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SUMMARY 

3-Nitro-1,2,4-triazol-5-one (NTO) is an essential component of the newly 

introduced insensitive high explosive (IHE) compounds as it has several advantages, 

namely low shock sensitivity and easy synthesis. With increasing use by the military, it is 

important to understand the fate of NTO in the environment and its biodegradation. 

Previous studies have shown that NTO is at first reduced to 3-amino-1,2,4-triazol-5-one 

(ATO) under anaerobic conditions and, subsequently, ATO is fully mineralized aerobically 

to NH4+, CO2, and N2 by microbes. To provide new insights into the degradation process, 

we performed shotgun metagenome sequencing of the NTO-degrading consortium 

(enrichment culture) and two sets of ATO-degrading enrichment cultures; one is original 

ATO cultures developed from a dilution to extinction experiment and the other is the ATO 

cultures derived from the original ATO cultures by physically disruption and additional 

dilution to extinction in order to break the extracellular matrix between different microbial 

species and further reduce the diversity of the consortium. Two metagenome-assembled 

genomes (MAGs) were recovered from the NTO dataset that made up >95% of the total 

culture and carried putative nitroreductases that might be involved in NTO reduction. In 

addition, the presence of extracellular electron transfer systems in the most abundant MAG 

(a Geobacter sp., making up 89.3% of the total) suggested that these systems might also 

be involved in NTO reduction. The ATO metagenomes revealed seven MAGs that were 

consistently observed and -more or less- evenly distributed in the three consortia. 

Functional annotation of these MAGs and flux balanced analysis revealed several amino 

acids auxotrophies in different species and metabolite exchange between members of the 



vi 

consortium, respectively, which probably underlie the interactions among the several 

MAGs during ATO mineralization. Collectively, the findings reported here provide the 

genetic basis for NTO biodegradation and have implications for future NTO 

bioremediation efforts.      
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CHAPTER 1. INTRODUCTION 

1.1 Insensitive munitions compound 3-Nitro-1,2,4-triazole-5-one (NTO) and its 

reduced product, 3-amino-1,2,4-triazol-5-one (ATO) 

In addition to 2,4-dinitroanisole (DNAN), 3-Nitro-1,2,4-triazol-5-one (NTO) is an 

essential element of the newly introduced insensitive high explosive (IHEs) compounds[3, 

4].  Recently, NTO has attracted attention because it is an alternative to traditional 

munitions such as trinitrotoluene (TNT), and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) 

due to possessing several advantages. Most notably, NTO has low shock sensitivity and is 

easily synthesized, which makes it appropriate for munitions[5]. As NTO is increasingly 

used by the military, its environmental impact and fate should be better understood. 

Compared to other explosive compounds such as TNT or RDX, NTO has a higher 

solubility, so it readily dissolves in rainwater and gets transported through the soil as 

evidenced by the low sorption of NTO based on Br- tracer tests and laboratory drip tests [4, 

6] to potentially reach groundwater.   
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1.2 Biodegradation and environmental implications of NTO and ATO  

An initial study of NTO biodegradation showed that NTO can be reduced to ATO 

by the  rat liver cytochrome P450 enzyme[7]. NTO can also be degraded by a strain of 

Bacillus licheniformis, although in this case a relatively high quantity of co-substrate (> 15 

g l-1 of glucose) was required[8]. Over the past years, several studies have shown that NTO 

can be fully mineralized to CO2, NH4
+, and N2 by microbial consortia in two steps[9-11]. 

First, NTO is anaerobically reduced to 3-amino-1,2,4-triazol-5-one (ATO) via 3-

hydroxyamino-1,2,4-triazol-5-one (HTO)[9]. Subsequently, ATO is completely degraded 

to CO2, NH4
+, and N2 under aerobic conditions by a soil-derived enrichment culture[10, 

11]. Notably, the genetic determinants of both pathways (i.e., anaerobic transformation of 

NTO to ATO and aerobic ATO mineralization) are still unknown limiting bioremediation 

applications and monitoring of the biodegradation process with molecular tools such as 

PCR assays.  

Madeira et al. studied the community responsible for ATO mineralization by 16S 

rRNA gene amplicon sequencing and qPCR of ATO enrichment cultures[11]. Nine 

phylogenetic groups were present in the consortium after the 10-7 (v/v) dilution to 

extinction and more stringent dilution series, 10-3 (v/v), from the 55th enrichment culture 

transfer. The nine phylogroups included Terrimonas spp., Ramlibacter-related spp., 

Mesorhizobium spp., Hydrogenophaga spp., Ralstonia spp., Pseudomonas spp., 

Ectothiorhodospiraceae spp., Sphingopyxis spp., and Taonella spp, and each phylogroup 

seemed to be evenly abundant in the consortium. However, it remained unclear whether all 

phylogroups were necessary for ATO degradation and what were the genetic determinants 

of ATO biodegradation. Further, the 16S rRNA gene sequence often does not provide 
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resolution to the species level[12], and thus distinct populations may carry identical or 

nearly identical 16S rRNA gene sequences and be grouped under the same phylotype. 

Therefore, to better understand the organisms and genes involved in ATO biodegradation, 

we performed metagenome sequencing of the derived consortia after dilution to extinction 

and additional manipulations to reduce culture complexity.  

 

1.3 Objectives of this study 

The main objective of this study was to understand which organisms are involved in 

the mineralization of NTO into inorganic compounds via an ATO intermediate and which 

metabolic genes are involved in NTO/ATO biodegradation. Metagenomic sequencing was 

applied to an NTO enrichment culture that was derived from an anaerobic sludge reactor 

of a wastewater treatment plant as well as to an ATO enrichment culture derived from 

gortner garden soil collected on the University of Minnesota campus, which was previously 

described by 16S rRNA gene amplicon sequencing[11]. The microbial consortia were 

examined at both the 16S rRNA gene level based on metagenome reads carrying the V4 

region and by the metagenome-assembled population genomes (MAGs). We also report on 

the candidate genes that were recovered in the MAGs and their possible involvement in 

NTO and ATO degradation.  
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Development of enrichment cultures for metagenome analysis 

2.1.1 NTO-reduction enrichment culture 

The enrichment provided by Dr. Jim Field group, University of Arizona, AZ was 

developed as follows. An NTO-reducing enrichment culture was developed from a sample 

collected from an anaerobic digestor sludge reactor of the Tres Rios Wastewater 

Reclamation Facility in Tucson, Arizona. One gram of the sludge was diluted in 1L of 

mineral medium containing (in mg L-1): K2HPO4 (250), CaCl2.2H2O (10), MgSO4.7H2O 

(100), NH4Cl (20), NaHCO3 (4,000) with the trace elements. Sodium acetate (2,000 µM) 

was used as a carbon source and NTO was added to the medium at a concentration of 500 

µM. To establish anaerobic conditions, all serum bottles were sealed with rubber stoppers, 

and the headspace of all NTO enrichment culture was flushed with 80% N2 and 20% CO2 

after the medium. After two dilution-to-extinction attempts from the 54th transfer of the 

consortium (10-8 and 10-5 (v/v) dilution each), the consortium that showed NTO reduction 

was analyzed in this study.  

