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Abstract The potential for bioaugmentation with

aerobic explosive degrading bacteria to remediate

hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) contami-

nated aquifers was demonstrated. Repacked aquifer

sediment columns were used to examine the transport

and RDX degradation capacity of the known RDX

degrading bacterial strains Gordonia sp. KTR9 (modi-

fied with a kanamycin resistance gene) Pseudomonas

fluorescens I-C, and a kanamycin resistant transconju-

gate Rhodococcus jostii RHA1 pGKT2:Km?. All three

strains were transported through the columns and eluted

ahead of the conservative bromide tracer, although the

total breakthrough varied by strain. The introduced cells

responded to biostimulation with fructose (18 mg L-1,

0.1 mM) by degrading dissolved RDX (0.5 mg L-1,

2.3 lM). The strains retained RDX-degrading activity

for at least 6 months following periods of starvation

when no fructose was supplied to the column. Post-

experiment analysis of the soil indicated that the residual

cells were distributed along the length of the column.

When the strains were grown to densities relevant for

field-scale application, the cells remained viable and able

to degrade RDX for at least 3 months when stored at

4 �C. These results indicate that bioaugmentation may

be a viable option for treating RDX in large dilute aerobic

plumes.

Keywords RDX � Bioaugmentation � Bacterial

transport � Degradation

Introduction

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is an

explosive which is frequently detected in soil and
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groundwater at military sites, particularly at Depart-

ment of Defense training and testing ranges (Brannon

and Myers 1997; Clausen et al. 2004; Pennington et al.

2001, 2002; Yamamoto et al. 2004). RDX is moder-

ately soluble (e.g., *40 mg L-1) and has a relatively

low octanol–water partitioning coefficient (e.g., log

Kow *0.9), and thus can migrate rapidly from soil to

groundwater. Due to its potential toxicity, the U.S.

Environmental Protection Agency (EPA) recently

established a health advisory level of 2 lg L-1 for

RDX in drinking water (http://www.atsdr.cdc.gov/

toxprofiles/tp78-c8.pdf).

RDX can be biodegraded by a range of both

anaerobic (Adrian and Sutherland 1999; Arnett and

Adrian 2009; Fuller et al. 2009; Hawari et al. 2001;

Zhang and Hughes 2003; Zhao et al. 2004) and aerobic

bacteria (Bernstein et al. 2011; Fournier et al. 2002;

Fuller et al. 2010a; Seth-Smith et al. 2002; Thompson

et al. 2005). In situ anaerobic bioremediation of RDX

(and other explosives) has been demonstrated at several

sites (Hatzinger and Lippincott 2012; Michalsen et al.

2013; Newell 2008; Wade et al. 2010). However,

creating and maintaining anaerobic conditions across

large areas is costly and technically challenging,

indicating a need to pursue other potential solutions,

especially for large, dilute plumes. Moreover, intro-

duction of carbon substrates required for anaerobic

treatment of explosives and other compounds (e.g.,

volatile organic compounds) often creates a number of

secondary groundwater issues including, mobilization

of iron, manganese, and arsenic, formation of methane

and hydrogen sulfide, and biofouling of wells. Based on

these factors, an aerobic bioaugmentation approach

may be more effective with less adverse and/or fewer

side effects. However, there has only been limited

research on developing RDX degrading bioaugmenta-

tion cultures (Priestley et al. 2006), and there are no

published data providing support for aerobic bioaug-

mentation of RDX contaminated aquifers.

Aerobic RDX degraders with the xplA/xplB genes

have been detected in surface soils (Seth-Smith et al.

2008) and unsaturated deep vadose zone soils and

groundwater in Israel (Bernstein et al. 2011; Ronen

et al. 2008). However, broader surveys to detect

genetic markers have indicated these organisms may

not be prevalent in groundwater (Fuller et al. 2010b),

so bioaugmentation may be required at many sites for

successful aerobic bioremediation of RDX. A case in

point is the Umatilla Chemical Depot (UMCD) in

Umatilla, OR, where a previous study indicated that

aerobic degradation of RDX by indigenous bacteria

was not a viable remedial option, presumably due to

the absence or low density of organisms with this

capability (Michalsen et al. 2013).

