositional, morphological, and 
fermentation yields were analyzed for possible improvement.

(1)
substrate+VFA, s∕Acids → butyrate∕acetate + CO2 + H2 + CH4

2 � Methodology

2.1 � Substrate

Substrate, i.e., rice straw (RS) residue, was chopped and col-
lected as dried materials from a local field. The RS residue 
was packed in polythene bags at room temperature for a 
1-week time. The RS was ground to 20-mesh size and kept 
at room temperature in polyethylene plastic bags.

2.2 � Microbial culture selection

In our previously reported study [8], seven strains out of 
27 Bacillus sp. strains were selected based on the ability 
to grow on alkali lignin and synthetic azure B dye. The 
medium of these strains consisted of 1 g/L alkali lignin 
dissolved in mineral salt of 1.0 g/L NaCl, 1.0 g/L MgSO4, 
1.0 g/L KH2PO4, 0.4 g/L CuSO4, 0.002 g/L MgSO4, and 
0.5 g/L CaCl2. The selected best strains with the upper-
most actions against azure B are listed in Table 1.

2.3 � Enzyme lysate preparation

To prepare enzyme lysates, the Bacillus sp. strains were 
cultured in 50 mL of media consisting of 1% glucose, 
0.5% (NH4)2SO4, 0.5% peptone, 1.0 g/L KH2PO4, 1.0 g/L 
MgSO4, 1.0 g/L NaCl, 0.5 g/L CaCl2, 0.4 g/L CuSO4, and 
0.002 g/L MgSO4 at 37°C for 5 days at 150 rpm. Crude 
enzyme was harvested from bacterial culture by disrupt-
ing the cells through sonication for 5 min followed by 
centrifugation at 10,000 rpm for 10 min at 4°C.

2.4 � Lignin peroxidase (LiP) and laccase (Lac) assay

The bacterial culture was incubated at 150 rpm at 37°C for 
7 days on a medium containing lignin (0.01 g/100 mL), 
peptone (0.05 g/100 mL), and yeast extract (0.05 g/100 
mL). The crude enzyme supernatants were assayed for 
lignin peroxidase (LiP) and laccase (Lac) enzyme activi-
ties as described previously in detail [8]. The enzyme 
activity of LiP and Lac was calculated as

(2)(IU∕mL) =
[

change in OD ∗ volume of whole assay
]

÷
[

C of substrate ∗ time ∗ volume of enzyme
]

C is for the substrate concentration in the assay.

2.5 � Rice straw hydrolysis

Five grams of rice straw (RS) was moistened in 100 mL 
of phosphate buffer (0.5 M) pH 5 for pretreatment RS 

hydrolysis at 50°C for 7 days at 150 rpm either enzyme 
lysates of the bacteria. For the RS hydrolysis by crude 
enzymes, the lysates from each strain were tested either 
individually or as a mixture from all seven strains. For 
the individual lysate, 40 mL of crude enzyme (0.7 mg 
proteins) from each strain was added to the flask. For the 
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lysate mixture, 5.7 mL of a crude enzyme (0.1 mg proteins 
from each of the seven strains equal to 0.7 mg proteins) 
was combined and added to the flask. The flasks were 
shaken at 50 ± 1°C, pH 5, 150 rpm for 7 days. RS without 
enzyme addition was kept as a control sample. The weight 
change was calculated as the difference between the initial 
and final weight of RS using this formula:

2.6 � Proximate analysis for composition

Proximate analysis can be used to assess a sample’s mois-
ture, ash, volatile and solid organic matter (TS, VS), and 
proportion of total fixed carbon. In order to perform proxi-
mate analysis, the untreated rice straws used in our current 
research were first analyzed by Laboratory Analytical Proce-
dures LAP-001 (23) and LAP-005 (24) [10] to calculate the 
composition of untreated rice straw. The initial composition 
of moisture content, ash, volatile matter, lignin, hemicel-
lulose, and cellulose of rice straws was determined. Change 
in the amount of hemicellulose and cellulose was measured 
for each tested RS sample according to the National Renew-
able Energy Laboratory (NREL) method. The moisture was 
determined by taking 2 g of rice straw and dried at 105°C 
overnight. Moisture content was calculated using Eq. 1,

where M is the initial sample weight/g, M1 is the sam-
ple weight/g + container before drying, and M2 is the sam-
ple weight/g + container after drying. Similarly, 2 g dried 
rice straw was heated to 500°C in a muffle furnace for 3 h, 