2.1.2 ATO-mineralization enrichment culture 

The ATO enrichment culture provided by Dr. Jim Spain group, University of West 

Florida, FL was developed as follows. An ATO enrichment culture for the first 

metagenome sequencing analysis was prepared from a 10-7 (v/v) diluted culture using the 

55th transfer of the consortium from Madeira et al.[11] as inoculum . Briefly, this 

enrichment culture was developed from 10 g L-1 of the Gortner Garden soil in 40 mL 
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mineral medium. The enrichment culture was grown aerobically with shaking (130 rpm) 

in 30 ºC and transferred to fresh mineral media once all ATO was degraded. After 12 

transfers, the enrichment was transferred to the medium without yeast extract, that is, ATO 

as the sole carbon and nitrogen sources. A dilution-to-extinction (10-7 v/v) was performed 

from the 55th transfer to select for a reduced diversity community and identify key members 

of ATO biodegradation. To maintain this culture, it was transferred multiple times via 

weekly 10% dilution, and three actively grown derived cultures, A, B, and C (biological 

replicates), were used for the original ATO metagenome sequencing analysis. 

Metagenome sequencing of replicate cultures A, B, and C revealed a relatively 

complex consortium (for the number of transfers and the dilution to extinction effort) 

composed of eight species (see below). In an attempt to further reduce the diversity of this 

consortium, one of the enrichment cultures (culture B) was amended with 3mm glass beads 

and 1.0 mM NaCl or 3.0 mM EDTA, which are efficient at extracting extracellular 

matrix[13],  and vortexed to physically and chemically disrupt any extracellular matrix 

between microbial cells and subsequently force those cells that are not essential for the 

biodegradation to extinction. Another two dilution to extinctions were subsequently 

performed with the two samples transferred weekly from the culture A and B, and the two 

vortexed culture B-derived cultures. The highest dilution that showed ATO degradation 

activity was the 10-8 tube for all 4 samples. The cultures transferred from the four 10-8 

cultures were, A2, B2, B2_NaCl, and B2_EDTA, were used for the derived ATO 

metagenome sequencing analysis. ATO concentrations were monitored with an Agilent 

1200 series HPLC (Agilent, Santa Clara, CA) and a Syringe 4 µ Polar-RP 80A column 
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(150 X 4.6mm) for all cultures. The mobile phase used was 100% water at a flow rate of 

1.0 mL/minute. Absorbance was monitored at 210 nm. 

 

2.2 DNA extraction and sequencing 

For the NTO enrichment culture sequencing, 25 mL of three replicate cultures was 

filtered through a Sterivex-GP Pressure filter to collect biomass (0.22 µm pore size, 

Millipore Sigma, Burlington, MA). The filter was stored at -80 °C until DNA was extracted. 

DNA was extracted by using a phenol-chloroform extraction as previously described[14] 

with minor modifications. one-fourth of the filter was placed in a microcentrifuge tube with 

lysis buffer (50 mM Tris−HCl pH 8.3, 40 mM EDTA, and 0.75 M sucrose), and the cells 

were disrupted with a mini bead beater 24 (BioSpec Products, Bartlesville, OK) at 

maximum speed twice for one minute each with icing in between. DNA samples from 

technical replicates were pooled for sequencing.  

For the ATO enrichment culture sequencing, 100 mL of culture was centrifuged for 

collection of biomass and the resulting pellet washed with 1.75 ml phosphate buffer (0.02 

M, pH 7.0). DNA was extracted with a GeneJET Genomic DNA Purification Kit (Thermo 

Fisher Scientific, Waltham, MA) or QIAamp DNA Micro Kit (QIAGEN, Hilden, Germany) 

according to the manufacturer’s protocols. 

 DNA sequencing libraries were prepared using Illumina’s Nextera XT DNA library 

prep kit according to the manufacturer’s protocol except the protocol was terminated after 

isolation of cleaned double-stranded libraries. Library concentrations were measured using 

a Qubit HS DNA assay and Qubit 2.0 fluorometer (Thermo Fisher Scientific). To determine 
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library insert sizes, library samples were run on a 2100 Bioanalyzer instrument (Agilent) 

using the High Sensitivity DNA chip. The NTO metagenomic library was sequenced on an 

Illumina MiSEQ for 500 cycles (2 x 250-bp paired-end) and the original and derived ATO 

metagenomes were sequenced on an Illumina HiSEQ 2500 and NextSEQ 500 instrument 

for 300 cycles (2 x 150-bp paired-end), respectively, in the Georgia Institute of Technology 

Molecular Evolution Core facility. Adapter trimming and de-multiplexing were carried out 

on each instrument. 
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2.3 Bioinformatics analysis of metagenomic reads 

2.3.1 Quality control and assembly 

Illumina sequence reads of the NTO and ATO metagenomes were trimmed and 

read quality was assessed by using FaQCs with a minimum cut-off of Q=30 (99.9% 

accuracy per base-position) with length of 50 bp[15]. The trimmed reads were assembled 

using IDBA-UD v 1.1.1[16] with default options for each metagenome; in-house scripts of 

the enveomics collection[17] were used to prepare the data and process the resulting 

assembly files.  A co-assembly of the corresponding metagenomes was tried to increase 

recovery of the genomes.  
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2.3.2 Sequence coverage 

  To assess the sequencing coverage of the sampled consortia, i.e., what percent of 

the total community was sequenced, Nonpareil v 3.303 with default settings and the 

alignment algorithm[18] was used for all metagenome samples including the NTO, the 

original ATO, and derived ATO metagenomes. The underlying statistics are summarized 

in Table 1 and the results of Nonpareil in Figure 1. 

Figure 1 Microbial community coverage by sequencing and complexity as assessed 

by Nonpareil. Nonpareil estimates of dataset complexity and sequencing effort 

needed to achieve the desirable coverage level based on read redundancy are shown. 

