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Introduction

Industrial wastewaters from fertilizer and munitions manu-
facturing as well as the mineral and metal processing indus-
try are of concern because low organic carbon inputs limit 
the amount of biological nitrate removal [1]. For example, 
nitrate levels in explosives manufacturing wastewater can 
be as high as 3  g/L and are often accompanied by other 
toxic organic compounds [2]. As a result, these wastewa-
ters often have a very low pH since the nitrates are typically 
discharged as nitric acid [1]. The removal of nitrates along 
with other nutrients from wastewater is ecologically impor-
tant to prevent downstream eutrophication of lakes and 
rivers which can contribute to the formation of toxic algal 
blooms [3]. Nitrate is the most common nonpoint source 
contaminant in groundwater [4] and the United States Envi-
ronmental Protection Agency (EPA) has established a max-
imum limit of nitrate in drinking water at 10 mg/L [5].

The biological dissimilatory transformation of nitrite or 
nitrate to N2 under anoxic conditions, where N oxide spe-
cies serve as the terminal electron acceptor instead of O2 
[6], is a key step in the cycling of nitrogen in the biosphere. 
Autotrophic denitrifiers are able to use inorganic sources 
such as reduced sulfur, ferrous iron, or H2 as electron 
donors [6, 7] to transform nitrate and nitrite. Autotrophic 
denitrification in the context of wastewater treatment has 
several potential advantages including lower costs, since no 
external organic carbon is needed, and lower sludge pro-
duction [4, 8]. Sulfur based autotrophic denitrification is 
a particularly attractive approach because of the low cost 
and availability of elemental sulfur [5]. Several members of 
the α, β, γ, and ε-Proteobacteria are able to carry out auto-
trophic denitrification with 14 species being described to 
date [6]. In addition, some bacterial species capable of only 
reducing nitrate to nitrite with sulfur as an electron donor 
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have also been identified [6]. In contrast to autotrophic 
denitrification, heterotrophic denitrification utilizes organic 
carbon as the electron donor while nitrate acts as the elec-
tron acceptor. Heterotrophic denitrification has been stud-
ied with a variety of simple and complex carbon sources 
including ethanol, methanol, propionate, acetic acid, 
sucrose, molasses, cotton, wheat straw, and polyhydroxy-
alkanoates (PHAs) [1, 9–11]. A variety of Gram-negative 
bacteria including the Pseudomonas, Thiobacillus, Alca-
ligenes, and Paracoccus genera as well as Gram-positive 
bacteria such as the Bacillus are able to perform hetero-
trophic denitrification [3].

While wastewater denitrification has been extensively 
studied, much less is known regarding the potential for 
biodegradation of nitroaromatic compounds in industrial 
wastewaters [12]. Biodegradation of energetic materials 
is an attractive remediation strategy, however, the break-
down of these compounds release additional nitrite into the 
wastewater effluent [13]. Therefore, biological processes 
that utilize microorganisms able to remove both nitroaro-
matics and nitrates would be an optimal treatment strategy 
for a wastewater environment.

Nitroaromatics are common constituents in many explo-
sives, including modern insensitive munitions such as 
IMX-101 and IMX-104. These munitions contain known 
toxic aromatics such as hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) as well as lesser characterized compounds 
like 3-nitro-1,2,4-triazol-5-one (NTO), 2,4-dinitroanisole 
(DNAN), and nitroguanidine (NQ). While the biologi-
cal processes for RDX degradation have been extensively 
studied, less is known about NTO biodegradation [13–15] 
Industrial production of munitions such as NTO leads to the 
contamination of large quantities of water with NTO and the 
commensurate biotic and abiotic breakdown products [16, 
17]. Although considered less toxic than legacy explosives, 
NTO is highly soluble and thus of considerable environ-
mental concern [18]. Biological reduction of NTO has been 
demonstrated in only a few cases [16, 18, 19] and more 
work is needed to identify the microorganisms responsible 
for NTO degradation and their associated biodegradation 
mechanisms. Further efforts are also necessary to determine 
the capacity of a microbial consortia in wastewater sludge 
to degrade NTO in conjunction with denitrification and to 
compare the effectiveness of heterotrophic and autotrophic 
growth conditions in the removal of both NTO and nitrates.

