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Abstract

2,4,6-Trinitrotoluene (TNT) is a nitroaromatic éogive, highly toxic and mutagenic for organisnrsthis study,
we report for the first time the screening andasoh of TNT-degrading bacteria from Antarctic eovimental samples
with potential use as bioremediation agents. Ted-tigrading bacterial strains were isolated frontdption Island.
Among themPseudomonas sp. TNT3 was selected as the best candidate sishewed the highest tolerance, growth, and
TNT biotransformation capabilities. Our results wid that TNT biotransformation involves the redotiof the nitro
groups. Additionally Pseudomonas sp. TNT3 was capable of transforming 100 mg/L TiMithin 48 h at 28°C, showing
higher biotransformation capability thdseudomonas putida KT2440, a known TNT-degrading bacterium. Functiona
annotation ofPseudomonas sp. TNT3 genome revealed a versatile set of mtdedunctions involved in xenobiotic
degradation pathways. Two putative xenobiotic réakes (XenA_TNT3 and XenB_TNT3) were identifiedrhgans of
homology searches and phylogenetic relationshipges@& enzymes were also characterized at moleceNat Lising
homology modeling and molecular dynamics simulaiddoth enzymes share different levels of sequeimiarity with

other previously described TNT-degrading enzymekwith their closest potential homologues in dasaisa

Capsulate: First report of a TNT-degrading bacterium from Awtaca with potential use as bioremediation agent.
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1. Introduction

2,4,6-Trinitrotoluene (TNT) is a nitroaromatic egpive widely used for military activities, buildirdggemolitions,
and mining explosions (Serrano-Gonzélez et al. ROIdassive TNT production, testing of munitions, dan
decommissioning activities have generated largentifies of this compound as a waste product, cointatimg soils and
groundwater around the world (Khan, Lee, and P&k32 In addition, TNT is highly polluting and petent in the
environment due to its symmetrical chemical strigtwhich hinders its degradation by microbial eneg (Esteve-Nufez,
Caballero, and Ramos 2001). This is a relevantrenrmiental problem considering the high toxicitytloi compound and
its metabolites, which are carcinogenic and mutegkm living organisms (Sabbioni et al. 2005; W&@iSalvo, and Ng
1976). The exposure to this explosive has manyratbgative effects on human health, including skitation, cataracts,
anemia, and liver necrosis (EPA 2014). Therefdre United States Environmental Protection Agency &PA) considers
its removal from the environment as a major prjofiEPA 2014).

Nowadays, several physical/chemical methods aré tosseemove TNT from soil, such as incineratiortpdation
or chemical oxidation. Unfortunately, these proceduare cost-intensive, ineffective, and can geadoxic by-products
(Ayoub et al. 2010; Singh, Kaur, and Singh 2012jug, there is an urgent need for new alternatiwesmove TNT from
the environment. One advantageous approach isshefumicroorganisms -or their enzymes- as biorésied agents,
since they represent an environmentally friendlg &ow-cost alternative that can be carried ousitu. Regarding this
subject, TNT biodegradation activity has been riggbin bacteriaRseudomonas, Bacillus, Achromobacter, Citrobacter,
Klebsiella) and fungi Yarrowia, Irpex, Phanerochaete) (Habineza et al. 2017; Jain et al. 2004; Kim 8odg 2003; Kontro
et al. 2015; Serrano-Gonzalez et al. 2018).

Under aerobic conditions, biological TNT degradatioccurs by reductive metabolism. Two main classfes
enzymes are involved in this process: Type | Nédorctases (group A, B1, and B2) and Old Yellow Emey (OYES),
such as xenobiotic reductase A (XenA), xenobiaituctase B (XenB), pentaerythritol tetranitrateustdse (PETNr), and
N-ethylmaleimide reductase (NEMr). Both nitroredseta and OYEs are NAD(P)H-dependent enzymes andlawe
mononucleotide (FMN) as cofactor. Type | Nitrorethases reduce the nitro groups of TNT to hydroxytemdr amino
groups, producing different isomers of aminonitomaatic compounds, such as hydroxylaminodinitrotobse(HADNTS),
aminodinitrotoluenes (ADNTS), diaminonitrotoluen@ANTS), azo-, and azoxy- derivatives (Kim, Bennethd Song
2002; Kim and Song 2003). On the other hand, OYEminreduce nitro groups although some of themalan reduce
the TNT aromatic ring (Esteve-Nufiez et al. 2001aKiet al. 2013; Roldan et al. 2008). In the latiee, aromatic ring is
reduced to form mono- and dihydride-Meisenheimemmglexes (adducts of aromatic nitrocompounds). & baen

proposed that this process produces nitrite iodsdamitrotoluenes (DNTs). However, it is still urrddiscussion (Kim et al.
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2002; Martin et al. 1997). Another mechanism intisghat Meisenheimer complexes and HADNTs can eosel to form
secondary diarylamines and nitrite ions as the poducts (Wittich et al. 2008). The reduction of #wromatic ring is a
difficult process. Nevertheless, some OYEs capdbleatalyze this reaction have been reported, REJINr from
Enterobacter cloacae PB2 (French, Nicklin, and Bruce 1998) and XenBrfrBseudomonas fluorescens I-C (Pak et al.
2000).