Circles represent estimated coverage; the dashed lines represent 95% and 99% of 

coverage, respectively. The arrows represent the sequencing effort required for 

achieving 50% of coverage. 
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Table 1 Statistics of the metagenomes used in this study 

Metageno-me 

characteristics 
NTO 

ATO ATO2 

A B C 
Co-

assembly 

A2 

  

B2 

  

B2_ 

EDTA 
B2_NaCl 

Co-

assembly 

Trimming 

results 
                

Average raw 

length (bp) 
204.3 142.2 146.8 138.2  150.4 149.9 149.7 149.6   

Raw reads 

(million reads) 
6.5 11.1 10.1 13.5  5.5 6.5 4.8 6.0   

Average 

trimmed length 

(bp) 
177.6 142.1 146.0 138.9  142.5 143.9 143.6 143.2   

Trimmed reads 

(million reads) 
5.7 10.6 9.6 12.9  5.0 6.1 4.3 5.5   

 
                

Assembly 

results 
                

N50 (bp) 27244 95703 45199 99411 146854 37588 46267 36551 36120 96898 

Sequences 652 3726 5510 864 2491 2909 2036 4333 5152 3902 

Total length 

(Mb) 
7.6 36.7 36.7 33.8 39.6 28.1 28.4 27.0 29.5 33.3 

                      

V4 region 

fragments 
963 256 281 435             
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2.3.3 16S rRNA gene fragment analysis 

Extraction of the V4 region of the 16S rRNA (16S) genes from metagenomic reads 

followed the procedure described in Johnston et al.[19] with minor modifications. 

Specifically, to obtain a reference V4 region database for searching against the 

metagenomic reads, 16S V4 region primers[20] were aligned in silico against the 

GreenGenes 16S full-length database (May 2013 version) by running blastn[21]. Then, the 

sequences which matched  both the forward and reverse primers with over 90% nucleotide 

identity were selected. The selected sequences were trimmed to include only the V4 region 

(not upstream or downstream sequences), and the curated V4 region sequences were used 

as a reference database. Subsequently, metagenome reads were searched against the 

curated V4 region database by using blastn with -task megablast, -word_size 19 options[21, 

22]. The best match for each read was identified when the read had better than 70% 

nucleotide sequence identity to the database sequence and was trimmed as described above 

to include only the V4 region. Subsequently, the trimmed reads were used as input for 

QIIME2 and analyzed using the de novo clustering method[23]. The reads were 

dereplicated using the vsearch dereplicate-sequences command and clustered in 

Operational Taxonomic Units (OTUs) based on the 97% of sequence similarity with the 

cluster-features-de-novo --p-perc-identity 0.97[24] command. Taxonomic annotation of 97% 

OTUs was performed with the feature-classifier plugin by using SILVA database[25] as 

implemented in QIIME 2 (Silva_132_97_16S.qza file).  
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2.3.4 Population genome binning and determining MAG abundance 

Assembled contigs longer than 500 bp were used for binning with MaxBin 2.0 with 

default options[26]. To taxonomically classify MAGs (i.e., identify the closest named 

taxon), the MiGA webserver was used with the NCBI Prokaryote genome database 

option[27].  

The relative abundance of the MAGs in each metagenomic sample was calculated 

by multiplying the genome size of the MAGs and the average sequence coverage of the 

MAGs obtained by read-recruitment plots[17], and dividing by the total number of the 

trimmed bases in the corresponding metagenome. The 80% central truncated average of 

sequencing depth (TAD80) using mapped reads with identity > 95% to the reference MAG 

(species-level) was used for the average sequence coverage. TAD80 removes the 10% 

highest and lowest coverage outliers from the relative abundance estimate in order to avoid 

the effects of -for example- highly conserved genes (e.g., 16S) that recruit reads from non-

target populations. 
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2.3.5 Finding rRNA genes of MAGs  

rRNA genes in the MAGs were identified with blast searches against the RDP 

database release 11.5[28]. The sequences of the MAGs were aligned against the RDP 

database by using blastn with -max_target_seqs 4 option[21]. The blast results were filtered 

by 97% nucleotide identity and the best matches were selected. To recover 16S rRNA 

genes of the MAG sequences that did not include a 16S rRNA gene, we attempted to link 

the MAGs and their corresponding 16S rRNA genes as described in Karthikeyan et al.[29] 

with minor modifications. Briefly, 16S V4 OTUs from metagenomes were utilized to 

identify which 16S V4 OTUs correlated strongly to the abundance of the MAGs and 

provide a taxonomy similar to that produced using the MiGA webserver based on the 

genome-average amino-acid identity (AAI) approach. The correlated 16S V4 OTUs 

sequences were subsequently identified on a contig in the assembled metagenome (100% 

nucleotide sequence identity and 100% query cover). The matched contigs were further 

analyzed by RNAmmer1.2[30] to recover full length or longer 16S rRNA sequences of the 

MAGs (ie extend the sequence beyond the V4 region).  

2.3.6 Functional annotation of MAGs 

Predicted protein-coding open reading frame (ORF) sequences were obtained from 

MiGA[27]. To identify any homologs of nitroreductase, which might be responsible for 

NTO reduction, ORFs were searched against a nitroreductase gene database obtained from 

UniprotKB by searching with the keywords “nitroreductase existence:"evidence at protein 

level”[31]. Protein sequences were aligned using Diamond v 0.9.22.123 with the blastp 

option[32]. A minimum cut-off for a match of 30% identity and alignment length over 25 
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amino acids was used for these searches. To further understand the potential mechanism of 

electron transfer in the most abundant genome, the extracellular electron transfer systems 

(EET) of NTO_MAG1 were identified as described in Ishii et al. with minor 

modifications[33]. To identify ORFs encoding a covalent heme-binding motif of c-type 

cytochrome, the ORFs were analyzed using the FIMO tool v 5.1.1 in MEME suite [34], 

and ORFs that contained at least two heme motifs were selected as EET genes. The selected 

ORFs were assigned into the c-type cytochrome family ID[35] based on the best blast 

match with a minimum cutoff for a match of 70% query coverage, 70% amino acid identity, 

and 10-6 e-value (query cover = alignment length/query gene length × 100%). 

 For ATO metagenomes, a curated database for cyclic amide hydrolases acting on 

carbon-nitrogen bonds other than a peptide bond was obtained from the UniProtKB 

database by searching EC number or gene name with the corresponding keywords. The 

keywords used were cyanuric acid amidohydrolase, searched with “ec:3.5.2.15 AND 

reviewed:yes”; hydantoinaase/dihydropyrimidinase, with “ec:3.5.2.2 AND reviewed:yes”; 

barbiturase (EC 3.5.2.1) with “name:barbiturase AND reviewed:yes”; Allantoinase (EC 

3.5.2.5), with “name:allantoinase AND reviewed:yes”; B-Lactamase (EC 3.5.2.6), with 

“ec:3.5.2.6 AND reviewed:yes”; creatinase (EC 3.5.2.10) with “ec:3.5.2.10 AND 

reviewed:yes”, an dihydroortase, with “ec:3.5.2.3 AND reviewed:yes”). Mouse, rat, plant 

and human gene homologs were removed manually. 

 To identify overall metabolic pathways of the MAGs and evaluate them for amino 

acid auxotrophies, functional annotation was done by using RASTtk v 2.0[36]. Draft 

metabolic models of each of the MAGs was established by using ModelSEED v 2.5.1 

without the no gap-filling option[37] and KAAS v 2.1[38]. Amino acid auxotrophies were 
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determined based on the presence/absence of genes involved in bacterial amino acid 

biosynthesis pathways in the MetaCyc database[39]. 

