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Abstract 13 

 2,4,6-Trinitrotoluene (TNT) is a nitroaromatic explosive, highly toxic and mutagenic for organisms. In this study, 14 

we report for the first time the screening and isolation of TNT-degrading bacteria from Antarctic environmental samples 15 

with potential use as bioremediation agents. Ten TNT-degrading bacterial strains were isolated from Deception Island. 16 

Among them, Pseudomonas sp. TNT3 was selected as the best candidate since it showed the highest tolerance, growth, and 17 

TNT biotransformation capabilities. Our results showed that TNT biotransformation involves the reduction of the nitro 18 

groups. Additionally, Pseudomonas sp. TNT3 was capable of transforming 100 mg/L TNT within 48 h at 28°C, showing 19 

higher biotransformation capability than Pseudomonas putida KT2440, a known TNT-degrading bacterium. Functional 20 

annotation of Pseudomonas sp. TNT3 genome revealed a versatile set of molecular functions involved in xenobiotic 21 

degradation pathways. Two putative xenobiotic reductases (XenA_TNT3 and XenB_TNT3) were identified by means of 22 

homology searches and phylogenetic relationships. These enzymes were also characterized at molecular level using 23 

homology modeling and molecular dynamics simulations. Both enzymes share different levels of sequence similarity with 24 

other previously described TNT-degrading enzymes and with their closest potential homologues in databases. 25 

 26 

Capsulate: First report of a TNT-degrading bacterium from Antarctica with potential use as bioremediation agent. 27 



1. Introduction 28 

2,4,6-Trinitrotoluene (TNT) is a nitroaromatic explosive widely used for military activities, building demolitions, 29 

and mining explosions (Serrano-González et al. 2018). Massive TNT production, testing of munitions, and 30 

decommissioning activities have generated large quantities of this compound as a waste product, contaminating soils and 31 

groundwater around the world (Khan, Lee, and Park 2013). In addition, TNT is highly polluting and persistent in the 32 

environment due to its symmetrical chemical structure, which hinders its degradation by microbial enzymes (Esteve-Núñez, 33 

Caballero, and Ramos 2001). This is a relevant environmental problem considering the high toxicity of this compound and 34 

its metabolites, which are carcinogenic and mutagenic for living organisms (Sabbioni et al. 2005; Won, DiSalvo, and Ng 35 

1976). The exposure to this explosive has many other negative effects on human health, including skin irritation, cataracts, 36 

anemia, and liver necrosis (EPA 2014). Therefore, the United States Environmental Protection Agency (US EPA) considers 37 

its removal from the environment as a major priority (EPA 2014).  38 

Nowadays, several physical/chemical methods are used to remove TNT from soil, such as incineration, detonation 39 

or chemical oxidation. Unfortunately, these procedures are cost-intensive, ineffective, and can generate toxic by-products 40 

(Ayoub et al. 2010; Singh, Kaur, and Singh 2012). Thus, there is an urgent need for new alternatives to remove TNT from 41 

the environment. One advantageous approach is the use of microorganisms -or their enzymes- as bioremediation agents, 42 

since they represent an environmentally friendly and low-cost alternative that can be carried out in situ. Regarding this 43 

subject, TNT biodegradation activity has been reported in bacteria (Pseudomonas, Bacillus, Achromobacter, Citrobacter, 44 

Klebsiella) and fungi (Yarrowia, Irpex, Phanerochaete) (Habineza et al. 2017; Jain et al. 2004; Kim and Song 2003; Kontro 45 

et al. 2015; Serrano-González et al. 2018).  46 

Under aerobic conditions, biological TNT degradation occurs by reductive metabolism. Two main classes of 47 

enzymes are involved in this process: Type I Nitroreductases (group A, B1, and B2) and Old Yellow Enzymes (OYEs), 48 

such as xenobiotic reductase A (XenA), xenobiotic reductase B (XenB), pentaerythritol tetranitrate reductase (PETNr), and 49 

N-ethylmaleimide reductase (NEMr). Both nitroreductases and OYEs are NAD(P)H-dependent enzymes and use flavin 50 

mononucleotide (FMN) as cofactor. Type I Nitroreductases reduce the nitro groups of TNT to hydroxylamino or amino 51 

groups, producing different isomers of aminonitroaromatic compounds, such as hydroxylaminodinitrotoluenes (HADNTs), 52 

aminodinitrotoluenes (ADNTs), diaminonitrotoluenes (DANTs), azo-, and azoxy- derivatives (Kim, Bennett, and Song 53 

2002; Kim and Song 2003). On the other hand, OYEs mainly reduce nitro groups although some of them can also reduce 54 

the TNT aromatic ring (Esteve-Núñez et al. 2001; Khan et al. 2013; Roldán et al. 2008). In the latter, the aromatic ring is 55 

reduced to form mono- and dihydride-Meisenheimer complexes (adducts of aromatic nitrocompounds). It has been 56 

proposed that this process produces nitrite ions and dinitrotoluenes (DNTs). However, it is still under discussion (Kim et al. 57 



2002; Martin et al. 1997). Another mechanism indicates that Meisenheimer complexes and HADNTs can condense to form 58 

secondary diarylamines and nitrite ions as the end-products (Wittich et al. 2008). The reduction of the aromatic ring is a 59 

difficult process. Nevertheless, some OYEs capable to catalyze this reaction have been reported, e.g. PETNr from 60 

Enterobacter cloacae PB2 (French, Nicklin, and Bruce 1998) and XenB from Pseudomonas fluorescens I-C (Pak et al. 61 

2000). 62 

Most of the TNT-degrading microorganisms have been isolated from TNT-contaminated sites (Chien et al. 2014; 63 

Gumuscu and Tekinay 2013; Lee et al. 2009; Mercimek et al. 2013; Oh, Sarath, and Shea 2001). Nonetheless, to date, there 64 

is no effective strategy for bioremediation of this compound, mainly due to the slow conversion rates, incomplete 65 

biodegradation, and toxic effects on the microorganisms, among others (Berthe-Corti et al. 1998; Martin et al. 1997; Tam et 66 

al. 2006). Therefore, we decided to search for TNT-degrading bacteria in an extreme environment, such as Antarctica. This 67 

continent of unexplored genetic diversity represents an interesting source of microorganisms and enzymes with unknown -68 

and potentially useful- properties and applications (Cabrera and Blamey 2017; Gallardo et al. 2014; Gran-Scheuch et al. 69 