Long-term munitions demilitarization operations at

the UMCD since 1944 generated explosives-contam-

inated wastewater that was stored in shallow unlined

lagoons. Leachate from the lagoons has resulted in

widespread RDX contamination of the underlying

aerobic, highly permeable aquifer (average hydraulic

conductivity of *180 m day-1). A pump-and-treat

(P&T) system has been operating for several years to

remove RDX from groundwater, but treatment effi-

ciency has significantly decreased. RDX concentra-

tions range from 2 to 300 lg L-1 throughout the

approximately 80 ha plume. Although anaerobic

biostimulation has been successfully demonstrated

in situ at the site (Michalsen et al. 2013), quantities of

growth substrate required to implement this anaerobic

approach at full scale would be substantial and

expensive (e.g., millions of US dollars). This provides

the impetus for demonstrating aerobic bioaugmenta-

tion for remediation of RDX-contaminated ground-

water as an innovative, cost-effective approach for

UMCD and other sites with large dilute plumes.

One of the critical aspects of successful bioaugmen-

tation for aquifer remediation is adequate transport and

distribution of inoculated cells. Based on cell surface

charge, cell size, and other characteristics, some micro-

bial cells have been observed to move only a few

centimeters in aquifer materials, sometimes leading to

clogging of the aquifer or injection wells (Li and Logan

1999; Shaw et al. 1985; Streger et al. 2002). Thus, both

cell transport and survival must be evaluated when

considering bioaugmentation in the field.

The research presented herein was undertaken to

evaluate the potential for bioaugmentation with aer-

obic bacteria to remediate an RDX contaminated

aquifer at UMCD. Specifically, (1) repacked column

experiments were performed to determine if the

selected strains could be transported effectively

through the alluvial aquifer sediments and if the

retained cells could survive and maintain RDX

degradation capacity over several months, and; (2)

cultures were grown in laboratory-scale fermenters to

high density and their viability with time was deter-

mined to verify that cultures could be prepared and

maintained for a large-scale field application. These
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critical cell transport, degradation, and fermentation

characteristics have not been previously evaluated for

aerobic RDX degrading bacteria.

Materials and methods

Chemicals and media

RDX was synthesized by Dr. Stephen Fallis at the

Naval Air Warfare Center Weapons Division, China

Lake, CA. An artificial groundwater (UMAGW) based

on the site geochemistry was used for most experi-

ments (see Table S1 in Supplemental Information).

Phosphate buffered saline (PBS, pH 7.4) contained

(L-1 distilled H2O): 0.24 g K2HPO4, 1.44 g NaH2-

PO4, 0.20 g KCl, 8.00 g NaCl, and was sterilized by

filtration. All other chemicals were reagent grade or

purer. Basal salts medium (BSM) was prepared as

described in Hareland et al. (1975). R2A agar was

purchased from Difco (Becton, Dickinson and Com-

pany, Sparks, MD, USA), and Luria broth agar (LB)

from Fisher Scientific (Fairlawn, NJ, USA).

Aquifer sediment collection and processing

Sediment samples were collected from the saturated

zone by air rotary drilling 38–44 m (125–145 ft)

below ground surface, placed on ice, and shipped

overnight to CB&I’s laboratory for processing. Sed-

iment was passed through a screen to remove larger

material ([3/400 or 19 mm). The resulting sediment

particle size distribution is shown in Table S2, with a

mean particle size of 3.4 mm. The sediment organic

and inorganic carbon concentrations were on the order

of 400 and 5,000 mg kg-1, respectively. Water

extractable sulfate and nitrate were below detectable

levels (\0.2 mg kg-1). Sieved sediment was stored

moist at 15 �C until use.

Bacterial strains

Three RDX degrading bacterial strains were used for

this research: the aerobic RDX-degrader Gordonia sp.

KTR9 (Thompson et al. 2005; KTR9 hereafter)

harboring plasmid pGKT2:Km?, which contained the

RDX-degradative genes xplA and xplB (Indest et al.

