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Alkali lignin-degrading Bacillus were isolated from forest soils in China and were identified
as Bacillus subtilis TR-03 and Bacillus cereus TR-25 by 16S rDNA sequence analysis.
Wherein TR-03 displayed optimal 26.72% alkali lignin (2 g/L) degradation at 7 days and
71.23% of Azure-B (0.01%) decolorization at 36 h of cultivation at 37°C. Ligninolytic
enzyme analysis revealed that TR-03 was capable of depolymerizing alkali lignin effectively
by the producing of lignin peroxidase and laccase, wherein higher laccase activity was cell-
associated. At last, the physical and chemical changes of lignin via SEM and FTIR analysis
was further observed to prove the lignin degradation by Bacillus subtilis TR-03.
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INTRODUCTION

Lignin is an aromatic heteropolymer and closely associated with hemicellulose and cellulose to form
a complex compound. Owing to its irregular matrix structure and highly branched polymer network,
lignin is extremely resistant to microbial breakdown (Muaaz-Us-Salam et al., 2020). The degradation
of lignin is critical in the conversion of lignocellulose into second-generation biofuels as well as the
lignin valorization strategies (Tonin et al., 2016). Lignin depolymerization by microorganism is one
of the significant mechanisms due to its low energy consumption, no chemical addition and
environmental friendliness (Niu et al., 2021).

So far, fungi are dominant in the efficiently degradation of lignin and the related enzymes
including Manganese peroxidase (MnP), Lignin peroxidase (Lip) and Laccase (Lac) (Wong, 2009)
have been extensively studied. LiP is a glycoprotein and could oxidize both non-phenolic and
phenolic compounds. MnP is a glycosylated heme-protein and could convert lignin phenolic
compounds to phenoxy-radicals. Lac is a multi-copper oxidase and could oxidize the phenolic
hydroxyl of lignin to destroy the internal stability of the aromatic ring (Xu Z. et al., 2018; Weng et al.,
2021). However, the lignin degradation by fungi failed to make a breakthrough due to the strict
growth conditions, long pretreatment cycle, consumption of cellulose and hemicellulose, poor
adaptability to the environment (Wang et al., 2013). In contrast, bacteria have been much less
clarified as degraders of lignin, even though bacteria are identified as important participants in the
lignin depolymerization (Mei et al., 2020). Compared with fungi, bacteria offer advantages for
lignocellulosic application, such as rapid propagation, strong environmental adaptability, convenient
molecular genetics and protein expression with a smaller genome, etc., (Tonin et al., 2016). Studies
have confirmed that bacteria can also secrete enzymes required for lignin degradation, metabolize
poplar dioxane lignin and break the lignin biphenyl structure (Navas et al., 2019).
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So far, some lignin-degrading bacteria strains such as
Thodococcus jostii (Henson et al., 2018), Pseudomonas (Xu R.
et al., 2018), Bacillus Sp have been isolated from soil, sediments,
animals, insect guts, etc. Bacillus Sp. is a kind of gram-positive
bacteria, which can produce spores with special resistance to
adverse conditions. Nowadays, Bacillus Sp is widely used in the
production of enzymes, antibiotics and exogenous proteins, and
has become an important biotechnology tool in the industrial
production of medicine, feed and food (Zhu et al., 2020). Bacillus
Sp. is known as lignin-degrading bacteria since a few years ago,
and several stains, such as Bacillus subtilis, Bacillus licheniformis,
Bacillus ligniniphilus have been isolated from compost, soil or
other environment all around world (Yang et al., 2021; Lu et al.,
2012; Zhu et al., 2017). Bacillus could effectively degrade lignin
through the secretion of ligninolytic enzymes including Lip, Lac
and MnP (Zhu et al., 2017; Chang et al., 2014). Compared with
other lignin degrading bacteria, Bacillus Sp. is secure and can
form dormant spores in adverse environment, which is feasible in
the industrial application of lignin degradation.

