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Abstract  Microbial pretreatment of lignocellulosic 
biomass holds significant promise for environmen-
tally friendly biofuel production, offering an alterna-
tive to fossil fuels. This study focused on the isola-
tion and characterization of two novel delignifying 
bacteria, GIET1 and GIET2, to enhance cellulose 
accessibility by lignin degradation. Molecular charac-
terization confirmed their genetic identities, providing 
valuable microbial resources for biofuel production. 
Our results revealed distinct preferences for tempera-
ture, pH, and incubation period for the two bacteria. 
Bacillus haynesii exhibited optimal performance 
under moderate conditions and shorter incubation 
period, making it suitable for rice straw and sugar-
cane bagasse pretreatment. In contrast, Paenibacillus 
alvei thrived at higher temperatures and slightly alka-
line pH, requiring a longer incubation period ideal for 
corn stalk pretreatment. These strain-specific require-
ments highlight the importance of tailoring pretreat-
ment conditions to specific feedstocks. Structural, 
chemical, and morphological analyses demonstrated 

that microbial pretreatment reduced the amorphous 
lignin, increasing cellulose crystallinity and acces-
sibility. These findings underscore the potential of 
microbial pretreatment to enhance biofuel produc-
tion by modifying the lignocellulosic biomass. Such 
environmentally friendly bioconversion processes 
offer sustainable and cleaner energy solutions. Fur-
ther research to optimize these methods for scalability 
and broader application is necessary in the pursuit for 
more efficient and greener biofuel production.

Keywords  Lignocellulosic biomass · Lignin 
degradation · Cellulose accessibility · Hydrolysis · 
Biofuel · Sustainable energy

Introduction

The world’s increasing demand for sustainable and 
renewable sources of energy (Ritchie et al. 2020) neces-
sitates innovative solutions to address the urgent chal-
lenges of climate change and the need for a reliable 
energy supply (Owusu and Asumadu-Sarkodie 2016). 
Lignocellulosic biomass (LCB), derived from a vari-
ety of plant sources, has emerged as a promising feed-
stock for bioenergy production due to its abundance 
and renewability (Himmel et  al. 2007). However, the 
recalcitrant nature of biomass, primarily attributed to 
the presence of lignin, poses a formidable barrier to its 
efficient conversion into biofuels (Zoghlami and Paes 
2019). Lignin, a complex aromatic polymer, acts as a 
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natural defense mechanism in plants, safeguarding them 
against microbial and enzymatic degradation (Van-
holme et  al. 2010). This inherent recalcitrance neces-
sitates a preprocessing step, delignification, to liberate 
the cellulose and hemicellulose fractions for subsequent 
conversion into biofuels (Tocco et al. 2021). Traditional 
delignification methods often involve harsh physical 
and chemical treatments, which not only consume con-
siderable energy but also generate environmental issues 
(Ragauskas et al. 2014).

In response to these challenges, microbial pretreat-
ment has emerged as an environmentally friendly and 
energy-efficient alternative for biomass delignification 
(Tsegaye et al. 2019). Microorganisms, including bacte-
ria and fungi, possess the remarkable ability to produce 
an array of ligninolytic enzymes that can selectively 
degrade lignin and facilitate the release of fermentable 
sugars (Hatakka 2005). Moreover, they offer the advan-
tage of high specificity, reducing the need for additional 
chemicals and minimizing undesirable by-products.

This work explores the dynamic landscape of 
microbial pretreatment in the context of biomass del-
ignification and bioenergy production (Ferdes et  al. 
2020). We presented the optimized growth condi-
tions of two bacterial isolates for the effective delig-
nification of three selected lignocellulosic biomass 
samples that influence the effectiveness of this green 
and sustainable pretreatment approach (Yadav et  al. 
2022). Additionally, we discussed the importance of 
optimization of growth conditions that enhances the 
efficiency of microbial delignification, paving the way 
for a more economically viable and environmentally 
sustainable bioenergy production process (Baruah 
et al. 2018).

The objective of this piece of research is in-
situ isolation of the delignifying bacteria Bacillus 
haynesii and Paenibacillus alvei from soil and opti-
mization of their growth conditions for effective del-
ignification of selected LCB. It provides a compre-
hensive overview of the current state of research in 
the field of microbial pretreatment for biomass delig-
nification, emphasizing its potential to transform the 
bioenergy industry.

