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Abstract 2.4,6-Trinitrotoluene (TNT) is the most
widely used nitroaromatic compound and is highly
resistant to degradation. Most aerobic microorgan-
isms reduce TNT to amino derivatives via forma-
tion of nitroso- and hydroxylamine intermediates.
Although pathways of TNT degradation are well
studied, proteomic analysis of TNT-degrading bacte-
ria was done only for some individual Gram-negative
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strains. Here, we isolated a Gram-positive strain
from TNT-contaminated soil, identified it as Bacil-
lus pumilus using 16S rRNA sequencing, analyzed its
growth, the level of TNT transformation, ROS pro-
duction, and revealed for the first time the bacillary
proteome changes at toxic concentration of TNT. The
transformation of TNT at all studied concentrations
(20-200 mg/L) followed the path of nitro groups
reduction with the formation of 4-amino-2,6-dinitro-
toluene. Hydrogen peroxide production was detected
during TNT transformation. Comparative proteomic
analysis of B. pumilus showed that TNT (200 mg/L)
inhibited expression of 46 and induced expression of
24 proteins. Among TNT upregulated proteins are
those which are responsible for the reductive pathway
of xenobiotic transformation, removal of oxidative
stress, DNA repair, degradation of RNA and cellular
proteins. The production of ribosomal proteins, some
important metabolic proteins and proteins involved in
cell division are downregulated by this xenobiotic.

Keywords Nitroaromatics - Degradation - Gram-
positive bacteria - Proteome

Introduction

2,4,6-trinitrotoluene (TNT) is one of the most com-
mon nitroaromatic explosives in the world. TNT is

toxic to pro- and eukaryotes, potential mammalian
carcinogen and resistant to biodegradation (Alothman
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et al. 2020; Esteve-Nuiiez et al. 2001; Smets et al.
2007). Every year 1000 tons of TNT are produced
globally, and nearly 2 million L of TNT-contaminated
wastewater, along with other nitro aromatic com-
pounds are discarded into the environment every day
(Whitacre 2012). Contamination with this xenobiotic
occurs in places where ammunition is manufactured,
at training grounds, and in areas of former and cur-
rent hostilities (Khan et al. 2015). The most prom-
ising method of soil purification is in situ bioreme-
diation based on the ability of soil microorganisms
to decompose these pollutants. The main problems
of bioremediation are associated with difficulties of
microbial adaptation to toxic pollutants and with a
high probability of pollutants migration to adjacent
environments.

The toxic effect of TNT in relation to bacteria
is manifested in the inhibition of culture growth,
changes in the morphology and physical properties
of cells, decrease of carbohydrates utilization rate
and the level of reduced pyridine and oxidized flavin
cofactors, as well as in suppression of respiration and
decrease in the transmembrane potential (Kurinenko
et al. 2003, 2007; Cherepnev et al. 2007; Konovalova
et al. 2013). The TNT toxicity is associated not only
with the products of its microbial transformation, but
also with the formation of reactive oxygen species
(ROS) during the transformation (Ziganshin et al.
2015).

Bacteria of genera Pseudomonas, Enterobacter,
Rhodococcus, Mycobacterium, Clostridium and Des-
ulfovibrio are capable of degrading TNT (Serrano-
Gonzalez et al. 2018). Bacilli also were shown to
transform several nitroaromatic compounds includ-
ing TNT (Khan et al. 2015; Konovalova et al. 2013).
Previous studies have shown the possibility of TNT
transformation by strains B. subtilis SK1 (Kurinenko
et al. 2003), B. cereus (Mercimek et al. 2013), B.
mycoides (Lin et al. 2013), Bacillus VT-8 (Solyan-
ikova et al. 2014). TNT transformation pathways by
microorganisms are quite well studied, the formation
of 2,4- and 2,6-dinitrotoluenes, nitrites, hydroxy-
lamine derivatives, ammonium, etc. has been proven
(Wijker et al. 2013; Ziganshin and Gerlach 2014).
Several strains harbor dual pathways: nitro reduction
(reduction of the nitro group in TNT to a hydroxyl
amino and/or amino group) and denitration (reduction
of the aromatic ring of TNT to Meisenheimer com-
plexes with the release of nitrites). TNT can serve as
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a nitrogen source for some strains, and the postulated
mechanism involves ammonia release from hydroxyl
amino intermediates (Esteve-Nuilez et al. 2001;
Smets et al. 2007; Mercimek et al. 2013; Yin et al.
2005).

Howeyver, there is still insufficient information on
the changes in the protein profile of microorganisms
exposed to TNT. To date, TNT-induced changes of
protein profile were demonstrated in yeast Yarrovia
lipolytica (Khilyas et al. 2017) and only in several
Gram-negative bacteria, namely Stenotrophomonas
sp. OK-5 (Ho et al. 2004), Pseudomonas sp. HK-6
(Cho et al. 2009), Citrobacter (Liao et al. 2018), and
Buttiauxella (Xu et al. 2021).