Although some Bacillus strains have been proved to be capable
of solubilizing lignin, their lignin-degrading mechanism was still
unclear and the lignin-degrading rate was lower than that of
fungi. Mei et al. (2020) found the maximum lignin degradation
rate of Bacillus amyloliquefaciens SL-7 was 28.55%, which was
close to that of 30–36% of fungi. However, the generally
degradation rate of lignin in most Bacillus was only 15–18%
(Chang et al., 2014; Mishra et al., 2017; Weng et al., 2021). Thus,
more efficient ligninolytic Bacillus strains should be explored to
expand the knowledge of lignin valorization by bacteria. This
paper focuses on the isolation and characterization of Bacillus
strains from forest soil samples and their degradation capability
of alkali lignin. The isolates obtained are feasible in lignin
degradation owing to their excellent growth rate as well as
high activity of ligninolytic enzymes.

MATERIALS AND METHODS

Materials
Soil samples were collected from Zijin Mountain of Nanjing City,
China. 2 g samples were suspended in 30 ml LBmedium (peptone
10 g/L, yeast extract 5 g/L, NaCl 10 g/L) for enrichment culture at
37°C for 20 h, separately. 1 ml of the clear supernatant was added
into 9 ml sterile water and incubated at 75–80°C for 15–20 min.
After mixing all the samples, 1 ml of the solution was diluted
using 0.9% normal saline and inoculated into the selective
medium (alkali lignin medium: MgSO4 7H2O 0.2 g, K2HPO4

1.0 g, KH2PO4 1.0 g, (NH4)2SO4 2.0 g, CaCl2 0.1 FeSO4 7H2O
0.05 g, MnSO4 H2O 0.02 g, CuSO4 5H2O 1.0 mg, ZnSO4 7H2O
1.0 mg, alkali lignin 2.0 g; Azure-B medium: 0.01% azure-B was
added in LB medium; 15 g agar was added in 1,000 ml distilled
water). The plates were incubated at 29°C, and single colonies
were isolated on LB plates.

Identification of Bacterial Isolates
Genomic DNA of the screened was extracted according to the
DNA isolation Kit (Sangon Biotech, China). 16S rDNA gene was

amplifed using universal primers (27 F: 5′-AGAGTTTGATCC
TGGCTCAG-3′ and 1541 R:5′-AAGGAGGTGATCCAGCC-3′).
PCR was performed with an initial denaturation step at 94°C for
5 min followed by 30 cycles of denaturation at 94°C for 30 s,
annealing at 55°C for 30 s, extension at 72°C for 60 s and a final
extension at 72°C for 10 min. Amplified product was run on 0.8%
agarose gel, then recovered and sequenced by Sangon Biotech
(Shanghai, China). The resulting sequences were compared using
BLAST program and MEGA 7.0 software.

Dye Decolorization of Azure-B and Lignin
Degradation
The fading rate of Azure-B in liquid medium by lignin-degrading
isolates was determined. The isolates were maintained on LB
slants at 4°C. Mature spores were harvested with physiological
saline and incubated at 37°C and 150 rpm for about 12 h (about
OD600 1.0) to make seed culture. 1% seed volume was inoculated
into Azure-B (0.01%)-LB fluid medium and cultured in dark at
180 rpm, 37°C. The Azure-B (0.01%)-LB medium with
inactivated bacterium as the control. 1 ml fermentation liquor
was taken at 6, 12, 18, 24 and 36 h and centrifuged at 1,000 rpm,
8 min. The supernatant was measured for absorbance at 590 nm
Microplate reader (Multi-mode Reader, Gene Company Limited,
China). The formula of decolorizing rate (Picart et al., 2016) was
as follows:

V � λ* − λ
λ*

Where λ* is the absorbance of the control sample, which is 0.775;
λ is the absorbance of the test samples.

The decrease in absorbance at 280 nm was determined to
characterize the lignin degradation (Kumar et al., 2015). 2 ml
culture was harvested and centrifuged at 8,000 rpm for 10 min.
The absorbance of the supernatant at 280 nm was measured, with
uninoculated medium as the control. The degradation ratio of
lignin was calculated according to the equation described by Xu
Z. et al. (2018). All of the experiments was conducted in
triplicates.