Materials and methods

Sample collection and isolation

To successfully isolate novel bacteria, we collected 
samples from the agricultural feed stock area in an 
Agri-farm of GIET University (latitude 19.05025° 
and longitude 83.83238°), Gunupur. These samples 
were carefully sealed in airtight zip-lock bags and 
subsequently transported to the laboratory for further 
experimentation. Upon arrival in the laboratory, 1g of 
each sample was suspended in 100 ml of sterile dis-
tilled water. From this suspension, 1ml of sample was 
utilized to perform serial dilutions. The serial dilution 
process includes the following dilutions such as 10−8, 
10−9, and 10−10 for bacterial isolation purposes.

Preparation of selective media for screening of lignin 
degrading bacteria

The selective media was prepared by adding 2  g of 
hay powder of respective biomass (rice straw, sug-
arcane bagasse and wheat straw), 0.8  g of KH2PO4, 
0.4 g of K2HPO4, 0.5 g of MgSO4⋅7H2O, 2 g of NH4 
NO3, 2  g of yeast extract and 15  g of agar in 1000 
ml of distilled water. The medium was autoclaved at 
121 °C for 15 min. The medium was plated on sterile 
petri plates. In order to isolate lignin degrading bacte-
ria, the bacteria isolated were sub-cultured on to the 
selective media (lignin agar) and incubated at 37 °C 
for 24 h (Umashankar et al. 2018).

Molecular characterization

16S rDNA‑based molecular analysis

DNA isolation  The isolated pure bacterial colonies 
were cultured in fresh medium after 48 h of incuba-
tion using InstaGene™ Matrix Genomic DNA isola-
tion kit genomic DNA was isolated. Then the quality 
of the extracted DNA was assessed by running it on 
a 1.0% agarose gel. A single, high molecular-weight 
DNA band was observed under UV light, confirming 
the integrity of the DNA.

Polymerase Chain Reaction (PCR) Amplification 
of 16S rDNA: A specific fragment of the 16S rDNA 
gene was amplified using the 27F and 1492R primers. 
The PCR amplification process involved the following 
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steps: A PCR reaction mixture was prepared, includ-
ing template DNA, primers, and a suitable DNA 
polymerase. PCR amplification was performed under 
appropriate conditions. The resulting PCR products 
were analyzed by agarose gel electrophoresis. A sin-
gle, discrete PCR amplicon band with an approximate 
size of 1500 base pairs (bp) was visualized (Johnson 
et al. 2019).

PCR amplicon purification  To eliminate any poten-
tial contaminants, the PCR amplicon was purified 
using a DNA purification kit.

DNA sequencing  Forward and reverse DNA 
sequencing reactions of the purified PCR amplicon 
were conducted using a sequencing kit, such as the 
BDT v3.1 Cycle sequencing kit, on an ABI 3730xl 
Genetic Analyzer.

Sequence analysis  Sequence data obtained from 
both forward and reverse reads were used to gener-
ate a consensus sequence of the 16S rDNA gene using 
Basic Local Alignment Search Tool (BLAST).

Bioinformatics analysis

The generated 16S rDNA gene sequence was sub-
jected to the following bioinformatics analysis tools: 
BLAST was performed against the NCBI GenBank 
database to identify similar sequences. The top ten 
sequences with the highest identity scores were 
selected. The selected sequences were aligned using a 
multiple alignment software program, such as Clustal 
W, to identify conserved regions and variations. A 
distance matrix was generated to quantify the genetic 
distances between the sequences. Using software like 
MEGA 7, a phylogenetic tree was constructed based 
on the aligned sequences, allowing for the visuali-
zation of the evolutionary relationships between the 
sample sequence and other related sequences in the 
database.

Preparation of cellulose standard

Cellulose standard curve is required in order to deter-
mine the concentration of cellulose released after pre-
treatment. It was prepared using standard cellulose 
solutions by taking pure form of cellulose powder. 
Taken 0.01 g of cellulose in 10ml of distilled water with 

a final concentration of 1000 µg/ml as a stock solution. 
Then different concentrations of cellulose working 
standards such as 20, 40, 60, 80, 100, 120, 140, 160, 
180, 200 µg/ml were prepared from the stock standard 
solution. Then 2 ml of each standard was mixed sepa-
rately with 3  ml of freshly prepared anthrone reagent 
(2 g anthrone in 000 ml of sulphuric acid) (Viles and 
Silverman 1949). The solutions were subject to boil-
ing at 100 °C in water bath for development of green-
blue color. Further the solutions were brought into 
room temperature and optical density was measured at 
630 nm using UV–Visible spectrophotometer (Systron-
ics-119). The standard curve was plotted by taking con-
centrations of standard cellulose solutions in x-axis and 
optical density in y-axis. The concentration of cellulose 
released from each biomass sample after pretreatment 
was measured using standard curve by taking the given 
formula into account.

