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Abstract In order to select appropriate plant species for
phytoremediation of explosive compounds, phytotoxicity, up-
take proficiency, capability of the plant to degrade/transform
the compounds, and several environmental factors need to be
considered. The environmental factors comprise climatic at-
tributes, soil type, the water environment, root penetration
depth, contaminant kinetics, and bioavailability. Out of the
plant species that have shown efficient TNT uptake, there
are only a few that can do so in a variety of environments,
which is imperative in case of contaminants that are wide-
spread, such as TNT and RDX. The two most effective species
for TNT uptake reported to date are Eurasian water milfoil,
Myriophyllum spicatum and vetiver grass, Chrysopogon
zizanioides. For RDX phytoremediation, reed canary grass,
fox sedge, and rice have shown promise, although degradation
of RDX in the plant tissue is limited. Over the past few de-
cades, a considerable amount of information on phytotoxicity
and metabolism of TNT and RDX in plants and microorgan-
isms have been collected, which has led to the identification of
potential plant species for use in TNT and RDX
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phytoremediation, as well as candidate genes for developing
effective transgenic plants. Recent research has also revealed
promising non-transgenic approaches, such as use of
chaotropic agents for enhanced solubilization and uptake of
TNT, which could prove to be practical and effective for mil-
itary sites. Field trials of some of these promising new tech-
nologies are necessary for the development of effective, low-
cost, and environmentally friendly phytoremediation of
explosive-contaminated sites.
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Introduction

Explosive compounds have been utilized for numerous appli-
cations such as in military munitions, mining, and construc-
tion. The manufacture, utilization, and decommissioning of
explosives has led to extensive environmental contamination
[1]. Production facilities and training ranges serve as the most
common sites for contamination, where explosive compounds
and their transformed products are able to permeate the soil
and leach into the groundwater. Major soil contaminants
found in army depots, ammunition evaluation facilities, artil-
lery ranges, and ordnance disposal sites include composition
B (Comp B), which is a commonly used military formulation,
consisting of the toxic explosive compounds 2,4,6-trinitrotol-
uene (TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX),
and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)
[2]. Their recalcitrance to degradation, toxic, and mutagenic
effects has made explosive contamination a matter of concern.
In the USA, between closed sites and offshore areas, the De-
fense Science Board has specified that there could be more
than 6 million hectares (15 million acres) contaminated with
explosives [2]. Apart from the USA, there are a very large
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number of contaminated sites throughout Europe, Asia, and
Africa, where local conflicts lead to large-scale burying of
ordnance in the form of land mines [1].

Over the past decade, research has increasingly focused on
developing ecologically viable, cost-effective, and reliable in
situ remediation techniques and self-cleaning explosive for-
mulations. One of the major challenges in developing a suc-
cessful in situ bioengineered remediation technique lies in the
limited bioavailability of TNT, resulting from the characteris-
tic hydrophobicity of the nitroaromatic compounds (aqueous
solubility of TNTis 101.5 mg L™ at 25 °C) [3, 4]. Though the
ability of microorganisms to breakdown a variety of xenobi-
otics has made the use of bioaugmentation seems promising,
some studies reported that indigenous microbes frequently
outcompete the foreign microbes, which results in limited
success [5]. Plant-assisted degradation of xenobiotics through
phytoremediation could offer an environmentally friendly,
cost-effective technique for remediating explosive com-
pounds. Certain plants have developed intricate detoxification
systems to deal with explosives [2], which allow them to sur-
vive in areas with concentrations of these contaminants. Their
root systems can take up the xenobiotics [2], while stabilizing
the soils and minimizing the atmospheric release of contami-
nated dusts [6]. Plants offer additional benefits, as they could
supply nutrients for the rhizosphere bacteria which may sym-
biotically aid in remediation, while the plants themselves
would make monitoring of the site easier through tissue col-
lection and even simple visualization [6]. The limitation of
phytoremediation is that it is a time-consuming process. How-
ever, since explosive-contaminated sites are unusable, and
given that such contamination usually covers large expanses
of land, phytoremediation could be an appropriate technology
for the remediation of explosive-contaminated sites [4]. This
review highlights the recent progress made in developing ef-
fective phytoremediation techniques for soils contaminated
with explosives such as TNT and RDX.

Toxicity of Explosive Compounds

Explosive compounds fall into three main classes:
nitroaromatics, nitramines, and nitrate esters [2, 4]. While dif-
ferentiated based on their formulae, explosive contaminants
ubiquitously contain the nitro (-NO,) functional groups.

Nitroaromatics

Nitroaromatic compounds are characterized by an aromatic
ring having multiple nitro groups, sometimes referred to as
aryl nitro groups. Historically, the most commonly used ex-
plosive compound is TNT. TNT consists structurally of tolu-
ene bound with three nitro groups, which deactivate the aro-
matic ring through electron withdrawal. This conformation
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makes electrophilic attack of the aromatic ring difficult, and
as a result, TNT is highly recalcitrant to degradation by oxi-
dation and hydrolysis [2]. In the soil, TNT forms covalent
bonds with the functional groups of humic acid and other
organic compounds making it unavailable biologically [2, 7,
8]. The octanol-water partition coefficients (Kow), offer sup-
port to this concept, as they are higher in nitroaromatic com-
pounds when compared to the other classes of explosive com-
pounds [8] (Table 1).

