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concentrations. Error bars represent standard errors.
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m. EXECUTIVE SUMMARY

The energetic materials (RDX, TNT, DNTs) are possible sources of groundwater and
surface soil (<1 ft) contamination at DoD training and testing sites. RDX, in particular, is more
mobile than the other compounds in groundwater. Phytoremediation is an inexpensive, self-
sustaining treatment technology that may be suitable for prevention of contamination.
Phytoremediation of energetic materials (RDX, TNT, DNTs) requires basic knowledge of the
transformation pathways of the energetic materials for several purposes. Selection of high-
performing native plants, engineering plants with enhanced transformation capabilities,
identifying the fate of transformation products in the plants, and designing the external variables
to operate a more effective phytoremediation process are all dependent on a knowledge base of
the genetic structure, enzymatic structure, and biochemical reaction pathways.

This project used Arabidopsis thaliana as a model plant system to perform genetic and
biochemical studies to assist in the identification of the genes, enzymes and pathway structure of
metabolism of energetic materials. The strategy involved selection of mutants resistant to the
energetic compound, and then genetic and metabolic characterization of the mutants. However,
as a prerequisite to this strategy, two types of Arabidopsis thaliana mutant libraries, T-DNA
insertion and Enhancer (4X)-trap, were generated and screening assays for resistance to TNT and
RDX needed to be designed and implemented. Furthermore, uptake and metabolic fate studies of
Arabidopsis thaliana exposed to RDX, TNT, and DNTs were necessary as controls to compare
with the mutants. Thus, these prerequisite studies alone contributed to the tool and knowledge
base on transformation of energetic materials in this genetically powerful plant system.

Knowledge of phytotoxicity effects of plants to TNT and RDX from prior literature was
used as an aid to design. Although the NOAEL (no observed adverse effect level) concentration
for phytotoxicity of TNT to plant seedlings is on the order of 5 mg/L in liquid media (reviewed
in Burken et al., 2000), the toxicity of TNT for germination in liquid or solid media had not been
studied previously. Toxicity of TNT to seed germination of 25-35 mg/L (level is dependent on
seed concentration, among other variables) was determined for selection of Arabidopsis mutants
for this project. The TNT germination screen was successful. From screening of approximately
250,000 seeds of T-DNA insertion mutant library and 300,000 seeds of the enhancer trap mutant
library, 8 and 12 mutants, respectively, were selected for their greater TNT resistance.

RDX phytotoxicity is understood even less than for TNT. Since in poplar grown
hydroponically, RDX is less phytotoxic (NOAEL ~ 20 mg/L) than TNT (Burken et al., 2000),
this suggested apriori that the screening assay would be more difficult to develop for RDX. This
indeed was the case. Arabidopsis thaliana seeds were still able to germinate at close to levels of
1400 mg/L RDX in solid agar media. Precipitation (crystals) was observed at 500 mg/L RDX in
solid media and significant precipitation of RDX occurred at levels above 1000 mg/L RDX.
Thus, the germination screen was not an effective screening method for RDX due to the limited
toxic effects observed. A root length screening method (0 — 200 mg/L RDX) and an aerial
screening method also indicated limited toxicity of RDX to plant growth.



The ability to screen for mutants resistant to TNT and not RDX suggested a difference in
their ability to metabolize the parent compound and/or transformation products. TNT levels of
0.8 mg/L inhibited root growth in solid media and 1.0 mg/L reduced seedling growth yield in
liquid media. [U-"*C] TNT mass balance studies and metabolite feeding studies of Arabidopsis
seedlings in liquid culture showed the conversion of TNT to hydroxylamines, conjugates and
unextractable-bound compounds, in agreement with the green-liver model and Arabidopsis
transformed 4-substituted metabolites more efficiently than the 2-substituted metabolites. In
contrast to TNT, RDX was not toxic to Arabidopsis at concentrations up to 35 mg/L RDX (close
to the solubility limit) in liquid media. Furthermore, [U-'*C] RDX studies of axenic Arabidopsis
seedlings grown in liquid media in the light indicated over 50% of the radioactivity being taken
out of the media and over 11% of the '*C label being completely mineralized to carbon dioxide
after 35 days. The results of this study are consistent with the hypothesis developed by Jerry
Schnoor and his collaborators (Van Aken, B. et al., 2004) that light exposed plant tissues can
mineralize RDX.

Southern blot analysis of the T-DNA and Enhancer (4X)-trap mutants revealed that the
Enhancer (4X)-trap mutants had fewer insertion sites. Thus the Enhancer (4X)-trap mutants
were characterized by TAIL-PCR with subsequent sequencing and BLAST analysis of the PCR
products. The majority of insertions occurred between two genes but in a few cases T-DNA
insertion occurred in either an exon or an intron of a gene. About half of the genes have
unknown function. Although the other half of the genes show similarity to the known genes from
other organisms, none of the genes’ functions have been experimentally identified in
Arabidopsis. Most of the putative functions are involved in regulation of transcription and signal
transduction pathways. Notably missing were genes for enzymes potentially involved in
detoxification of TNT, such as nitroreductases, cytochrome P450s, and glutathione
S-transferases. Salk T-DNA mutants, in which their insertion sites are similar to the sites of the
T-DNA insertion in our Enhancer (4X)-trap lines, did not germinate better than the wild-type
when challenged with 10 - 30 mg/L TNT. This implies that resistance phenotype of the
activation-tagged mutant lines were not caused by an interruption of a gene, but possibly by an
enhancement of a gene up-regulated by the 4X 35S enhancer element in the T-DNA.

The Enhancer (4X)-trap mutants were tested for their ability to transform TNT in liquid
culture, when TNT was added at either exponential or stationary growth phase and from
concentrations ranging from 6 mg/L to saturated levels, ~170 mg/L. A difference in TNT
removal capacity between the wild-type and the mutants was observed when TNT was added to
seedlings during their exponential growth phase at only very high TNT concentrations
(120 mg/L — 170 mg/L). For the cultures that transformed TNT faster, the mutant plants
appeared healthier than the wild-type plants at these levels. In TNT phytotoxicity studies, mutant
and wild-type seedlings had similar growth rates and biomass yields at low levels of TNT (2.5—
15 mg/L) in liquid media. Root assays at TNT levels from 0.2 to 0.8 mg/L showed the same
degree of growth inhibition for the mutants and wild-type. These results in conjunction with
genetic results suggest that the mutants do not possess any specific advantages in transforming
TNT; for example, they do not possess upregulated genes such as nitroreductases that are
directly involved in TNT transformation. Instead, the mutants appear to be more resistant to the
phytotoxic effects of TNT at very high levels of TNT, which explains their better health. Since
they are less affected by TNT than the wild-type, this manifests in a better rate of TNT



transformation. This situation, wherein the greater resistance to TNT by the mutants is not due to
a specific over-expression of an enzyme directly involved in TNT transformation, is more
difficult to analyze. Drawing out the precise nature of the mutation, and the phenotypic
difference between the mutant and the wild-types upon exposure to TNT will require
significantly more research.

In contrast to TNT and RDX, less is known about the metabolism and fate of DNTs in
plants. The scarcity of the research on phytoremediation of dinitrotoluenes may come from the
speculation that the application of phytoremediation of dinitrotoluenes can be based on TNT
studies due to the similar chemical structures between TNT and DNTs. However, the
nitroaromatic explosives showed different fates in bioremediation. For example, DNTs are
mineralized by aerobic bacteria (Nishino, et al., 1999) while TNT is not (Burken et al, 2000).
Thus, studies on the phytotoxicity and fate of the dinitrotoluenes, 2,4-DNT and 2,6-DNT, and
gene expression in response to DNT exposure were performed in Arabidopsis.

From the results of biomass assays for toxicity, 2,4-DNT was more toxic than 2,6 DNT,
which is more toxic than TNT. As a consequence, rates of uptake were slowest for 2,4 DNT,
then 2,6 DNT, then TNT. Interestingly, in root growth assays, similar levels of growth inhibition
was observed at 1 ppm for 2,4-DNT and TNT versus 20 ppm for 2,6-DNT. The results of the
fate and distribution of [U-"*C]2,4-DNT or [U-"*C]2,6-DNT in Arabidopsis seedlings in liquid
culture are similar to those of TNT, indicating that the green-liver model is followed. Most of the
radiolabel is located in the root tissue and mineralization by the plants was not observed. Also,
the intracellular bound portion accumulated with time after DNT amendment, suggesting
transformed products of DNTs may be incorporated into plant tissues such as lignin and
cellulose. Monoaminonitrotoluene isomers and unknown peaks with short retention times were
detected as transformed products of 2,4-DNT and 2,6-DNT by the plants. These results show that
the fate of the DNTs in plants after uptake is similar to that of TNT and although the kinetics of
transformation are not quantitatively the same, phytoremediation strategies of the DNTs may be
based from the studies on TNT.

One phytoremediation strategy is to design transgenic plants with enhanced
transformation rates and reduced phytotoxicity, as first reported by Neil Bruce’s laboratory
(French et al, 1999; Hannick et al, 2001). In collaboration with Neil Bruce, high levels and rapid
turnover of 4-hydroxylamino-2,6-dinitrotoluene were observed in transgenic tobacco containing
nitroreductase from E. cloacae. The high transformation rate of TNT is likely due to an enhanced
reductive activity of the bacterial nitroreductase over that of the endogenous tobacco enzymes.
This enhanced activity may enable greater conjugation and sequestration of TNT, hence
decreasing its phytotoxicity. Thus, if the same enzymes are used in the transformation of the
DNTS as for TNT, one explanation possible for the difference in kinetics of transformation of
the DNTs in comparison to TNT is a difference in substrate specificity for the enzymes involved
in detoxification.

The monitoring of plant gene expression in response to exposure to explosives as a means
to identify specific genes potentially involved in plant detoxification of explosives. Enhanced
expression of glutathione S-transferase (GST) genes in Arabidopsis (Ekman, et al., 2003;
Mezzari, et al., 2005), horseradish (Ekman, et al., 2003) and poplar (Schnoor et al, 2006)



exposed to TNT has been reported. In our study, glutathione levels and expression of related
genes (GSH1 and GSH2) in Arabidopsis plants exposed to 2,4-DNT were increased 1.4 fold and
1.7 fold, respectively, compared to untreated plants. Genes of a glutathione S-transferase (GST)
and a cytochrome P450, which were induced by 2,4,6-trinitrotoluene exposure in previous
studies, were upregulated by 10 and 8 fold, respectively, in response to 2,4 DNT and 4.7-fold
and 14-fold, respectively, in response to 2,6 DNT. Thus, in addition to the similarities in
metabolism and fate of the DNTs with TNT, similar expression patterns are observed of these
candidate genes.

To further investigate the role of GST, a homozygous gst mutant line was isolated in the
specific GST monitored in the gene expression studies ((Atlgl7170). Comparison of uptake
rates and root growth between the wild-type and the gst mutant amended with 2,4-DNT, 2,6-
DNT or with TNT was performed. The uptake rates and the tolerance at different concentrations
of 2,4-DNT, 2,6-DNT and TNT were not significantly different between the wild-type and the
gst mutant, implying that induction of this GST gene is not related to the detoxification of these
compounds in vivo. Although a purified GST enzyme may be able to conjugate TNT in an in
vitro enzyme assay, this enzyme may not be the one used in vivo. There may be other enzymes
in vivo that have a higher affinity for the parent compound. Thus, genes that are induced in
response to xenobiotics from a quantitative gene expression study, such as SAGE analysis and
real-time PCR, does not necessarily warrant the involvement of these genes in the detoxification
pathway or in their involvement in tolerance to the xenobiotic by plants. Despite this fact, genes
that are induced are good targets to test for activity in vivo. With the current availability of
Arabidopsis mutants, many gene targets can be tested for pathway activity or tolerance, and is
the subject of future research.