2017; Márquez and Blamey 2019). Moreover, there is evidence that Antarctic microorganisms are capable to metabolize 70 

different toxic compounds, although they have not been exposed to them before (Cabrera and Blamey 2017; Jung et al. 71 

2013; Márquez and Blamey 2019).  72 

In this study, we searched for TNT-degrading bacteria present in different sites of Antarctica in order to find 73 

alternatives for bioremediation of TNT-contaminated soils out of this continent, particularly those contaminated by military 74 

activities. TNT-degrading strains belonging to the genus Pseudomonas were isolated from Deception Island. One particular 75 

isolate, named Pseudomonas sp. TNT3, was selected for further analyses because of its high capability to grow on TNT and 76 

transform it. Genome analysis revealed that this strain possesses enzymes that participate in a variety of molecular 77 

functions related to xenobiotic degradation. Additional analyses yielded evidence of the presence of two putative 78 

xenobiotic reductases that we propose as potential candidates for the observed TNT transformation activity. Besides, these 79 

enzymes share different levels of sequence similarity with other previously described TNT-degrading enzymes, including 80 

their closest potential homologues in public databases. 81 

 82 

2. Materials and methods 83 

2.1 Sampling and enrichment cultures 84 

Environmental soil samples were collected from Union Glacier, Antarctic Peninsula and the South Shetland 85 

Islands in Antarctica during the 54th Antarctic Scientific Expedition (ECA) in 2018. Enrichment cultures were performed in 86 

R2A medium (Reasoner and Geldreich 1985) at 21ºC using constant agitation (180 rpm). Once bacterial growth was 87 



observed, the microorganisms were transferred to R2A-TNT medium (half-diluted R2A medium containing 100 mg/L 88 

TNT) and grown under the same conditions. 89 

 90 

 2.2 Isolation and identification of TNT-degrading microorganisms 91 

After four serial transfers in liquid R2A-TNT medium (OD600 > 0.2), the cultures were transferred to agar plates of 92 

the same medium (1.5% wt/vol) and single colonies were isolated. To identify the TNT-degrading microorganisms, 93 

genomic DNA was extracted using the Wizard Genomic DNA Purification (Promega). Total DNA was used to amplify the 94 

16S rRNA gene by PCR using universal bacterial primers (27F and 1525R) (Wawrik et al. 2005). Then, PCR products were 95 

sequenced and compared to the Ribosomal Database Project (RDP) and the 16S Microbial Database of NCBI for 96 

taxonomic identification. Subsequently, the MEGA7 software package (Kumar, Stecher, and Tamura 2016) was used to 97 

infer a phylogenetic tree using the Neighbor-Joining method. Distances were computed using the maximum composite 98 

likelihood model with a bootstrap analysis of 1000. Escherichia coli UMN026 was used as outgroup. 99 

 100 

2.3 Growth of bacterial isolates on TNT 101 

All isolates were grown in liquid half-diluted R2A medium containing 100 or 250 mg/L TNT, at 21°C for 6 days 102 

using constant agitation. The bacterial growth was assessed by measuring the optical density at 600 nm (OD600). Then, the 103 

cultures were centrifuged at 14,000 x g for 10 min and the supernatant was recovered for the quantification of the 104 

remaining TNT. The OD600 of controls (corresponding to uninoculated medium containing TNT and supernatants of each 105 

culture) were considered. 106 

The growth on TNT and its consumption (disappearance from the culture medium) by selected bacterial isolates 107 

were evaluated on different liquid culture media at 28°C for 6 days under aerobic conditions. To assess the utilization of 108 

TNT as carbon, nitrogen or carbon-nitrogen source, culture media were prepared as follows: C medium (TNT as sole 109 

nitrogen source) consisted of modified saline M9 minimal medium (Cold Spring Harbor Protocols 2010) (without NH4Cl 110 

and containing 0.8% glucose as carbon source). N medium (TNT as sole carbon source) consisted of modified saline M9 111 

medium (containing 0.05% NH4Cl as nitrogen source). S medium (TNT as carbon and nitrogen source) consisted of 112 

modified saline M9 medium (without NH4Cl). CN medium consisted of half-diluted R2A medium (it contains low levels of 113 

complex carbon and nitrogen sources). TNT was used at a concentration of 100 mg/L. 114 

For the TNT consumption analysis, Pseudomonas sp. TNT3 was grown in R2A-TNT medium at 28°C using 115 

agitation. Then, 1 mL-aliquots were taken from each culture for 48 h to assess bacterial growth by measuring the optical 116 

density at 600 nm and by counting colony forming units (CFU) on plates (expressed as CFU/mL).  117 



2.4 Quantification of TNT and nitrite 118 

TNT concentration in bacterial cultures was determined as described before (Oh et al. 2000) (Figure S1). Briefly, 119 

100 µL of culture supernatants were mixed with 900 µL of 50 mM Tris-HCl buffer (pH 7.0). Then, 160 µL of 1 M NaOH 120 

were added and the reaction was incubated for 10 min at 21°C. The TNT concentration was determined 121 

spectrophotometrically at 447 nm. Control experiments were carried out to measure the abiotic decomposition of TNT. All 122 

assays were performed in triplicate. 123 

Nitrite concentration in bacterial cultures was determined as described by Mercimek et al. (2015). Briefly, 200 µL 124 

of culture supernatants were mixed with 50 µL of 1% sulfanilamide, 50 µL of 0.1% N-(1-naphthyl) ethylenediamine 125 

dihydrochloride, and 700 µL of deionized water. The reaction mixture was incubated for 20 min at 21°C. Nitrite 126 

concentration was determined at 540 nm. All assays were performed in triplicate.  127 

 128 

 2.5 TNT biotransformation by bacterial cells 129 

For High-Performance Liquid Chromatography (HPLC) experiments, the same quantity of Pseudomonas sp. 130 