2.3.7 Flux balanced analysis (FBA) 

To assess potential interactions among members of the ATO consortium, a 

metabolic model for each MAG was reconstructed, and FBA of the models was performed 

using the Kbase platform[40]. Reconstruction of compartmentalized models and additional 

FBA was performed as described in Henry et al.[41]. Briefly, to mimic the ATO 

enrichment culture, the mineral medium used in ATO enrichment experiments was used. 

Since it was not possible to know the exact compounds used as C and N source by each 

population of the ATO consortium, and which genes were responsible for ATO degradation, 

the NH4+ was used as the N source in the FBA model. Both C-source free mineral media, 

which assumes (inorganic) carbon fixation, and lactate amended mineral medium were 

used to gapfill the model and simulate FBA (Supporting Information Table S4). 

Specifically, the compartmentalized model was selected from the several models provided 

by Henry et al.[41] to see the interaction of metabolites between each genome. The 

coefficients of the biomass in the merged pre-gapfilled model were adjusted based on the 

relative abundance of the ATO_B culture by using the python script in Kbase according to 

Henry et al. [41].   
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CHAPTER 3. RESULTS 

3.1 Consortium composition based on 16S rRNA gene sequence fragments  

Coverage of all sampled consortia by metagenomic sequencing as assessed by 

Nonpareil was in the range of 95.54% to 98.29% indicating that nearly the whole 

consortium was covered by sequencing, and only a few, rare members may not be well 

represented in our sequencing results (Figure 1). A total of 93 OTUs were found in the 

NTO metagenome by analyzing the 16S rRNA gene V4 region, but only 6 OTUs showed 

higher than 1% of the total relative abundance (Figure 2A). At the genus level, four OTUs 

assigned to the Geobacter genus were predominant showing a cumulative 71.4% of relative 

abundance. The second most dominant taxon was assignable to the Betaproteobacteriales 

order consisting of two OTUs and 10.5% of the relative abundance of the sample.  

All three original ATO samples (A, B, and C) were derived from the ATO 

biodegradation[11] culture that was enriched from a soil inoculum and transferred over 55 

times since. Therefore, it was of interest to determine whether the three cultures had the 

same microbial composition. A total of 14 OTUs were found in the three enrichment 

cultures (Figure 2B) based on 16S rRNA gene fragments recovered in the metagenomes. 

Among these, 7 OTUs were shared and predominant in all three samples showing high 

cumulative relative abundance: 98.9% in culture A, 98.8% in culture B, and 99.3% in 

culture C. However, the relative abundance of these individual OTUs was not similar 

among the three consortia with the most dominant OTU being different in each sample. 

For example, the relative abundance of an OTU assigned to the Xanthobacteraceae family 

made up 53.4% of the total in culture A while showing a relatively low abundance (15.2% 
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and 8.0%) in the other two cultures. The most abundant OTU in culture B was assigned to 

the Thioalkalispira genus (46.5%) while this OTU showed low relative abundance (6.4% 

and 14.0%) in the other two samples. For culture C, the most abundant OTU (64.4%) was 

assigned to the Betaproteobacteriales order. Besides these three dominant OTUs, the 

distribution of the other four OTUs assigned to the Hyphomicrobiaceae family, 

Chitinophagaceae family, Taonella genus, and Sphingopyxis genus were relatively similar 

among the three consortia. 

Figure 2 Relative abundance of 16S rRNA V4 region gene-based OTUs at the genus 

level. OTUs recovered from (A) the NTO metagenome and (B) the original ATO 

metagenomes were analyzed using the Qiime2 pipeline as described in detail in the 

Material and Methods section.  
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3.2 Recovery of metagenome-assembled genomes (MAGs) 

To assess the community composition at the genome level and elucidate the total 

genetic potential of the consortia, population genome binning was performed with MaxBin 

2.0 on the metagenomes of the NTO consortium and the three original ATO consortia and 

on a co-assembly of the 3 ATO metagenomes. Two MAGs were recovered in the NTO 

metagenome and seven MAGs in each ATO metagenome; eight MAGs were recovered 

based on the ATO co-assembly. The ATO MAGs were de-replicated using the genome-

aggregate average nucleotide identity (ANI) at the 95% ANI level into eight MAGs. The 

pairwise ANI values of the MAGs assigned to the same genomospecies were all above 

99.98% and the corresponding genome-aggregate amino acid identity (or AAI) values were 

above 99.23% as well. The quality of the MAGs was assessed based on the quality score 

from MiGA calculated as “completeness – 5 ×  contamination” estimated based on 

essential genes[27]. Except for two MAGs recovered from the ATO-A and ATO-B samples 

that showed low relative abundances, the quality of all the MAGs was high showing scores 

around 80.2 - 95.5 (Table 2).  
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Table 2 Summary statistics of MAGs recovered in this study. All assembled contigs 

from the metagenome longer than 500 bp were used for population genome binning 

with the MaxBin 2.0 algorithm. To taxonomically identify the MAGs, their genome 

sequences were searched against all available NCBI prokaryotic genomes using the 

MiGA, and the best matching NCBI genomes are shown on the 2nd column. The 

genome-aggregate average amino-acid identity (AAI) to the best matching NCBI 

genome is also reported on the 3rd column. Further statistics of the MAGs (e.g., 

N50, %GC) are also provided as well as the best match based on the 16S rRNA gene 

sequences. 

 

 

Bin ID Best Genome Match AAI (%) Complet.(%) Contamin. 
Quality 

Score 
Total 

Length (bp) 
N50 Best 16S rRNA gene Identity (%) 

NTO_MAG 1 
Geobacter anodireducens  

NZ CP014963 
98.31 100 1.9 90.5 3752065 118547 Geobacter sp.a 99.87 

NTO_MAG 2 
Thauera humireducens  

NZ CP014646 
92.16 98.2 2.8 84.2 3847374 12019 Salmonella sp.a 75.27 

ATO_MAG 1 
Xanthobacter 

autotrophicus  

Py2 NC 009720 
80.21 100 3 86 5724956 88216  Xanthobacter sp. b 99.74 

ATO_MAG 2 
Sulfurivermis fontis  

NZ AP018724 
50.66 99.1 2.8 85.1 2881190 220830 

Unclassified  

Gammaproteobacteria 

a 
98.94 

ATO_MAG 3 
Panacibacter 

ginsenosidivorans NZ 

CP042435 
55.62 98.1 0.9 93.6 5191604 419495 Terrimonas sp.a 97.25 

ATO_MAG 4 
Hyphomicrobium 

nitrativorans NL23 NC 

022997 
57.22 98.1 0.9 93.6 3610680 282239 Hyphomicrobium sp.b 99.49 

ATO_MAG 5 
Ralstonia pickettii 12D 

NC 012856 
96.64 100 0.9 95.5 5250008 202495 Ralstonia sp.b 99.93 

ATO_MAG 6 
Sphingopyxis terrae  

subsp terrae NBRC 

15098 CP013342 
95.39 99.1 1.9 89.6 3913019 84938 Sphingopyxis sp.a 99.67 

ATO_MAG 7 
Magnetospirillum sp  

ME 1 NZ CP015848 
50.35 100 2.8 86 7194355 86634 Taonella sp. b 100 

ATO_MAG 8 
Magnetospirillum sp  

ME 1 NZ CP015848 
49.31 80.2 0 80.2 5477325 4904 Reyranella sp. a 99.86 

a16S rRNA gene recovered in MAGs. b 16S rRNA gene recovered in the contigs (not binned 

into MAGs). 
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3.3 NTO consortium 

