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Abstract This study investigated extracellular elec-

tron shuttle-mediated RDX biodegradation and the

distribution of ring cleavage metabolites generated by

biological degradation (cells) versus theproducts formed

by abiotic degradation (reduced electron shuttles), and

when the two pathways were acting simultaneously. All

pathways were influenced by pH. Buffered suspensions

(pH 6.8/7.9/9.2) were performed with cell-free anthra-

hydroquinone-2,6-disulfonate as the sole electron donor,

cells (Geobacter metallireducens) + acetate, or cells/

acetate + anthraquinone-2,6-disulfonate as an electron

shuttle. The metabolites identified included methylen-

edinitramine, formaldehyde, nitrous oxide, nitrite,

ammonium and carbon dioxide. As pH increased, the

rates of RDX reduction by AH2QDS also increased.

Cells alone reduced RDX faster at the lower pH values.

However, at all pH the rates of the electron shuttle-

mediated pathways were consistently the fastest, and the

proportion of carbon present as formaldehyde, which is a

precursor to mineralization, was highest in the presence

of electron shuttles. Formaldehyde accounted for 45/51/

54% of the carbon in electron shuttle amended cell

suspensions as opposed to 13/42/45% of carbon without

shuttles at the pH 6.8/7.9/9.2, respectively. Approxi-

mately 7–20% of RDX was mineralized to CO2 in the

presence of cells at all pH tested; AQDS increased the

extent of 14CO2 produced. Nitrous oxide and nitrite were

end products in the strictly abiotic pathway, but nitrite

was depleted in the presence of cells to form ammonium.

Understanding the different products formed in the

abiotic versus biological pathways and the influence of

pH is critical to developing mixed biotic–abiotic reme-

diation strategies for RDX.

Keywords Bioremediation � RDX �
Electron shuttling � Fe(III)-reducing microorganisms

Introduction

The cyclic nitramine explosive hexahydro-1,3,5-trinitro-

1,3,5-triazine (RDX) is a contaminant of concern at

many military sites and live-fire training installations

(Spalding and Fulton 1988; Haas et al. 1990; Hawari and

Halasz 2002). Aqueous RDX solubility is low (*40 mg/

l) (Talmage et al. 1999); however, once dissolved RDX

can migrate with groundwater to contaminate down-

gradient aquifers. RDX is a possible human carcinogen

(lifetime advisory for exposure to RDX in drinking

water: 2 lg/l) (Lynch 1988; Lachance et al. 1999) and is

a health concern for regulators. Despite reports suggest-

ing that this compound is readily biodegraded, RDX
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persists in subsurface environments (Meyers et al.

2007). A recent study reported that RDX remains one

of the most significant contaminants at the Camp

Edwards Military Reservation despite several years of

remediation efforts (Clausen et al. 2004).

Bioremediation is one alternative for explosives

contamination in sediment or soil (Adrian et al. 2003;

Adrian and Arnett 2004; Sherburne et al. 2005;

Thompson et al. 2005; Meyers et al. 2007). Anaer-

obic biodegradation is an effective strategy for RDX

because of the initial nitro ? nitroso degradation

pathway, the variety of downstream reactions that

ensue (Adrian et al. 2003; Crocker et al. 2006), and

the fact that subsurface RDX plumes are often

anaerobic (Garg et al. 1991; Adrian and Arnett

2004). Direct microbial RDX reduction has been

reported (Zhao et al. 2002; Zhao et al. 2003); alter-

nate degradation pathways are possible, but are less

easily stimulated in subsurface environments (Pen-

nington and Brannon 2002; Crocker et al. 2006).

Crocker et al. reviewed the pathways by which RDX

and its nitroso metabolites can be degraded (Crocker

et al. 2006). Hawari et al. (2000a, b) demonstrated that

municipal anaerobic sludge can degrade RDX to hexa-

hydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX) and

hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX),

or to ring cleavage products. Phanerochaete chrysospo-

rium transformed octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine (HMX) to octahydro-1-nitroso-3,5,7-trini-

tro-1,3,5,7-tetrazocine (1-NO-HMX) plus ring cleavage

products in nitrogen-limited medium (Fournier et al.

