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Abstract

Bisphenol A (BPA) is a synthetic chemical with known deleterious effects on biota. A genome sequencing project is an impor-
tant starting point for designing a suitable BPA bioremediation process, because it provides valuable genomic information
about the physiological, metabolic, and genetic potential of the microbes used for the treatment. This study explored genomic
insights provided by the BPA-degrading strain Bacillus sp. GZB, previously isolated from electronic-waste-dismantling site.
The GZB genome is a circular chromosome, comprised of a total of 4,077,007 bp with G+C content comprising 46.2%.
Genome contained 23 contigs encoded by 3881 protein-coding genes with nine rRNA and 53 tRNA genes. A comparative
study demonstrated that strain GZB bloomed with some potential features as compared to other Bacillus species. In addition,
strain GZB developed spore cells and displayed laccase activity while growing at elevated stress levels. Most importantly,
strain GZB contained many protein-coding genes associated with BPA degradation, as well as the degradation of several
other compounds. The protein-coding genes in the genome revealed the genetic mechanisms associated with the BPA deg-
radation by strain GZB. This study predicts four possible degradation pathways for BPA, contributing to the possible use of
strain GZB to remediate different polluted environments in the future.
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Introduction

Bisphenol A [BPA; 2, 2-bis (4-hydroxyphenyl) propane] is
a synthetic organic compound, produced at high volumes
worldwide (Huang et al. 2012; Im et al. 2016). BPA is an
essential constituent in the manufacturing of polycarbon-
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materials are found in many every day products, such as
baby bottles, food containers, thermal papers, lacquers,
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remediate BPA-exposed environments is the most crucial
step for developing a bioremediation strategy. Thus, study-
ing the microbial genome is a significant step forward in
advancing our genomic knowledge, particularly with respect
to the physiological, metabolic, and genetic potential of the
microorganisms. This would advance the design of a precise
bioremediation technique for polluted environments.

Currently, there are many members of the genus Bacil-
lus in the environment, with a total of ~336 species and
seven subspecies (List of Prokaryotic names with Standing
in Nomenclature; http://www.bacterio.net/bacillus.html).
The Bacillus species have developed physiological abilities
and adaptability in different environmental situations, which
explain their presence in different environments, including
anaerobic, temperate, acidic, neutral, and alkaline soils,
sediment, and water (Nicholson et al. 2000; Li et al. 2012;
Garcia-Diaz et al. 2013; Das and Kazy 2014; Logan et al.
2015). Most Bacillus species have flourished, conducting
many biochemical activities. For instance, they include
antibiotic producers, heterotrophic nitrifiers, denitrifiers,
nitrogen fixers, iron precipitators, selenium oxidizers, and
manganese oxidizers or reducers. They also degrade differ-
ent substrates derived from both natural and human origins.

Most of the known Bacillus species have been applied
to several agricultural, industrial, medical, and biotechno-
logical processes (Garcia-Diaz et al. 2013; Das and Kazy
2014; Logan et al. 2015; Liang et al. 2016). Bacillus species
can produce laccase, an oxidoreductase enzyme, which can
oxidize a wide range of substrates, including phenols, poly-
phenols, methoxy phenols, aromatic amines, diamines, and
other recalcitrant environmental pollutants (Held et al. 2005;
Lu et al. 2012; Hautphenne et al. 2016). In our previous
studies, we isolated the strain Bacillus sp. GZB from creek
sediment at an electronic-waste recycling site and used it to
degrade BPA (Li et al. 2012). The strain GZB was also char-
acterized as a spore-laccase producer, and the enzyme was
further applied to degrade BPA (Das et al. 2018). However,
to further apply strain GZB, it was essential to investigate
their genomic information to extend our knowledge with
respect to the environmental remediation of BPA.

This study classified and established a set of features by
describing the genome sequencing and annotation of Bacil-
lus sp. GZB; the genomic features of the species were also
compared with other members of Bacillus sp. The genomic
study revealed previously unknown metabolic physiogno-
mies of strain GZB, increasing our understanding about their
metabolic plasticity. The GZB strain generated spore cells in
a nutrient sporulation medium (NSM) and showed laccase
activity. Here, we measured laccase activity during spore
development in the NSM broth. The genome sequencing of
strain GZB provided important genomic data, linked with
the degradation of different xenobiotic compounds, espe-
cially BPA. This allowed the prediction of possible BPA
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degradation routes. The genes present in the GZB genome
flourished in their potentiality to degrade BPA or other rel-
evant compounds. This information could be further applied
to bioremediate many other contaminated environments.

Materials and methods

Media formulation, growth, and genomic DNA
preparation

The Bacillus sp. GZB used in this study had been previ-
ously isolated from the sludge of an electronic-waste recy-
cling site in Guiyu, China. The GZB strain was aerobically
cultivated at 37 °C for 12 h in a Luria—Bertani (LB) broth.
Strain GZB had a strong ability to degrade BPA in mineral
salt medium (MSM) or 0.1 M Mcllvaine buffer (pH 6.8) (Li
et al. 2012; Das et al. 2018); we further clarified it to grow
on an MSM agar plate, supplemented with 10 mg L™! of
BPA. The medium composition and growth conditions for
strain GZB were previously established by Li et al. (2012).
For genome sequencing, the LB-broth culture was harvested
using centrifugation at 12,000 rpm for 10 min. The genomic
DNA was extracted using a Promega Wizard Genomic DNA
Purification Kit (Promega, Madison, USA), according to the
manufacturer’s instructions. The extracted genomic DNA
was checked using 1.0% agarose gel electrophoresis and
quantified by spectrophotometry using a UV—-Vis spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA).
To develop the GZB spore cells, we used a nutrient sporula-
tion medium (NSM) broth.

Laccase activity of GZB during spore-cell growth
in NSM

The laccase activity of strain GZB was assayed spectropho-
tometrically using spore cells. The spore cells from GZB
were developed in NSM broth at 37 °C for 4 days (Das et al.
2018). The cells were collected at different time intervals
and harvested using centrifugation at 8000 rpm for 10 min.
The cells were then re-suspended in sterile deionized water
with 0.1 mg mL~! of lysozyme (incubated at 37 °C for
10 min) to lyse the remaining vegetative cells (Lu et al.
2012). Then, the cells were purified by washing them with
1 M NaCl, followed by 0.14 M NaCl, 0.1% (w/v) SDS and
deionized water (Das et al. 2018). The laccase activities of
the spore suspension were estimated using 2, 2'-Azino-bis
(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and syrin-
galdazine (SGZ) as the substrates, respectively. A standard
reaction mixture in a 0.1 M Mcllvaine buffer (pH 3.0 for
ABTS and pH 6.8 for SGZ) contained either 0.1 mM of
ABTS or SGZ and a purified spore-cell suspension. The
reaction mixtures were incubated at 50 °C for 5 min in a
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water bath and then placed on ice for one minute to stop
the reactions. ABTS and SGZ oxidation were determined
at 420 nm (e4,0=36,000 M~' cm™') and 525 nm (5,5 =65
000 M~ cm™), respectively (Lu et al. 2012).