Despite stopping TNT production in the USA in the mid-
1980s, contamination still largely exists from World Wars 1
and II [9, 10]. Moreover, TNT is still used in certain US mu-
nitions [10]. Several studies have examined TNT toxicity in a
variety of organisms. TNT was reported as the most toxic of
the explosive contaminants through the mutatox and green
algal bioassays [9] and has an LDs, of 795 mg kg ' in rats
[11]. In animals, exposure may lead to skin rashes, blood
disorders, and organ damage or failure [5, 9]. TNT has been
defined as a frameshift mutagen through the Ames test [5],
while the USEPA has classified it as a group C potential hu-
man carcinogen [10].

There are two similar nitroaromatic isomers known as 2,4-
and 2,6-dinitrotoluene, otherwise identified as DNTs, that dif-
fer from TNT, as they lack one of the three nitro groups. These
compounds can result as byproducts of TNT production or
transformation, though they have manufacturing use as inter-
mediates in polyurethane assembly [9]. Both isomers express
higher toxicity than TNT in in vivo studies (LDsq in rat=270
and 180 mg kg ', respectively) and are classified as group B
human carcinogens [12]. There are numerous nitroaromatic
compounds in addition to TNT and DNTs, though they are
much less common. These compounds would include nitro-
benzenes such as 1,3,5-trinitrobenzene (TNB) and isomers of
monoaminodinitrotoluene (ADNT). In animal model experi-
ments, 1,3,5-TNB toxicity was higher (LDsq in rat=
284 mg kg ") [13] than that of TNT [11]. Terrestrial plants
have shown contradictory results for TNT and TBN toxicities,
where TNT toxicity is greater with alfalfa (TNT ECso=
93 mg kg ' and TNB ECs,=129 mg kg ') and TNB toxicity
is greater with Japanese millet, Echinochloa crusgalli (TNT
ECs0=173 mg kg ' and TNB ECs5,=89 mg kg ') [14]. In
contrast, perennial ryegrass, Lolium perenne has shown little
difference in the toxicities for these two compounds (TNT
ECso=86 mg kg ' and TNB ECs,=89 mg kg ') [14]. In an-
imals, ADNTSs exhibit lower toxicity than the parent TNT

Table 1 Logarithm Kqw values for TNT; RDX; 2,4-DNT; and 2,6-
DNT (From Yoon et al. 2005 [8])

TNT RDX 2,4-DNT 2,6-DNT

logKow 1.6-1.84 0.81-0.87 1.98 1.9-2.10
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compound (LDsj in rat=959 and 1522 mg kg ' for 4-ADNT
and 2-ADNT, respectively) [15].

Nitroamines

Nitroamine compounds differ from nitroaromatics in that they
contain N-nitro groups. Prominent among this class of explo-
sives is RDX, currently, the most widely used explosive com-
pound [5] Frequently used in explosive mixtures with TNT,
RDX can be found in ordnance or land mines, as well as in the
familiar plastic explosive, composition 4 [4]. The name RDX
has an ambiguous lineage, but is most frequently sourced to
abbreviate Royal Demolition Explosive or Research Depart-
ment Explosive [4, 5].

RDX has a lower Kqw value (Table 1) and therefore does
not firmly bind with the soil, making it more readily available
and highly mobile [8]. For this reason, RDX contamination
can spread more deeply into the soil and has a superior ability
to leach into sources of drinking water. While toxic to both
animals and plants, RDX is known for targeting the central
nervous system when inhaled, resulting in convulsions and
loss of consciousness. Furthermore, this compound has been
shown to have adverse effects on the gastrointestinal and renal
systems [16]. It has been used previously as a rat poison [5].
USEPA has it classified as a potential human carcinogen.

In plants, RDX has been shown to suppress growth, though
phytotoxicity is much lower when compared to TNT [5].
RDX is additionally known for its ability to translocate within
plants, and therefore these compounds can accumulate in var-
ious parts of the plants. Despite its ability to translocate, RDX
has been reported to have lower toxicity than TNT [5].

Candidates for TNT and RDX Phytoremediation

Aspects to be considered when selecting plant species for
TNT and RDX phytoremediation include phytotoxicity, up-
take proficiency, capability of the plant to degrade/transform
the contaminant and various environmental factors. The envi-
ronmental factors comprise climatic attributes along with
plant growth conditions. Furthermore, the soil type and the
water environment play major roles in plant growth, root pen-
etration depth, contaminant kinetics, and bioavailability. Soil
type is a major consideration for choosing candidates for TNT
and RDX phytoremediation, because various soil components
impact plant availability, and therefore, phytotoxicity. Plant
availability of TNT in soils is mainly controlled by soil prop-
erties such as clay and organic carbon content. Generally, clay
and organic carbon content show an inverse correlation with
uptake of TNT by plants. TNT shows higher affinity to sorb
on clay-rich soils and sediments compared to RDX [17]. Also,
both dissolved (DOM) and particulate (POM) organic carbon
associate with munitions [ 18]. Several reports have shown that

sorption and retention of TNT increases with increased organ-
ic carbon in soil [18, 19]. However, other reports also show
that the presence of organic carbon has either no impact or a
negative impact on sorption of TNT and RDX [17, 20].
Hence, further studies are necessary to fully illustrate the
mechanism involved in sorption of munitions by organic
carbon.