2004). A facultative, anaerobic bacterium isolated from

anoxic sludge, Klebsiella pneumoniae strain SCZ-1,

degraded RDX by an initial denitration reaction followed

by ring cleavage and decomposition in water (Zhao et al.

2002); RDX transformation to nitroso metabolites was

minor. A homoacetogen, Acetobacterium paludosum,

degraded RDX fastest under autotrophic (H2-fed) con-

ditions when nitrogen sources (e.g. ammonium) were

absent. MNX, DNX, and hexahydro-1,3,5-trinitroso-

1,3,5-triazine (TNX) were not detected. N2O accumu-

lated to 64% of the total nitrogen, but RDX was not

mineralized to CO2 (Sherburne et al. 2005).

Cyclic nitramine biodegradation mediated by extra-

cellular electron shuttling (primarily anthraquinone-

2,6-disulfonate (AQDS)) and the microorganisms that

catalyze these reactions may be another reasonable

approach based on the ubiquity of these microbes in

subsurface environments (Coates et al. 1998).

Recently, the role of fermentative cultures in reductive

transformation of explosive compounds was investi-

gated with AQDS (Borch et al. 2005; Bhushan et al.

2006). TNT degradation was stimulated by adding

AQDS to fermentative cultures (Borch et al. 2005).

A fermentative bacterium, Clostridium sp. EDB2,

effectively degraded RDX (Bhushan et al. 2006) with

AQDS present. Adding AQDS did not significantly

increase the RDX reduction rates, but the low pH

conditions generated by fermentation may have lim-

ited anthrahydroquinone-2,6-disulfonate (AH2QDS)-

mediated RDX reduction. Bradley and Dinicola sug-

gested that Mn(IV) reduction was a dominant pathway

for RDX biodegradation, and Mn(IV)-reducing micro-

organisms are closely related to the known electron

shuttle reducers (Bradley and Dinicola 2005).

One past report (Schwarzenbach et al. 1990) and

more recent studies (Uchimiya and Stone 2006)

demonstrate that reactivity of hydroquinone com-

pounds is pH dependent. Schwarzenbach et al. (1990)

demonstrated that the rate of reduction of nitroaro-

matic compounds by Juglone and lawsone increases

with pH, and Uchimiya and Stone (2006) reported

that oxidation of 1,2-naphthoquinone-4-sulfonate by

2,6-dimethylhydroquinone was pH-dependent. In the

current study, the effect of pH on RDX bioremedi-

ation mediated by extracellular electron shuttling

compounds was investigated because contaminated

subsurface environments with different pH values

will influence overall degradation.

Our previous study demonstrated RDX bioremedi-

ation by extracellular electron shuttling compounds

with two different bacterial species (Kwon and Finn-

eran 2006). However, it did not address the ring

cleavage products in extracellular electron shuttle-

amended systems. Specifically, what are the reaction

products with the abiotic pathway versus the biological

pathway? When both pathways are available (abiotic

plus biotic, the operationally defined mixed pathway)—

what are the dominant products? These data are critical

to developing this bioremediation strategy in terms of

monitoring and extent of transformation. The strictly

abiotic, strictly biological, and mixed pathways were

investigated separately at three circumneutral pH

values to quantify the ring cleavage products of RDX

degradation generated by each. Geobacter metallire-

ducens was used as the RDX- and electron shuttle-

reducing model microorganism and AQDS was used as

the sole electron shuttle.
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Material and methods

Chemicals

RDX (97% pure) was provided by the US Army

Corps of Engineers, Construction Engineering

Research Laboratory (CERL), Champaign, IL. Hexa-

hydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX;

99%), hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine

(DNX; 58% pure with 34% MNX and 8% TNX),

hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX;

[99.9%), methylenedinitramine (MEDINA), and 4-

nitro-diazabutanol (NDAB) were purchased from SRI

International (Menlo Park, CA, USA). U-[14C]-RDX

was purchased from Perkin Elmer (7.7 mCi/mmol)

and dissolved in acetone. Anthrquinone-2,6-disulfo-

nate (AQDS) was purchased from Sigma Aldrich

(Milwaukee, WI, USA). HPLC-grade methanol was

purchased from Aldrich Chemicals. All other chem-

icals used were of reagent grade quality or higher.

