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Analytical methods 

A) HPLC: The concentrations of NTO and ATO were measured using high performance liquid 

chromatography (HPLC). An Agilent 1290 Infinity HPLC (Santa Clara, CA, USA) coupled with 

a diode array detector (DAD) was equipped with a Hypercarb column (Thermo Scientific, 

Waltham, MA, USA), and the mobile phase consisted of a gradient of water with 0.1% 

trifluoroacetic acid and acetonitrile, as previously described (Madeira et al, 2017).   

 

B) GC-TCD and GC-FID: For CO2 and acetate analyses, we used a gas chromatograph GC 7890A 

(Agilent Technologies, Santa Clara, CA, USA) equipped with two detectors and two columns. For 

CO2, we used a Carboxen 1010 Plot column (30 m × 0.32 mm, Sigma-Aldrich, St. Louis, MO, 

USA) and a thermal conductivity detector (TCD) at 230oC. The inlet was operated in splitless 

mode at 100oC, and the oven temperature was also 100oC. Helium was used as carrier gas at a flow 

rate of 7 mL/min, and the gas injections of 100 µL were performed with a gastight syringe. For 

acetate, we used a fused silica Stabilwax®-DA column (30 m × 0.53 mm, Restek, State College, 

PA, USA) and a flame ionization detector (FID) at 280oC, with air and hydrogen as the flame 

source. The inlet temperature was 280oC, and the oven temperature started at 100oC, increased to 

150oC at a rate of 8oC/min. Helium was used as the carrier gas at a flow rate of 5.2 mL/min, and 

the injection volume was 1 µL. 

 

C) OD600: The optical density at 600 nm (OD600) was measured at the wavelength of 600 nm 

using a UV-1800 UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan). 

 

D) ATP: We measured the bioluminescence produced in the ATP assay using a FlexStation 3 
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multi-mode microplate reader (Molecular Devices, San Jose, CA, USA).  The data was analyzed 

with the ready-to-glow protocol from the software SoftMax Pro 5.2 (also from Molecular Devices) 

with an integration time of 1500 ms.   

 

Additional experiments 

A) Biomass x OD600: Bottles containing different concentrations of substrates and the enrichment 

culture were incubated, and after the complete reduction of NTO was observed, samples of the 

suspension were taken for OD600 analysis. The remaining suspension of each bottle was filtered 

using a 0.22 µm membrane. The filters were dried at 105oC for 3 hours, and the weight of the dry 

mass was recorded. The same procedure was performed for abiotic controls. The dry mass obtained 

for the abiotic controls was subtracted from the dry mass of the biotic treatment to account for 

inorganic solids. A correlation was established for the OD600 and biomass (R2 = 0.9639), as shown 

in Figure S1. 

 

B) Use of alternative electron acceptors and electron donors: We assessed the ability of our 

enrichment culture to use different combinations of electron acceptors and electron donors in 

closed-bottle experiments. For the experiments using alternative electron acceptors, the 

enrichment culture (4% v/v) was incubated in mineral medium containing 2000 µM acetate, except 

for the experiment with ferric citrate, in which case we used 1000 µM acetate. All the bottles were 

flushed with 80% N2 / 20% CO2. The electron acceptors were added to the bottles through 

concentrated stock solutions to final concentrations oSf 1000 µM for 4-nitroimidazole, 2-methyl-

4(5)-nitroimidazole, 4-nitroanisole, 4-nitrophenol, 2,4-dinitrotoluene, nitroguanidine, 3-

nitrotriazole, 3-nitripyrazole, and 3000 µM for NO3
-. In the treatment containing O2, the bottles 
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were not flushed, so the partial pressure of O2 was the same as in the atmosphere. For the 

experiments using alternative electron donors, the enrichment culture (4% v/v) was incubated in 

mineral medium containing 1000 µM NTO. Glucose and ethanol were added through stock 

solutions to final concentrations of 500 and 1000 µM, respectively. In the treatment containing 

hydrogen, 10 mL of pure H2 were added to the sealed bottles using a syringe.  The total suspension 

volume was 50 mL, and the bottles were kept in the dark in an orbital shaker at 130 rpm and 30oC.  