Similar to the 16S rRNA gene-based results, analysis of the NTO metagenome 

revealed only two MAGs accounting for almost the complete metagenome (94.82% of the 

relative abundance; Figure 3A, Table 2). The most abundant MAG (NTO_MAG1) 

constituted 89.29% of the total NTO consortium, followed by NTO_MAG2 that 

constituted 5.53% of the total. The relative abundances of these two MAGs were slightly 

higher than that of 16S rRNA gene v4 region OTUs assigned to the Geobacter genus and 

the Betaproteobacteriales order (81.9%). Taxonomic classification using MiGA showed 

that the closest described genome of the two MAGs was Geobacter anodireducens NZ 

CP014963 with 98.31% AAI (same species assignment) and Thauera humireducens 

NZ_CP014646 with 92.16% of AAI (distinct but closely related species of the same genus). 

Thus, NTO_MAG1 and NTO_MAG2 likely represent members of the G. anodireducens 

species and Thauera genus, respectively, based on the most frequently used standards for 

species demarcation[42, 43]. 

Figure 3A Composition of the NTO-reducing consortium. The relative abundance 

of recovered MAGs from the (A) NTO metagenome. The abundance was 

calculated by multiplying the genome size of the MAGs with their average 

sequence depth (coverage) and dividing the product by the total (sum) length of all 

trimmed reads of the metagenome (metagenome size). The predicted genome size 

of MAGs was obtained from the MiGA analysis. To get the average sequence 

coverage, TAD80 was obtained as described in the Material and Methods section. 
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3.4 Potential degradation of NTO in these MAGs 

We hypothesized a nitroreductase might be responsible for the ATO reduction 

reaction because nitroreductases have been known to reduce similar nitroaromatic 

compounds including TNT, nitrofurazone, nitrobenzene, and even flavin[44]. Notably, 

both NTO_MAGs have genes related to or annotated as nitroreductases (Table 3). Five 

genes of NTO_MAG1 (G. anodireducens) show similarity, ranging from 30.1 to 36.2% 

amino acid identity, to the known nitroreductases of Comamonas testosterone, Leishmania 

infantum, Clostridium difficile, Bacillus megaterium, Vibrio harveyi, and Leishmania 

infantum. Among these five genes, three genes (NTO_MAG1_2_47, 11_118, and 2_47) 

were also annotated as nitroreductase family genes by the RAST pipeline, indicating that 

these genes could be involved in the reduction of the nitro group. For NTO_MAG2 

(Thauera sp.), four homologs were identified, showing amino acid identity ranging from 

35.9 to 53.7% against experimentally verified nitroreductase genes from Leishmania 

infantum, Bacillus megaterium, Pseudomonas oleovorans, and Mycolicibacterium 

smegmatis. Two of the genes (MAG2_73_5, and MAG2_139_5) were also annotated as 

nitroreductases by the RAST pipeline. The matching, experimentally-verified 

nitroreductases from the public databases are known to govern reduction of nitro-

compounds including chloronitrobenzene, nitro-drugs, mesotrione, and nitrobenzene[45-

51]. 
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Table 3. Candidate nitroreductases for NTO reduction to ATO and their 

experimentally verified best match homolog.  

MAG 

AA 

length 

(align

ment) 

Ident

ity 
Closest hit 

Protein 

name 

Accessio

n 

Responsible 

nitro-

compound 

NTO_MAG_15_

126 
80 36.2 

Comamonas 

testosteroni 

Chloronitrobe

nzene 

nitroreductase 

Q5XW77 
Chloronitrobe

nzene [49] 

NTO_MAG1_2_

88 
216 34.3 

Leishmania 

infantum 

Nitroreductas

e 
E9AGH7 

Nitro-drugs 

(e.g. 

DNDIVL-

2098) [45] 

NTO_MAG1_11

_118 a 
160 33.8 

Clostridium 

difficile 

Nitroreductas

e 
C9YJL7 

Metronidazol

e [46] 

NTO_MAG1_2_

47 a 
178 32 

Bacillus 

megaterium 

NADPH-

dependent 

oxidoreductas

e 

A0A0K0V

JM8 

Mesotrione 

[47] 

NTO_MAG1_45

_15a 
189 31.2 

Vibrio 

harveyi 

NADPH-

flavin 

oxidoreductas

e 

Q56691 

p-nitroblue 

tetrazolium 

[51] 
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NTO_MAG1_3_

106 
229 30.1 

Leishmania 

infantum 

Nitroreductas

e 
E9AGH7 

Nitro-drugs 

(e.g. 

DNDIVL-

2098)[45] 

NTO_MAG2_25

1_1 
216 53.7 

Leishmania 

infantum 

Nitroreductas

e 
E9AGH7 

Nitro-drugs 

(e.g. 

DNDIVL-

2098) [45] 

NTO_MAG2_19

6_7 
120 47.5 

Leishmania 

infantum 

Nitroreductas

e 
E9AGH7 

Nitro-drugs 

(e.g. 

DNDIVL-

2098) [45] 

NTO_MAG2_73

_5 
252 39.3 

Bacillus 

megaterium 

NADPH-

dependent 

oxidoreductas

e 

A0A0K0V

JM9 

Mesotrione 

[47] 

NTO_MAG2_13

9_5 
220 39.5 

Pseudomona

s oleovorans 

Nitrobenzene 

nitroreductase 
Q6DLR9 

Nitrobenzene 

[50] 

NTO_MAG2_11

9_8 
92 35.9 

Mycolicibact

erium 

smegmatis 

Nitroreductas

e 
A0R6D0 

Benzothiazino

nes [48] 

aannotated as nitroreductase or nitroreductase family gene by RAST annotation 
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Since the reduction of nitro compounds by nitroreductase has been relatively well 

studied in bacteria, it might be more important to know what other proteins may interact 

with the nitroreductase. Interestingly, the most abundant MAG of the NTO consortium was 

assigned to the Geobacter genus, which has been extensively characterized for its 

extracellular electron transfer system (EET). The EET of NTO_MAG1 might be involved 

in NTO reduction by facilitating the transfer of electrons to the nitroreductase or other 

electron acceptors that could further reduce NTO to ATO. Thus, we evaluated the presence 

of EET systems encoded in the NTO_MAG1 genome by searching verified multi-heme 

cytochrome C proteins from Geobacter against the genome sequence (SI Table S1). 