Here we compare the transformation of NTO and com-
mensurate removal of nitrates under heterotrophic and 
autotrophic denitrifying conditions in batch reactors with 
enrichment cultures obtained from wastewater treatment 
plant (WWTP) sludge. Changes in community profile were 
investigated over the course of the experiment to infer key 
microbial phylotypes that correlate with nitrate removal 
and explosives transformations.

Materials and methods

Culture conditions

Batch studies were performed to assess the effectiveness of 
various organic and inorganic compounds on denitrification 
and NTO transformation rates. Microcosms were prepared 
in 150  mL serum bottles capped with rubber septa. Cul-
tures were grown in M9 medium [20], consisting of a mod-
ified base nutrient basal salts solution containing 100 mg/L 
NTO, 3  g/L KH2PO4, 6  g/L Na2HPO4, 0.5  g/L NaCl, 
1 mg/L MgCl2·6H2O, 1 mg/L MgSO4, 1 mg/L CaCl2, and 
1 mg/L FeSO4. A M9 medium stock salt solution was pre-
pared following Maniatis et  al. [20], with the exception 
that CoCl2·6H2O was replaced with Co(NO3)2·6H2O. The 
medium was inoculated with 1 % anaerobic digester liquor 
(vol:vol) obtained from a municipal Wastewater Treatment 
Plant (Vicksburg, MS, USA). For heterotrophic denitrifica-
tion, microcosms were supplemented with 1  % (vol:vol) 
molasses or methanol. Autotrophic denitrifying micro-
cosms were supplemented with 28  mM thiosulfate. The 
headspace was flushed with N2 gas for 5 min and the serum 
bottles were incubated at room temperature with shaking at 
100 rpm in the dark. On days 11 and 21, 10 % of the culture 
volume was transferred into new serum bottles containing 
fresh media, NTO, and carbon or thiosulfate at the same 
concentrations as the initial inoculation. Control micro-
cosms were prepared as above and autoclaved three times 
prior to incubation. No growth was observed in autoclaved 
controls. All experiments were performed in triplicate.

Analytical methods

NTO, nitrite, and nitrate concentrations were measured 
every 3–4  days. NTO concentrations were measured by 
first filtering a 1  mL sample taken from each microcosm 
through a 0.45 μm PTFE filter. Samples were analyzed fol-
lowing a method modified from [18] on an Agilent 1100 
HPLC equipped with a 100  mm ×  3  mm, 5 μm particle 
size Hypercarb porous graphitic column (Thermo Scientific, 
Sunnyvale, CA, USA) with a Phenomenex Security Guard 
C18 analytical graphitic guard column (Phenomenex, Tor-
rance, CA, USA). The elution was performed with a gradi-
ent mobile phase as follows: 0–3 min; 0.05 % trifluoroacetic 
acid (TFA) in water, 3–11  min; 15  % acetonitrile (ACN): 
85 %, 0.05 % TFA, 11–15 min; 50 % ACN: 50 %, 0.05 % 
TFA, 17–24 min; 0.05 % TFA. The flow rate was 1 mL/min 
with a column temperature of 32  °C and a UV–Vis DAD 
at 315  nm. Nitrite, nitrate, and sulfate concentrations were 
measured on a Dionex ICS-3000 (Thermo Scientific, Sunny-
vale, CA, USA) equipped with an IonPac AS20 column with 
conditions as specified by the column manufacturer (Thermo 
Scientific, USA). Briefly, the conditions were a 10 mM KOH 
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eluent concentration and 1 mL/min flow rate, with a suppres-
sor current of13 mA and a column temperature of 30 °C.