TNT3 and P. putida KT2440 cells was incubated at 28ºC for 48 h in R2A-TNT medium (100 mg/L TNT). For the 131 

extraction of nitroaromatic compounds, the cultures were centrifuged at 14,000 x g for 10 min and the supernatant was 132 

recovered. Then, NaCl (2.5 M final) was added to it. After dissolving, 1 volume of acetonitrile was added, followed by 133 

vigorous agitation. The upper phase was extracted, filtered using polytetrafluoroethylene (PTFE) filters and placed in 134 

HPLC sample vials. HPLC was performed using an Agilent Technologies 1260 Infinity II equipment with a UV detector at 135 

254 nm. Chromatographic separation was performed by injecting a sample volume of 10 µL into a C18-RP column 136 

(Sunshell C18, 2.6 µm) at 30°C. The mobile phase comprised of 21% (v/v) acetonitrile, 35% methanol, and 44% deionized 137 

water. This phase was isocratically delivered to the column at a flow rate of 0.7 mL/min (Chien et al. 2014). 138 

 139 

2.6 Tolerance to TNT  140 

Tolerance to TNT was evaluated by culturing the same quantity of strains TNT3 and KT2440 cells in liquid half-141 

diluted R2A medium containing different concentrations of the compound (0, 100, 200, 300, 400, and 500 mg/L) for 48 h 142 

at 28°C. Then, bacterial growth (OD600) and TNT consumption were assessed. Control experiments were performed as 143 

described previously. All experiments were carried out in triplicate.  144 

 145 

 146 

 147 



2.7 Statistical analysis 148 

To assess statistically significant differences between more than two groups of data, a 2-way analysis of variance 149 

(ANOVA) was performed, followed by Tukey post hoc test for comparing each different group (p < 0.05). All statistical 150 

analyses were performed using the GraphPad Prism v8.0 software. 151 

 152 

2.8 Genome sequencing and annotation 153 

Whole genome of TNT3 isolate was sequenced on an Illumina MiSeq platform using a 2 x 300 bp paired-end 154 

sequencing protocol at the Center of Plant Biotechnology (Universidad Andrés Bello, Santiago, Chile). Raw reads were 155 

filtered out using BBDuk (Bushnell 2015) to remove low quality reads, contaminant sequences and to trim-off poor quality 156 

bases from both ends. Filtered reads were assembled de novo into contigs using SPAdes assembler (Bankevich et al. 2012). 157 

Genome annotation was performed using PROKKA (Seemann 2014). Complementary genome-wide functional annotation 158 

was computed using eggNOG-mapper (Huerta-Cepas et al. 2017) based on eggnog 4.5 database (Huerta-Cepas et al. 2016). 159 

Additionally, all amino acid sequences were submitted to KEGG’s BlastKOALA annotation server (Kanehisa, Sato, and 160 

Morishima 2016) for KEGG ortholog ID assignment and mapping to KEGG pathways (KEGG Orthology). 161 

 162 

2.9 Search of TNT-degrading enzymes 163 

For the identification of potential TNT-degrading enzymes in the genome of the TNT3 isolate, homology searches 164 

were performed using BLAST+ (Camacho et al. 2009) and HMMER’s hmmscan tool (Eddy 2011) and the protein 165 

translation of open reading frames (ORFs) predicted by PROKKA as queries. Searches were performed against a custom 166 

database of 12 well-characterized Nitroreductases and Old Yellow Enzymes active towards TNT (Uniprot accessions: 167 

P77258, P0ACY1, A0A0T9VMV0, Q5XW77, P17117, AAD18027, Q7B4Y3, Q56691, Q6DLR9, AAB38683, 168 

AAF02538, AAF02539). For HMMER search, the database was converted into a Hidden Markov Model (HMM) profile by 169 

performing a multiple sequence alignment with Clustal Omega (Sievers and Higgins 2014) and then using it as input for 170 

HMMER’s hmmbuild tool. 171 

 172 

2.10 Homology modeling and molecular dynamics 173 

To evaluate the theoretical affinity of the identified enzymes for the substrate TNT, homology models and 174 

molecular dynamics simulations were carried out. Template searches for homology modelling were performed using 175 

SWISSMODEL server (Waterhouse et al. 2018). The crystal structures with higher ranks according to the server quality 176 

estimator (GMQE) were used as templates for model building. Homology modelling was performed by using the Prime’s 177 



homology model package (Jacobson et al. 2004) included in the Schrodinger suite. Molecular structures of TNT and FMN 178 

were built with Gaussview (Dennington, Keith, and Millam 2009) and then optimized using the B3LYP/6-31G* DFT 179 

method as implemented in Gaussian 16 (Frisch et al. 2016). Ligand atomic charges were calculated using Restrained 180 

Electrostatic Potential (RESP) fits. Enzyme-ligand systems for simulation were prepared using the Protein Preparation 181 

Wizard package available in the Schrodinger suite, considering protonation states of the ionizable residues at pH 7.0 as 182 

determined by the H ++ server (Gordon et al. 2005) and electrical neutrality achieved by adding counterions. The enzyme-183 

ligand systems were immersed in solvation boxes of TIP3 water molecules (10 Å). All molecular dynamics simulations 184 

were performed with the GPU-accelerated implementation of AMBER18 (Case et al. 2005; Lee et al. 2018), using the 185 

ff14SB force field for proteins. Molecular dynamics simulation protocol is detailed in supplementary material (Protocol 186 

S1). Enzyme-ligand affinities were estimated by using Molecular Mechanics with Generalized Born Surface Area 187 

continuum solvation (MM/GBSA) method (Genheden and Ryde 2015) to calculate the free energy of binding (∆Gbind), as 188 

implemented in AMBER18. For free energy calculations, only the last 100 ns of each simulation were considered.  189 

 190 

3. Results and discussion 191 

3.1 Screening and isolation of TNT-degrading bacteria from Antarctica 192 

A total of 33 enrichment cultures were performed from Antarctic sites (Figure S2 and Table S1). The selected sites 193 

have different geological characteristics as described as follows: Union Glacier, a glacier with soil temperatures around -194 

4°C (Charles Peak, Rossman Cove, Elephant Head). Deception Island, a crater of a submarine volcano with high 195 

geothermal activity. Antarctic Peninsula (O’Higgins Station) and different islands from the South Shetland archipelago 196 