In the experiments using alternative electron acceptors, we assessed the disappearance of the nitro-

containing compounds via HPLC measurements or the disappearance of acetate via GC 

measurements. In the experiments testing the use of alternative electron donors, we assessed the 

disappearance of NTO over time. All the samples were clarified by centrifugation prior to analysis. 

We tested the ability of our culture to reduce NTO in the presence of O2 and NO3
-. The 

experiments were performed as previously described, with an NTO concentration of 1000 µM, and 

an acetate concentration of 2000 µM for the experiment with O2 and 4000 µM for the experiment 

with NO3
-. For the treatment with O2, pure O2 was added to the sealed bottles with a syringe to a 

final concentration of 2 mg L-1 dissolved oxygen, and in the treatment with NO3
-, the final NO3

- 

concentration was 5000 µM.     

We also tested the ability of our enrichment culture to reduce Fe(III) in the form of soluble 

ferric citrate. The enrichment culture (2% v/v) was incubated in mineral medium containing 500 

µM ferric citrate and 1000 µM acetate. The total volume of the suspension was 50 mL, and the 

headspace was flushed with 80% N2 / 20% CO2 to create anaerobic conditions. Additionally, we 

had a control without acetate (Fe(III) + EC) and an abiotic control (Fe(III) + Ac). The bottles were 

kept in the dark in a shaker at 130 rpm and 30oC. Samples taken over time were acidified to prevent 

Fe(II) oxidation and then clarified by centrifugation. The increase in Fe(II) concentration over time 
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was assessed using the Ferrozine method (Stookey, 1970). 

 

C) Effect of iron concentration on NTO reduction rate: To investigate the use of Fe by the 

enrichment culture (2% v/v) as a redox mediator for NTO reduction, we conducted an experiment 

with different added Fe(II) concentrations in the medium (0.0, 0.6, and 1.8 mg L-1) as ferrous 

chloride. The NTO and acetate concentrations were both 1000 µM. The experiment was conducted 

in closed bottles as previously described, and the NTO concentration was measured over time. 

Liquid samples were taken after the complete removal of NTO for soluble Fe analysis by ICP-

OES. These samples were clarified and acidified to a final concentration of 2% (v/v) nitric acid 

prior to the analysis.   

 

Metagenomic analysis 

A) DNA extraction: DNA was extracted by using a phenol-chloroform extraction as previously 

described 1 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 time, with icing in between. DNA samples from technical replicates 

were pooled for sequencing. 

 

B) DNA sequencing:  DNA sequencing libraries were prepared using Illumina’s Nextera XT DNA 

library prep kit according to the manufacturer’s protocol, except that 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 library 
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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) in the Georgia Institute of Technology Molecular Evolution 

Core facility. Adapter trimming and de-multiplexing were carried out on each instrument. 

 

C) Quality control and assembly: Illumina sequence reads of the enrichment culture metagenome 

was 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 bp2. The trimmed reads passing these cut-

offs were assembled using IDBA-UD v 1.1.13 with default options for each metagenome; scripts 

of the enveomics collection4 were used to prepare the data and process the resulting assembly files.   

 

D) Sequence coverage: To assess the sequencing coverage of the sampled enrichment culture by 

metagenome sequencing, i.e., what percent of the total community was sequenced, Nonpareil 

version 3.303 with default settings and the alignment algorithm5 was used. The underlying 

statistics are summarized in Table S2 and the results of Nonpareil in Figure S5. 

 

E) 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.6 with minor 

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

metagenomic reads, 16S V4 region primers7 were aligned in silico against the GreenGenes 16S 

full-length database (May 2013 version) by running blastn8. 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), 
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and the curated V4 region sequences were used as the reference database. Subsequently, 

metagenome reads were searched against the curated V4 region database by using blastn with -

task megablast, -word_size 19 options8, 9. The best database match for each read was identified 

when the read had better than 70% nucleotide sequence identity and the read was trimmed as 

described above to include only the V4 region. The trimmed reads were used as input for QIIME2 

and analyzed using the de novo clustering method10. The reads were dereplicated using the vsearch 

dereplicate-sequences command and clustered in Operational Taxonomic Units (OTUs) based on 

the 97% of sequence identity with the cluster-features-de-novo --p-perc-identity 0.9711 command. 