(1. PROJECT BACKGROUND

The energetic materials (RDX, HMX, TNT, DNTs) are possible sources of groundwater
and surface soil (<1 ft) contamination at DoD training and testing sites. RDX, in particular, is
more mobile than the other compounds in groundwater. Phytoremediation is an inexpensive,
self-sustaining treatment technology that may be suitable for prevention of contamination.
Phytoremediation of energetic materials (RDX, TNT, DNTs) requires basic knowledge of the
transformation pathways of the energetic materials for several purposes. Selection of high-
performing native plants, engineering plants with enhanced transformation capabilities,
identifying the fate of transformation products in the plants, and designing the external variables
to operate a more effective phytoremediation process are all dependent on a knowledge base of
the genetic structure, enzymatic structure, and biochemical reaction pathways.

(11). TECHNICAL OBJECTIVE

This project (ER-1319) responds directly to the SERDP statement of need (CUSON-02-
03) to address the potential remediation of the energetic materials (RDX, TNT, DNTs) via plant
processes. We combined our expertise in biochemical engineering and in the life sciences and
engineering to assist in the construction of a genetic and biochemical knowledge base for
transformation pathways of energetic materials (RDX, TNT, DNTs) in plants. We used



Arabidopsis thaliana as a model plant system to perform genetic and biochemical studies aid the
identification of the genes, enzymes and pathway structure of TNT metabolism. The biochemical
approach used for TNT studies was used in determining fates of RDX and the DNTs, and
combined with a genetic approach to understanding energetic material metabolism, it is expected
that a sound knowledge base on transformation of energetic materials will be obtained.

OVERALL OBJECTIVE:

To construct a genetic and biochemical knowledge base for the transformation pathways
of energetic materials (RDX, TNT, DNTs) by exploiting the fact that these chemicals are
phytotoxic ~5 ppm (TNT) to ~20 ppm (RDX).

Specifically:

1. to screen mutagenized populations of the model plant, Arabidopsis thaliana, to isolate
mutants resistant to RDX, TNT, and the DNTs, due to under or over-expression of
individual genes

2. to genetically analyze mutants

3. to use metabolite analyses to select final mutants and characterize function of mutants.

(IV). TECHNICAL APPROACH

Plants have the ability to act as important phytoremediation agents since they can remove
and detoxify organic contaminants found in the soil and groundwater through the “green liver”
concept. Studies with RDX, TNT, and the DNTs have shown the potential of phytoremediation
of these materials, although to varying degrees. Basic knowledge of the transformation pathways
(and of the enzymes that catalyze the transformation reactions) of the energetic materials will aid
phytoremediation design and assessment.

Fate and product identification studies have established that plants can transform TNT
and DNTS, and bioaccumulate RDX. Beginning frameworks for the transformation pathways
have been established for TNT. At this juncture, however, biochemical studies alone will not
help elucidate the transformation pathway. Genetic tools are needed as well. A holistic use of
genetic and biochemical studies of these complex systems will enable us to identify the genes,
enzymes and pathway structure of TNT, DNT and RDX metabolism.

Arabidopsis thaliana is the model plant system used to perform these studies. RDX,
TNT, and DNTs are all phytotoxic to plant growth. Hence a screen (T-DNA and Enhancer-Trap
libraries will be used) to select for mutants with resistance is possible, but techniques that probe
expression of genes can also be included as an alternative approach by searching for genes
induced from these chemicals. The availability of knockout mutants (T-DNA mutants in
particular) from the Arabidopsis genome projects then enables one to obtain a putative mutant to
test the hypothesis on whether or not a gene that shows an abundant transcript in plants exposed
to an energetic material is involved in energetic material metabolism. The combination of these
techniques increases the success rate of obtaining Arabidopsis mutants with which to
characterize with metabolic analyses in order to determine function or to test hypotheses.



Once the mutant lines in Arabidopsis that are tolerant to energetic materials are
identified, molecular techniques will be used to isolate and clone the gene. Basically, mutants
obtained using T-DNA and Enhancer-Trap libraries will use PCR technology. When the gene of
interest has been cloned, its role in causing the explosive-resistance phenotype will be probed via
metabolic characterization.

Central to the work of characterizing the mutants will be to have a sound base on which
to analyze the transformation of RDX, TNT, and DNT metabolism in Arabidopsis
biochemically. Mass balances and metabolite analyses will be performed for wild-type
Arabidopsis using previously established methods. A HPLC system and library from our
previous work were used to carry out analysis of the particular energetic materials and their
transformation products. These experiments were used in the metabolic screen to narrow
selection to the most desirable mutants, and also characterizing the mutants in more detail
metabolically once selected.

It is possible that a mutant may be resistant to energetic materials but not differ in the
profile of transformation products observed. In other words, a change in plant metabolism not
directly associated with the biochemical pathways of the energetic material is possible — the
change is one that reduces phytotoxicity but not the transformation of the parent compound. This
type of change has traditionally been very difficult for molecular biologists to study, since in this
case, the metabolism of the whole plant needs to be analyzed to determine the change.



(V). PROJECT ACCOMPLISHMENTS
1. Generation of mutants
1.1 Library generation

Three libraries of mutant Arabidopsis thaliana plants were created to screen for plants
with alterations in TNT, RDX, or DNT metabolism. The results are shown in Table 1. The
largest library contains 1.5 x 10° different genetic lines each containing 1 to 3 T-DNA knockout
mutations. This library was constructed using the plasmid pCB302 as the mutagen (Xiang et al.
1999). Insertion of this T-DNA construct in the promoter region or the coding region of the gene
will usually disrupt expression of that gene. The second library, the enhancer-trap library,
contains about 1.5 x 10° different lines and is constructed using the vector pSKI1015 (Weigel
et al. 2000). This is an activation-tagging vector. It will knockout a gene if it lands in the coding
region but can enhance expression of the gene if it lands in the promoter region. The third
library is 1.25 x 10° individuals that have been mutagenized by EMS. These are point mutations
and they can increase or decrease expression levels of a gene and can even changer the substrate
specificity of the resulting protein.

The pCB302 tagged genes are fairly straightforward to clone using PCR. The pSKI1015
tagged genes are very easy to isolate using the plasmid rescue features of the insert. The EMS
mutagenized genes are difficult to isolate and must be done by genetic mapping techniques.

Table 1. Libraries of mutant Arabidopsis thaliana

Library Mutagen Number of lines  Gene Identification
1 pCB302 1.5 x 10° PCR
2 pSK1015 1.5x 10° Plasmid rescue
3 EMS 1.25 x 10° Mapping

1.2 RDX Screening Assays for Wild-Type Seedlings
1.2.1 RDX Screening Assay for in Petri-Dishes

An assay was developed in order to screen for Arabidopsis thaliana mutants resistant to
RDX. Many factors are considered in the design of an assay to screen 300,000 lines for which
the end result is the indication of a clear toxicity effect to the wild-type plant for a reasonable
cost of the assay. The amount of chemical, the form in which the chemical is administered, the
number of seeds/seedlings per plate, media and culture conditions for the plant and the timing of
amendment of the chemical are all design variables. Knowledge of phytotoxicity effects can be
gleaned from the literature as an aid to the design. The TNT screening assay that was developed
for this project involved a fair number of iterations. Although the NOAEL (no observed adverse
effect level) concentration for phytotoxicity of TNT to plant seedlings is on the order of 5 ppm in
liquid media (reviewed in Burken et al., 2000), the toxicity of TNT for germination in liquid or



solid media had not been studied previously. Toxicity of TNT to seed germination of 25-35 mg/L
(level is dependent on seed concentration, among other variables) was determined for selection
of Arabidopsis mutants for this project. Since RDX toxicity is understood even less than for
TNT, and RDX is less toxic than TNT, this suggested that the screening assay would be more
difficult to develop.

A limited number of studies (reviewed in Burken et al., 2000) have indicated that the
NOAEL in maize and wheat grown hydroponically is estimated to be 13 mg/L, with toxic levels
at 21 mg/L. Similar results were observed in sorghum and soybean plants and in hybrid poplars-
no toxic effects for RDX concentrations up to 21 mg/L and after 30-days of exposure and
14 days of exposure, respectively for hydroponically grown plants. The saturation level of RDX
in water is approximately 40 ppm at room temperature, but the saturation level of RDX in
complex growth media is unknown. Thus, a wide range of RDX levels were tested for this assay.
In addition, the source of RDX (RDX in a given solvent) for successful dissolution in complex
solid media without significant toxic effects from the solvent was a critical factor in the design.

Arabidopsis thaliana wild-type seeds were grown in solid media containing various
concentrations of RDX in order to determine the toxicity of RDX on germination. Medium
consisted of 2.2 g of Murashige and Skoog (MS) salt mixture (Gibco BRL Life Technologies),
3 ml of 6% KH,PO,4, 1 ml Gamborg B5 vitamin solution, 20 g of sucrose (Sigma), and 5 g of
99% MES hydrate (Acros Organics) added to 1 L of water. The pH was adjusted to 5.8 with
NaOH. Phytogel was then added to the media (2.0 g/L media), the media was autoclaved, then
cooled in a 65°C water bath. RDX and acetone were added to the medium which was then
poured into sterile petri dishes. RDX was obtained in a solution of acetone (50 mg/ml) from
AccuStandard. Acetone concentrations were kept the same throughout a screening assay in order
to compare the effect of the RDX only. The petri dishes were then cooled to let the media
solidify.

Seeds were sterilized by one of two methods. The first method consists of applying 20%
bleach to seeds for 15 minutes and then rinsing with sterile water three times. The second
method sterilizes seeds by exposing seeds to chlorine gas for three hours. The chlorine gas is
formed from combining 200 ml bleach with 20 ml concentrated HCI in a closed container.
Sterilized seeds were plated on the solid media plates. The petri dishes were then sealed with
Parafilm to prevent evaporation and reduce the risk of contamination. Plates were then
incubated in a cold room at 4°C for 3 days, then moved to the growth room, 22°C with constant
light, to germinate. Seeds were monitored to record the time of germination and the size of the
plant. Some plants were then transferred to clean media, with no acetone or RDX, or to soil to
observe if they would be able to fully mature after exposure to high concentrations of RDX.

Wild-type Arabidopsis thaliana seeds were used to determine conditions to be used for
screening. Concentrations of RDX in the media ranged from 0 mg/L to 2000 mg/L. Acetone
concentrations remained at 30 mg/L. Seed concentrations ranged from 150 seeds per plate to
2000 seeds per plate. Two controls were used for the screening; one control consisted of media
with no acetone or RDX added, while the other control consisted of media with acetone only.



No toxicity effects were observed below saturation levels RDX for any seed
concentration. Precipitation was observed at 500 mg/L RDX and significant precipitation of
RDX occurred at levels above 1000 mg/L RDX. Figure 1 shows a media plate at 1500 mg/L
TNT. The precipitated crystals are visible at the bottom of the plate.

Figure 1. The medium was supersaturated with RDX at 1500 mg/L RDX.

Seed concentration was an important variable, as higher numbers of seeds screened per
plate would lessen the time to obtain mutants considerably. Figure 2 shows a comparison of 1000
versus 2000 seeds per plate at RDX concentrations from 1200 — 1500 mg/I. Decreasing the
concentration of seeds at a given concentration of RDX and acetone increased the toxic effects.
In this concentration of RDX from 1300 mg/l — 1500 mg/I, the 2000 seeds/plate showed the same
qualitative trends as 1000 seeds/plate relative to the 1200 mg/l RDX — but it was less toxic.



Figure 2. Ten day old plants. Concentrations of RDX, acetone and seeds are shown in the
Table 2.

Table 2. Concentrations of RDX, acetone and seeds for plants in Figure 2

Plate Number Concentration of RDX Concentration of seeds

1 1200 mg/L 1000 seeds
2 1300 mg/L 1000 seeds
3 1400 mg/L 1000 seeds
4 1500 mg/L 1000 seeds
5 1200 mg/L 2000 seeds
6 1300 mg/L 2000 seeds
7 1400 mg/L 2000 seeds
8 1500 mg/L 2000 seeds

All plates have 30 mg/L acetone.