Among 3429 ORFs, 3.4% of the total were identified as cytochromes and 54.8% of the 

cytochromes were multi-heme cytochromes. Most previously described proteins involved 

in EET were encoded in the NTO_MAG1 genome (SI Table S2). Specifically, two inner 

membrane-associated proteins participating in EET, annotated to be members of the MacA 

and CbcL families, were found. Three periplasmic associated EET proteins, PpcA, PpcD, 

and PpcE, were also identified. Additionally, nine ORFs of NTO_MAG1 were assigned to 

the outer membrane-associated Omc EET protein family, including three ORFs assigned 

to OmcS and two assigned to OmcZ. 
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3.5 Original ATO consortia  

All seven (de-replicated) MAGs were present in all three ATO samples (A, B and C) 

and showed relatively high abundance in each (98.12%, 98.08%, and 94.96% of the total, 

respectively) (Table 2, Figure 3B) cumulatively accounting for almost the complete 

metagenome in each sample. However, the composition of the seven genomes was 

different among the samples, especially with respect to the most dominant genome in each 

consortium similar to the 16S rRNA gene-based data reported above. In cultures A and C, 

one genome represented almost half of their community (49.21% of the total for A, 44.63% 

of the total for C), while three genomes were relatively equally abundant in culture B 

compared to other two samples (Figure 3B). Taxonomic classification using the MiGA 

webserver showed that the most abundant genome in culture A was assigned to the 

Xanthobacter autotrophicus species, and the closest genome in the NCBI_prok database 

in MiGA was X. autotrophicus Py2 NC 009720 (with 80.21% of AAI; same genus 

assignment). The most abundant genome in culture C, ATO_MAG5 comprising 44.63% 

of the total culture C reads, however, was affiliated with the Ralstonia genus and the closest 

available genome was R. pickettii 12D NC 012856 (with 96.64% of AAI; same species 

assignment). Hence, ATO_MAG5 is likely a member of the R. pickettii species[42, 43]. 

Unlike these two consortia, the three most abundant genomes in consortium B, i.e., 

ATO_MAG2 (30.30%), ATO_MAG3 (21.22%), and ATO_MAG4 (18.66% of total 

culture B reads), were affiliated with the Gammaproteobacteria class, the Chitinophagales 

order, and the Rhizobiales order, respectively, with no lower classification available. The 

closest genomes to the ATO MAG2, MAG3 and MAG4, were Sulfurivermis fontis NZ 

AP018724 (with 50.66% of AAI), Panacibacter ginsenosidivorans NZ CP042435 (with 
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55.62% of AAI), and Hyphomicrobium nitrativorans NL23 NC 022997 (with 57.22% of 

AAI), respectively. Thus, these three MAGs likely represent novel species, if not genera, 

based on their AAI values. The other three MAGs that were relatively less abundant in all 

three samples were affiliated with the Sphingopyxis terrae species and two 

alphaproteobacterial classes.  

 

 

 

Among the 8 ATO MAGs, four MAG sequences carried 16S rRNA gene sequences 

based on blastn matches (Table 2). Even though the 16S rRNA gene of ATO_MAG6 

genome was only a partial match (1224 bp), the best match of all four of the MAGs against 

the RDP database agreed with their best whole-genome AAI-based classification by MiGA. 

The other four 16S rRNA genes of the MAGs were recovered based on correlation of the 

relative abundance of the 16S rRNA gene V4-based OTUs and the whole-genomes, and 

agreed with the best whole-genome AAI-based classification by MiGA as well. Hence, we 

Figure 3B Composition of the original ATO-mineralization microbial consortia. 

The relative abundance of recovered MAGs. 
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have been able to link all of the MAGs with their corresponding 16S genes via genome 

binning or correlation of abundances between V4-based OTUs and whole genomes. 

We found fewer MAGs than the number of 16S rRNA gene-based OTUs extracted 

from the metagenomic reads but all MAGs recovered represented OTUs with highly 

congruent taxonomy; hence, the few 16S rRNA gene-based OTUs not represented by 

MAGs were apparently low-abundance (rare) members of the consortia. The relative 

abundance for the top five most abundant MAGs highly correlated with their corresponding 

OTUs with the same taxonomic assignment, showing a 0.999 ± 0.001 Pearson correlation 

coefficient.  

 

3.6 Derived ATO consortia  

In an attempt to further reduce the diversity of the consortium in order to narrow 

down the potential ATO degrader(s), we performed additional dilution to extinction (10-8 

v/v) efforts with the culture B pretreated with EDTA and NaCl followed by separation of 

attached cells. This treatment attempted to eliminate extracellular polymeric substances 

that could adhere different cells together, including those cells not involved in ATO 

degradation. Sequencing of the four derived consortia revealed similar microbial 

composition to the original consortia with the exception of the ATO_MAG8 (closest to 

Rhizobium sp. N324 NZ CP013630) and ATO_MAG5 (closest to Ralstonia pickettii 12D 

NC 012856) abundance. Seven MAGs were still found in all four derived consortia (ATO-

A2, B2, B2_EDTA, and B2_NaCl, Figure 3C) while ATO_MAG8 was eliminated from all 

samples and the abundance of ATO_MAG5 showed substantially lower (<1.22% of the 
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total in all derived consortia vs. 19.54%, on average, in the three original consortia).  Also, 

while the composition of each MAG in these derived consortia differed slightly from the 

original consortia reported above, the distribution of 7 MAGs in these four consortia was 

generally similar to each other and to culture ATO-B. For instance, ATO_MAG1, 

ATO_MAG2, ATO_MAG3, and ATO_MAG4 were equally abundant in all four cultures, 

comprising about 84.17% of total metagenome reads.   

 

 

 

  

Figure 3C Composition of the derived ATO-mineralization microbial consortia. 