Genome project history

Bacillus sp. GZB was selected for the genome sequencing
because of its ability to degrade BPA under both aerobic and
anaerobic conditions; genome sequencing was conducted
to identify the detailed metabolic mechanisms during BPA
degradation. Sangon Biotech (Shanghai, China) previously
completed genome sequencing for strain GZB. A summary
of the sequencing project and its association with MIGS
version 2.0 (Field et al. 2008) compliance are shown in
Table S1.

Genome sequencing and assembly

The GZB genome was sequenced using Illumina Miseq
platform with a 2 X300 pair-end sequencing strategy; the
average length of the paired-end sequence was 301 bp.
The paired-end sequencing library was constructed using
3,910,132 reads from a total of 1,176,949,732 bp. It was fur-
ther assembled using SPAdes version 3.5.0 (Bankevich et al.
2012). The final genome contained 23 contigs with N50 of
1,002,563 bp. The longest contig was 1,181,109 bp, where
the library presented an approximately 268.78 X coverage
of the genome.

Genome analysis

After genome sequencing, the data were analyzed using the
NCBI Prokaryotic Genomes Automatic Annotation Pipe-
line (PGAAP) (Angiuoli et al. 2008); the Open Reading
Frames (ORFs) were generated by PROKKA (Prokka et al.
2014). The predicted ORFs were translated using EMBOSS
Transeq program and were searched in the NCBI non-redun-
dant database, including the Cluster of Orthologous Groups
(COG), Conserved Domain Database (CDD), PFAM, and
Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base (Finn et al. 2015). All data sources from the database
were combined to assert a product description for each of
the predicted proteins. The KEGG database was further
used to construct complete metabolic pathways (Kanehisa
et al. 2016). The ribosomal RNAs and Transfer RNAs were
predicted using the RNAmmer and tRNAscan-SE programs
(Lagesen et al. 2007). The TMHMM server v.2.0 (Krogh
et al. 2001) and SignalP server v.4.1 (Petersen et al. 2011)
were applied to predict genes with signal peptides and trans-
membrane helices, respectively. In addition, the Genomic
Islands were recognized using Island viewer4 online tool
(Bertelli et al. 2017).

Phylogenetic analysis and average nucleotide
identity calculation

The phylogenetic analysis using the 16S rRNA gene of
GZB with other sequences retrieved from the GenBank
database was conducted by aligning them with ClustalW
(Thompson et al. 1994). The phylogenetic tree was con-
structed using MEGA 6.0 (Tamura et al. 2013), followed by
neighbor-joining methods incorporating a Jukes—Cantor dis-
tance correction (Jukes and Cantor 1969). The sequence of
Clostridium botulinum DSM1734 (NR_036786.1) was used
as an outgroup; a bootstrap analysis was performed with
100 re-samplings to assign confidence levels to the nodes
in the phylogenetic tree. The average nucleotide identity
(ANI) between the genome sequences was calculated using
the ANI calculator (Yoon et al. 2017). For the ANI study, the
most closely phylogenetically related strains were applied to
predict the specific taxonomic affiliation of the strain GZB.

Nucleotide sequence accession number

The genome project was submitted in GOLD (Genomes
Online Database) with the identity number of Gp0206491.
The Whole Genome Shotgun (WGS) project of strain
GZB was deposited to the DDBJ/EMBL/GenBank under
the accession number MTQGO00000000; the first version
described in this paper was MTQG01000001. The additional
functional prediction was accomplished using the RAST
server with the SEED database (Aziz et al. 2008) under the
accession number 936599.3.

Results and discussion

General features and phylogenetic analysis of strain
Bacillus sp. GZB

Bacillus sp. GZB was isolated from sediment collected at an
electronic-waste recycling site in Guiyu, China. The strain
is best known for its strong ability to degrade BPA; the BPA
became a unique source of carbon and energy under aero-
bic and anaerobic conditions (Li et al. 2012). Strain GZB
grew readily on LB agar at 37 °C and produced circular
white pigmented colonies with an undulating margin after
24 h of incubation (Fig. 1Sa). The strain also showed visible
colonies on a mineral salt medium (MSM) agar plate supple-
mented with BPA (10 mg L™) (Fig. 1Sb). A gram-staining
examination indicated a Gram-positive, rod-shaped bacte-
rium (Fig. 1Sc). Strain GZB is a motile, spore-forming, and
facultative anaerobic bacterium, and displayed growth at a
wide temperature range (10—50 °C) and pH range (4.0—9.0).
The optimal temperature and pH were 37 °C and 7.2, respec-
tively. The GZB strain exhibited ample growth at a salinity

@ Springer



Archives of Microbiology

range of 0—3.0% (Table S2). The scanning electron micros-
copy (SEM; ZEISS Ultra 55, Carl Zeiss, Germany) showed
that strain GZB cells had different shapes, with both spore
and vegetative structures. Most of the vegetative cells were
rod-shaped, approximately 1 um long and 0.5 ym in diameter
(Fig. 1Sd).

The sequence analysis of the 16S rRNA gene revealed
that the GZB strain shared more than 99% of its identity
with other Bacillus strains, such as Bacillus amyloliquefa-
ciens FZB42T, Bacillus velezensis M75%, Bacillus subtilis
ATCC19217"%, and Bacillus siamensis KCTC13613". These
were identified as a result of a BLAST search against the
GenBank database (Altschul et al. 1990). Specifically, the
GZB strain belongs to the family Bacillaceae, in the order
Bacillales and class Bacilli, with the phylum Firmicutes.
Furthermore, strain GZB was applied to construct a phylo-
genetic tree based on the 16S rRNA gene sequence analyses,
along with sequences represented by the other members of
the genus Bacillus (Fig. 1).

The phylogenetic analysis indicated that the GZB strain
is closely related to the Bacillus amyloliquefaciens strains.
The analysis was further clarified using an average nucleo-
tide identity (ANI) assay of the GZB strain genome, using
genomes of strictly phylogenetically related Bacillus spe-
cies. The results indicated that the GZB strain showed a high
degree of ANI similarity to Bacillus amyloliquefaciens strain
FZB42 (98.5%), Bacillus amyloliquefaciens strain CC178
(98.5%), and Bacillus amyloliquefaciens strain UCMBS5036

100

Bacillus subtilis ICM1465 T (NR_113265)

Bacillus amyloliquefaciens FZB42 T (NC_009725.1)
Bacillus sp. GZB (HQ603746.1)

100| Bacillus velezensis M75 T (CP016395.1)

Bacillus amyloliquefaciens UCMB5036 T (HF563562.1)
Bacillus amyloliquefaciens CC178 T (CP006845.1)
Bacillus siamensis KCTC13613 T (KY643639.1)
Bacillus vallismortis JY3A (GU205781.1)

Bacillus licheniformis DSM13 T (AE017333.1)
Bacillus aerophilus JCM13347 T (AJ831844.2)

0 Bacillus pumilus MTCCB6033 T (CP007436.1)
Bacillus sp. GZT (HQ603747.1)

Bacillus selenatarsenatis SF-1T (AB262082.1)
Bacillus methanolicus NCIMB13113 T (AB112727.1)

Bacillus cereus ATCC14579 T (NR_074540.1)
Bacillus megaterium QMB1551 T (CP001983.1)

(98.3%). Similarly, strain GZB exhibited 97.7% and 94.4%
ANTI values with Bacillus velezensis M75 and Bacillus
siamensis KCTC13613, respectively. However, it showed
only 67.9% of ANI similarity with strain Bacillus sp. GZT
(Table S3). In general, the ANI values between the genomes
in the same species exceed 95% (Rodriguez and Konstanti-
nidis 2014); this indicates that Bacillus sp. GZB is closely
related to Bacillus amyloliquefaciens.