Metagenomic analysis

Samples were collected from the microcosms on days 11, 
21, and 29 and from the initial WWTP sludge inoculum for 
16S rRNA sequencing. Genomic DNA was extracted from 
the microcosms using the MoBio PowerSoil DNA Isolation 
Kit (MoBio Laboratories, Carlsbad, CA, USA) according 
to the manufacturer’s instructions. Following the proto-
col of [21], a 16S rRNA amplicon was generated using the 
primer pair 515F–806R with each reverse primer containing 
a barcode. Amplicons were then purified using a Qiaquick 

spin column (Qiagen, Valencia, CA, USA), quantified, and 
sequenced on an Illumina MiSeq (Illumina, San Diego, CA, 
USA) sequencer using the Illumina MiSeq Reagent Kit v3 
(300 cycles) following the manufacturer’s instructions.

The 16S rRNA sequencing data from the Illumina runs 
were trimmed, demultiplexed and quality filtered with Illu-
mina MiSeq Reporter. OTU assignment was performed 
with the open reference OTU clustering package imple-
mented in the Quantitative Insights Into Microbial Ecol-
ogy (QIIME) bioinformatics pipeline [22]. This workflow 
performs an initial closed reference clustering against the 
Greengenes database. Sequences that failed to hit the data-
base were subsampled then clustered de novo and each 
cluster centroid was used as a reference sequence for a 

Fig. 1   Concentrations of NTO, 
nitrite, and nitrate over time 
in waste water microcosms 
amended with molasses (a), 
methanol (b), and thiosulfate (c) 
compared with increases in the 
predominant families in each 
treatment. Specific families 
enriched in each microcosm 
are shown as percent relative 
abundance (left axis). Arrows 
indicate transfer of 10 % of 
the culture to fresh media with 
100 ppm NTO on day 11 and 
21. Error bars represent SD of 
three replicates
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subsequent round of clustering against the Greengenes 
database. Sequences that failed to hit the database were 
subjected to a final round of de novo clustering.

Alpha diversity analyses were performed in QIIME using 
PD whole tree and observed species indices while beta 
diversity analyses were performed using weighted UniFrac 
[23] distance metrics. Principal coordinates analysis (PCoA) 
and PERMANOVA statistical analyses were also performed 
in QIIME. PERMANOVA tests were performed using 1000 
permutations to estimate P values for differences between 
treatments. Beta significance between samples was com-
puted using the weighted normalized UniFrac distances. 
Box plots of the PD whole tree alpha diversity were gener-
ated with GraphPad Prism 6 for Mac (GraphPad Software, 
La Jolla, CA, USA, http://www.graphpad.com) and 2D 
PCoA and rarefaction plots were generated using QIIME.

Results

Microcosm experiments

Microcosms supplemented with molasses were able to 
completely degrade 100  mg/L NTO by day 11 (Fig.  1a). 

In contrast, methanol and thiosulfate supplemented cul-
tures had 40 ±  2.6 and 55 ±  6.4  mg/L NTO remaining, 
respectively (Fig.  1b, c). Following the first dilution of 
the cultures into fresh media on day 11, the methanol sub-
cultures were able to completely degrade NTO by day 21 
while the thiosulfate supplemented cultures still contained 
42.8 ± 10.5 mg/L NTO. Following the second dilution of 
the cultures on day 21, NTO was degraded more slowly 
in the cultures with molasses with only 23.6 ±  4.2 mg/L 
remaining by day 29. The microcosms supplemented 
with methanol and thiosulfate showed no degradation 
of NTO between day 21 and 29. Overall, the highest 
rates of NTO degradation occurred following the second 
inoculation on day 11. Molasses supplemented cultures 
removed 18.71 ± 0.65 mg/L day while methanol and thi-
osulfate supplemented cultures removed 9.04 ±  2.61 and 
4.34 ± 2.72 mg/L day, respectively (Table 1).