The aim of this work was to study changes in the
proteome of Gram-positive bacterium, which we
isolated from TNT-contaminated soil and identified
as B. pumilus using 16S rRNA sequencing during
its growth on high TNT concentrations. Herein, we
analyzed the growth of this strain, the level of TNT
transformation, ROS production, and revealed for the
first time the proteome changes of B. pumilus at toxic
concentration of TNT.

Materials and methods
Soil sample and bacteria cultivation

The Bacillus strain was isolated from an urban
leached black soil of a park adjacent to the territory
of the Federal Enterprise “Kazan Gunpowder Plant”.
This soil has never been purposefully exposed to
TNT, nitroaromatic compounds or pesticides. How-
ever, we found negligible concentrations of TNT in
this soil using extraction method followed by HPLC
method followed by HPLC analysis (Williford and
Mark Bricka 1999). TNT concentration was ~5 mg/
kg of soil, when extracted with acetonitrile. No TNT
was found in the aqueous extract.

The strain was grown in flasks on LB medium at
30 °C for 16 h. Inoculate was added of a final con-
centration of 10 cells/mL to synthetic medium (g/L:
MgSO,x 7H,0—0.25, (NH,),SO,—0.5, NaCl—O0.5,
glucose—3, supplemented by 4% (v/v) 0,2 M phos-
phate buffer pH 7.0). TNT was added at the final con-
centrations of 20200 mg/L. The cultivation was car-
ried out in 250 mL flasks in a shaker-incubator (KS
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4000, IKA, China) at 120 rpm and a temperature of
30 °C.

Taxonomic identification of isolated strain

DNA was isolated from bacterial biomass using DNA
Extraction Kit (BIO-RAD). The purity of the iso-
lated DNA was assessed by agarose gel electropho-
resis, and the DNA concentration was determined
using the Qubit dsDNA BR assay kit and Qubit 2.0
Fluorometer (Invitrogen, Carlsbad, CA, USA). The
16S rRNA gene was amplified by PCR using prim-
ers (Forward primer 27F 5’-AGAGTTTGATCMTGG
CTCAG-3’; Reverse primer 1492R 5’-TACGGYTAC
CTTGTTACGACTT-3’) (Wu et al. 2014) and pyrose-
quenced using the GS Junior System (454 Life Sci-
ences, Roche). PCR products were then purified using
QIAquick PCR purification kit (Qiagen) and analyzed
using 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA) according to the manufacturer’s
instructions. Identification of the isolate was made
using BLAST algorithm against GENBANK data-
base. Phylogenetic analysis of the microorganism was
performed using MEGA 6.0 software with the 16S
rRNA sequences of 18 Bacillus species and a strain
of Lactobacillus delbrueckii as an outgroup. Further,
these sequences were aligned using the ClustalW
software; incomplete sites at the 5 ‘and 3° ends of
the 16S rRNA gene sequences were excluded from
the alignment. The resulting aligned sequences were
selected for further analysis. The phylogenetic tree
was built using the maximum likelihood (ML) algo-
rithm with 1000 bootstrap iterations. The sequence
of B. pumilus GY was deposited in NCBI database
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA
822692/). The sequence of B. pumilus GY is identical
to the reference strain B. pumilus Meyer and Gottheil
registered in All-Russian Collection of Microorgan-
isms (VKM) as B-508 (http://www.vkm.ru/rus/Catal
ogue.htm ) and in ATCC as Bacillus pumilus ATCC
7061 (https://www.atcc.org/products/7061 ).

High-performance liquid chromatography detection
of TNT

TNT and its metabolites were analyzed in cell-free
cultural fluids using Thermo Scientific Ultimate 3000
chromatograph (USA) equipped with an automatic
sampler, injector, fraction collector, diode detector,

SupelcosilLC-8 column (250%x4.6 mm; 5 pm) and a
wavelength detector (254 nm). For gradient system,
two mobile phases were used: methanol and phos-
phate buffer (0.025 M, pH 7). The flow rate was 1
mL/min. The identification of metabolites was car-
ried out by comparing the release times of markers
including  4-amino-2,6-dinitrotoluene, (4-ADNT,
19.8), 2-amino-4,6-dinitrotoluene (2-ADNT, 10.8),
2,6-diamino-4-nitrotoluene (2,6-DANT, 20.0), TNT
(17.5); the time of the chromatographic peak emer-
gence are indicated in parentheses. Data collection
and processing was carried out using the control sys-
tem Chromeleon 6.80.

Nitrite ions analysis using ion chromatography

Nitrite ions were analyzed using Thermo Scientific
Dionex AS 22 ion chromatograph (USA) equipped
with a GP40 gradient pump, a CD20 conductivity
detector, an AS40 autosampler, an IonPac AG9-HC
guard column (4 x50 mm), and an IonPac AS9-HC
separation column (4x250 mm). A solution of 4.5
mM Na,CO; and 1.4 mM NaHCO; was used as an
eluent. Elution was performed at a rate of 1.0 mL/min.
A commercial Thermo Scientific Dionex anion solu-
tion (USA) which included (mg/L): chlorides—30,
nitrites—100, bromides—100 mg, nitrates—100 mg,
phosphates—150, sulfates—150, was used as a stand-
ard for plotting calibration curves.

