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mproved  RDX  detoxification  with  starch  addition  using  a  novel
itrogen-fixing  aerobic  microbial  consortium  from  soil  contaminated
ith  explosives

uhammad  Imran  Khan a,b,  Jihoon  Yang a,  Byungun  Yoo a,  Joonhong  Park a,∗

School of Civil and Environmental Engineering, College of Engineering, Yonsei University, Seoul 120–749, Republic of Korea
Department of Agronomy, University of Agriculture, Faisalabad 38040, Pakistan

 i g  h  l  i g  h  t  s

A  novel  nitrogen-fixing  RDX-degrading  aerobic  microbial  consortium  was  developed.
Complete  detoxification  of RDX  was  achieved  by  co-addition  of starch  and  RDX.
A  positive  correlation  between  RDX  degradation  and  nitrogen  fixation  was  found.

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 10 October 2014
eceived in revised form 13 January 2015
ccepted 26 January 2015
vailable online 28 January 2015

eywords:
hizoremediation
xplosives

a  b  s  t  r  a  c  t

In this  work,  we  developed  and  characterized  a novel  nitrogen-fixing  aerobic  microbial  consortium  for
the  complete  detoxification  of hexahydro-1,3,5-trinitro-1,3,5-triazine  (RDX).  Aerobic  RDX  biodegrada-
tion  coupled  with  microbial  growth  and  nitrogen  fixation  activity  were  effectively  stimulated  by  the
co-addition  of starch  and  RDX  under  nitrogen  limiting  conditions.  In the  starch-stimulated  nitrogen-
fixing  RDX  degradative  consortium,  the  RDX  degradation  activity  was  correlated  with  the  xplA  and  nifH
gene  copy  numbers,  suggesting  the involvement  of  nitrogen  fixing  populations  in RDX  biodegradation.
Formate,  nitrite,  nitrate,  and ammonia  were  detected  as  aerobic  RDX  degradation  intermediates  with-
out  the  accumulation  of  any  nitroso-derivatives  or NDAB  (4-nitro-2,4-diazabutanal),  indicating  nearly
icrobial degradation
yrosequencing
itrogen fixation
hizobium

complete  mineralization.  Pyrosequencing  targeting  the bacterial  16S  rRNA  genes  revealed  that  the  Rhi-
zobium,  Rhizobacter  and  Terrimonas  population  increased  as  the  RDX  degradation  activity  increased,
suggesting  their  involvement  in  the  degradation  process.  These  findings  imply  that  the  nitrogen-fixing
aerobic  RDX  degrading  consortium  is a valuable  microbial  resource  for improving  the  detoxification  of
RDX-contaminated  soil  or groundwater,  especially  when  combined  with  rhizoremediation.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is one of the most
idespread and powerful cyclic nitramine explosives in the world

1,2]. In addition, RDX is known as a possible human carcinogen
nd a toxicant to many other biological systems [3]. Because RDX
s recalcitrant to microbial biodegradation and has a relatively high
olubility, the toxic RDX from military bomb training and manu-

acturing activities leaches rapidly into groundwater and surface

ater environments [1,4]. To protect water from contamination by
xplosive, contaminated sites and groundwater must be cleaned

∗ Corresponding author. Tel.: +82 2 312 5798; fax: +82 2 312 5798.
E-mail address: parkj@yonsei.ac.kr (J. Park).

ttp://dx.doi.org/10.1016/j.jhazmat.2015.01.058
304-3894/© 2015 Elsevier B.V. All rights reserved.
up. One option for the RDX remediation is the use of RDX-degrading
microorganisms.

Although anaerobic RDX biodegradation has been reported
[5–7], a number of aerobic RDX degrading bacteria have been iso-
lated that use RDX as a sole nitrogen source [8–11]. Aerobic RDX
degradation may  have several advantages relative to anaerobic
RDX biodegradation due to its faster degradation rate [10,12,13],
and lower toxicity of degradation intermediates [14,15]. Currently,
the known bacterial systems for aerobic RDX degradation include
(i) cytochrome P450-like monooxygenase systems encoded by
xplAB (XplAB) [16] from Actinomycetales (Actinobacteria class

[17]), (ii) xenobiotic reductase systems encoded by xenAB (XenAB)
from Pseudomonadales (Gammaproteobacteria class [18]), and (iii)
type-I-nitroreductase system from Enterobacteriales (Gammapro-
teobacteria class [19]). The XplAB system, which is probably the

dx.doi.org/10.1016/j.jhazmat.2015.01.058
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2015.01.058&domain=pdf
mailto:parkj@yonsei.ac.kr
dx.doi.org/10.1016/j.jhazmat.2015.01.058
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est-characterized pathway among the known aerobic RDX degra-
ation pathways [16], was reported to only be shared among the
ctinomycetales members [17]. Meanwhile, 15N-RDX stable iso-

ope probing (SIP) of mixed cultures from soils or groundwater
evealed that not only Actinobacteria and Gammaproteobacteria
ut also Alphaproteobacteria members assimilated nitrogen from
DX [4,20]. However, it is unclear if the Alphaproteobacteria assim-

lating nitrogen from the RDX was capable of aerobically degrading
DX. These results led to a speculation that novel aerobic RDX
egrading bacteria exist that belong to taxonomic groups other
han the Actinobacteria and Gammaproteobacteria classes.