Most of the TNT-degrading microorganisms have hisetated from TNT-contaminated sites (Chien etall4;
Gumuscu and Tekinay 2013; Lee et al. 2009; Mercigteld. 2013; Oh, Sarath, and Shea 2001). Nonathdie date, there
is no effective strategy for bioremediation of tliempound, mainly due to the slow conversion ratespmplete
biodegradation, and toxic effects on the microoigras, among others (Berthe-Corti et al. 1998; Magtial. 1997; Tam et
al. 2006). Therefore, we decided to search for Té@rading bacteria in an extreme environment, sgcAntarctica. This
continent of unexplored genetic diversity represemt interesting source of microorganisms and emgywith unknown -
and potentially useful- properties and applicatig@abrera and Blamey 2017; Gallardo et al. 2014nc8cheuch et al.
2017; Méarquez and Blamey 2019). Moreover, therevidence that Antarctic microorganisms are capabl@etabolize
different toxic compounds, although they have neg¢rbexposed to them before (Cabrera and Blamey; 20tig et al.
2013; Marquez and Blamey 2019).

In this study, we searched for TNT-degrading baatpresent in different sites of Antarctica in arde find
alternatives for bioremediation of TNT-contaminaseils out of this continent, particularly thosentaiminated by military
activities. TNT-degrading strains belonging to gemusPseudomonas were isolated from Deception Island. One particula
isolate, nameseudomonas sp. TNT3, was selected for further analyses becalige high capability to grow on TNT and
transform it. Genome analysis revealed that thiairstpossesses enzymes that participate in a yaoieimolecular
functions related to xenobiotic degradation. Additil analyses yielded evidence of the presencewof pgutative
xenobiotic reductases that we propose as potargtiaidates for the observed TNT transformationviigtiBesides, these
enzymes share different levels of sequence siryilarith other previously described TNT-degradinggnes, including

their closest potential homologues in public dasaisa

2. Materials and methods
2.1 Sampling and enrichment cultures

Environmental soil samples were collected from WniBlacier, Antarctic Peninsula and the South Shdtla
Islands in Antarctica during the B4ntarctic Scientific Expedition (ECA) in 2018. Heinment cultures were performed in

R2A medium (Reasoner and Geldreich 1985) at 2196gusonstant agitation (180 rpm). Once bacteriawgh was
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observed, the microorganisms were transferred tA-R2T medium (half-diluted R2A medium containing AOng/L

TNT) and grown under the same conditions.

2.21solation and identification of TNT-degrading microorganisms

After four serial transfers in liquid R2A-TNT mediu(ODso > 0.2), the cultures were transferred to agaeplaf
the same medium (1.5% wt/vol) and single coloniegewisolated. To identify the TNT-degrading micigemisms,
genomic DNA was extracted using the Wizard GenddN& Purification (Promega). Total DNA was used toify the
16S rRNA gene by PCR using universal bacterial erin{27F and 1525R) (Wawrik et al. 2005). Then, Rp@ilucts were
sequenced and compared to the Ribosomal DatabagectP(RDP) and the 16S Microbial Database of NG&i
taxonomic identification. Subsequently, the MEGAdftware package (Kumar, Stecher, and Tamura 20H8) wsed to
infer a phylogenetic tree using the Neighbor-Ja@nimethod. Distances were computed using the maximomposite

likelihood model with a bootstrap analysis of 10B8cherichia coli UMNO26 was used as outgroup.

2.3Growth of bacterial isolates on TNT

All isolates were grown in liquid half-diluted R2@edium containing 100 or 250 mg/L TNT, at 21°C éodays
using constant agitation. The bacterial growth assessed by measuring the optical density at 6000tg,). Then, the
cultures were centrifuged at 14,000gxfor 10 min and the supernatant was recovered Her quantification of the
remaining TNT. The ORyof controls (corresponding to uninoculated mediwmntaining TNT and supernatants of each
culture) were considered.

The growth on TNT and its consumption (disappeadnum the culture medium) by selected bacterialaies
were evaluated on different liquid culture medi®28tC for 6 days under aerobic conditions. To as#as utilization of
TNT as carbon, nitrogen or carbon-nitrogen soucci#ture media were prepared as follows: C mediuldT{Tas sole
nitrogen source) consisted of modified saline M&imal medium (Cold Spring Harbor Protocols 2010jttfaut NH,CI
and containing 0.8% glucose as carbon source). lume(TNT as sole carbon source) consisted of nedlifaline M9
medium (containing 0.05% NI as nitrogen source). S medium (TNT as carbon @itrdgen source) consisted of
modified saline M9 medium (without N@I). CN medium consisted of half-diluted R2A medigitrcontains low levels of
complex carbon and nitrogen sources). TNT was asadconcentration of 100 mg/L.

For the TNT consumption analysiBseudomonas sp. TNT3 was grown in R2A-TNT medium at 28°C using
agitation. Then, 1 mL-aliquots were taken from eachure for 48 h to assess bacterial growth bysueag the optical

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



118 2.4 Quantification of TNT and nitrite

119 TNT concentration in bacterial cultures was detesdias described before (Oh et al. 2000) (Figuje Eiefly,
120 100uL of culture supernatants were mixed with 9000f 50 mM Tris-HCI buffer (pH 7.0). Then, 160 of 1 M NaOH
121 were added and the reaction was incubated for 1@ ati 21°C. The TNT concentration was determined
122  spectrophotometrically at 447 nm. Control experitaemere carried out to measure the abiotic decoitipoof TNT. All
123  assays were performed in triplicate.