Taxonomic annotation of 97% nucleotide identity-based OTUs was performed with the feature-

classifier plugin by using SILVA database12 as implemented in QIIME 2 (Silva_132_97_16S.qza 

file).  

 

F) Finding rRNA genes of MAGs: rRNA genes in the MAGs were identified with blast searches 

against the RDP database release 11.513. The sequences of the MAGs were aligned against the 

RDP database by using blastn with -max_target_seqs 4 option8. The blast results were filtered by 

97% nucleotide identity and the best matches were selected  

 

Consortium composition based on 16S rRNA gene sequence fragments  

Coverage of all sampled consortia by metagenomic sequencing 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 were not well represented in our sequencing results 

(Figure S6). 93 OTUs were found in the NTO metagenome by analyzing the 16S rRNA gene V4 

region, but only six of them showed total relative abundance higher than 1% (Figure S7). At the 

genus level, four OTUs assigned to the Geobacter genus were predominant, showing a cumulative 
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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 sample’s relative 

abundance. 

Population genome binning was performed with MaxBin 2.0 on the metagenome of the  

enrichment culture to assess the community composition at the genome level and elucidate the 

total genetic potential of the consortia. Two MAGs were recovered in the NTO metagenome. The 

quality of the MAGs was assessed based on the quality score from MiGA calculated as 

“completeness – 5 × contamination” estimated based on essential genes14. The quality of all the 

MAGs was high, showing scores of 90.5 for MAG1 and 84.2 for MAG2 (Table 1).  
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Figure S1. Correlation between optical density at 600 nm (OD600) and biomass production by 

the NTO-acetate enrichment culture (mg VSS L-1) after complete reduction of different 

concentrations of NTO. 
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Figure S2. Correlation between NTO concentration and biomass production by the NTO-acetate 

enrichment culture (mg VSS L-1) after complete NTO reduction in mineral medium containing a 

2-fold excess of acetate for each NTO concentration. 
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Figure S3. NTO reduction to ATO by municipal anaerobic digester sludge was not significantly 

affected by CCCP addition at a concentration of 0.6 mg L-1. Legend: Sludge + NTO + acetate (△), 

sludge + NTO + acetate + CCCP (■).  Symbols represent the average of three replicates, and error 

bars represent the standard deviation.  
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Figure S4. ATP production of the enrichment culture incubated with NTO and acetate. Panel A: 

ATP production in different incubation conditions. Panel B: NTO consumption and ATO formation 

by the enrichment culture incubated with both NTO and acetate. Legend: EC + NTO + acetate (■), 

EC + acetate (△), EC + NTO (⧫), EC (🗙), NTO concentration (●), and ATO concentration (○). 

Symbols represent the average of three replicates, and error bars represent the standard deviation.  
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Figure S5. Production of Fe (II) (△) by the enrichment culture incubated with ferric citrate (500 

µM) and acetate (1000 µM). Symbols represent the average of three replicates, and error bars 

represent the standard deviation.  
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Figure S6. Rate of NTO reduction by the enrichment culture versus total Fe concentration 

measured in the medium. The added Fe concentrations were 0.0, 0.6, and 1.8 mg L-1. Symbols 

represent the average of three replicates, and error bars represent the standard deviation.  
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Figure S7. Coverage of the metagenome and microbial community complexity as assessed by 

Nonpareil. Nonpareil is a tool that estimates datasets complexity and sequencing effort needed to 

achieve to desired level by using read redundancy. Circle represents estimated coverage obtained; 

the line to the right of the circle represent projection to complete (100%) coverage. The dashed 

lines represent 95% and 99% of coverage respectively. The arrows represent the sequencing effort 

required for achieving 50% of coverage. 

