
Vol.:(0123456789)1 3

World Journal of Microbiology and Biotechnology (2020) 36:190 
https://doi.org/10.1007/s11274-020-02962-8

ORIGINAL PAPER

Transformation of TNT, 2,4‑DNT, and PETN by Raoultella planticola 
M30b and Rhizobium radiobacter M109 and exploration 
of the associated enzymes

Hernán Avellaneda1 · Ziv Arbeli1 · Wilson Teran2 · Fabio Roldan1 

Received: 20 June 2020 / Accepted: 11 November 2020 / Published online: 28 November 2020 
© Springer Nature B.V. 2020

Abstract
The nitrated compounds 2,4-dinitrotoluene (2,4-DNT), 2,4,6-trinitrotoluene (TNT), and pentaerythritol tetranitrate (PETN) 
are toxic xenobiotics widely used in various industries. They often coexist as environmental contaminants. The aims of this 
study were to evaluate the transformation of 100 mg  L−1 of TNT, 2,4-DNT, and PETN by Raoultella planticola M30b and 
Rhizobium radiobacter M109c and identify enzymes that may participate in the transformation. These strains were selected 
from 34 TNT transforming bacteria. Cupriavidus metallidurans DNT was used as a reference strain for comparison purposes. 
Strains DNT, M30b and M109c transformed 2,4-DNT (100%), TNT (100, 94.7 and 63.6%, respectively), and PETN (72.7, 
69.3 and 90.7%, respectively). However, the presence of TNT negatively affects 2,4-DNT and PETN transformation (inhibi-
tion > 40%) in strains DNT and M109c and fully inhibited (100% inhibition) 2,4-DNT transformation in R. planticola M30b.
Genomes of R. planticola M30b and R. radiobacter M109c were sequenced to identify genes related with 2,4-DNT, TNT 
or PETN transformation. None of the tested strains presented DNT oxygenase, which has been previously reported in the 
transformation of 2,4-DNT. Thus, unidentified novel enzymes in these strains are involved in 2,4-DNT transformation. Genes 
encoding enzymes homologous to the previously reported TNT and PETN-transforming enzymes were identified in both 
genomes. R. planticola M30b have homologous genes of PETN reductase and xenobiotic reductase B, while R. radiobacter 
M109c have homologous genes to GTN reductase and PnrA nitroreductase. The ability of these strains to transform explosive 
mixtures has a potentially biotechnological application in the bioremediation of contaminated environments.

Keywords 2,4-dinitrotoluene · Biotransformation · Functional library · Genome sequencing · Pentaeritritol tetranitrate · 
Trinitrotoluene

Introduction

The compounds 2,4-dinitrotoluene (2,4-DNT), 2,4,6-trini-
trotoluene (TNT) and pentaerythritol tetranitrate (PETN) 
are nitrated xenobiotics found in the environment. TNT and 
PETN are explosives used in civilian and military activities 
(Stenuit and Agathos 2010). Pentolite (a 1:1 mixture of TNT 
and PETN) is one of the most commonly explosives used 
in Colombia (Arbeli et al. 2016). 2,4-DNT is a byproduct 
of TNT synthesis and an intermediate in polyurethane foam 
production (Johnson et al. 2002). As a result, TNT, PETN 
and 2,4-DNT have been released into the environment as 
mixtures on many occasions. All three compounds adversely 
affect human health (Sabbioni and Rumler 2007; Zhuang 
2007; EPA 2010, 2014, 2017; Gorecki et al. 2017) and TNT 
are listed as a probable carcinogen and mutagen (EPA 2014). 
Although 2,4-DNT does not seem to bioaccumulate, TNT 
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may be taken by plants (EPA 2014, 2017). For these reasons, 
research has been conducted on the bioremediation of envi-
ronments contaminated by these compounds.

The aerobic degradation of aromatic compound is cata-
lyzed by oxygenases. Phenols, quinones, or catechols are 
generated, their rings are cleaved, and the parent compounds 
are mineralized (Van Dillewijn et al. 2008). This catabolic 
pathway has been reported for 2,4-DNT (Spanggord et al. 
1991; Nishino et al. 2000) but not for TNT. As its three nitro 
groups are symmetrically localized and it has an electron-
donating methyl group, TNT is not susceptible to oxida-
tive attacks. However, its nitro groups and aromatic ring are 
easily reduced by nitroreductases and old yellow enzymes 
(OYE) (Stenuit and Agathos 2010; Van Dillewijn et al. 
2008). OYEs are flavoprotein reductases that can reduce a 
wide range of compounds (Stenuit and Agathos 2010). Cer-
tain TNT reduction byproducts are condensed into complex 
molecules such as azoxy or diarylamines compounds that 
are more recalcitrant than TNT (Van Dillewijn et al. 2008; 
Stenuit and Agathos 2010, 2011). Hence, TNT is not min-
eralized by individual bacteria but transformed into dead-
end metabolites that cannot be further metabolized. There 
is comparatively less information about the transformation 
pathway of PETN. This substance may be reduced by OYE 
and release two or three nitrites. PETN mineralization has 
not been reported (Binks et al. 1996; Zhuang et al. 2012).

Only one pathway for 2,4-DNT mineralization has been 
elucidated. It involves a dioxygenase reaction that removes 
the nitro groups (Spanggord et al. 1991). It pathway had 
been detected in Cupriavidus metallidurans DNT (formerly 
Burkholderia sp. DNT) (Spanggord et al. 1991), Burkholde-
ria cepacia R34, B. cepacia JS872, and B. cepacia PR7 
(Nishino et al. 2000), Alcaligenes sp. JS867 and Alcaligenes 
sp. JS871 (Nishino et al. 2000), Pseudomonas sp. VM908 
(Snellinx et al. 2003), Variovorax paradoxus VM685, and 
Arthrobacter sp. K1) (Küce et al. 2015). DNT dioxygenase is 
encoded by dntAa, dntAb, dntAc and dntAd and catalyzes the 
first step of this metabolic pathway (Suen and Spain 1993). 
DNT dioxygenase belongs to the biphenyl oxygenase family 
which, in turn, is a member of the Rieske nonheme iron oxy-
genase superfamily (Duarte et al. 2014). Other authors have 
observed 2,4-DNT degradation with production of reduced 
forms by Bacillus cereus NDT4 (2-amino-4-nitrotoluene and 
4-amino-2-nitrotoluene) (Hudcova et al. 2011) and Rhodo-
coccus pyridinivorans NT2 (1-amino-4-nitrotoluene and 
2,4-diaminotoluene) (Kundu et al. 2015). Nevertheless, the 
genetic mechanisms and pathways regulating these transfor-
mations have not yet been clarified.