Percent change in weight =
y1 − y2

y1
× 100

y1 = initial weight

y2 = final weight

(3)% moisture =
(

M1 −
M2

M

)

∗ 100,

cooled to ambient temperature in a desiccator, and weighed 
to assess the samples’ ash content. The ash was estimated 
as such (Eq. 2),

where S is the burn dish weight, S1 is the sample with-
out moisture, and S2 is the weight of sample plus dish after 
furnace ignition. A clean crucible was heated for 24 h to 
105–110°C; the substrate was weighted and dried in the 
oven set at 70°C. The TS is calculated as Eq. 3,

where T is the dried sample + dish and S is the dish 
weight. The volatile solids (VS) were measured by heat-
ing the substrate to 450°C for 1 h in a desiccator. The dry 
ash was collected from the muffle furnace, and VS was 
calculated after cooling the sample.

where V is the substrate weight + dish and D is the 
substrate weight + dish after ignition. A 300-g dry sample 
was soaked in 3 mL of 72% sulfuric acid in a pressure tube 
for lignin measurement, and the sample was then incu-
bated in a water bath at 30°C for 60 min. A tiny glass rod 
was used to agitate the samples continuously. Eighty-four 
milliliters of pure water is added to dilute the reaction to 
4%. The reaction ceased after full breakdown and cooled 
to ambient temperature. The soluble lignin is measured 
from the UV-visible spectrophotometer’s absorbance 
value, and insoluble lignin is from the weight of the ash 
after overnight oven-dried rice straw sample and burned at 
575 °C. The calculations are done according to the NREL 
laboratory analytical process [10]. The National Renew-
able Energy Laboratory’s (NREL) established analytical 
method (NREL/TP-510-42618) was used for the analysis 
of rice straw composition of cellulose and hemicellulose 
sugars (hexose and pentose sugars) by using high-pres-
sure liquid chromatography (HPLC) system for rice straw 
samples. The compositions of rice straw were determined 
before and after pretreatment processes. Acid hydrolysis 
was used to convert the samples’ cellulose and hemicel-
lulose into monomeric sugars. HPLC from Agilent (USA) 
equipped with a refractive index detector (RID) and an 
Agilent Hi-Plex-H column that was maintained at 55 °C 
and 80 °C, respectively, was run to measure monomeric 
sugars. A flow rate of 0.6 mL/min was used as a mobile 
phase in HPLC. Glucose and galactose were quantified for 
cellulose amount, xylose and arabinose for hemicelluloses. 
The calculations were done using Eqs. 5 and 6.

(4)% ash = (S2 − S∕S1) ∗ 100,

(5)TS% ((T − S)∕S) ∗ 100,

(6)VS% = (V − D)∕V × 100,

(7)Cellulose (%) = (GGR × 0.9)∕dW × 100,

Table 1   Enzyme capabilities of Bacillus sp. strains

Strains Accession # Lignin 
peroxidase

Laccase

Bacillus sp. strain TL4 KY744570 ++ ++
Bacillus sp. strain TL6 KY744571 ++ ++
Bacillus sp. strain TL8 KY744572 + +
Bacillus sp. strain TL24 KY744573 + +
Bacillus sp. strain TL26 KY744574 ++ ++
Bacillus sp. strain TL27 KY744575 + +
Bacillus sp. strain TL33 KY744576 + +
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where GGR is the galactose glucose released (g), dW 
is dry weight of sample (g), and AXR is the arabinose and 
xylose released (g), whereas the calculation for the lignin 
degradation was done as in Eq. 7.

dW is the dry weight of sample (g), ASLf is the acid-sol-
uble lignin in treated rice straw, ASLf is the acid-insoluble 
lignin in treated rice straw, Wi is the initial weight (g) of 
the untreated rice straw, ASLi is the acid-soluble lignin in 
untreated rice straw, and ASLi is the acid-insoluble lignin 
in untreated rice straw.