The initial concentration of nitrate was 50 mg/L and was 
rapidly degraded to less than 5  mg/L by day 4 in molas-
ses and methanol supplemented cultures (Fig.  1a, b). In 
contrast, microcosms with thiosulfate had very little nitrate 
degradation by day 4 (Fig. 1c). Nitrate removal rates were 
also calculated under all treatment conditions. Following 
the initial inoculation, cultures supplemented with molasses 

Table 1   Degradation rates of NTO and nitrate

a  There was no detectable nitrate following the third inoculation

Amendment Rates of NTO and nitrate removal (mg/L day)

NTO Nitrate

First inoculation Second inoculation Third inoculation First inoculation Second inoculation Third inoculation

Molasses 10.44 ± 0.73 18.71 ± 0.65 6.96 ± 1.33 13.69 ± 1.03 16.14 ± 3.84 a

Methanol 2.20 ± 0.97 9.04 ± 2.61 0 13.47 ± 1.16 12.19 ± 2.70 a

Thiosulfate 2.56 ± 1.89 4.34 ± 2.72 0 5.40 ± 5.69 7.88 ± 0.89 a

Fig. 2   Nitrite (a), and sulfate (b) concentrations in each of the microcosm treatments. b Sulfate concentrations only for microcosms supple-
mented with thiosulfate. Error bars represent SD of three replicates

http://www.graphpad.com
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and methanol had nitrate removal rates of 13.69 ±  1.03 
and 13.47 ±  1.16  mg/L day, respectively, while the rate 
of nitrogen removal in cultures supplemented with thio-
sulfate was only 5.40 ± 5.69 mg/L day (Table 1). Similar 
nitrate uptake rates were observed following the second 
inoculation (Table  1). There was no measurable nitrite in 

the molasses supplemented microcosms at any point in the 
experiment. In contrast, nitrite increased from 0 to 44 mg/L 
in the methanol supplemented culture by day 4, but was no 
longer detectable by day 8 (Fig. 2a). Sulfate concentrations 
were also monitored throughout the experiment in the auto-
trophic denitrifying microcosms to verify that thiosulfate 

Fig. 3   Alpha diversity compari-
sons based on phylogenetic (a) 
and non-phylogenetic (b) rich-
ness (Faith’s PD and observed 
OTUs)
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was being used as an electron donor. The initial sulfate con-
centration was around 300 mg/L (Fig. 2b) and it increased 
to 1,700 mg/L by day 21.

Metagenomic analysis

PD whole tree rarefaction curves were generated at 
a depth of 60,000 reads per sample. This was a suffi-
cient sampling depth to represent the OTU richness of 
the microcosms (Fig. S1). Phylogenetic diversity met-
rics of microbial richness showed a significant decrease 
(P < 0.001) in PD whole tree alpha diversity (Faith’s phy-
logenetic diversity) in the microcosms between day 0 and 
day 11 of the experiment (Fig. 3). Alpha diversity did not 
change significantly between day 11 and day 29 in the 
molasses supplemented cultures. In contrast, alpha diver-
sity decreased more gradually over time in microcosms 
supplemented with methanol and thiosulfate between 
days 11 and 29. Overall, there was no statistically sig-
nificant difference in the PD whole tree alpha diversity, 
which is based on Faith’s phylogenetic diversity and 
observed OTUs, which is a non-phylogenetic diversity 
metric, between the different supplements by day 29.

Microbial community structure (beta diversity) was also 
compared between the different treatments using PCoA 
of the weighted UniFrac distances. The microcosms sup-
plemented with molasses formed a distinct cluster (PER-
MANOVA, P  <  0.001) from cultures supplemented with 
methanol and thiosulfate (Fig.  4). The carbon source 

accounted for 15.95 % of the variation between populations 
indicating that molasses had the greatest effect on commu-
nity diversity.