Ligninolytic Enzymes Assay
Fermentation was performed with 50 ml alkali lignin medium in
a 250 ml shake flask, at 37°C and 150 rpm for 48 h, with 2% (v/v)
inoculum. 2 ml cultured fluid was centrifuged at 8,000 rpm for
10 min and the supernatant was used for Lac, Lip and MnP
activities measurement according to the procedures of Yang et al.
(2011) using ABTS, veratryl and 2,6-dimethoxyphenol as
substrates. One unit of laccase activity was defined as the
amount of enzyme required to oxidize 1 μmol of substrate per
min. All assays were performed in triplicate.

Intracellular Laccase Activity and
Characteristics
The intracellular laccase activity was further determined
according to the method described by Lu et al. (2012). The
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bacterial pellets were obtained by the centrifugation at
8,000 rpm for 10 min at 4°C. The cells were broken by
lysozyme (0.1 mg/ml) at 37°C for 10 min, washed by 1 M,
0.14 M NaCl and 0.1% (w/v) SDS containing 10 mM EDTA
and 0.3 mg/ml PMSF, respectively, then heated at 80°C for
10 min, and washed with sterile deionized water for 3 times.
The cell extract was suspended in sterile deionized water to
make the crude intracellular enzyme.

The effect of pH on the spore laccase activity was measured
under standard assay conditions at 30°C in citrate–phosphate
buffer (0.1 M, pH 2.2–7.0) and Tris-HCl buffer (0.1 M,
pH7.0–9.0). The intracellular activity was measured based on
the oxidation of ABTS, syringaldazine (SGZ) and 2,6-
dimethoxyphenol (2,6-DMP) at different pH.

The effect of temperature on the spore laccase activity was
investigated under standard assay conditions at temperatures
ranging from 20 to 100°C for 5 min. The residual laccase
activity was measured periodically with ABTS as the substrate
at pH 3.0. The maximum enzyme activity was considered as 100%
to calculate the relative activity.

Scanning Electron Microscopy
SEM images were conducted to analyze the microstructural
changes and surface characteristics of untreated and pretreated
lignin. Control and inoculated samples (50 ml for each) were
centrifuged at 8,000 rpm for 10 min. The cell-free supernatant
was dried by a freeze drier (LGJ-10, Beijing Songyuanhuaxing
Technology Develop Co., Ltd., China). The dried samples were
mounted on a stub and sputter-coated with gold prior to imaging
with a field emission scanning electron microscope (3400-N,
Hitachi, Japan) using 2 kV accelerating voltage.

FTIR Spectroscopy
The structures of untreated and pretreated alkali lignin were
analyzed by FTIR spectroscopy. 1 mg dried sample was uniformly
mixed with 100 mg KBr and then pressed into a transparent thin
film, with a thickness of 10–20 μm. Infrared spectra were
conducted by a spectrometer (MAGNA-IR 550, Thermo
Nicolet Corporation, United States). Sample spectra were

recorded from 4,000 to 400 cm−1 with a spectral resolution of
2 cm−1 using an accumulation of 32 scans.

RESULTS

Screening of Lignin-Degrading Bacillus and
Identification
Bacillus sp. strains were proved to be important microorganism in
the depolymerization of lignin (Zhou et al., 2017). Several strains
of Bacillus sp. have been screened worldwide and their lignin-
degrading abilities have been studied. To enrich the diversity of
lignin-decomposing bacteria, azure-B and lignin plates were used
to screen the lignin-degrading Bacillus. Two strains were isolated
from soil samples from Zijin Mountain and named as TR-03 and
TR-25. Prominent pale yellow and light brown areas appeared
around the colonies on the Azure-B plates (Figure 1A), which
illustrates probably LiP, Lac or MnP production of the strains.
Furthermore, the 2 strains can effectively grow on the selective
medium with lignin as the sole carbon (Figure 1), which also
confirms their preliminary lignin-degrading ability.

