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Abstract

2,4,6-trinitrotoluene (TNT) is a nitroaromatic compound that causes soil and groundwater pollution during manufacture,
transportation, and use, posing significant environmental and safety hazards. In this study, a TNT-degrading strain, Bacil-
lus cereus strain T4, was screened and isolated from TNT-contaminated soil to explore its degradation characteristics and
proteomic response to TNT. The results showed that after inoculation with the bacteria for 4 h, the TNT degradation rate
reached 100% and was transformed into 2-amino-4,6-dinitrotoluene (2-ADNT), 4-amino-2,6-dinitrotoluene (4-ADNT),
2,4-diamino-6-nitrotoluene (2,4-DANT), and 2,6-diamino-4-nitrotoluene (2,6-DANT), accompanied by the accumulation
of nitrite and ammonium ions. Through proteomic sequencing, we identified 999 differentially expressed proteins (482
upregulated, 517 downregulated), mainly enriched in the pentose phosphate, glycolysis/gluconeogenesis, and amino acid
metabolism pathways. In addition, the significant upregulation of nitroreductase and N-ethylmaleimide reductase was closely
related to TNT denitration and confirmed that the strain T4 converted TNT into intermediate metabolites such as 2-ADNT
and 4-ADNT. Therefore, Bacillus cereus strain T4 has the potential to degrade TNT and has a high tolerance to intermedi-
ate products, which may effectively degrade nitroaromatic pollutants such as TNT in sifu remediation in combination with
other bacterial communities.
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Introduction

2,4,6-Trinitrotoluene (TNT), which is stable and cost-effec-
tive, has become one of the most widely used explosives.
Approximately 1,000 tons of TNT are produced globally,
and nearly two million liters of TNT-contaminated waste-
water and other nitroaromatic compounds are released
daily. These wastewater seriously pollute surface water and
groundwater under the action of surface runoff and infiltra-
tion, and pose a threat to the health and ecosystem of sur-
rounding residents (Su et al. 2023). The US Environmental
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Protection Agency has set the environmental discharge
standard for TNT at 0.06 mg/L and the drinking water dis-
charge standard at 2.0 pg/L. However, TNT contamination
in soil and water surrounding military factories and ammu-
nition disposal sites exceeds these standards significantly
(Lewis et al. 2004). Long-term exposure to TNT can cause
skin irritation, liver dysfunction, anemia and induce carcino-
genic and mutagenic effects in humans (Leffler et al. 2014;
Hsu et al. 2019; Ni et al. 2022; Lin et al. 2023). TNT pol-
lution can also disrupt the structure of soil microbial com-
munities (Yang et al. 2022) and induce damage to plant root
systems (Johnston et al. 2015; Das et al. 2017; Yang et al.
2021). The issue of environmental TNT pollution has gar-
nered considerable attention.

Microbial remediation technology has been widely used
in the remediation of TNT-contaminated soil and water
due to its lack of secondary pollution. Several highly effi-
cient TNT-degrading microorganisms have been reported
recently. For example, Pseudomonas sp. TNT3, isolated and
screened from an Antarctic environmental sample, could
transform 100 mg/L of TNT within 48 h, demonstrating
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higher biotransformation capacity than the well-known
TNT-degrading strain Pseudomonas putida KT2440
(Cabrera et al. 2020). Two mildly halophilic alkaline bacte-
rial strains from TNT-contaminated soil have been isolated
(Ali-Begloui et al. 2020), which could rapidly remove up
to 200 mg/L of TNT within 24 h under aerobic conditions.
However, existing strains face problems such as poor envi-
ronmental adaptability, low TNT degradation rates, and
incomplete TNT degradation during in situ soil remedia-
tion processes. Enzymatic degradation of TNT can effec-
tively avoid the toxicity of TNT degradation products on
microbial metabolism. This method has the advantages of
simple operation, low cost, and strong environmental adapt-
ability. Previous studies have shown that the degradation
of TNT mainly involves the reduction of nitro groups. The
nitro group of TNT is reduced to the nitroso group, hydroxy
amino group, and amino group under the action of nitro
reductase or xanthate family enzymes (OYEs), forming
amino aromatic derivatives (Williams et al. 2004; Alothman
et al. 2020). However, the enzyme production capacity and
enzymatic properties of existing TNT-degrading bacteria are
still unclear.