Growth and laccase activity assays of strain Bacillus
sp. GZB in NSM broth

Bacillus sp. GZB exhibited laccase activity after the devel-
opment of the spore stage in the NSM broth. The spore-
associated laccase with a 63 kDa protein fragment showed
significant action and stability under different physicochemi-
cal conditions. The laccase completely degraded BPA within
the 30 h timeframe previously reported (Das et al. 2018).
Here, laccase activity was characterized at different time
intervals during spore growth in the NSM broth using both
ABTS and SGZ as substrates. The reaction mixtures showed
a green color complex with ABTS, and were pink with SGZ
(Fig. 2a). The GZB strain developed a maximum number
of spore cells (3.17 +0.29) x 10%, after 5 days of incubation
in NSM broth. The estimated laccase activities of the spore
cells at the 5-day point were 0.219 and 0.127 umol min™!
mL™! using the substrates ABTS (at pH 3.0) and SGZ (at
pH 6.8), respectively.

Cluster I

Bacillus smithiiDSM4216 T (CP012024.1)
Bacillus coagulans ATCC7050 T (CP009709.1)

Cluster I1

Bacillus arsenicus cona3 T (AJ606700.1)

0.02

Fig. 1 Phylogenetic tree based on 16S rRNA gene sequences, high-
lighting that the position of Bacillus sp. GZB was relative to other
species within the genus Bacillus. A tree was constructed using the
neighbor-joining method incorporating Jukes—Cantor distance correc-
tions. The type strains are labeled with superscript T, and the corre-
sponding GenBank accession numbers are indicated parentheses. The
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Clostridium botulinum DSM1734 T (NR _036786.1)

cluster I indicated strain GZB assigned to the strains with NCBI blast
match sequences and cluster II related to other relevant strains within
genus Bacillus. The sequence of Clostridium botulinum DSM1734
used as an outgroup. One thousand bootstrap analyses were con-
ducted, and bootstrap values >50% were indicated at the nodes. Scale
bar =0.02 change per nucleotide position
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Fig.2 a Laccase assays using
ABTS and SGZ as the sub-
strates. In the reactions, laccase
produced a green color complex
with ABTS and pink color
complex with SGZ compared
to enzyme-blank (control); b
spore-cell development in NSM
medium and laccase activity
assays using ABTS and SGZ as
the substrates

(Control) (With ABTS)

—

= -

Figure 2b shows the time-dependent spore-cell develop-
ment and laccase activity of strain GZB. Spore-associated
laccase production is an essential feature of the Bacillus
species (Held et al. 2005; Lu et al. 2012). Laccase is an
oxidoreductase enzyme within the largest protein superfam-
ily multi-copper oxidase, which catalyzes the oxidation of
a wide variety of organic and inorganic substrates, coupled
with reducing molecular oxygen to water (Dwivedi et al.
2011). Due to excellent oxidation potential, it has been
extensively applied in many industrial and biotechnologi-
cal processes. For example, it has been frequently used to
biodegrade or transform different phenolics, polyphenolics,
methoxy phenolics, aromatic amines, diamines, and other
recalcitrant environmental pollutants (Telke et al. 2009; Lu
et al. 2012; Hautphenne et al. 2016; Das et al. 2018).

Genome analysis
Genome properties

A total of 372 genome sequencing projects (finished and
draft) associated with the Bacillus species have been sub-
mitted to the NCBI database (https://www.ncbi.nlm.nih.
gov/genome/genomes). However, there have been limited
genome analyses of Bacillus sp. isolated from adverse envi-
ronments, such as the significantly polluted environment of
the electronic-waste recycling site. This study analyzed the
genome of Bacillus sp. GZB, a BPA-degrading strain and
explored the genetic basis for BPA degradation. The genome
of the GZB strain was comprised of a circular chromosome
consisting of 4,077,007 bp, with an average G+C content of
46.2% (Fig. 3). Of the 4057 predicted genes, 3881 (95.66%)
were protein-coding genes. There were 105 predicted RNA
genes including 82 tRNAs, 18 rRNAs (9% 5S, 7% 16S, and
2% 23S) and five ncRNA genes. The genome contained
a total of 71 pseudogenes and no evidence of a CRISPR
repeat. Table 1 summarizes the genome properties and the
GZB strain statistics. The RAST database analysis of the
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GZB strain genome found that the closest neighbors were
the Bacillus amyloliquefaciens LL3 (score, 503), Bacillus
amyloliquefaciens FZB42 (score, 448), and Bacillus subtilis
QB928 (score, 348).

COG analysis

The core gene functions of the Bacillus sp. GZB were esti-
mated using a COG analysis. A total of 3881 protein-coding
sequences (CDSs) in the GZB genome were identified; of
these, 2877 (70.91%) protein-coding genes were assigned
to COG functional categories. However, most genes in the
GZB strain demonstrated a common subsystem structure
associated with different functions (Table 2 and S6). We
found high abundances of genes in the genome for tran-
scription (K, 6.36%), followed by amino acid transport and
metabolism (E, 6.11%); carbohydrate transport and metabo-
lism (G, 5.46%); cell wall/membrane/envelope biogenesis
(M, 4.38%); energy production and conversion (C, 4.20%);
translation, ribosomal structure, and biogenesis (J, 4.17%);
inorganic ion transport and metabolism (P, 4.10%); repli-
cation, recombination, and repair (L, 3.20%); signal trans-
duction mechanisms (T, 3.14%); coenzyme transport and
metabolism (H, 3.07%); post-translational modification,
protein turnover, chaperones (O, 2.24%); lipid transport and
metabolism (I, 2.19%); secondary metabolites biosynthesis,
transport and catabolism (Q, 2.19%); nucleotide transport
and metabolism (F, 2.06%); defense mechanisms (V, 1.37%);
intracellular trafficking, secretion, and vesicular transport
(U, 1.19%); and cell cycle control, cell division, chromo-
some partitioning (D, 0.93%), and cell motility (N, 0.59%).