Screening for phytoremediation candidate plants using tox-
icity parameters, uptake potential, and enzyme activity is com-
monly practiced [21]. Out of the plant species that have shown
efficient TNT uptake, there are few that can do so in a variety
of environments required by such a wide-spread contaminant.
An early study showed that grasses are promising candidates,
including brome grass, switch grass, alfalfa, oat, and wheat
[9]. The two most effective species for TNT uptake to date are
Eurasian water milfoil, Myriophyllum spicatum [22] and vet-
iver grass, Chrysopogon zizanioides [23] (Table 2).

The use of phytoremediation presents additional challenges
with RDX, since plants tend to accumulate this compound in
their shoot tissues [25]. The mobility of RDX would indicate
that densely rooted plants with a longer reach may be more
applicable. Only a few species have been explicitly indicated
for their potential in RDX remediation, including reed canary
grass, Phalaris arundinaceae; fox sedge, Carex vulpinoidea;
and rice, Oryza sativa (Table 2) [5, 25, 26].

TNT Phytoremediation

Early investigations from the lowa Army Ammunition Plant
(IAAP) near Burlington, IA studied nine species for their po-
tential use in the phytoremediation of explosives. Among the
plants with the most effective TNT uptake was the reed canary
grass, along with coontail, Ceratophyllum demersum L. and
American pondweed, Potamogeton nodosus Poir. Under
temperature-controlled conditions at 25 °C, these plants were
shown to remove 94-100 % TNT over a 10-day period while
the control plants removed 62—-85 %. Tissue analyses showed
metabolites of TNT detoxification along with other unidenti-
fied compounds [26]. The aquatic plant, M. spicatum was
investigated for its TNT uptake and detoxification abilities at
the Alabama Army Ammunition Plant in Childersburg, AL. It
was reported that M. spicatum had a high potential for TNT
with a maximum uptake of 1.6 mg g~ of wet weight (Table 2)
[22].

Through a greenhouse soil study, eleven species were eval-
uated with 10, 100, and 500 mg kg ™' TNT treatments. The
common bean (Phaseolus vulgaris), alfalfa (Medicago
sativa), and wheat (Triticum aestivum) were chosen for their
prior demonstration of nitroaromatic compound uptake [27].
Additionally, a lupin species, Lupinus angustifolius and
Phacelia seicea were selected for soil-improvement capabili-
ties. This study showed that while all the species were able to
remove nitroaromatic compounds from the soil, only
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Table2 Relative effectiveness of candidate plants for TNT and RDX phytoremediation; including experiment time (days), planting density (g L™),
explosive concentration (mM, unless otherwise indicated), and maximum uptake (mg g, unless otherwise indicated)

Plant species Time (days) Density Concentration Uptake (mg g ") Reference
Vetiver grass C. zizanioides 8 39gL! 0.18 mM TNT 1.03 wet Makris et al. 2007 [23]
Eurasian water milfoil M. spicatum 5 333gL! 0.50 mM TNT 0.29 wet Pavlostathis et al. 1998 [24]
7 50 gL 0.35 mM TNT 1.6 wet Hughes et al. 1997 [22]
Soybean G. max 3 NA 0.10 mM TNT 0.21 wet Adamia et al. 2006 [21]
Barley H. sativum 3 NA 0.10 mM TNT 0.10 wet Adamia et al. 2006 [21]
Alfalfa M. sativa 3 NA 0.10 mM TNT 0.08 wet Adamia et al. 2006 [21]
Chickpea C. arietinum 3 NA 0.10 mM TNT 0.15 wet Adamia et al. 2006 [21]
PeaP. sativum 3 NA 0.10 mM TNT 0.16 wet Adamia et al. 2006 [21]
Ryegrass L. multiflorum 3 NA 0.10 mM TNT 0.16 wet Adamia et al. 2006 [21]
Sunflower H. annuus 3 NA 0.10 mM TNT 0.06 wet Adamia et al. 2006 [21]
Maize Z. mays 3 NA 0.10 mM TNT 0.09 wet Adamia et al. 2006 [21]
Rice O. sativa 40 NA 0-2000 mg kg ' RDX ~30-80 dry Vila et al. 2007 [25]
Reed canary grass P. arundinaceae 10 NA 12.8 mM RDX 27 % Best et al. 1997 [26]
Fox sedge C. vulpinoidea 10 NA 12.8 mM RDX 26 % Best et al. 1997 [26]

P, vulgaris was able to do so at 500 mg kg . P vulgaris and
wheat showed similar uptake potential for nitroaromatics and
collected these compounds at similar concentration in the root
tissues (Table 2) [27].

In a more recent study, a number of agriculturally and or-
namentally significant plants were investigated for their ability
to remediate TNT. Soybean (Glycine max), barley (Hordeum
sativum), alfalfa (M. sativa), chickpea (Cicer arietinum), pea
(Pisum sativum), ryegrass (Lolium multiflorum), sunflower
(Helianthus annuus), and maize (Zea mays) species were in-
cluded in this study (Table 2) [21]. Soybean demonstrated the
most potential with a maximum uptake of 0.21 mg g "', and
demonstrated a high nitroreductase activity. Interestingly, a
majority of soybeans’ metabolites accumulated in the shoot
tissues [21].