The total mass loss as a dried base was measured total 
solid loss percentage after reaction pretreatment comple-
tion. All the samples were stored for scanning and anaerobic 
fermentation to biogas.

2.7 � Scanning electron microscopy (SEM)

The enzyme lysate treated of individual strain and enzyme 
lysate mixture-treated RS samples were checked for surface 
destruction using SEM (JSM-7800F PRIME, JEOL USA). 
The method details for taking the SEM images to note the 
changes induced by enzyme lysate on RS surface were used 
as described previously [2].

2.8 � Anaerobic digestion assay

For the anaerobic digestion, the rice straw treated with 
enzyme mixture and enzyme lysate of the respective iso-
lates and untreated RS were selected for evaluation of biogas 
production. The anaerobic digestion assay (ADA) was per-
formed in 100 mL of anaerobic reactors. In each anaerobic 
reactor, 1 g untreated RS, control inoculum sludge, individ-
ual enzyme lysate-treated RS, and enzyme lysate mixture-
treated RS were added. Each anaerobic reactor is added with 
2 mL of multivitamin solutions, 8 mL of sodium bicarbonate 
solution, and 8 mL of potassium bicarbonate (2.5 g/L). For 
each anaerobic reactor, food/microbe ratio (F/M) of 0.56 g/
VS was set as the initial starter inoculum. The anaerobic 
reactor was degassed using nitrogen gas flushing for 5 min. 
The ADA anaerobic reactors were brought to pH 8 and kept 
in triplicate at 37 ± 1°C conditions. The ADA anaerobic 
reactors were checked daily for biogas production using 
the water displacement method. The methane and carbon 
dioxide percentage of each anaerobic reactor was analyzed 
using GFM406, a multichannel portable gas analyzer. The 
obtained biogas data was checked using OBA simulator as 

(8)Hemicellulose (%) = (AXR × 0.88)∕dW × 100,

(9)Lignin degradation (%) =
[

1 − dW(ASLf + AILf )∕(Wi (ASLi + ASLi))
]

∗ 100.

described previously. This OBA biogas software uses R 
package to measure the total methane, total biogas produced, 
rate of biogas in volume, and rate of methane in volume as 
described previously [4, 11].

3 � Results

3.1 � Effect of enzyme hydrolysis on rice straw (RS)

The rice straw was composed of 19.8% lignin, 26.4% 
hemicellulose, 36.2% cellulose, 93.4% TS, and 76.6% 
VS. These results are consistent with previously reported 
data of rice straw [12]. Enzyme hydrolysis is supposed to 
induce changes in the physical, chemical structures and 
chemical compositions of RS. The isolated and selected 
bacterial culture strain, when grown on lignin and the 
lignin analog dye azure B, substantially reduced the 
lignin and azure B dye solution after 72 h of incubation. 
In comparison to other strains, TL4, TL6, and TL26 had 
the highest activity for decolorizing lignin and the azure 
B dye out of the seven selected cultures. TL4, TL6, and 
TL26 were greater among the seven Bacillus sp. strains 
examined for the optimum expression time and activity 
condition, despite all the strains producing the lignin per-
oxidase (LiP) and laccase (Lac) being expressed. All of 
the strains showed suitable LiP and Lac activity at 50 °C, 
while optimal LiP expression was seen at 48 h of growth 
and optimal activity was at pH 3. Similar to this, 72 h of 
growth produced the maximum expression of Lac activity, 
which peaked at pH 5. The greatest LiP and Lac activity, 
for TL26, TL6, and TL4, was 2.99 IU/mL, 2.81 IU/mL, 
2.74 IU/mL, 2.69 IU/mL, 1.96 IU/mL, and 1.77 IU/mL, 
respectively (data not shown).