The relative abundance of recovered MAGs. 
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3.7 Prediction of functional dependence and interactions among members of the 

ATO consortium  

We hypothesized that amino acid auxotrophies of the consortia may be the 

underlying reason(s) why the diversity of the ATO consortium was not reduced further 

after our efforts. To determine if this was the case, we first evaluated the amino acid 

synthesis pathways of each MAG. Because of the absence of ATO_MAG8 in the derived 

cultures and its relatively high genome incompleteness, we excluded this MAG from this 

analysis. Among 7 ATO MAGs, MAG1, MAG2, MAG3, and MAG5 showed one or more 

amino acid auxotrophies based on RAST and KAAS predictions (Figure 4A). In particular, 

MAG3 which was assigned to Chitinophagales order had the highest number of 

auxotrophies, showing a deficiency for four amino acid synthesis pathways (arginine, 

proline, serine, and lysine). The other three MAGs showed one amino acid auxotrophy 

each, i.e., asparagine for MAG1 and MAG5, threonine for MAG2. These results indicated 

that the amino acid auxotrophies might be one possible explanation for their tight 

association during our efforts to enrich the consortia for ATO degraders. 
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Figure 4 Prediction of functional dependencies and exchange of metabolites among 

MAGs of the ATO consortium. (A) Amino acid biosynthetic pathways found in the 

MAGs of the original ATO consortium (except for MAG8). Solid lines represent one 

reaction and the dashed lines represent two or more reactions. 
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To further assess interspecies interactions, especially the flux of metabolites, we 

simulated the growth of community compartmentalized models with the mineral media 

used in our culture (Figure 4B). Even though we could not completely mimic the 

physiological experiment due to the lack of information about the exact products of and 

underlying enzymes responsible for the ATO degradation, FBA showed that in addition to 

compounds that were exogenously added to the medium, each MAG interactively released 

and transported various metabolites through the cell. A total of 31 metabolites were 

transported in and out of the cells and these metabolites included organic carbon 

compounds, amino acids, inorganic nitrogen such as nitrite, nitrate and ammonium, and 

minerals, among others. Aside from the byproducts of aerobic growth (e.g., H2O, CO2, 

etc.), four amino acids showed active fluxes among cells. For example, a large quantity of 

aspartate was released by ATO_MAG4, and MAG5, which could be absorbed by MAG3 

based on FBA analysis. Further, a large quantity of glutamate was also released by MAG2 

and MAG3 and was likely taken up by MAG5. Moreover, a relatively minor flux of proline, 

lysine and 2-oxoglutarate was predicted between MAG4 and MAG5, which can be used as 

the materials for the synthesis of several amino acids. Interestingly, when we used minimal 

medium without any organic carbon (lactate) for FBA, fumarate, fructose, and glucose 

were predicted to be released outside the cell by MAG4, MAG5, and MAG7 respectively. 

In addition, several secondary metabolites including glucosamine, xanthine, trehalose were 

predicted to be exchanged among MAGs. 
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Figure 4 Prediction of functional dependencies and exchange of metabolites among 

MAGs of the ATO consortium. (B) The estimated metabolite fluxes for 

compartmentalized FBA model under mineral medium. Negative values represent 

releasing metabolites outside the cell and positive values represent uptake of metabolites 

into the cell. 
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CHAPTER 4. DISCUSSION 

In this study, we provide near-complete genomic descriptions of NTO reduction 

enrichment cultures which produce ATO, and ATO biodegradation enrichment cultures 

which result in the full mineralization of ATO (Figure 5A). Bypassing the classical 

isolation approach, we obtained almost complete MAGs by sequencing enrichment 

cultures, and used these MAG sequences to predict genes potentially involved in 

NTO/ATO degradation. We compared ORFs from these MAGs against manually curated 

proteins with known function. Our metagenome analysis covered 98.5 ± 1.2% of the 

metagenomes indicating that no abundant member was missed by our sequencing effort 

(Figures 1 and 3). The abundant MAGs recovered in this study could provide information 

about key catabolic pathways as well as auxotrophies which might help guide future 

isolation work and NTO/ATO bioremediation efforts (Figure 4).   
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A 

B 

C 

Figure 5 Proposed NTO degradation pathways. (A) the proposed NTO-ATO 

degradation pathways, (B) proposed 1H-1,2,4-triazol degradation pathways based 

on previous literature [1, 2], (C) known cyclic amidase reactions. The solid lines 

represent the previously described pathways and the dashed lines represent the 

proposed pathway herein. 
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Oxygen insensitive nitroreductase (type I) has been studied well and made up the 

majority of the nitroreductases. In particular, many of type I nitroreductases that have broad 

substrate specificity on a variety of nitro compound encompassing environmental 

pollutants, antimicrobial agents, and anticancer agents[52, 53]  recovered in the MAGs 

sequences. A total of eleven nitroreductases homologs were recovered from the two NTO 

MAGs, albeit with relatively low amino acid sequence identity (ranging from 30.1 to 

53.7%; Table 3) to previously described nitroreductases in the public databases. Despite 

the relatively low homology, these MAG candidate genes have the potential to catalyze 

NTO reduction based on several lines of evidence. For example, the nitroreductase of 

Bacillus licheniformis, showing only 28% of amino acid identity to that of Escherichia coli, 

can still reduce 5-Aziridinyl-2,4-dinitrobenzamide[54]. When clustering 24,270 

nonredundant nitroreductases into 22 subgroups based on amino acid sequence similarities, 

the identities among members of the other subgroup typically range from ~ 35 to ~ 42% 

and the identities between any of the other subgroup members were ~ 27%[53]; thus this 

protein family shows extensive intra-family sequence divergence.  

Further, the closest relatives of the MAGs, i.e., Geobacter sp. and Thauera sp. were 

previously shown to be able to reduce several nitro compounds[55, 56]. A previous study 

showed that the mixed culture of Geobacter sp. KT7 and Thauera aromatica KT9 

cooperatively degrades 2-chloro-4-nitroaniline with an increased degradation rate 

compared to each species in isolation[55]. It was suggested that cross-feeding, nutrient 

sharing, and cooperation of the two species lead to increased degradation, although which 

enzymes contributed to the reduction of 2-chloro-4-nitroaniline have not yet been 

elucidated. Reduction of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) can occur either by 
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direct electron transfer or indirect electron transfer as shown previously for G. 

metallireducens[56]. Geobacter species along with Shewanella, Desulfovibrio, and 

Enterobacter are well known electroactive bacteria (EAB)[57]. These EAB can release the 

electrons from intracellular reduction to the cell exterior that can then be utilized to reduce 

exogenous compounds. They can also obtain electrons from the anode in the 

bioelectrochemical system and consume the electrons for the reduction of an organic 

compound or intracellular metabolism[57], although the exact underlying proteins 

responsible remain unclear[57, 58]. Previous comparisons of six Geobacter EAB genomes 

showed that they contain an average of 79 cytochromes (2.1 % of the total proteins), a large 

fraction of which are multi-heme cytochromes[35]. Our Geobacter MAG (NTO_MAG1) 

carries a slightly higher number of single heme cytochromes but similar numbers of multi-

heme cytochromes compared to previously described Geobacter sp. indicating that our 

MAG has the potential for an EET system (SI Table S1). Moreover, the specific 

cytochrome protein families used for EET including the PpcA, OmcBC, and CbcL families 

(SI Table S2) were found in our MAG. It is noticeable that MacA, also found in our MAG, 

functions in the transfer of electrons from the quinol pool to various periplasm cytochromes 

such as the CymA in Shewanella oneidensis[59]. The presence of EET systems in our 

MAG also makes possible the direct interspecies electron transfer (DIET) which has 

recently been observed between syntrophic growth organisms[60, 61]. Further studies 

should explore how these electron transfer mechanisms are involved in the function of the 

nitroreductases and in NTO reduction, and possible interactions with the Thauera MAG 

(NTO_MAG2) during co-culture.  