Microorganisms and culturing conditions

Geobacter metallireducens strain GS-15 (ATCC

53774) was maintained using Fe(III)-Citrate or AQDS

media described below. The basal anoxic medium

consisted of (g l-1 unless specified otherwise):

NaHCO3 (2.5), NH4Cl (0.25), NaH2PO4 � H2O (0.6),

KCl (0.1), modified Wolfe’s vitamin and mineral

mixtures (each 10 ml l-1) and 1 ml of 1 mM Na2SeO4

(Lovley et al. 1993). Electron acceptors used with the

anoxic medium were soluble Fe(III) citrate (45 mM) or

anthraquinone-2,6-disulfonate (AQDS—5 mM). The

medium was buffered using 30 mM bicarbonate

equilibrated with 80:20 (v/v) N2:CO2, as previously

described (Finneran et al. 2003). Acetate (20 mM) was

added as the sole electron donor. Standard anoxic and

aseptic culturing techniques were used throughout

(Lovley and Phillips 1988).

Pure phase incubations

Biologically reduced AQDS (B-AH2QDS) was pre-

pared by incubating Geobacter metallireducens in

AQDS medium (5 mM). The B-AH2QDS was filtered

through a 0.2 lm sterilized PTFE filter into a pre-

sterilized, anoxic serum bottle to remove cells.

Experimental tubes were prepared by sparging

approximately 7.0 ml of 30 mM bicarbonate buffer

with anoxic N2:CO2 (= 100:0 for pH 9.2, 99.9:0.1 for

pH 8.2, 99.6:0.4 for pH 7.9, 96.3:3.7 for pH 7.3,

80:20 for pH 6.8 and 40:60 for pH 6.2). The buffer

was sealed under an anoxic headspace of the same

mixture. The concentration of reduced AQDS tested

was 100 lM for the all incubations with RDX

(33 lM–39 lM). Incubations were performed at

30�C. Samples were collected periodically via anoxic

syringe and needle; samples were filtered through

sterile, 0.2 lm PTFE filters prior to analyses (PALL

Life Sciences; filters did not interfere with nitramine

or metabolite quantitation).

Resting cell suspensions

Geobacter metallireducens was grown anaerobically

in freshwater medium with acetate as the sole electron

donor and Fe(III) citrate as the sole terminal electron

acceptor. One liter of cell culture was harvested during

logarithmic growth phase and centrifuged at 5,250g for

15 min to form a dense cell pellet. The cell pellet was

resuspended in 30 mM bicarbonate buffer under a

stream of anoxic gas. The washed cells were centri-

fuged again at 5,250g for 15 min and the resultant

biomass was resuspended in 4.0 ml of bicarbonate

buffer. Cells were used within 30 min of processing.

There was no residual Fe(II) present in the suspension

that could act as an abiotic reductant.

Experimental tubes were prepared by sparging

approximately 5.0 ml of 30 mM bicarbonate buffer

with anoxic N2:CO2 as described above for pH 9.2,

7.9, and 6.8 and sealed under an anoxic headspace.

Acetate (20 mM) was amended as the sole electron

donor. AQDS (100 lM) was the sole electron shuttle

added to the cell suspensions. Cells were incubated at

30�C. An aliquot (0.3 ml) of the resting cells

(0.27 ± 0.02 mg protein/ml) was added to the sealed

pressure tubes to initiate each experiment. The final

volume in each tube was 10.0 ml. The starting RDX

concentration was approximately 60 lM.