Therefore, this study aims to isolate and domesticate
highly efficient TNT-degrading strains from TNT-contami-
nated soil in a Chinese ammunition disposal plant and ana-
lyze their TNT degradation ability and degradation pathway.
We used proteomic technology to study the protein compo-
sition of TNT-degrading bacteria, identify critical proteins
involved in TNT degradation, and reveal the key pathways
of microbial TNT degradation. In addition, we screened
out the key protease in the process of TNT degradation and
interpreted the molecular mechanism of TNT biodegradation
through proteome changes. The results of this study pro-
vide theoretical references for the subsequent construction
of TNT-degrading enzyme expression vectors.

Materials and methods

Isolation and Identification of TNT-degrading
Strains

Soil samples were collected from a munitions destruction
plant in northern China. 5 g of soil was added to 95 mL
of Luria—Bertani liquid medium (LB) (consisting of 10 g/L
tryptone, 5 g/L yeast extract, 10 g/LL NaCl) containing
100 mg/L of TNT and shaken at 37 °C, and 150 rpm for
24 h (The average pollution concentration of TNT in some
ammunition demolition sites are 100 mg/L)(Zhang et al.
2023). 5 mL of the culture was then transferred to 95 mL
of Nitrogen-free medium (consisting of glucose 10 g/L,
KH,PO, 0.2 g/L, MgSO,-7H,0 0.2 g/L, NaCl 0.2 g/L,
CaS0O,-2H,0 0.2 g, pH="7) containing 100 mg/L of TNT
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and passaged for three consecutive times. The culture was
then streaked on a Nitrogen-free solid medium contain-
ing 50 mg/L of TNT to isolate and purify single colonies.
Genomic DNA was extracted using a bacterial DNA extrac-
tion kit, and the bacterial 16S rDNA sequence was amplified
using universal primers (27F: 5'-AGAGTTTGATCCTGG
CTCAG-3; 1492R: 5'-GGTTACCTTGTTACGACTT-3).
Beijing Qink Bio-tech Co., Ltd sequenced the PCR prod-
ucts. The sequencing data were subjected to a Blast search in
the NCBI database, and a phylogenetic tree was constructed
using MEGA7.0 (Kalyan et al. 2022).

Phenotypic analysis of strain

The strain was inoculated in LB medium and cultured at 37
°C and 150 rpm for 4 h. A small amount of bacterial liquid
was taken and air-dried on a microscope slide for observa-
tion of cell morphology under a microscope. Gram staining
was also performed, and the bacterial cells were observed
under an oil-immersion lens. The strains were streaked on
Nitrogen-free solid medium containing different concentra-
tions of TNT (0, 25, 50, and 100 mg/L) and cultured at 37 °C
for 12 h. The colony morphology was observed, and a small
number of bacterial cells were spread on a cover slip and
fixed with electron microscopy fixative (4% glutaraldehyde,
phosphate). The samples were dehydrated with a gradient of
ethanol solutions (30, 50, 70, 80, 90, and 95%) for 15 min at
each concentration and observed under a scanning electron
microscope (Liu et al. 2013).

Growth and TNT Degradation Analysis of Strain

The strain was inoculated in the Nitrogen-free medium
containing different concentrations of TNT (0, 25, 50, and
100 mg/L) and shaken at 37 “C and 150 rpm for 12 h. 1 mL
of the culture was collected at regular intervals, and the bac-
terial biomass was estimated by measuring the optical den-
sity at 600 nm. The culture was centrifuged at 12,000 rpm
for 5 min, and collect the supernatant. TNT content in the
culture medium was determined spectrophotometrically by
N-cetyl pyridine-sodium sulfite (Cabrera et al. 2020).

Single-factor experiment and response surface
optimization

Single-factor experiment

A single-factor experiment was conducted to investigate
the effects of different factors on the strain's biomass and
TNT degradation rate. The specific methods are as follows:
the strain was inoculated into the Nitrogen-free medium
containing 100 mg/L TNT at different pH (4, 5, 6, 6.5, 7,
7.5, 8,9, 10), and the initial ODgy, was adjusted to 0.05.
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The culture was shaken at 37 °C and 150 rpm for 4 h, and
then 1 mL of the culture was taken into a centrifuge tube
to measure the biomass and TNT degradation rate. The
strain was inoculated into Nitrogen-free medium contain-
ing 100 mg/L TNT at pH 7.0, and the initial ODg, was
adjusted to 0.05. The culture was shaken at different tem-
peratures (10, 20, 25, 30, 35, 40, and 45 °C) and 150 rpm
for 4 h, and then 1 mL of the culture was taken into a cen-
trifuge tube to measure the biomass and TNT degradation
rate. The strain was inoculated into Nitrogen-free medium
containing 100 mg/L TNT at pH 7.0, and the initial ODg,
was adjusted to (0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35).
The culture was shaken at 37 °C, and at 150 rpm for 4 h,
1 mL of the culture was taken into a centrifuge tube to
measure the biomass and TNT degradation rate.