The aerobic degradation of RDX by known bacteria is generally
nduced under nitrogen limiting growth conditions (i.e., conditions

ith few fixed nitrogen sources other than RDX) [11]. According
o previous studies using Gordonia sp. strain KTR9, the expression
f xplA and RDX degradation were induced by limited nitrogen
ather than by RDX relative to the nitrogen-assimilation regula-
ory protein GlnR, which occurs in diverse Actinobacteria [21,22].
acterial nitrogen fixation is a possible nitrogen assimilation mech-
nism when no fixed nitrogen is available. If nitrogen-fixing RDX
egrading bacteria are present, they would be a useful microbial
esource for RDX bioremediation by plants because they can grow
t high biomass concentrations within the rhizosphere [23]. How-
ver, little is known regarding the involvement of nitrogen fixation
n aerobic RDX degradation.

Microbial consortia may  be more stable and efficient for biore-
ediation than pure cultures (microbial isolates) because of the
icrobial diversity and synergetic activities that occur in microbial

ommunities [24–29]. In addition, more opportunities for the com-
lete mineralization of pollutants may  occur when more diverse
iodegrading populations are present [17,30]. So far, incomplete
DX mineralization (or accumulation of 4-nitro-2,4-diazabutanal

NDAB], a dead-end product) has been reported in previous studies
nvolving aerobic RDX degradation in a microbial consortium [31]
nd in microbial communities [13,32,33]. To improve detoxifica-
ion by aerobic RDX degrading microbial consortia, it is important
o develop novel microbial consortia that can achieve complete RDX

ineralization.
To develop microbial consortium, it is important to ensure the

resence of sufficient toxicant degrading bacteria. For pure cul-
ures, simple carbon sources, such as glucose and succinate, are
ypically used as external carbon sources. However, for mixed cul-
ure conditions, simple carbon sources may  not be effective for
timulating aerobic RDX degradative bacteria because they are
ainly used by copiotrophic non-degradative bacteria rather than

y slow-growing degraders [34,35]. To maintain microbial diversity
nd degradation activities in microbial consortia or communities, it
s practical and cost-effective to use slow-release complex carbon
ources, such as starch and molasses [36–38]. Particularly, when
electively enriching rhizospheric nitrogen fixing bacteria, starch (a
lant-produced carbohydrate polymer) may  be an effective stimu-

ant [39]. However, to our knowledge, no studies have used starch
o stimulate nitrogen-fixing aerobic RDX degrading bacteria.

In this work, we attempted to develop a nitrogen-fixing micro-
ial consortium with the ability to aerobically degrade RDX using
tarch. Next, we examined the completeness of RDX detoxifica-
ion and the microbial community characteristics of the developed
onsortium.

. Materials and methods
.1. Chemicals

The RDX (purity > 99%) was purchased from AccuStandard,
nc. (New Haven, CT). In addition, the high performance liquid
 Materials 287 (2015) 243–251

chromatography (HPLC) grade acetone (for preparation of RDX
stock solution), methanol, isopropyl alcohol, and acetonitrile (for
HPLC mobile phase) were purchased from J.T. Baker (Phillipsburg,
NJ). The organic carbon sources for microbial growth, including
sodium acetate (>98%), glucose (extra-pure) and soluble starch
(extra pure), and inorganic nitrogen sources, including sodium
nitrite (98.5%), sodium nitrate (99%), and ammonium chloride
(>99%) were obtained from Junsei Chemicals Co., Ltd. (Japan). To
prepare the culture medium and the HPLC mobile phase, water was
purified using an EASYpure Reverse Osmosis System and a Compact
Ultrapure Water System from Barnstead/Thermolyne (Dubuque,
IA).

2.2. Microcosm experiments

The 1st enrichment microcosm experiment was conducted
using soil samples that were collected from a military shooting site
at Darokdae (Kangwon province, South Korea). Aerobic incubation
experiments were conducted in 1-L Erlenmeyer flasks contain-
ing 190 mL  of an aqueous growth medium comprised of (in gram
per liter unless specified otherwise): NaHCO3 (2.5), NaH2PO4·H2O
(0.6), KCl (0.1), the modified Wolfe’s vitamin and mineral mixtures
(each 10 mL/L), and 1 mL  of 1 mM Na2SeO4 [40]. Starch (1.0 g/L,
2.5 g/L, and 5.0 g/L) was  added as the sole carbon source in the
main experiment of this study. The treatment details are given
in Table S1. The final pH was  7.0 ± 0.3. After autoclaving the pre-
pared starch-amended flasks, the RDX was added with acetone
as a carrier solvent. The solvent was completely evaporated by
placing the flask on a clean bench for 2 h. The sterile flasks (2-L)
were wrapped with aluminum foil to prevent any photochemical
reactions of the RDX. Each of the prepared flasks was inoculated
with 10.0 ± 0.3 g of soil. In addition, sterile controls were prepared
to evaluate the significance of any abiotic degradation of RDX.
Microcosm flasks were continuously shaken on a rotary shaker
(150 rpm) at 25.0 ± 0.5 ◦C in the dark. After the 1st enrichment
experiment, sub-culturing or serial dilution was  conducted using
freshly prepared autoclaved aqueous growth medium containing
RDX for selective sub-culturing of the RDX-degrading consortia.
The experiments were conducted in triplicate for each treatment.
Among the three replicate microcosms, the one with the best RDX
degradation was selected for sub-culturing and for estimating the
degradation rates. The RDX concentrations that were used were
low during the 1st enrichment (0.12–0.15 mM)  and increased dur-
ing the 2nd (0.18–0.19 mM)  and 3rd (0.20–0.29 mM)  enrichments
before decreasing again during the 4th enrichment (0.09 mM).