Shipping requirements for pure RDX require dissolution of RDX in a solvent. RDX is
available in acetonitrile or in acetone as a solvent. Acetone is considerably less toxic to plants
than acetonitrile (data not shown), thus acetone controls were necessary. The effect of acetone
toxicity can be seen by comparing plates 1 and 2 in Figure 3. The effect of RDX toxicity can be
seen by comparing plates 2 and 3 in Figure 3. Acetone has toxic effects, but the combination of
RDX and acetone is more toxic.
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Figure 3. Plate 1 is a control with 0 mg/L RDX and 0 mg/L acetone. Plate 2 is a control with
0 mg/L RDX and 30 mg/L acetone. Plate 3 has 1200 mg/L RDX and 30 mg/L
acetone. All three plates have 1000 seeds and are twelve days old.

The toxicity of RDX on germination and the development of seedling growth is indicated
in Figures 4 through 7. Concentrations of RDX, acetone and seeds for these figures are shown
in Table 3. Seed germination was delayed for RDX concentrations at 1300 mg/L and higher - at
five days, these seeds had not yet germinated, as shown for in Figure 4. By 10 days, seeds at
1300 mg/L and higher had germinated (Figure 5), but are less vigorous than in the controls and at
1200 mg/L. The seeds that had germinated first also reached maturation first, as shown by the
progression of browning at 12 days and 18 days in the controls and at 1200 mg/L RDX (Figures
6and 7).

Table 3. Concentrations of RDX, acetone and seeds for Figures 4 — 7.

Plate Number Concentration of RDX Concentration of acetone
1 0 mg/L 0 mg/L
2 0 mg/L 30 mg/L
3 1200 mg/L 30 mg/L
4 1300 mg/L 30 mg/L
5 1400 mg/L 30 mg/L
6 1500 mg/L 30 mg/L

All plates have 1000 seeds.
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Figure 5. Ten day old plants. RDX and acetone levels are given in Table 3.

12



Figure 7. Eighteen day old plants. RDX and acetone levels are given in Table 3.
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Upon further observation, it was determined that wild-type seeds are very stunted at 1400 mg/L
and grow slowly. Furthermore, they have such severely damaged roots that the majority of the
seedlings do not survive after being transplanted to clean soil at 24 days old. This result is in
contrast to wild-type seeds grown at 1200 mg/L, for which the seedlings grew in soil when
transplanted. The additional step of growth of putative mutants in soil further refines the
screening of mutants. Any mutants that grow better than the wild-type will be selected for further
screening.

Based on all the screening and soil transplantation experiments, the initial screening
conditions were set at 1400 mg/L RDX and 28 ml/L acetone, and 2000 seeds per plate. Over
100,000 mutant seeds (25% of the mutant library) were screened for germination effects and no
mutant candidates were selected.

Further details on these experiments are given in the Appendix in Rollo et al (2004a,b) and Rollo
(2005).

1.2.2 RDX Screening Based on Root Growth

An alternative screen was developed based on Arabidopsis root growth upon their
exposure to RDX. When Arabidopsis seedlings are exposed to RDX, their root growth may be
severely stunted. Hence, an experiment which identifies RDX concentrations at which root
growth is impeded was performed. When 4-day old wild type Arabidopsis seedlings were
exposed to less than 50 mg RDX/L for 7 days, there were no significant differences in the root
growth (Figure 8).
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Figure 8. Root growth of the wild type seedlings exposed to different RDX concentrations. Error
bars represent standard errors.
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When the initial concentrations of RDX exposed to 4 day old Arabidopsis seedlings was
increased to up to 200 mg/L, differences in root growth were observed. After 7 days of exposure
to RDX, the root growth of wild type seedlings were inhibited significantly when they were
exposed to 100 mg/L of RDX (Figures 9 and 10). The root lengths were seen to be reduced by
over 50% when compared to the controls. However, it was observed that when seedlings were
exposed to RDX concentrations of 150 and 200 mg/L, the toxicity effects declined and the root
lengths began to increase. This observation could be because 100 mg/L RDX represents a super-
saturated solution, whereas in the 150 and 200 mg/L systems, crystallization of RDX could have
occurred thereby lowering the actual amount of RDX in solution.
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Figure 9. Root growth of the wild type seedlings exposed to different RDX concentrations.
Error bars represent standard errors.

Further details on these experiments are given in the Appendix in Rollo (2005).
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Figure 10. Photos of wild type seedlings after 7 day exposure to RDX.

1.2.3 RDX Screening Based on Aerial Application

As an alternative screening test, we sprayed 11-day-old wild-type seedlings with various
concentrations of RDX stock solutions (50, 100, 200 mg/L RDX) in water with 1% acetone. The
stock solutions were amended with 0.05 % Silwet detergent to assist the uptake of RDX through
leaves, and were sprayed every two day for 10 days. RDX did not have a toxic effect on the
growth of the seedlings as shown in Figure 11.
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Figure 11. Photo of 11-day-old seedlings (left) and the seedlings treated with RDX (0, 50, 100,
200 mg/L from left to right in the tray) five times for 10 days (right). RDX did not
show a toxic effect on the growth of the seedlings.

1.3 Screening Arabidopsis Mutants for RDX Resistance

Preliminary studies on screening Arabidopsis mutants using the determined initial
conditions (1400 mg/L RDX with 2000 seeds/plate) have been commenced to isolate mutants
with enhanced tolerance to RDX. The T-DNA seed pools were ordered from Arabidopsis
Biological Resource Center (ABRC); over 62,000 seed lines were distributed among the 208
pools. The sterile cultured mutant seeds showed high levels of contamination, hence more
stringent sterilization protocols have been developed. These include use of ethanol and a
fungicide to pre-treat the seeds, and the use of longer sterilization times with higher bleach
concentrations. These harsher sterilization conditions however retard seed germination and
growth. Based on the various sterilization conditions, it was determined that using 70% ethanol
for 10 minutes followed by 50% bleach for 25 minutes with fungicide in the media, can reduce
contamination from 100% to 25%. Hence, these sterilization conditions will be used for the
further screening studies.

Further details on these experiments are given in the Appendix in Rollo et al (2004a,b) and Rollo
(2005).

1.4 Screening of mutants for resistance to TNT
1.4.1 Screening of T-DNA insertion mutants

Approximately 250,000 T-DNA insertion mutant seeds were screened for TNT
resistance. The T-DNA insertion mutant lines were generated using a binary vector containing
NPTII and BAR genes, which confer kanamycin and Basta resistance, respectively, to the
transgenic plants. The seeds were surface-sterilized in a 20% bleach solution for 15 minutes
with shaking and washed with sterile water three times. The sterilized seeds were plated on
Whatman filter paper with 4 mL of Arabidopsis growth medium (half-strength MS salts, 0.018%
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KH,PO,, B5 vitamins, 2% sucrose, 0.05% MES, pH 5.8) containing 20 mg/L TNT. After a cold
treatment at 4°C for 3 days, the plates were incubated at 22°C under approximately 40 umol/m?/s
continuous light from cool white fluorescent bulbs. The surviving seedlings were transferred to
soil and grown to maturity and seeds were harvested from individual plants. From the primary
screening, 221 mutant lines were selected from 22 superpools. In the secondary screening, about
200 seeds from individual mutant lines were plated on solid Arabidopsis growth medium (same
as the liquid medium but contains 2 g/L Phytagel) containing 20 mg/L TNT. One hundred and
twenty seven lines showed germination rates better than wild-type. Seeds of the 127 mutant
lines were challenged again with higher TNT concentrations in the solid Arabidopsis growth
medium. Thirty-nine mutant lines survived 23 mg/L TNT, whereas wild-type seeds showed no
germination (Figure 12).

Figure 12. Comparison of germination between wild-type and a mutant line in the presence of
25 mg/L TNT 3 weeks after plating.

Eight final T-DNA insertional lines were chosen for further study based on their
resistance to Basta treatment (Figure 13) and following a final challenge with 25 mg/L TNT.
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Figure 13. Basta treatment to the T-DNA insertion mutant lines. Two weeks-old seedlings were
sprayed with Basta killing plants that are not resistant to the herbicide.

1.4.2 Screening of enhancer trap mutants

The enhancer trap lines were produced by the T-DNA vector, pSKI1015, which contains
the BAR gene for a selectable marker and 4x CaMV 35S enhancers which are designed to
activate expression of genes near the T-DNA insertion (Weigel et al., 2000). 0.22 g of seeds
from each of 25 superpools of enhancer trap mutant lines, approximately 300,000 seeds in total,
were screened in the solid Arabidopsis growth medium containing 25 mg/L TNT. The density of
seeds in a plate for the primary screening was about 2,000 seeds per 10 cm Petri dish. Two
hundred and thirty five lines were selected and transferred to soil. They were grown to maturity
and the seeds were harvested from individual plants. A secondary screening was carried out with
approximately 200 seeds from each mutant line in a plate containing 25 mg/L TNT. Twenty-
four lines showed germination significantly better than wild-type. They were challenged with 25
mg/L TNT again and their seedlings were sprayed with Basta. From the tertiary screening, 12
lines were selected for further characterization.
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2 Metabolic and kinetic studies on wild-type Arabidopsis thaliana
2.1  Response of Arabidopsis to TNT
2.1.1 Toxicity of TNT to wild-type Arabidopsis thaliana seedlings

Wild-type Arabidopsis thaliana plants show toxicity at low levels of TNT when grown in
liquid cultures under photoheterotrophic conditions, even though transformation activity is
evident. One-week-old Arabidopsis seedlings were amended with TNT in the concentrations
from 0—70 mg/L. For plants amended with 1 or 5 mg/L TNT, plant growth was retarded three
days after TNT treatment. However, plants treated with 1 mg/L TNT remained healthy and
caught up with the growth of the control plants after a week, whereas 5 mg/L treated plants
showed signs of stress including some necrotic leaves and root growth significantly affected.
One week after amendment with 10 mg/L TNT, Arabidopsis growth was significantly affected
with roots turned brown and its growth retarded. At higher concentration levels, plants turned
brown and/or bleached and their growth was severely reduced. Plant biomass is reduced by 40%
at 40 mg/L and by 80% at 70 mg/L one week after amendment.

2.1.2 TNT transformation by wild-type Arabidopsis thaliana

TNT was added to 14-day-old hydroponic Arabidopsis seedling and media samples taken
periodically until 120 hours. Initial TNT concentrations ranged from 20 to 125 mg/L (0.09 to
0.55 mM) per flask. The flasks were constantly shaken at 100 rpm, and were placed under light.
A control with heat-killed biomass and a biomass free control were also amended with similar
TNT concentrations. The biomass-killed control was to isolate the effect of absorption of TNT
by the biomass, while the biomass-free control was used to identify the photodegradative and
evaporative effects on TNT. A solely evaporative control was maintained by placing biomass-
free TNT spiked media at 100 rpm in the dark. All controls had an initial TNT concentration of
50 mg/L (0.22 mM). Plants were sacrificed at 12 hours and at the end of the experiments
(120 hours) and analyzed for their intracellular metabolites. Concentrations of TNT, 4HADNT,
2HADNT, 2ADNT and 4ADNT were determined from this analysis. In addition, presence of
conjugates from the TNT metabolism by plant molecules was ascertained. Kinetic analyses of
TNT disappearance from the medium were determined through linear regression of data
assuming first-order kinetics with respect to TNT removal.

Rapid TNT removal was observed in the extracellular media at low and medium
concentrations (7.5 mg/L — 58 mg/L). TNT was almost completely removed by 40 hours from
the extracellular media. In contrast, the higher concentrations tested, 110 mg/L and 125 mg/L
showed poor TNT uptake and removal, with a significant amount of TNT remaining in the media
at the end of the experiment. At concentrations up to 58 mg/L the first-order TNT removal rate
was k =4 x 10 * L/g FW*h, while at 110 mg/L and higher, the rate constant fell to k= 2-4 x 107
L/g FW*h, a loss in one order of magnitude.