124 Nitrite concentration in bacterial cultures wasedgtined as described by Mercimek et al. (2015)efBi 200uL
125  of culture supernatants were mixed with @0 of 1% sulfanilamide, 5QL of 0.1% N-(1-naphthyl) ethylenediamine
126 dihydrochloride, and 70QL of deionized water. The reaction mixture was Iaed for 20 min at 21°C. Nitrite
127  concentration was determined at 540 nm. All assaye performed in triplicate.

128

129  2.5TNT biotransformation by bacterial cells

130 For High-Performance Liquid Chromatography (HPLGperiments, the same quantity Bseudomonas sp.
131 TNT3 andP. putida KT2440 cells was incubated at 28°C for 48 h in RIMT medium (100 mg/L TNT). For the
132  extraction of nitroaromatic compounds, the cultunese centrifuged at 14,000gfor 10 min and the supernatant was
133 recovered. Then, NaCl (2.5 M final) was added tcAfter dissolving, 1 volume of acetonitrile wasdad, followed by
134  vigorous agitation. The upper phase was extradikered using polytetrafluoroethylene (PTFE) fikeand placed in
135 HPLC sample vials. HPLC was performed using anédilTechnologies 1260 Infinity Il equipment wittU% detector at
136 254 nm. Chromatographic separation was performednjegting a sample volume of 10 pL into a C18-R¥tumn
137  (Sunshell C18, 2.6 um) at 30°C. The mobile phaseptised of 21% (v/v) acetonitrile, 35% methanokl @4% deionized
138 water. This phase was isocratically delivered todblumn at a flow rate of 0.7 mL/min (Chien et2014).

139

140 2.6Toleranceto TNT

141 Tolerance to TNT was evaluated by culturing the esamantity of strains TNT3 and KT2440 cells in ldjhalf-
142  diluted R2A medium containing different concenai of the compound (0, 100, 200, 300, 400, andrB@.) for 48 h
143 at 28°C. Then, bacterial growth (@F) and TNT consumption were assessed. Control axeets were performed as
144  described previously. All experiments were caroedin triplicate.

145

146

147
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2.7 Satigtical analysis
To assess statistically significant differencesMeein more than two groups of data, a 2-way anabfsigriance
(ANOVA) was performed, followed by Tukey post hast for comparing each different groyp< 0.05). All statistical

analyses were performed using the GraphPad Prisbrse®ware.

2.8 Genome sequencing and annotation
Whole genome of TNT3 isolate was sequenced onlamiha MiSeq platform using a 2 x 300 bp paired-end

sequencing protocol at the Center of Plant Biotetdgy (Universidad Andrés Bello, Santiago, ChilBaw reads were
filtered out using BBDuk (Bushnell 2015) to remdew quality reads, contaminant sequences andredff poor quality
bases from both ends. Filtered reads were assermblam/o into contigs using SPAdes assembler (Bankevic. &012).
Genome annotation was performed using PROKKA (Seen2814). Complementary genome-wide functional tatian
was computed using eggNOG-mapper (Huerta-Cepds20%/) based on eggnog 4.5 database (Huerta-@@hs2016).
Additionally, all amino acid sequences were suteditto KEGG’s BlastKOALA annotation server (KanehiSato, and

Morishima 2016) for KEGG ortholog ID assignment anapping to KEGG pathways (KEGG Orthology).

2.9 Search of TNT-degrading enzymes

For the identification of potential TNT-degradingzgmes in the genome of the TNT3 isolate, homokxeprches
were performed using BLAST+ (Camacho et al. 2008J &#MMER’s hmmscan tool (Eddy 2011) and the protein
translation of open reading frames (ORFs) predibed®ROKKA as queries. Searches were performechsgai custom
database of 12 well-characterized Nitroreductases @ld Yellow Enzymes active towards TNT (Unipraicassions:
P77258, POACY1l, AOAOTO9VMVO, Q5XW77, P17117, AAD1802Q7B4Y3, Q56691, Q6DLR9, AAB38683,
AAF02538, AAF02539). For HMMER search, the databsas converted into a Hidden Markov Model (HMM) filoby
performing a multiple sequence alignment with Gilu€2mega (Sievers and Higgins 2014) and then usiag input for

HMMER’s hmmbuild tool.

2.10Homology modeling and molecular dynamics

To evaluate the theoretical affinity of the ideisif enzymes for the substrate TNT, homology modeid
molecular dynamics simulations were carried outmplate searches for homology modelling were peré&atnusing
SWISSMODEL server (Waterhouse et al. 2018). Thetatystructures with higher ranks according to gbeser quality