ROS measurement

H,0, formed from the O~ alongside nitro groups
reduction pathway was measured using chemilumi-
nometer Lum-100 (DISoft LLC, Russia). To detect
the formation of hydrogen peroxide in a short time,
we increased the concentration of bacterial cells in
the cultivation medium by a factor of 10 compared
to the growth conditions and added 100 pg/L and
200 pg/L of TNT to the suspension. After incuba-
tion time of 40, 80 and 120 min, samples of cultural
fluid were treated with 2 mL of 1 M trichloroacetic
acid and centrifuged for 20 min (5000 g, 4 °C), the
resulting supernatant was titrated with 10 M KOH to
pH 7. Then, 1 mL of a luminol-peroxidase mixture (1
UM peroxidase and 0.2 mM luminol) was added to 50
uL of each sample and luminescence was registered.
Using a calibration curve built on the basis of known
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H,0, concentrations (0.9-10 uM), its concentration
in the samples was determined.

Isolation of bacillary proteins

To obtain a fraction of B. pumilus intracellular pro-
teins, the bacterial culture grown for 24 h was
harvested by centrifugation. 1 puL of a proteinase
inhibitor cocktail (P8340, Sigma Aldrich), 1 pL of
DNase (1 mg/mL, P07-01, BioloT), 10 uL of a solu-
tion of 22% Chaps+16% NP40 (Sigma Aldrich),
50 puL 10% Triton-X 100 (Helicon) and 5 pL of
lysozyme (10 pg/uL) were added to the pellet. The
suspension was incubated for 20 min at 37 °C with
shaking at 200 rpm. For mechanical destruction,
glass beads (0.5 mm, 0.1 mm, BioSpec Products;
FastPrep®Systems, MP Biomedicals) were used.
Then the mixture was kept on ice for 10 min and
subjected to ultrasonic destruction for 10 min. After
ultrasound, 50 pL of cell lysate (urea 0.48 g, Tris-HCI
1.2 mg, 133 pL Chaps + NP40 in 1 mL, pH=8.5) was
added and centrifuged for 10 min at 10,000xg. The
supernatant was collected and protein concentration
was measured using a 2-D Quant kit (GE Healthcare,
USA).

Two-dimensional electrophoresis

Rehydration buffer (30 mM DTT, 4% CHAPS, 20
mM Tris, 2% IPG buffer, 1% bromphenol blue,
pH=8.0) was added to the protein solution so that
the final volume of each sample was 300 pL. The
procedure for isoelectric focusing of this fraction
of samples was carried out using strips (Bio-Rad
# 163-2032, 18 cm, pH 3-10) and a PowerPacHV
protein isoelectric focusing device (Bio-Rad, USA)
according to the manufacturer’s instructions. To sepa-
rate proteins in the second direction, 9-16% vertical
gradient gels with marker # 26,610 prepared accord-
ing to the standard protocol were used. Densitomet-
ric analysis was performed using PDQuest soft-
ware (Bio-Rad) after Coomassie staining. The gels
were fixed in a solution of 10% acetic acid and 20%
isopropanol.

Trypsinolysis of proteins

Protein spots were excised from Coomas-
sie stained SDS-polyacrylamide gel, transferred
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to non-siliconized tubes, and incubated in water
(ddiH,0) for 15 min. After water was removed, 50pL
of a 1:1 mixture of acetonitrile and 200 mM aqueous
solution of ammonium bicarbonate was added to the
protein spots. The tubes were incubated at 50 °C on
a shaker for 20-30 min, after which the solution was
removed. For dehydration, 100 uL. of 100% acetoni-
trile was added and incubated for 20 min. After dry-
ing, 5 uL of trypsin solution (12.5 ng/uL) was added
to each excised spot. The tubes were incubated in ice
at 4 °C for one hour. Next, they were transferred to a
thermostat at 37 °C and incubated for 12 h. To extract
proteins, 20 puL of a 0.1-0.5% trifluoroacetic acid
(TFA) solution was added to each sample. Samples
were placed in an ultrasonic bath for 10 min and incu-
bated for 40 min at room temperature. The solution
was moved a new tube, and the spots were subjected
to additional extraction with a solution of 100% ace-
tonitrile and 0.5% TFA in a 1:1 ratio. The solution
was evaporated on a rotary evaporator (Eppendorf,
Concentratorplus) at 45 °C for 1 h. The dried extract
was dissolved in 5 uL of 0.1% TFA and used for the
analysis on a mass spectrometer.