Samples (0.5 ml) were collected periodically via

anoxic syringe and needle, and samples were filtered

through sterile, 0.2 lm PTFE filters prior to analyses. To

minimize sampling volume, glass inserts (250 ul Glass

LVI Flat Bottom; Laboratory Supply Distributors, NJ)

were used in the autosampler vials. 0.05 ml of sample
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was used to quantify RDX and its nitroso metabolites

(MNX, DNX, and TNX) at each time point. 0.05, 0.1,

0.1, and 0.1 ml of samples were used to quantify

methylenedinitramine (MEDINA), formaldehyde

(HCHO), nitrite (NO2
-), and ammonium (NH4

+), respec-

tively. No more than five samples were taken from any

incubation; therefore, the final volume of each incuba-

tion was approximately 7.5 ml at the end of the

experiments (75% volume remaining). Nitrous oxide

and methanol were monitored by headspace analysis.

All experiments were performed in triplicate.

[14C]-RDX study with resting cell suspension

Cell suspension incubations (10 ml) were prepared for
14CO2 and 14CH4 analysis. pH was controlled with

bicarbonate buffer by N2:CO2 gas bubbling as men-

tioned above. Acetate (0.5 mM) was amended as the

sole electron donor. AQDS (100 lM) was the only

electron acceptor incubated with the cells; the control

was cells alone (no electron acceptor). U-[14C]-RDX

was amended at the concentration for a final radioac-

tivity of 18,000 dpm/ml. 14CO2 and 14CH4 were

monitored by analysis of headspace samples (1 ml).

H14CO3
- was used to establish 14CO2 partitioning

between the liquid and gas phase, and was factored in to

the final mineralization; the partition coefficients (total

dpm H14CO3
- recovered as 14CO2/total dpm added)—

were 0.005, 0.027, and 0.135 at pH 9.2, 7.9, and 6.8,

respectively. The experimental tubes at pH 9.2 were

acidified to convert H14CO3
- to 14CO2 at the end of the

experiment (acidified partition coefficient = 0.340).

All experiments were performed in triplicate.

Analytical techniques

RDX and its nitroso metabolites were analyzed using

high-performance liquid chromatography (HPLC)

with a variable wavelength photodiode array (PDA)

detector (HPLC/UV, Dionex) at 254 nm as described

previously (Fournier et al. 2002). The filtered samples

were auto-injected into a Supelcosil LC-CN column

(25 cm 9 4.6 mm, 5 lm ID) at ambient temperature.

A mobile phase consisting of 50% water and 50%

methanol was used at a flow rate of 1 ml/min. RDX,

MNX, DNX, and TNX were compared to certified

analytical standards in acetonitrile at known

concentrations. MEDINA and NDAB were analyzed

using HPLC at 210 nm as described previously (Zhao

et al. 2004). Nitrous oxide was analyzed using gas

chromatography (GC) with thermal conductivity

detector (TCD, Hewlett-Packard 6890 Series) and

Carboxen 1004 stainless steel micropacked column (1/

8 inch 9 8 feet; Supelco) that was held isothermally

at 100�C. Helium was used as the carrier gas at a flow

rate of 12.5 ml/min. The inlet and detector temperature

were 195�C and 250�C, respectively. Methanol

(CH3OH) was analyzed using a gas chromatograph

(GC) with a flame ionization detector (FID, Hewlett-

Packard 6890 Series) as described previously (Mont-

eil-Rivera et al. 2005). Nitrite was measured using an

ion chromatograph (IC; Dionex 1000) with an AS14A

column (250 9 4 mm, Dionex) and isocratic 8 mM

Na2CO3/1 mM NaHCO3 eluent. Ammonium was

determined spectrophotometrically at 650 nm (Rhine

et al. 1998). Formaldehyde was measured by a mod-

ified version of EPA method 8315A as previously

described (Gregory et al. 2004). 14CO2 and 14CH4

were analyzed using gas chromatography (GC;

Hewlett-Packard 6890 Series) with a gas radiochro-

matography detector (GC-Ram; IN/US system,

Tampa, FL) and the same column used for nitrous

oxide analysis; however, for 14CO2 and 14CH4 analyses

the oven was held isothermally at 120�C. Helium was

used as the carrier gas at a flow rate of 12.8 ml/min.