The sequence of 16S rDNA of isolate was determined and
submitted to NCBI with accession number of OK559643 and
OK559727, respectively. On the basis of 16 S rDNA gene
sequencing and taxonomic analyses, TR-03 was closely
matched to Bacillus subtilis NR 112116.2 and TR-25 was
closely matched to Bacillus cereus NR 115714.1 (Figure 2).
Thus, the isolates were identified and named as Bacillus
subtilis TR-03 and Bacillus cereus TR-25.

Decolorizing of Azure-B and Lignin
Degradation
TR-03 and TR-25 were preliminarily confirmed to decolorize the
Azure-B during the plate screening. To quantitatively determine
their decoloration ability, fluid medium supplemented with
Azure-B was further prepared and the decolorizing rate was
determined (Figure 3). The isolates both showed obvious
decolorizing of Azure-B. Especially for TR-03, which showed

FIGURE 1 | Screened strains on the Azure-B and lignin plates.(A) Azure-B plates, with 0.01% azure-B added; (B) alkali lignin plates with alkali lignin as the sole
carbon source (2 g/L).
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the highest rate of 71.23% Azure-B decolorization at 36 h of
cultivation and over 94% of decolorization appeared at about 18 h
of cultivation. TR-25 also presented excellent decolorization of
Azure-B, with decolorizing rate over 50% at 36 h of cultivation.
Azure-B belongs to triarylmethane dyes, with similar structure to
that of lignin, and is usually used as the substrate to measure the
enzyme activity of lignin-degradation (Bandounas et al., 2013).

Tawaf et al. found that Bacillus tequilensis AN-1 only showed
67.6% decolorization of 2.5 mg/L Azure-B after 7 days (Tawaf
et al., 2018). Thus, the rapid decolorization of Azure-B suggests
the lignin-degrading potentiality of both the isolates.

The intense absorption of benzene ring at 280 nm was
characterized to indicate the lignin degradation for the isolates
(Chai et al., 2014), and the results are shown in Figure 4. The

FIGURE 2 | Evolutionary relationships and phylogenetic trees based on 16S rDNA sequence of TR-03 and TR-25.

FIGURE 3 | Dye decoloration of Azure-B (0.01%) by TR-03 and TR-
25 at 590 nm.

FIGURE 4 | Time course of alkali lignin degradation at A280 by TR-03 and
TR-25. Initial concentration of alkali lignin was 2 g/L.
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absorbance of A280 dropped from 0.348 to 0.255 and 0.268
during the 7 days of incubation for TR-03 and TR-25,
respectively (data not shown), which means 26.72 and 23%
of the lignin degradation. And most of the degradation
occurred in the initial 4 days. It indicates that the isolates
could break down lignin for their growth and metabolism
when lignin is used as sole carbon source. At the same time,
both the Azure-B decoloration and lignin degradation tests
show more superior lignin-degrading activity for the Bacillus
subtilis TR-03. Thus, TR-03 was further investigated for the
characterization of lignin depolymerization.

Micro-morphology by SEM
The change in the morphology of the alkali lignin by Bacillus
subtilis TR-03 was further observed by SEM and the images were
presented in Figure 5. The figure showed that the untreated lignin
maintained irregular spherical shapes with porous internal
structure (Figure 5A). After microbial treatment, the structure
of alkali lignin was severely damaged, and smaller-sized particles
of lignin were produced instead of irregular spherical particles
(Figure 5B).

FTIR Spectroscopy
FTIR could demonstrate a visualized and rapid indication of the
changes in chemical bonds of lignin (Chen et al., 2015). The
absorption peaks in FTIR spectra of alkali lignin samples treated
by Bacillus subtilis TR-03 are presented in Figure 6. It can be seen
that the FTIR spectra of alkali lignin showed obvious changes
from 1,600 to 600 cm−1. The bands representing the aromatic
skeleton vibrations appeared at 1,598 cm−1 and 1,410 cm−1

(Chong et al., 2017; Sun et al., 2019). The weaker intensity of
these two signals indicated the breakage or replacing of the
aromatic ring chain reaction of lignin structure, which
suggested that the lignin was degraded to a certain extent with
the Bacillus subtilis TR-03 treatment. The band at 1,117 cm−1 was
attributed to the C-O stretch of syringyl group and the band at
1,046 cm−1 may be assigned to the deformation of aromatic ring
of guaiacyl group in the lignin (Wang et al., 2015). After
degradation, the different intensities of 1,117 cm−1 and
1,046 cm−1 suggested the destroyed syringyl and guaiacyl
group in the delignification process of lignin, and the
degradation of guaiacyl group was faster than that of
syringyl group.