Response surface optimization

Based on the results of the single-factor experiment, the
optimal degradation conditions for the strain were further
optimized using response surface methodology (Li et al.
2019). DesignExpert 8.0.6 software was used for experi-
mental design and statistical analysis, and a Box-Behnken
design with three factors and three levels was employed.
Based on the experimental design, the binomial equation
obtained was shown in the supplementary materials.

TNT degradation dynamic analysis

The strain was inoculated separately into Nitrogen-free
medium containing 0 and 100 mg/L TNT and was cultured
at 37 °C with shaking at 150 rpm for 12 h. The medium
containing 100 mg/L TNT without inoculated strain was
used as a control. At every 2 h interval, 2 mL of culture
was collected and centrifuged at 12,000 rpm for 5 min.
Nitrite content was determined using a nitrite content
detection kit (Solarbio, Beijing) for soil and water. Ammo-
nium nitrogen content was determined using a Soil ammo-
nium nitrogen content detection kit (Solarbio, Beijing).
The amount of TNT and its intermediates were determined
by high-performance liquid chromatography (HPLC)
according to US Environmental Protection Agency
(USEPA) method 8330A (Chien et al. 2014; Cabrera et al.
2020). 500 pL of the supernatant was extracted with an
equal volume of acetonitrile. After filtering with a 0.22 pm
microporous membrane, the extract was transferred to a
chromatographic vial. The liquid chromatography param-
eters were as follows: mobile phase A was water, and
mobile phase B was methanol; the flow rate was 0.7 mL/
min, and the sample injection volume was 10 pL. Detec-
tion was performed at 33 °C and 254 nm.

TMT labeled quantitative proteomics analysis

Bacterial culture and sample preparation: The strains were
inoculated separately into Nitrogen-free medium contain-
ing 0 and 100 mg/L TNT and were cultured at 37 °C with
shaking at 150 rpm for 4 h. 10 mL of culture was col-
lected and centrifuged at 8,000 rpm for 5 min. The pellets
were washed three times with phosphate buffer and then
resuspended in phosphate buffer. The resuspended cells
were transferred to 2 mL grinding tubes and centrifuged
again. The supernatant was discarded, and the pellets were
immediately frozen in liquid nitrogen and stored at -80 °C.
Each group of samples was divided into four replicates.

Protein extraction, digestion, and TMT labeling: After
grinding the samples into fine powder in liquid nitrogen,
the powder was added to lysis buffer, vortexed for 10 s, and
placed on ice for 10 min. This process was repeated 3—4
times. After lysis, the cell lysate was centrifuged at 4 °C
and 12,000 x g for 30 min. The supernatant was collected,
and the total protein concentration was determined using the
BCA protein assay kit (Bio-Rad, USA). The protein quality
was detected by SDS-PAGE gel electrophoresis. The protein
solution was then digested with trypsin (Promega, Madison,
WI) and freeze-dried. TMT labeling was performed using
the TMT labeling kit (ThermoScientific)(Wang et al. 2022).

LC-MS/MS Analysis: Each collected peptide was recon-
stituted, separated, and subjected to LC-MS/MS analysis.
Reverse phase chromatography conditions were used where
the sample was loaded onto an Acclaim PepMap RSLC ana-
lytical column, 75 pm x50 cm (RP-C18, Thermo Fisher),
at a 300 nL/min flow rate. The mobile phase A consisted of
H,0-FA (99.9:0.1, v/v), while the mobile phase B consisted of
ACN-H,0-FA (80:19.9:0.1, v/v/v). The gradient elution condi-
tions were as follows: 0—50 min, 2-28% B; 50-60 min, 28-42%
B; 60-65 min, 42-90% B; 65-75 min, 90% B. Mass spectrom-
etry conditions were set with a resolution of 60,000 for the first
MS scan, automatic gain control of 1 X 10, and a maximum
injection time of 50 ms. Full scan MS/MS spectra were acquired
using a data-dependent acquisition mode in positive ion mode,
with high energy collision-induced dissociation (HCD) at a col-
lision energy of 36. MS/MS resolution was set at 30,000 with
automatic gain control of 1x 10°, and the maximum injection
time of ions was 80 ms. Dynamic exclusion time was set at 30 s.