Among the seven Bacillus sp. strains, TL26, TL6, and 
TL4 had the highest enzyme activity for LiP and Lac; as 
a result, these three strains were chosen as the highest 
producers. Rice straw hydrolysis effect with individual 
enzyme lysate and enzyme mixture of all seven Bacillus 
sp. strains is shown in Fig. 1. In the testing of lignin degra-
dation from the rice straw for the crude enzyme samples of 
TL4E, TL6E, TL8E, TL24E, TL26E, TL27E, and TL33E, 
the crude enzyme sample of TL33E and TL27E showed the 
highest 10.49% and 8.75% degradation of cellulose con-
tents from the rice straw initial composition as compared 
to other tested samples (Fig. 1A). Likewise, TL33E and 
TL27E also produced 5.1% and 4.6% decrease of hemicel-
lulose contents from the rice straw initial composition as 
compared to other tested samples (Fig. 1C). Interestingly, 
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TL4E, TL6E, and TL26E displayed the maximum lignin 
degradation of 13.3%, 18.6%, and 19.5%, respectively, 
decrease of lignin from the rice straw initial composition 
as compared to other tested samples (Fig. 1B), whereas 
the enzyme mixture sample of all the seven decreased the 
cellulose contents from the sample by 42.2% and 24.9% of 
hemicellulose and 46.7% of lignin (Fig. 1D). This degra-
dation of lignin of rice straw for TL4E, TL63, and TL26E 
corresponded to the high expression of LiP and Lac. In 
all the seven enzyme individual test and enzyme lysate 
mixture treatment, a decrease of lignin was detected; how-
ever, the reduction of lignin percentage is more significant 
than the individual enzyme treatment, whereas a negligible 
amount of reduction in cellulose and hemicellulose content 
was observed in case of both individual enzyme lysate and 
enzyme lysate mixture samples (Fig. 1).

Ligninolytic bacteria have been isolated from different 
ecosystems, including soil, animal excreta, organic waste, 
compost deposits, the digestive tracts of insects, and waste-
water. These bacteria have the potential to play a significant 
role in the process of lignin degradation and modification. 
The bacteria that possess the ability to modify and degrade 
lignin can be categorized into Actinomycetes, specific 
members of the Firmicutes phylum, α-Proteobacteria, and 
γ-Proteobacteria. A list of such bacterial strain is given in 
Table 2.

3.2 � SEM micrographs of rice straw

The surface structure of the untreated RS and pretreated RS 
with enzyme was compared applying SEM micrographs 
(Fig. 2). The untreated RS (designated as C) has highly 

Fig. 1   Effect of enzyme lysate (TL4E, TL6E, TL8E, TL26E, TL27E, TL33E) and enzyme mixture (M. Enz) on the composition of rice straw 
after hydrolysis
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Table 2   Comparison of other 
lignin-degrading bacterial 
strains [13] and function as 
evidence to the current research

Species Function Carbon source

Streptomyces viridosporus T7A Lignin degradation Corn-stover
Rhodococcus jostii RHA1 Lignin degradation Synthetic lignin
Rhodococcus opacus DSM1069 Lignin as sole carbon source for growth Organosolv lignin
Enterobacter lignolyticus SCF1 Better growth with addition of lignin Kraft lignin
Rhodococcus erythropolis Increase of absorbance Nitrated wheat lignin
Enterobacter soil sp. nov. Grow and degrade lignin Kraft lignin
Enterobacter aerogenes Grow and degrade lignin Kraft lignin
Pseudomonas putida A514 Grow and degrade lignin Alkali insoluble lignin
Pseudomonas putida KT2440 Grow and degrade lignin Alkali-pretreated liquor
Pseudomonas putida NX-1 Reduced guaiacyl Kraft lignin
Bacillus pumilus Grow and valorize lignin Kraft lignin
Bacillus sp. Grow and degrade lignin Kraft lignin
Bacillus sp. ITRC-S8 Growth and decolorization Kraft lignin
Bacillus atrophaeus Decrease of molecular weight Kraft lignin
Paenibacillus glucanolyticus Decreased average molecular Lignin
Bacillus ligniniphilus Release of monomeric aromatic Alkaline lignin
Clostridium thermocellum Decreased β-O-4 linkage Populus lignin
Thermobifida fusca Sole carbon source for growth Switch grass
Caldicellulosiruptor bescii Release of lignin-derived Switch grass
Bacillus sp. strain TL8 Grow and degrade lignin Alkali insoluble lignin
Bacillus sp. strain TL26 Grow and degrade lignin Alkali insoluble lignin
Bacillus sp. strain TL4 Grow and degrade lignin Alkali insoluble lignin
Bacillus sp. strain TL6 Grow and degrade lignin Alkali insoluble lignin
Bacillus sp. strain TL24 Grow and degrade lignin Alkali insoluble lignin
Bacillus sp. strain TL27 Grow and degrade lignin Alkali insoluble lignin
Bacillus sp. strain TL33 Grow and degrade lignin Alkali insoluble lignin