estimator (GMQE) were used as templates for modidliihg. Homology modelling was performed by usihg Prime’s
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homology model package (Jacobson et al. 2004)dedun the Schrodinger suite. Molecular structwfe$NT and FMN
were built with Gaussview (Dennington, Keith, andlidn 2009) and then optimized using the B3LYP/@s31DFT
method as implemented in Gaussian 16 (Frisch e2(6). Ligand atomic charges were calculated ustegtrained
Electrostatic Potential (RESP) fits. Enzyme-ligaystems for simulation were prepared using theelRrdPreparation
Wizard package available in the Schrodinger suitesidering protonation states of the ionizablediess at pH 7.0 as
determined by the H ++ server (Gordon et al. 2@G01) electrical neutrality achieved by adding coriates. The enzyme-
ligand systems were immersed in solvation boxe$IBB water molecules (10 A). All molecular dynamaisulations
were performed with the GPU-accelerated implememadf AMBER18 (Case et al. 2005; Lee et al. 2018)ing the
ff14SB force field for proteins. Molecular dynamisBnulation protocol is detailed in supplementargtenial (Protocol
S1). Enzyme-ligand affinities were estimated byngsMolecular Mechanics with Generalized Born Susfakrea
continuum solvation (MM/GBSA) method (Genheden &ydle 2015) to calculate the free energy of bindiaGuing), as

implemented in AMBER18. For free energy calculasioonly the last 100 ns of each simulation weresictared.

3. Results and discussion
3.1 Screening and isolation of TNT-degrading bacteria from Antarctica

A total of 33 enrichment cultures were performemhfrAntarctic sites (Figure S2 and Table S1). Thecsed sites
have different geological characteristics as dbedrias follows: Union Glacier, a glacier with seiinperatures around -
4°C (Charles Peak, Rossman Cove, Elephant Head)epDien Island, a crater of a submarine volcand witgh
geothermal activity. Antarctic Peninsula (O’HiggiBs¢ation) and different islands from the South Bimet archipelago
(King George, Greenwich, and Livingstone island#ghwonstant human activity. Bacterial growth wdsserved in all
enrichment cultures using R2A medium. Nevertheledsgn mixed cultures -obtained from the enrichmewtsre grown
in R2A-TNT medium (half-diluted R2A medium contaigi 100 mg/L TNT), bacterial growth was observedy/énltwo of
them, indicating that this kind of microorganisme aot ordinary inhabitants in this extreme envinemt. The two mixed
cultures that were able to grow in presence of TNdmed ID5 and ID6, were obtained from samples rfgghg to
Deception Island (Table S1). Subsequently, a wftdl0 Antarctic TNT-degrading bacteria were isatafeom the mixed
culture ID5 (TNT2, TNT7, TNT11, TNT14, and TNT18lates) and ID6 (TNT3, TNT4, TNT12, TNT15, and TNT1
isolates). These isolates are the first TNT-deggdiicroorganisms reported from Antarctica so far.

As TNT is a highly toxic compound, only those mimrganisms capable of degrading or transforminguiit thrive
in its presence. To date, the vast majority of TéDQrading microorganisms have been isolated frori-€dhtaminated

sites (Chien et al. 2014; Claus et al. 2007; Gumuasal Tekinay 2013; Lee et al. 2009; Liang et @lL72 Mercimek et al.



208 2013; Oh et al. 2001; Vorbeck et al. 1998). Newddbs, in this study we discovered TNT-degradingteéséa from
209 Deception Island (the crater of a submarine volkafe far as we know, this site is free from TNThtamination. As the
210 presence of aromatic compounds in volcanic emissfomm other sources has been previously reporderign 2003;
211 Pereira, Rostad, and Taylor 1980), we think thalytbould also be present in this site. In additidrey might have
212  chemical structures similar to TNT, which may ekplthe TNT-degrading activity of the bacteria igethin this work.
213 This hypothesis is supported by recent reportsiofonrganisms capable to degrade nitriles and asniselated from the
214  same place (Cabrera and Blamey 2017; Marquez aamid3l 2019).

215

216  3.2Growth and TNT consumption by the isolates

217 The 10 isolates obtained were able to grow in RAMN-Tmedium under aerobic conditions. When the
218  microorganisms were cultivated at 21°C in half-titli R2A medium containing 100 mg/L TNT, their grbwtas similar
219 (Figure 1a). However, when cultures were exposedigher TNT concentration (250 mg/L), the growthsweegatively
220 affected in most of the microorganisms, except TNTRBIT12, and TNT19 isolates, whose growth was fadofThe
221 highest growth was observed for the TNT3 isolatédifionally, the capability of all isolates to camse TNT under these
222  conditions was evaluated. At 100 mg/L TNT (100 pmth)microorganisms consumed ~90 ppm TNT, exce@tTNT15
223 isolate that showed the lowest consumption (Fidime Nevertheless, at 250 mg/L TNT (250 ppm), tiNTE, TNT12,
224  and TNT19 isolates showed a higher TNT consumptam that observed at 100 mg/L. The TNT3 isolatewsu the
225  highest TNT consumption (reaching 167 ppm TNT), s TNT15 isolate showed the lowest one (43 ppm).

226 As expected, the isolates that showed the highestth at 250 mg/L TNT were those with better conption
227  capability (TNT3, TNT12 and TNT19 isolates). Thessults suggest that these isolates might usedkis compound as
228 an energy source. Indeed, depending on the dedrsteuctural analogy between natural substratesxambbiotics, the
229 enzymes that degrade the former could also degradiatter (Rieger et al. 2002). Consequently, atoganisms (and/or
230 their enzymes) from pristine sites could degradeokéotics even if they have not been previouslyosea to these
231 compounds (Cabrera and Blamey 2017; Giudice €(dl0; Khan et al. 2014; Kitagawa et al. 2002; Mémand Blamey
232 2019; Tralau et al. 2011). Due to the differentvgio and TNT consumption showed by TNT3, TNT11, andT19
233 isolates (TNT3 > TNT19 > TNT11), they were selediadfurther analyses.