(King George, Greenwich, and Livingstone islands) with constant human activity. Bacterial growth was observed in all 197 

enrichment cultures using R2A medium. Nevertheless, when mixed cultures -obtained from the enrichments- were grown 198 

in R2A-TNT medium (half-diluted R2A medium containing 100 mg/L TNT), bacterial growth was observed only in two of 199 

them, indicating that this kind of microorganisms are not ordinary inhabitants in this extreme environment. The two mixed 200 

cultures that were able to grow in presence of TNT, named ID5 and ID6, were obtained from samples belonging to 201 

Deception Island (Table S1). Subsequently, a total of 10 Antarctic TNT-degrading bacteria were isolated from the mixed 202 

culture ID5 (TNT2, TNT7, TNT11, TNT14, and TNT18 isolates) and ID6 (TNT3, TNT4, TNT12, TNT15, and TNT19 203 

isolates). These isolates are the first TNT-degrading microorganisms reported from Antarctica so far.  204 

As TNT is a highly toxic compound, only those microorganisms capable of degrading or transforming it can thrive 205 

in its presence. To date, the vast majority of TNT-degrading microorganisms have been isolated from TNT-contaminated 206 

sites (Chien et al. 2014; Claus et al. 2007; Gumuscu and Tekinay 2013; Lee et al. 2009; Liang et al. 2017; Mercimek et al. 207 



2013; Oh et al. 2001; Vorbeck et al. 1998). Nevertheless, in this study we discovered TNT-degrading bacteria from 208 

Deception Island (the crater of a submarine volcano). As far as we know, this site is free from TNT contamination. As the 209 

presence of aromatic compounds in volcanic emissions from other sources has been previously reported (Jordan 2003; 210 

Pereira, Rostad, and Taylor 1980), we think that they could also be present in this site. In addition, they might have 211 

chemical structures similar to TNT, which may explain the TNT-degrading activity of the bacteria isolated in this work. 212 

This hypothesis is supported by recent reports of microorganisms capable to degrade nitriles and amines, isolated from the 213 

same place (Cabrera and Blamey 2017; Márquez and Blamey 2019). 214 

 215 

3.2 Growth and TNT consumption by the isolates  216 

The 10 isolates obtained were able to grow in R2A-TNT medium under aerobic conditions. When the 217 

microorganisms were cultivated at 21°C in half-diluted R2A medium containing 100 mg/L TNT, their growth was similar 218 

(Figure 1a). However, when cultures were exposed to higher TNT concentration (250 mg/L), the growth was negatively 219 

affected in most of the microorganisms, except TNT3, TNT12, and TNT19 isolates, whose growth was favored. The 220 

highest growth was observed for the TNT3 isolate. Additionally, the capability of all isolates to consume TNT under these 221 

conditions was evaluated. At 100 mg/L TNT (100 ppm) all microorganisms consumed ~90 ppm TNT, except the TNT15 222 

isolate that showed the lowest consumption (Figure 1b). Nevertheless, at 250 mg/L TNT (250 ppm), the TNT3, TNT12, 223 

and TNT19 isolates showed a higher TNT consumption than that observed at 100 mg/L. The TNT3 isolate showed the 224 

highest TNT consumption (reaching 167 ppm TNT), whereas TNT15 isolate showed the lowest one (43 ppm). 225 

As expected, the isolates that showed the highest growth at 250 mg/L TNT were those with better consumption 226 

capability (TNT3, TNT12 and TNT19 isolates). These results suggest that these isolates might use this toxic compound as 227 

an energy source. Indeed, depending on the degree of structural analogy between natural substrates and xenobiotics, the 228 

enzymes that degrade the former could also degrade the latter (Rieger et al. 2002). Consequently, microorganisms (and/or 229 

their enzymes) from pristine sites could degrade xenobiotics even if they have not been previously exposed to these 230 

compounds (Cabrera and Blamey 2017; Giudice et al. 2010; Khan et al. 2014; Kitagawa et al. 2002; Márquez and Blamey 231 

2019; Tralau et al. 2011). Due to the different growth and TNT consumption showed by TNT3, TNT11, and TNT19 232 

isolates (TNT3 > TNT19 > TNT11), they were selected for further analyses.  233 

 234 

3.3 Phylogenetic identification of the isolates 235 

According to RDP and BLAST analyses of the 16S rRNA gene sequences, all the TNT-degrading isolates from 236 

Antarctica belong to the genus Pseudomonas. The isolates are closely related to P. marginalis (TNT2, TNT7, TNT18 237 



isolates), P. brenneri (TNT4 isolate), P. migulae (TNT12 isolate), P. extremaustralis (TNT14 isolate), and P. trivialis 238 

(TNT15 isolate). On the other hand, phylogenetic analysis revealed that TNT3, TNT11, and TNT19 isolates are closer to P. 239 

fluorescens strain CCM 2115 (96% identity), P. veronii strain CIP 104663 (98% identity), and P. migulae strain CIP 240 

105470 (98% identity), respectively (Figure 2). Based on these results, the three isolates were renamed as Pseudomonas sp. 241 

TNT3, Pseudomonas sp. TNT11, and Pseudomonas sp. TNT19. Although these microorganisms belong to a common 242 

TNT-degrading bacterial genus, namely P. putida (Caballero et al. 2005; Van Dillewijn et al. 2008; Fernández et al. 2009), 243 

P. aeruginosa (Mercimek et al. 2015; Oh et al. 2001), P. pseudoalcaligenes (Fiorella and Spain 1997), and P. fluorescens 244 

(Pak et al. 2000), there are no TNT-degrading Antarctic Pseudomonas strains described so far. 245 

 246 

3.4 Growth and TNT consumption by selected isolates in different media  247 

To evaluate the use of TNT as carbon and/or nitrogen source, the strains TNT3, TNT11, and TNT19 were grown 248 

in different media at 21°C (data not shown) and 28°C, being the latter the optimal temperature for growth and TNT 249 

consumption. Therefore, at 28°C, the highest growth of the three isolates was in CN medium containing 100 mg/L TNT, 250 

especially in the case of strain TNT3 (Figure 3a). Additionally, this growth was higher than that observed in the same 251 

medium without TNT. No growth was observed for strains TNT11 and TNT19 in the other media (C, N, and S). However, 252 

strain TNT3 showed a slight growth. All these isolates showed the highest TNT consumption in CN medium, especially 253 