From standard curve, y = 0.0058 × x − 0.0027
Here, y is the dependent variable, which is typically 

your measured or observed values x is the independent 
variable, which represents the concentration of a stand-
ard solution, m is the slope of the linear regression line, 
which represents how much y changes for a unit change 
in x. In the context of a standard curve C is the y-inter-
cept of the line.

Microbial pretreatment

Optimization of incubation period

The biological pretreatment of LCB samples were car-
ried out at optimum pH (pH 7) and temperature 37 °C 
for 15 days of incubation. 5 g of each biomass samples 
was taken in 250 ml conical flasks and added 200 ml 
of distilled water into it. Then the samples were auto-
claved at 121  °C for 15  min and further the biomass 
samples were cooled at room temperature. Each bio-
mass sample was inoculated with a microbial load 
of 500 µl/10 ml, the pH was set to 7 and incubated at 
37 °C for 15 days. Then the concentration of free cel-
lulose at different days of incubation for both Bacillus 
haynesii and Paenibacillus alvei treated biomass sam-
ple were estimated for the following days of incubation 
1 dpi, 3 dpi, 5 dpi, 7 dpi, 9 dpi, 11 dpi, 13 dpi and 15 
dpi to determine the delignification. The free cellulose 

y = mx + C
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was estimated by following the cellulose standard curve 
as shown in Fig. 1.

Optimization of temperature

The biological pretreatment of LCB samples were 
carried out at optimum pH (pH 7) and microbial con-
centration (500  µl/10  ml). The pretreatment of LCB 
samples such as rice straw, sugarcane bagasse and 
corn stalk were performed by both GIET1 and GIET2 
separately as like pH optimization. The pretreatment 
was carried out by taking 5 g of each powdered bio-
mass samples in 200  ml distilled water in a 250  ml 
conical flask. Then the samples were autoclaved at 
121  °C for 15 min and further the biomass samples 
were cooled at room temperature. The pH of each 
biomass sample was set to neutral and inoculated 
with 500 µl/10 ml of B. haynesii and P. alvei. Then 
the sample were incubated at different temperature 
like 32  °C, 37  °C and 42  °C for 15  days. Then the 
concentration of free cellulose at different tempera-
ture conditions of both B. haynesii and P. alvei treated 
biomass samples were estimated for the following 
days of incubation 1 dpi, 3 dpi, 5 dpi, 7 dpi, 9 dpi, 
11 dpi, 13 dpi and 15 dpi to determine the delignifi-
cation. The free cellulose was estimated by following 
the cellulose standard curve.

Optimization of pH

After identification of bacterial strains, the biologi-
cal pretreatment of LCB samples such as rice straw, 
sugarcane bagasse and corn stalk were performed by 

both B. haynesii and P. alvei separately. The pretreat-
ment was carried out by taking 5 g of each powdered 
biomass samples in 200  ml distilled water taken in 
a 250 ml conical flask. Then the samples were auto-
claved at 121 °C for 15 min and further the biomass 
samples were cooled at room temperature. The pH 
of each biomass sample is adjusted to 6.0, 6.5, 7.0, 
7.5, and 8.0 respectively. Each biomass sample with 
varying pH was inoculated with bacterial culture of 
500  µl/10  ml of both B. haynesii and P. alvei sepa-
rately and incubated at 37  °C for 15 days. Then the 
concentration of free cellulose at different pH condi-
tions of both B. haynesii and P. alvei treated biomass 
sample were estimated for the following days of incu-
bation 1 dpi, 3 dpi, 5 dpi, 7 dpi, 9 dpi, 11 dpi, 13 dpi 
and 15 dpi to determine the delignification. The free 
cellulose was estimated by following the cellulose 
standard curve.

Optimization of microbial load

The biological pretreatment of LCB samples were 
carried out at optimum pH (pH 7) and temperature 
37  °C for 15  days of incubation. Taken 5  g of each 
biomass samples in 250 ml conical flasks and added 
200  ml of distilled water into it. Then the samples 
were autoclaved at 121 °C for 15 min and further the 
biomass samples were cooled at room temperature. 
Each biomass sample was inoculated with a microbial 
load of 500 µl/10 ml, the pH was set to 7 and incu-
bated at 37 °C for 15 days. Then the concentration of 
free cellulose at different days of incubation for both 
B. haynesii and P. alvei treated biomass sample were 
estimated for the following days of incubation 1 dpi, 
3 dpi, 5 dpi, 7 dpi, 9 dpi, 11 dpi, 13 dpi and 15 dpi to 
determine the delignification. The free cellulose was 
estimated by following the cellulose standard curve.