The inlet temperature was 100�C (Finneran and Lovley

2001). The concentration of reduced AQDS was

determined spectrophotometrically at 450 nm (Lovley

et al. 1996). Total cellular protein was determined by

using the DC Protein Assay (Bio-RAD) and a modified

Lowry protein assay (Lowry et al. 1951).

Results

pH effects on RDX reduction and AH2QDS

oxidation

As pH increased with AH2QDS fixed at 100 lM the

rates of RDX reduction increased (Fig. 1). Pseudo 1st

order rate constants (kobs; h-1) at pH 9.2, 8.2, 7.9, 7.3,

6.8, and 6.2 were 0.428 ± 0.004, 0.168 ± 0.012,

0.118 ± 0.002, 0.054 ± 0.006, 0.019 ± 0.001, and

0.007 ± 0.001, respectively. Comparing the fractional

concentration of the monoprotonated hydroquinone (a1)

versus kobs in a log–log plot demonstrates that the rate is
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proportional to a1 (the fraction of the monoprotonated

form) (Fig. 2). a1 was calculated as:

a1 ¼ ½monoprotonated reduced AQDS�=Ctotal;

½monoprotonated reduced AQDS�
¼ Ctotal=ð½Hþ�=Ka1 þ 1þKa2=½Hþ�Þ;

Ctotal ¼ ½diprotonated reduced AQDS�
þ ½monoprotonated reduced AQDS�
þ ½unprotonated reduced AQDS� ¼ 100lM;

where Ka1 = 10-8.1 and Ka2 = 10-10.5

Transformation products in the abiotic, biological,

and mixed abiotic–biological pathways

RDX reduction increased in strictly abiotic suspen-

sions with AH2QDS (100 lM) as the pH increased

from 6.8 to 9.2 (Fig. 3a). HCHO and MEDINA also

increased, while MNX production was negligible

(Fig. 3b, c; Table 1). The inorganic nitrogen com-

pounds generated were nitrite, nitrous oxide, and

ammonium (Fig. 4a–c). 14CO2 or 14CH4 were not

produced from 14C labeled-RDX in any of the abiotic

suspensions (Table 1).

In contrast to RDX reduction by the abiotic path-

way, cells-alone degraded RDX faster at pH 6.8 and 7.9

than at pH 9.2 (Fig. 3d). HCHO was the primary

carbon metabolite and MNX did not accumulate;

however, MEDINA was less significant relative to the

strictly abiotic pathway and was depleted at pH 6.8

(Fig. 3e, f). Methanol (CH3OH) was a limited product

in the carbon mass balance at pH 9.2 (Table 1).

Inorganic nitrogen was predominately ammonium at

all pH tested (Fig. 4e). More nitrous oxide did

accumulate at lower pH (Fig. 4f). 14CH4 was not

produced from 14C labeled-RDX in any of the cell

suspensions (Table 1), but 14CO2 was produced.

Cells + AQDS (the operationally-defined ‘‘mixed’’

pathway) degraded RDX quickly and the rates and

extent of RDX reduction were similar at all pH tested

(Fig. 3g). HCHO and MEDINA were concurrently

produced (Fig. 3h, i); however, MEDINA started to

decline at different times for each pH and continued to

decline through the final sampling points (an additional

data point at hour 66 was not shown) (Fig. 3i).

Methanol was also produced at about the same

percentage of the mass balance as the cells-alone

suspension. 14CH4 was not produced from 14C labeled-

RDX in any of the cells + AQDS suspensions. 14CO2

was produced from 14C labeled-RDX in all cells +

AQDS suspensions (Table 1). Nitrite was produced

and disappeared quickly at pH 9.2, while nitrite was not

detected at pH 7.9 and 6.8 (Fig. 4g); ammonium was

the dominant inorganic nitrogen product (Fig. 4h).