Vetiver grass is a subtropical species with many unique
properties. This species of grass has a large biomass with the
potential for growing larger than 2 m in height and contains a
dense root system with the potential for reaching below 3 m
underground [28]. Vetiver is a known hyperaccumulator of
lead and has the potential for remediating a variety of other
heavy metals as well [29, 30]. It is also reported to have a high
affinity for organic contaminants such as polycyclic aromatic
hydrocarbons and explosive compounds [23, 31]. From its
adaptability to multiple environments to its affinity for various
organic contaminants, vetiver serves as a prime candidate for
the phytoremediation of explosives.

In recent studies vetiver grass has shown high affinity for
TNT when treated under hydroponic conditions. The maxi-
mum uptake was reported at 1.03 mg g~' wet weight, which
would place vetiver among the top two species alongside
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M. spicatum, since all of the other investigated species have
shown significantly lower values [23]. However, vetiver was
being treated with about 0.18 mM TNT at a planting density of
39 g L' (Table 2) [23], as compared to M. spicatum with
0.35 mM at a planting density of 50 g L™"' [22]. This could
suggest that vetiver is on par with M. spicatum in being the
best suited candidate for remediating TNT.

RDX Phytoremediation

For RDX phytoremediation, nine plant species were investi-
gated at the IAAP for their uptake potential with RDX [26].
These plants showed much less potential for RDX uptake. It
was noted that RDX uptake was significantly slower than that
of TNT. However, there were a few species that did show
uptake potential. Out of these species, the reed canary grass
was the most successful as it was able to uptake 27 % of the
initial RDX, while fox sedge was close behind at 26 %
(Table 2) [26].

Rice was examined both for toxicity and uptake potential
with RDX by Vila et al. [25]. Rice growth remained unaffect-
ed at RDX concentration 0f 2000 mg kg™, although there was
necrosis in the extremities along with a decrease in total chlo-
rophyll when RDX exceeded 500 mg kg . It was determined
through '“C-radiolabeling that 89 % of the RDX taken up by
the plants was translocated to the shoot tissues, with a reported
90 % moving to the extremities. However, there was little
evidence of transformation [25], so rice tissue would likely
have to undergo downstream processing after harvesting to
avoid bioaccumulation.
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Uptake and Metabolism of Explosives

Xenobiotics are taken up through the roots or the stomata of
the exposed plants. Early studies summarized by Yoon et al.
[8] discovered a predictive relationship between uptake rates
and translocation based on the physicochemical properties of
such compounds. Logarithm Kow (logKow) of a particular
compound is often related to the root concentration factor
(RCF), which is defined as concentration sorbed through the
roots/concentration in the aqueous surroundings [8]. Another
relationship was also discovered, which involves the logKqw
and the transpiration stream concentration factor (TSCF), de-
fined as concentration in the transpiration stream/
concentration in the aqueous surroundings [8]. Hydrophobic
compounds with logKow values greater than 3.8 are not
translocated through the plant as they firmly bind within root
tissues, while hydrophilic compounds with values less than
1.8 are unable to pass through the membranes of the root
tissues [8, 28]. These relationships are represented in Egs. 1
and 2 [32]:

log(RCF-0.82) = 0.77logK ow—1.52 (1)

TSCF = 0.756( (logKow-2.50)5%) 2)

Explosives undergo a three phase detoxification process in
plants [8], which culminates in requisition of the metabolites
into their biomass through a process known as sequestration.
This sort of compartmentalization is often referred to as the
green liver model, giving plants the ability to isolate the xe-
nobiotics from other cellular constituents, thus minimizing the
deleterious effects [8]. In general, this process begins at phase
I with a transformation of the contaminant through reactions
such as reduction, oxidation, and hydrolytic or photolytic re-
actions (Fig. 1). This makes the contaminant more responsive
by replacing non-reactive groups with polar ones including
hydroxyl (~OH), amino (-NH,), or sulthydryl (-SH) groups.
This is followed by phase Il where the new reactive group of
the transformed product is conjugated in the cytosol by trans-
ferases. Conjugation involves the paring of hydrophilic mol-
ecules such as carbohydrates, amino acids, or glutathione with
the appropriate reactive groups, which essentially makes the
transformed product more soluble [4, 5, 8]. For example, D-
glucose can bind with hydroxyl, amino, sulthydryl, and even
carboxyl (-COOH) groups, while malonate is primarily
known for conjugating with hydroxyl and amino groups [5].
In most cases, these conjugates are much less toxic than the
parent compounds. The conjugates undergo phase III, where
they are sequestered in particular cellular compartments such
as the vacuole for soluble conjugates or to the cell wall for
bound conjugates which can be incorporated into the wall by

way of binding to lignin, hemicellulose, or other components
[4, 8] (Fig. 1).