Mass spectrometry

Samples were applied to plates with dehydroxyben-
zoic acid as a matrix in the ratio of 4: 1. Analysis
was performed on MALDI using flexControl-ultra-
flexTOF/TOF software. Calibration was performed
against a standard peptide solution. Ionizing irradia-
tion was applied to the samples to obtain 104 peaks.
The resulting peaks were saved and transferred for
analysis to the flex Analysis software. An internal
calibration was performed to remove peaks of keratin,
trypsin, and contaminants found in empty SDS-poly-
acrylamide gel pieces.

Bioinformatic analysis of proteins

Identification of proteins was carried out using the
BioTools software using the Mascot search engine
(http://www.matrixscience.com) and Bacillus pumi-
lus Uniprot database (20,180,131; 35,840 sequences;
10,623,105 residues). For the false discovery rate
(FDR) statistical significance p<0.05 was used.
Alkylation of cysteine by carbamidomethylation
was set as a fixed modification and oxidation of
methionine was applied as a variable modification.
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Information about functions of proteins was obtained
from UniProt and NCBI (PubMed) databases; map-
ping of protein-protein interactions (interactome)
was performed using the STRING online program
(https://string-db.org/).

Statistics

Mathematical data processing was carried out using
Microsoft Office Excel 7.0. All experiments were
carried out in at least three replicates. A group of
data was considered homogeneous if the standard
deviation o in it did not exceed 13%. The difference
between the groups was considered significant if the
probability criterion was P <0.05.

Results
Taxonomy of Bacillus strain

To clarify the taxonomic position of the isolated
Bacillus strain, 16S rRNA gene was sequenced.

According to the screening performed in the Gen-
Bank database on the basis of fragment sequence, the
closest sequence to the obtained sequence was 16S
rRNA of B. pumilus NBRC 12092 strain. The 16S
rRNA gene sequence of B. pumilus GY was most
closely related to the reference strain with 100% iden-
tity. Phylogenetic tree showing links with other mem-
bers of the genus Bacillus and with other B. pumilus
strains is presented in Fig. 1. The isolated strain was
designated as B. pumilus GY. The optimal tree with
the sum of branch length =0.21147444 is shown. The
percentages of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 rep-
licates) are shown next to the branches. The tree is
drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the
phylogenetic tree.

TNT transformation

The ability of B. pumilus GY to grow on a synthetic
medium in the presence of various concentrations of
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Fig. 1 Phylogenetic tree reflecting the taxonomic position of the most closely related Bacillus pumilus NBRC 12,092 strain (high-

lighted in a frame) to the studied B. pumilus GY strain
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TNT (20-200 mg/L) was assessed. Bacterial growth
was observed at all TNT concentrations, decreasing
to the minimum at 200 mg/L (Fig. 2 A). Despite the
growth suppression of B. pumilus GY, it was able
to eliminates 20-50 mg/mL TNT and reduce higher
concentrations by this amount (Fig. 2B). In medium
with an initial TNT concentration of 20 mg/L, the
xenobiotic disappeared after 4 h of cultivation.
Afterwards, the strain began to grow rapidly. The
TNT concentration of 50 mg/L was eliminated after
24 h of cultivation. Other TNT concentrations were
transformed at 24 h of growth by 40, 24, and 18%
from an initial TNT concentration of 100, 150, and
200 mg/L, respectively.
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Fig. 2 Bacillus pumilus GY growth on TNT-containing syn-
thetic medium (A) and dynamic of TNT transformation (B),
TNT concentration (mg/L) are: 0—control without TNT; 1-20;
2-50; 3—100; 4-150; 5-200; *Significant differences from con-
trol (P <0.05)
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Identification of transformation products of
high TNT concentrations (100200 mg/L) at 24 h
of cultivation revealed 4-amino-2,6-dinitrotoluene
(4-ADNT) (Fig. 3A), at the same time, there were
no nitrite ions in the cultivation medium. This sug-
gests that the transformation of xenobiotic follows the
pathway of nitro group reduction with the formation
of monoamine derivatives of TNT. The first step in
nitro group reduction can be achieved through one-
electron transfer (solid line) or two-electron transfer
(dashed line) (Fig. 3B, according to Esteve-Nuiez
et al. 2001).

The first mechanism produces a nitro anion radical
that could react with oxygen to form a superoxide rad-
ical and the original nitroaromatic compound through
a futile cycle (dotted line). If the mechanism occurs
via the transfer of two electrons, the nitroso derivative
formed is the first putative intermediate; following
two consecutive electron transfers, a hydroxylamine
and an aromatic amine are produced. The superoxide
radical is capable of further dismutation, which leads
to the formation of hydrogen peroxide H,O, (Zigan-
shin et al. 2015; Naumenko et al. 2013, 2017; Khilyas
et al. 2013).