FIGURE 5 | SEM images on lignin treated with Bacillus subtilis TR-03. (A) untreated lignin; (B) lignin treated for 5 days with Bacillus subtilis TR-03.

FIGURE 6 | FTIR spectrum of alkali lignin before and after
biodegradation with Bacillus subtilis TR-03.

FIGURE 7 | Time course of lignin-degrading enzymes in the culture of
strain TR-03. Initial concentration of alkali lignin was 2 g/L.
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Enzyme Activity Assay of Bacillus subtilis
TR-03
There are three kinds of enzymes involved in lignin degradation,
namely lignin peroxidase (Lip), laccase (Lac) and manganese
peroxidase (MnP) (Xu et al., 2017). The enzymes activities
determine the ability of bacteria to degrade lignin. Mei et al.
(2020) found that Bacillus amyloliquefaciens SL-7 could produce
MnP, Lip and Lac with the maximum level of 258.57, 422.68 and
55.95 U/L during 7 days, which could reduce the chemical oxygen
demand by 69.35% in lignin. The above-mentioned results all exhibit
the considerable lignin degradation by Bacillus subtilis TR-03. The
degradation must be related to various lignin degrading enzymes.
The activities of three enzymes were determined during 7 days
incubation of TR-03. The results show that TR-03 showed
considerable Lip and Lac activity, but with no MnP activity
observed (Figure 7). The maximum Lip and Lac reached 315.34
U/L and 54.26 U/L on day 4 of incubation, and the Lac activity was
lower than that of Lip on the whole level.

Intracellular laccase activity was 129.44 U/L at the end of the
fermentation, which was extremely higher than that of extracellular
Lac activity. The results are directly in line with that of Chang et al.
(2014), which indicates that more local activity was cell-associated.
Intracellular and extracellular Lac activities were found in several
Bacillus sp. strains, such as Bacillus atrophaeus and Bacillus pumilus,
which could successfully degrade kraft lignin (Huang et al., 2013).
The intracellular laccase showed an extensive pH range for
catalyzing different substrates with an optimum pH of 3.0, 6.6
and 8.2 for ABTS, SGZ and 2,6-DMP, respectively (Figure 8A).
For temperature adaptability, the crude intracellular laccase showed
relatively high activity between 40–70°C, with the maximal activity
observed at 50°C (Figure 8B). Lac from Bacillus sp. is found to
withstand high temperature (80–90°C) and alkaline conditions (pH
7–11) (Xu et al., 2019; Das et al., 2020). The extreme robustness in
pH and temperature adaptability of intracellular laccase from TR-03
makes it available in the application of different industrial and
environmental remediation processes, such as delignification, pulp
bleaching and wastewater treatment.

CONCLUSION

Effective ligninolytic Bacillus sp. strains were isolated from forest soils
and investigated their capability of alkali lignin. Bacillus subtilis TR-03
show fairly ligninolytic ability by producing enzymes of Lip and Lac.
SEM and FTIR results show the physical and chemical changes in the
lignin by smaller particle sizes and the breakage or replacing of the
aromatic ring chain reaction of lignin structure. These results prove that
Bacillus sp. strains were important microorganism in the
depolymerization of lignin, and further study should be focus on
the degrading mechanism of lignin by Bacillus sp.
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FIGURE 8 | Effect of pH and temperature on intracellular laccase activity of Bacillus subtilis TR-03. (A) pH, with ABTS, SGZ and 2,6-DMP as substrate at 30°C; (B)
temperature, with ABTS as the substrate at pH 3.0.
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