Fourier transform infrared (FTIR) analysis

Monitoring changes in the FTIR spectra that are 
indicative of lignin removal or alteration is necessary 
to determine the delignification of LCB using FTIR 
data. The effects of microbial pretreatment on the 
biomass components (cellulose, hemicelluloses, and 
lignin) of LCB such as rice straw, sugarcane bagasse 
and corn stalk were investigated using FTIR spec-
troscopy (Mothe and De Miranda 2009). The FTIR Fig. 1   Cellulose standard curve



187Biotechnol Lett (2024) 46:183–199	

1 3
Vol.: (0123456789)

spectra of untreated and microbial pretreated biomass 
samples were obtained by using  FTIR 3000-Bruker. 
The fiber powder sample (10  mg) of each LCB of 
untreated and pretreated mixed with (200  mg) KBr 
salt separately followed by compression to form a 
homogenous disc for analysis. The FTIR data for 
all the LCB samples was obtained in the range of 
4000–400 cm-1 at a resolution of 0.2  cm−1 with the 
rapid scan of 65 spectra/sec at 16 cm−1.

Powder‑X‑ray diffraction (XRD) analysis

The structure and crystallinity of LCB can be evalu-
ated in relation to the effect of pretreatment using 
XRD analysis. It offers vital details for improving 
pretreatment procedures and creating more effective 
techniques for converting biomass into biofuels. The 
PXRD was performed to determine the crystallin-
ity of cellulose of untreated and microbial pretreated 
biomass samples using Rigaku Miniflex instrument 
operated at 30 kV and 15 mA with λ (Cu Kα radia-
tion) = 1.54 Å. The crystallinity index of cellulose in 
LCB samples of both untreated and pretreated was 
determined using the following peak intensity method 
(Segal et al. 1959).

where, CI is the crystallinity index, I002 is the maxi-
mum intensity at 2° = 22.17° (cellulose) and Iam is the 
minimum intensity corresponding to the amorphous 
content at 2° = 18.0° (cellulose, hemicellulose and 
lignin), (Harris et  al. 2008; Naik et  al. 2010; Kuila 
et al. 2011; Xiao et al. 2011).

Scanning electron microscope (SEM) analysis

SEM offers detailed information on surface and 
microstructural changes in LCB after pretreatment. 
The changes in surface morphology and structure of 
native rice straw, sugarcane bagasse, corn stalk and 
that with GIET1, GIET2 microbial pretreated samples 
were investigated. Prior to analysis, the biomass sam-
ples were fixed onto copper stubs using carbon tape. 
After fixation, gradual dehydration of all the samples 
was done by increasing the concentration of ethanol 
solution. Then the samples were incubated at 50  °C 
for 24 h in hot air oven for complete drying. Further, 

CI(%) =
[(

I002− Iam
)

∕I002
]

× 100

the samples were coated with gold particles and the 
surface morphology images of untreated and micro-
bially pretreated LCB samples were taken at magni-
fication of 2500× using FESEM JEOL, JSM-7610F 
scanning electron microscope with acceleration volt-
age between 10 and 20 kV. In order to provide a clear 
observation, thorough investigation was conducted 
for each sample and at least 5 photographs per sample 
were acquired from various locations.

Results and discussion

The utilization of microorganisms including both bac-
teria and fungi for delignification of lignocellulosic 
biomass holds an immense potential because the pro-
cess is eco-friendly and effective in biofuel produc-
tion. However, the inherent recalcitrance of lignocel-
lulosic materials necessitates effective pretreatment 
methods to enhance the bioconversion process. One 
promising strategy involves screening bacterial cul-
tures from diverse environmental sources to identify 
novel microorganisms capable of efficiently degrad-
ing lignocellulosic materials for biofuel production 
(Pena-Castro et al. 2023).

In this study, we isolated and identified delignify-
ing bacterial strains with the capacity to break down 
lignin and improve the accessibility of free cellulose 
for enzymatic hydrolysis (Tian et  al. 2016). Out of 
15 different isolates, two bacterial isolates labelled as 
GIET1 and GIET2, demonstrated significant deligni-
fication potential (Wang et al. 2016).