Metabolism of TNT

The phases I and II processes of TNT detoxification are well
characterized in plants, primarily in parrot feather,
Myriophyllum aquaticum and Arabidopsis thaliana, along
with other species. Phase I frequently comprises reductive
transformation of the nitro groups through nicotinamide coen-
zyme equivalents. This involves the initial formation of
nitroso (-NH-OH) intermediates, which would include the
2- and 4-isomers of hydroxylaminodinitrotoluene (HADNT).
HADNTSs can directly enter phase II of detoxification or un-
dergo a number of secondary transformations. Subsequent
reduction results in 2- or 4-ADNT which are known for being
more stable than the HADNTSs. In addition to ADNTs, the
HADNTSs could theoretically be transformed into 2,4- and 2,
6-isomers of diaminonitrotoluene, or 2,4,6-trinitrotoluene. In
either scenario, the amino groups would become highly elec-
tronegative and therefore reactive by way of forcing the elec-
trons back into the aromatic ring. Alternatively, the newly
reactive HADNTs could be abiotically oxidized to form the
azoxy isomers 4,4',6,6'-tetranitro-2,2'-azoxytoluene and 2,2,
6,6'-tetranitro-4,4'-azoxytoluene, which are dimers formed
between two of the compounds [33, 34] (Fig. 1). In addition
to the reductive means, earlier studies found evidence of oxi-
dative transformation of TNT in parrot feather root tissues
[35]. Multiple alkyl hydroxylations were thought to be respon-
sible in the formation of 2-amino-4,6-dinitrobenzoic acid, as
well as ring hydroxylation of TNT in the formation of 2,4-
dinitro-6-hydroxybenzyl alcohol and isomers of
dinitrohydroxytoluene [35]. Oxidative transformation might
play a role in TNT detoxification to some extent, though the
amount of supporting information for reductive transforma-
tion is overwhelming.

Techniques such as serial analysis of gene expression
(SAGE) have been used to develop transcriptome profiles of
Arabidopsis and other species when exposed to TNT, which
identified a number of genes responsible at various stages of
detoxification. Some of the candidate enzymes for phase I
transformations have included a number of reductases, cyto-
chrome P450s (P450s), and peroxidases. The presence of
P450s points to oxidative transformation, though it has been
indicated between the reductive metabolites and high rate of
reaction that routine oxidation seems unlikely [36]. It has also
been reported that the nitroreductases often contain a non-
covalently bound flavin mononucleotide (FMN) as an
oxidation-reduction cofactor [16]. More promising are homo-
logs to the old yellow enzyme (OYE) in yeast, the
oxophytodienoate reductase (OPR) family, which are
NADPH-dependent flavoproteins. These enzymes have been
noted for their similarity to nitrate ester reductases which are
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Fig. 1 Proposed detoxification
pathway of the explosive TNT in
plants. Phase I of TNT
detoxification involves the
transformation via nitroso-
dinitrotoluene (NO-DNT) to 2-
and 4-hydroxydinitrotoluene
(HADNT) isomers. Phase 11
involves the conjugation of the
transformed intermediates to
endogenous plant compounds,
including sugars. In phase III, the
conjugates are sequestered into
the plant biomass, possibly by
incorporation into plant cell walls
or compartmentalization into
vacuoles. (From Rylott and Bruce
2009 [4])

known for increasing TNT resistance in other plants [4, 36,
37]. A more recent discovery came from the cytosol of root
cells in soybean, which contain an NADPH-dependent
nitroreductase. This particular nitroreductase was noted for
being non-specific as well as for having shared qualities with
the soluble monooxygenase system, an NADPH-dependent
P450 with a fused nitroreductase partner. These similarities
present the potential of this nitroreductase having activity for
transforming TNT. It has also been reported that electron do-
nors (i.e., NADH, NADPH) enhance the reductive transfor-
mation of TNT, while the electron acceptors inhibit such trans-
formation [21].

Multiple sources have indicated that microorganisms are
also capable of reductive transformation both under aerobic
and anaerobic conditions. An FMN-containing nitroreductase,
encoded by the nfs/ gene has been identified for the reductive
transformation of TNT to HADNT intermediates under aero-
bic conditions [4]. There are a number of bacteria and fungi
with that can remove the nitro groups from TNT as nitrite
(NO,") which enter into the nitrogen cycle [21]. This would
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include bacteria such as Enterobacter cloacae strain PB2,
Pseudomonas putida [4], and Pseudomonas (sp.) strain
JLR11 [21]. Strain JLR11 in particular is known for integrat-
ing large amounts of the nitrogen from TNT into its own
organic molecules [21]. It has been noted in this case that
TNT functions as the final electron acceptor in place of oxy-
gen during cellular respiration. In addition, fungi such as the
white rot fungus, Phanerochaete chrysosporium are known
for reducing TNT metabolites for use as extracellular sub-
strates of lignin-degrading enzymes [21].

The phase II conjugations in plants were suggested in ear-
lier studies. Axenic root tissue cultures from Catharanthus
roseus showed evidence of four ADNT conjugates derived
from TNT. It was determined that the conjugates were formed
at the amino groups, with further support coming from the
presence of 6-carbon structures in the intracellular space that
were involved in the conjugation [38]. This process has be-
come well-defined in more recent studies which have identi-
fied carbohydrates and glutathione for their involvement. In
Nicotiana tabacum (tobacco) strain BY2 cell suspension
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cultures, monosaccharides such as glucose were identified as
common conjugates. This occurs through a glycosidic bond,
which was thought to form at the nitroso group in the case of
HADNTS [33, 34, 39] (Fig. 1).