2010), and an inserted kanamycin resistance marker

(Jung et al. 2011); the aerobic RDX-degrader

transconjugate Rhodococcus jostii RHA1

pGKT2:Km? (RHA1 hereafter; Jung et al. 2011);

and the anoxic RDX-degrader Pseudomonas fluores-

cens I-C (Fuller et al. 2009; I-C hereafter). These three

strains were selected for their ability to remain viable

and active (assessed by RDX degradation activity) for

7 days at 15 �C in UMCD sediment microcosms (see

Supplemental Information). The anoxic RDX degrad-

ing strain I-C was included because it was possible that

spatially variable redox conditions would be created in

the columns following substrate additions, (e.g., var-

iable consumption of the carbon source could lead to

reductions in the dissolved oxygen (DO) concentra-

tions below what was required by the aerobic RDX

degraders). Routine plating was performed using R2A

agar, with selective plating for KTR9 and RHA1 on LB

agar amended with 50 lg L-1 kanamycin sulfate. All

three strains were characterized using a standardized

adhesion assay (DeFlaun et al. 1990) using sterilized

UMCD sediment.

Repacked column preparation and operation

The repacked columns were similar to those used in a

previous study (Schaefer et al. 2007). A schematic of

the column setup is presented in Fig. S4. All materials

used were stainless steel, Teflon, norprene, glass, or

PVC to minimize sorptive losses of RDX. Columns

were 30 cm in length with a 4.8 cm inside diameter.

Side ports were positioned at 3.25, 7.50, and 15 cm

from the influent end of the column, but were not

sampled for the results presented here. Moist UMCD

sediment was packed into the columns to achieve an

approximate bulk density of 1.7 g cm-3. After pack-

ing, columns were moved to a walk-in environmental

chamber maintained at 15 �C (typical subsurface

UMCD temperature) where incubation and sample

collection occurred. UMAGW was pumped into the

bottom of the column to saturate the sediment at a flow

rate of 0.15 mL min-1. Following saturation, a bro-

mide tracer test (tracer concentration 100 mg L-1 Br)

was performed to check for packing artifacts (e.g.,

short circuiting) and to calculate the column pore

volume (PV), which was approximately 200 mL. The

flow into the column was then switched to UMAGW

amended with RDX at a concentration of 0.5 mg L-1

(2.3 lM), and the flow continued until the concentra-

tion of RDX in the effluent (C) was roughly equal to

the RDX concentration of the influent (C0; C/C0 & 1).
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Effluent from the column was either directed into a

fraction collector, or into a bulk collection bottle.

Samples were processed approximately daily during

weekdays as described below, and effluent volumes

were recorded to monitor actual flow rates.

Column biostimulation, bioaugmentation

and sampling

Prior to bioaugmentation, biostimulation of the indig-

enous microbial community was assessed. Three

separate additions of fructose were introduced into

the column [2 PVs, final influent concentration of

18 mg L-1 (0.1 mM)] at a flow rate of

0.15 mL min-1. Before, during and after the fructose

addition, samples of the column influent and effluent

were collected and analyzed for RDX concentrations

(see below).

After biostimulation, bioaugmentation was per-

formed. The three strains were grown separately in

BSM amended with fructose (final concentration 9 g

L-1, 50 mM) at 30 �C. Cultures were harvested by

centrifugation (3,0009g, 20 min, 5 �C) and washed

twice with sterile UMAGW, with final resuspension in

sterile UMAGW. The cultures were starved at 15 �C

for 48–72 h, then washed twice and resuspended in

UMAGW. The optical density (OD) of the starved

cultures was measured, and an appropriate dilution

was prepared in order to achieve a column inoculum

containing approximately 1 9 108 cells mL-1 of each

strain in a total volume of 2 PV (400 mL). The

inoculum solution also contained RDX (0.5 mg L-1)

and Br (100 mg L-1). Samples of the column inoc-

ulum were analyzed for initial cell densities (colony

forming units, CFUs) by spread plating on general and

selective media, and using quantitative polymerase

chain reaction (qPCR, see below).