In a separate experiment, wherein duplicates of 105 mg/L (0.46 mM) of TNT were added

to one-week old axenic Arabidopsis seedlings, the metabolites 2HADNT, 4HADNT,
4,4’-Azoxy, 2ADNT and 4ADNT were detected. In addition, the previously identified
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conjugates 4A-1, TNT-1, TNT-2 and 2A-1 were also observed (Figure 14). The hydroxylamines
comprised greater than 20% of the initial TNT, while 4ADNT was formed between 10 to 15%
(fraction of initial), while the 2ADNT was formed in amounts below 5% of the TNT added.
4HADNT was formed in higher levels than 2HADNT; 4ADNT was formed in levels higher than
2ADNT and the conjugate 4A-1 was the only conjugate observed in the system after 60 hours. A
key difference between the response of Arabidopsis and C. roseus to TNT was the low levels of
2-substituted conjugates (2A-1 and TNT-1) and preponderance of 4-substituted conjugates (4A-1
and TNT-2) formed in Arabidopsis. The observation of the 4,4’-Azoxy metabolite was unique in
an axenic TNT phytotransformation system. This metabolite, formed by the abiotic condensation
of hydroxylamines (Wang et al., 2003), was observed briefly at one time step at 4 hours and
subsequently disappeared. No previous C. roseus studies have shown the formation of this
metabolite.

Complete details on the TNT removal characteristics are given in Moon et al. (2004),
Subramanian (2004), and Subramanian et al (2006).

2.1.3 Radiolabeled TNT Mass Balance Studies

Two-week old Arabidopsis seedlings were separately fed [ring-U '*C] TNT at an initial
concentration of 15mg/L (0.07 mM) and 50 mg/L (0.22 mM). The radioactivities were
0.06 uCi/ml and 0.2 nCi/ml for each system, respectively. Radiolabeled TNT was diluted with
cold TNT to give the final concentration and activity. Complete mass balances were performed
at every time step. Media samples were taken and volumes measured to calculate the
extracellular radioactivity. Seedlings were sacrificed at every time step too; the sacrificed
seedlings were subjected to the intracellular extraction process. The solvent thus obtained was
used to quantify radioactivity and concentrations of the intracellular-extractable fractions. The
remainder biomass was incinerated in a bio-oxidizer, as described, to determine the intracellular-
bound fraction radioactivity. The experiment was continued until 168 hours with periodic
removal of samples.
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Figure 14: Transient Metabolite Concentrations: Extracellular, transient concentrations of
metabolites and conjugates when 7-day-old axenic Arabidopsis seedlings were
amended with 105 mg/L (0.46 mM) of TNT. Values of 2ADNT, 4ADNT, TNT-1
and TNT-2 are averages and standard deviations of duplicates, while the HADNT
levels represent single measurements. An initial spike in HADNT levels is followed
by the rapid decline; the ADNT concentrations follow a flatter profile, while three of
the four previously identified conjugates are observed.

Quantification of radioactivity under the HPLC peaks was accomplished by having a
Packard 505 Flow Scintillation Counter in serial attachment to the PDA detector. A ratio of 1:1.5
of mobile phase to Ultima Flo” M scintillation cocktail was used. Hence, overlaying the two
traces helps identify peaks derived from the xenobiotic. Quantification of the radioactivity of
extracellular, intracellular-extractable and intracellular-bounds fractions were done in a Packard
2900 TR Scintillation counter. A ratio of 1:5 of sample to Ultima Gold MV cocktail was used for
aqueous samples, while a ratio of 1:5 of sample to Insta Fluor was used for organic samples.
Residual radioactivity in the plant biomass was measured by combusting a portion of the
biomass in an OX700 Harvey Biological Oxidizer. Oxygen was used to complete combustion,
while Nitrogen was used to flush out residual radioactivity. 15ml CarboSorb was used to collect
the radioactive CO, from the combustion chamber, which was combined with PermaFluor E"in a
ratio of 1:5 and analyzed under the scintillation counter.
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1C radiolabeled TNT was taken up and transformed efficiently by the Arabidopsis
seedlings. Initially, carbon from the TNT was observed completely in the extracellular portion,
but is quickly taken up by the seedlings. In the low concentration system (15 mg/L , 0.07 mM of
initial TNT), the extracellular radioactivity fell to less than 5% by the end of the experiment (168
hours), while the intracellular fraction peaked at around 20% within 20 hours of TNT addition,
and then steadily declined to around 10% by 168 hours (Figure 14A). The amount of
intracellular-bounds, the portion of the radiolabel that could not be extracted by sonication in
methanol, rose steadily to more than 80% by 168 hours. A similar trend was observed in the high
concentration system (50 mg/L, 0.22 mM of initial TNT), wherein the extracellular radioactivity
(consisting predominantly of TNT) fell to less than 20% within 40 hours and was steady at less
than 10% at 168 hours. The intracellular-extractable radioactivity rose sharply to 20% within
5 hours, and stayed at that level until 40 hours, from where it steadily declined to 10% within
168 hours (Figure 14B). The intracellular-bounds fraction was nearly 40% of the initial label in
40 hours, and increased to greater than 60% by 168 hours. The intracellular-bounds represent
the final fate of the carbon from TNT, and its increasing number signifies complete TNT
transformation. The complete mass balance for both the systems is also shown in Figures 15A
and B. Complete recovery of the label is observed at the end point (168 hours) in both systems,
which indicates that all the carbon from the TNT is shared between the extracellular,
intracellular-extractable and intracellular-bound phases, and mineralization (conversion of TNT
to CO,) does not occur. In the 15 mg/L (0.07 mM) system, greater than 80% of the label is
shown to be recovered at all times, while for the 50 mg/L (0.22 mM) system that number is 65%.

Figures 16A and B show the progression of the transformation pathway at 44 and 168
hours for the 50 mg/L (0.22 mM) TNT system. The proportion of intracellular-bounds is seen to
increase from 35 to 69%, while the levels of all other fractions decreased correspondingly. The
fraction termed “unknowns” represents the total quantified label minus TNT, ADNTs,
conjugates and bounds; the amount of unknown label decreased from 35.9 t027%.
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Figure 15: Radiolabeled TNT Mass Balances: Complete mass balance on 2-week-old axenic Arabidopsis seedlings exposed to

[ring-U 'C] TNT at an initial concentration of (1) 15 mg/L (0.07 mM) and initial radioactivity of 0.06 pCi/ml
(Figure 6.2A) and (2) 50 mg/L (0.22 mM) and initial radioactivity of 0.2 uCi/ml (Figure 6.2B). Nearly 100% recovery of
the C-14 label was seen by the end of the both experiments at 160 hours. Greater than 80% and 60% recovery of the label
was observed in the 15 mg/L and 50 mg/L system at all times, respectively.
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Figure 16: Snapshots of Metabolite Fractions: Metabolite fractions in Arabidopsis 44 hours (A) and 168 hours (B) after
amendment with [ring-U '“C] TNT at an initial concentration of 50 mg/L (0.22 mM) and initial radioactivity of
0.2 uCi/ml. The progression of the pathway is observed, as the proportion of bounds increases over time, with the amount
of all other metabolites declining. The bounds represent a final form of the initial TNT.
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2.1.4 Metabolite Feeding Studies

TNT, 2HADNT, 4HADNT, 2ADNT, 4ADNT and 4,4’-Azoxy were fed to one-week old
axenic Arabidopsis seedlings, grown from 25 seeds in 25 ml of media at a concentration of
5 mg/L (0.02 mM). The uptake of the parent compound and formation of metabolites were
measured for 55 hours.

When Arabidopsis thaliana seedlings were fed 4ADNT, they produced only the
conjugate 4A-1 in the extracellular fraction; when they were fed with 2HADNT, they formed the
conjugates 4A-1 and TNT-2, both in the extracellular fraction. Since 4HADNT is upstream of
4ADNT in the TNT transformation pathway, it follows that a portion of 4HADNT is being
reduced to 4ADNT that is subsequently being conjugated to 4A-1; simultaneously a parallel
branch of 4HADNT is being directly conjugated to form TNT-2. When 2HADNT was fed to the
Arabidopsis thaliana seedlings no apparent metabolites in either the extracellular or the
intracellular-extractable fraction were observed. Hence, no conclusive evidence on 2HADNT
conjugation was seen in Arabidopsis thaliana. However, similar experiments performed on
C. roseus roots demonstrated the conjugation of 2HADNT to TNT-1. Based on previously
published feeding studies (Bhadra, Spanggord et al., 1999; Bhadra, Wayment et al., 1999) we
postulated that hydroxylamines can be directly conjugated (Subramanian and Shanks, 2003).
However, thus far, no confirmatory studies had been performed for the same. The hydroxylamine
feeding studies performed here provide a confirmation that hydroxylamines can indeed be
directly conjugated without a further reduction of their hydroxylamine moiety.

4,4’-Azoxy was also added to one-week old seedlings, but was taken up completely by
the seedlings within two hours. No additional metabolite formation was observed. Hence, while
the azoxies were taken up efficiently by the seedlings, their fate remains unknown.

These feeding studies were also used to observe toxic effects exerted by the metabolites
on the seedlings. Figure 17 shows the fresh (wet) weight of the seedlings 55 hours after being
exposed to the metabolite. As seen in the figure, 2HADNT, 4HADNT and 4,4’-Azoxy exert a
significantly higher toxic effect than TNT and the ADNTSs. The weight of the seedlings exposed
to these metabolites is around 60% of the weights of the control seedlings not exposed to any
foreign compounds. An ANOVA analysis gave a null hypothesis probability, P=0.002, which
indicated that the variation in wet weights was due to the different toxicities exerted by the
xenobiotics and not due to random variations.

2.1.5 TNT Pathway Kinetics

First order kinetic rate of transformation for various metabolites in the pathway were
calculated to provide relative rates between branches of the pathway. While the first
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Comparison of Metabolite Toxicity. Wet weights of Arabidopsis seedlings exposed to various TNT transformation
metabolites. The weights are reported 55 hours after exposure of the one-week old seedlings. The weights are averages
and standard deviations of duplicates. As observed, 2HADNT, 4HADNT and 4,4’-Azo metabolites appear to detract TNT
growth, while TNT, 2ADNT and 4ADNT do not have a noticeable toxic effect. The initial concentration of all the
metabolites was 5 mg/L, except TNT which was fed at 75 mg/L, and the control which did not have any metabolites
added to it. An ANOVA analysis of all the wet weight means gave P= 0.002, which indicates the difference in wet
weights are due to toxic differences
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order expression implicitly assumes a constant biomass, since early exponential phase
Arabidopsis seedlings were used this assumption does not hold true. However, since the rate of
biomass increase is the same for all metabolites, this approximate first order model provides
relative rates between various transformations occurring in the pathway. The rate constant thus
derived is referred to as Pseudo-first order rate constant. Data from the TNT feed experiments,
metabolite feeding experiment and radiolabeled TNT feeding experiments were used to calculate
the rate constants. Figure 18 shows the calculated rate constants for the various branches of the
pathway. It was determined that the TNT to hydroxylamine step and the monoamine to conjugate
step were the rate limiting sections of the transformation pathway. It was also determined that
Arabidopsis seedlings are more efficient in the formation and removal of 4-susbstituted
metabolites (AHADNT, 4ADNT, TNT-2 and 4A-1) compared to 2-substituted metabolites
(2HADNT, 2ADNT, TNT-1 and 2A-1).

2.1.6 Arabidopsis Growth Curve Studies

Determination of the growth characteristics of hydroponic Arabidopsis seedlings was
accomplished by cultivating them from seeds as described in the previous section. Seedlings
were grown at 25°C under light at 100 rpm for seven days, following which three samples were
sacrificed for dry weight measurements. The dry weights were obtained by freeze drying the
biomass for 48 hours. Triplicate samples were subsequently sacrificed at periodic time intervals
to allow for the determination of dry weights at various time steps, until 35 days. Figure 19
shows the measured dry weights at various time steps, and it is observed that stationary phase
was achieved 20 days after culturing. Exponential phase was observed to last from day 10 to day
20. In addition, variability between triplicates was high during the exponential phase, as seen in
the standard deviations at day 15. However, by the 20" day after culturing of the seeds,
variability between samples was less than 4% and biomass levels had reached a plateau,
signifying the arrival of the stationary phase.