In the case of tobacco, it was assumed that glycosyltrans-
ferases were responsible for catalyzing the conjugation reac-
tions. Since then both uridine diphosphate (UDP)-glycosyl-
transferases and glutathione-S-transferases (GSTs) have been
implicated for their involvement in this process. Microarray
analysis in Arabidopsis identified seven UDP-glycosyltrans-
ferases, which upon characterization were found to conjugate
HADNTSs, and even ADNTSs to some degree [37]. An interest-
ing observation was the formation of O- and C-glycosidic
bonds, in addition to a predisposition of each enzyme for the
2- or 4-HADNT isomers [37].

In addition to glycosyltransferases, the upregulation of
GST in Arabidopsis [36, 37] indicate an association in TNT
detoxification. This has been further supported by the upreg-
ulation of GSTs in poplar, Populus trichocarpa [40], though
the conjugates were not identified. A more recent study
reevaluated Arabidopsis through microarray analysis and
identified a number of glycosyltransferases in the conjugation
process, yet there was no evidence of GSTs [41]. Collectively,
the results do not indicate the involvement of glutathione con-
jugates. However, glutathione conjugates were identified in a
recent study investigating the GSTs, GSTU24, and GSTU25
[42]. These GSTs were chosen for their high activity to TNT
and were studied in transgenic Arabidopsis. One of the three
processes reported was the direct conjugation of TNT through
nucleophilic substitution of the nitro group to form 2-
glutathionyl-4,6-dinitrotoluene. The other two products were
C-glutathionylated HADNT isomers at the methyl group of
TNT [42] (Fig. 1).

In the final phase of TNT detoxification, the conjugated
products are sequestered. Research into the fate of these con-
jugates has suggested that they are compartmentalized in vac-
uoles and lignin components of the secondary cell wall. Inves-
tigation in Arabidopsis using SAGE [36] identified a number
of genes involved in lignin biosynthesis, including cinnamate
4-hydroxylases, 4-coumarate coenzyme A ligases, caffeic acid
O-methyltransferases, and cinnamyl alcohol dehydrogenase
to name a few [43]. Transporter proteins such as ATP-
binding cassette (ABC) transporters have been identified for
their involvement in TNT detoxification [41, 44]. These are
transmembrane proteins that utilize ATP hydrolysis for the
translocation of compounds, such as TNT-derived conjugates,
across the cellular membrane so that they may leave the cyto-
sol. Three particular ABC transporters were identified in the
shoot tissues of Arabidopsis, including the P-glycoproteins 21
and 19, as well as ATABC1. The P-glycoproteins are known
for their facilitation of translocation across the membrane,
while ATABCI is a member of subfamily proteins known
for bringing together iron—sulfur clusters [44].

Along with transporters, proteins involved in cell wall
modification and hydrolysis were also identified [44]. Proteins
involved in loosening of the cell wall, such as expansin A1, a
cell wall modifier; Touch 4 which responds to environmental
signals; as well as a glycoside hydrolase «-xylosidase 1 were
upregulated in shoot. In the root, 3-xylosidase 2, which is
similar to o-xylosidase 1 was upregulated. Xyloglucan
endotransglucosylase/hydrolase 9, which loosens and
rearranges the cell wall by way of cleaving xyloglucan chains
was upregulated in roots. Some of these proteins could poten-
tially be involved in conjugate polymerization prior to their
incorporation into the cell wall [44]. The upregulation of pro-
teins involved in lignin biosynthesis, along with the cell wall
modifiers and hydrolyzing enzymes offers strong supporting
evidence to the compartmentalization of conjugates within the
cell wall of plant tissues.

Metabolism of RDX

Although TNT is metabolized in plant cells largely by reduc-
tive transformation, less is known about the pathways in-
volved in RDX metabolism. As RDX can be readily taken
up by plant roots, and plants are generally deficient in their
ability to breakdown the ring structure, RDX can become
available in the food chain through translocation to the aerial
portions of the plant, or it can simply return to the environment
[4]. Proposed pathways for RDX metabolism include reduc-
tive transformation, denitration, and direct photolysis [4, 8]
(Fig. 2). Through reductive transformation, RDX can be re-
duced in plants to form hexahydro-1-nitroso-3,5-dinitro-1,3,
S5-triazine (MNX) and further reduced to hexahydro-1,3-
nitroso-5-nitro-1,3,5-triazine (DNX) [8]. RDX, MXN, and
DNX can undergo photolysis to form smaller metabolites such
as formaldehyde and methanol. Light-independent transfor-
mation of these metabolites can produce CO,. There have also
been suggestions of formaldehyde conjugation to form com-
pounds such as S-formyl-glutathione [8] (Fig. 2).

There are a number of microorganisms that are known for
their ability to breakdown the ring structure of RDX and use it
as a source of nitrogen [4]. This occurs through denitration by
a well-known enzyme, a flavodoxin-cytochrome P450. Re-
search has shown that under anaerobic conditions,
methylenedinitramine (MEDINA) is produced along with
one mole of NO, and two of formaldehyde. Meanwhile, un-
der aerobic conditions 4-nitro-2,4-diazabutanal (NDAB) is
produced with two moles of NO, and one of formaldehyde
[4]. Microbes such as the previously mentioned white rot fun-
gus and various strains of rhodococcal bacteria have demon-
strated the aerobic breakdown of RDX [45]. These bacteria
would include Rhodococcus rhodochrous strain 11Y from the
UK, Rhodococcus (sp.) strain DN228 from Australia, and
Rhodococcus (sp.) strain YH1 from Israel [46].
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Biotechnological Enhancement of TNT and RDX
Phytoremediation