TNT3 that depleted 100% of the TNT (Figure 3b). Strains TNT11 and TNT19 showed a slight TNT consumption (<15%) 254 

in the rest of the media, whereas strain TNT3 was capable to consume up to ~60% of the TNT.  255 

In conclusion, the three bacteria tested require a culture medium containing low levels of an exogenous carbon and 256 

nitrogen source to grow and consume TNT optimally, as reported by other studies (Liang et al. 2017; Muter et al. 2012; Oh 257 

et al. 2003). These nutrients may provide energy and reducing equivalents (i.e. NAD(P)H), which are used for the increase 258 

in biomass and the reduction of the TNT nitro groups (Rieger et al. 2002; Roldán et al. 2008).  259 

      260 

3.5 TNT biotransformation  261 

As mentioned above, Pseudomonas sp. TNT3 was capable of growing in CN medium containing 100 mg/L TNT. 262 

The maximum bacterial growth in this medium was observed after 12 h of incubation (Figure 4a and S3). In contrast, TNT 263 

consumption was initiated during early exponential phase, reaching 46% of the consumption at the end of this phase (12 h) 264 

and 100% after 48 h. The decrease in CFUs of Pseudomonas sp. TNT3 after 12 h of incubation could be due to the toxicity 265 

of some TNT metabolites accumulated in the medium (discussed below). The concentration of nitrite increased 266 

significantly from 14 h to 48 h of incubation, reaching 8.9 µM (Figure 4b). This concentration is in agreement with other 267 



studies (Mercimek et al. 2013, 2015; Oh et al. 2003). However, unlike what was reported in those works, the concentration 268 

of nitrite did not increase during the exponential phase but rather in stationary phase. These results suggest that strain TNT3 269 

might be using nitrite as nitrogen source (either directly or indirectly) during its growth. Then, during the stationary phase, 270 

TNT3 cells may be using less nitrite and consequently it begins to accumulate in the medium. 271 

Interestingly, a light orange color was observed in the culture medium when TNT3 cultures started to grow, which 272 

turned gradually into a dark brownish-red color after incubating for 12 h (Figure 4c). Then, the culture medium turned into 273 

a yellow color, which remained from 18 h of incubation until the end of the growth curve. These color changes has been 274 

reported for TNT derivatives, such as oxidized dead-end metabolites and hydride-Meisenheimer complex (brownish-red) 275 

(Vorbeck et al. 1998; Wittich et al. 2008), nitro-reduction products (orange-yellow) (Thijs et al. 2018), and HADNTs, 276 

ADNTs, DANTs or dihydride-Meisenheimer complex (yellow) (Kim and Song 2003; Thijs et al. 2018; Vorbeck et al. 277 

1998). 278 

The TNT biotransformation by Pseudomonas sp. TNT3 was confirmed by HPLC. Under the conditions tested, 279 

TNT consumption reached 50% after 12 h of incubation at 28°C (Figure 5c). In addition, an unknown metabolite and a 280 

small amount of 2-amino-4,6-dinitrotoluene (2-A-4,6-DNT) were produced. After 48 h of incubation, TNT consumption 281 

reached 85% (Figure 5e), the remaining amount of the unknown metabolite decreased and 2-A-4,6-DNT increased 7-fold. 282 

The latter might negatively affect the viability of TNT3 cells during the stationary phase (Figure 4a). Indeed, it has been 283 

reported that 2-A-4,6-DNT is not degraded further and could be as toxic as TNT itself (Eyers, Stenuit, and Agathos 2008). 284 

On the other hand, this compound is an intermediate metabolite when the reduction of TNT nitro groups occurs in bacteria 285 

(Esteve-Núñez et al. 2001; Maksimova, Maksimov, and Demakov 2018; Serrano-González et al. 2018). Therefore, its 286 

presence indicates that Pseudomonas sp. TNT3 is capable of carrying out this pathway. Regarding DNTs, no evidence of 287 

the presence of 2,4-dinitrotoluene (2,4-DNT) or 2,6-dinitrotoluene (2,6-DNT) was obtained (Figure 5c and 5e).  288 

The TNT biotransformation by strain TNT3 was compared to that of P. putida KT2440. The latter is a model 289 

bacterium for soil bioremediation, since it has a highly versatile metabolism. It is the best characterized TNT-degrading 290 

Pseudomonas strain and possesses nitroreductases and OYEs enzymes (Fernández et al. 2009). At 12 h of incubation, strain 291 

TNT3 transformed 50% TNT, while strain KT2440 was able to transform only 5%. Interestingly, strain KT2440 also 292 

produced a very small amount of the same unknown metabolite at the same time (Figure 5d). After 48 h, this strain 293 

transformed only 25% of TNT and produced an almost undetectable amount of 2-A-4,6-DNT (Figure 5f). Therefore, 294 

Pseudomonas sp. TNT3 was able to transform TNT faster than P. putida KT2440 under the conditions tested. Like strain 295 

TNT3, no evidence of the presence of DNTs in strain KT2440 supernatants was obtained.  296 

      297 



 298 

 299 

3.6 Tolerance to TNT 300 

The growth and TNT transformation by strain TNT3 increased significantly from 0 to 300 mg/L TNT (Figure 6a 301 

and 6b, Table S2), reaching its maximum at this concentration. Then, they decreased quickly from 400 to 500 mg/L TNT. 302 

The highest growth and TNT consumption at 300 mg/L TNT suggests that the bacterium could use TNT as a nutrient to 303 

proliferate efficiently. This result agrees with the aerobic TNT metabolism in bacteria, because the denitration pathway 304 

produces nitrite and toluene through a series of intermediates. Toluene could be used as carbon and energy source since it 305 

can be incorporated into the TCA cycle, whereas nitrite could be used as nitrogen source by its reduction to ammonium, 306 

which is assimilated via the GS-GOGAT pathway (Esteve-Núñez et al. 2001; Serrano-González et al. 2018; Stenuit and 307 