Fig. 2   Surface morphology of the RS solid fraction. C = untreated RS, TL4E = enzyme supernatant of Bacillus sp. strain TL4, TL6E = enzyme 
supernatant of Bacillus sp. strain TL6, TL26E = enzyme supernatant of Bacillus sp. strain TL26 with equal magnification of 2K times
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compact, smooth, and homogeneous structure. The homo-
geneous and smooth structure was degraded after enzyme 
and bacterial culture treatment; the solid residue of RS lost 
their highly dense structure. The surface was showing a clear 
degradation and distortion. The images in Fig. 2, for TL4E, 
TL6E, and TL26E, clearly show broken fibrils and disrupted 
bundles in the cell wall complex of each sample. Our results 
are consisted with previously reported SEM micrograph 
of RS treated with ligninolytic consortia and ligninolytic 
enzyme. They also reported similar distortion and degrada-
tion after biological pretreatment of RS [14, 15].

3.3 � ADA for biogas and methane yield

The biogas potential is often defined as the volume of biogas 
produced per gram volatile solid (VS) added for the spe-
cific substrate. The accumulated final methane production 
is regarded as the methane potential of the particular sub-
strate. In the current study, the methane (CH4) content of the 
biogas was 32% for untreated, around 36–38% for enzyme 
lysate, and 60.5% for enzyme mixture-pretreated rice straw 
(Table 3).

The daily biogas volume, daily volumetric methane rate, 
cumulative biogas, and cumulative methane yield were 
measured from the anaerobic digestion of RS for untreated, 
individual enzyme lysate, and enzyme mixture of Bacillus 
sp. strain-pretreated rice straw. The results show that maxi-
mum biogas and methane yield both occurred between 6 and 
30 days and the highest results were obtained from enzyme 
mixture compare to enzyme lysate and untreated RS, respec-
tively. Likewise, the daily biogas volume and daily volumet-
ric methane yield were also similarly maximum between 
6 and 30 days from enzyme mixture, compared to indi-
vidual enzyme lysate and untreated RS, respectively. In the 
biogas potential experiment from rice straw from samples 
of untreated as control, TL4E, TL6E, TL26E, and enzyme 
mixture as treated samples were observed and measured 
as the volume of biogas per gram volatile solid of the rice 
straw added in the reaction bottle. A 48-h lag phase was 
detected in the TL4E, TL6E, TL26E, and enzyme mixture-
treated samples, whereas 6 days of lag phase in the case of 
untreated rice straw sample. The methane and biogas yield 
was gradually increased from the 4th day and continued till 
two-week time; later, the yield per day starts to decline in 
the daily biogas yield. The experiments were run till the 
biogas completely stopped and no further the methane con-
tent was detected through GC and no daily biogas pressure 
observed from the reactor bottle. When biogas stopped, the 
methane content was dropped in the reactor bottle samples. 
The experimental values of methane percentage from the 
enzyme mixture-pretreated rice straw had produced into an 
expressively high methane % and methane yield than that 
of individual enzyme lysate and untreated rice straw. The 
high methane yield could be of the low lignin quantity in 

Table 3   Methane content (%) in 
biogas of the BMP experiments

Treatment CH4 (%)

Untreated RS 32
TL4-E 38.5
TL6-E 37.6
TL26-E 36.5
Enzyme mixture 60.5

Fig. 3   Daily biogas and daily volumetric methane normalized (NmL/gVS) of individual enzyme lysate separately (TL4-E, TL6-E, TL26-E) and 
enzyme mixture obtained from anaerobic digestion of rice straw
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the enzyme mixture-treated sample and efficient methano-
genesis in the treated as compared to the untreated sample.