To determine the optimal growth conditions of the microbial
consortium with enhanced RDX biodegradability, a separate set of
experiments was  conducted. In this case, RDX biodegradation and
microbial growth were monitored with different initial concentra-
tions (2.5–5.0 g/L) for each of the three carbon sources (viz., glucose,
acetate, and starch) and in the presence of different supplemental
nitrogen sources (viz., NaNO2, NaNO3, and NH4Cl at 0.5 g/L). Fur-
thermore, the pH was varied from acidic to alkaline (i.e., 3.0–9.5),
and different temperature levels were used (i.e., 4–35 ◦C).

2.3. Specific RDX degradation rates

The specific RDX degradation rates (R) were estimated using the
following equation:

(Cn − Cn−1) 1

R =

(tn − tn−1)
×

ODav

where tn and tn−1 represent two continuous sampling times, Cn
and Cn−1 represent the RDX concentrations in the microcosm at



rdous

t
O

2

c
K
o
o
i
a
o
a
v
p
g
o

2

1
[
u
i
5
A
p
0
(
a
d
r
t

d
(
w
(
t
(

m
a
v
w
s
(

s
fl
(
a
a
t

2

t
W
a
t

M.I. Khan et al. / Journal of Haza

he corresponding sampling time and ODav represents the average
D values between tn and tn−1.

.4. Acetylene reduction assay (ARA)

To assess the nitrogen fixation in the microbial culture, ARA was
arried out according to the procedure described by Smibert and
rieg [41], with only slight modifications. Briefly, after two days
f incubating MI  in a 160-mL serum bottle with 100 mL  of aque-
us growth medium containing RDX, starch or both, acetylene was

njected into the culture vessels through the stopper to achieve an
cetylene content of 10% (vol/vol). During several incubation peri-
ds, 1-mL gas samples from the culture vessel were removed using

 gas-tight 1-mL syringe (BD, Franklin Lakes, NJ) and gas-tight teflon
alves with luer lock adapters. These samples were tested for the
resence of ethylene by using gas chromatography (GC). The nitro-
enase activity (nmol per hour per 108 cells) was  expressed as nmol
f ethylene produced per hour per 108 cells.

.5. Analytical methods

The RDX was analyzed using HPLC (Agilent Technologies
200 series, USA) at 230 nm according to US EPA method 8330
32,42], with slight modifications. The samples were filtered
sing a sterilized PTFE membrane filter and were automatically

njected into a SHISEIDO CAPCELL PAK C18 column (Shiseido,
 �m particle size, 250 × 4.6 mm LD) at ambient temperature.

 mobile phase consisting of 70% deionized water, 18% iso-
ropanol, and 12% acetonitrile was used with a flow rate of
.75 mL/min. Hexahydro-1-nitroso-2,5-dinitro-1,3,5-triazine
MNX), hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX),
nd hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX) peaks were
etected in the anaerobic consortium (Khan et al., unpublished
esults). These peaks were not detected in this study when using
he aerobic consortium.

Microbial growth was quantified by measuring the optical
ensity (OD) at 600 nm [43] using a UV–vis spectrophotometer
Mecasys Co., Ltd., Korea). The dissolved oxygen content and pH
ere measured using a Thermo Scientific Orion 5 Star device

Thermo Fisher Scientific Inc., USA). The ammonia-N concentra-
ions were measured using a DR/4000 UV spectrophotometer
HACH, USA) with a C-MAC Nessler Kit [44].

Nitrite, nitrate, and formate were analyzed by ion chro-
atography (IC) using a Dionex system consisting of an AS40

uto-sampler and an ICS-90 ion chromatograph (Dionex, Sunny-
ale, CA) equipped with a conductivity detector. Samples (50 �L)
ere assayed for anions by using 3.5 mM sodium carbonate/1 mM

odium bicarbonate as the eluent using in an AS14 column
250 × 4 mm,  Dionex) at a flow rate of 1.2 mL/min.

For ARA, the acetylene and ethylene contents were mea-
ured using a Hewlett–Packard 6890 GC equipped with a
ame ionization detector (FID) and an HP-PLOT U column
10 m × 0.32 mm × 30 �m).  Helium was used as the carrier gas with

 flow rate of 0.7 mL/min. The oven temperature was maintained
t 60 ◦C for 10 min, increased at a rate of 10 ◦C min−1 to 180 ◦C, and
hen held at 180 ◦C for 2 min.