Bioinformatics Analysis: The OmicShare bioinformatics
learning platform (www.omicshare.com/tools) was used to
analyze the protein data matrix. Principal component analy-
sis (PCA) was performed to detect the degree of variation
within and between sample groups. All identified proteins
were annotated by searching the GO and KEGG databases.
Significant enrichment of GO functions and KEGG path-
ways were determined using differentially expressed proteins
(fold change > 1.2). Detailed proteomic experimental meth-
ods are provided in the supplementary materials.
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Statistical analysis

Column and line graphs were created using Origin 2022,
Statistical Analysis was performed using IBM SPSS Sta-
tistics 22.0 (IBM, USA), and image layout and design were
done using Adobe Illustrator 2022 (Adobe, USA).

Results

Isolation of strains from the soil for TNT
biodegradation

A strain capable of efficiently degrading TNT was iso-
lated and purified by streaking the culture on Nitrogen-
free solid medium containing 100 mg/L TNT and incubat-
ing at 37 °C for 3 days. The strain T4 is a Gram-positive,
aerobic, short rod-shaped strain (Fig. la). 16S rDNA
sequencing results showed that strain T4 has the closest
phylogenetic relationship with the Bacillus genus, with
a similarity of 99.9% to Bacillus cereus (Fig. 1b). Under
different concentrations of TNT (0-100 mg/L) and incu-
bation at 37 °C for 12 h, the strain appeared unaffected
based on strain morphology observations (Fig. 1c). Based
on the bacterial morphology, and 16S rDNA phyloge-
netic Analysis, strain T4 was preliminarily identified as

a)

)

25 mg/LTNT

0 mg/L TNT

Fig. 1 Isolation of strains from the soil for TNT biodegradation.
Note: (a) Cell morphology of strain T4 after regular cultivation and
Gram staining under fluorescent microscopy; (b) 16S rDNA bacterial

@ Springer

Bacillus cereus. The 16S rRNA data have been submitted
to NCBI and can be accessed in the GenBank under the
accession number OR564170.

Bacterial growth and TNT degradation analysis

As the TNT concentration increased from 0 to 100 mg/L,
the growth rate of strain T4 gradually decreased. When the
TNT pollution concentration was 25-100 mg/L, the ODygy,
of strain T4 after 4 h of growth was 0.18-0.42, representing
a decrease of 36.7%-70% compared with the control group
(Fig. 2a). The results of TNT degradation efficiency showed
that after 4 h of growth, the residual TNT in the culture
medium was significantly reduced, and the TNT degradation
rate of strain T4 reached 92.56%-100% (Fig. 2b-d).

Response surface model optimization of strain T4
for TNT degradation

Single-factor experiments showed that the biomass of
strain T4 and TNT degradation rate increased first and then
decreased with pH ranging from 4 to 10. When the pH was
6-7, the ODg, of strain T4 reached 0.1-0.39 after 4 h of
growth, and the TNT degradation rate reached 2.6-98.6%
(Fig. 3a). As the cultivation temperature increased from 10
to 45 C, the biomass of strain T4 and TNT degradation
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rate increased first and then decreased. When the tempera-
ture was 35 “C, the ODg, of strain T4 reached 0.25 after
4 h of growth, and the TNT degradation rate reached 98.7%
(Fig. 3b). With the increase of inoculation amount (ODgy:
0.05-0.35), the biomass of strain T4 gradually increased.
When the inoculation amount reached 0.1-0.35, the TNT
degradation rate of strain T4 reached 99.7-100% after 4 h
of cultivation (Fig. 3c).