ROS detection

The level of extracellular hydrogen peroxide, which
is formed upon dismutation of the superoxide radical
anion during TNT transformation by the reduction of
nitro groups was measured in reaction mixtures where
the concentration of cells was about 10 times higher
than it was under growth conditions. In 2 h, B. pumi-
lus GY completely transformed TNT at concentration
of 100 mg/L and reduced by 80% the concentration
of 200 mg/L (Fig. 3A). The highest H,0, level which
exceeded of the control one’s by 3 times was detected
at TNT concentration of 200 mg/L (Fig. 4). The per-
manent H,O, baseline level is due to ROS normally
generated as a subproduct of cellular metabolism,
and the decrease in the peroxide level after 120 min
of incubation is related to the adaptive antioxidant
response of the bacteria.

Proteome profiling
To determine the up- and down-regulation of proteins

under the influence of TNT, densitometric analysis
was carried out using the PDQuest software, during
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which the images of acrylamide gels containing pro-
teins of the control and experimental groups were
compared. All identified proteins correspond to the
reference ones from reference strain Bacillus pumilus
NBRC 12,092. Under the action of 200 mg/L TNT,
we visually observed the downregulation of 46 pro-
teins; in addition to these proteins, 24 upregulated
proteins were detected in the presence of TNT (Sup-
plementary Fig. 1). According to the databases, out of
24 upregulated proteins 23 were identified (Table 1),
and out of 46 downregulated ones, 41 were identified
(Table 2). Briefly summarizing the results of pro-
teomic analysis, we can conclude that TNT upregu-
lated proteins responsible for the reduction pathway
of this xenobiotic transformation, removal of oxida-
tive stress, for DNA repair, degradation of RNA and

proteins, have been detected. TNT downregulated the
production of ribosomal proteins, some important
metabolic proteins and proteins involved in the cell
division.

Using STRING software, we estimated the per-
centage of proteins involved in various metabolic
processes of the cell in control (without TNT) and
experimental (200 mg/L TNT) groups (Fig. 5). When
proteins are grouped according to their biological
functions, it can be seen that control cells perform a
wider range of functions compared to TNT-exposed
bacterial cells, that is manifested in 11 functional
groups (Fig. 5B) compared to 7 ones (Fig. 5A).
Among the proteins of the experimental group, the
predominant enzymes are those responsible for main-
taining the redox state of the cell, the metabolism of
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Fig. 4 Formation of extracellular H,O, during incubation of
B. pumilus GY on synthetic medium with different TNT con-
centrations (mg/L): 0—control without TNT; 1-100; 2-200

the nitrogen-containing compound, and the degrada-
tion of RNA indicating a response to TNT-induced
stress.

We also constructed a scheme of protein-pro-
tein interactions in experimental (Supplementary,
Fig. 2A) and control group (Supplementary, Fig. 2B),
which shows the changes in interteractome of B.
pumilus GY with and without TNT.

Consequently, in the process of TNT transfor-
mation by B. pumilus GY, upregulated proteins are
responsible for the reduction pathway of xenobiotic
transformation, removal of oxidative stress and DNA
repair, as well as RNA and proteins degradation. TNT
inhibited the production of ribosomal proteins and
proteins involved in in basic microbial metabolism.

Discussion

The huge potential of microorganisms capable of
transforming and destructing nitroaromatic com-
pounds attracts close attention of scientists involved
in the development of methods for combating anthro-
pogenic environmental pollution.

Even those microorganisms that were unlikely to
be exposed to TNT in nature are capable to transform
it. Bacteria that are part of the intestinal tract microbi-
ota, such as E. coli, Citrobacter sp., have proven to be
successful TNT destructors (Kurinenko et al. 2007;
Liao et al. 2018). Degradation rate of 100 mg/L TNT

@ Springer

reached 100% within 30 h after inoculation with Kleb-
siella variicola originally identified as a benign endo-
symbiont in plants (Yang et al. 2021). TNT-degrad-
ing Pseudomonas strain was isolated from Antarctic
environmental samples of Deception Island (Cabrera
et al. 2020). These facts indicate the wide prevalence
of microbial oxidoreductases, in particular FMN-
dependent NADH-nitro reductase (EC1.5.1.34), capa-
ble to nitroreduction. In studied strain B. pumilus GY
this enzyme—FMN-dependent NADH-azoreductase
was upregulated by TNT (Table 1) supporting that
biotransformation occurs along the nitro reduction
pathway with formation of monoamine derivatives
(Fig. 3). Among the proteins upregulated by TNT
nitrate reductase, which also able to reduce TNT
nitro groups to amino derivatives, was identified.
Obviously, both proteins took part in the formation
of 4-ADNT which we detected at 24 h of cultivation
(Fig. 3 A). Our data is consistent with upregulation of
aldehyde dehydrogenase and monooxygenase, which
are key enzymes of the TNT degradation pathway
in Buttiauxella sp. (Xu et al. 2021) and upregulation
of assimilatory nitrate reductase in Pseudomonas sp.
HK-6 (Cho et al. 2009), indicating the similarity of
initial stages of TNT transformation by Gram-nega-
tive and Gram-positive bacteria.