Some genes were also recognized as having unknown
functions (S, 7.70%); other genes were applied to predict only
general functions (R, 9.48%). The COG categories were used
to distinguish between different functional characteristics of
strain GZB and other Bacillus species (Fig. 4). The COG
analysis suggested that the GZB strain contained genes that
may have evolved from harsh environmental conditions. The
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Fig.3 Graphical circular map
of the Bacillus sp. GZB genome
displayed relevant genome
features. Circles representing
the following (from center to
outside): (G+C) skew [green,
positive (G+C) skew; purple,
negative (G+C) skew]; (G4+C)
content (black); and coding
DNA sequence (CDS, blue).
The figure was build using CG
viewer server

3,000,000~

Table 1 Summary of the genome of Bacillus sp. GZB

Attribute Value % of total
Genome size (bp) 4,077,007 100
DNA coding (bp) 3,646,365 89.44
DNA (G+C) (bp) 1,883,578 46.2
Total contigs 23 100
Total Genes 4057 100
Protein-coding genes 3881 95.66
RNA genes 105 2.59
Pseudogenes 71 1.75
Genes assigned to COGs 2877 70.91
Genes with Pfam 3205 79.0
Genes with signal peptides 239 5.89
Genes with transmembrane helices 893 22.01
CRISPR repeats 0 0

*COGs cluster of orthologous groups

external environment and several ecological factors are directly
correlated with strain survival in the harsh conditions; these
conditions influenced changes in the bacteria’s genetic struc-
ture (Madigan and Martinko 1997; Yang et al. 2018).

Genetic mechanisms of BPA degradation and pathways
prediction

As noted previously, Bacillus sp. GZB can degrade BPA,
making it a unique source of carbon and energy (Li et al.
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2012). BPA degradation occurs due to contribution and
coordination of many protein-coding genes present in the
GZB genome. We identified the gene-encoding proteins
that are primarily involved in degradation of BPA and other
xenobiotic or aromatic compounds. Based on the genome
analysis and previous reports, we designed four probable
BPA degradation pathways for strain GZB (Fig. 5). In this
genome analysis, we characterized one of the most impor-
tant enzyme complexes for BPA degradation: a cytochrome
p450 monooxygenase system. This system consists of
cytochrome p450, ferredoxin, and ferredoxin reductase,
as reported by Sakai et al. (2008). Initial BPA hydroxyla-
tion at the methyl group and the quaternary carbon begins
with the cooperation of cytochrome P450, ferredoxin,
and ferredoxin reductase enzymes complex. This results
in the catalysis of two different intermediates: 1,2-bis(4-
hydroxyphenyl)-2-propanol and 2,2-bis(4-hydroxyphenyl)-
1-propanol (Sasaki et al. 2008). In this study, we found five
copies of genes encoded for cytochrome P450 monooxy-
genase (BX087_13955, BX087_02590, BXO87_04980,
BX087_05585, and BX0O87_01290) and one copy of
both ferredoxin (BX087_14345) and ferredoxin reductase
(BXO87_06325) (Tables S4 and S5).

The amino acid sequence alignment data associated with
cytochrome p450 and ferredoxin from GZB showed signifi-
cant homologies with the cytochrome p450 monooxygenase
and ferredoxin sequences in Bacillus sp., and Sphingomonas
bisphenolicum AOI. These are known to be BPA degrad-
ers (Sasaki et al. 2005). Alignment data (Fig. S2) further
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Table 2 Number of genes

. . Code Value % age Description

associated with general COG

functional categories J 162 4.17 Translation, ribosomal structure, and biogenesis
A 0 0 RNA processing and modification
K 247 6.36 Transcription
L 124 3.20 Replication, recombination, and repair
B 0 0 Chromatin structure and dynamics
D 36 0.93 Cell cycle control, cell division, chromosome partitioning
\Y 53 1.37 Defense mechanisms
T 122 3.14 Signal transduction mechanisms
M 170 4.38 Cell wall/membrane biogenesis
N 23 0.59 Cell motility
U 46 1.19 Intracellular trafficking, secretion, and vesicular transport
(0] 87 2.24 Posttranslational modification, protein turnover, chaperones
C 163 4.20 Energy production and conversion
G 212 5.46 Carbohydrate transport and metabolism
E 237 6.11 Amino acid transport and metabolism
F 80 2.06 Nucleotide transport and metabolism
H 119 3.07 Coenzyme transport and metabolism
I 85 2.19 Lipid transport and metabolism
P 159 4.10 Inorganic ion transport and metabolism
Q 85 2.19 Secondary metabolites biosynthesis, transport, and catabolism
R 368 9.48 General function prediction only
S 299 7.70 Function unknown
- 1004 25.87 Not in COGs

Fig.4 Functional annotations of
genes within Bacillus species.
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suggested that the cytochrome p450 and ferredoxin from
GZB may have similar functions as the Bacillus sp., Rho-
dococcus sp. P14, and Sphingomonas bisphenolicum AOL1.
Moreover, the sequence alignment had a heme-binding
region with a strictly conserved cysteine residue in all
cytochrome p450, at a position of 334 with the consensus
sequence of FGXGXHXCXG region. These anchor the

heme at the active site of cytochrome p450 (Degtyarenko
1995). In addition, the oxygen-binding consensus regions
with two conserved threonine residues at the positions 230
and 231 play a critical role in the monooxygenation reactions
(Imai et al. 1989).

The amino acid sequences of ferredoxin are similar to the
conserved cysteine residues, which are mainly associated
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Fig.5 Proposed degradation pathways of BPA based on the genome
analysis of Bacillus sp. GZB. The Enzyme Commission (EC) num-
bers highlighted in red were proteins identified from the genome of

with electron transport to a corresponding cytochrome P450
with two Fe ions (Sasaki et al. 2005). In addition, the GZB
strain was capable of producing a spore-laccase enzyme,
which was imitated by a gene encoding for copper bind-
ing oxidoreductase enzyme (BXO87_19270) (Table S4).
It is primarily a multi-copper oxidase (laccase), which can
be applied to different biotechnological and industrial pro-
cesses. Recently, laccases from Bacillus species were studied
to assess the biotransformation of many phenols and syn-
thetic dyes (Held et al. 2005). Previously, we isolated the
spore-laccase from the GZB strain and applied it to degrade
BPA (Das et al. 2018). In this genome context, the presence
of cytochrome P450, ferredoxin, ferredoxin reductase, and
laccase genes sparked further interest in analyzing other rel-
evant genes involved in different steps of BPA degradation
pathways. All the genes and their respective functions, the
Enzyme Commission (EC) numbers, and expected isolation
sources are described in Table S4.

In pathway I, BPA degradation evolves by forming a
major hydroxylation product 1,2-bis(4-hydroxyphenyl)-
2-propanol through the enzyme complex cytochrome p450
(EC 1.14.13.-), ferredoxin, and ferredoxin reductase (EC
1.18.1.2). It is then further dehydrated to 4,4'-dihydroxy-
alpha-methylstilbene. An oxidative cleavage on 4,4'-dihy-
droxy-alpha-methylstilbene produces two intermediates of
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4-hydroxybenzaldehyde and 4-hydroxyacetophenone. The
reactions may be achieved by an oxidoreductase enzyme
such as laccase (EC 1.10.3.2) (Das et al. 2018; Zhang et al.
2013). Further oxidation of 4-hydroxybenzaldehyde makes
4-hydroxybenzoic acid, which is a primary end product
from most BPA degradation pathways.