The relative abundance of taxa was compared on the 
family level to identify organisms that were able to take 
advantage of each of the carbon sources (Fig.  5). Of the 
dominant families (relative abundance >1 %), 15 had sig-
nificant differences in abundance [false discovery rate 
(FDR) corrected ANOVA test: P < 0.05] (Table 2). All of 
the families belonged to the Proteobacteria, Firmicutes, or 
Bacteroidetes Phyla (Table 2).

To identify organisms that could potentially contrib-
ute to nitrogen removal in the microcosms, the abundance 
of individual families was compared to NTO, nitrite, and 
nitrate concentrations (Figs. 1a, 2a). Members of the fam-
ily Pseudomonadaceae were at only 0.46 % relative abun-
dance on day 0 but by day 11 represented 67.4 ±  5.5  % 
relative abundance in molasses supplemented microcosms 
(Figs.  1a, 5). This increase corresponded to a complete 
removal of NTO and nitrate over the same time period 
(Fig.  1a). Following dilution in fresh media on day 11, 
the relative abundance of Pseudomonadaceae decreased 
to 3.8  ±  0.6  % on day 21 and represented only around 
1 % by day 29. Clostridiaceae also increased significantly 
but at a slower rate than Pseudomonadaceae. By day 11 
Clostridiaceae was at 25.0 ± 6.4 % relative abundance and 
increased to 65.7 ± 17.9 % by day 21. Hydrogenophilaceae 
represented 33.42  ±  0.18  % relative abundance by day 
11 in thiosulfate cultures and 23.7  ±  0.21  % in day 29 

Fig. 4   Principle coordinates 
analysis plot. Around 15.95 % 
of the variation was explained 
by the microcosm supplement. 
Populations were relatively 
stable by day 21 and did not 
change significantly between 
days 21 and 29
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methanol cultures (Table 2). Closer analysis of this family 
showed that this increase in abundance was entirely attrib-
uted to the genus Thiobacillus. The family Bacillaceae also 
increased significantly in molasses supplemented cultures 
and reached a maximum of 12.07  % relative abundance 
by day 29 (Table 2). Subsequent analysis showed that this 
increase was due predominately to the genus Bacillus.

Discussion

The results of this study demonstrated that NTO can be 
efficiently removed in conjunction with either heterotrophic 
or autotrophic denitrification. Heterotrophic microcosms 
had higher rates of both NTO and nitrate removal than 
autotrophic microcosms. A comparison of heterotrophic 
microcosms showed that removal rates of NTO were sig-
nificantly higher in cultures supplemented with molasses 
than in those fed methanol. This is not surprising given that 
molasses is a very rich, complex carbon source and was 

likely utilized by multiple genera. In addition, some organ-
isms cannot use methanol as a sole carbon source which 
may have limited NTO and nitrate removal in those micro-
cosms [24]. The declining rates of NTO degradation with 
successive inoculation may indicate a change to methano-
genic degradation of NTO, since the nitrate was rapidly 
utilized with each successive inoculation. Methanogenesis 
is a slow process, in general, and slower rates of RDX deg-
radation coupled to methanogenesis have been observed 
[25]. Similarly, denitrification coupled to thiosulfate oxi-
dation generates acidic conditions which could negatively 
affect the microbial population and slow degradation rates 
in autotrophic microcosms [8].

Low levels of nitrite remained in the autotrophic micro-
cosms on day 29 (Fig. 2a). Previous work has shown that 
cultures using sulfur for autotrophic denitrification could 
not utilize nitrate and nitrite together which resulted in 
high levels of nitrite accumulation [26]. The authors also 
found that the addition of a carbon source resulted in a 
decrease in nitrite accumulation. The fact that nitrite levels 

Fig. 5   Bacterial community structure showing the relative abundance at the family level with different carbon supplements over time
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were low in cultures supplemented with thiosulfate indi-
cates that some heterotrophic denitrification was occur-
ring. It has been suggested that some heterotrophic activity 
can occur by utilizing organic carbon from dead biomass 
[26]. While some heterotrophic denitrification may have 
occurred, the significant increase in sulfate levels (Fig. 2b) 
provides additional evidence that autotrophic denitrifica-
tion was primarily responsible for nitrate removal in these 
microcosms.