Complete details on the radiolabeled mass balance studies, the metabolite feeding experiments,

pathway kinetic analyses and growth curve studies are given in Subramanian (2004) and
Subramanian et al (2006).
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Figure 18: Kinetics of TNT Transformation. Schematic of the TNT transformation pathway showing the various kinetic rate
constants and their values in Arabidopsis.
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Figure 19: Arabidopsis Growth Curve. Growth curve for Arabidopsis seedlings, showing the dry weight of the seedlings at various
time steps. High variability in the dry weights is observed during the exponential phase from day 10 to 20, following which
deviation between samples falls to below 4%, and biomass levels reach a plateau. The stationary phase is seen to be
reached by 20 days.
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2.2 RDX Studies on wild-type Arabidopsis
2.2.1 RDX Toxicity and Removal

Preliminary studies were conducted on uptake of RDX and its effect on Arabidopsis
seedling growth. From the limited literature data available, a toxic level of 21 mg/L RDX for
hydroponically grown plants was estimated for wheat, sorghum, maize and poplar. Since the
solubility limit of RDX in water is approximately 40 mg/L, two levels were chosen to span the
solubility range and previous toxicity estimates. One-week-old Arabidopsis seedlings grown in
liquid cultures under photoheterotrophic conditions were amended with 0 mg/L, 15 mg/L and
30 mg/L of RDX. Seedlings were sacrificed at 4 and 10 days, and dried at 60°C for 4 days, and
the biomass weighed. Extracellular samples were taken at 4, 10 and 14 days and analyzed for
RDX removal and metabolite production, via reverse-phased HPLC.

No dramatic effect of RDX toxicity was observed at either concentration tested, as shown
in Figure 20. These results could either indicate the lack of RDX toxicity in this time frame, or
that the number of repetitions was insufficient to observe finer differences. RDX uptake was
observed in both systems, with nearly 80% removal in the 15 mg/L system and 60 % removal in
the 30 mg/L system (Figure 21). The lower removal rate at the higher concentration level may
be an indication of early signs of toxicity; a second round of experiments were performed to
determine if this indeed was the case.
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Figure 20. Effect of RDX on growth of Arabidopsis seedlings.
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Figure 21. RDX removal from Arabidopsis seedlings. Extracellular RDX is shown to be taken
up gradually by Arabidopsis seedlings, under sterile conditions.

In the second round of experiments, seeds were cultured for one week and then 0 mg/L and
35 mg/L RDX were added to the cultures. Seedlings were sacrificed at 0, 7, 10, 14 and 21 days
and the dried biomass was weighed. Extracellular liquid samples were taken at 7, 10, 14 and 21
days and analyzed with HPLC. No significant RDX toxic effect was observed at this
concentration. It appears that either the RDX was not significantly toxic at this level, or the
RDX was not toxic in the duration of the study. A growth curve for this study and the previous
study is given in Figure 22. HPLC analysis of the concentrations revealed the uptake of RDX by
the Arabidopsis seedlings. After 21 days, the plants reduced the RDX concentration from
35 mg/L to 10 mg/L; at 35 mg/L RDX, 70% of the RDX was removed from the system (Figure
23). The RDX metabolites (MNX, DNX, TNX, methylene-dinitramine, and 4-nitro-2,4-
diazabutanal) have been documented on bacteria studies by Jalal Hawari and his collaborators.
Standards for these RDX metabolites have been purchased from Ron Spanggord at SRI
International. Extracellular liquid samples and extractable plant tissue samples can now be
analyzed for presence of the RDX metabolites.
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Figure 22. Effect of RDX on growth of Arabidopsis seedlings. Effect of several RDX
concentrations on the growth of Arabidopsis seedlings. Different amounts of RDX
were added to one week old seedlings. Biomass was collected at several time points,
and then the biomass was dried and weighed. The system was maintained under
sterile conditions. At the concentrations shown, RDX does not appear to have an
effect on the growth of the seedlings.
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Figure 23. Fractional RDX removal from Arabidopsis seedlings. Extracellular RDX is taken
up by Arabidopsis seedlings. The plants were one week old when RDX was added to
them.
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A separate set of RDX toxicity experiments were performed on hydroponic Arabidopsis
seedlings. 25 wild type seedlings grown on the solid media for 4 days were transferred to each
flask containing liquid media with different RDX concentrations (35, 50, 100, 150 mg/L) to
simulate even germinations. As shown in Figure 24, there was no significant difference in the
dry weights, fresh weights and transpiration amounts between the controls and various
concentrations. Hence, higher concentrations are required to elicit RDX toxic response to
seedlings.
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Figure 24. Dry biomass, transpiration, and fresh biomass of wild type seedlings after 8 days of
exposure to various concentration of RDX. Error bars represent standard deviations.

2.2.2. [U-14C] RDX Mass Balance Study

A radiolabeled RDX feed study in wild-type Arabidopsis seedlings. 1 Molar potassium
hydroxide traps will be used to detect carbon dioxide levels, while metabolite concentrations
were determined by a combination of HPLC and Floscintillation detectors. Intracellular
extractables were measured by a process of sonication and solvent extraction, while the
intracellular bounds were detected using a bio-oxidizer. The initial study was carried out at
35 mg/L RDX and 40 uCi/L. The seeds were grown in liquid media for 10 days before being
amended with '*C-RDX. Liquid media samples were taken immediately after adding RDX in
order to obtain initial concentrations of RDX and radioactivity for each flask. Liquid media
samples and plant samples were taken 4 days and 7 days after the RDX was added. Additional
samples were taken throughout the experiment. Figure 25A shows the new experimental
equipment designed and constructed for use in the study. The erlenmeyer flasks bear two ports to
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draw out sample and hold a potassium hydroxide solution. All ports are completely air tight and
sterilized prior to use. Needles will be used to sample the potassium hydroxide and the media
through the serum stoppers. This allows samples to be taken without opening the flasks. This
helped maintain an air-tight environment throughout the experiment and ensure that a complete
mass balance can be performed. Needles remained in the flasks throughout the experiment to
help reduce contamination that may occur from repeated needle injections. The tops of the
needles are sealed with Parafilm to prevent contamination from entering through the needles.
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Figure 25A: Experimental set up showing the various ports in the sterile flasks to draw out
samples and trap carbon dioxide.

Several controls are being used in this experiment. Heat kill controls consisting of plants
that were autoclaved to ensure that no enzymatic activity is occurring are being used to account
for adsorption of RDX to plant tissue. Light controls consisting of media with no plants are
being used to account for photodegradation of RDX. Dark controls consist of a flask containing
only media and then the flask is covered in foil. The dark controls are being used to account for
evaporation of water from the media.

Initial data has been obtained from media samples taken throughout the experiment. The
samples were then analyzed with the liquid scintillation counter to obtain the total extracellular
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radioactivity in the flasks. This data shows that the plants are removing the radiolabeled RDX
from the media (Figure 254B).
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Figure 25B: The total radioactivity in the media decreases much more quickly in flasks
containing living plants. The living plants remove the radioactivity at a higher rate
until the shaker reaches a higher temperature. The rate of removal for all controls
greatly increases after the temperature is raised.

From the second trial, living plants removed radioactivity from the media at a faster rate
than all of the controls (heat-killed controls, light media controls, and dark media controls). Over
58% of the initial radioactivity was removed from the media by living plants after 35 days, while
the controls removed less than 20% (Figure 25C). The media samples were also analyzed with
HPLC to determine if there were any known metabolites (MNX, DNX, TNX, NDAB, and
MEDINA) present in the media, but the media samples did not appear to have any of these
metabolites.
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Figure 25C. The figure above shows that the percent of total initial radioactivity in the media
decreases in all flasks during the radio-labeled experiment. Radioactivity
decreases much more rapidly in flasks with living plants. Over 58% of the
radioactivity was removed from the media by the living plants after 35 days, while
all of the controls removed less than 20%.

The living plants mineralized RDX to form significant amounts of radioactive carbon
dioxide, which can be seen in Figure 25D. 10% of the initial radioactivity was mineralized by

living plants after 35 days while 0.5% mineralization was observed in all of the control flasks.
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Figure 25D. The figure above shows the percent of initial radioactivity in the carbon dioxide
traps increase in all flasks during the radio-labeled experiment. Flasks containing
living plants convert RDX to carbon dioxide much quicker than controls, with over
10% of the initial radioactivity converted after 35 days. This is significantly more
mineralization than the 0.5% that was observed in all of the control flasks.
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The recovery of '*C label for living plants and controls was over 80%. The overall mass balance
for living plants was shown in Figure 25E. The living plant cultures have over 20% of the initial
radioactivity in the extractable portion of the biomass.
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Figure 25E. The figure above shows the total radioactivity from the mass balances for the
living plant cultures in the radio-labeled experiment. The plants are taking the
RDX from the media, and converting some of the RDX to CO,. The remaining
radioactivity is either in the extractable portions of the plant or incorporated into
the plant biomass.

For additional details, see Rollo (2005) reference.
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3 Characterization of mutants
3.1 Genetic Characterization of TNT mutants
3.1.1 Southern blot analysis

When T-DNA insertion mutant library was generated by transforming Arabidopsis with
Agrobacterium tumefaciens harboring a binary vector, two or more insertion events can occur in
a single mutant line. This may make it more complicated to demonstrate which gene is
responsible for giving a particular plant TNT resistance. To determine the number of insertions
in the mutant lines, genomic Southern blot analyses were performed. Approximately 100 mg of
rosette leaves were pulverized in liquid nitrogen and genomic DNA was extracted in an
extraction buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 100 mM NacCl, 1% SDS, 10 mM
B-mercaptoethanol). After treatment with 5 M potassium acetate, DNA was precipitated with
isopropanol, washed with 70% ethanol and then dissolved in TE buffer (10 mM Tris-HCIL, 1 mM
EDTA, pH 8.0). Genomic DNA was digested with HindIII, DNA fragments were fractionated in
an agarose gel, transferred to a blotting membrane, and probed with the BAR gene.

The number of insertion varied. Most of the T-DNA insertion mutant lines tested showed
2 or more bands with maximum of 6 (Figure 26). Only a few showed a single band.

M

E o e a - s ‘#*’“‘

Figure 26. An example of Southern blot analyses for T-DNA insertion mutant lines. The
number of bands indicates the number of insertion events in the plant. M,
molecular size marker.
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3.1.2 Cloning and Sequencing of Tagged Genes

Thermal asymmetric interlaced PCR (TAIL-PCR) was performed using genomic DNA of
the enhancer trap mutants as templates to clone DNA fragments flanking the left border of the
T-DNA insert in the selected mutant lines. The primers and PCR conditions were essentially the
same as described by Liu et al. (1995) except that the annealing temperature for the high
stringency cycles was 56°C and the concentrations of the degenerated primers and specific
primers were the same. The specific primers, designed to anneal to near the left border, were
LBI1 (5’-ATACGACGGATCGTAATTTGTC-3"), LB2 (5°-
TTATAATAACGCTGCGGACATCTAC-3"), and LB3 (5’-TTGACCATC-
ATACTCATTGCTG-3"). The PCR products were gel purified and DNA sequencing reactions
were carried out using the LB3 primer. The resulting sequences were analyzed using the
program BLAST.

All 12 mutant lines selected from the enhancer trap mutant library were subjected to
TAIL-PCR. Ten lines produced PCR products after three successive PCR reactions. Sequencing
and BLAST searches of the PCR products revealed the sites of insertion of the T-DNA segment
in those mutant lines. The number of insertion in the individual lines revealed by TAIL-PCR
ranged from one to three. The majority of insertions occurred between two genes (Figure 27A),
but in a few cases T-DNA insertion occurred in either an exon or an intron of a gene (Figure
27B). The results are summarized in Table 4. Although some of the genes show similarity to the
known genes from other organisms, none of the genes’ functions have been experimentally
identified. Table 5 summarizes the gene functions as determined from the ABRC database.

ET32-3 and ET226-3 were seen to have a single T-DNA insertion as the Southern blot
shows a single band (Figure 28), while ET40-6 and ET231-1 were seen to have three and four
bands, respectively (Figure 28). More DNA blot analyses with different enzyme digestions or
different probe revealed that ET231-1 had two T-DNA insertion sites and each site had a double
T-DNA insertion, which gave rise to 4 bands. ET40-6 appeared to have two insertion sites, with
one site having two T-DNA insertions and the other a single T-DNA insertion.
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Figure 27. Examples of the map of the T-DNA insertion in enhancer trap mutant lines. The
T-DNA was inserted either between two genes (A) or in the coding sequence of a
gene (B). The arrow indicates the orientation of the genes. ATG is the start codon,
and TAA and TGA are the stop codons of the genes. RB and LB are the right and
left border of T-DNA, respectively.