The isolated bacteria were identified through both 
traditional techniques, following Bergey’s Manual, 
and molecular characterization, employing PCR and 
16S rRNA gene sequences (Kitahara et al. 2023). The 
results of the molecular characterization, which are 
presented in Table 1, confirmed the identities of the 
two bacteria (Olatunji et al. 2021).

The molecular characterization of GIET1 iden-
tified it as Bacillus sp., closely related to Bacillus 
haynesii, with a high similarity of 99.57, GIET2 was 
identified as Paenibacillus sp., specifically Paeniba‑
cillus alvei, with a similarity of 99.46%. These find-
ings indicated that both bacterial cultures belong to 
their respective genera with high genetic similarity 
to the identified species and their forward and reverse 
sequence data are shown below:
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16S rDNA gene sequence of Bacillus haynesii

16S rDNA sequence of Paenibacillus alvei

The isolation of these delignifying bacteria, B. 
haynesii and P. alvei, showcases the potential for lev-
eraging novel microbial resources in lignocellulosic 
biomass degradation. These bacterial cultures can 
be valuable in the development of eco-friendly and 
efficient biofuel production processes by enhancing 
the breakdown of lignin, a significant barrier in the 
bioconversion of biomass. The results of this study 
contribute to the growing body of knowledge on 
lignocellulose degradation and biofuel production, 
emphasizing the importance of microbial screening 
and isolation for sustainable and renewable energy 
solutions.

Cellulose standard curve

The optical density of all the cellulose standard solu-
tions were measured at 630 nm against anthrone rea-
gent as reference. The optical densities were recorded 
and a standard curve was plotted as shown in Fig. 1.

Microbial pretreatment

Bacillus haynesii treated biomass

The impact of B. haynesii pretreatment on rice straw 
was characterized by examining cellulose concentra-
tions over the incubation period. Initially, there was 
a substantial increase in cellulose concentration from 
day 1 to day 7, indicating that B. haynesii effectively 
initiated lignin breakdown, leading to an enhanced 
release of cellulose. However, beyond day 7, there 
was a slight decline in cellulose concentration, sug-
gesting a potential plateau in the pretreatment pro-
cess. Notably, the highest cellulose concentration 
was achieved on the 7th day, suggesting that this 

timeframe is optimal for rice straw pretreatment with 
B. haynesii.

In contrast, B. haynesii-treated sugarcane bagasse 
displayed consistent increases in cellulose concen-
tration throughout the incubation period. The most 
substantial increase occurred from day 1 to day 5, 
after which cellulose concentration stabilized. This 
steady rise in cellulose concentration suggests that 
B. haynesii is efficient in continuously delignifying 
sugarcane bagasse. The data implies that the optimal 
incubation period for achieving maximum cellulose 
concentration is approximately 5 days.

B. haynesii-treated corn stalk exhibited fluctuating 
cellulose concentrations during the incubation period. 
An initial increase was observed from day 1 to day 5, 
followed by fluctuations and a gradual decline. These 
fluctuations may be attributed to the complex ligno-
cellulosic structure of corn stalk, suggesting that B. 
haynesii’s performance on corn stalk is less consist-
ent compared to rice straw and sugarcane bagasse. 
Achieving optimal results with corn stalk may require 
further investigation and optimization of pretreatment 
conditions.

These results underscore the diverse effects of B. 
haynesii pretreatment on different lignocellulosic 
biomasses. Understanding the variations in cellulose 
concentration over time is crucial for optimizing the 
pretreatment process and enhancing biofuel produc-
tion. Further research should delve into the mecha-
nisms underlying these observations and fine-tune the 
process conditions for maximum efficiency.

Paenibacillus alvei treated biomass

For P. alvei treated rice straw, the incubation period 
exhibited distinct patterns in cellulose concentra-
tion. There was a steady increase from day 1 to day 
9, with the highest concentration observed on day 9. 
This suggests that P. alvei effectively initiates lignin 
degradation, leading to a substantial increase in 

Table 1   Database search match for similarities and phylogenetic relationship between the two bacterial strains using NCBI BLAST

Sample ID Scientific name BLAST search match Base pair 
length

BLAST 
similarity 
(%)

Phylogenetic affinity GenBank accession no

GIET1 Bacillus sp. Bacillus haynesii 907 99.57% Bacillus sp. NR_157609.1
GIET2 Paenibacillus sp. Paenibacillus alvei 909 99.46% Paenibacillus sp. NR_042091.1
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free cellulose content. Beyond day 9, cellulose con-
centration remained relatively stable, with minor 
fluctuations.