Since a number of plant species have been identified for their
potential in the phytoremediation of explosives, along with the
elucidation of the metabolic pathways involved in explosive
detoxification, the next step would be to work toward using
this knowledge for field applications. The overall limitations
in plants for detoxifying explosive compounds have led to
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extensive research into genetic engineering and microbe-
assisted remediation. Several researchers have indicated that
the detoxification rates of explosives are ubiquitously lower in
plants when compared to microbes [4]. One strategy to en-
hance plant degradation of explosives would be to introduce
microbial genes involved in detoxification into the plant ge-
nome. Well-researched enzymes in explosive-related trans-
genic studies include the nfsl-encoded nitroreductase, the
fused flavodoxin-cytochrome P450, as well as the onr-
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encoded pentaerythritol tetranitrate (PETN) reductase. Major
shortcomings in using transgenics for remediation include the
lack of transformation techniques suitable for certain viable
candidates. Given that these techniques have been well
established in tobacco and Arabidopsis, these two plants have
maintained the focus of transgenic research, while these plants
are not the best candidates for field applications. In addition,
there are legal restrictions and public opposition in a number
of countries against using transgenic plants in the environment
[471.

Another approach would be to use plant root-associated
bacteria to enhance detoxification of explosives. Very few
studies have used rhizobacteria for the phytoremediation of
explosives. Methylobacterium (sp.) strain BJOO1, an endo-
phyte of hybrid poplar (Populus deltoides/Populus nigra)
strain DN34 was shown to produce CO, from a 60 % degra-
dation of RDX and HMX [48]. Rhizobium tropici, an endo-
phyte of hybrid poplar (P. trichocarpal/P. deltoides) strain
PTD1 was reported for enhanced uptake of RDX [6, 49].

Biotechnological Enhancement of TNT Phytoremediation

Genetically modified plants have been a major area of focus in
the phytoremediation of explosives. Research has shown that
transgenic plants, when expressing the genes responsible for
the degradation of nitroaromatic compounds are more capable
for removing the contaminants and are also more tolerant to
their toxic effects. Since microorganisms are limited by their
low biomass and plants are often inadequate in terms of toler-
ance and degradation capability, transgenic technology offers
a promising route for TNT phytoremediation. An interesting
case involves the onr-encoded, FMN-containing enzyme
PETN reductase, from Enterobacter cloacae strain PB2 which
has been known to use pentaerythritol tetranitrate (PETN) and
glycerol trinitrate or nitroglycerin (GTN) as sole sources of
nitrogen. This monomeric reductase has a molecular weight of
40 kDa and is nicotinamide coenzyme-dependent of NADPH
[45]. Transformed tobacco has been demonstrated to be toler-
ant to GTN and TNT. In addition, PETN reductase can trans-
form TNT and has been reported as the only enzyme able to
create non-toxic compounds by removing NO,- and hydride (-
H) groups from the aromatic ring. This produces hydride and
dihydride Meisenheimer TNT configurations [4, 6].
Transformed tobacco with the nfs /-encoded nitroreductase
from E. cloacae strain NCIMB 10101 are known for becoming
more resilient to TNT and gaining the ability to detoxify this
compound [50]. These transgenic plants have shown rapid
TNT uptake with low production of ADNTSs and only moder-
ate signs of toxicity at 0.25 mM TNT. Since the authors did
not detect TNT or its metabolites from these transgenic plants,
it was inferred that the TNT was either transformed complete-
ly or even sequestered in a way to make it undetectable [50]. It
has also been reported that this particular nitroreductase, by

comparison to PETN reductase offers a higher tolerance to
TNT and a faster rate of transformation [4].

Another study indicated that Arabidopsis plants trans-
formed with 12-oxophytodienoate reductases (OPR1) isoform
showed higher potential for TNT uptake and metabolism [47].
Such techniques could prove useful if coupled with the
higher-tier phytoremediation candidates. More recent sources
have suggested the transformation of individual plants with
multiple genes for nitroaromatic compound metabolism [4,
47]. Since sites of TNT contamination often contain metabo-
lites of the parent compound along with other nitroaromatic
compounds, overexpressing multiple enzymes could prove
advantageous [47].

An interesting and unique technique known as
phytoruminal bioremediation involving the anaerobic micro-
organisms of the rumen has been reported [47]. Such mi-
crobes, isolated from sheep rumen, have shown enzymatic
activity for TNT. Introducing TNT to the diet of sheep has
shown a predominance of microbes associated with TNT me-
tabolism. The essential idea is to syndicate the TNT
phytoaccumulation of plants with the degradative capabilities
of microbes in the rumen of grazing mammals. It has been
hypothesized that the grazers would not experience complica-
tions from this level of exposure, although more extensive
research in this area is warranted [47].