Table 4. Genes flanked by T-DNA inserts in the enhancer trap mutants.

Mutant Number of insertions Insertion sites
lines revealed by TAIL-PCR
ET25 1 Between At4g24750 and At4g24760
ET30 2 Between At4g35940 and At4g35950
Between At4g12890 and At4g12900
ET32 2 Between At5g28590 and At5g28610

Between At4g35940 and At4g35950

ET40 1 In the 3" exon of a pseudo gene, At5g38192
ET148 1 Between At3g61630 and At3g61640
ET183 1 Between At4g24880 and At4g24890
ET212 3 Between At1g09940 and At1g09950

In the 4™ exon of At1g49560
Between At1g25330 and At1g25340
ET218 2 Between At4g28720 and At4g28730
In the 2™ intron of At5g41780
ET226 Between At3g04570 and At3g04580
ET231 2 In the 3™ intron of At5g53740
Between At3g60930 and At3g60940

—
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Figure 28. DNA blot analysis for the activation-tagged mutants. The number of band may
indicate number of T-DNA insertion events in the mutant.
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Table 5: Gene Functions: Summary of genes upstream or downstream of the T-DNA insertions
in the enhancer trap mutants, with the function of the gene, as determined from The
Arabidopsis Information Resource website (www.arabidopsis.org). Transcription
factors appear to be the most widely affected genes.

Gene Namef Mutant Function
Locus
At4g24750 ET-25 Unknown
At4g24760 ET-25 Unknown
At4g35940 ET-30 Unknown
At4g35950 ET-30 small GTPase mediated signal transduction, GTP binding
At4g12890 ET-30 Unknown, catalytic activity
At4g12900 ET-30 proteolysis and peptidolysis, carboxypeptidase A activity
At5g28590 ET-32 Unknown
At5g28610 ET-32 Unknown
At4g35940 ET-32 Unknown
At4g35950 ET-32 small GTPase mediated signal transduction, GTP binding
At5g38192 ET-40 DNA recombination, RNA-dependent DNA replication
At3g61630 ET-148 regulation of transcription, DNA-dep@dent, transcription factor activity, DNA
binding

At3g61640 ET-148 Unknown
At4g24880 ET-183 Unknown
At4g24890 ET-183 protein serine/threonine phosphatase activity
At1g09940 ET-212 porphyrin biosynthesis, glutamyl-tRNA reductase activity
Atl1g09950 ET-212 Unknown
At1g49560 ET-212 regulation of transcription, DNA binding
At1g25330 ET-212 regulation of transcription, DNA binding
At1g25340 ET-212 regulation of transcription, DNA binding

electron transport, removal of superoxide radicals, dimethylaniline
At4g28720 ET-218 monooxygenase (N-oxide-forming) activity, disulfide oxidoreductase activity,
ferredoxin hydrogenase activity, monooxygenase activity, oxidoreductase activity

At4g28730 ET-218 electron transporter activity, thiol-disulfide exchange intermediate activity

At5g41780 ET-218 copper ion transport, ATP binding, copper-exporting ATPase activity

At3g04570 ET-226 regulation of transcription, DNA-dependent, DNA binding

At3g04580 ET-226 signal transduction, regulation of transcription,

At5g53740 ET-231 Unknown

At3g60930 ET-231 phenylalanyl-tRNA aminoacylation, ATP binding, phenylalanine-tRNA ligase
activity

At3g60940 ET-231 Unknown
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3.1.3 Testing of Salk T-DNA insertion mutants

Eighteen T-DNA insertion mutants were obtained from ABRC, in which their insertion
sites are similar to the sites of the T-DNA insertion in our Enhancer (4X)-trap lines (Table 6).
When challenged with 10, 15, 20, 25, or 30 mg/L. TNT, none of them showed germination better
than wild type. This implies that resistance phenotype of the activation-tagged mutant lines were
not caused by interruption of a gene, but possibly by an enhancement of a gene up-regulated by
the 4X 35S enhancer element in the T-DNA.

Table 6. Some of the Salk T-DNA mutant lines that was tested for TNT resistance.

T-DNA Mutant Location of T-DNA insertion Related mutants in our study
Salk 039048 3’ downstream of At5g28610 ET32
Salk037177 In the ORF of At3g04570 ET226
Salk 066894 In the ORF of At5g53740 ET231
Salk 014234 5’ upstream of At3g60940 ET231
Salk 013802 In the ORF of At4g35950 ET30
Salk 029283 In the ORF of At4g35950 ET30
Salk 059595 In the ORF of At4g12890 ET30
Salk 119098 Between At4g12890 and At4g12900 ET30
Salk 119615 In the ORF of At4g24880 ET183

3.2  Toxic and Metabolic Analyses of TNT-Resistant Mutants
3.2.1 TNT toxicity to the growth of the mutants

The ten enhancer trap mutant lines listed in Table 4 were selected for their resistance to
TNT based on their seeds germination capacity in the solid medium containing TNT. To
determine if seedlings of those mutants can detoxify TNT in the medium better than wild-type,
the effects of TNT on growth of the mutants in a liquid culture were investigated. A hundred
seeds were surface-sterilized and cultured in 50 mL of Arabidopsis growth medium at 22°C with
shaking at 120 rpm under approximately 40 pmol/m?/s continuous light from cool white
fluorescent bulbs. After a week, TNT was added to the flasks, and the seedlings were cultured
for another week before harvest. Dry weights were measured before and a week after TNT
addition to the cultures to establish the gain of plant biomass.

When 100 seeds of ET231 mutant line were challenged with 15 mg/L TNT, the dry

weight of the biomass in the presence of TNT was 68% of that the control, whereas the biomass
of wild-type with TNT was 45% of that of the control (Figure 29).
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Figure 29. Effect of TNT on growth of an Arabidopsis mutant, ET231 and wild-type. TNT was
added to a week old culture of 100 seeds to 15 mg/L concentration and the seedlings
were grown for another week before harvest. The data presented are means and
standard errors of three measurements.

In a separate experiment, 50 seeds of wild-type and another mutant ET32 were used in
each flask. While the biomass of wild-type in the presence of 2.5 mg/L TNT was reduced by
17% compared to that of the control, the same amount of TNT had no inhibitory effect on the
growth of ET32 mutant line (Table 7).

Table 7. Effect of TNT on growth of an Arabidopsis mutant, ET32 and wild-type plants.

. ET32-3
Wild-type
TNT,
mg/L | DW before DW after Weight DW before DW after Weight
TNT, g TNT, g gain, g TNT, g TNT, g gain, g
0 0381367+ | 0.361067 0.352 0.3348
0.0203 + 0.017514 (100%) 0.0172 + ' (100%)
55 0.0014 03214 + 0.3011 0.0003 03535+ 0.3363
' 0.009143 (83.4%) 0.0158 (100.4%)
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To further delineate the effect of TNT on physiological parameters such as biomass a follow-up
experiment was performed wherein fifty seeds of each four mutants (ET32, ET40, ET226,
ET231) were transferred to flasks containing MS liquid media. 1 week old seedlings were
challenged to 5 mg TNT/L. During 8 day exposure, total weights of flasks were measured
gravimetrically. At the end of the experiment, the plant materials were blotted and dried for

3 days at 65°C. As seen in Figure 30, there was no significant differences between the dry
weights at this initial TNT level (5 mg/L).
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Figure 30. Dry biomass weights of wild type and mutants after 8 day exposure to 5 mg/L of
TNT in liquid media. Error bar represent standard deviations.

3.2.2 Arabidopsis Root Experiment

In order to determine the effect of TNT on root growth in Arabidopsis, TNT was added
to a week old culture of 50 seeds at initial concentrations up to 0.8 mg/L concentration and the
seedlings were grown for another week before harvesting. Figures 31 and 32 show the length of
the seedlings for the various TNT concentrations and controls. As seen TNT, even at low
concentrations of 0.8 mg/L, stunts root growth considerably as compared to controls. However,
no differences were observed between the wild-type and mutant root lengths.
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Figure 31. Root growth of the wild type seedlings exposed to different TNT concentrations.
Error bars represent standard errors.

Figure 32. Photos of ET226 mutant seedlings 7 days after exposure to TNT.
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3.2.3 Metabolic Analyses of Mutants

In order to determine the TNT uptake and metabolite formation rate, a number of TNT
transformation studies were performed on the mutants at varying initial TNT concentrations,
with seedlings at different levels of maturity. The mutants were divided into two sample sets for
experimental ease. In all these experiments two-week old seedlings were used except in one set
of studies where 20-day old stationary roots were used. During the course of all experiments,
extracellular media samples were taken at periodic intervals and analyzed for metabolite
production. In addition, at the end of the experiment, plant samples were sacrificed and analyzed
for intracellular metabolite production. Table 8 lists the various experiments performed, with the
initial concentration of TNT used, and the mutants tested

Initial concentrations of 6 mg/L (0.03 mM) and 75 mg/L (0.33 mM) of TNT were added
to the Arabidopsis mutants ET-30, ET-40, ET-148 and ET-231, and TNT uptake rates and
metabolite formation rates monitored. There was no significant difference in TNT removal rates
between the wild-type and mutants at these concentrations. In the case of the 6 mg/L system, all
the TNT disappears within 4 to 8 hours after amendment, while in the 75 mg/L system, 8 to
12 hours are required for complete TNT removal. Initial concentrations of 100 mg/L (0.44 mM)
of TNT were added to two-week old wild-type seedlings and the mutants ET-25, ET-55, ET-183,
ET-212, ET-218 and ET-226. Figure 33 shows the extracellular TNT concentrations for the wild-
types and the mutants. There does not appear to be a difference in the rate of TNT removal
between wild-type and the mutants. Hence, even at a high concentration of 100 mg/L, the
mutants do not appear to possess any specific advantages in TNT removal. All the seedlings,
however, showed severe signs of stress due to the high levels of TNT; browning, collapsing of
the biomass and loss of form were observed in all the mutants and the wild-type seedlings.
Despite the severe phytotoxic effects, the seedlings removed all the TNT within 25 hours.

Previously tested mutants ET-30, ET-40, ET-148, ET-231 and wild-type seedlings were
again challenged with 120 mg/L (0.53 mM) of TNT in a separate experiment. Figure 33 shows
the extracellular TNT concentrations in the wild-type and mutant seedlings; as observed from
this figure, at this concentration, there is a difference in the uptake characteristics of the wild-
type and mutants. While the wild-type seedlings take 120 hours to remove around 95% of the
TNT, it takes the ET-148 mutant only 50 hours to do so. The mutant ET-40 takes around
70 hours to eliminate all TNT from the media, while the mutant ET-231 takes just less than
100 hours for the same. The mutant ET-30 performs marginally better than the wild-type with
complete TNT removal within 120 hours. In order to probe the response of wild-type and mutant
seedlings to very high levels of TNT, 140 mg/L (0.62 mM) of TNT was added to the mutants
ET-25, ET-55, ET-183, ET-212, ET-218, ET-226 and wild-type seedlings. The mutants were
observed to outperform the wild-type in TNT removal; the mutants ET-183, ET-218 and ET-226
remove all the TNT from the media in about 12 hours from this high an initial concentration,
while mutants ET-25 took 25 hours for the same. In contrast, it took the wild-type seedlings
50 hours to remove 80% of the TNT. The health of the seedlings, both wild-type and mutants,
were acutely affected by the high levels of the TNT. The seedlings browned, the leaves and
shoots drooped, while the roots also showed brownish coloration. The wild-type seedling
appeared to be dead by the end of the experiment, while the mutants were in comparatively
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better shape. The photos depicted in Figure 35 shows the comparison in biomass health between
the wild-type and the various mutants. The wild-type biomass is completely submerged in the
media, while the mutants appear to be standing. Hence, the mutants, although in bad health,
appear to be more resistant to the TNT than the wild-type. A separate set of axenic two-week old
mutants were exposed to an initial concentration of 170 mg/L (0.75 mM) of TNT. The mutants
exposed to the concentration were ET-30, ET- 40, ET-148 and ET-231 along with wild-type
seedlings. The mutants ET-40 and ET-148 appear to perform better than the mutants ET-30 and
ET-231 which in turn perform better than the wild-types. These four mutants appeared to remove
40 to 50% of the TNT from the media in 120 hours, in contrast to the wild-type seedlings which
managed to only eliminate 20% of the TNT after 120 hours.