Numerous sites are contaminated by mixtures of TNT, 
2,4-DNT, and PETN (Phelan and Web 2002; Parales et al. 
2005) although little is known about their transformation or 
how TNT affects 2,4-DNT and PETN transformation. Only 
two strains (C. metallidurans DNT y Burkholderia cepacia 

JS872) are known to transform mixtures of 2,4-DNT and 
TNT (Parales et al. 2005). It was demonstrated that a PETN 
reductase from Enterobacter cloacae PB2 can also reduce 
TNT (French et al. 1998); however, the ability of this strain 
to transform both compounds simultaneously has not been 
evaluated. In fact, there are no reports of strains that can 
transform mixtures of TNT and PETN explosives. Bacteria 
capable of transforming combinations of TNT, 2,4-DNT, 
and PETN are promising candidates for the bioremedia-
tion of explosive-contaminated sites. TNT can inhibit the 
transformation of other compounds such as 2,6-DNT (Zhang 
et al. 2000; Han 2008), nitroglycerine (Husserl 2011) hex-
ahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) (Sagi-Ben 
Moshe et al. 2009). Therefore, it is important to identify 
and isolate bacteria that can transform mixtures of TNT, 
2,4-DNT, and PETN for the bioremediation of explosive-
contaminated sites.

The main goal of the present study was to evaluate the 
separate and combined transformation of 2,4-DNT, TNT, 
and PETN by Raoultella planticola M30b and Rhizobium 
radiobacter M109. Both strains were previously isolated 
from enrichment cultures inoculated with explosive-con-
taminated soils (Avila-Arias et al. 2017). A second research 
objective was to identify genes in R. planticola M30b and R. 
radiobacter M109c that might be involved in the transforma-
tion of these nitrate compounds.

Materials and methods

Chemicals and reagents

2,4-DNT, TNT, and PETN analytical standards (99% purity) 
for chromatographic analysis were purchased from Accu-
Standard (New Haven, CT). For the transformation tests, 
a technical grade of 2,4-DNT (97% purity) was purchased 
from Sigma-Aldrich (St. Louis, MO). TNT and PETN (com-
mercial grade) were supplied by the Colombian Military 
Industry (INDUMIL). Stock solutions of each compound 
(20,000 mg  L−1) were prepared in HPLC-grade acetonitrile 
purchased from Merck (Darmstadt, Germany). The mobile 
phases for the chromatographic analyses consisted of type I 
water and HPLC-grade acetonitrile.

Bacterial sources

During the study, 34 TNT-transforming bacteria were evalu-
ated for 2,4-DNT transformation. The 2,4-DNT transform-
ers were then assessed for PETN transformation. These 
bacteria were previously isolated from enrichment cultures 
composed of mineral media supplemented with TNT as the 
sole nitrogen source. These media were originally inoculated 
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with soils contaminated by TNT and PETN (Avila-Arias 
et al. 2017). We previously describe the enrichment cultures 
preparation (Arbeli et al. 2016) and phylogenetic strain iden-
tification (Avila-Arias et al. 2017).

Cupriavidus metallidurans DNT (formerly known as Bur-
kholderia sp. strain DNT) bearing DNT dioxygenase (E.C. 
1.14.12.24) was kindly provided by Dr. Jim Spain of Georgia 
Tech University, Atlanta, GA. It was used as a reference 
strain for 2,4-DNT transformation (Suen and Spain 1993).

Culture media

MSB minimal medium (Spanggord et al. 1991) was used 
to evaluate 2,4-DNT transformation and simultaneous 2,4-
DNT and TNT transformation. It had the following com-
position (in mg  L−1): 2,820  Na2HPO4; 2,720  KH2PO4; 100 
nitrilotriacetic acid-disodium salt; 144.50  MgSO4; 33.30 
 CaCl2·2H2O; 0.09  (NH4)6Mo7O24·4H2O; 0.99  FeSO4·7H2O; 
1.25 EDTA; 5.48  ZnSO4·7H2O; 1.27  MnSO4·7H2O; 2.50 
 FeSO4·7H2O; 0.20  CuSO4·5H2O; 0.12 Co(NO3)2·6H2O; and 
0.09  Na2B4O7·10H2O. To assess the effects of carbon source 
amendment, a mixture of 250 mg  L−1 each glucose, glycerol, 
sodium citrate, and sodium acetate was also added.

MT2 minimal medium (Avila-Arias et al. 2017) supple-
mented with carbon source was used to evaluate separate 
and simultaneous TNT and PETN transformation. This 
medium consisted of (in mg  L−1): 7.5 HCl; 500 NaCl; 200 
 MgSO4·7H2O; 40  CaCl2·2H2O; 700  K2HPO4; 300  KH2PO4; 
0.2  MnSO4·H2O; 0.1  H3BO3; 0.1  ZnSO4·7H2O; 0.05 
 CaSO4·2H2O; 0.01  CuSO4·5H2O; 0.05  CoCl2·H2O; 0.01 
 Na2MoO4·2H2O; 0.01  NiSO4·6H2O; 3  FeSO4·7H2O; and 
250 of each glucose, glycerol, sodium citrate, and sodium 
acetate.