The inoculum was injected into the column at a

flow rate of 1.5 mL min-1. After the 2 PV of inoculum

solution had entered the column, the influent was

switched over to RDX amended UMAGW. Fructose

[2 PVs, final influent concentration of 18 mg L-1

(0.1 mM)] was added periodically to assess the ability

of the injected cells to degrade RDX upon stimulation

with a utilizable carbon source. The flow rate was

maintain at 0.15 mL min-1 (which translated to a

groundwater velocity of 0.3 m day-1), except during

the cell injection when the flow rate was increased to

1.5 mL min-1 (or 3 m day-1), as noted above. These

velocities correspond to the natural seepage velocity

and the forced gradient velocity when the P&T

system is active at UMCD, respectively. Periodic

samples of the influent and effluent were collected

and analyzed for a range of parameters including

RDX, injected strain CFU, anions, alkalinity, pH,

and DO (see below). At the end of the experiment,

the sediment in the column was removed in discrete

intervals and analyzed for residual cell concentra-

tions using qPCR.

Field-scale bioaugmentation culture preparation

and characterization

The long term viability and RDX degrading activity

of the three strains was also evaluated after they were

grown and concentrated to densities required for field-

scale application. Starter cultures were initially grown

in 3- or 7-L benchtop bioreactors (Applikon Biotech-

nology B.V., Schiedam, The Netherlands). The biore-

actors were continuously mixed, and positive pressure

was maintained to minimize foaming. The pH and DO

were monitored by specific probes, and residual

fructose and ammonium were determined using col-

orimetric tests. Control of pH was achieved by

automatic addition of aqueous solutions of acid

(H2SO4) or base (NaOH). Periodic samples were

removed for measurement of the cell density (OD600

and CFU).

Once a starter culture had reached a constant

OD600, it was used to inoculate a 750-L bioreactor

(Abec, Allentown, PA, USA). Growth continued in the

750-L bioreactor until the cell density (as determined

by OD600) multiplied by bioreactor volume reached

the target number of cells for a hypothetical pilot-scale

injection (e.g., 10,000 L at 5 9 107 cells mL-1, or

5 9 1014 total cells). After the required cell density

was achieved, the culture was passed through a

custom-built cross-flow filtration unit (KerasepTM

tubular ceramic membranes, Novasep, Inc., Booth-

wyn, PA, USA) to remove the culture media and

concentrate the biomass. The culture was further

concentrated using a flow-through centrifuge (CEPA

Z41, Carl Padberg Zentrigugenbau GmbH, Gerold-

secker Vorstadt, Germany; 17,0009g at 21 �C) with

final resuspension in sterile UMAGW.

Subsamples (*100 mL) of the concentrated cul-

tures were transferred to duplicate 250 mL sterile

glass bottles. One bottle of each culture was placed in a
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refrigerator at 4 �C (expected shipping and long-term

storage temperature during a field injection), and the

other was placed in an incubator at 37 �C (anticipated

highest temperature the cultures would experience

during shipping). Bottles were incubated without

shaking. Well-mixed samples (10 mL) were removed

from the bottles initially, and after 1, 2, 5, 7, 14 days,

and additionally at 30, 60, and 90 days for the bottles

incubated at 4 �C. After passing the sample several

times through a 25 gauge hypodermic needle using a

20 mL disposable syringe to reduce cell clumping, the

optical density (OD550) and viable cell counts were

determined (spread plating onto LB ? kanamycin and

R2A media).

The RDX degradation potential of the cultures over

time was assayed on the same schedule (except at the

2 day timepoint) by combining 1 mL of a 1:100

dilution of the sample (in PBS) with 9 mL of sterile

UMAGW amended with RDX (10 mg L-1) and

fructose (9 mg L-1). The assays with KTR9 and

RHA1 were performed in 25 mL serum vials with

15 mL of headspace to maintain aerobic conditions.

The assays with I-C were performed in 11 mL serum

vials with minimal headspace to create suboxic

conditions favorable to RDX degradation by this

strain. An uninoculated control was set up with each

batch of assays. Vials were incubated with shaking

(125 rpm) at room temperature. Subsamples were

removed after 24 and 48 h, passed through a 0.45 lm

glass microfiber filter, and analyzed for RDX.