Agathos 2010).  308 

The growth and TNT consumption of the strain TNT3 were compared to those of strain KT2440. The latter 309 

showed just a slight increase in its growth in presence of TNT (half of that observed in strain TNT3) and low TNT 310 

consumption under the same conditions (Figure 6a and 6b, Table S2). In fact, strain TNT3 transformed more TNT than 311 

strain KT2440 at all concentrations of this compound, particularly at 300 mg/L, where the former transformed 191 ppm and 312 

the latter 75 ppm. Therefore, under these conditions Pseudomonas sp. TNT3 was capable to transform 2.5-fold more TNT 313 

than P. putida KT2440. Interestingly, at 100-300 mg/L TNT, the growth of strain KT2440 was not improved by the 314 

addition of the compound, as observed with strain TNT3. This result reinforces the novelty and metabolic advantages of 315 

this Antarctic isolate in terms of TNT metabolism. The remarkable TNT-degrading behavior of strain TNT3 and its 316 

differences in comparison to strain KT2440 suggest that the former might possess alternative metabolic routes, enzymes 317 

with improved characteristics or maybe a different number of them that might favor TNT metabolism. Based on this, we 318 

decided to predict the functional metabolic potential of strain TNT3 through genome analysis and mining for enzymes 319 

involved in xenobiotic-degradation pathways.    320 

      321 

3.7 Search of TNT-degrading enzymes and functional annotation 322 

As one of our goals was to identify the enzymes potentially responsible for the TNT-degrading activity of the 323 

Pseudomonas sp. TNT3, we performed a bioinformatic analysis of its genome sequence. Aiming to this, a draft genome 324 

assembly for strain TNT3 was constructed using SPAdes assembler. The resulting assembled genome consisted of 252 325 

contigs with an N50 of 81 kb. The obtained genome size (6.5 Mb) is consistent with the average genome size of different 326 

species from the genus Pseudomonas, according to the available genomic data in the “Pseudomonas Genome Database” 327 



(Winsor et al. 2009). Genome annotation with PROKKA revealed the presence of 5,903 coding sequences (CDSs), which 328 

is also in good agreement with the number of coding sequences reported for other Pseudomonas, particularly for members 329 

of the P. fluorescens species (Kahlon 2016). 330 

From a total of 186 CDS annotated by PROKKA as “reductases”, 62 corresponded to “oxidoreductases”, which is 331 

the group of enzymes where we focused our search. Nevertheless, as many reported TNT-degrading enzymes have similar 332 

amino acid sequences (Toogood, Gardiner, and Scrutton 2010; Williams et al. 2004) and there is no clear consensus about 333 

how to differentiate nitroreductases from OYEs (i.e. look for the presence of key residues or motifs), discriminating among 334 

them based only on automatic annotations is usually not reliable. Thus, although several sequences were annotated by 335 

PROKKA as “NAD(P)H-dependent-” or “FMN-” oxidoreductases (which are generic names for many nitroreductases and 336 

OYEs), a deeper analysis was needed to identify those that might be responsible for TNT-degrading activity. As a first 337 

approach, we performed an analysis based on homology searches with BLASTp and HMMER against a custom TNT-338 

degrading enzymes database (see materials and methods). BLASTp homology results only yielded significant matches for 339 

two coding sequences: CDS_02682 and CDS_03039, which matched to XenA (accession AAF02538) from P. putida 340 

(46.6% identity) and XenB (accession AAF02539) from P. fluorescens (91.6% identity), respectively. Remote homologues 341 

search using HMMER yielded 7 significant matches to the hmm profile database, two of which coincided with the previous 342 

BLAST results as shown in Table S3. This allowed us to limit the number of sequences to consider in the following 343 

analysis. The 7 identified sequences were initially annotated by PROKKA as follows: N-ethylmaleimide reductase 344 

(CDS_03039), NADPH dehydrogenase (CDS_02682), NADH oxidase (CDS_03801), Putative NAD(P)H nitroreductase 345 

YdjA (CDS_01069), 5,6-dimethylbenzimidazole synthase (CDS_00209), putative N-methylproline demethylase 346 

(CDS_00327), and 2,4-dienoyl-CoA reductase A (CDS_01856) (Table 1). 347 

To gather functional evidence of these sequences, we performed a complementary functional annotation with 348 

BlastKOALA and egg-NOG servers for all the coding sequences of the strain TNT3. According to the results obtained 349 

using BlastKOALA, 3,108 CDSs (52.7%) were assigned to KO IDs, which means that each of them was classified into an 350 

ortholog group of the database. Of these, 162 CDSs belonging to 101 different groups of orthologs, were mapped into 17 351 

KEGG pathways of the “Xenobiotic biodegradation and metabolism” category (Figure 7). Curiously, none of the sequences 352 

identified by homology searches was assigned to a KO ID nor mapped to any of the xenobiotic degradation pathways, as 353 

we would have expected. For comparison purposes, we also annotated the genome of P. putida KT2440 using KEGG’s 354 

BlastKOALA and compared the total counts of proteins assigned to an ortholog group (KO ID) of the “Xenobiotic 355 

biodegradation and metabolism” set of pathways to that determined in strain TNT3. As a result, we found that a smaller 356 

number of ortholog groups were present in strain KT2440 than in strain TNT3 (96 vs 101 KOs, respectively) and also a 357 



smaller number of proteins (143 vs 162, respectively). Moreover, it is interesting to note that in 9 of the 19 pathways shown 358 

in Figure 7 (degradation of polycyclic aromatic hydrocarbon, caprolactams, atrazine, styrene, toluene, chlorocyclohexane 359 

and chlorobenzene, chloroalkane and chloroalkene, fluorobenzoate, and aminobenzoate) a greater number of proteins was 360 

assigned to strain TNT3 than strain KT2440. This indicates that more molecular functions are present in the former and 361 

suggests a likely greater metabolic potential to degrade xenobiotics.  362 

Unlike the results obtained with BlastKOALA, 4 out of the 7 sequences identified by homology were indeed 363 

assigned to a KO ID by functional annotation with egg-NOG server (Table 1). As a result, the sequences annotated with 364 