Both media were prepared in type I water, the pH was 
adjusted with NaOH (5 mol  L−1) to 7.2 and sterilized by 
autoclave at 150 psi for 15 min. For the solid media, 20 g 
 L−1 Merck agar (Darmstadt, Germany) was used. The 2,4-
DNT, PETN, and TNT were added to the media by placing 
stock solutions in sterile flasks. The acetonitrile solvent was 
completely evaporated and sterilized media was added. The 
final 2,4-DNT, TNT, and PETN concentrations were 100 mg 
 L−1 in each case.

Biotransformation of 2,4‑DNT, TNT, and PETN 
under different conditions

Biotransformation of 2,4-DNT, TNT, and PETN were evalu-
ated under the following conditions: (1) 2,4-DNT with no 
other carbon or nitrogen sources; (2) TNT with carbon 
source; (3) PETN with carbon source; (4) transformation 
of a mixture of 2,4-DNT and TNT with no other carbon 
or nitrogen sources; and (5) transformation of a mixture of 
TNT and PETN with carbon source.

To evaluate 2,4-DNT transformation alone and in com-
bination with TNT (conditions 1 and 4), each strain was 
grown for 7 d at 30 °C in MSB agar containing 2,4-DNT. 
Bacterial biomass was harvested and inoculated in 45 mL 
MSB with 2,4-DNT and 200 mg  L−1 yeast extract, incubated 
at 30 °C and shaken at 170 rpm for 2 d. The biomass was 
collected by centrifugation at 13,000 × g for 10 min at room 
temperature (± 22 °C), washed twice with 0.85% w/v sterile 
saline solution, and adjusted to  OD600 = 0.125 with MSB. 
Then 15 mL inoculum was mixed with 135 mL MSB plus 
2,4-DNT or a mixture of 2,4-DNT and TNT. The culture 
was incubated at 30 °C in the dark and shaken at 170 rpm for 
14 d (n = 3). The 2,4-DNT, TNT, and nitrite concentrations 
were monitored as described below in different intervals 
for each strain which were defined by previously experi-
ments (data no show). The TNT transformation (condition 
2) was evaluated by a similar procedure but MT2 medium 
supplemented with carbon source was used instead of MSB 
medium.

To evaluate PETN transformation with carbon source 
addition (condition 3) and simultaneous TNT and PETN 
transformation with carbon source addition (condition 5), 
the bacteria were grown for 7 d in MT2 agar medium supple-
mented either with PETN or a mixture of TNT and PETN, 
respectively. The biomass was collected, washed with 0.85% 
(w/v) sterile saline solution, and adjusted to  OD600 = 0.1with 
90 mL MT2 containing either PETN or a mixture of TNT 
and PETN. The culture was dispensed in 18 amber flasks 
(5 mL/flask) incubated in the dark at 30 °C and shaken at 
170 rpm for 25 d. At sampling days 1, 2, 5, 12, and 25, three 
experimental units were sacrificed to quantify PETN and 
TNT.

Search for enzymes responsible to TNT, 2,4‑DNT 
and TNT transformation

Two genomic approaches were used for searching genes 
transforming 2,4-DNT, TNT, and PETN within the R. plan-
ticola M30b and R. radiobacter M109c genomes. Whole-
genome sequencing was performed on strains R. planticola 
M30b and R. radiobacter M109c. For the second approach, 
2,4-DNT-transforming clones were screened in the fosmid 
genomic libraries of strains M30b and M109c.

Whole‑genome sequencing of R. planticola M30b 
and R. radiobacter M109c

The total DNA of each strain was extracted using the 
method described by Avila-Arias et al. (2017). The sequenc-
ing library was constructed with a TruSeq DNA PCR free 
kit. Paired-end (PE) (100-bp) and sequenced on an Illu-
mina HiSeq 2000 platform (Illumina; San Diego, CA). 
Quality control with FastQC tool (RRID:SCR_014583) 
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(Andrews 2010) and filtering of reads were done before 
the De novo assemby performed with SOAPdenovo v. 2.0 
(RRID:SCR_014986) (Luo et al. 2012).

Functional annotation was performed on the Rapid 
Annotation using Subsystem Technology (RAST) server 
(RRID:SCR_014606) (Aziz et al. 2008). The Seed tool 
viewer (v. 2.0) (Overbeek et al. 2014) and InterProscan v. 
5.39–77.0 (RRID:SCR_005829) (https ://www.ebi.ac.uk/
inter pro/searc h/seque nce) were used to identified protein 
sequences resembling the α region of DNT dioxygenase 
(UniProt accession No. Q8VUD4) and proteins with the 
Rieske 2Fe-2S iron-sulfur domain. The aforementioned 
enzymes were used as queries for homology-based searches 
against the Aromadeg protein database with the Aromadeg 
tool (http://aroma deg.siona .helmh oltz-hzi.de/) to find 
homology with aromatic compound-degrading enzymes. A 
phylogenetic tree was constructed for the proteins with the 
Rieske 2Fe-2S iron-sulfur domain against the α subunits of 
representative enzymes belonging to the phthalate, biphenyl, 
benzoate, and salicylate oxygenases in the Rieske non-heme 
iron oxygenase superfamily. The amino acid sequences were 
aligned with ClustalW and the trees were built in Mega v. 
7.0 (RRID:SCR_000667) using a neighbor-joining (NJ) 
algorithm and a 100-bootstrap value.

OYEs were explored in the genomes of strains M30b and 
M109c by searching for genes encoding proteins similar to 
OYEs that were reported as nitrated compound transform-
ers (UniProt accession Nos. H9N832, H9N835, H9N833, 
H9N834, O31246, P71278, P77258, Q3ZDM6, Q8LAH7, 
Q88PD0, and Q7B4Y3). A phylogenetic tree of the identi-
fied enzymes was constructed against the literature OYEs 
using the aforementioned procedures.