.6. Statistical analysis

The chemical and biological data were analyzed using the Sta-

istical Package for the Social Sciences 16.0 (SPSS, Chicago, IL) for

indows [45]. A one-way analysis of variance was used to detect
ny significant differences (P < 0.05) between the controls and the
reated microcosm samples.
 Materials 287 (2015) 243–251 245

2.7. DNA extraction, PCR amplification, and 454 titanium
pyrosequencing

The total genomic DNA was  extracted from the untreated
soil samples and from the RDX-degrading microcosms (after
three sequential transfers) using a Power Soil DNA Extrac-
tion Kit (MOBIO, CA, USA) according to the manufacturer’s
instructions. Bacterial 16S rRNA genes were PCR amplified
using the V4-forward (5′-AYTGGGYDTAAAGNG-3′) and V5-reverse
(5′-CCGTCAATTYYTTTRAGTTT-3′) primers [46]. Three different bar-
codes (AGAGAGAG for the initial soil, AGCAGCAG for S1.0, and
AGCAGATG for S5.0) were linked with the primers and were used
to distinguish each sample prior to sequencing at Macrogen. The
PCR reaction was  performed according to Lee et al. [47], with only
slight modifications. Each PCR reaction contained 1 �L of template
DNA, 1× PCR buffer, 2 mM MgCl2, 200 �M of each deoxynucleo-
side triphosphate (dNTP), 100 pM of each primer, and 1.25 U of Taq
polymerase (Invitrogen, Inc., WI,  USA) (for a total volume of 25 �L).
Amplification occurred in a C1000TM Thermal Cycler (BIO-RAD,
CA, USA) using the following conditions: (i) an initial denaturation
step of 94 ◦C for 3 min, (ii) 25 cycles of denaturation, annealing and
extension (94 ◦C for 1 min  followed by 54 ◦C for 30 s, with an exten-
sion step at 72 ◦C for 2 min), and (iii) a final extension at 72 ◦C for
5 min.

After PCR amplification, the PCR products were purified once
using gel electrophoresis/isolation and twice using the QIAquick gel
extraction kit (Qiagen, Valencia, CA) and the QIAquick PCR purifica-
tion kit (Qiagen). Pyrosequencing of the amplicons was conducted
by Macrogen Inc. (Seoul, South Korea) using a 454/Roche GS-FLX
titanium instrument (Roche, NJ). Sequences that were shorter than
300 nucleotides or with an average Quality Score of less than 20
were removed through quality filters. The sequences were analyzed
by following the modified protocol suggested by Schloss et al. [48]
by using Mothur, and all filtering and clustering steps were per-
formed according to the methods described by Van Doan et al. [49].
Sequences were classified using the Ribosomal Database Project
(RDP)’s pyrosequencing pipeline [50]. We  estimated the OTU rich-
ness, the Shannon index and the Shannon evenness [51,52].

In addition, a phylogenetic tree analysis was conducted
to compare the obtained sequences with the existing
GenBank 16S rRNA gene sequences by using BLAST:
http://www.ncbi.nlm.nih.gov/BLAST/. The sequences were aligned
using MUSCLE [53,54] and a phylogenetic tree was  constructed
using MEGA4 [55] with a neighbor-joining algorithm that
employed a similarity matrix of pairwise comparisons with 1000
bootstrap replicates [54]. The representative nucleotide sequences
obtained in this study (Table 3 and Fig. S6) were deposited in
the GenBank under accession numbers KF577693–KF577717 and
KF597050–KF597061.

2.8. Quantitative real-time PCR analysis

Real-time PCR analysis was  performed using BIORAD iQ5 (BIO-
RAD, CA, USA). The amplification reactions were carried out using a
volume of 25 �L containing 12.5 �L iQ SYBR Green Supermix (BIO-
RAD, CA, USA), 1 �L of each primer (10 mM),  10 ng of total DNA, and
RNase-free water. The primer sets for amplifying the 16S rRNA and
functional genes (for RDX degradation, nitrogen fixation and den-
itrification) are summarized in Table S2. All primers used in this
study were published previously and have been extensively used.
The qPCR thermocycling step conditions for 16S rRNA amplifica-
tion were as follows: 2 min  at 50 ◦C and 10 min  at 95 ◦C, followed

by 40 cycles of 15 s at 95 ◦C and 1 min  at 58 ◦C [56]. The qPCR con-
ditions for the narG and nirK amplification were as the same as
described by Van Doan et al. [49]. The xplA qPCR amplification con-
ditions consisted of a single step at 95 ◦C for 12 min followed by 50

http://www.ncbi.nlm.nih.gov/BLAST/
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Fig. 1. Aerobic biodegradation of the RDX (—) and the microbial growth (–) during the 1st enrichment (A and B) and the 4th or final enrichment (C) of the MI  consortium,
and  the specific RDX degradation rate (columns) and specific growth rate (triangle markers) in the MI  consortium (D). The symbols indicate the control with no RDX (– × –),
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ut  with 5.0 g/L of starch; S0.0, the MI  consortium with RDX but without starch; S5

ycles at 95 ◦C for 20 s, and 72 ◦C for 30 s [57]. The qPCR conditions
or nifH amplification were 5 min  of initial denaturation at 95 ◦C,
ollowed by 40 cycles of 15 s of denaturation at 95 ◦C, 25 s of an
nnealing step at 53 ◦C, 45 s of elongation at 72 ◦C and final prolon-
ation for 5 min  at 72 ◦C [58]. After each qPCR run, a melting curve
nalysis was carried out to confirm the presence of the desired
mplicon.