Analytical

The concentrations of RDX and its nitroso-containing

metabolites hexahydro-1-nitroso-3,5-dinitro-1,3,5-tri-

azine, hexahydro-1,3-dinitroso-5-nitro-triazine, and

hexahydro-1,3,5-trinitroso-1,3,5-triazine were moni-

tored using high performance liquid chromatography

(HPLC) according to a modified EPA Method 8330

(www.epa.gov/epawaste/hazard/testmethods/sw846/

pdfs/8330a.pdf) using a Dionex 3000 Ultimate HPLC

with a Agilent Zorbax Bonus-RP column (4.6 9

75 mm, 3.5 lm particle diameter), variable wave-

length detector (254 nm), and a photodiode array

detector collecting peak spectral data. The mobile

phase was 50:50 methanol:0.2 % (v:v) trifluoroacetic

acid in water at a flow rate of 1 mL min-1. The col-

umn temperature was 33 �C. The practical quantita-

tion limit was approximately 10 lg L-1. The RDX

metabolites 4-nitro-2,4-diazabutanal and methylen-

edinitramine were not measured during these column

experiments.

Anion concentrations in 0.2 lm filtered samples

were measured by ion chromatography (EPA Method

300.0). Alkalinity (as CaCO3) was measured according

to EPA Method 310.1. DO was measured using visual

colorimetric CHEMetric tubes (Midland, VA, USA),

and pH was measured using a standard laboratory probe.

qPCR analysis

qPCR to enumerate the three RDX degrading strains

was performed on DNA extracted from column efflu-

ent samples (2.5 mL) using the Qiagen DNeasy Tissue

Kit (Qiagen, Valencia, CA) according to the manu-

facturer’s instructions for gram positive bacteria.

DNA was extracted from sediment samples using the

MO BIO PowerSoil� DNA Extraction Kit (MO BIO

Laboratories, Carlsbad, CA) according to the manu-

facturer’s instructions using bead beating to lyse cells.

The DNA extracts from three replicate sediment

samples (0.35–0.93 g dry weight) per location were

pooled by ethanol precipitation. All qPCR amplifica-

tion reactions were performed using Applied Biosys-

tems 7900HT Fast Real-time PCR system (Foster

City, CA). qPCR was performed in 20 lL reaction

volumes in 384-well optically clear plates. Analysis of

the xenB gene used a SYBR Green PCR Master Mix,

300 nM of the respective primers (Table S4), and 1 lL

of template DNA. Thermal cycler conditions were

95 �C for 10 min; then 40 cycles of 95 �C for 15 s;

60 �C for 60 s; followed by a final dissociation stage.

Analysis of the 16S rRNA and xplA genes used a

Quantitect PCR Probe Mix, 300 nM of the respec-

tive primers (Table S4), 200 nM of the respective

TaqMan probe and 1 lL of template DNA. Thermal

cycler conditions were 95 �C for 12 min; then 40

cycles of 95 �C for 30 s; 50 �C for 60 s; and 72 �C

for 20 s. Standard curves for each qPCR assay were

obtained from serial dilutions of genomic DNA

isolated from strain I-C (16S rRNA and xenB), or an

xplA containing plasmid (pET11a, Celtek Genes,

Franklin, TN).

Data analysis

Zero-order RDX degradation rates during different

phases of the column experiment were estimated using
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CXTFIT (Toride et al. 1995), which accounts for

advection and dispersion within the column (based on

the bromide curve data). Rates were also calculated by

simple linear curve fitting of the effluent RDX

concentration versus time data. In addition, the mass

of RDX degraded per unit of added fructose was

calculated by integrating the area of sustained

decreased effluent RDX concentrations after each

addition of fructose. RDX was assumed to be degrad-

ing in response to fructose addition during any period

in which the effluent C/C0 was 0.05 lower than the

C/C0 measured before the fructose addition.

Results and discussion

Column transport experiments

During the column experiment, the influent DO

concentration remained at 7 mg L-1, the effluent DO

concentration averaged 3.4 ± 0.8 mg L-1 (n = 111),

and only minor decreases in effluent DO concentration

(0.5–1 mg L-1) were observed upon fructose addition.

No significant changes in influent or effluent nitrate,

sulfate, or alkalinity were observed. Based on these

data, the column system remained aerobic during the

entire experiment. The influent and effluent pH

averaged 8.1 ± 0.1 and 7.9 ± 0.1 SU, respectively

(n = 77).