The difference in TNT removal capacity between the wild-type and the mutants at only
very high TNT concentrations coupled with the fact that the mutant plants appeared healthier
than the wild-type plants at these levels is an interesting observation. This seems to suggest that
the mutants do not possess any specific advantages in transforming TNT; for example, they do
not possess upregulated genes such as nitroreductases that are directly involved in TNT
reduction. Instead, the mutants appear to be more resistant to the phytotoxic effects of TNT,
which explains their better health. Since they are less affected by TNT than the wild-types, this
manifests in a better rate of TNT transformation.

At low and high concentrations, the wild-type seedlings were not significantly affected
by the toxic effects of TNT; hence mutants and wild-types removed TNT with equal efficiency.
At very high concentrations, while the wild-type seedling appeared dead, the mutant seedlings
appeared to be in slightly better shape (Figure 35); hence the mutants transformed TNT more
efficiently than the wild-types. In addition, the genetic studies did not reveal any specific
enzymes such as nitroreductases or cytochrome P450s which could be involved in TNT
transformation. Genes regulating general transcription factors and metabolism controllers were
seen to be affected in the mutants. Only, the mutant ET-218 appears to have mutated genes
involved in direct TNT transformation. This situation, wherein the greater resistance to TNT by
the mutants is not due to a specific over-expression of an enzyme directly involved in TNT
transformation, is more difficult to analyze. Drawing out the precise nature of the mutation, and
the phenotypical difference between the mutant and the wild-types upon exposure to TNT will
require significantly more studies, beginning with plant physiology studies, and probably
metabolomics of the system.

Complete details on the metabolic analyses of the ET-mutants are given in Subramanian
(2004).
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Table 8: Experiment and Result Summary: Summary of experiments and the results obtained

is presented. The mutants ET-148 and ET-40 appear to be the best in two experiments,
while the mutants ET-218 and ET-226 appear to perform the best in another study.

Initial

Growth

Arabidopsis Mutants

Fresh

TNT, mg/L | Phase Tested Weight, g Results
. ET-30, ET- 40, ET- 148,
6 mg/L Exponential ET- 231 12+ 2g Equal Removal Rates
75mg/L | Exponential ET-30, IETT__AE(;’IET_MS’ 12 +2¢g Equal Removal Rates
. ET-25, ET-55, ET-183,
100 mg/L | Exponential ET.212, ET-218, ET-226 12+2¢g Equal Removal Rates
. ET-30, ET-40, ET-148, ET-148>ET-40>ET-231>ET-
120 mg/L | Exponential ET-231 10£1g 30>WT
. ET-25, ET-55, ET-183, ET-218>ET-226=ET-183>ET-
140 mg/L | Exponential |\ pr 5 " pr 5 BT-206 12£2¢ 212>ET-25=ET-55>WT
. ET-25, ET-30, ET-32, ET-
140 mg/L Stationary 40, ET-55, ET-148 15+2¢g Equal Removal Rates
170 mg/L | Exponential ET-30, %"1:1:_421(3),115"1"-148, 13+2g ET-40>ET-148>ET-231=ET-

30>WT
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Figure 33. Mutant Study at 100 mg/L: Extracellular TNT concentrations in wild-type and
mutant Arabidopsis seedlings, exposed to approximately 100 mg/L (0.44 mM) of
TNT. No significant differences in TNT removal capacities is seen between the wild-

type and mutant seedlings.
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Figure 34. 120 mg/L Mutant Study: Extracellular TNT concentrations in wild-type and mutant
Arabidopsis seedlings, exposed to approximately 120 mg/L (0.53 mM) of TNT. At
this concentration, differences between the wild-type and mutants in the uptake of
TNT are seen. While the mutant ET-148 removes all the TNT from the medium
within 50 hours, it takes the wild-type 120 hours to remove 95% of the TNT. All the
mutants perform better than the wild-type in TNT transformation.
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Figure 35. Mutant Health Comparison: Health of mutant seedlings ET-55 (A), ET-25 (B), ET-226 (C), ET-212 (D) and wild-type
(E) 106 hours after the addition of 160 mg/L of TNT. The wild-type seedlings appear completely dead and submerged,
while the mutant seedling show better health. The mutants ET-55 and ET-212 appear to be in best health.
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3.2.4 Effect of RDX on TNT-resistant Mutants: Root growth assays

To determine if the TNT-resistant mutants possessed resistance to RDX too, experiments
were performed to measure the root lengths of seedlings exposed to varying concentrations of
RDX. The mutants ET25, ET30, ET32, ET40, ET148, ET169, ET212, ET218 and ET226 were
exposed to 200 mg/RDX. There was no statistical difference between the root lengths of the
seedlings 11 days after exposure to RDX. (Figure 36).
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Figure 36. Root growth of Arabidopsis mutants in the presence of 200 mg/L of RDX. Error bars
represent standard errors.
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4. DNT Studies in wild-type Arabidopsis, in TNT and GST mutants
4.1 Toxicity of DNTs to wild-type Arabidopsis

For a phytotoxicity study, a biomass assay was used. Wild-type seedlings were grown
in plates for 4 days. The twenty five seedlings were transferred to a flask containing sterile
liquid media in order to assure the same germination. One day was allowed for the
adjustment to liquid media, and then, the medium solutions were treated with different
amount of 2,4-dinitrotoluene and 2,6-dinitrotoluene. The concentrations were 10, 25, 50, and
100 mg/L. The dry biomass was measured after 2 weeks.

As shown in Figure 37 and 38, 2,4-DNT is more toxic to Arabidopsis than 2,6-DNT.
The biomass and 2,6-DNT corresponded to 43.2 % for the plants exposed to 10 mg/L of
2,4-DNT and 84.4 % for the plants exposed to 10 mg/L of 2,6-DNT, based on the biomass of
the controls. The plants did not grow and blanched at over 25 mg/L of 2,4-DNT and
100 mg/L of 2,6-DNT.
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Figure 37. Biomass after 14 day exposure to different concentrations of 2,4-DNT and
2,6-DNT. Error bars represent the standard deviation (n=4).

Figure 38. Photos of wild-type Arabidopsis after 2 week exposure to different concentration
of 2,4-DNT (left) and 2,6-DNT (right).
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As an alternative toxicity test, the root growth assay was conducted. Four-day-old
seedlings grown in plates were transferred to different plates amended with various amounts
of 2,4-DNT and 2,6-DNT. Twelve seedlings were placed per plate and duplicate plates were
prepared for each treatment. The end of the root tips was marked initially on the backside of
the plats. After 7 days, the length of the root growth was measured. Like the biomass assay,
2,4-DNT is more toxic to the plants than 2,6-DNT from the results of the root growth assay.
In addition, the root growth assay is more sensitive than biomass assay suggesting
congregation of seedlings in liquid cultures might give more resistance to the contaminants.
The root growth was stunted at 1 ppm for 2,4-DNT and at 20 ppm for 2,6-DNT (Figure 39).
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Figure 39. Root growth after 7 day exposure to DNTSs in plates. Twelve seedlings were
placed per plate and duplicate plates were prepared for each different
concentration. Error bars represent standard deviations (n=24) except 5 ppm of
2,4-DNT (n=12).

4.2. Mass Balance Studies in wild-type Arabidopsis

Seedings were transferred from solid media, 250 ml wide-mouth Erlenmeyer flasks
containing 50 mL MS liquid media were grown for additional 5 days, and then radiolabeled
[U-14C]2,4-DNT and [U-14C]2,6-DNT stock solutions were spiked to the liquid media to
make radioactivity per flask 2-3 uCi after measuring liquid volumes with 50 mL sterile
pipettes. To measure mineralization of radiolabeled dinitrotoluenes by the plants, some flasks
were sealed with No. 8 rubber stoppers modified with 6 mL serum vials containing 1 mL of
1IN NaOH. The other flasks were plugged with foams to prevent microbial and fungal
contaminations. Glass controls, glass control in dark, and autoclaved-plant controls were used
also. The plant tissues harvested at different times were chopped with a spatula after freeze-
drying for 1 day. About 0.01 g DW of the dry plants were used for biooxidation and the rest
of them were used for extraction with methanol.

The radioactivity in media gradually decreased (Figure 40). Only 94 % of the initial
radioactivity from [U-14C]2,4-DNT and 93 % from initial radioactivity from [U-14C]2,6-
DNT was removed from the solution after 10 days, respectively. The mineralization of the
dinitrotoluenes by plants was insignificant compared to the controls (less than 1%) as shown
in Figure 41.
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Figure 40. Uptake of **°-24DNT (left) and **C-26DNT (right) from liquid media. Plants take

up dinitrotoluenes actively.
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Figure 41. Cumulative mineralization of *C-24DNT (left) and **C-26DNT (right). The
mineralization of dinitrotoluenes by plants were insignificant compared to the

controls.

Mass balances by biooxidation and LSC analysis were shown in Tables 9 and 10. The
mass balances were over 86 % for 2,4-DNT (Table 7), and 84 % for 2,6-DNT except for 7

day-exposure (Table 10).
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Table 9. Mass balance of *C-2,4-DNT from biooxidation and LSC analysis.

2,4-DNT Intracellular ~ Extracellular  Recovery

Glass control (14 days, n=3) - 89.8+ 09 89.8+ 09
Autoclaved plants (14 days, n=3) 4.49 £ 0.55 89.1+3.1 935+26
3 days (n=3) 359+9.2 519+6.6 87.7+£36

5 days (n=3) 73.6+54 21045 946+18

7 days (n=3) 76.1+£8.6 10.2+0.9 86.3+£8.9

10 days (n=4) 89.9+18 581+0.83 95.7+1.38

14 days (n=4) 92524 446+049 970+24

Table 10. Mass balance of **C-2,6-DNT from biooxidation and LSC analysis.

2,6-DNT Intracellular ~ Extracellular ~ Recovery

Glass control (14days, n=3) - 83.6+1.7 83.6+1.6
Autoclaved plants (14days, n=3)  4.47 £0.44 79.6 +1.3 85.7+£0.8
3 days (n=3) 289+36 60.2+5.7 89.1+23

5 days (n=3) 53.4+2.1 358+1.3 89.3+15

7 days (n=3) 60.7 +£21.2 16.5+1.8 77.2 £20.0

10 days (n=4) 82.3+£0.9 6.65+1.28 88.9+0.6

14 days (n=4) 75.1+10.2 9.75+256 848+85

The dry samples were sonicated for 1 day after adding 20 mL of methanol. After
filtering by using glass filters, aliquots of filtrates were analyzed with LSC for extractable
portions. The residues in filters were air-dried and combusted by a biooxidizer for
unextractable (bound) portions. Bound (unextractable) portions increased from 49 % to 72 %
for 2,4-DNT and from 34 % to 63 % (Figure 42).
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Figure 42. Percentage of extractable radioactivity from plant tissues based on uptaken
radioactivity.

From radiochromatograms, several unknown peaks having short retention times and
aminonitrotoluenes were detected in radiochromatograms from extracts of plants exposed to
dinitrotoluenes. (Figures 43 and 44). However, diaminonitro-toluenes (24DAT and 26DAT)
were not detected.
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Figure 43. Radiochromatograms (bottom) of extracts from plant

tissue exposed to 2,4-DNT at different times and
chromatograms (top) of standards by a UV-detector. The
retention times: 2,4-diaminotoluene(24DAT): 7.51 min;
2-amino-4-nitrotoluene (2A4NT): 8.35 min; 4-amino-2-
nitrotoluene (4A2NT): 8.85 min; 2,4-dinitrotoluene
(24DNT): 14.41
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tissue exposed to 2,6-DNT at different times and
chromatograms (top) of standards by a UV-detector. The
retention times: 2,6-diaminotoluene(26DAT): 5.11 min;
2-amino-6-nitrotoluene (2A6NT): 7.71 min; 2,6-
dinitrotoluene (2,6-DNT): 17.18 min.