A previous study identified a spore-laccase from
Bacillus sp. GZB, which was applied to degrade BPA.
During BPA degradation, we detected both benzalde-
hyde and benzoic acid derivatives, followed by several
organic acids as the intermediates (Das et al. 2018). Here,
we identified an extradiol dioxygenase (EC 1.13.11.2)
(BX0O87_10735), which may react on catechol, a possible
transformation product of 4-hydroxybenzoic acid. This
further indicates a meta-ring cleavage degradation path-
way. Furthermore, this study also identified several other
enzymes present in the GZB genome and illustrated their
possible roles during BPA degradation. These enzymes
are aldehyde dehydrogenase (EC 1.2.1.3) (BXO87_10215
and BXO87_18805), 4-oxalocrotonate tautomerase (EC
5.3.2.6) (BX087_09140), and pyruvate dehydroge-
nase (EC 1.2.4.1) (BX0O87_03660 and BX0O87_18430).
Together, these result in the formation of final products,
including pyruvate and acetaldehyde, which are further
processed in the TCA cycle (Fig. 5).
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Pathway II of BPA degradation starts with the hydroxyla-
tion product of 2,2-bis(4-hydroxyphenyl)-1-propanol gener-
ated by the enzymes complex; the product is further trans-
formed to 2,3-bis(4-hydroxyphenyl)-1,2-propanediol either
by the monooxygenase (EC 1.14.13.-) (BXO87_07120) or
by cytochrome p450 enzymes complex (Sakai et al. 2005).
Concurrently, 2,2-bis(4-hydroxyphenyl)-1-propanol are oxi-
dized and rearranges to form oxirane; further hydrolysis of
oxirane produces 2,3-bis(4-hydroxyphenyl)-1,2-propanediol
(Spivack et al. 1994). Previous studies reported that organic
compounds were rearranged or re-aromatized by short-chain
dehydrogenase and cytochrome P450 monooxygenase (Li
et al. 2016).

This study found four copies of short-chain dehydro-
genase (BX0O87_10185, BXO87_06795, BXO87_06195,
and BX087_19000) and five copies of cytochrome P450
monooxygenase. Furthermore, an oxidative cleavage occurs
on 2,3-bis(4-hydroxyphenyl)-1,2-propanediol by either lac-
case or other oxidoreductases (Table S4). This converts
4-hydroxyphenacyl alcohol and 4-hydroxybenzoate. A previ-
ous study used GC-MS analysis to identify both these com-
pounds as BPA-degrading intermediates (Li et al. 2012; Das
et al. 2018). Furthermore, 4-hydroxybenzoate is converted to
4-hydroxybenzoyl-CoA by acyl-CoA synthetase (EC 6.2.1.-)
(BXO087_01010); then, a dehydroxylation reaction occurs
on 4-hydroxybenzoyl-CoA to form benzoyl-CoA (Glockler
et al. 1989).

A similar kind of BPA degradation pathway for Bacillus
thuringiensis was noted by Li et al. (2018). Benzoyl-CoA
was successively cleaved by aromatic ring-cleaving dioxyge-
nase (EC 1.13.11.2) to produce crotonoyl-CoA. This genome
study identified three copies of ring-cleaving dioxygenase
(BX087_02800, BXO87_15460, and BXO87_17705). The
crotonoyl-CoA is further converted to (S)-3-hydroxybu-
tanoyl-CoA by the enoyl-CoA hydratase (EC 4.2.1.17). This
study found five copies (BXO87_13965, BXO87_04945,
BX087_05635, BXO87_00765, and BX0O87_12075) of
enoyl-CoA hydratase encoding gene in the GZB genome.
Then, (S)-3-hydroxybutanoyl-CoA is oxidized to acetoa-
cetyl-CoA by the 3-hydroxybutyryl-CoA dehydrogenase
(EC 1.1.1.157) (BXO087_13705). Furthermore, acetoacetyl-
CoA is cleaved by acetyl-CoA acetyltransferase (EC 2.3.1.9)
(BX0O87_06705 BX087_01005, and BXO87_13700) to
transform acetyl-CoA, which is metabolized by the TCA
cycle (Fig. 5).

In pathway III, 4-hydroxyacetophenone, an oxidative
intermediate of 4,4'-dihydroxy-alpha-methylstilbene, is con-
verted to 4-hydroxyphenyl acetate by the enzyme monoox-
ygenase (EC 1.14.13.-). Then, 4-hydroxyphenyl acetate is
transformed to hydroquinone by several esterases. This study
detected four copies of esterase in the GZB genome (EC
3.1.1-) (BXO87_17630, BXO87_18115, BX0O87_01320,
and BXO87_06110), and two copies of carboxylesterase

(BXO87_15465, and BX0O87_07210) (EC 3.1.1.1). These
may act on 4-hydroxyphenyl acetate to produce hydroqui-
none. Hydroquinone is further oxidized by either laccase or
by several oxidoreductases to form 4-hydroxymuconic semi-
aldehyde. In addition, this genome study found three copies
of aldehyde dehydrogenase (EC 1.2.1.3) (BXO87_10215 and
BXO087_18805, and BXO87_11570). These may catalyze
the oxidation of the aldehyde byproduct to a corresponding
acidic derivative such as 2-maleylacetate (Sophos and Vasil-
iou 2003). The 2-maleylacetate then degrades to produce
3-oxoadipyl-CoA. The 3-oxoadipyl-CoA is further catalyzed
to succinyl-CoA and acetyl-CoA by the 3-ketoacyl-CoA thi-
olase (EC 2.3.1.16) (BXO87_01005), and is further metabo-
lized through the TCA cycle (Fig. 5).

In pathway IV, BPA is degraded by forming a quinol
intermediate through the addition of molecular oxygen into
BPA by the NADPH and FAD-aided monooxygenase; this
approach was previously reported in Sphingomonas sp.
TTNP3. After that, the C—C bond is cleaved between the
phenolic moiety and isopropyl group of BPA. This results
in the formation of 4-isoprophenylphenol and hydroqui-
none (Fig. 5) (Kolvenbach et al. 2007). Our previous study
detected this hydroquinone, a major intermediate of BPA
degraded by laccase (Das et al. 2018). Telke et al. (2009)
also reported that hydroquinone was an essential BPA
intermediate when treated with laccase derived from Pseu-
domonas sp. LBC1. Further oxidation of hydroquinone by
several ring-cleaving dioxygenases (EC 1.13.11.2), or oxi-
doreductases like laccase or other oxidoreductases present
in the GZB genome, produces organic acids. These acids
include 2-hydroxypropanoic acid, 2-methylbutanoic acid,
and 3-methylbutanoic acid (Das et al. 2018). The GZB strain
contains a complete TCA-cycle pathway; this may help pro-
cess the resulting intermediates from BPA degradation (Fig.
S3 and Table S4).