An overview of the RDX concentrations in the

effluent of the column (C), relative to the influent

concentration (C0) over the duration of the entire

experiment is presented in Fig. 1. No inherent RDX

degradation was observed in the absence of carbon

amendment (Phase 1). The amendment of the column

with fructose three separate times before bioaugmen-

tation (Phase 2) did not result in any significant RDX

degradation (Fig. S5). The apparent zero-order RDX

degradation rates based on linear fits to the change in

effluent RDX concentration versus time during the

Phase 2 fructose additions was 0.008 ± 0.004 day-1

(n = 3). Zero-order rates estimated using CXTFIT

were essentially identical to the simple linear curve fits

due to the relatively short column residence time and

small dispersivity of the packed sediment in the

column, so only the linear fitting results are reported.

RDX removal per unit of fructose added during Phase

2 yielded values of 0.07, 0.11, and 0.02 mg RDX mg

fructose-1 for the first, second, and third fructose

additions, respectively (average 0.07 ± 0.04). These

data indicate that the indigenous microbial community

in the aquifer sediment prior to bioaugmentation had

Fig. 1 RDX concentrations (squares) as C/C0 in the effluent

of the repacked column. Phases are designated with numbers

above the plot and correspond to: Phase 1 before biostimulation,

Phase 2 biostimulation with fructose before bioaugmentation,

Phase 3 bioaugmentation, and Phase 4 biostimulation with

fructose after bioaugmentation. Start and end of the fructose

additions are indicated by the dashed vertical lines. Start and

end of bioaugmentation is indicated by the solid vertical lines. 1

PV is equivalent to 1 day, except during the Phase 3 cell

injection, when 1 PV = 0.1 days
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very low densities of bacterial strains able to aerobi-

cally degrade RDX even when supplied with a labile

carbon source, and are in agreement with previous

testing conducted at the UMCD site (Michalsen et al.

2013).

The bioaugmentation of the column occurred

during Phase 3. Beginning with the cell injection, the

RDX concentration in the effluent decreased to about

45 % of the influent concentration, and then slowly

increased to 90 % of the influent concentration over a

period of about 16 days (Fig. 2a). The apparent zero-

order RDX degradation rate during the injection

period was 0.14 day-1. Although the cells were

washed and no fructose was added with the injected

cells, appreciable RDX degradation occurred during

the injection. It is possible that this RDX degradation

Fig. 2 a Relative

breakthrough curves of

RDX (squares), cells (as

OD600, diamonds), and

conservative tracer (solid

lines) during

bioaugmentation (Phase 3)

of the repacked column.

b Absolute cell

concentrations of the RDX

degrading cells (KTR9,

diamonds; RHA1, triangles;

I-C, circles). c Analysis of

the cell breakthrough curve

during column

bioaugmentation based on

qPCR of target genes (16S

gene, diamonds; xplA,

triangles; xenB, circles).

Start and end of the

bioaugmentation is

indicated by the dashed

vertical lines. 1 PV is

equivalent to 1 day, except

during the Phase 3 cell

injection, when 1

PV = 0.1 days
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was supported by either carbon coming from dead

cells or extracellular polymers in the inoculum. This

phenomena was also observed in a parallel column

experiment (Fig. S6).

The percent of the injected cells observed in the

effluent during the bioaugmentation was small (1.2,

0.01, and 8.1 % for KTR9, RHA1, and I-C, respec-

tively). This was not totally unexpected, given that

99? % of KTR9 and RHA1 cells, and 96 % of I-C

cells, adhered to UMCD sediment in a standardized

adhesion assay (data not shown). The peak cell

concentrations detected in the effluent averaged 106–

107 CFU mL-1 (Fig. 2b), indicating that some cells

were transported through the aquifer column. The

peak cell concentrations, as indicated by the OD600

measurements of the effluent, also eluted before the

peak concentration of the conservative bromide tracer,

indicating pore exclusion effects were occurring (i.e.,

cells excluded from some small pores accessible to

Br-; Dong et al. 2002; Ginn 2002) (Fig. 2a).