Based on the results of the single-factor experiments, we
determined the appropriate ranges of the three main factors

that affect TNT degradation: initial pH of 6-8, incubation
temperature of 20-40 °C, and initial ODg, of 0.05-0.15.
We conducted experiments according to the Box-Behnken
design and measured the TNT content in the culture after
4 h of incubation. We calculated the TNT degradation rate,
used the Design-Expert software to fit a quadratic equa-
tion and response surface to the final results (Table S1),
and performed statistical analysis on the obtained data
(Table S2). The small p value of the quadratic polynomial
model indicates that the predictive model is significant.

b
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Fig.3 Effects of pH, temperature, and initial ODg,, on the growth
and TNT degradation of strain T4. Note: (a) The effect of pH on the
growth and TNT degradation of strain T4 (initial ODgj, of 0.05, tem-
perature of 37 °C, incubation for 4 h); (b) The effect of temperature
on the growth and TNT degradation of strain T4 (initial ODg, of

0.05, initial pH of 7.0, incubation for 4 h); (c) The effect of initial
0Dy, on the growth and TNT degradation of strain T4 ( temperature
of 37 C, initial pH of 7.0, incubation for 4 h). Different letters indi-
cate significant differences at the 0.05 level (n=23)
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The set parameters for the optimization conditions can well
reflect the effects of the three factors on the TNT degrada-
tion process. The adjusted coefficient of determination (Adj
R2) and coefficient of determination (R2) were 0.8083 and
0.9161, respectively, indicating that the model can predict
the optimal values of the three factors well.

The three-factor interaction effects on the TNT degrada-
tion process were visualized using surface and contour plots
created using Design-Expert software (Fig. Sla-c, Fig. S2).
The results showed that the interaction between pH and tem-
perature significantly impacted the TNT degradation rate.

As shown in Attachment S1(d-f), the typical probability
plot of residuals displayed a roughly linear pattern, indi-
cating that the residuals were normally distributed. The
scatter plot of residuals vs TNT degradation rate showed
a random distribution. The linear fit plot demonstrated a
strong correlation between the predicted and experimental
values of the TNT degradation rate. These results indicate
that the response surface model fits the data well.

Based on the software prediction results, the optimal
cultivation conditions for strain T4 to degrade TNT were
determined to be: initial pH of approximately 7, cultiva-
tion temperature of 37 °C, and initial ODg, of 0.13.

TNT degradation and intermediate product analysis
by strain T4

According to the optimized cultivation parameters, the initial
pH was adjusted to 7.0, the cultivation temperature was 37 C,

the inoculum was 0.13, and the cultivation was carried out for
12 h. The bacteria in the control group showed exponential
growth from O to 4 h, and the ODg, reached 1.1 after 12 h.
With the extension of cultivation time, the bacterial density in
the TNT treatment group gradually increased, and the ODy,
reached 0.7 after 12 h (Fig. 4a). Liquid chromatography analy-
sis showed that the TNT degradation rate reached 100% after
4 h of cultivation with inoculated strain T4 (Fig. S3h). Dynamic
Analysis of TNT degradation showed that the intermediate
metabolites of TNT biodegradation, 2-ADNT, 4-ADNT, 2,6-
DANT, and 2,4-DANT gradually appeared in the liquid chro-
matography spectrum (Fig. S3 g-1). After 4 h of cultivation, the
levels of 2,4-DANT and 2,6-DANT continued to increase, and
the content of 2,6-DANT reached 25.74 mg/L (Fig. 4b). After
12 h of cultivation, 2-ADNT was not detected in the chromato-
gram, and 4-ADNT showed a trend of first increasing and then
decreasing. Some of the 2,4-DANT and 2,6-DANT may be
produced by converting 2-ADNT and 4-ADNT.

Compared with the control group, after inoculation with
strain T4, nitrite and ammonium nitrogen content in the culture
medium gradually increased with the extension of cultivation
time (0-12 h), indicating that the TNT degradation products
participated in bacterial nitrogen metabolism (Fig. 4c,d).

TMT proteomic identification of critical proteins
involved in TNT degradation by strain T4

As shown in Figure S4, TMT proteomic Analysis identified
4082 credible proteins. The positions of TO and T1 on the
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score plot are relatively far apart, with significant separation
in the first and second principal components, with differ-
ences of 78.38% and 6.96%, indicating significant differ-
ences in credible protein expression levels between the con-
trol group TO without TNT and the experimental group T1
with 100 mg/L TNT. Compared with the TO group, proteins
with Fold change >2 or Fold change < 1/2 and p-value <0.05
were considered differentially expressed proteins. 999 dif-
ferentially expressed proteins were identified, including 482
upregulated and 517 downregulated proteins.