234

235  3.3Phylogenetic identification of the isolates

236 According to RDP and BLAST analyses of the 16S rR§ghe sequences, all the TNT-degrading isolates fro

237 Antarctica belong to the geniseudomonas. The isolates are closely related Romarginalis (TNT2, TNT7, TNT18
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isolates),P. brenneri (TNT4 isolate),P. migulae (TNT12 isolate),P. extremaustralis (TNT14 isolate), andP. trivialis
(TNT15 isolate). On the other hand, phylogenetialysis revealed that TNT3, TNT11, and TNT19 iscdaee closer t@.
fluorescens strain CCM 2115 (96% identityR. veronii strain CIP 104663 (98% identity), aml migulae strain CIP
105470 (98% identity), respectively (Figure 2). 8a®n these results, the three isolates were rehasiRseudomonas sp.
TNT3, Pseudomonas sp. TNT11, andP”seudomonas sp. TNT19. Although these microorganisms belongatoommon
TNT-degrading bacterial genus, namBlyputida (Caballero et al. 2005; Van Dillewijn et al. 200&rnandez et al. 2009),
P. aeruginosa (Mercimek et al. 2015; Oh et al. 200P), pseudoal caligenes (Fiorella and Spain 1997), afl fluorescens

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

3.4 Growth and TNT consumption by selected isolates in different media

To evaluate the use of TNT as carbon and/or nitraggrirce, the strains TNT3, TNT11, and TNT19 wemmy
in different media at 21°C (data not shown) andQ83eing the latter the optimal temperature forwghoand TNT
consumption. Therefore, at 28°C, the highest gravftthe three isolates was in CN medium contairfif§ mg/L TNT,
especially in the case of strain TNT3 (Figure Jsditionally, this growth was higher than that oh&al in the same
medium without TNT. No growth was observed forisisalNT11 and TNT19 in the other media (C, N, andr®wever,
strain TNT3 showed a slight growth. All these isetashowed the highest TNT consumption in CN mediespecially
TNT3 that depleted 100% of the TNT (Figure 3b)ats TNT11 and TNT19 showed a slight TNT consummp(io15%)
in the rest of the media, whereas strain TNT3 vegmable to consume up to ~60% of the TNT.

In conclusion, the three bacteria tested requaeltmre medium containing low levels of an exogenocarbon and
nitrogen source to grow and consume TNT optimal$yreported by other studies (Liang et al. 201 7eat al. 2012; Oh
et al. 2003). These nutrients may provide energlyraducing equivalents (i.e. NAD(P)H), which aredi$or the increase

in biomass and the reduction of the TNT nitro g (iRieger et al. 2002; Roldan et al. 2008).

3.5TNT biotransformation

As mentioned abovélseudomonas sp. TNT3 was capable of growing in CN medium cimtg 100 mg/L TNT.
The maximum bacterial growth in this medium waseobsd after 12 h of incubation (Figure 4a and 88rontrast, TNT
consumption was initiated during early exponergizse, reaching 46% of the consumption at the étldsophase (12 h)
and 100% after 48 h. The decrease in CFUBsafidomonas sp. TNT3 after 12 h of incubation could be du¢hi® toxicity
of some TNT metabolites accumulated in the mediutiscgissed below). The concentration of nitrite éased

significantly from 14 h to 48 h of incubation, rbawty 8.9 UM (Figure 4b). This concentration is greement with other



268 studies (Mercimek et al. 2013, 2015; Oh et al. 20B®wever, unlike what was reported in those wpthe concentration
269  of nitrite did not increase during the exponerpiaase but rather in stationary phase. These residgest that strain TNT3
270 might be using nitrite as nitrogen source (eithieedly or indirectly) during its growth. Then, dng the stationary phase,
271 TNT3 cells may be using less nitrite and consedyéribegins to accumulate in the medium.

272 Interestingly, a light orange color was observetha culture medium when TNT3 cultures startedrtag which
273  turned gradually into a dark brownish-red coloeaftcubating for 12 h (Figure 4c). Then, the awtmedium turned into
274  a yellow color, which remained from 18 h of inctibatuntil the end of the growth curve. These cabanges has been
275  reported for TNT derivatives, such as oxidized dead metabolites and hydride-Meisenheimer compbegvnish-red)
276  (Vorbeck et al. 1998; Wittich et al. 2008), nitreduction products (orange-yellow) (Thijs et al. 80land HADNTS,
277 ADNTs, DANTSs or dihydride-Meisenheimer complex (g&¥) (Kim and Song 2003; Thijs et al. 2018; Vorbeskal.
278  1998).