 37 

The composition of consortia in the ATO enrichment cultures remained almost 

unchanged even after at least 55 transfers and three recent attempts to dilute to extinction. 

Previously, Madeira et al. showed 19 phylogenetic groups were present in this culture after 

55 transfers and dilution to extinction[11]. However, after seven times more 10-3 dilution 

of the enrichment culture, only nine phylogenetic groups at almost equal abundances based 

on the quantitative PCR (qPCR) results survived and were present which is largely 

consistent with our metagenome-based results reported here (Figure 3B, C). However, 

among the phylogenetic groups not detected in the previous qPCR results, 

Hyphomicrobium spp. and Xanthobacter spp. were observed in our MAGs (MAG4 and 

MAG1 respectively). These two groups might have been present in the 10-7 diluted culture, 

but their abundance could have been low, and thus not detected by qPCR. According to 

our study, a total 7 MAGs of out of 8 MAGs survived the second dilution to extinction 

despite a physical treatment to separate cells (Figure 3C). Therefore, the overall consistent 

results from qPCR in Madeira et al. and MAG abundances as part of the present study 

indicate that co-metabolism or other strong interactions by the orchestrated activities of 

several distinct microorganisms are likely to occur when ATO is completely degraded to 

mineral NH4
+-N, and N2, and CO2. In particular, the assessment of amino acid auxotrophies 

and the FBA results (Figure 4) provided preliminary evidence that several members of the 

consortium might actively exchange their metabolites. More accurate culture-simulation 

using FBA remains to be performed as revealed intermediates and genes corresponding to 

each step during the ATO degradation compared to what was performed here. 

 Notably, ATO degrading microorganisms in our enrichment cultures were distinct 

(novel) from previously described isolates based on their whole-genome AAI values (Table 
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2). Future work should focus on isolating these novel species and elucidating their exact 

functional role in ATO degradation. In the case of the ATO_MAG5 of which the closest 

genome revealed Ralstonia picketti 12D (96.64% AAI; same species), strain 12D is a well-

known degrader of xenobiotics such as toluene, nitrobenzene, and trichloroethylene, and 

can live in oligotrophic environments[62, 63]. However, in the dilution to extinction (10-8 

v/v) after treatment to separate cells, R. picketti MAG's abundance decreased dramatically 

suggesting that the reason why this was present might be due to its ability to survive in the 

oligotrophic environment (i.e., ATO was the sole carbon and nitrogen source) and/or grow 

on the extracellular polymer matrix. The possibility, however, that it is actively involved 

in ATO degradation cannot be excluded at present (Figure 4B). The other ATO MAG that 

closely matched a previously described strain, i.e., Sphingopyxis terrae NBRC15098 

(95.39% AAI) was ATO_MAG6. Strain NBRC15098 was isolated from an activated 

sludge sample and has the ability to degrade polyethylene glycol (PEG)[64]. The 

Sphingopyxis genus is affiliated with the ‘Sphingomonads’, a collective group of several 

bacterial species known for the degradation of recalcitrant hydrophobic compounds such 

as lindane[65]. In addition to PEG and lindane, it has been reported that the one of the 

sphingomonad group species, can degrade pentachlorophenol (PCP)[66], a lignin-derived 

aromatic compound[67], and a wide range of aromatic hydrocarbon and heterocyclic 

compound[68]. It has been suggested that this catabolic versatility might be mediated by 

high genome plasticity and plasmid-borne gene transfer and recombination[65]. 

Unfortunately, it was not possible to identify candidate genes for ATO degradation by 

comparing these two genomes due to a plethora of uncharacterized gene functions and 

large gene content differences between our MAG and the S. terrae strain NBRC15098.  
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It has been challenging to identify the genetic determinants of ATO biodegradation 

due, at least in part, to the lack of axenic cultures. Many studies have been performed on 

isolates and enzymes that mediate the biodegradation of nitrogen heterocyclic compounds 

(NHCs). Two such studies found that 1H-1,2,4-triazole (TZ) that is widely used for the 

synthesis of pesticides and herbicides and is structurally similar to ATO can be degraded 

by Shinella sp. NJUST26[1] and Raoultella sp. NJUST42[2] (Figure 5B), but neither study 

identified the genes responsible for the biodegradation. de Souza et al. found that atrazine, 

one of the s-triazine herbicides, can be completely degraded by Pseudomonas sp. ADP, 

whose reaction was initiated by the AtzD enzyme, a member of cyclic amidases [69]. In 

addition to AtzD, many bacterial cyclic amidases can catalyze the hydrolytic ring-opening 

reaction of nitrogen heterocyclic compounds (Figure 5C) and we found several homologs 

of these enzymes in our MAGs that could be involved in the ATO ring-opening reaction 

or cleavage of the 1N-5C bond in the first step based on chemical structure similarity [1, 2, 

70] (Figure 5C, Table 4). Most notably, MAG1 (Xanthobacter sp) has a homologous gene 

showing 83.9% amino acid identity to the experimentally verified cyanuric acid 

amidohydrolase (AtzD) of Azorhizobium caulinodans[71]. Besides starting off with ring 

opening reaction during the ATO degradation, the 3-amino group could be changed to a 

hydroxyl group or carbonyl group by a deaminase, followed by hydrolytic ring cleavage 

catalyzed by a cyclic amidase. This pathway has been proposed, for instance, to underlie 

the degradation of 1,2,4-triazole by Wu et al.[72].  

.  
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Table 4 Candidate cyclic amide hydrolase for ATO degradation and their best match 

homolog   
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CHAPTER 5. CONCLUSIONS 

Our metagenomic analysis suggests that two distinct clonal populations are 

involved in the NTO reduction to ATO. Notably, the most abundant MAG that is assigned 

to Geobacter species contains the conserved EET gene system, along with several putative 

nitroreductases, suggesting that NTO reduction might be associated with the transfers of 

electrons via the EET. In contrast to the two-population genome in NTO consortium very 

similar with the known genera, seven members were observed in the ATO consortia, even 

after repeated efforts to further reduce the diversity of the latter consortia by breaking up 

the extracellular matrix, and contained four (of a total of seven) novel genera. These 

findings and the genome sequences reported here should facilitate future efforts to identify 

the biodegradation genes and species-species interactions that underlie the biodegradation 

of NTO and ATO and, by extension, facilitate future bioremediation and monotonic efforts 

against these pollutants.    
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APPENDIX A. SUPPORTING INFORMATION 

Table S1 Geobacter MAG cytochromes based on cytochrome annotation 

 

Table S2 Proposed Geobacter MAG EET (extracellular electron transfer system) 

based on cytochrome annotation 
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Table S3 The composition of ATO minimal medium used in FBA  
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Figure S1 Development of ATO enrichment cultures. 
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