GO enrichment pathways showed that under TNT expo-
sure, the functional proteins of strain T4 were annotated in
the GO database as cell component (CC) > molecular func-
tion (MF) > biological process (BP). At the BP classification
level, the protein expression of UDP-N-acetylglucosamine
biosynthetic process, pentose-phosphate shunt, and heme
biosynthetic process involved in strain T4 induced by TNT
exposure was upregulated. At the CC classification level,
the relative abundance of proteins related to the cytoplasm,
plasma membrane, and tricarboxylic acid cycle enzyme
complex in strain T4 induced by TNT exposure was signifi-
cantly upregulated. At the MF classification level, upregu-
lated proteins in strain T4 were involved in FMN binding,
NADP binding, and electron transfer activity. Down-regu-
lated proteins were involved in metal ion binding, oxidore-
ductase activity, structural proteins molecule activity, and
metalloendopeptidase activity (Fig. S5).

KEGG enrichment pathways showed that differential
proteins were mainly enriched in metabolic pathways,
including carbohydrate metabolism pathways (55 upregu-
lated, 42 down-regulated), amino acid metabolism pathways
(29 upregulated, 48 down-regulated), cofactor and vitamin
metabolism pathways (28 upregulated, 14 down-regulated),
and energy metabolism pathways (20 upregulated, 17 down-
regulated). Among them, the significant up-regulation of
proteins in strain T4 involved in the phosphogluconate path-
way, glycolysis/gluconeogenesis pathway, and nitrotoluene
degradation pathway related to TNT degradation may be
one of the critical pathways for the degradation of TNT by
this strain(Fig. 5).

Nitrotoluene degradation pathway and nitrogen
metabolism network analysis

Differentially expressed proteins in the nitrotoluene degra-
dation pathway are shown in Table S5. Proteins related to
oxygen-insensitive nitroreductase (NADPH), nitroreductase,
N-ethylmaleimide reductase, olefin reductase, N-ethylma-
leimide reductase, and proteins with nitroreductase domain
showed significant upregulation. Nitrate/nitrite transporters,
nitrate reductase, and nitric oxide dioxygenase were signifi-
cantly downregulated in the nitrogen metabolism pathway.
In contrast, the expression of formyl glutamate synthase

and hydroxylamine reductase, which are related to ammo-
nia production, was down-regulated. However, glutamine
synthetase, which synthesizes glutamine from ammonia,
was significantly upregulated, and glutamate dehydrogenase
showed upregulation and downregulation (Fig. 6).

Discussion

In this study, we isolated a highly efficient TNT-degrading
strain T4, from soil contaminated with TNT for an extended
period. The ability of this microorganism to degrade TNT is
significantly better than that of previously reported microbial
strains. In the early stages of culture, strain T4 consumed
much energy for TNT degradation and primary metabo-
lism. After 4 h, the TNT degradation rate was up to 100%
(Fig. S3), and strain T4 began to grow normally, entering
the logarithmic phase. We identified the optimal degradation
conditions for strain T4 through response surface optimiza-
tion, which increased its TNT degradation rate by 33.22%.
It may be because strain T4 could better express proteins
related to TNT degradation under optimal culture condi-
tions. The dynamic analysis of TNT degradation showed
that after 4 h of culture in Nitrogen-free medium containing
100 mg/L TNT, strain T4 had a 100% TNT degradation rate.
Then TNT was converted to 2-ADNT, 4-ADNT, 2,4-DANT,
and 2,6-DANT, followed by nitrite accumulation (Fig. 4b,c).
Nitrite accumulation is closely related to TNT conversion,
confirming the production of intermediate products such
as 2-ADNT (Ziganshin et al. 2007; Mercimek et al. 2015;
Khilyas et al. 2017). Studies have shown that intermediate
metabolites of TNT also have substantial toxicity to organ-
isms (Sims and Steevens 2008; Khan et al. 2013). In this
study, we found that in the presence of intermediate products
such as 2-ADNT, the growth of the strain was not signifi-
cantly inhibited, indicating that strain T4 also has a strong
tolerance to intermediate products during TNT degradation.
However, compared with the control group without TNT, the
ammonium content decreased, which is significantly differ-
ent from previous reports (Lamba et al. 2021). We believe
this may be related to the differential expression of essen-
tial proteins in the nitrogen metabolism pathway. In addi-
tion, Yang (Yang et al. 2019) found that TNT and its inter-
mediates entered cells through passive transport, and the
membrane affinity of monoamine metabolites 2-ADNT and
4-ADNT is more significant than that of diamino metabolites
2, 4-DANT and 2,6-DANT, which was consistent with the
findings in Fig. 4b.