Construction of fosmid libraries of R. planticola 
M30b and R. radiobacter M109c genomes

A CopyControl™ fosmid library production kit (Epicentre, 
Madison, WI, USA) was used to construct the fosmid librar-
ies. Total DNA was extracted using the method described 
by Avila-Arias et al. (2017) and the yield of ~ 40-kb DNA 
fragments was evaluated by electrophoresis in 1% agarose 
gel at 30 V for 18 h. The fragments were cloned in fosmid 
pCC1FOS and transformed into Escherichia coli EPI300. 
As 2,4-DNT transforming clones may not contain all of the 
genes required for 2,4-DNT degradation, the 2,4-DNT trans-
formation activity was evaluated in MT2 containing 40 mg 
 L−1 2,4-DNT, 183.67 mg  L−1  (NH4)2SO4, 250 mg  L−1 each 
glucose, glycerol, sodium citrate, and sodium acetate, and 
12.5 mg  L−1 chloramphenicol as a selection marker. The 
2,4-DNT concentration was determined after 7 d incubation 
at 30 °C and 170 rpm shaking.

Fosmid DNA from positive clones was extracted with a 
FosmidMAX™ DNA purification kit (Epicentre, Madison, 

WI, USA) and sequenced on the Illumina NovaSeq plat-
form (150 bp PE) (Illumina, San Diego, CA, USA). FastQC 
(Andrews 2010), Trimmomatic (RRID:SCR_011848) 
(Bolger et al. 2014), and Shovill (Seemann 2017) tools 
were used for quality control, read filtering, and sequence 
assembly, respectively. The default parameters were used 
in all cases. Functional annotation on the DNA inserts was 
performed with RAST v. 2.0 (Aziz et al. 2008). Domains 
associated with oxygenases or reductases were sought with 
InterProScan.

Analytical methods

The 2,4-DNT, TNT, and PETN were extracted according 
to a modified Method 8330B (EPA 2006). The sample and 
acetonitrile volumes were set to 2 mL for the 2,4-DNT, TNT, 
and 2,4-DNT plus TNT experiments and 5 mL for the PETN 
and PETN plus TNT experiments.

The 2,4-DNT, PETN, and TNT were quantified by 
reversed-phase HPLC fitted with a PDA diode array detec-
tor (Prominence SPD 20A; Shimadzu) (Kyoto, Japan). The 
injection volume was 10 µL and the detection wavelengths 
were set to 210 nm for PETN and 254 nm for 2,4-DNT and 
TNT. Separation was performed on a Pinnacle DB C18 
column (5 µm; 250 mm × 4.6 mm ID; Restek; Bellefonte, 
PA) with a 40:60 acetonitrile:water mobile phase, a 1.5-mL 
 min–1 flow rate, and a 40 °C oven temperature.

The byproducts produced by clones M30B_B4 and 
M109c_G12 during 2,4-DNT transformation were identi-
fied by GC–MS (5975B; Agilent Technologies) Santa Clara, 
CA) fitted with a DB-5 column (30 m × 0.25 mm × 0.25 □m) 
under the following conditions: injection port temperature, 
250 °C; injection volume, 1 μL; splitless mode. The oven 
temperature was subjected to a ramp. It started at 100 °C 
for 2 min and then was increased to 200 °C at 10 °C min−1, 
increased to 280 °C at 20 °C min−1, held for 5 min, increased 
to 325 °C at 40 °C min−1, and held for 3 min. Peaks were 
identified by comparing them with those in the NIST/EPA/
NIH mass spectral library.

Nitrite was quantified by colorimetric standard method 
4500-NO2 (Rice et al. 2012), with modifications. Griess rea-
gent (12 μL) was added to 300 mL sample, the mixture was 
shaken for 15 min, and  OD540 was measured in a Bioscreen 
C instrument (Oy Growth Curves Ab Ltd., Helsinki, Fin-
land). Calibration curves of nitrites were made with  NaNo2 
to reach concentration between 0.092 and 5.0 mg  L−1 of 
nitrites. Graphs were generated in SigmaPlot v. 12.0 (Systat 
Software, Inc., San Jose, CA).

Statistical analysis

Data were analyzed with SPSS v. 22 (IBM Corp., 
Armonk, NY). One-way ANOVA and a Tukey–Kramer 

https://www.ebi.ac.uk/interpro/search/sequence
https://www.ebi.ac.uk/interpro/search/sequence
http://aromadeg.siona.helmholtz-hzi.de/
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honest significant difference (HSD) test were used to 
identify significant differences in 2,4-DNT, TNT, and 
PETN transformation among the various treatments. Sta-
tistical significance was set at P < 0.05.

Results

2,4‑DNT transformation with no other carbon 
or nitrogen sources

Of the 34 bacterial strains evaluated, Raoultella planti-
cola M30b and Rhizobium radiobacter M109c degraded 
2,4-DNT without the addition of any other carbon or 
nitrogen sources. They released nitrite byproducts, sug-
gesting a possible mineralization of the 2,4-DNT. Both 
strains showed initial lag periods of 5 and 6 d, respec-
tively. Thereafter, it took ~ 2 d to degrade 100% of the 
2,4-DNT (Fig. 1a). The reference strain C. metallidurans 
DNT degraded 100% of the 2,4-DNT with no lag phase, 
within 1.5 d and releasing nitrite.

The highest nitrites generated from 2,4-DNT were 
108.9, 80.6 and 70.1 mg  L−1 for strains DNT, M30b, and 
M109c, respectively. These values were higher than the 
maximum stoichiometry value expected (25.30 mg  L−1). 
One possible explanation for this nitrite overestimation 
is the concomitant production of 2-hydroxy-5-methylqui-
none which is an intermediate of 2,4-DNT degradation. 
This compound also absorbs at 540 nm (Sanjust et al. 
1995) and may interfere with the analytical method used 
to quantify nitrites.

TNT and PETN transformation with carbon source 
addition

The three strains transformed TNT and PETN in the absence 
of any additional nitrogen source. A prior analysis in our lab-
oratory showed that these strains could not transform TNT 
without additional carbon sources (Fig. S1; Online Resource 
1). Hence, these three strains transformed the TNT but did 
not mineralize it. TNT consumption was significantly higher 
by C. metallidurans DNT (100%) and R. planticola M30b 
(94.7 ± 9.2%) than by R. radiobacter M109c (63.6 ± 15.8%) 
(Fig. 2). None of these strains accumulated nitrites in the 
presence of TNT as the sole nitrogen source.