The highest daily biogas was 7, 26–28, and 55 mL/day 
from untreated, enzyme lysate separately (TL4-E, TL6-E, 
TL26-E), and enzyme mixture of all Bacillus sp. strains, 
respectively (Fig. 3). Analogous response of daily biogas 
yield was observed for increasing and dropping down to 
10 mL/day at the end of the experiment for the untreated 
RS and enzyme lysate separately (TL4-E, TL6-E, TL26-E). 
However, the daily biogas yield was speedily increased and 
gradually decreased for the pretreated enzyme mixture of 
all Bacillus sp. strains and reached up to minimum 13 mL/
day, respectively, at the end of the experiment. Likewise, 
the highest daily volumetric methane rate was 4.2, 5–8, and 
19.5 mL/gVS from enzyme lysate separately (TL4-E, TL6-
E, TL26-E) and enzyme mixture of all Bacillus sp. strains, 
respectively (Fig. 3).

Provided with standard conditions in the biogas software 
package (written in R) and using the web-based interface 
calculation measure with 101.325 kPa and 0 °C for each 
sample data by default, the web-based interface called 
OBA calculated the volumetric rate of methane from the 
daily volume of biogas for each data point. The results 
obtained showed that the three samples treated with TL4E, 
TL6E, and TL26E produced a slower methane production 
compared to the enzyme-mixture sample. During the accu-
mulation and production of methane, the second week of 
fermentation period in 8–12th day has produced maximum 
methane yield. It is evident the TL4E, TL6E, and TL26E 
4.43 NmL/gVS volumetric rate of methane per day during 

the fermentation period in the 8–12th day, whereas the 
enzyme-mixture sample 10.25 NmL/gVS volumetric rate 
of methane per day fermentation period in the 8–12th day. 
Although the untreated rice straw sample showed a minute 
expression of 0.169 NmL/gVS volumetric rate of methane 
per day fermentation period in the 8–12th day, the methane 
yield showed that the enzymatic pretreatment, individual 
enzyme lysate, and enzyme mixture increase the produc-
tion rate of methane compared to untreated rice straw sam-
ple. This may be primarily due to the action of the enzyme 
laccase and lignin peroxidase pretreatment which caused 
lignin to become soluble, allowing quick hydrolysis of 
the cellulose and hemicellulose fractions and enhancing 
the fermentation process, which eventually increased the 
methane yield.

The cumulative maximum biogas (Fig. 4) was 265.3, 
270–280, and 528.9 NmL/gVS from untreated, individual 
isolates (TL-4, TL6, TL26), and co-inoculated Bacillus sp. 
strain-pretreated rice straw, respectively. The cumulative 
maximum biogas (Fig. 4) was 250.5, 260–286, and 489.9 
NmL/gVS from untreated, individual enzyme lysate (TL4E, 
TL6-E, TL26-E), and enzyme mixture of all Bacillus sp. 
strains, respectively (Fig. 4). The results of daily biogas, 
daily volumetric methane rate, and cumulative biogas of 
the pretreated RS for enzyme mixture of all Bacillus sp. 
strains were twofold or 50% higher than that of the indi-
vidual enzyme lysate and untreated RS, respectively, after 
50 days of anaerobic digestion. These results indicate that 
enzyme mixture of Bacillus sp. strains increased 38.1% 
biogas production.

Fig. 4   Cumulative biogas (NmL/gVS) of individual enzyme lysate separately (TL4-E, TL6-E, TL26-E) and enzyme mixture obtained from 
anaerobic digestion of rice straw
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To observe a significant difference in the overall methane 
production between the testes samples for TL4E, TL6E, 
TL26E, and the enzyme mixture. An analysis of variance 
(ANOVA) in one direction was used to look into the sta-
tistical variation in methane production. The results of the 
variance analysis (ANOVA) and multiple comparisons of 
the samples of untreated rice straw and treatment tests for 
TL4E, TL6E, TL26E, and enzyme mixture are shown in 
Table 3. The substrate samples for the enzyme mixture, 
TL4E, TL6E, and TL26E treatments on untreated rice straw 
totaled 94 reaction samples. Table 4 shows that two dif-
ferent tests—the Brown-Forsythe test and Bartlett’s test—
were carried out in the one-way ANOVA to determine the 
significance of the results and methane output. The results 
are significant according to both the Brown-Forsythe test 
and Bartlett’s test analyses, which both gave R2 values of 
0.2767 and P values of P > 0.001. The majority of the 
variables for all of the substrates under investigation—rice 
straw that had not been treated, rice straw that had been 
treated with TL4E, TL6E, TL26E, and enzyme mixture—
were consistently significant in the one-way ANOVA, with 
a P value of 0.001 being the consistent value. The yields of 
the treated samples and the untreated sample are substantial 
and favorably suggest that this impact is attributable to the 
improved lignin breakdown and cellulose digestibility, both 
of which promote anaerobic digestion.