In the case of P. alvei-treated sugarcane bagasse, 
cellulose concentrations consistently rose throughout 
the incubation period. The most substantial increase 
occurred from day 1 to day 5, after which cellulose 
concentration remained stable. This pattern suggests 
that P. alvei efficiently delignifies sugarcane bagasse. 
The optimal incubation period for achieving the high-
est cellulose concentration appears to be around the 
5th day.

P. alvei-treated corn stalk displayed variations in 
cellulose concentration during the incubation period. 
A significant increase was observed from day 1 to day 
7, with the highest concentration on day 7, followed 
by a period of fluctuation and gradual decline.

These outcomes highlight the distinct effects of P. 
alvei pretreatment on different lignocellulosic bio-
masses. Understanding these variations in cellulose 
concentration changes over time is essential for refin-
ing the pretreatment process and ultimately enhanc-
ing biofuel production. Further investigations could 
delve into the underlying mechanisms behind these 
observations and fine-tune the process conditions for 
maximum efficiency.

Effect of temperature

The temperature was a critical factor influencing 
the efficiency of microbial pretreatment for both B. 
haynesii and P. alvei. For B. haynesii, the optimal 
temperature conditions for cellulose recovery were 
identified as 37 °C for rice straw, sugarcane bagasse 
and corn stalk. In contrast, P. alvei showed remark-
able cellulose recovery at 42 °C for rice straw, sugar-
cane bagasse and corn stalk, as shown Fig. 2.

The results highlight the strain-specific nature 
of the temperature requirement for effective lignin 
degradation and cellulose recovery. B. haynesii dis-
played better performance at a moderate temperature, 
whereas P. alvei required higher temperatures for 
maximum efficiency. These findings underscore the 
significance of tailoring temperature conditions to the 
specific microbial strain used for pretreatment.

Effect of pH

pH optimization played a crucial role in enhancing 
cellulose recovery during microbial pretreatment. 
B. haynesii demonstrated its optimal pH at 6.5 for 
rice straw and sugarcane bagasse, while corn stalk 
required a slightly lower pH of 6. P. alvei, on the 
other hand, exhibited maximum cellulose recovery at 
a pH of 7.5 for all three biomass types, as shown in 
Fig. 3.

The differences in pH requirements between the 
two bacteria emphasize their distinct enzymatic activ-
ities and lignin degradation capabilities. B. haynesii’s 
preference for a slightly acidic to neutral pH range 
suggests its proficiency in breaking down lignin 
under these conditions, whereas P. alvei’s alkaline pH 
requirement indicates its ability to effectively degrade 
lignin at higher pH levels.

Effect of microbial load

The microbial load is another critical factor influ-
encing the microbial pretreatment process. Both B. 
haynesii and P. alvei exhibited different microbial 
load requirements for optimal cellulose recovery. 
Bacillus haynesii achieved the best results with a 
microbial load of 500 µl for all three biomass types. 
In contrast, P. alvei also performed optimally with a 
microbial load of 500 µl, as shown in Fig. 4.

The consistency in microbial load requirements for 
P. alvei across all three feedstocks suggests its resil-
ience and adaptability to various biomass types. In 
contrast, B. haynesii’s specific microbial load require-
ment may be attributed to its unique enzymatic capa-
bilities and microbial activity.

Comparative analysis

Comparing the performance of B. haynesii and P. 
alvei, it is evident that both strains display distinct 
temperature, pH, and microbial load preferences (Qiu 
et al. 2022; Tan et al. 2022). Bacillus haynesii exhibits 
efficiency under moderate conditions, particularly at 
37 °C and pH 6.5, facilitating a faster cellulose recov-
ery (Johnson et al. 2019). In contrast, P. alvei demon-
strates optimal performance under elevated tempera-
ture and slightly more alkaline pH conditions, notably 
at 42 °C and pH 7.5, albeit with a slightly extended 
incubation period (Liao et al. 2006; Mei et al. 2014). 
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These findings emphasize the adaptability of different 
microbial strains to specific pretreatment conditions, 
underscoring the importance of customizing these 

parameters for optimal lignin degradation and cellu-
lose release (Zeng et al. 2013; Lynd et al. 2022).