A natural ecotope where B. pumilus GY existed
was not directly exposed to TNT, however it con-
tained insignificant TNT amounts due to long-term
migration from the contaminated area. It is unlikely
that the isolated strain effectively transforms TNT
directly in the soil, where this compound is tightly
adsorbed on soil particles. However, in laboratory
conditions it was shown that B. pumilus GY elimi-
nates 20 mg/L of TNT already after 4 h, and 50 mg/L
of TNT after 24 h (Fig. 2B). The higher concentra-
tions of 100, 150 and 200 mg/L were transformed
after 24 h by 40, 24 and 18%, respectively. This
means that with a gradual transition of low concen-
trations of TNT into the aqueous phase, soil bacteria
will be able to degrade this xenobiotic.

It is not TNT biotransformation per se that
deserves special attention, but elucidating response
of B. pumilus GY to TNT-induced toxic stress. The
adaptive response system of microorganisms com-
bines repair mechanisms, induction of protective pro-
teins, the action of which is aimed at neutralizing the
harmful effects, and dissociative processes of split-
ting a homogeneous population into variants. It could
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Table 1 Bioinformatics analysis of Bacillus pumilus GY proteins which were upregulated in the presence of TNT (200 mg/L)
Ne PD quest spot no Accessionno  Identified protein Process Score
1 6102 AOAIE4FLY6 Transcriptional regulator Microbial metabolism in diverse environ- 81.4
ments
2 5206 A8FA13 FMN-dependent NADH-azoreductase Nitrogen compound metabolic process 61.4
3 1003 CSD07473.1 Protein of uncharacterised function Not assigned 80.9
4 1008 AOA200HBWY9 Thioredoxin RedOx processes 84.3
5 3103 AOAII3LCH6 DNA mismatch repair protein Microbial metabolism in diverse environ- 92.8
ments
6 3206 A8FHN9 ATP-dependent Clp protease proteolytic ~ Biosynthesis of secondary metabolites 75.4
subunit RNA degradation
7 4204 AOA1AG6I865  Methyltransferase Microbial metabolism in diverse environ- 106.0
ments
8 3212 W8R031 Triosephosphate isomerase Glycolysis / gluconeogenesis, carbon 164.0
metabolism, biosynthesis of secondary
metabolites
9 5302 B4AGN2 Thioredoxin reductase RedOx processes 146.0
10 6302 W8QYIO Ketol-acid reductoisomerase (NADP(+)) Microbial metabolism in diverse environ- 94.0
ments
11 3307 AOA2G8IVL9 Malate dehydrogenase Carbon metabolism, biosynthesis of 79.6
secondary metabolites
12 6408 AOA200H3R3  Bifunctional 3-deoxy-7-phosphoheptulo- Carbon metabolism 123.0
nate synthase/chorismate mutase
13 5409 AO0A090MQZS5 Nitrate reductase Nitrogen compound metabolic process,  87.8
microbial metabolism in diverse envi-
ronments
14 4405 W8QQUO Glyceraldehyde-3-phosphate dehydro- Glycolysis / gluconeogenesis, carbon 116.0
genase metabolism, biosynthesis of secondary
metabolites
15 4403 A8FD73 Succinate—CoA ligase [ADP-forming] Glycolysis / gluconeogenesis, carbon 133.0
subunit beta metabolism, biosynthesis of secondary
metabolites
16 2507 AOA2ASIRN7  Phosphoglycerate kinase Glycolysis / gluconeogenesis, microbial ~ 109.0
metabolism in diverse environments,
carbon metabolism, biosynthesis of
secondary metabolites
17 5713 AOAOHI1S0J8  Elongation factor Tu Microbial metabolism in diverse environ- 85.8
ments, biosynthesis of secondary
metabolites
18 2503 AOA1Q9B553 DNA-directed RNA polymerase subunit ~ Microbial metabolism in diverse environ- 83.7
alpha ments, biosynthesis of secondary
metabolites
19 2306 AOAOC6EZM3 Hemolysin secretion protein Microbial metabolism in diverse environ- 98.6
ments, biosynthesis of secondary
metabolites
20 4612 AOAOHI1S0J8  Elongation factor Tu Microbial metabolism in diverse environ- 122.0
ments, biosynthesis of secondary
metabolites
21 2702 W8QWV9 60 kDa chaperonin RNA degradation 148.0
22 2502 WSRLLI1 Enolase Glycolysis / gluconeogenesis, carbon 194.0

metabolism, biosynthesis of secondary
metabolites RNA degradation
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Table 1 (continued)

Ne PD quest spot no Accessionno  Identified protein

Process Score

23 1711

24 1714 AOAOHIS4K3 Catalase

AOA1A7V883 DNA-dependent ATPase

Microbial metabolism in diverse environ- 86.5
ments, biosynthesis of secondary
metabolites