4 � Discussion

Microorganisms are a favorable source for production of 
biochemicals and metabolites. In fact, a microbial cell is 
functioning as a factory, which synthesized different kinds 
of useful secondary materials [16]. Enzymes are one of the 
useful secondary molecules synthesized by bacterial culture 
that can be used for the different industrial purpose in the 
desired field [17]. These enzymes have wide applications in 
the formation of detergents, starch processing, food industry, 
paper and pulp industry, and biofuel production. Genetic 
manipulation can make enzymes more vital for commercial 
applications in biorefinery industry. The globe is spending 
a huge amount of money on the imports of fuel produced 
from fossil resources. The increasing of population further 
intensifies the demand for fuel [3]. The researchers are now 
looking for a method to utilize waste biomass for alterna-
tive sustainable energy at cheaper cost [18]. Bacillus strains 

are known for their ability to break down lignin. These 
strains can use alkaline lignin as their sole source of carbon 
or energy and have been found to have at least four differ-
ent pathways for lignin degradation, including the gentisate 
pathway, the benzoic acid pathway, and the β-ketoadipate 
pathway. Whole-genome sequencing has revealed that these 
strains contain genes that encode enzymes involved in lignin 
degradation, such as laccases and peroxidases. Bacterial 
ligninolytic enzymes, including lignin peroxidase, manga-
nese peroxidase, and laccase, facilitate the degradation of 
lignin. These enzymes can be classified into two groups: 
lignin-modifying enzymes (LME) and lignin-degrading aux-
iliary enzymes (LDA). LME enzymes like lignin peroxidase 
and manganese peroxidase modify the structure of lignin, 
while LDA enzymes like β-aryl ether and biphenyl degrad-
ing enzymes help break down lignin monomers and dimers. 
The presence of these enzymes in bacteria can work together 
to enhance the efficiency of lignin degradation. The break-
down of lignin can be achieved through a combination or 
mixture of different enzymes. Bacillus aryabhattai BY5, for 
example, is a strain that has been found to degrade lignin and 
express the simultaneous action of laccase and manganese 
peroxidase enzymes in the lignin disintegration process [19].

Due to lignin’s complex and heterogeneous nature, the 
involvement of multiple enzymes is necessary for its degrada-
tion. Using a mixture or combination of enzymes can be an 
effective approach to achieve better lignin degradation com-
pared to using a single enzyme. In a combination of mixed 
enzymes, laccases oxidize lignin and other phenolic com-
pounds, producing free radicals that break down the lignin 
polymer. Similarly, peroxidases speed up the oxidation pro-
cess, generating reactive intermediates that break down the 
lignin polymer. Manganese peroxidases, on the other hand, 
facilitate the oxidation of lignin and other phenolic compounds 
in the lignin polymer. β-Etherases play a significant role in 
efficiently degrading lignin by cleaving the β-O-4 bond, which 
is the most abundant linkage in lignin [20]. Therefore, combi-
nation of enzymes from robust culture with high enzyme yield 
could be considered a good choice to be investigated for lignin 
degradation. Therefore, this study targeted to use the com-
bination of enzyme lysate from robust culture to hydrolyzed 
rice straw and analyze biogas yield from anaerobic digestion. 
Lignin and azure B were successfully decolored by the seven 
powerful bacteria that degrade synthetic dye and lignin. Both 
lignin peroxidase and laccase, two crucial enzymes involved in 
lignin’s breakdown, were expressed by each and every one of 