FTIR spectroscopy played a pivotal role in 
investigating alterations in functional groups and 

Fig. 2   Cellulose estimation of Bacillus haynesii pretreated rice straw (A), sugarcane bagasse (C), corn stalk (E) and Paenibacillus 
alvei pretreated rice straw (B), sugarcane bagasse (D), corn stalk (F) with respect to change in temperature
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Fig. 3   Cellulose estimation of Bacillus haynesii pretreated rice straw (A), sugarcane bagasse (C), corn stalk (E) and Paenibacillus 
alvei pretreated rice straw (B), sugarcane bagasse (D), corn stalk (F) with respect to change in pH
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Fig. 4   Cellulose estimation of Bacillus haynesii pretreated rice straw (A), sugarcane bagasse (C), corn stalk (E) and Paenibacillus 
alvei pretreated rice straw (B), sugarcane bagasse (D), corn stalk (F) with respect to change in microbial load
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chemical structures within various lignocellulosic 
biomass samples, including rice straw, sugarcane 
bagasse, and corn stalk, both before and after pre-
treatment (Sills and Gossett 2012; Ma et al. 2022). 
The results unveiled substantial changes in the 
FTIR spectral peaks, elucidating the structural and 
chemical transformations induced by the pretreat-
ment procedures. Notably, the pretreated biomass 
samples exhibited heightened peak intensities 
within the 3429–3447  cm−1 range, corresponding 
to O–H stretching vibrations as shown in Figs. 5, 6 
and 7. This increase strongly implied an enhanced 

Fig. 5   FTIR analysis of untreated, Bacillus haynesii and Pae‑
nibacillus alvei pretreated rice straw

Fig. 6   FTIR analysis of untreated, Bacillus haynesii and Pae‑
nibacillus alvei pretreated sugarcane bagasse

Fig. 7   FTIR analysis of untreated, Bacillus haynesii and Pae‑
nibacillus alvei pretreated corn stalk

Fig. 8   XRD analysis of untreated, Bacillus haynesii and Pae‑
nibacillus alvei pretreated rice straw

Fig. 9   XRD analysis of untreated, Bacillus haynesii and Pae‑
nibacillus alvei pretreated sugarcane bagasse
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accessibility of cellulose, particularly post-pretreat-
ment (Podgorbunskikh et al. 2019).

Furthermore, an increase in the intensity of C–H 
stretching vibrations at 2916–2919  cm−1 suggested 

the breakdown of acetyl and ester linkages in lignin, 
providing clear evidence of lignin degradation 
(Moosavinejad et  al. 2019). This removal of lignin 
was further substantiated by the absence of peaks 

Fig. 10   XRD analysis of 
untreated, Bacillus haynesii 
and Paenibacillus alvei 
pretreated corn stalk

Fig. 11   SEM analysis 
of untreated A, Bacillus 
haynesii B and Paenibacil‑
lus alvei C pretreated rice 
straw
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around 1720–1733  cm−1, signifying the cleavage of 
ester bonds (Lou et al. 2023). The augmented signals 
at 1636–1642  cm−1, associated with C=O stretching 
vibrations, indicated delignification and the release 
of free hemicellulose. Additionally, the intensified 
signals at 1037–1061  cm−1 for C–O–C and C–O 

stretching vibrations pointed to increased accessi-
bility of cellulose and hemicellulose (Zhuang et  al. 
2020). The discernible downward peaks in the finger-
print region (1508.57–442.45  cm−1) further revealed 
reduced crystallinity within the samples, potentially 

Fig. 12   SEM analysis 
of untreated A, Bacillus 
haynesii B and Paeniba‑
cillus alvei C pretreated 
sugarcane bagasse

Fig. 13   SEM analysis 
of untreated A, Bacillus 
haynesii B and Paenibacil‑
lus alvei C pretreated corn 
stalk
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contributing to improved digestibility and enzymatic 
degradation.

The assessment of crystallinity index (CI) in 
untreated and pretreated lignocellulosic biomass 
samples was performed using X-ray diffraction 
(XRD) analysis (Melesse et  al. 2022; Montoya-
Escobar et  al. 2022; Karthika et  al. 2012). The 
results of this analysis unveiled a clear and direct 
association between CI and cellulose content. Spe-
cifically, the pretreated biomass samples exhibited a 
notably higher CI, a phenomenon attributed to the 
increased presence of crystalline cellulose follow-
ing the removal of amorphous lignin (Baruah et al. 
2018) as shown in Figs. 8, 9 and 10.