Strain M109c showed significantly (P < 0.01) greater 
PETN depletion (90.7 ± 4.1% than C. metallidurans DNT 
(72.7 ± 5.6%) or R. planticola M30b (69.3 ± 5.8%). For R. 
radiobacter M109c and C. metallidurans DNT, most of the 
PETN transformation occurred within the first 5 d. In con-
trast, R. planticola M30b required nearly 25 d to complete 
the PETN transformation (Fig. 3).

Transformation of mixture of 2,4‑DNT and TNT 
with no other carbon or nitrogen sources

When C. metallidurans DNT and R. radiobacter M109c were 
cultivated with 2,4-DNT and TNT and no additional carbon 
or nitrogen sources, they degraded 100% of the 2,4-DNT 
(Fig. 4a) and transformed 24.0 ± 7.5% and 45.9 ± 2.7% of 
the TNT, respectively (Fig. 4b). For C. metallidurans DNT, 
TNT transformation stopped at day 7 and coincided with 
the complete depletion of the 2,4-DNT. In both strains, the 
2,4-DNT degradation rate was significantly lower (P < 0.01) 

Fig. 1  2,4-DNT degradation a and nitrite accumulation b by bacteria growing in mineral media containing 2,4-DNT and no other carbon or 
nitrogen sources.  = Cupriavidus metallidurans DNT;   = Raoultella planticola M30b;  = Rhizobium radiobacter M109c;  = abiotic control
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in the presence of TNT. For C. metallidurans DNT, the 2,4-
DNT degradation rates were 0.338 ± 0.056 mmol  L−1  d−1 
and 0.081 ± 0.005 mmol  L−1  d−1 in the absence and presence 
of TNT, respectively. For R. radiobacter M109c, the 2,4-
DNT degradation rates were 0.220 ± 0.026 mmol  L−1  d−1 
and 0.053 ± 0.004 mmol  L−1  d−1 in the absence and presence 
of TNT, respectively.

In contrast, R. planticola M30b transformed neither 2,4-
DNT nor TNT when it was cultivated with both substances 
(Fig. 4). To determine whether the lack of TNT transforma-
tion in strain M30b was caused by a lack of carbon asso-
ciated with the failure to degrade 2,4-DNT, carbon source 
was added on day 7 of incubation. Thence, the strain did 

not consume 2,4-DNT but did deplete 79.93 ± 4.22% of the 
initial TNT (Fig. S2; Online Resource 1).

Transformation of a mixture of PETN and TNT 
with an additional carbon source

Cupriavidus metallidurans DNT, R. planticola M30b, and 
R. radiobacter M109c transformed a mixture of PETN and 
TNT in the presence of an additional carbon source. They 
transformed 43.4 ± 20.2, 41.3 ± 0.8 and 43.5 ± 10.0% of the 
PETN, respectively, and there were no significant differ-
ences (P > 0.05) among them. In contrast, TNT depletion 
significantly (P < 0.01) differed among the strains DNT 
(44.8 ± 2.3%), M30b (83.3 ± 1.4%) and M109c (95.1 ± 0.2%) 
(Fig. 5). PETN transformation in presence of TNT was 
inhibited in 40.3, 40.4 and 52.0% in strains DNT, M30b and 
M109c respectively. PETN transformation nearly stopped 
in all three strains after 1 d (Fig. 5a). This timing coincided 
with the onset of TNT transformation. Moreover, PETN 
depletion by strains M30b and M109c was significantly 
lower (P < 0.01) in the presence than the absence of TNT. 
A similar trend was observed for C. metallidurans DNT. In 
that case, the PETN transformation was relatively lower in 
the presence of TNT but the difference was not significant 
(P = 0.09).

Whole‑genome sequencing of R. planticola M30b and 
R. radiobacter M109c

The genomes of R. planticola M30b and R. radiobacter 
M109c where sequenced (Table 1) and the genome sizes 
were estimated to be 6,097,200 bp for R. planticola M30b 
and 6,460,689 bp for R. radiobacter M109c with a % GC 
of 55.7 and 59.5%, respectively. In strain M30b enzymes 
CDS1812, CDS1906, CDS3170, and CDS4471 had low 
sequence similarity with the α subunit of DNT dioxyge-
nase (27.0, 29.8, 26.7, and 29.3% identity, respectively; 
e-values = 1–40,  4–04,  9–43, and  4–06, respectively). In R. 
radiobacter M109c, CDS1728 had low sequence similarity 
(29.6% identity) with the α subunit of DNT dioxygenase 
(e-value = 9–26). All of the aforementioned enzymes had the 
Rieske 2Fe-2S iron-sulfur catalytic domain that also occurs 
in DNT dioxygenase.

Phylogenetic trees were constructed using the selected 
α subunits of the enzymes found in the genomes of strains 
M30b and M109c and representative enzymes in the four 
families of the Rieske non-heme iron oxygenase superfamily. 
CDS1906 and CDS4471 were near clusters IV and XI of the 
benzoate dioxygenase family, respectively. CDS1812 and 
CDS3170 were near clusters I and XVIII of the phthalate 
oxygenase family, respectively (Fig. 6). On the other hand, 
CDS1728 was not clustered in any of the families belonging 
to the Rieske non-heme iron oxygenase superfamily (Fig. 6). 

Fig. 2  TNT transformation by bacteria growing on mineral media 
with TNT and a carbon source. No nitrite accumulation was 
observed.  = Cupriavidus metallidurans DNT;  = Raoultella plan-
ticola M30b;  = Rhizobium radiobacter M109c;  = abiotic control

Fig. 3  Bacterial PETN transformation in mineral media containing 
PETN and a carbon source.  = C. metallidurans DNT;  = R. planti-
cola M30b;  = R. radiobacter M109c;  = abiotic control
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Thus, none of the oxygenases identified in R. planticola 
M30b and R. radiobacter M109c belong to the biphenyl 
dioxygenase family. Further, they are not phylogenetically 
related to DNT dioxygenase.