Table 4   Comparison of 
cumulative methane yield of the 
untreated and treated samples 
by one-way ANOVA

ANOVA table SS DF MS F (DFn, DFd) P value

Treatment (between columns) 24,098 4 6024 F (4, 90) = 8.587 P < 0.0001
Residual (within columns) 63,138 90 701.5
Total 87,236 94
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the strains. The high enzyme activities and lignin degradation 
of the TL4E, TL6E, and TL26E enzymes suggest their possi-
ble use as pretreatment for the hydrolysis of waste biomass. To 
enhance lignin degradation, more research on optimization is 
required, particularly in the areas of nutrition and the optimiza-
tion of conditions for enzymes in mixture dose. TL4E, TL6E, 
and TL26E enzymes expressed the highest lignin degrada-
tion. The results obtained are in line with earlier research that 
demonstrated lignin breakdown and the production of lignin 
peroxidase and laccase for Bacillus sp. strain VUS [21] and 
Bacillus subtilis [22].

The results of rice straw in composition similar for mix 
microbial pretreatment of corn straw are reported in an earlier 
study, a 5–6% total reduction in cellulose and hemicellulose 
contents while 25% reductions in total lignin observed; the 
study further proved an enhanced biogas production [23]. It 
is also known that bacterial peroxidase and laccase are capa-
ble to modify and degrade lignin. Further, these enzymes 
predominantly attack the phenolic compound like lignin and 
then non-phenolic benzylic structures [24]. Bacillus sp. strains 
CS-1 and CS-2 are reported to degrade alkali lignin, and the 
strains displayed high laccase activities [12]. In earlier study, 
it is shown that the degradation ability of lignin consortium 
from rice straw can be increased using mix microbial within 
72 h of incubation [25]. These observations determined that 
the assessment of advance technology, microbial isolates, and 
hydrolytic enzymes are necessary tools for production of bio-
fuels from lignocellulosic biomass [26]. SEM analysis after 
rice straw pretreatment with enzyme lysate is supported with 
similar degradation by microbial consortium; the micrograph 
of SEM reported penetration of the outer structure and disrup-
tion of rice straw [27].

An analogous study of biological pretreatment of lignocel-
lulosic biomass reported that microbial activity expressively 
improved structural modification of cellulose in straw and 
increased its accessibility up to sixfold within the first days of 
pretreatment [28]. Correspondingly, in an evaluation of biogas 
production from rice straw after the biological treatment, the 
main carbohydrate component (cellulose) is easily transformed 
into biogas in pretreated rice straw as compared to untreated 
rice straw solid residue and enhancement of cumulative biogas 
is testified from treated rice straw than untreated sample [29]. 
This study emphasizes the importance of conducting additional 
research on the regulation of enzyme activity and the action 
of these enzymes into new low-molecular-weight compounds. 
The study highlights the importance of using combination of 
enzymes, including lignin-degrading enzymes and co-func-
tional enzymes in the future, to achieve efficient separation of 
lignin and lignocellulosic biomass. This approach can greatly 
enhance the valorization of lignin biomass, and utilizing this 
approach has the potential to significantly enhance the valoriza-
tion of lignin biomass, leading to promising results for fermen-
tation, biogas production, and methane production.

5 � Conclusion

In the present study, seven Bacillus sp. strains with optimum 
ligninolytic were screened for RS hydrolysis. These strains 
consumed alkali lignin and synthetic dyes (azure B) as a car-
bon source. The strains were capable of lignin degradation 
and were producing lignin peroxidase (LiP) and laccase activ-
ity. Utilizing their lignin degradation was vital in pretreatment 
of LB biomass hydrolysis for bioenergy production. Synergis-
tic enzyme reaction exhibits a significant delignification from 
rice straw waste residue in comparison to untreated rice straw 
reside. The enzyme mixture delignified rice straw displayed 
more biomethane yield as compared to untreated and indi-
vidual enzyme lysate-treated rice straw. The study suggested 
that synergistic bioprocessing strategy could be an attractive 
way for pretreatment of waste biomass and fermentation yield.
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