Significantly, both chemical and microbial pre-
treatments were found to result in the removal of a 
substantial proportion of amorphous lignin, lead-
ing to a remarkable boost in CI. This heightened CI 
serves as a robust indicator of the augmented crystal-
line cellulose content within the pretreated lignocel-
lulosic biomass (Montoya-Escobar et al. 2022). These 
findings are consistent with prior research demon-
strating a similar increase in CI following alkali pre-
treatment, thereby further emphasizing the potential 
for enhanced enzymatic digestibility and biofuel pro-
duction (Gong et al. 2023).

SEM analysis was conducted to examine the 
microstructural and morphological changes in 
rice straw, sugarcane bagasse, and corn stalk after 
microbial pretreatment with B. haynesii and P. alvei 
(Marzouk et  al. 2023). The images revealed striking 
transformations in the surface structures of the bio-
mass. Untreated biomass samples exhibited smooth, 
compact, and rigid surfaces due to lignin lamination 
on the fibers (Ma et al. 2022). In contrast, pretreated 
biomass samples displayed cracks and substan-
tial disruption in well-ordered cellulose microfibril 
structures. This structural perturbation, induced by 
pretreatment, increased the enzymatic accessibility 
of cellulose (Nakagame et  al. 2011). Moreover, pre-
treated biomass exhibited greater porosity and inter-
nal surface area, resulting from the fragmentation and 
cleavage of cellulose microfibrils (Meng et al. 2016). 
The structural changes confirmed the separation of 
structural linkages between lignin and cellulose and 
disruptions in the lignin structure. The results of SEM 
analysis  showed in Figs.  11, 12 and 13 were in line 
with the findings from FTIR and XRD analyses, col-
lectively pointing to the effectiveness of microbial 

pretreatment in modifying the morphology and struc-
ture of lignocellulosic biomass (Ahmed et  al. 2022; 
Sunkar and Bhukya 2022).

These analyses collectively demonstrate the effi-
cacy of pretreatment processes in altering the struc-
tural, chemical, and morphological attributes of lig-
nocellulosic biomass, making it more amenable to 
enzymatic digestion and biofuel production.

Conclusions

This study explored the potential of microbial pre-
treatment as a crucial step in the bioconversion of 
lignocellulosic materials into biofuels. The isola-
tion and identification of two delignifying bacteria 
Bacillus haynesii and Paenibacillus alvei, provided 
the foundation for investigating their effectiveness in 
enhancing the accessibility of free cellulose through 
enzymatic degradation of lignin. The molecular char-
acterization of these strains confirmed their genetic 
identities and highlighted their potential for biofuel 
production.

Our findings revealed that the two strains exhibited 
distinctive preferences for pretreating different ligno-
cellulosic biomasses. B. haynesii displayed optimal 
performance at moderate temperature and pH condi-
tions, with a shorter incubation period, making it a 
promising candidate for the pretreatment of rice straw 
and sugarcane bagasse. In contrast, P. alvei thrived 
under higher temperature and slightly alkaline pH 
conditions, and it demonstrated an extended incuba-
tion period that is well-suited for corn stalk pretreat-
ment. These strain-specific variations underscore the 
importance of customizing pretreatment conditions 
for different feedstocks, thereby maximizing lignin 
degradation and cellulose release.

The combination of FTIR, XRD, and SEM anal-
yses provided valuable insights into the structural, 
chemical, and morphological transformations of 
pretreated lignocellulosic biomass. Our results dem-
onstrated that both chemical and microbial pretreat-
ments led to a considerable reduction in amorphous 
lignin, increasing the crystallinity index of cellulose. 
The enhanced accessibility of cellulose was evident 
in the FTIR spectra, with increased intensities of O–H 
and C–H stretching vibrations, indicating the effec-
tiveness of lignin degradation. SEM imaging revealed 
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the disruption of lignin structures, increased porosity, 
and greater enzymatic accessibility of cellulose.

In conclusion, this study underscores the potential 
of microbial pretreatment for improving the efficiency 
of biofuel production from lignocellulosic biomass. 
The isolation of novel bacterial B. haynesii and P. 
alvei, with distinct pretreatment preferences, offers 
a promising avenue for tailoring pretreatment strate-
gies to different feedstocks. This approach not only 
contributes to sustainable biofuel production but also 
aligns with the broader goal of transitioning to eco-
friendly energy sources and reducing the dependence 
on fossil fuels. Further research can delve deeper into 
the optimization of pretreatment parameters and scal-
ing up these processes, bringing us closer to a cleaner 
and more sustainable energy future.
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