Additionally, R. planticola M30b has the OYE CDS3688 
which had 89.0% identity with the TNT and PETN-trans-
forming enzyme PETN reductase from Enterobacter clo-
acae PB2 (UniProt accession No. P71278) and the OYE 
CDS4831 which had 47.5% identity with the TNT-trans-
forming enzyme xenobiotic reductase B from Pseudomonas 
putida KT2440 (UniProt accession No. Q88PD0). In R. 
radiobacter M109c, CDS528 and CDS5742 were similar to 
the PETN-transforming enzyme GTN reductase from Rhizo-
bium radiobacter (UniProt accession No. O31246) and the 
TNT-transforming enzyme PnrA nitroreductase (UniProt 

accession No. Q7B4Y3) (96.7% and 46.8% identity, respec-
tively) (Fig. 7).

Fosmid library construction for R. planticola M30b 
and R. radiobacter M109c

The fosmid libraries from R. planticola M30b and R. 
radiobacter M109c contained 624 and 635 clones, 
respectively. The estimated genome coverage was ~ 4X 
in both cases. Clone M30b_B4 from the R. planticola 
M30b genome library and clone M109c_G12 from the R. 
radiobacter M109c genome library transformed 71.3 and 
54.2% of the 2,4-DNT, respectively and produced 0.870 
and 1.010 mg  L−1 nitrites, respectively (Fig. S3; Online 
Resource 1). For both clones, the only byproduct identified 

Fig. 4  2,4-DNT degradation a, TNT transformation b, and nitrite 
accumulation c by bacteria growing in mineral media with 2,4-DNT 
and TNT and no other carbon or nitrogen sources.  = Cupriavidus 

metallidurans DNT;  = Raoultella planticola M30b;  = Rhizobium 
radiobacter M109c;  = abiotic control
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by GC–MS was 4-amino-2-nitrotoluene. Therefore, 2,4-
DNT was reduced (Fig. S4; Online Resource 1). Further, 
a peak with retention time = 7.45 min was observed for 
both clones but could not be identified (Fig. S4; Online 
Resource 1).

The fosmid inserts M30b_B4 and M109c_G12 
were 37,018 bp and 39,851 bp, respectively. They had 
GC% = 55.4 and 57.9%, respectively. Neither M30b_B4 
and M109c_G12 bore any genes encoding oxygenases 
or OYEs. In both fosmids hypothetical protein-encoding 
genes were detected (Tables S2 and S3). None of the 
hypothetical proteins had domains related to oxygenases 
or nitroreductases. Both fosmids bore proteins associated 
with tolerance to toxic compounds. Fosmid M30b_B4 
contained a gene homologous to mutT (Table S2; Online 
Resource 1) and encoding a protein preventing mutations 
induced by mutagens. Fosmid M109c_G12 contained an 
operon-like structure encoding three subunits of the RND 
efflux pump (Table S3; Online Resource 1). An RND efflux 
pump confers tolerance to TNT in Pseudomonas putida 
KT2440 (Fernández et al. 2009). However, the RND efflux 
pump subunits in fosmid M109c_G12 showed < 40% iden-
tity with the corresponding subunits (GeneBank accession 
Nos. AAN69027.1, AAN69028.1, and AAN69029.1) in 
Pseudomonas putida KT2440.

Discussion

Transformation of TNT, PETN, and 2,4‑DNT

During the study, Raoultella planticola M30b and Rhizo-
bium radiobacter M109c transformed TNT and PETN in 
the absence of additional nitrogen sources and degraded 
2,4-DNT with no additional carbon or nitrogen sources. 
These strains were isolated from enrichment cultures 
with TNT as the sole nitrogen source (Avila-Arias et al. 
2017). To the best of our knowledge, this is the first 
report of bacteria co-transforming 2,4-DNT and PETN 
that were isolated from enrichment cultures containing 
TNT. Hence, the transformation of TNT, PETN, and 2,4-
DNT might be mechanistically related. One possible rea-
son for selecting PETN-transforming bacteria with TNT 
enrichment cultures is that these bacteria have unspecific 
enzymes that can transform both substances. This mode 
of action applies to PETN reductase from Enterobac-
ter cloacae PB2 (French et al. 1998) and other OYEs 
(Williams et al. 2004). However, the reason for selecting 
2,4-DNT-transforming bacteria in TNT enrichment cul-
tures is unclear. A possible explanation is that 2,4-DNT is 
a byproduct of TNT transformation as has been suggested 

Fig. 5  PETN transformation a and TNT transformation b by bacteria growing on mineral media with PETN, TNT, and a carbon source.  = C. 
metallidurans DNT;  = R. planticola M30b;  = R. radiobacter M109c;  = abiotic control

Table 1  De novo assembly metrics of M30b and M109 genomes

a k-mer size (bp) = 25

Reads Q20 (%) Contigs N50 (contigs) Scaffolds N50 (scaffolds) k-mer  coveragea k-mer individual sum

R. planticola M30b 7,364,724 98.86 275 40,622 38 484,154 93X 567,039,638
R. radiobacter M109c 6,880,730 98.64 474 51,504 94 335,047 82X 529,776,492
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previously (Haïdour and Ramos 1996; Martin et al. 1997; 
Gumuscu and Tekinay 2013), or the presence of enzymes 
that transforms both compounds.

TNT transformation by Raoultella spp. (Claus et al. 
2007; Muter et al. 2012; Thijs et al. 2014) and Rhizobium 
spp. (Labidi et al. 2001; Zhang et al. 2015; Khan et al. 
2015) has been previously reported. Moreover, Rhizo-
bium spp. can transform PETN as its sole nitrogen source 
(White et al. 1996). To the best of our knowledge, this is 
the first report of PETN transformation by Raoultella and 
2,4-DNT transformation by Rhizobium.