Genes of Bacillus sp. GZB are involved in degrading other
xenobiotic compounds

The GZB genome contained several protein-coding genes
known to be involved in different pathways for degrading
hydrocarbons and many xenobiotic compounds. Many genes
in the GZB strain are encoded for hydrocarbon and/or xeno-
biotic compounds degradation; these include alkanesulfonate
monooxygenase (BXO87_00270); biphenyl 2, 3-dioxygenase
(BXO87_11265); nitroalkane dioxygenase (BXO87_05890);
aromatic ring hydroxylase (BXO87_17830); extradiol dioxy-
genase (BXO87_10735); 1,4-dihydroxy-2-naphthoyl-CoA
synthase (BXO87_11040); 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (BXO87_13205); 2-amino-3-carbox-
ymuconate-6-semialdehyde decarboxylase (BXO87_00250);
p-nitrobenzyl esterase (BXO087_07610); 2-succinyl-
5-enolpyruvyl-6-hydroxy-3-cyclohexene- 1-carboxylic-acid
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synthase (BXO87_11030); 2-succinyl-6-hydroxy-2,4-cy-
clohexadiene-1-carboxylate synthase (BXO87_11035);
enoyl-CoA hydratase (BXO87_13965, BX0O87_04945,
BX087_05635, BXO87_00765, and BXO87_12075); and
butanediol dehydrogenase (BXO87_19290). (Tables S4 and
S5) (Li et al. 2016; McLeod et al. 2006; Giebel et al. 2016).
A previous study found that many polyaromatic hydrocar-
bons (PAHs), such as pyrene and phenanthrene, are aero-
bically degraded through cleavage on the benzene ring by
dioxygenase or monooxygenase (Jouanneau et al. 2016; Kim
et al. 2007; Peng et al. 2015).

In the GZB genome, we found three copies of aromatic
ring-cleaving dioxygenase and one copy of monooxygenase;
these may be degraded different PAHs. However, many
researchers have found that the anaerobic degradation of
PAHs occurred through the carboxylation of compounds
by carboxylase (Mouttaki et al. 2012). In anaerobic envi-
ronments, acetoacetate decarboxylase played an important
role in degrading acetoacetate compounds to acetone and
carbon dioxide. We identified two copies of carboxylase cod-
ing genes (BXO87_01320, BXO87_17630) and one copy of
an acetoacetate decarboxylase (BXO87_06765) gene in the
GZB genome. However, the alcohol and aldehyde intermedi-
ates, originally derived from different hydrocarbon degrada-
tions, were further converted to acidic byproducts (McLeod
et al. 2000).

The previous reports suggested that alcohol dehydro-
genase and aldehyde dehydrogenases were the main cata-
lyzers transforming alcohols to aldehydes and aldehydes
to acidic derivatives (Sophos and Vasiliou 2003). In this
study, we identified six copies of alcohol dehydroge-
nase (BXO87_15820, BX0O87_05450, BXO87_16415,
BXO087_17805, BXO87_18130, and BX0O87_05790), two
NADH-dependent alcohol dehydrogenase (BXO87_05960
and BX0O87_05965), one NADP-dependent alcohol dehy-
drogenase (BXO87_19345), one zinc-dependent alcohol
dehydrogenase (BX0O87_05205), and two copies of alde-
hyde dehydrogenases (BXO87_10215 and BXO87_18805)
(Tables S4 and S5). Most hydrocarbon and xenobiotic com-
pounds were degraded through benzoic acid as the major
intermediate (Li et al. 2012; Das et al. 2018; Zhang et al.
2013).

The GZB genome contained different genes encoded
for benzoic acid or benzoic acid derivatives degradations,
including 2,3-dihydro-2,3-dihydroxybenzoate dehydro-
genase (BX087_06270); 2,3-dihydroxybenzoate—AMP
ligase (BX0O87_06260); acetyl-CoA acetyltransferase
(BX087_06705 and BXO87_13700); 3-ketoacyl-CoA
thiolase (BXO87_01005); O-succinyl benzoate syn-
thase (BXO87_11050); 2-succinyl benzoate-CoA ligase
(BXO087_11045); 4-carboxymuconolactone decarboxy-
lase (BXO87_10645); 4-oxalocrotonate tautomerase
(BX0O87_09140); and 3-hydroxybutyryl-CoA dehydrogenase
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(BXO87_13705) (Tables S4 and S5). The genes acylphos-
phatase (BXO87_18670) and amidase (BXO87_08195) have
been identified as involved in aminobenzoate degradation.
They are also engaged in the degradation of styrene and
2.4-dichloroalkane, respectively (Sudtachat et al. 2009).

A different study found that the cytochrome P450
monooxygenase, which includes a ferredoxin and ferredoxin
reductase system, may catalyze many other reactions. These
reactions could include the hydroxylation, epoxidation, sul-
foxidation, or dealkylation of a wide range of hydrocarbons
and xenobiotic compounds, including drugs, perfumes,
and pesticides (Sasaki et al. 2005; Luo et al. 2016). Most
importantly, cytochrome P450 monooxygenase with ferre-
doxin and ferredoxin reductase system played a vital role
during n-alkanes oxidation (Hong et al. 2017). A previous
study found that n-alkane oxidation produced fatty acids as
major intermediates; these were further processed through
B-oxidation to generate acetyl-CoA (Rojo 2009). The GZB
genome contained five copies of cytochrome P450 monoox-
ygenase gene, one copy of both ferredoxin and ferredoxin,
and an intact B-oxidation pathway.

We found that the GZB genome also contained one
copy of haloacid dehalogenase (BXO87_11885) belong-
ing to the superfamily of hydrolases. These hydrolases may
degrade different chloroalkanes and chloroalkenes, along
with chlorocyclohexanes and chlorobenzenes. As such, the
presence of haloacid dehalogenase was resolved to degrade
the highly toxic halogenated organic compounds from the
environment (Wang et al. 2015; Yang et al. 2018). Previ-
ously, Bacillus sp. GZT, isolated from the same sample,
was involved in degrading 2,4,6-tribromophenol by synthe-
sizing a novel dehalogenase (Liang et al. 2017). Further-
more, the GZB genome contained a copy of copper oxidase
(BX087_19270), recognized as laccase. This laccase was
involved in many oxidation processes associated with aro-
matic compounds, including pulp delignification, biobleach-
ing, detoxification of phenolics from industrial effluents, and
textile dye decolorization (Lu et al. 2012; Hautphenne et al.
2016; Zhang et al. 2013).

The RAST subsystem analysis revealed several xenobi-
otic compounds that the strain GZB degraded and metabo-
lized. The gene-encoding proteins in the GZB genome were
primarily responsible for degrading and metabolizing dif-
ferent compounds; they bloomed significantly in KEGG
pathways. Some of the essential pathways for strain GZB
include benzoate, fluorobenzoate, 2,4-dichlorobenzoate deg-
radation; naphthalene, anthracene, and fluorene degradation;
1,4-dichlorobenzene, atrazine, biphenyl degradation; and
toluene, xylene, and ethylbenzene degradation. Some meta-
bolic pathways for carbazole, 1,2-dichloroethane, styrene,
gamma-hexachlorocyclohexane, and 1,1,1-trichloro-2,2-bis
(4-chlorophenyl) ethane (DDT) also flourished (Fig. S4).
This highlights the importance of this study in assessing
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the ability of strain GZB to degrade and detoxify several
environmental contaminants.