RedOx processes, biosynthesis of sec- 123.0
ondary metabolites

be assumed that B. pumilus GY was already partially
adapted to TNT in soil; therefore even a highly toxic
concentration of 200 mg/L TNT was transformed by
this strain by about 10% after 8 h and did not com-
pletely suppress biomass growth (Fig. 2). In response
to stress conditions, the elimination of oxidized RNA
by degradosomes containing polynucleotide phos-
phorylase, enolase, RNA helicase and RNase E is a
well-known mechanism (Miczak et al. 1996). We
also identified enolase among the TNT-upregulated
proteins. Bacterial Clp proteases are involved in the
degradation of proteins that are aggregated and incor-
rectly assembled during folding, as well as of proteins
damaged by oxidative stress. So it’s quite clear that
upregulation of Clp protease together with chaperonin
which carries out the assembly of both newly synthe-
sized and denatured proteins are detected under stress
(Table 1). According results obtained by Ho et al.
(2004), under TNT-mediated stress in Stenotropho-
monas sp. OK-5 chaperone protein DnaK also was
identified.

Proteome analysis revealed upregulation of pro-
teins which counteract oxidative stress caused by
TNT. We confirmed the existence of TNT-induced
oxidative stress in B. pumilus GY by detecting
hydrogen peroxide which is formed upon dismuta-
tion of the superoxide radical anion (Fig. 4). ROS
production during TNT nitro reduction established
for B. pumilus GY (Fig. 4) is characteristic for all
organisms, including human, mouse and rat cells
(Naumenko et al. 2017) as well as plants (Nau-
menko et al. 2013) and yeasts (Ziganshin et al.
2015; Khilyas et al. 2013, 2017). Protein profiling
of B. pumilus GY revealed upregulated catalase,
which promotes the removal of TNT-induced ROS.
It is known that H,O, affects the expression of the
mdh2 gene encoding malate dehydrogenase, which

@ Springer

increases catalase activity by NADH produc-
tion during conversion of malate to oxaloacetate
(Heyno et al. 2014). We also detected increasing
level of NAD-dependent malate dehydrogenase
together with components of the antioxidant sys-
tem Trx/TrxR. Upregulation of these proteins is in
line with the data of literature and indicates pow-
erful counteraction of B. pumilus GY to oxidative
stress caused by TNT.

Among the proteins downregulated by TNT were
many enzymes participating in basic microbial
metabolism including glycolysis, pentose phosphate
pathway, pyruvate metabolism and citrate cycle
indicating the general decrease in metabolic activ-
ity of bacterium (Table 2). For example, NADH:
quinone oxidoreductase involved in the first step
of the electron transport chain was downregulated.
Additionally, TNT alters the metabolism of amino
acids downregulating alanine dehydrogenase and
ornithine aminotransferase. Decreased levels of L3
protein of 50 S ribosomal subunit and of S1 protein
of 30 S subunit were identified. Apparently, TNT-
induced downregulation of ribosomal proteins may
indicate reduced biosynthesis of all proteins that
leads to the essential decrease of bacterial biomass
(Fig. 1A).

In the study, we focused not on the well-stud-
ied pathways of TNT complete destruction, but on
the adaptive potential of the strain, which quickly
changed the level of synthesized proteins. This result
is of great ecological importance and indicates a high
adaptability of soil bacteria to grow in the presence of
nitroaromatic pollutants. Microbial response to TNT-
induced stress and its impact on biodegradation need
further investigation in order to have a better under-
standing of ways and methods to counteract environ-
mental pollution.
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Table 2 Bioinformatics analysis of Bacillus pumilus GY proteins which were downregulated in the presence of TNT (200 mg/L)

Ne PD Accession Ne Identified protein Process Score
Quest Spot Ne

1 1011 AOA1Q9BATO General stress protein 20U Microbial metabolism in diverse environ- 81.4
ments

2 5109 ASFIE1 Probable transaldolase Pentose phosphate pathway 107.0

3 7105 WP_053584998.1 ABC transporter ATP-binding protein Microbial metabolism in diverse environ- 80.9
ments

4 1204 AOAOPIHBP9 PhoH-like protein Microbial metabolism in diverse environ- 87.1
ments

5 4208 AOA1I6YUVS Transketolase Pentose phosphate pathway 85.1

6 1306 ELP67773.1 Transcriptional regulator, HxIR family Microbial metabolism in diverse environ- 82.0
ments

8 1307 A0A2555X11 Uncharacterized protein Not assigned 86.9

9 6310 WS8R078 UDP-glucosyltransferase Microbial metabolism in diverse environ- 62.1
ments

10 6306 A0A1Q3S620 NADH-quinone oxidoreductase Microbial metabolism in diverse envi- 88.9
ronments, biosynthesis of secondary
metabolites

11 6308 AOA1Y6CACO Protease FtsH subunit HAK Microbial metabolism in diverse envi- 84.2
ronments, biosynthesis of secondary
metabolites

12 4303 AOAOC2TOF5 Fructose-bisphosphate aldolase Glycolysis / gluconeogenesis, pentose 124.0
phosphate pathway