Other techniques have been proposed to overcome low
uptake and degradation of explosives by plants, such as the
use of chaotropic agents. The chaotropic agent urea was pro-
posed to not only to increase the aqueous solubility of TNT
but also to facilitate its uptake by plant root hairs [51]. Since
the surface application of urea to soil is commonly used in the
slow release of nitrogen for crop growth, its use in
phytoremediation would not appear to present a threat to the
environment. Vetiver grass has been utilized in urea-catalyzed
uptake studies both under hydroponic conditions [51] as well
as in greenhouse soil studies [52]. Vetiver showed a high af-
finity for TNT in hydroponic media, where 40 mg L™' TNT
took eight days to be completely removed from the media
[51]. However, when treated with 0.1 % urea, vetiver exhib-
ited an initial spike in TNT uptake, followed by a slower, yet
linear uptake. The authors reported 90 % TNT removal by
24 h with the urea treatment and 60 % removal without urea.
TNT was not detected in plant tissue; however, degradative
metabolites such as ADNTs were present, suggesting a degra-
dation pathway [51].

More recently, vetiver has been examined under green-
house soil conditions for chemically catalyzed TNT uptake
with urea [52]. Urea was added at 1000 mg kg ', which is
the maximum application rate for soil health and environ-
mental safety. It was determined over a 12-day study that
TNT uptake was increased significantly following urea treat-
ment. There was little difference observed at 40 mg kg ' as
treated plants removed 100 % TNT while untreated removed
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97 %. At concentrations of 80 mg kg~' TNT, however, the
urea-treated plants were able to remove 84 % TNT within
3 days as opposed to the 39 % by the untreated plants. In
12 days, the urea-treated plants removed 95 % TNT, with an
84 % removal for untreated plants [52]. It has been pointed
out that phytoaccumulation has yet to be differentiated from
microbial degradation upon the addition of chaotropic agents
[47]. However, this study supports the earlier report of in-
creased TNT uptake in the presence of urea. These results
could be invaluable in the development of a field applicable
system for TNT phytoremediation.

Biotechnological Enhancement of RDX Phytoremediation

For RDX phytoremediation, P450 enzymes have been ex-
amined. In general, P450s are highly induced by chemical
compounds like xenobiotics [53]. Aerobic degradation of
RDX has been determined in a number of microorganisms,
though the Xp/A4-encoded fused flavodoxin-cytochrome
P450 was specifically identified in the bacterium,
R. rhodochrous strain 11Y [46]. Interestingly, Xp/A and its
homologs could be isolated in various laboratories from
strains of Rhodococcus (sp.) only when exposed to RDX.
This indicates that XplA4 is either highly restricted in its
distribution or that it has evolved specifically in response
to RDX [46, 54].

In order to determine if the RDX-degrading abilities of
XplA could be maintained in transgenic plants, it was intro-
duced to Arabidopsis [46]. The transgenic plants showed no
signs of toxicity following 8 weeks in concentrations of
RDX up to 2000 mg kg ', while the wild-type plants
showed lower biomass in addition to other toxicity symp-
toms. Moreover, lower levels of RDX in the shoot tissues of
transgenic plants would suggest degradation by Xp/A4. There
was also indication that the nitrogen from RDX was being
used for plant growth as the transgenic plants gained bio-
mass in their root tissues [46]. Another gene, XpIB is a
reductase enzyme that transfers electrons from NADPH to
the cytochrome P450 for RDX degradation [54]. XplA4 and
XplB as a fused flavodoxin-cytochrome P450/flavodoxin
reductase system could make a major impact on RDX deg-
radation in transgenic plants. The introduction of both Xp/A4
and XpIB into Arabidopsis showed enhanced degradation
with a 30-fold increase of RDX uptake in hydroponic and
soil leachate studies [54].

More recent studies have attempted to create self-sufficient,
artificial P450 multidomain fusion proteins similar to the
P450-BM3 system from Bacillus megaterium or the P450—
RhF system from Rhodococcus (sp.) NCIMB 9784 [54]. The
P450-RhF system contains a C-terminal reductase which is
fused with the oxygenase domain at the N terminus. These
fused systems are controlled by a single gene which could
prove useful for RDX degradation by plants [54].
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Conclusions and Future Directions

A considerable amount of information on explosive com-
pounds, their toxicity to living organisms, and degradation
pathways has been collected. In addition, elucidating the met-
abolic pathways involved in detoxifying these compounds has
led to the identification of potential plant species for use in
TNT and RDX phytoremediation, as well as candidate genes
for developing transgenic plants. However, while researchers
have been working on the phytoremediation of explosives for
years, very few comprehensive field studies have been carried
out. One major challenge with field implementation is that the
remediation strategy needs to be site-specific, as TNT concen-
trations in contaminated military sites are extremely heteroge-
neous, and local environment and soil properties, etc., would
be important in selecting the best candidate for
phytoremediation.

Limitations in plant metabolism and their tendency to ac-
cumulate RDX in the aerial tissues present a greater challenge
for phytoremediation. There are few plants with intrinsic ca-
pability for phytoaccumulation and degradation of RDX. Rice
has shown the most promise out of those investigated for
RDX phytoremediation. Given that there was little evidence
of transformation and that the RDX was translocated majorly
to the extremities of the shoot tissues, rice would almost def-
initely require downstream processing such as through incin-
eration. An alternative to field studies would be transforming
rice with Xp/A, which may allow for degradation of RDX.

Although research on phytoremediation of explosives has
come a long way, there is still much ground to be covered in
terms of developing effective models for field application.
Recent research has revealed promising transgenic and non-
transgenic approaches, which could prove to be practical and
effective for military sites. It is anticipated that further inves-
tigation and eventual implementation will lead to the develop-
ment of low-cost, environmentally friendly techniques for
remediating explosive-contaminated sites.
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