Regulation systems involved in BPA degradation

BPA accessibility to cells as a unique source of carbon and
energy facilitated the BPA degradation process, and it could
occur through resistance, transport, and transformation asso-
ciated with cellular regulation, signaling, and metabolic
functions (Li et al. 2018). Several genes were involved in
these regulatory functions of BPA degradation. The KEGG
analysis identified 107 genes as stress response genes; these
genes helped cells survive when first exposed to BPA. At
this phase, cell motility and chemotaxis regulating genes
played a vital role in BPA reorganization and mobilization.
A total of 88 genes were involved in this cell motility and
chemotaxis regulation (Fig. S5). The transport systems of
strain GZB included 1023 genes (26.37% of total CDS)
recognized by COG functional categories, which helped
transport aromatic compounds, amino acids, carbohydrates,
lipids, nucleotides, coenzymes, metabolites, and inorganic
ions (Tables 2 and S6).

Most importantly, 61 ABC transporter ATP-binding pro-
teins and 68 ABC transporter permease which were mostly
responsible for importing BPA and several other organic or
inorganic compounds into cells. Besides, 62 encoded genes
were Major Facilitator Superfamily (MFS), engaged in
resisting multidrug and solute transport. The GZB genome,
including genes encoding ABC phosphate (8), sulfate (1),
nitrate and nitrite (4), ABC iron (9), ABC molybdate (2),
ABC zinc (1), and potassium (6) transporter systems, played
a significant role in nutrient uptake and in the detoxifica-
tion of harsh compounds in different environments (Pal et al.
2017; Yang et al. 2018).

The COG analysis also demonstrated that 247 CDSs in
the GZB genome belong to the transcription category (K,
6.36%). Of these, 17 proteins are LysR-type transcriptional
regulators (LTTRs) (COGO0583); these proteins have been
reported to be regulatory genes involved in aromatic com-
pound catabolism (Binnewies et al. 2006). Another 15 pro-
teins belong to TetR/AcrR family regulators (COG1309) and
played a regulatory role over the genes involved in alkanes
catabolism (Yang et al. 2018). Twenty-five other proteins
belonged to the multiple antibiotic resistance (MarR)
family regulators (COG1846), and another eight proteins
were recognized as MerR family transcriptional regulator
(COGO0789). Nine proteins under GntR group of transcrip-
tional regulators (COG1802) were also involved with some
aromatic compound degradation (Gerischer et al. 2002). Two
proteins belonged to AraC family regulators (COG2207),
and one protein was identified as the IcIR family of the tran-
scriptional regulator (COG1414). This protein may control

the expression of dioxygenase and cytochrome p450 genes
during hydrocarbon degradation (Yang et al. 2018).

Recent studies have suggested that some upregulated
ribosomal proteins, including RplP, RpsS, RplO, RpsP,
RplF, and InfA and down-regulated proteins Tkt and RpoA
in the Bacillus thuringiensis strain, directly interacted dur-
ing BPA degradation (Table S6). Results also showed that
the upregulated proteins, e.g., RpIP, RpsS, RplO, RpsP, and
RplF, were increasingly expressed under BPA stress and
assisted BPA degradation. The upregulation and down-reg-
ulation of these proteins also elucidated the regulation of the
expression of different functional genes after BPA degrada-
tion (Li et al. 2018). In the GZB genome, we found one copy
of each of the upregulated proteins RpIP (COGO0197), RpsS
(COGO185), RpsP (COG0228), RplO (COG0200), InfA
(COGO0361), and RplF (COGO0097) and the down-regulated
proteins Tkt (COGO0021) and RpoA (COG0202). These
benefit BPA degradation in Bacillus sp. GZB, like Bacillus
thuringiensis.

However, the expression of some ribonuclease proteins
was affected by BPA, which directly interfered with the
translation process. This meant that BPA posed a risk to
protein folding and translation (Liang and Deutscher 2013).
Thiol-disulfide oxidoreductase is a crucial enzyme for pro-
tein folding and function (Feng and Coulombe 2015). The
enzyme promotes enzyme activity and stability (Lu et al.
2014); its regulation during BPA degradation influenced
enzyme activity, cellular biological process, and cellular
components (Li et al. 2018). The GZB genome contained
two copies of thiol-disulfide oxidoreductase (BXO87_06030
and BXO87_14305), which played a vital role in protein sta-
bility and functions during BPA degradation. Another essen-
tial protein was DsbA, containing a thioredoxin domain.
This domain is useful in the oxidative folding of the bacte-
rial protein in the natural environment (Crow et al. 2009).
In our genome study, we obtained five copies of thioredoxin
genes (BXO87_11425, BX087_12095, BX087_16730,
BXO087_17695, and BXO87_06675) (Table S4); these may
have added some benefits to strains that could be applied
for remediation in the natural environments. In this study,
the functions of many proteins were not identified. Further
research is needed to confirm the precise role of the proteins
and their regulatory mechanisms during BPA degradation.

Sporulation and CotA expression of Bacillus sp. GZB

Most of the Bacillus species produce spores under stressful
physical and chemical conditions (Nicholson et al. 2000),
including Bacillus sp. GZB (Das et al. 2018). Sporulation
is a crucial step for strain GZB, because during this condi-
tion, cells express CotA, a spore-associated protein that can
oxidize many aromatic compounds (Das et al. 2018). Spore
resistance under certain limitations and stable under different
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adverse situations because of an assemblage of several pro-
tective structures: cortex, coat, and exosporium (Bressuire-
Isoard et al. 2016). The genome analysis identified 132
protein-coding genes in the GZB genome (Table S7). Of
these, 11 were alpha/beta/gamma-type small, acid-soluble
spore proteins (SasP) that bind to DNA in spores and pro-
tect them from chemical and enzymatic degradation under
stressful conditions.

A different study found that the SasP-1 (major beta-type
SasP) is down-regulated during BPA degradation. Risk
occurs on the spore DNA due to cleavage. This suggests
that the SasP-1 can be a potential biomarker in pollutant
stress (Li et al. 2018). Other genes also play a pivotal role
during GZB spore development; these genes include spore
coat proteins (16), several sporulation proteins involved in
different stages of spore development (22), and the YjcZ
family sporulation protein (7). The assembly of the coat and
exosporium occurs in the cell under the governance of RNA
polymerase sigma factors (McKenney et al. 2013). The GZB
genome contains five copies of RNA polymerase sigma fac-
tors, which are involved in the synthesis of several proteins.
The CotE is a morphogenetic protein, and acts as a critical
determinant in assembling the spore outer coat under the
control of a sigma factor (%) (Bressuire-Isoard et al. 2016).