279 The TNT biotransformation bfseudomonas sp. TNT3 was confirmed by HPLC. Under the condsidested,
280  TNT consumption reached 50% after 12 h of inculmatib 28°C (Figure 5c). In addition, an unknown rhetiie and a
281  small amount of 2-amino-4,6-dinitrotoluene (2-A-B6IT) were produced. After 48 h of incubation, TN®nsumption
282 reached 85% (Figure 5e), the remaining amount efuttknown metabolite decreased and 2-A-4,6-DNTeimsed 7-fold.
283  The latter might negatively affect the viability ®NT3 cells during the stationary phase (Figure #ajeed, it has been
284  reported that 2-A-4,6-DNT is not degraded furthed aould be as toxic as TNT itself (Eyers, Steraii] Agathos 2008).
285  On the other hand, this compound is an intermediatabolite when the reduction of TNT nitro growgsurs in bacteria
286 (Esteve-Nufiez et al. 2001; Maksimova, Maksimov, Bainakov 2018; Serrano-Gonzéalez et al. 2018). Toergits
287  presence indicates thRseudomonas sp. TNT3 is capable of carrying out this pathwRggarding DNTs, no evidence of
288 the presence of 2,4-dinitrotoluene (2,4-DNT) or-@iitrotoluene (2,6-DNT) was obtained (Figure Bl &e).

289 The TNT biotransformation by strain TNT3 was congghto that ofP. putida KT2440. The latter is a model
290 bacterium for soil bioremediation, since it hasighly versatile metabolism. It is the best chardzésl TNT-degrading
291 Pseudomonas strain and possesses nitroreductases and OYEmenzZ¥ernandez et al. 2009). At 12 h of incubatstmain
292  TNT3 transformed 50% TNT, while strain KT2440 wasleato transform only 5%. Interestingly, strain KED also
293  produced a very small amount of the same unknowtalmtite at the same time (Figure 5d). After 48tHis strain
294  transformed only 25% of TNT and produced an almogletectable amount of 2-A-4,6-DNT (Figure 5f). figdere,
295  Pseudomonas sp. TNT3 was able to transform TNT faster tiRaputida KT2440 under the conditions tested. Like strain

296  TNT3, no evidence of the presence of DNTs in stkii2440 supernatants was obtained.

297
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3.6 Toleranceto TNT

The growth and TNT transformation by strain TNT8rgmsed significantly from 0 to 300 mg/L TNT (Figusa
and 6b, Table S2), reaching its maximum at thisceatration. Then, they decreased quickly from 408600 mg/L TNT.
The highest growth and TNT consumption at 300 MPNT suggests that the bacterium could use TNT astdent to
proliferate efficiently. This result agrees withetlaerobic TNT metabolism in bacteria, because #wtmtion pathway
produces nitrite and toluene through a seriestefimediates. Toluene could be used as carbon ardyesource since it
can be incorporated into the TCA cycle, whereastaitould be used as nitrogen source by its réolu¢b ammonium,
which is assimilated via the GS-GOGAT pathway (EstNUfiez et al. 2001; Serrano-Gonzalez et al. 281&yuit and
Agathos 2010).

The growth and TNT consumption of the strain TNT8revcompared to those of strain KT2440. The latter
showed just a slight increase in its growth in pneg of TNT (half of that observed in strain TNT8)d low TNT
consumption under the same conditions (Figure @a6m Table S2). In fact, strain TNT3 transformedrenTNT than
strain KT2440 at all concentrations of this compbyparticularly at 300 mg/L, where the former tfansied 191 ppm and
the latter 75 ppm. Therefore, under these conditiRseudomonas sp. TNT3 was capable to transform 2.5-fold morel' TN
than P. putida KT2440. Interestingly, at 100-300 mg/L TNT, theogth of strain KT2440 was not improved by the
addition of the compound, as observed with straifT3. This result reinforces the novelty and metabativantages of
this Antarctic isolate in terms of TNT metabolisithe remarkable TNT-degrading behavior of strain BN&hd its
differences in comparison to strain KT2440 sugdleat the former might possess alternative metabolites, enzymes
with improved characteristics or maybe a differeatmber of them that might favor TNT metabolism. &hsn this, we
decided to predict the functional metabolic potntf strain TNT3 through genome analysis and ngrfior enzymes

involved in xenobiotic-degradation pathways.

3.7 Search of TNT-degrading enzymes and functional annotation

As one of our goals was to identify the enzymesiptidlly responsible for the TNT-degrading activify the
Pseudomonas sp. TNT3, we performed a bioinformatic analysistefgenome sequence. Aiming to this, a draft genom
assembly for strain TNT3 was constructed using SRRAaksembler. The resulting assembled genome tmahsik 252
contigs with an N50 of 81 kb. The obtained genome .5 Mb) is consistent with the average gensine of different

species from the genuseudomonas, according to the available genomic data in tRsetidomonas Genome Database”
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(Winsor et al. 2009). Genome annotation with PROKk&ealed the presence of 5,903 coding sequend2Ss)Cwhich
is also in good agreement with the number of codmguences reported for otlieseudomonas, particularly for members
of theP. fluorescens species (Kahlon 2016).