Periodic analysis of effluent samples showed that

KTR9 and I-C cultures were present at 102–103

CFU mL-1 for approximately the next 60 days after

the peak cell concentration eluted, and then fell below

the detection limit of 10 CFU mL-1, while concen-

trations of RHA1 fell to below the detection limit

within 1 PV of the main cell peak (data not shown).

Analysis of the effluent using qPCR yielded similar

breakthrough curves to the plate counts for the three

strains (Fig. 2c).

There is only one previous report examining

transport of aerobic RDX degraders through saturated

porous media, in which Rhodococcus DN22 was

pumped through very small columns packed with

clean sand (Priestley et al. 2006). However, the

experimental design of that work does not allow a

meaningful comparison with the present results.

Overall, the extent of transport and injected cell

recoveries are not inconsistent with previous column

transport results with other types of bacteria or

bioaugmentation cultures (e.g., Streger et al. 2002;

Stumpp et al. 2011). In the coarse-grained UMCD

aquifer, it is anticipated that some fraction of any

bioaugmentation culture will be transported a reason-

able distance.

In response to the addition of fructose (Phase 4),

effluent RDX concentrations quickly decreased to

approximately 35 % of the influent concentration,

then increased back to a C/C0 of 0.9 over the course of

12 days after fructose addition ceased (Fig. 3). The

apparent zero-order RDX degradation rate in response

to the fructose addition was 0.08 day-1, or approxi-

mately 10-fold higher than the RDX degradation rate

in response to fructose before bioaugmentation (Phase

Fig. 3 RDX concentrations

(squares) in the effluent

of the repacked column

during biostimulation with

fructose after

bioaugmentation (Phase 4).

Start and end of the fructose

additions are indicated by

the dashed vertical lines. 1

PV is equivalent to 1 day
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2). The RDX removal per unit of fructose during Phase

4 was calculated to be 1.82 mg RDX mg fructose-1,

which was approximately 26-fold higher than before

bioaugmentation (Phase 2).

The data demonstrated that the cells remained

viable and active (e.g., able to degrade RDX in

response to fructose addition) for at least 3 months

after injection. Similar sustained RDX degradation

capacity was observed in a parallel column experi-

ment, in which rapid RDX degradation was observed

in response to fructose even after a 4-month period

without any fructose addition (Fig. S6). Previous

observations with KTR9 have demonstrated that labile

nitrogen (e.g., NO�2 ; NO�3 ; NHþ4 ) inhibits RDX deg-

radation (Indest et al. 2010), and further, that nitrogen

starvation conditions induce the expression of the

RDX degradative gene xplA and leads to rapid RDX

degradation (Indest et al. 2010, 2013; Jung et al. 2011).

These previous observations with KTR9 support the

sustained RDX degradation capacity of the bioaug-

mentation culture during the column experiments, in

which the AGW contained no NHþ4 or NO�2 : It also

appears that the presence of approximately 40 mg L-1

NO�3 in the AGW did not completely inhibit RDX

degradation. The presence of relatively high nitrate

concentrations may have resulted in lower RDX

degradation rates than if it had been absent. As these

conditions are typical not only at UMCD, but at many

other contaminated sites, the column experiment

results indicate that the aerobic RDX degrading strains

added during bioaugmentation will possess sustained

RDX degradation activity in situ.

The distribution of retained cells in the repacked

column is shown in Fig. 4. The cell density was

greater at the influent end of the column than the

effluent end of the column (as might be expected as the

result of straining and attachment of the cells), but the

concentration of KTR9 ? RHA1 reached *105 g-1

dry soil 30 cm into the column based on gene copy

numbers for the xplA gene. Concentrations of I-C were

much lower throughout the column based on gene

copy numbers for xenB. It is likely that the addition of

fructose to the column increased the levels of indig-

enous microorganisms, especially near the influent

end of the column, given the trends in total bacteria

based on the 16S rRNA gene copy values (background

16S gene copy number was *104–105 g-1 dry

sediment). The relative retained cell distribution

throughout the column was comparable to previous

column cell transport experiments using both intact

sediment cores (e.g., Dong et al. 2002; Fuller et al.