PROKKA as “N-ethylmaleimide reductase” (CDS_03039) and “NADPH dehydrogenase” (CDS_02682) of Pseudomonas 365 

sp. TNT3 were predicted to have orthologous relationships with the xenobiotic reductases XenB and XenA of P. 366 

fluorescens (strains WH6 and Pf-5, respectively). Interestingly, the orthology number K10680 was assigned to the sequence 367 

CDS_03039, which according to KEGG is a part of the “Nitrotoluene degradation” pathway (ko00633). These results 368 

support the orthology evidence about xenobiotic degradation activity of this putative XenB of strain TNT3. Hence, all the 369 

evidence points to “N-ethylmaleimide reductase” of strain TNT3 could be a XenB-like enzyme involved in TNT 370 

metabolism.  371 

Although the remaining sequences were not assigned to any KO IDs linked to biodegradation of xenobiotics, this 372 

does not necessarily mean that they do not participate in it, especially considering that many enzymes and pathways 373 

involved in biodegradation have not yet been characterized. Therefore, as not enough functional information is available for 374 

them, we cannot discard their potential participation in xenobiotic degradation routes and we will continue to investigate 375 

them in further works. 376 

 377 

3.8 Homology modelling and molecular dynamics simulations 378 

To gain more insights on the possible role of the two putative xenobiotic reductases found, we performed 3D 379 

structure predictions using the template search function of SWISS-MODEL. As a result, the server revealed that “N-380 

ethylmaleimide reductase” (CDS_03039) shares high identity (86%) with the crystal structure of a XenB from 381 

Pseudomonas putida (pdb ID: 4AB4), which was co-crystallized together with TNT to study the structural determinants for 382 

aromatic ring reduction of these group of enzymes (not published). For “NADPH dehydrogenase” (CDS_02682), the 383 

structural prediction results included different enzymes annotated as “chromate reductases” and “xenobiotic reductases A”, 384 

all of them with identities below 56%, being the “chromate reductase” 5NUX from Thermus scotodoctus SA-01 the one 385 

with higher identity to CDS_02682 (56%). The similarity of this putative enzyme to chromate reductases is not surprising 386 

since it has been reported that several bacterial nitroreductases also show chromate reductase activity (Ackerley et al. 2004; 387 



Kwak, Lee, and Kim 2003). Since homology and functional/structural evidence points to “N-ethylmaleimide reductase” 388 

and “NADPH dehydrogenase” as the candidates most likely to have TNT-degrading activity, they were renamed as 389 

XenB_TNT3 and XenA_TNT3 for the following analysis, respectively.  390 

We built homology models and then performed molecular dynamics simulations for both enzymes in complex 391 

with TNT and the cofactor FMN. Homology models for XenA_TNT3 and XenB_TNT3 were built using 5NUX and 4AB4 392 

as templates, respectively. The QMEAN score for the resulting models was over 0.6 and the Ramachandran plots showed 393 

that most of the residues were positioned in favorable regions (Figure S4), which validates the good quality of them. Thus, 394 

added to the high coverage (94% for XenA_TNT3 and 100% for XenB_TNT3) and identity (45% for XenA_TNT3 and 395 

91% for XenB_TNT3) between the sequences and the templates used, allowed us to obtain good 3D representations for the 396 

putative reductases found in Pseudomonas sp. TNT3. 397 

Molecular dynamics simulations were carried out using the built models, as indicated in material and methods. As 398 

a result, it was observed that in both systems the enzyme-ligand complex behaves in a similar way, maintaining the TNT 399 

substrate near the cofactor (FMN) in the active site throughout the 300 ns of simulation. The conformations adopted by the 400 

substrate in the active sites of XenA_TNT3 and XenB_TNT3 are shown in Figure 8a and 8b, respectively. As observed in 401 

the figure, the TNT ligand was kept at a short distance from the catalytic site, which is consistent with the calculated free 402 

energies of binding (∆Gbind= -27.0 kcal/mol for XenA_TNT3 and ∆Gbind= -30.5 kcal/mol for XenB_TNT3), showing a high 403 

and similar affinity of the enzymes for this substrate. In addition, the root-mean-square deviation of atomic positions 404 

(RMSD) for the Cα backbones of both models was less than 2 Å after 300 ns of dynamics (Figure S5), which confirms their 405 

good stability. 406 

Altogether, our in silico analysis shows the potential of XenA_TNT3 and XenB_TNT3 from Pseudomonas sp. 407 

TNT3 as new enzymes than those reported. These results also indicate that XenB_TNT3 is likely to be a XenB enzyme. We 408 

are currently performing experiments to specifically determine the role of these enzymes in TNT metabolism and also the 409 

participation of the genes involved.  410 

 411 

4. Conclusions 412 

The experimental results and theoretical evidence presented in this work validate the exploration of extreme 413 

environments as Antarctica to discover microorganisms with novel metabolic capacities such as xenobiotic degradation. In 414 

particular, the Antarctic bacterium Pseudomonas sp. TNT3 is a promising strain for application in TNT bioremediation 415 

since it possesses a great number of molecular functions and enzymes related to xenobiotic degradation. In fact, the 416 

genomics and structural analyses revealed the presence of at least two enzymes that could be involved in TNT 417 



transformation: XenA_TNT3 and XenB_TNT3. However, to further understand and evaluate the potential for 418 

bioremediation of Pseudomonas sp. TNT3, more exhaustive studies, both theoretical and experimental, are required to 419 

identify structural differences that allow understanding the physiological importance of these enzymes or others involved.  420 
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 681 

Figure 1. Growth and TNT consumption of Pseudomonas isolates from Antarctic soil samples. a) Growth of the 682 

isolates at 100 mg/L (gray bars) and 250 mg/L TNT (black bars). b) TNT consumption by the isolates at 100 mg/L (gray 683 

bars) and 250 mg/L TNT (black bars). The cultures were incubated for 6 days at 21°C. Data are reported as the 684 

average ± standard deviation of five independent experiments. Asterisks (*) indicate a statistically significant difference (p 685 