Aerobic bacteria typically initiate the biotransforma-
tion of TNT by reducing one of its nitro groups (Lin et al.
2013). We identified intermediates of TNT metabolism
using HPLC analysis, such as 2-ADNT (Fig. S3). Studies

@ Springer



116234 Environmental Science and Pollution Research (2023) 30:116227-116238
a) KEGG pathway (up) KEGG pathway (down)
Metabolism - Cellular Processes -
Global and overview maps 4} 1120 Cellular commun s 4l 134
Carbohydrate metabolism | 155 Transpor
Amino acid metabolism 4l 129 Cell growth and de
Metabolism of cofactors and vitamins || 128 Cell motility
Energy metabolism | 20 Metabolism -
Glycan biosynthesis and metabolism <[l 10 Global and overview maps - [IIININGGEEEE 07
Metabolism of other amino acids I Amino acid metabolism - NG 48
Metabolism of terpenoids and polyketide Carbohydrate metabolism - [INEEEGG_ 42
Biosynthesis of other secondary metabolites| Lipid metabolism - [IN20
Lipid metabolism -l 7 Energy metabolism - 17
Xenobiotics biodegradation and metabolism<ll 4 Xenobiotics biodegradation and metabolism- Il 14
Nucleotide metabolism -l 4 Metabolism of cofactors and vitamins - [l 14
Cellular Processes - Metabolism of other amino acids -l
Cellular community - prokaryotes <l 4 Metabolism of terpenoids and polyketides +{[ll5
Cell growth and death | | Nucleotide metabolism -4
Organismal Systems - Biosynthesis of other secondary metabolites-{lI3
Environmental adaptation ]2 Glycan biosynthesis and metabolism | |
Envirc | Infori Processing - Organismal Systems -
Membrane transport [l 14 Endocrine system -[lll9
Signal transduction -l 8 Environmental adaptation -4
Genetic Infor Pr ing Immune system Hl2
Folding, sorting and degradation {|ll 7 Digestive system <lI2
Replication and repair -l 4 Aging lI2
Translation |l 2 Environmental Information Processing -
T T T T T T T B 17
0 50 40 60 80 100 120 Membrane transport - IR

Number of Protein

Signal transduction -/l 12
ic Information P ing -
o

Translation
Folding, sorting and degradation -[l14
1
T T
0 20

T T T T
40 60 80 100

Number of Protein

b) Top 20 of Pathway Enrichment (up) Top 20 of Pathway Enrichment (down)
Pentose phosphate pathway o Quorum sensing )
Carbon fixation in photosynthetic organisms ° Fatty acid degradation °
Porphyrin and chlorophyll metabolism ° Valine, leucine and isoleucine degradation L
Biosynthesis of amino acids ® Fatty acid metabolism b
Pi t li
Inositol phosphate metabolism . ropanoate metabolism L
. ) . beta-Lactam resistance ®
Amino sugar and nucleotide sugar metabolism . X
Butanoate metabolism ®
Glycolysis / Gluconeogenesis ° . .
-log10 (Palue) Nitrotoluene degradation + ysine degradation 1
. 9 Benzoate degradation °
\ Biosynthesis of ansamycins . PPAR signaling pathway .
. Carbon metabolism | @ Histidine metabolism .
Biosynthesis of secondary metabolites . beta-Alanine metabolism °
1
Peptidoglycan biosynthesis o Phenylalanine metabolism °
Microbial metabolism in diverse environments | @ Glyoxylate and dicarboxylate metabolism | ®
Biofilm formation - Vibrio cholerae o NOD-like receptor signaling pathway +
Biosynthesis of siderophore group nonribosomal peptides . Insulin signaling pathway +
Plant-pathogen interaction . Mineral absorption 4
Phosphotransferase system (PTS) . Geraniol degradation 1
Glutathione metabolism . Adipocytokine signaling pathway <
Aminobenzoate degradation +
Streptomycin biosynthesis + ! = 9 !
0.4 0.6 0.8 1.0
0.2 0.4‘ 0.6 0.8 1.0 Rich Factor
Rich Factor
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have shown that the catalysis of critical enzymes is essen-
tial for TNT biotransformation by bacterial strains. Many
proteases are involved in TNT biotransformation, mainly
including nitroreductases, the flavin monooxygenase family,
and other enzymes such as nitrate reductases, ferredoxin-
NADPT* reductases, and sulfite reductase (Watrous et al.
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2003; Caballero et al. 2005; van Dillewijn et al. 2008). It
has been reported that some strains possess dual pathways:
nitro reduction (reducing the nitro group in TNT to hydroxyl
or amino) and denitration (reducing the aromatic ring of
TNT to release nitrite and form Mason's complex)(Smets
et al. 2007). To reveal the degradation mechanism of strain
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T4 towards TNT and identify the vital degradative proteins,
this study employed TNT proteomics technology to analyze
the response of strain T4 proteome to TNT exposure. In
the nitrotoluene degradation pathway, the N-ethylmaleimide
reductase in nitroreductase and flavin monooxygenase fam-
ily was significantly upregulated, indicating that strain T4
may possess dual pathways. In addition, nitrite accumula-
tion confirmed the increase in nitroreductase expression in
strain T4. The down-regulation of nitrate/nitrite transport-
ers and nitrate reductase expression in the nitrogen metabo-
lism pathway may be related to nitrite accumulation during
TNT nitroreduction. The down-regulation of hydroxylamine
reductase and up-regulation of glutamine synthetase led to a
decrease in ammonia content, consistent with the results in
Fig. 4d, and may be due to the decreased activity of hydroxy-
lamine reductase induced by nitrite accumulation (Huck-
lesby and Hageman 1976).