Simultaneous TNT transformation with 2,4‑DNT 
or PETN

Rhizobium radiobacter M109c and C. metallidurans DNT 
transformed a mixture of 2,4-DNT and TNT in the absence 
of other carbon sources. R. radiobacter M109c had nearly 
twice the transformation capacity of C. metallidurans DNT. 
However, TNT significantly reduced the 2,4-DNT transfor-
mation rate in both strains. The addition of carbon sources is 
essential for TNT transformation (Esteve-Núñez et al. 2001; 
Muter et al. 2012) and increases both operating costs and 

Fig. 6  Phylogenetic tree of α subunit of dioxygenase enzymes 
CDS1812, CDS1906, CDS3170, and CDS4471 from R. planticola 
M30b and CDS1728 from R. radiobacter M109c (black arrows) and 
α subunit of enzymes belonging to four families of Rieske non-heme 
iron oxygenase superfamily. DNT dioxygenase from Burkholderia 
cepacia R34 is marked by a white arrow. The analysis involved 44 
amino acid sequences aligned with ClustalW. Trees were built in 
Mega v. 7.0 using the neighbor-joining (NJ) method with a 100-boot-

strap value. The percentages of replicate trees wherein the associated 
taxa were clustered in a 100-replicate bootstrap test are shown next to 
the branches. The tree is drawn to scale with branch lengths next to 
the branches in the same units as those for the evolutionary distances 
used to infer the phylogenetic tree. Evolutionary distances were com-
puted by the Poisson correction method. All positions with gaps and 
missing data were eliminated. There were 207 positions in the final 
dataset
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logistical problems during TNT-contaminated site remedia-
tion. Strains such as M109c that can transform 2,4-DNT and 
TNT in the absence of other carbon sources are promising 
candidates for the treatment of explosive contaminated sites. 
Only two reported strains (C. metallidurans DNT and B. 
cepacia JS872) can consume TNT and 2,4-DNT simulta-
neously without any other carbon source. TNT depletion 
stopped when these strains had fully consumed the 2,4-DNT 
(Parales et al. 2005). This suggests that carbon from 2,4-
DNT degradation supports bacterial growth and supplies 
the electrons required for TNT reduction without the need 
for any other carbon source.

In contrast, the presence of TNT in R. planticola M30b 
inhibited 2,4-DNT transformation whereas 2,4-DNT did not 
inhibit TNT transformation. When R. planticola M30b was 
cultivated in the presence of both 2,4-DNT and TNT and no 
other carbon source, it could not acquire carbon from 2,4-
DNT. Hence, it was unable to consume TNT as well. The 
addition of a carbon source at day 7 furnished carbon and 
electrons required for TNT transformation.

The three aforementioned strains simultaneously trans-
formed PETN and TNT as their only nitrogen sources with 
the addition of a carbon source. Pentolite (TNT:PETN 
50:50) is one of the most commonly used explosives 
(Agrawal & Hodgson 2007). Nevertheless, there are few 
studies on simultaneous bacterial TNT and PETN transfor-
mation. We previously reported simultaneous PETN and 
TNT transformation in microcosms containing soil from an 
explosives manufacturing plant (Arbeli et al. 2016). Adition-
ally, Enterobacter cloacae PB2 transformed TNT (French 
et al. 1998) and PETN (Binks et al. 1996) as its sole nitrogen 
sources via the PETN reductase (Binks et al. 1996; French 
et al. 1998; Wittich et al. 2008). However, the ability of this 
strain to transform both compounds simultaneously has not 
been evaluated. The ability of strains M30b and M109c to 
transform TNT and PETN simultaneously may be related to 
the presence of enzymes resembling PETN reductase that 
can use both as substrates.

However, the presence of TNT had a negative effect on 
PETN transformation. This inhibition seems to be related 

Fig. 7  Phylogenetic tree of OYEs from strains M30b and M109c 
(black arrows) and other OYEs reported in literature. The amino acid 
sequences were aligned with ClustalW and the trees were built in 
Mega v. 7.0 by a neighbor-joining (NJ) algorithm with a 100-boot-
strap value. The percentages of replicate trees wherein the associated 
taxa clustered in a 100-replicate bootstrap test are shown next to the 
branches. The tree is drawn to scale with branch lengths next to the 

branches in the same units as those for the evolutionary distances 
used to infer the phylogenetic tree. Evolutionary distances were com-
puted by the Poisson correction method. The unit is the number of 
amino acid substitutions per site. The analysis involved 24 amino acid 
sequences. All positions with gaps and missing data were eliminated. 
There were 181 positions in the final dataset
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with the progressive accumulation of TNT transformation 
byproducts during the first day of incubation. TNT might 
also inhibit the transformation of 2,6-DNT (Han 2008), RDX 
(Jackson et al. 2007; Sagi-Ben Moshe et al. 2009), HMX 
(Sagi-Ben Moshe et al. 2009), and nitroglycerine (Hus-
serl 2011) possibly because of the toxicity of TNT and its 
byproducts to bacterial cells (Spanggord et al. 1982; George 
et al. 2001; Khan et al. 2013) and the inhibition of transform-
ing nitroreductases and OYEs by the nitrosamine products 
of TNT reduction (Riefler and Smets 2002; Jackson et al. 
2007).

Search for transforming enzymes

Search for 2,4‑DNT‑transforming enzymes

The only reported 2,4-DNT mineralization pathway is initi-
ated by DNT dioxygenase in the biphenyl oxygenase family 
(Duarte et al. 2014). Here, we detected neither DNT dioxy-
genase nor homologous enzymes in R. planticola M30b or 
R. radiobacter M109c. Thus, the enzymes responsible for 
2,4-DNT transformation in strains M30b and M109c differ 
from the DNT dioxygenases reported in the literature.