. Results and discussion

.1. Effects of co-addition of starch and RDX on aerobic RDX
egradation under nitrogen limiting conditions

In the nitrogen-limiting microcosm experiments with the
xplosive-contaminated soil from the military shooting site (solid
ymbols in Fig. 1A), the co-addition of starch and RDX resulted in
ignificant RDX disappearances and microbial growth relative to
he corresponding observations in the no-starch (in presence of
DX) control or no-RDX (in the presence of starch) control micro-
osms (P < 0.05). This result indicates that aerobic RDX degradation

y indigenous soil microbes was stimulated in the co-presence
f starch and RDX under nitrogen limiting condition. Throughout
he following sub-culture transfer experiments, the starch-utilizing
erobic RDX degrading microbes were further enriched under
 standard deviation of three replicates. (No-RDX, the MI  consortium without RDX
 MI  consortium with RDX and with 5.0 g/L starch; OD, optical density at 600 nm).

the nitrogen limiting aqueous medium condition (Fig. S1[A–B]
and Fig. 1C). After the second sub-culturing experiment, the
specific rate of aerobic RDX degradation increased by approxi-
mately 3–6-fold compared with those from the initial microcosm
experiment with the soil (Fig. S2). The starch-stimulated RDX-
degrading microbial consortia obtained from the final (the 4th)
sub-culturing experiments with different starch concentrations
were named as MI.  In the MI-5.0 consortium (starch 5.0 g/L), the
addition of starch in the absence of RDX resulted in little micro-
bial growth, and the addition of RDX in the absence of starch
resulted in little RDX degradation. These results confirmed the
necessity of the co-addition of starch and RDX for stimulating
microbial degradation and growth in the final enrichment of the
aqueous medium.

During the 4th sub-culturing experiment with 5.0 g/L starch
(MI-5.0), nitrite, nitrate, ammonia, and formate were observed
(Fig. S3C). Furthermore, the same intermediates were detected in
the 4th sub-culturing experiments with lower starch concentra-
tions (1.0 g/L and 2.5 g/L [MI-1.0 and MI-2.5, respectively]). The
detected compounds include potential intermediates of aerobic
RDX degradation via the bacterial XplA/B pathway and indicate

that ring cleavage occurred [10,59]. The production of nitrite in the
microcosm supports the occurrence of a denitration mechanism
[10,59]. An unidentified HPLC peak (suspected to be NDAB) with a
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Table  1
Comparison of the aerobic RDX biodegradation rates from previous studies and this work.

Microbial isolates/consortia Carbon substrate (g/L) RDX (mM) Degradation rate
(mM/day)

Specific degradation
rate
[(mM)/(day × OD)]a

References

Gordonia sp. strain KTR9 Glucose (0.9) + succinate (0.6) 0.135 0.090 1.150–1.350 Indest et al. [21]
Gordonia sp. strain KTR9 Succinate (2.36) 0.280 0.841 0.701 Zhu et al. [22]
Gordonia strain YY1 Glucose (0.5) + sodium citrate

(0.5)
0.045 0.009 0.045–0.050 Ronen et al. [13]

MI  consortium Starch (5.0) 0.085 0.085 0.816–0.960 This study
MI  consortium Glucose (5.0) 0.072 0.072 0.609–0.665 This study
MI  consortium Acetate (5.0) 0.017 0.017 0.430–0.604 This study
Pseudomonas sp. HK-6 Succinate (0.6) 0.045 0.002 0.012–0.013 Chang et al. [65]
Rhodococcus sp. 11Y Succinate (1.0) 0.019 0.019 NA Fuller et al. [12]
Rhodococcus sp. DN22 Succinate (1.0) 0.019 0.019 NA Fuller et al. [12]
Rhodococcus sp. T9N Glucose (0.94) 0.130 0.032 0.130–0.140 Bernstein et al. [31]
Rhodococcus strain YH1 Cyclohexanone (0.95) 0.126 0.042 0.042–0.050 Nejidat et al. [9]
Stenotrophomonas maltophilia

PB1
Glucose (0.9) + succinate
(0.6) + glycerol (0.9)

0.250 0.040 NA Binks et al. [64]

NA: not avaiable.
a Values are estimated using the degraded amounts of RDX over a specific time period and the final OD (optical density) value of microbial growth.

Table 2
Bacterial alpha diversity results at the genus level.