The significant decrease in alpha diversity by day 11 in 
molasses supplemented microcosms indicates that molas-
ses, as a rich complex carbon source, enabled rapid growth 
which led to the population diversity stabilizing more rap-
idly. By day 29 all of the microcosms had similar alpha 
diversity with around 500 observed OTUs (Fig.  3b). This 
OTU richness is consistent with other reports for wastewa-
ter treatment sludge [27].

Metagenomic sequencing implicated several families 
of organisms in the removal of nitrogen. Members of phy-
lum Proteobacteria were the predominant organisms under 
all treatment conditions while Pseudomonadaceae was the 
most abundant family (Fig. 5). This is consistent with other 
reports of Proteobacteria being the predominant organisms 
in soils and activated sludge [28, 29]. While members of 
the Pseudomonadaceae family are among the most abun-
dant soil microorganisms [30], multiple species have also 
been implicated in denitrification, including Pseudomonas 
sp. C27, P. stutzeri, P. aeruginosa, P. aerogenes, P. chlo-
roraphis, P. aureofaciens and P. caeni sp. [31–35]. They 
are known to use primarily nitrate as an electron acceptor 
and some species are capable of catalyzing the complete 
conversion of nitrite to N2 [36]. The increase in the rela-
tive abundance of Pseudomonadaceae with the correspond-
ing disappearance of NTO and nitrate indicates that species 
from this family likely played a dominant role in hetero-
trophic denitrification. The loss of Pseudomonadaceae and 
the commensurate rise of Clostridiaceae in microcosms 
supplemented with molasses suggest that although mem-
bers of the Clostridiaceae family are slower growing they 
may have a competitive advantage in the long term.

Several families of the β-Proteobacteria within the order 
Methylophilales were also significantly enriched by day 
11 in the methanol and thiosulfate supplemented cultures 
(Table  2). Methylophilaceae has been shown previously 
to perform heterotrophic denitrification while oxidizing 
methanol [37]. In contrast, the increase in abundance of the 
genus Thiobacillus in the presence of thiosulfate indicated 
autotrophic denitrification. Thiobacillus denitrificans has 
been used in autotrophic denitrification of industrial waste-
waters using sulfate as an electron donor [38]. The increase 
of this genus by day 11 in cultures with thiosulfate indi-
cates that it may have been predominately responsible for 
denitrification between day 0 and 11 (Fig. 1c).

The increase in abundance of the Bacillaceae is also 
indicative of denitrification, as numerous Bacillus strains 
are primarily associated with aerobic heterotrophic denitri-
fication [39]. Multiple species of the genus Bacillus have 
been implicated in denitrification and are commonly found 
in soils and wastewater, however their role in this process 
is not completely understood [40]. Anaerobic growth of 
several Bacillus strains in the presence of nitrate has been 
demonstrated [41, 42] as has in the aerobic reduction of 
NTO to 3-amino-1,2,4-triazol-5-one (ATO) [16]. Although 
nitrate levels were comparable under all treatment condi-
tions, Bacillaceae was only observed in molasses fed cul-
tures, which contained multiple complex sugars, further 
supporting the idea of anaerobic growth with nitrate as a 
terminal electron acceptor [42].

Conclusion

We demonstrated the removal of NTO under both auto-
trophic and heterotrophic denitrifying conditions. Rates 
of both NTO and nitrate removal were highest under het-
erotrophic conditions. Metagenomic sequencing showed 
that Proteobacteria was the dominant phylum while Pseu-
domonadaceae was the most abundant family. The enrich-
ment of families containing known denitrifiers coupled 
with the subsequent removal of NTO and nitrate indicates 
that supplementing wastewater with a low cost carbon 
source may be an effective means of removing the insensi-
tive munition NTO in conjunction with denitrification.
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