The GZB genome was found to carry one copy of the
CotE gene. In addition, the CotA protein is a significant
component of the outer coat layer and the CotA assembly
is significantly monitored by the CotE protein (Little and
Driks 2001). Many researchers have tried to clarify the exact
function of CotA within the spore coat; however, it is not
fully understood (Bressuire-Isoard et al. 2016; Enguita et al.
2003). Most notably, the assembly of CotA within the spore
coat is essential for the full complement of spore resistance
properties (Enguita et al. 2003). Different types of spore ger-
mination proteins (15) were also found in the GZB genome;
these proteins help germinate the spore to transition to a
vegetative phase when the cells are in favorable conditions.

Genomic islands and horizontal gene transfer

The strain Bacillus sp. GZB was isolated from an elec-
tronic-waste recycling site. The presence of the strain
in that environment indicated its ability to survive under
extreme pollutant-driven environmental stresses. Ecologi-
cal stresses are critical factors that impact horizontal gene
transfer (HGT) mechanisms. HGT is a universal microbial
process that frequently occurs among microbes in the envi-
ronment. Genomic islands (GIs) are clusters of genes present
in bacterial genomes that have been acquired by horizontal
origins (Hacker and Kaper 2000). This study identified sev-
eral genes obtained through HGT from different bacterial
species. A total of 20 GIs were identified in the genome of
Bacillus sp. GZB using the integrated mode of Island Viewer
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4 (Bertelli et al. 2017). Figure S6 shows the localization of
predicted GIs. Of 314,216 bp GIs encoded by 338 genes, 84
genes were functioning predicted and 254 were hypothetical
proteins (Table S8).

Most of the highlighted proteins present in GIs are mainly
involved in active transport, spore coat synthesis, cell divi-
sion, flagella formation, and DNA replication and transcrip-
tional regulation. Some proteins are involved in both BPA
and hydrocarbon degradation; these proteins include enoyl-
CoA hydratase, acyl carrier protein, polyketide synthase,
short-chain dehydrogenase, and aldehyde oxidase. The
presence of flagellin protein and several phage-associated
proteins could indicate effective HGT or genetic alterations
using bacteriophages in the oligotrophic environment. A
large number of proteins were discovered that have unknown
functions; these functions may be involved in different cel-
lular and biological processes.

Comparative study of Bacillus sp. GZB with other
genomes

To conduct a comparative study, we used Bacillus sp. GZT
(LVVJ00000000), a 2,4,6-tribromophenol degrading strain
(Liang et al. 2016) previously isolated from the same sam-
ple, and a Bacillus amyloliquefaciens FZB42T (NC_009725),
a phylogenetically closed model bacterium with Bacillus
sp. GZB isolated from a non-polluted environmental sam-
ple (Chen et al. 2007). Table 3 shows the data comparing
the GZB genome with other Bacillus species. The strains
Bacillus sp. GZB and Bacillus sp. GZT were obtained from
the same sample; however, the GZB strain showed a higher
G+C content than GZT (35.1%). In contrast, B. amylolique-
faciens FZB42T was quite similar to 46.0% of G+C.

A recent study reported that G4+C content did not
vary more than 1% within the species (Meier-Kolthoff
et al. 2014); this indicates that strain GZB is close to B.
amyloliquefaciens FZB42T. Moreover, the protein-coding
sequences in GZB genome exceeded those of B. amylolique-
faciens FZB42T (3881 vs. 3693), but were smaller than
Bacillus sp. GZT (3881 vs. 5252). A total of 105 RNA genes
was found in the GZB genome. This was high compared
to Bacillus sp. GZT (52; RNA genes), but was close to B.
amyloliquefaciens FZB42" (121; RNA genes).

The COG analysis indicated that the abundance of pro-
teins responsible for carbohydrate transport and metabolism
in both strains of Bacillus sp. GZB (G; 212) and Bacillus sp.
GZT (G; 238) were lower than B. amyloliquefaciens FZB42"
(G; 297). This indicated that there was a lower level of avail-
able carbohydrates in the electronic-waste sludge sample
from which the strains were isolated. The average number of
GZB genes responsible for defense mechanisms; the trans-
port and metabolism of carbohydrates, amino acids, lipids,
and inorganic ions; secondary metabolites synthesis; and



Archives of Microbiology

Table 3 Genomic comparison

i | Attribute
of Bacillus sp. GZB with the

Bacillus sp. GZB

Bacillus sp. GZT B. amyloliquefaciens FZB42

genomes of Bacillus sp. GZT, Genome size (bp) 4,077,007 5,188,788 3,918,589
isolated from t.he same sample GC % 462 35.1 46.4
and B. amyloliquefaciens
FZB42 was closely related Total genes 4057 5431 3892
strain observed in the NCBI Protein-coding genes 3881 5252 3687
blast match as well as RAST RNA genes 105 52 121
analysis rRNA genes 18 11 29
tRNA genes 82 36 89
ncRNAs 5 5 4
Pseudo genes 71 127 84
Genes in COGs 2877 3605 3305
Accession no. MTQG00000000 LVVI00000000 NC_009725
Isolation source Electronic-waste sludge  Electronic-waste sludge  Plant root
References This study Liang et al. (2016) Chen et al. (2007)

transcription were nearly similar to Bacillus sp. GZT. This
indicated that both strains were metabolically active and
could survive in harsh environmental conditions.

Figure 4 shows that the distribution of genes into COG
functional categories was not identical in all Bacillus
genomes. The GZB genome contained a total of 299 genes
(7.70% of the COGs), which were annotated with unknown
functions. These genes may be elaborated with several func-
tions, similar to other proteins in transport, metabolism, and
regulation systems. Further study is needed to characterize
the functions of these proteins in the GZB genome. How-
ever, the presence of large numbers of functional genes in
the GZB genome indicates they can adapt and metabolize
in the harsh environments. Moreover, the previous studies
found that most reported genome sequences of BPA-degrad-
ing bacteria belonged to the genus Sphingobium. As such,
we compared the genomic features of Bacillus sp. GZB with
other BPA-degrading strains to clarify their basic genomic
differences. All the data are shown in Table S9.

Conclusion

This study identified the overall ~4.08 Mb genome structure
and genome-based functional characteristics of an environ-
mentally relevant and biotechnologically important Bacil-
lus sp. GZB. Information about the genome identified the
genetic basis of several metabolic pathways for BPA degra-
dation and many other cellular functions of the GZB strain.
The GZB genome included a large number of protein-coding
genes, including cytochrome P450 monooxygenase, ferre-
doxin, and ferredoxin reductase complex, laccase, and many
others. These genes are involved in BPA and other xenobi-
otic compound degradation. The protein-coding genes in the
GZB genome were particularly helpful in predicting BPA

degradation pathways. The comparative genomics suggested
that GZB is a disparate category within the Bacillus species.
This study is the first known systematic and detailed elu-
cidation of BPA degradation pathways associated with the
genus Bacillus using genome sequencing. The genomic data
provide new insights into the BPA degradation mechanisms;
these insights should help to design a future systematic and
comprehensive metabolic pathway of the GZB strain for
bioremediating diverse BPA-polluted environments.
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