Sample Filtered sequence OTU richness* Shannon index Evenness Invsimpson Coverage (%)

Initiala 6831 1124 ± 10 8.60 ± 0.03 0.99 ± 0.00 3958 ± 125.9 20 ± 1.5
MI-1.0b 1625 367 ± 5 5.49 ± 0.01 0.89 ± 0.01 130.5 ± 1.7 85 ± 0.8
MI-5.0c 1265 329 ± 3 5.29 ± 0.02 0.88 ± 0.00 107.8 ± 2.5 86 ± 0.9

*The size of the subsamples was 1265.
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a Initial: the soil initially used for the 1st enrichment.
b MI-1.0: MI  consortium with RDX and with 1.0 g/L starch.
c MI-5.0: MI  consortium with RDX and with 5.0 g/L starch.

etention time of 3.9-min was observed from the first enrichment
icrocosm experiment. However, this unidentified peak was not

etected in the following sub-culturing microcosm experiments
Fig. S4). This result may  be explained by the rapid transformation of
DX and its intermediates to stable end products. Unlike the detec-
ion of aerobic degradation intermediates, no nitroso-derivatives
f RDX (MNX, DNX, and TNX), which are potential intermediates of
naerobic RDX degradation via the bacterial XplA/B pathway, were
etected. The absence of the aforementioned toxic metabolites in
his study is advantageous because NDAB and all of the nitroso-
erivatives of RDX are known to be toxic to living organisms
15,60,61] and the accumulation of these metabolites in the system
an interfere with further biodegradation of the parent compound
62]. Furthermore, the GC/MS analysis showed the presence of

itrous oxide and ammonia in the liquid-phase of the culture in
he RDX-degrading microcosms (data not shown). This finding indi-
ates the further reduction of nitrite to nitrous oxide and ammonia
14,59]. In addition, real time PCR analysis (Fig. S7) indicated the

able 3
elative abundances of the major genera (%) that were detected in this study.

OTU ID Accession number Phylum/

ECS1–ECS10 KF577693–KF577702 Proteoba
ECS26–ECS27 KF597050–KF597051 Proteoba
ECS30–ECS31 KF597054–KF597055 Bacteroi
ECS28–ECS29 KF597052–KF597053 Bacteroi
ECS11–ECS15,ECS21–ECS25 KF577703–KF577707,KF577712–KF577717 Proteoba
ECS32–ECS33 KF597056–KF597057 Bacteroi
ECS34–ECS35 KF597058–KF597059 Bacteroi
ECS16–ECS20 KF577708–KF577712 Proteoba
ECS36–ECS37 KF597060–KF597061 Bacteroi
Specific RDX degradation rate (mM)/[day × OD] 

xplA/16S gene copy ratio (10−5) 

a Initial: the soil initially used for the 1st enrichment.
b MI-1.0: MI  consortium with RDX and with 1.0 g/L starch.
c MI-5.0: MI  consortium with RDX and with 5.0 g/L starch.
presence of narG and nirK in the RDX-degrading microcosms which
further supported the gaseous release of nitrogen via denitrifica-
tion.

Starch-stimulated aerobic RDX degradation in the MI-5.0 con-
sortium was  optimal at mesophilic temperatures (15–35 ◦C) and in
near-neutral pH (pH 7.0–8.0) conditions (Fig. S5[B–C]). In addition,
aerobic RDX degradation was  investigated in response to sim-
pler carbohydrate compounds (acetate and glucose, respectively)
and their degradation rates were compared with the results from
the addition of starch (Fig. S5A). Regardless of the different con-
centrations applied (2.5–5.0 g/L), the addition of starch resulted
in greater degradation rates than the addition of acetate or glu-
cose. This stimulatory effect could occur because the starch is
a plant-produced carbohydrate, which could have a direct and

positive influence on the growth and activity of the soil rhi-
zosphere bacteria [39,63] and enhance RDX degradation. The
(specific) rate of aerobic RDX degradation by the MI  consortium
grown on starch (5.0 g/L) was greater (P < 0.01) than most of the

Class Genera Initiala MI-1.0b MI-5.0c

cteria/Alpha Rhizobium 0.16 9.35 28.2
cteria/Beta Rhizobacter 0.00 0.12 10.9

detes/Sphingobacteriia Terrimonas 0.21 4.8 10.9
detes/Cytophagia Dyadobacter 0.015 5.17 5.22
cteria/Beta Hydrogenophaga 0.00 8.49 3.72

detes/Sphingobacteriia Mucilaginibacter 0.00 2.58 2.45
detes/Sphingobacteriia Ferruginibacter 0.35 7.14 0.32
cteria/Alpha Brevundimonas 0.12 10.5 0.08

detes/Sphingobacteriia Hydrotalea 0.02 7.38 0.00
0.00 2.35 3.27
0.18 1.80 14.7
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Table  4
The ratios of the fixed and biomass nitrogen species to the nitrogen from the degraded RDX in the 4th or final enrichment after 2 days of incubation.

Treatment �NO2 − N/�RDX − N �NO3 − N/�RDX − N �NH3 − N/�RDX − N �Biomass − N/�RDX − N Total N/�RDX − N

0.06 0.96 1.22
0.14 1.59 1.83
0.17 1.71 1.98
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Fig. 2. Specific rate of RDX degradation by the MI  consortium in response to the dif-
S1.0 0.14 0.06 

S2.5  0.02 0.08 

S5.0  0.02 0.08 

reviously known aerobic RDX-degrading bacterial isolates belong-
ng to a variety of genus groups (Pseudomonas,  Rhodococcus,
ordonia and Stenotrophomonas)  [9,12,31,64,65] and was compara-
le to the previously reported results for Gordonia sp. KTR9 [21,22]
Table 1). In addition, this trend was also true when the MI  con-
ortium was grown on glucose or acetate. These results indicate
hat the starch-stimulated MI  consortium can effectively degrade
DX by using diverse carbon sources. However, RDX degradation

s stimulated more effectively by the chemically complex sugar-
olymer (starch) growth substrate than by simpler carbohydrate
ompounds (acetate and glucose).