From a total of 186 CDS annotated by PROKKA asUtdses”, 62 corresponded to “oxidoreductases’chvis
the group of enzymes where we focused our searetertheless, as many reported TNT-degrading enzjraes similar
amino acid sequences (Toogood, Gardiner, and $or@@10; Williams et al. 2004) and there is no cEmsensus about
how to differentiate nitroreductases from OYEs. (ioek for the presence of key residues or motdgecriminating among
them based only on automatic annotations is usumtyreliable. Thus, although several sequence® \wanotated by
PROKKA as “NAD(P)H-dependent-" or “FMN-" oxidoredtases (which are generic names for many nitroredest and
OYESs), a deeper analysis was needed to identifgethtbat might be responsible for TNT-degradingvégti As a first
approach, we performed an analysis based on homalegrches with BLASTp and HMMER against a custoRT-T
degrading enzymes database (see materials and dsgtBd ASTp homology results only yielded signifitanatches for
two coding sequences: CDS_02682 and CDS_03039,hwhatched to XenA (accession AAF02538) frémputida
(46.6% identity) and XenB (accession AAF02539) frienfiluorescens (91.6% identity), respectively. Remote homologues
search using HMMER vyielded 7 significant matchetheohmm profile database, two of which coincidethwhe previous
BLAST results as shown in Table S3. This allowedtadimit the number of sequences to consider i fillowing
analysis. The 7 identified sequences were initi@hnotated by PROKKA as follows\-ethylmaleimide reductase
(CDS_03039), NADPH dehydrogenase (CDS_02682), NAxidlase (CDS_03801), Putative NAD(P)H nitroreduetas
YdjA (CDS_01069), 5,6-dimethylbenzimidazole synthagCDS_00209), putativeN-methylproline demethylase
(CDS_00327), and 2,4-dienoyl-CoA reductase A (COSR58) (Table 1).

To gather functional evidence of these sequencespevformed a complementary functional annotatidti w
BlastKOALA and egg-NOG servers for all the codiregsences of the strain TNT3. According to the tesobtained
using BlastKOALA, 3,108 CDSs (52.7%) were assigteelO IDs, which means that each of them was diaskinto an
ortholog group of the database. Of these, 162 Anging to 101 different groups of orthologs, evarapped into 17
KEGG pathways of the “Xenobiotic biodegradation ametabolism” category (Figure 7). Curiously, nofi¢he sequences
identified by homology searches was assigned t@alX nor mapped to any of the xenobiotic degragepathways, as
we would have expected. For comparison purposesalseeannotated the genomePfputida KT2440 using KEGG's
BlastKOALA and compared the total counts of prateassigned to an ortholog group (KO ID) of the “Kbiotic
biodegradation and metabolism” set of pathwaysh&t tletermined in strain TNT3. As a result, we fbtinat a smaller

number of ortholog groups were present in strairR4dl0 than in strain TNT3 (96 vs 101 KOs, respettjvand also a
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smaller number of proteins (143 vs 162, respegt)vdoreover, it is interesting to note that inftee 19 pathways shown
in Figure 7 (degradation of polycyclic aromatic hychrbon, caprolactams, atrazine, styrene, tolugnlerocyclohexane
and chlorobenzene, chloroalkane and chloroalkdénerdbenzoate, and aminobenzoate) a greater nuoflgpteins was
assigned to strain TNT3 than strain KT2440. Thididates that more molecular functions are presethé former and
suggests a likely greater metabolic potential tgradée xenobiotics.

Unlike the results obtained with BlastKOALA, 4 oot the 7 sequences identified by homology were édde
assigned to a KO ID by functional annotation wijgeNOG server (Table 1). As a result, the sequenocestated with
PROKKA as ‘N-ethylmaleimide reductase” (CDS_03039) and “NADP¢hytrogenase” (CDS_02682) Bfeudomonas
sp. TNT3 were predicted to have orthologous retatiips with the xenobiotic reductases XenB and XefAP.
fluorescens (strains WH6 and Pf-5, respectively). Interestynghe orthology number K10680 was assigned tséugience
CDS_03039, which according to KEGG is a part of tNérotoluene degradation” pathway (ko00633). Tdessults
support the orthology evidence about xenobioticraégtion activity of this putative XenB of straiiNT3. Hence, all the
evidence points to N-ethylmaleimide reductase” of strain TNT3 could AeXenB-like enzyme involved in TNT
metabolism.

Although the remaining sequences were not assigmeady KO IDs linked to biodegradation of xenolistithis
does not necessarily mean that they do not paatieiin it, especially considering that many enzyrand pathways
involved in biodegradation have not yet been charamed. Therefore, as not enough functional infation is available for
them, we cannot discard their potential particiratin xenobiotic degradation routes and we willtoare to investigate

them in further works.

3.8 Homology modelling and molecular dynamics simulations

To gain more insights on the possible role of the putative xenobiotic reductases found, we perémBD
structure predictions using the template searclctiom of SWISS-MODEL. As a result, the server rdgdathat ‘N-
ethylmaleimide reductase” (CDS_03039) shares higgntity (86%) with the crystal structure of a XerfBom
Pseudomonas putida (pdb ID: 4AB4), which was co-crystallized togethgth TNT to study the structural determinants for
aromatic ring reduction of these group of enzymest published). For “NADPH dehydrogenase” (CDS_®)68he
structural prediction results included differenzymes annotated as “chromate reductases” and “xaimbeductases A",
all of them with identities below 56%, being théhnfomate reductase” 5SNUX fromhermus scotodoctus SA-01 the one
with higher identity to CDS_02682 (56%). The simthaof this putative enzyme to chromate reductase®t surprising

since it has been reported that several bactdtiareductases also show chromate reductase gotiitkerley et al. 2004;
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Kwak, Lee, and Kim 2003). Since homology and fumdil/structural evidence points tdl-ethylmaleimide reductase”
and “NADPH dehydrogenase” as the candidates mkstylito have TNT-degrading activity, they were nerea as
XenB_TNT3 and XenA_TNT3 for the following analysiespectively.