2000) and repacked sediment columns (e.g., Streger

Fig. 4 Final cell distribution in the repacked column based on qPCR for the three injected RDX degrading strains (total bacteria,

diamonds; KTR9 ? RHA1, triangles; I-C, circles)
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et al. 2002). Overall, the data suggest that KTR9 and

RHA1 were distributed and survived in the aquifer

matrix, whereas distribution and/or survival of I-C was

relatively poor by comparison.

Field-scale bioaugmentation culture evaluation

As part of the evaluation of bioaugmentation for RDX

remediation, it is critical to confirm that large volumes

Fig. 5 Change in cultivable

cell densities of pilot-scale

cultures of the three RDX

degrading strains (a KTR9,

b RHA1, c I-C) over time

during incubation at 4 �C

(solid lines) and 37 �C

(dashed lines)
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of degradative strains can be produced, stored, and

deployed to the field without loss of cell viability or

activity. Similar studies have been performed for

dechlorination consortia, which are now widely used

for anaerobic bioaugmentation for chlorinated solvent

remediation (Steffan and Vainberg 2013; Vainberg

et al. 2009). After pilot-scale fermentation and con-

centration, the cell density (relative to the initial

OD550) of all three of the bioaugmentation cultures

remained constant for at least 90 days at 4 �C for

KTR9 and I-C, and 60 days for RHA1 (Fig. S7). The

data for culturable cells (as CFU mL-1) was similar to

the OD550 data (Fig. 5). Some decrease in cultivable

cells was observed for all three strains incubated at

4 �C during the first 14 days, followed by a period of

stable CFU counts for up to 90 days for KTR9 and I-C,

and 60 days for RHA1 (Fig. 5). CFU counts on R2A

agar were the same as on LB ? kanamycin agar for

KTR9 and RHA1 (data not shown). OD-normalized

RDX degradation potential (defined as percent of

initial RDX degraded in 24 h divided by the relative

OD550) remained relatively stable for KTR9, while

Fig. 6 Change in OD-

normalized RDX

degradation potential of

pilot-scale cultures of the

RDX degrading strains

KTR9 (a) and RHA1

(b) over time during

incubation at 4 �C (solid

lines) and 37 �C (dashed

lines)
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some decrease was observed for RHA1 after 30 days

(Fig. 6). This is in agreement with nitrogen starvation

inducing the RDX degrading genes in these strains.

The RDX degradation assay was not performed under

suboxic conditions for strain I-C, but some activity

was observed by this culture during the experiment

(data not shown). For RHA1 and I-C, incubation at

37 �C resulted in rapid decreases in OD550, loss of

viability, and reduced RDX degradation potential.

KTR9 incubated at 37 �C showed similar patterns in

viability and RDX degradation to the other two

strains, but less of a reduction in OD550, possibly

indicating that KTR9 cells were dying, but were not

lysing. These results clearly indicate that large

volumes of high density cultures could be produced

in advance of a field application and stored at 4 �C for

at least 2 months without significant loss of cell

density, and more importantly, RDX degradation

activity.

Conclusions

The results presented herein are the first demonstrating

transport of aerobic RDX degraders in repacked

saturated site sediments. The selected strains were

transported through repacked UMCD sediment col-

umns and effectively colonized the porous media,

retaining RDX degradation activity for at least

3 months (and for at least 6 months in a parallel

experiment), as evidenced by rapid RDX degradation

upon the addition of fructose. Sustained RDX-degrad-

ing activity following periods of starvation in situ is

encouraging for future field-scale applications of this

remediation approach because reduced substrate injec-

tion quantities and durations translate to reduced

materials and field labor costs and a greater likelihood

of maintaining bulk aerobic conditions in the aquifer,

which is desirable for these RDX-degrading strains.

Furthermore, the fact that nitrogen starvation strongly

induces xplA gene expression, but that the presence of

some labile nitrogen is not completely inhibitory to

RDX degradation, indicates that many contaminated

aquifers should be amenable to bioaugmentation. High

degradation efficiency could translate into inoculation

with fewer cells or reduced treatment time schedules.

Additionally, this is the first reported production

of aerobic RDX degraders at a scale that is relevant

for field application. Further efforts are currently

underway to evaluate the transport, longevity, and

in situ RDX degradation activity of these strains in the

field at UMCD.
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