RDX and its degradation intermediates can migrate through the
oil and cause groundwater contamination due to the absence of
uitable microbes or very slow degradative activities. Treating soil
ith a slow-releasing carbon compound, such as molasses and

tarch, can prevent contaminant migration by enhancing its degra-
ation by microbes [37]. Starch is a readily available slow-releasing
omplex carbon source and relatively inexpensive [38]. In order
o make the use of starch practical for the bioremediation, further
tudies should be done on bioremediation of RDX contaminated
oil by irrigating the soil with different doses of starch (1.0–2.5 g/L)
sing MI  consortium alone or in combination with plants.

.2. Microbial community characteristics of the MI  consortia

The microbial community pyrosequencing analysis targeting
he 16S rRNA gene showed that the alpha-diversity values (OTU
ichness, Shannon Index, Evenness, and Invsimpson) of the MI  con-
ortia with starch (at 1.0 and 5.0 g/L) were lower (P < 0.01) during
nrichment relative to the initial soil sample (Table 2). In the MI-
.0 consortium that exhibited the greatest RDX degradation rate,
he Rhizobium genus members were dominant (28.2% of the total),
ollowed by Rhizobacter and Terrimonas (10.9% of the total each)
Table 3). In the MI-1.0 consortium, the Brevundimonas and Rhi-
obium members were dominant (10.5% and 9.4% of the total,
espectively).

A phylogenetic analysis was conducted to examine the rela-
ionships of the predominant microcosm genera using previously
haracterized aerobic RDX-degrading bacterial isolates (Fig. S6).
he 16S rRNA sequences of the Rhizobium (ECS1-ECS10) and
revundimonas (ECS16-ECS20) members, for which the relative
bundances significantly increased during enrichment, belonged
o Alpharoteobacteria. The Rhizobium,  Brevundimonas and the other
ominant MI  members were phylogenetically distant (more than
% dissimilarity) from the known aerobic RDX-degrading bacterial

solates. The phylogenetic distances of these members suggested
hat they are either novel RDX degraders or non-RDX degraders.
heir relative abundances increased as the specific RDX degrada-
ion rate increased (i.e., initial soil < starch 1.0 g/L [MI-1.0] < starch
.0 g/L [MI-5.0]) (Table 3, P < 0.01). This result suggests that they
ere involved in the degradation of RDX by the consortia. The Rhi-

obium belongs to Rhizobiales, a group of nitrogen fixing bacteria.
embers of Rhizobiales,  such as Agrobacterium,  Bradyrhizobium and

inorhizobium are known to have capabilities to degrade a variety

f contaminants [66,67].

In addition, the contributions of the XplA pathway to aerobic
DX degradation in the consortium were evaluated by quantifying
he xplA gene copy numbers with the bacterial 16S rRNA gene copy
ferent supplemental nitrogen sources (i.e., NaNO2, NaNO3, and NH4Cl, each 0.5 g/L).
Each error bar represents one standard deviation of the three replicates. Different
lower-case letters in the figure indicate significantly different values (P < 0.05).

numbers (Fig S7). The xplA/16S (16S-rRNA) gene copy ratios were
less than 0.001, while the copy ratios generally increased with the
RDX degradation activity (Table 3). By assuming that one bacterium
has three copies of 16S rRNA gene [68], the xplA/16S ratio results
indicated that only a small portion of the microbes in the consor-
tia (<3%) contained the xplA gene. This finding suggests that RDX
degradation pathway(s) other than XplA could be responsible for
the observed RDX degradation by the consortia.

3.3. Correlation of aerobic RDX degradation with nitrogen
fixation

Furthermore, the MI-5.0 was  subjected to RDX biodegradation
in the presence of fixed nitrogen sources at high concentrations (i.e.,
nitrite, nitrate, and ammonium) (Fig. 2). The addition of fixed nitro-
gen sources resulted in repressing the RDX degradation activities
compared to those in the nitrogen limiting conditions (P < 0.05).
The addition of ammonium resulted in nearly zero RDX degra-
dation activity, while the addition of nitrate or nitrite reduced
the RDX degradation activity by approximately 50%. This finding
suggested that the consortium will preferentially use fixed nitro-
gen sources over RDX as a nitrogen source [8,31,64]. Furthermore,
these results agree with those of previous studies [8,64]. For exam-
ple, Coleman et al. [8] showed that the presence of ammonium
delayed the onset and significantly reduced the extent of RDX
degradation (at 2 mM of ammonium) because of the preferential
use of ammonium as a nitrogen source. Later, Wani and Davis
[69] observed that low levels of inorganic nitrogen, such as nitrate
(0.1 g/L) temporarily reduced the RDX degradation rate, while high
nitrate levels (0.5 g/L) completely halted the biotransformation of
RDX until the nitrate was  denitrified. Another possible explana-
tion for the reduced RDX degradation rate is the inhibition of the
expression of the RDX degrading gene xplA by ammonium, nitrite,
and nitrate [9,22,70,71]. However, it is possible that the repression
of the xplA gene expression will not occur under environmental
conditions because the environmental concentrations of nitrogen
are normally much lower [22] than the concentrations that were

applied in this study (i.e., 0.5 g/L).