 

 

 

 

 



S16 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Relative abundance of 16S rRNA V4 region gene-based OTUs at the genus level. 

OTUs recovered from the NTO metagenome were analyzed using the Qiime2 pipeline as described 

in the Materials and Methods section. 
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Table S1. Cell growth of the NTO-acetate enrichment culture incubated with different 

combinations of electron donors and electron acceptors. 

e
-
 Acceptor e

-
 Donor e

-
 Acceptor reduction observed 

NTO Acetate Yes 

4-Nitroimidazole Acetate No 

2-Methyl-4(5)-nitroimidazole Acetate No 

4-Nitroanisole Acetate No 

4-Nitrophenol Acetate No 

2,4-Dinitrotoluene Acetate No 

2,4-Dinitroanisole Acetate No 

Nitroguanidine Acetate No 

3-Nitrotriazole Acetate No 

3-Nitropyrazole Acetate No 

Ferric citrate Acetate Yes 

O2 Acetate Yes 

NO3
- Acetate Yes 

NTO Glucose Yes 

NTO H
2
 No 

NTO Ethanol No 
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Table S2. Statistics of the metagenome used in this study. 

Trimming results 
 

Average raw length (bp) 204.3 

Raw reads (million reads) 6.5 

Average trimmed length (bp) 177.6 

Trimmed reads (million reads) 5.7 
  

Assembly results 
 

N50 (bp) 27244 

Sequences 652 

Total length (Mb) 7.6 
  

V4 region fragments 963 
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Table S3. Geobacter MAG1 cytochrome content based on bioinformatics gene functional 

prediction. 

 No. in MAG1 

ORFs in genome 3429 

Cytochromes total 115 

Cytochromes (% genome) 3.4 

multi heme cytochromes 63 

Cytochromes (% multiheme) 54.8 

Avg. hemes per cytochrome 4.92 
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Table S4. Candidate nitroreductases for NTO reduction to ATO and their best match homolog. 

MAG AA length (Alignment) Identity Closest hit Accession DB 

MAG1_45_15 149 35.6 Archaeoglobus fulgidus O28017 SwissProt 

MAG1_11_118 176 35.2 Archaeoglobus fulgidus O30013 SwissProt 

MAG1_2_47 193 34.2 Archaeoglobus fulgidus  O30013 SwissProt 

MAG2_73_5 466 53.4 Pseudomonas putida  Q88K03 SwissProt 

MAG2_139_5 220 39.5 Pseudomonas oleovorans Q6DLR9 SwissProt 
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Table S5. Proposed Geobacter MAG1 EET (extracellular electron transfer system) content based on bioinformatics gene functional 

prediction. 

CytC Family 

ID30 
Genetic code Best hit gene description in NCBI 

No of ORFs 

in family 

No of 

CXXCH 

Estimated 

location 

2568 macA family cytochrome C peroxidase 1 2 Inner Membrane 

1467 cbcL family cytochrome C 1 9 Inner Membrane 

49 ppcA family cytochrome C3 family protein 1 3 Periplasm 

3948 ppcD family cytochrome C3 family protein 1 3 Periplasm 

3353 ppcE family cytochrome C3 family protein 1 3 Periplasm 

1653 omcB family C-type polyhemecytochrome OmcB 1 4 Outer Membrane 

51 omaB family cytochrome C 1 8 
Periplasm/Outer 

Membrane 

2177 omcE family cytochrome C3 family protein 1 4 Outer Membrane 

1292 omcQ family cytochrome C3 family protein 1 12 Outer Membrane 

64 omcS family 
C-type cytochrome OmcS, hypothetical 

protein 
3 6 Outer Membrane 

2504 omcX family cytochrome C 1 12 Outer Membrane 

1253 omcY family cytochrome C 1 8 Outer Membrane 

2307 omcZ family cytochrome C 2 7 Outer Membrane 

1964 cbcA family cytochrome C 1 7 
Periplasm/Outer 

Membrane 
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