We built homology models and then performed mol@calynamics simulations for both enzymes in complex
with TNT and the cofactor FMN. Homology models ¥enA_TNT3 and XenB_TNT3 were built using 5SNUX andB4
as templates, respectively. The QMEAN score forréseilting models was over 0.6 and the Ramacharmloas showed
that most of the residues were positioned in fableraegions (Figure S4), which validates the goodlity of them. Thus,
added to the high coverage (94% for XenA_TNT3 a@@% for XenB_TNT3) and identity (45% for XenA_TNERhd
91% for XenB_TNT3) between the sequences and thplédes used, allowed us to obtain good 3D reptasens for the
putative reductases foundRseudomonas sp. TNT3.

Molecular dynamics simulations were carried ouhgghe built models, as indicated in material arelhods. As
a result, it was observed that in both systemstimyme-ligand complex behaves in a similar way,ntaéiing the TNT
substrate near the cofactor (FMN) in the active gitoughout the 300 ns of simulation. The confdiong adopted by the
substrate in the active sites of XenA_TNT3 and XehBT3 are shown in Figure 8a and 8b, respectiv&yobserved in
the figure, the TNT ligand was kept at a shortadise from the catalytic site, which is consisteithwihe calculated free
energies of bindingAGping= -27.0 kcal/mol for XenA_TNT3 andGyng= -30.5 kcal/mol for XenB_TNT3), showing a high
and similar affinity of the enzymes for this subst: In addition, the root-mean-square deviatioratoimic positions
(RMSD) for the @ backbones of both models was less than 2 A afil@em3 of dynamics (Figure S5), which confirms their
good stability.

Altogether, ourin silico analysis shows the potential of XenA _TNT3 and XehBT3 from Pseudomonas sp.
TNT3 as new enzymes than those reported. Thesksredso indicate that XenB_TNT3 is likely to b&XenB enzyme. We
are currently performing experiments to specificalktermine the role of these enzymes in TNT mdisinoand also the

participation of the genes involved.

4. Conclusions

The experimental results and theoretical evidenesgnted in this work validate the exploration gfreme
environments as Antarctica to discover microorgasisvith novel metabolic capacities such as xenabdggradation. In
particular, the Antarctic bacteriufseudomonas sp. TNT3 is a promising strain for applicationTNT bioremediation
since it possesses a great number of moleculatifunscand enzymes related to xenobiotic degradatiorfact, the

genomics and structural analyses revealed the mmesef at least two enzymes that could be involiedTNT
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transformation: XenA _TNT3 and XenB_TNT3. Howeven further understand and evaluate the potential for
bioremediation ofPseudomonas sp. TNT3, more exhaustive studies, both theodetica experimental, are required to

identify structural differences that allow undemsteng the physiological importance of these enzyoresthers involved.
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698  Figure 2. Phylogenetic tree of the selected isolates. Phylogenetic tree based on complete 16S rRNA gengeesces
699  showing the position of three isolates (TNT3, TNTand TNT19) among related taxa within the geRseidomonas. The
700 phylogenetic tree was constructed using the Neiglbming (NJ) method with 1000 bootstrap replisaEscherichia coli

701 UMNO026 was used as outgroup. GenBank accession ensnalbe shown in parentheses.
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Figure 4. Growth curve and TNT biodegradation by Pseudomonas sp. TNT3. a) The bacterium was grown in CN
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803 Table 1. Functional annotation results for the 7 sequendeBseudomonas sp. TNT3 identified by HMM and BLAST

804  homology search as candidates for TNT degradatitivity.

805
PROKKA Eggnog KEGG
Sequence Annotation Ortholog Organism KO Pathway
CDS 03039 N-ethylmaleimide PFWH6_1400 (XENB) P. fluorescensWH6 K 10680 ko00633
reductase*
CDS 02682 NADPH dehydrogenase* PFL_1121 (XENA) P. fluorescens Pf-5 K00354 Unclassified
CDS_03801 NADH oxidase PFLO1_0884 P. fluorescens Pf0-1 NA NA
CDS_01069 Putative NAD(P)H PFLO1_1480 (YDJA) P. fluorescens Pf0-1 NA NA
nitroreductase YdjA
CDS_00209 5,6-dimethylbenzimidazole Pfl01_1643 (BLUB) P. fluorescens Pf0-1  K00768 ko00860
synthase
CDS_00327 putative N-methylproline  PSF113 5447 (DGCA) P. fluorescens F113  K00219 Unclassified
demethylase
CDS 01856 2,4-dienoyl-CoA reductase A PSF113 3907 P. fluorescens F113  K00219 Unclassified
806

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

810



Highlights

* Anew TNT transforming straiRseudomonas sp. TNT3 was isolated from Antarctica.
e Pseudomonas sp. TNT3 completely transforms 100 ppm TNT aft@éhdat 28°C.
»  ThePseudomonas sp. TNT3 genome was sequenced and functionallgtated.

* TNT-degrading enzymes were identified in the gename: studiedn silico.
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