The amount of total nitrogen (�NO2 − N + �NO3 − N + �NH4
− N + �Biomass − N) was  greater than the amount of nitrogen that
resulted from RDX degradation (i.e., �RDX − N) (Table 4). This result



M.I. Khan et al. / Journal of Hazardous Materials 287 (2015) 243–251 249

R² = 0.920 3

R² = 0.884 2

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.00 E+00

1.00 E+04

2.00 E+04

3.00 E+04

4.00E+04

5.00 E+04

6.00 E+04

7.00 E+04

8.00 E+04

9.00E+04

1.00 E+05

0.00E+00 1.00E+07 2.00E+07 3.00E+07 4.00E+07

S
p
e
c
if
ic

 R
D

X
 d

e
g
ra

d
a
ti
o

n
 r

a
te

 (
m

M
)/

[d
a
y
.O

D
]

x
p
lA

 
( g

e
n
e
 c

o
p
y
 n

u
m

b
e
r/

  
m

L
 c

u
lt
u
re

)

nifH 
(gene  cop y nu mbe r/ mL culture)

Fig. 3. Linear correlation of the copy number of the nitrogen fixing nifH gene with the co
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Table 5
Nitrogenase activity results for MI-5.0.

Treatment Nitrogenase activity
(nmol of ethylene per hour
per 108 cells)

RDX without starch 0.00 ± 0.00
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RDX with 5.0 g/L starch 3.16 ± 0.58
No RDX with 5.0 g/L starch 0.00 ± 0.00

rompted us to speculate regarding the existence of a nitrogen
ource other than RDX. The results of the nitrogenase activity assay
n MI-5.0 (Table 5) showed that nitrogen fixation is a mechanism
hat could provide an additional fixed nitrogen source with the
egraded RDX in the system. The ratio of total N per �RDX − N
Table 4) generally increased (i.e., 1.22, 1.83 and 1.98, respectively)
s the RDX degradation rate increased (S1.0 < S2.5 < S5.0) (Fig. S2),
uggesting a positive correlation between RDX degradation and
itrogen fixation. This possibility was supported by a positive linear
orrelation between the RDX degradation gene (xplA) and nitrogen
xation gene (nifH) copy numbers that were quantified by real-time
CR (R2 = 0.9203 [Fig. 3]). In addition, to determine if nitrate and
itrite reduction were involved with RDX degradation, the denitri-
cation genes (narG and nirK) were quantified (Fig. S7). However,

hese genes showed much weaker correlations with the xplA gene
opy numbers than the nitrogen fixation gene (nifH).

The majority of soils contaminated with explosives are nitrogen-
eficient; thus, an additional nitrogen source will probably be
equired for their remediation [36]. Although high levels of other
itrogen sources, such as ammonium, reduced RDX degrada-
ion [22], the addition of low levels of supplemental nitrogen
s often required to support the initial growth of bacteria that
egrade explosives [36] or to enhance RDX degradation [13,72].
acterial nitrogen fixation could serve as a possible nitrogen
ssimilation mechanism when no fixed nitrogen is available.
n addition, nitrogen fixation may  enhance RDX degradation
y providing sufficient nitrogen to support bacterial growth in

itrogen-limiting environments. The nitrogen fixing ability, which
as observed for the RDX-degrading MI  consortium, may  provide

ufficient nitrogen for supporting microbial growth in nitrogen-
eficient environments and may  be an excellent candidate for the
py number of the RDX degradative xplA gene (—) or with the RDX degradation rate

rhizoremediation (a plant-microbe-based remediation approach)
of RDX-contaminated environments. In rhizoremediation, plants
support microbial growth and increase the metabolic activities
of rhizosphere bacteria by providing oxygen and root exudates,
while bacteria stimulate plant growth by fixing atmospheric nitro-
gen, secreting phytohormones and by providing defense against
pathogens [73,74]. Thus, the RDX-degrading and nitrogen fix-
ing activity of the Rhizobium-dominant MI  consortium may have
important implications for the bioremediation of nitrogen limit-
ing RDX-contaminated sites. Furthermore, due to the beneficial
characteristics of rhizosphere bacteria (present in the consortium),
their use in large scale rhizoremediation operation will be safe and
ecologically advantageous [75].

4. Conclusions

In this study, MI  a consortium that can biodegrade RDX was  suc-
cessfully enriched through sub-culturing with the co-addition of
starch and RDX. The developed consortium was  capable of degrad-
ing RDX aerobically to form non-toxic and easily biodegradable
intermediates. Here, we provided the first experimental evidence
that nitrogen fixation is involved in aerobic RDX degradation, which
has important implications for rhizoremediation and the bioreme-
diation of nitrogen-deficient RDX-contaminated environments. We
believe that the novel consortium developed in this study could be
used for the in situ/ex situ bioremediation of RDX polluted envi-
ronments.
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