Moreover, glutamine synthetase assimilates ammonia into
glutamic acid, a key enzyme in nitrogen metabolism. Thus,
the increase in glutamine synthetase expression promotes
ammonia assimilation (Bernard and Habash 2009). Studies
have shown that the pentose phosphate pathway, glycolysis/
gluconeogenesis, and biosynthesis of macromolecules are
closely related, including the production of NADPH, the
biosynthesis of nucleotides, and the synthesis of amino acids
(Christodoulou et al. 2018; Zhang et al. 2020). We found that
under TNT exposure, key enzymes such as glycolysis/glu-
coneogenesis, 6-phosphofructokinase in the pentose phos-
phate pathway, glyceraldehyde-3-phosphate dehydrogenase,
and 6-phosphogluconate dehydrogenase were significantly
upregulated in the carbohydrate metabolism pathway of
strain T4. A large amount of energy was used to synthesize
macromolecules such as carbohydrates, indicating that the
synthetic metabolism was more significant than the cata-
bolic metabolism (Fig. 5). It may be that after the complete
degradation of TNT, strain T4 began to consume energy for
their growth and reproduction, which is also confirmed by
the exponential growth of strain T4 after 4 h (Fig. 4a).

Based on the Analysis, the degradation pathway of TNT
by strain T4 is illustrated in Fig. 7. The first step of TNT
biodegradation is to convert it into 4-hydroxyamino-2,6-di-
nitrotoluene (4-HDNAT) or 2-hydroxyamino-4,6-dinitrotol-
uene (2-HDNT), which is mediated by nitroreductase and
N-ethylmaleimide reductase. After these reactions, 4-ADNT
or 2-ADNT is formed by oxygen-insensitive nitroreduc-
tase. Under the catalysis of different proteases, intermedi-
ate products such as 2,4-DANT, and 2,6-DANT are further
produced. After multiple reaction steps, TAT is deaminated
and transformed into toluene, which is opened, and finally,
succinyl-CoA and Acetyl-CoA are generated, which enter
the tricarboxylic acid cycle to provide a material basis for
bacterial energy metabolism (Williams et al. 2004; Lin et al.
2013; Serrano-Gonzalez et al. 2018; Lamba et al. 2021).
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Strain T4 has the potential to degrade TNT and exhibits
strong tolerance to intermediate products such as 2-ADNT.
Therefore, in sifu, remediation of nitroaromatic pollutants
such as TNT can be efficiently achieved by coacting strain
T4 with other microbial communities.

Conclusion

This study isolated a highly efficient TNT-degrading strain
T4, from TNT-contaminated soil and identified it as Bacil-
lus cereus. Under optimal culture conditions (initial pH 7.0,
cultivation temperature 37 “C, and initial ODg, of 0.13), the
degradation rate of TNT reached 100% after 4 h of cultiva-
tion. TMT proteomics analysis showed that the significant
enrichment of proteins related to carbohydrate metabolism,
energy metabolism, and other pathways was closely related
to the tolerance and biodegradation of TNT by strain T4. In
addition, nitroreductase and N-ethylmaleimide reductase,
which can convert TNT to intermediate products such as
2-ADNT and 4-ADNT, were significantly upregulated in
the TNT degradation pathway, consistent with the HPLC
analysis results, further confirming the high efficiency of
TNT degradation by strain T4.
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