Discussion

RDX degrades to a variety of intermediates under

anoxic conditions, influenced by the microbial com-

munity present and the geochemical conditions
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(Crocker et al. 2006). The critical issue for RDX

remediation is how fast the ring-cleavage metabolites

are produced, and whether they are amenable to

further degradation or ultimately mineralization.

Formaldehyde and methanol are two desirable carbon

intermediates, as neither will persist in subsurface

systems. The inorganic nitrogen intermediates are

labile, but each can serve as an indicator of the extent

of ring-cleavage. Our results demonstrate that elec-

tron shuttling compounds (whether in strictly abiotic

reactions or in mixed biological-abiotic systems)

accelerated formaldehyde production and minerali-

zation relative to pathways devoid of electron

shuttling compounds. While this study targets one

specific microbial community (extracellular electron

shuttle-reducers), it is a reasonable strategy for RDX

bioremediation and it demonstrates that the rate and

extent of ring cleavage and mineralization can be

influenced.

pH influence on RDX reduction in the abiotic,

biological, and mixed abiotic–biological

pathways

Increasing pH from 6.8 to 9.2 in the abiotic pathways

increased the rates and extent of RDX reduction and

metabolite formation. Increasing pH in the strictly

biological pathway decreased RDX reduction rates

and metabolite distribution. However, in the mixed

abiotic–biological pathway the rates and extent were

similar regardless of pH, which suggests an optimal
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pathway in the presence of cells and shuttles. The pH

range was selected because it is within the normal

tolerance range of G. metallireducens (and other

AQDS-reducing cells) and was below the pH where

alkaline hydrolysis of RDX has been reported

(pH C 10.5) (Hwang et al. 2006). While G. metalli-

reducens is metabolically active from pH 6.8–9.2 its

activity is sub-optimal at the higher pH values

(pH C 8.0).

The pH dependence of RDX reduction by AH2QDS

(abiotic pathway) is consistent with the findings by

Schwarzenbach et al. (1990) where they reported pH

dependence on the rate of nitroaromatic compound

reduction in the presence of juglone and lawsone; as

pH increased from 6.1 to 7.8, kobs (s-1) increased.

Uchimiya and Stone (2006) also reported that mono-

protonated dihydroxybenzene molecules have greater

reactivity than diprotonated molecules and that for-

ward rate constants of 1,2-naphthoquinone-4-

sulfonate and 1,4-naphthoquinone-2-sulfonate reduc-

tion by 2,6-dimethylhydroquinone increase as pH

increases ([pH 4.0,[pH 5.0, respectively) (Uchimiya

and Stone 2006). They postulated that the relative

proportion of the monoprotonated hydroquinone is

greater than the diprotonated hydroquinone, which

increases quinone-mediated reduction rates. In our

current study a fixed concentration of AH2QDS

(100 lM) reduced RDX at a higher rate and extent

as pH increased. Between pH 8.5 and 9.2 approxi-

mately 90% of the anthrahydroquinone is in the

monoprotonated (a1) form (data not shown). Plotting

log-a1 versus log-kobs (for RDX reduction) demon-

strates a linear relationship between the RDX reduction

rate and the proportion of the monoprotonated
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Fig. 4 Production of nitrite, ammonium, and nitrous oxide

from RDX by abiotic (a, b, and c), biological (d, e, and f),
mixed abiotic–biological (g, h, and i) pathways at pH 6.8, 7.9,

and 9.2. For biological or mixed abiotic–biological pathways

RDX reduction was tested in the resting cell suspension of G.
metallireducens with (g, h, i) or without (d, e, f) AQDS.

Acetate was the sole electron donor. Results are the means of

triplicate analyses and bars indicate one standard deviation.