The R. planticola M30b genome contains the dioxyge-
nase-encoding genes CDS4471 which belongs to cluster 
XI of the benzoate dioxygenase family. Cluster XI includes 
enzymes such as the 2-halobenzoate-1,2-dioxygenase 
from Burkholderia cepacia that transform 2-chloroben-
zoate (Duarte et  al. 2014) and has 59.3% identity with 
CDS4471. Chlorobenzoates have electronegative substitu-
ents that generates an electron deficiency in the aromatic 
ring. This effect resembles those of the nitro substituents 
in 2,4-DNT and TNT (Xiao et al. 2006). In R. radiobacter 
M109c, only CDS1728 had the Rieske 2Fe-2S iron-sulfur 
catalytic domain. Therefore, it may be related to 2,4-DNT 
transformation.

It is also possible that 2,4-DNT degradation proceeds 
by reduction mechanisms. The R. planticola M30b and R. 
radiobacter M109c genomes contain putative nitroreduc-
tases and OYEs. Bacterial 2,4-DNT reduction has been pre-
viously reported (Hudcova et al. 2011; Kundu et al. 2015; 
Shemer et al. 2018) but most bacteria which reduce 2,4-DNT 
do not use it as a sole carbon source. However, Kundu et al. 
(2015) reported that Rhodococcus pyridinivorans NT2 does, 
in fact, use 2,4-DNT as a sole carbon and nitrogen source 
and generates reduced byproducts and nitrites. Neverthe-
less, OYEs such as PETN reductase reduce the aromatic 
TNT ring and form unstable Meisenheimer complexes. This 
reaction has not been described for 2,4-DNT. Nevertheless, 
nitrite liberation from trinitrophenol and dinitrophenol and 
the subsequent mineralization proceed by this pathway 
(Ebert et al. 2001; Fida et al. 2014).

Fosmid inserts from 2,4-DNT-transforming E. coli EPI300 
clones M30b_B4 and M109c_G12 did not include genes 
encoding oxygenases or reductases. These clones reduced 
2,4-DNT to 4-amino-2-nitrotoluene. For this reason, the fos-
mids might bear novel candidate genes encoding this catalytic 
activity. However, further studies are required in which these 
genes are subcloned and 2,4-DNT-transforming screenings are 
conducted. E. coli strains can transform 2,4-DNT by reducing 
its nitro groups (Shemer et al. 2018). The fosmid inserts con-
tain genes encoding an RND efflux pump and a mutT protein 
that may confer tolerance to toxic compounds and attenuate 
their mutagenicity. These genes may have contributed to the 
observed increase in 2,4-DNT tolerance in the E. coli EPI300 
host cells and allowed them to transform 2,4-DNT via their 
own nitroreductases. In any case, these genes may play impor-
tant indirect roles in 2,4-DNT degradation in strains M30b 
and M109b.

Search for TNT‑ and/or PETN‑transforming enzymes

TNT and PETN transformation is associated with nitrore-
ductases and OYEs. R. planticola M30b possess five of these 
enzymes. CDS3688 showed 89.0% identity with PETN reduc-
tase which is involved in transforming both TNT and PETN 
(French et al. 1998; Williams et al. 2004; Stenuit and Agathos 
2011). Strain M30b has CDS4831 which has 47.5% identity 
with xenobiotic nitroreductase B derived from various Pseu-
domonas putida strains (UniProt accession No. Q88PD0) 
that transform TNT (Agrawal & Hodgson 2007). In R. plan-
ticola M30b, then, PETN may be transformed by CDS3688 
while TNT could be transformed either by CDS3688 or by 
CDS4831.

The R. radiobacter M109c genome also encodes various 
OYEs. CDS528 has 96.7% identity with the GTN reductase of 
R. radiobacter subgroup B. GTN reductase reduces PETN but 
not TNT (White et al. 1996; Snape et al. 1997). The CDS5742 
found in M109c was phylogenetically related to PnrA nitrore-
ductase from Pseudomonas putida JLR11 (46.8% identity). 
PnrA nitroreductase transforms TNT (Caballero et al. 2005) 
but it is unknown whether it can also transform PETN. The 
preceding results suggest that CDS528 in R. radiobacter 
M109c is a likely candidate for PETN transformation while 
CDS5742 is a probable candidate for TNT transformation in R. 
radiobacter M109c. These hypotheses should be empirically 
validated in order to elucidate the enzymes and mechanisms 
accounting for the explosive-transforming capability of our 
isolated bacterial strains.
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Conclusion

Here, we reported that R. planticola M30b and R. radio-
bacter M109c can transform 2,4-DNT in the absence of any 
other carbon or nitrogen source. They can also transform 
TNT and PETN in the absence of any other nitrogen source. 
The presence of TNT and/or its transformation products 
inhibited 2,4-DNT and PETN transformation. Because R. 
radiobacter M109c can transform mixtures of TNT with 
2,4-DNT and PETN, this strain may have biotechnological 
application for bioremediation of contaminated sites with 
mixtures of these compounds.

Whole-genome sequencing of both strains identified can-
didate enzymes for TNT and PETN transformation based on 
their sequence similarity with enzymes known to participate 
in these catabolic pathways. Neither the R. planticola M30b 
nor the R. radiobacter M109c genomes contained any genes 
homologous to those reported encoding DNT dioxygenase. 
Therefore, different enzymes are probably involved in 2,4-
DNT transformation in both strains. Functional screening of 
fosmid library clones disclosed the presence of genes coding 
for tolerance proteins (mutT and RND efflux pump) that can 
be related with 2,4-DNT degradation and the simultaneous 
transformation of explosive mixtures.

Future research should endeavor to characterize the 
enzymes responsible for 2,4-DNT degradation so that these 
new catabolic pathways may be exploited for the bioreme-
diation of sites contaminated by this explosive. Two analy-
sis cab be helpful to identify the enzymes related with 2,4-
DNT degradation: A transcriptomic analysis that compare 
the expression profile of strains M30b and M109c in pres-
ence and absence of 2,4-DNT and a random mutagenesis 
analysis that allows identifying genes essential for 2,4-DNT 
degradation.
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