13 3305 AO0A2GS8IVLY Malate dehydrogenase Pyruvate metabolism, citrate cycle (TCA 64.5
cycle)

14 6414 AOAODI1AS69 SPG23_c26, whole genome shotgun Not assigned 86.9

sequence

15 5412 WP_002847570.1 N-acylglucosamine 2-epimerase beta-Alanine metabolism 82.3

16 5415 AOAOKOHZ68 Ornithine aminotransferase Arginine and proline metabolism 73.8

17 3407 AOAOHIRWK?7  Ornithine aminotransferase Arginine and proline metabolism 66.2

18 3405 W8QZM2 Alanine dehydrogenase Taurine and hypotaurine metabolism 68.1

19 3404 SF168900.1 4-diphosphocytidyl-2-C-methyl-D-eryth- Biosynthesis of secondary metabolites 75.1

ritol kinase

20 3403 WS8RHS88 Pyruvate dehydrogenase Pyruvate metabolism 78.8

21 3402 W8QZM2 Alanine dehydrogenase Taurine and hypotaurine metabolism 69.2

22 3401 WP_058111141.1 iron donor protein CyaY Microbial metabolism in diverse environ- 68.3
ments

23 2510 SDR65775.1 hypothetical protein Not assigned 79.3

24 2509 FTWZP5 50 S ribosomal protein L3 Microbial metabolism in diverse environ- 108.0
ments

25 2503 AOAOHI1S565 30 S ribosomal protein S1 Microbial metabolism in diverse environ- 101.0
ments

26 6511 A0A1Q9B4C7 Uncharacterized protein Not assigned 62.8

27 5503 WP_084231949.1 tRNA 4-thiouridine(8) synthase Thil Microbial metabolism in diverse environ- 72.5
ments

28 5403 AOAOKINHV7  Peptidase S9 Biosynthesis of secondary metabolites, 88.4
microbial metabolism in diverse envi-
ronments

29 5603 AO0A1Q9BDO1 ATP synthase subunit alpha Fatty acid degradation 73.6

30 1610 W8QSBO ATP synthase subunit alpha Fatty acid degradation 92.2
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Table 2 (continued)

Ne PD Accession Ne Identified protein Process Score
Quest Spot Ne
31 3606 AO0A2GS8IQA2 Two-component sensor histidine kinase ~ Microbial metabolism in diverse environ- 75.1
ments
33 8601 B4AMF3 Sensor protein BeeS Microbial metabolism in diverse environ- 69.3
ments
35 6604 B4AG73 3-hydroxyacyl-CoA dehydrogenase Fatty acid degradation 64.8
36 6703 AOAOM2FZ50 Uncharacterized protein Not assigned 104.0
37 4713 AOAOHIRT23 Betaine-aldehyde dehydrogenase Glycolysis/gluconeogenesis, pyruvate 81.0
metabolism, citrate cycle (TCA cycle)
beta-Alanine metabolism, arginine and
proline metabolism, fatty acid degrada-
tion
38 4617 B4AHF3 DNA polymerase 1-3’-5’ exonuclease and Microbial metabolism in diverse environ- 64.0
polymerase domains ments
39 4617 AO0A2GS8IQCS Carboxypeptidase M32 Metabolic pathways, biosynthesis of 69.0
secondary metabolites, microbial
metabolism in diverse environments
40 4714 AOAOKOI314 Phosphoenolpyruvate carboxykinase Glycolysis / gluconeogenesis, pyruvate 63.2
(ATP) metabolism
41 4715 AOAOHIRU68 Dihydrolipoamide acetyltransferase Glycolysis / gluconeogenesis, pyruvate 121.0
component of pyruvate dehydrogenase metabolism, citrate cycle (TCA cycle)
complex
42 1712 AOAOAOQI8BS ATPase AAA Microbial metabolism in diverse environ- 83.1
ments
43 1709 W8QWV9 Uncharacterized protein Not assigned 78.9
44 6807 AOAONON2Y1 Cell division protein Microbial metabolism in diverse environ- 85.6
ments
45 4810 AOATWOIIIY3 Pantothenate synthetase beta-Alanine metabolism 123.0
46 4904 AOAOH1S498 Glutamate dehydrogenase Taurine and hypotaurine metabolism, 59.4

arginine and proline metabolism
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A : other, 3%
degradation of RNA ’
. . biosynthesis of secondary metabolites
metabolism of nitrogen compounds —
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17% microbial exchange
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glycolysis / glyconeogenesis

carbon exchange

B taurine exchange, 3%
other, 7%
B-alanine exchange, 3%
degradation of fatty acids, 4%
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metabolism, 5% 13%
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Fig. 5 Proteins of B. pumilus GY growing 24 h by TNT con- taken as 100%. Proteins, the concentration of which is less than
centration of 200 mg/L (A) and without TNT (B) participat- 1%, are classified in the section “other”. Proteins were sorted
ing in various metabolic processes. All identified proteins are by functional groups using the STRING online program
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