Note that 40 lM RDX was the starting concentration in the

strictly abiotic series, and that 60 lM RDX was the starting

concentration in both series with cells
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hydroquinone (Fig. 2). Although some electrons must

be transferred from the un-protonated (a2) form of the

hydroquinone, this plot assumes that a1 [[ a2. At

values higher than pH 10, alkaline hydrolysis of RDX is

a dominant pathway; therefore, the un-protonated form

of the hydroquinone is difficult to test.

Transformation products in the abiotic, biological,

and mixed abiotic–biological pathways

Formaldehyde was the dominant carbon product in

electron shuttle-amended suspensions (abiotic or

mixed). Formaldehyde production in the absence of

electron shuttling compounds was lower, particularly at

the higher pH values tested (pH 7.9 and 9.2). This is

critical because formaldehyde is one of the lowest

molecular mass metabolites during RDX breakdown,

and is a precursor to mineralization (Hawari et al.

2000a, b; Sherburne et al. 2005). MEDINA was also

produced, but declined slightly in the presence of cells

(Fig. 3). 14C-RDX was mineralized to 14CO2 to some

extent in all cells-amended incubations. The mass

balance for cell-containing suspensions was not closed,

primarily at low pH; it is likely that there were

unidentified intermediates. Biosorption was considered

but little radioactivity (less than 1.0%) was recovered

from cell pellets obtained from each suspension in the

[14C]-RDX experiments (data not shown). The proba-

ble pathways and dominant products/metabolites for

the abiotic and mixed pathways are presented in Fig. 5.

Ammonium was the dominant inorganic nitrogen

product in cell-containing suspensions at all pH

tested, and AQDS increased the extent of ammonium

produced (especially at pH 9.2), most likely by

stimulating the rate at which nitrite was produced

compared to cells alone. Nitrite was a significant end

product in the strictly abiotic pathway with AH2QDS

at all pH tested. Nitrite reduction and ammonium

production in cell suspensions are not surprising since

Geobacter can reduce nitrate and nitrite to ammo-

nium (Lovley 2000); nitrite reductase activity in its

membrane is well established (Martı́nez Murillo et al.

1999). Ammonium was produced to a much lower

extent in the AH2QDS-alone suspensions. Nitrous

oxide was produced in all suspensions. Nitrous oxide

production from RDX, MNX or MEDINA by abiotic

and biological pathways has been reported previously

(Bhushan et al. 2002; Fournier et al. 2002; Zhao

et al. 2002).

MEDINA and 4-nitro-2,4-diazabutanal (NDAB)

have also been reported as ring cleavage intermedi-

ates (Hawari et al. 2000a, b; Zhao et al. 2003).

However, formaldehyde accounted for a greater

proportion of carbon than MEDINA in all suspen-

sions suggesting that MEDINA will be less

significant than HCHO (Table 1) under electron

shuttle-reducing conditions. MEDINA may sponta-

neously decompose in water to nitrous oxide and

formaldehyde or it can be also transformed directly

by cells (Halasz et al. 2002), which will be further

evaluated for G. metallireducens.
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Environmental implications

These results demonstrate that electron shuttle med-

iated RDX transformation led to more low-molecular

weight ring cleavage products, formaldehyde in

particular, than other conditions we tested. This

indicates that in situ this strategy may lead to more

rapid and complete RDX mineralization by targeting

electron shuttle-reducers and specific biotic–abiotic

reactions. The degradation patterns were consistent

when electron shuttles were added, whether the

pathway was strictly abiotic or mixed biotic–abiotic.

Past reports indicate that extracellular electron shuttles

are catalytic and therefore in situ applications may

only require a low concentration of electron shuttling

compounds to stimulate RDX reduction. RDX persists

in many subsurface environments despite its perceived

‘‘inherently biodegradable’’ characteristics; more

strategies are necessary to promote complete miner-

alization in situ. pH had a marked effect on RDX

reduction and metabolite production in both abiotic

and biotic pathways. This must be considered when

designing remediation strategies; while extracellular

electron shuttling ultimately facilitates RDX degrada-

tion, pH variation will impact the rate of RDX

reduction and metabolite distribution.
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