< 0.05). 686 
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 697 

Figure 2. Phylogenetic tree of the selected isolates. Phylogenetic tree based on complete 16S rRNA gene sequences 698 

showing the position of three isolates (TNT3, TNT11, and TNT19) among related taxa within the genus Pseudomonas. The 699 

phylogenetic tree was constructed using the Neighbor-Joining (NJ) method with 1000 bootstrap replicates. Escherichia coli 700 

UMN026 was used as outgroup. GenBank accession numbers are shown in parentheses. 701 
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 715 

Figure 3. Growth and TNT consumption of the selected isolates in different culture media. a) Growth of the isolates in 716 

C (saline M9 medium containing 0.8% glucose), N (saline M9 medium containing 0.05% NH4Cl), S (saline medium M9), 717 

and CN medium (half-diluted R2A medium) without and with TNT (100 mg/L). b) TNT consumption (%) by the isolates in 718 

the same media mentioned above. 100% corresponds to 100 ppm TNT. The cultures were incubated for 6 days at 28°C. 719 

Data are reported as the average ± standard deviation of four independent experiments. Italic letters indicate a statistically 720 

significant difference (p < 0.05). 721 
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 730 

Figure 4. Growth curve and TNT biodegradation by Pseudomonas sp. TNT3. a) The bacterium was grown in CN 731 

medium containing 100 mg/L TNT (100%). Time course of the bacterial growth expressed as CFU/mL (triangles) and the 732 

remaining TNT expressed as percentage (circles). Data are reported as the average ± standard deviation of three 733 

independent experiments. b) Accumulation of nitrite during TNT consumption by strain TNT3 (experimental, closed 734 

circles), control TNT (open squares), and control strain TNT3 without TNT (closed triangles). Data are reported as the 735 

average ± standard deviation of three independent experiments. c) Color change of culture medium during bacterial growth 736 

in presence of TNT at different time intervals.  737 
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 745 

 746 

Figure 5. High-performance liquid chromatography chromatograms for TNT biotransformation by Pseudomonas 747 

sp. TNT3 and P. putida KT2440.  a) Chromatograms of the standard mixture (1 mg/L each one). b) Initial TNT 748 

concentration (100 mg/L). c) and d) Supernatants of strain TNT3 and strain KT2440 cultures after incubating for 12 h at 749 

28°C, respectively. e) and f) Supernatants of strain TNT3 and strain KT2440 cultures after incubating for 48 h at 28°C, 750 

respectively. A representative chromatogram of the triplicates is shown for each condition. TNT= trinitrotoluene; 2-A-4,6-751 

DNT= 2-amino-4,6-dinitrotoluene; DNTs= 2,4-dinitrotoluene and 2,6-dinitrotoluene. 752 
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 761 

Figure 6. Growth and TNT consumption by Pseudomonas sp. TNT3 and P. putida KT2440 at different TNT 762 

concentrations. a) Growth (OD600) of strain TNT3 (black bars) and strain KT2440 (gray bars) at different concentrations 763 

of TNT. b) TNT consumption (ppm) by strain TNT3 (black bars) and strain KT2440 (gray bars) at different concentrations 764 

of TNT. The cultures were incubated for 2 days at 28°C. Data are reported as the average ± standard deviation of three 765 

independent experiments. Italic letters indicate a statistically significant difference (p < 0.05). 766 
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 773 

 774 

Figure 7. Comparison of xenobiotic biodegradation KEGG pathways between Pseudomonas sp. TNT3 and P. putida 775 

KT2440. The axis-x corresponds to the number of the KO IDs (ortholog groups) found in the functional annotation of each 776 

genome for each pathway. Results were obtained using BlastKOALA, except for the TNT3 ortholog in the Nitrotoluene 777 

degradation pathway (*) found with egg-NOG. 778 
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 791 

 792 

Figure 8. Representation of the enzyme-ligand complex after 300 ns of molecular dynamics for a) XenA_TNT3 and 793 

b) XenB_TNT3. Overall representation of each simulated system is shown on the left. Zoom-in of the catalytic sites are 794 

shown on the right. For each system, the superimposition of 30 conformations adopted by the ligand TNT (cyan) near the 795 

cofactor FMN (green) every 10 ns is shown. The ligand binding energies shown in the figure were calculated using the 796 

MMGBSA method considering the last 100 ns of dynamics. 797 
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Table 1. Functional annotation results for the 7 sequences of Pseudomonas sp. TNT3 identified by HMM and BLAST 803 

homology search as candidates for TNT degradation activity.  804 

 805 

 PROKKA Eggnog KEGG 

Sequence  Annotation Ortholog Organism  KO Pathway 

CDS_03039 N-ethylmaleimide 
reductase* 

PFWH6_1400 (XENB) P. fluorescens WH6 K10680 ko00633 

CDS_02682 NADPH dehydrogenase* PFL_1121 (XENA) P. fluorescens Pf-5 K00354 Unclassified 

CDS_03801 NADH oxidase PFL01_0884 P. fluorescens Pf0-1 NA NA 

CDS_01069 Putative NAD(P)H 
nitroreductase YdjA 

PFL01_1480 (YDJA) P. fluorescens Pf0-1 NA NA 

CDS_00209 5,6-dimethylbenzimidazole 
synthase 

Pfl01_1643 (BLUB) P. fluorescens Pf0-1 K00768 ko00860 

CDS_00327 putative N-methylproline 
demethylase 

PSF113_5447 (DGCA) P. fluorescens F113 K00219 Unclassified 

CDS_01856 2,4-dienoyl-CoA reductase A PSF113_3907 P. fluorescens F113 K00219 Unclassified 

  806 
Annotations were performed using egg-NOG, BlastKOALA and PROKKA. Sequences only identified by BLAST 807 
homology search (*). NA Not Assigned. 808 
 809 

 810 

 
 

 

 

 

 

  

 

 

 

 

 

 



Highlights 
 
 

• A new TNT transforming strain Pseudomonas sp. TNT3 was isolated from Antarctica. 
 

• Pseudomonas sp. TNT3 completely transforms 100 ppm TNT after 48 h at 28ºC. 
 

• The Pseudomonas sp. TNT3 genome was sequenced and functionally annotated. 
 

• TNT-degrading enzymes were identified in the genome and studied in silico. 
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