4.3 Distribution of *C Radiolabel in Plant Tissues in wild-type Arabidopsis

To investigate the distribution of labels from [U-14C]2,4-DNT and [U-14C]2,6-DNT in
different plant tissues, wild-type Arabidopsis was grown hydroponically as shown in Figure 45.
After growing plants from seeds in half-strength hydroponic solutions for 21 days, 3 uCi of
14C-labeled dinitrotoluenes were added to the nutrient solutions. The plants were harvested at
different times and were divided into leaf, new stem, and root tissues. After drying for 3 days at
room temperature, the tissues were combusted by a biooxidizer.

The tubes were rinsed with 15 ml methanol to recover the radioactivity absorbed to the
tubes after decanting the media,. The radioactivity in media and tube extracts was analyzed with
an LSC.

Figure 45. Photo of 21-day-old seedlings grown hydroponically.

Based on the radioactivity from [U-14C]2,4-DNT and [U-14C]2,6-DNT in the plants,
64% and 56% remained in the roots after 25 days, respectively (Figure 45). The overall mass
balance decreased from 79% to 61% for 2,4-DNT (Table 11) and from 70% to 59% for 2,6-DNT
(Table 12). Bacterial mineralization of dinitrotoluenes may cause the decrease of the overall
mass balance. The plants removed 45.4% for 2,4-DNT and 38.8% after 25 days. A significant
portion of the radioactivity corresponded to the tube extracts indicating dinitrotoluenes are
absorbed to the conical polyethylene tubes.
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Figure 46. Distribution of *C labels in plant tissues based on the radioactivity in the whole
plants exposed to [U-14C]2,4-DNT (left) and [U-14C]2,6-DNT (right).

Table 11. Percentage of the initial radioactivity (**C-2,4-DNT) at different harvest times.

7 days (n=3) 13 days (n=4) 19days (n=4) 25 days (n=3)
Root 11.6 +3.48 19.2+2.92 29.7£5.29 29.8+1.24
Leaf 7.68 £ 1.04 8.12+0.33 12.1+£3.20 14.4 £ 3.52
Stem 1.17+0.12 1.33+0.84 1.99+0.34 2.17 £ 0.60
Liquid medium 48.6 + 2.20 38.3+3.03 21.0+3.80 11.0 + 3.56
Methanol rinse 8.77 £ 0.69 7.24+£191 4.89 +£1.53 3.48 £ 0.60
Recovery 78.9 + 0.80 74.2 + 4.69 69.6 £ 3.71 60.8 £ 5.03

Table 12. Percentage of the initial radioactivity (**C-2,6-DNT) at different harvest times.

7 days (n=3) 13 days (n=4) 19 days (n=4) 25 days (n=4)
Root 6.54 £ 0.49 586+ 1.25 13.4£1.97 19.4 £4.22
Leaf 3.00£0.54 6.81 £ 1.49 14.1+4.29 154 +7.04
Stem 1.02+0.34 1.10£0.50 482 +1.16 3.92+1.09
Liquid medium 52.3+5.00 45.7+4.19 27.3+4.11 17.0 + 3.69
Methanol rinse 7.47+0.71 6.86 + 3.90 3.87+0.76 3.04 £ 0.97
Recovery 70.4 +4.98 66.3 +7.12 63.5+3.90 58.8 + 3.97
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4.4 Glutathione and Gene Expression in wild-type Arabidopsis

The detoxification process of xenobiotics by plants includes the conjugation with
glutathione by glutathione S-transferases, and reactions by cytochrome P450 enzymes. It is
reported that glutathione level increased and the genes of a glutathione S-transferase and a
cytochrome P450 were highly induced in root tissues of Arabidopsis exposed to TNT. We
investigated the changes of glutathione level and gene expression in response to dinitrotoluene
by using a fluorescence assay and real-time PCR analysis.

Fifty seeds of wild-types were grown for 14 days before 2,4-DNT and 2,6-DNT were
spiked to MS liquid media. The concentrations were 10 mg/L for 2,4-DNT and 25 mg/L for
2,6-DNT. Equal volumes of methanol were added for the control plants. The root tissues were
collected after 1 day. Glutathione in the root tissues were determined by a HPLC with a
fluorescence detector after derivatizing of root extracts with monobromobimane. Glutathione
standards were derivatized under the same conditions for quantification.

The concentration of glutathione in the root tissues of Arabidopsis exposed to 2,4-DNT
increased significantly (Figure 47). When the plants were exposed to 10 mg/L of 2,4-DNT for
1 day, 83.0 £ 3.7 uM (n=3) of glutathione was measured in the root tissue extracts compared to
63.2 = 2.4 uM (n=3) for the extracts from the unexposed plants. The difference of glutathione
concentrations was statistically significant by t-test. In contrast, the level of glutathione did not
increase in the root tissues of the plants exposed to 25 mg/L 2,6-DNT. The difference of
glutathione concentrations between the treated and untreated plants was statistically
insignificant. The concentrations were 54.7 + 8.4 uM for the untreated plants (n=3) and 57.5 =
3.2 uM for the treated plants (n=3).
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Figure 47. The levels of glutathione in the roots of the plants exposed to dinitrotoluenes
compared to the control plants. The concentration of glutathione was determined by a
HPLC with a fluorescence detector after derivatization with monobromobimane.

We investigated changes of expression of genes (GSH1 and GSH2) involved in
glutathione synthesis, and the genes (At1g17170 and At3g28740) which are highly induced by
TNT exposure. After RNA extraction with Triazol (Invitrogen, Carlsbad, CA), first strand cDNA
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was synthesized. Based on gene sequences at The Arabidopsis Information Resource (TAIR,
http://www.arabidopsis.org), primer sets were designed. The sequences of primers, loci of genes,
and PCR product sizes are listed in Table 13. The Actin-8 gene was used as a control gene for
both treated and untreated plants.

Table 13. Primer sets used for real-time PCR and genomic DNA contamination.

Name Locus Primer sets P-I’OdUCt
size (bp)
. L. TCCGGTTACAGCGTTTGGAGA
Actin-8 Atlga9240 | o cGCGGATTAGTGCCTCAGGT 84
Tubulin -1 |y | Lt ATGAGGGAGATCATTAGCATTCATAT | 1191*
chain (TUA1) | A19 R: CTGAGGAGAAGGGTAGATGGTG 445+
L: CCGTGTTCGAAGAGCTGCTG
GSH1 Atg23100 | o TTCCGGAGACTCGAATTCTTCA 106
L: TGGATAACATTCACAACCATCTTGA
GSH?2 ABG27380 | o G CTTTGCGGTCCTGTGGAAA 143
. L: GTCGCTAAAGCCCTGCCTGA
Putative GST | AtLgL7170 | p. 5 A ACAAAGCAACAACAGATCAACA 117
Putative
L: CGACGATCTTGCCCTGGTTC
gﬁghmme Al3g28740 | B GCTTTTCGCATTGTGGTTCC 146

L and R represent left primers and right primers
* PCR product sizes are 1191 bp for genomic DNA and 445 bp for cDNA.

From the results of real-time PCR analysis (Figure 47), both genes involved in
glutathione synthesis, GSH1 and GSH2, were induced 1.7-fold on average. The genes of a
putative glutathione S-transferase (Atlg17170) and a putative cytochrome P450 (At3g28740)
were upregulated by 10-fold and 8-fold in the root tissues of 2,4-DNT-treated plants compared to
the control plants.

In response to 2,6-DNT, the genes of glutathione synthesis were not induced (Figure 48).
This result corresponded to that from the fluorescence assay for glutathione levels. The gene of
Atl1g17170 and At3g28740 were induced by 6-fold and 14-fold on average. No genomic DNA
contamination was confirmed by PCR product sizes from agarose gels using primers designed in
the exon regions of tubulin alpha-1 chain (At1g64740). Lack of non-specific amplifications were
confirmed with single peaks in the melting curves from real-time PCR analysis.
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Figure 48. Gene expression of wild-type Arabidopsis exposed to 2,4-DNT (left) and 2,6-DNT
(right) for 1 day compared to control plants (without dinitrotoluenes) from real-time
PCR.

4.5 Comparison of Wild-type and ET226 Mutant
4.5.1 Uptake Study

ET226 was selected for further study since it showed fairly consistent resistance to
nitroaromatic explosives. To investigate the resistance to 2,4-DNT, wild-type seedlings grown

for 14 days were exposed to 25, 58, 119 mg/L of 2,4-DNT. The uptake rate by wild-type plants
decreased over 58 mg/L for 2,4-DNT and 100 mg/L for 2,6-DNT as shown in Figure 49.
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Figure 49. Percentage of the initial concentration of 2,4-DNT (left) and 2,6-DNT (right) in the
media. The plant did not take up 2,4-DNT at over 58 mg/L and 2,6-DNT at over
100 mg/L.
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From the above results, wild-type and ET226 mutants were exposed to the wide range of
concentrations of dinitrotoluenes. When the first order rate constants (k) of both wild-type and
the mutant exposed to 2,4-DNT (30, 40, 50, 60, and 70 mg/L) were considered (Table 14), the
uptake by the wild-type was of the same or better than that by the ET226 mutants. The uptake
rate by both wild-type and ET226 mutant decreased as the concentration increased.

Table 14. The first order rate constants of both wild-type and ET226 mutant exposed to different
concentrations of 2,4-DNT.

2,4-DNT Wild-type ET 226 mutant
(mg/L) k (day™) r’ k (day™) r’
30 0.3050 £ 0.0118 0.9927 £ 0.0055 | 0.2065 + 0.0294 | 0.9930 + 0.0023
40 0.1817 + 0.0011 0.9792 £ 0.0079 | 0.1542 + 0.0441 0.8909 + 0.0166
50 0.1140 £ 0.0215 0.8787 £ 0.0477 | 0.1224 + 0.0148 0.8914 £ 0.0235
60 0.0781 £ 0.0062 0.6994 £ 0.0172 | 0.0636 = 0.0223 0.7232 £0.1343
70 0.0608 + 0.0082 0.5572 + 0.0269 | 0.0547 + 0.0045 0.5427 + 0.0493

When wild-type and ET226 mutants were exposed to various concentrations of 2,6-DNT (50, 60,
70, and 80 mg/L), the first-order rate constant of both wild-type and ET226 mutants decreased
like 2,4-DNT exposure as the concentrations increased as shown in Table 15. There was no
difference of uptake rate between wild-type and ET226.

Table 15. The first order rate constants of both wild-type and ET226 mutant exposed to different
concentrations of 2,6-DNT.

2,6-DNT Wild-type ET 226 mutant
(mg/L) k (day™) r’ k (day™) r’
50 0.1895 £ 0.0042 | 0.9957 + 0.0028 | 0.1866 + 0.0102 | 0.9983 + 0.0012
60 0.1414 £0.0147 | 0.9958 + 0.0011 | 0.1317 £0.0080 | 0.9970 = 0.0020
70 0.1389 +£0.0071 | 0.9792 +0.0058 | 0.1452 + 0.0040 | 0.9872 = 0.0085
80 0.1141 £0.0126 | 0.9670 +0.0164 | 0.1236 + 0.0043 | 0.9812 + 0.0052
90 0.1073 £0.0149 | 0.9562 +0.0118 | 0.1187 +£0.0113 | 0.9626 + 0.0134

4.5.2 Comparison of Dry Biomass Between Wild-type and ET226

After 9 day-exposure, the dry biomass of both wild-type and ET226 mutant exposed to
dinitrotoluenes was measured. The difference of the biomass between wild-type and ET226 was
insignificant. The biomass of wild type was greater than that of the mutant at 30 mg/L 2,4-DNT,
but no difference of biomass was observed at the higher concentrations (Figure 50).
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Figure 50. Dry biomass of wild-type and ET226 mutant exposed to different concentrations of
2,4-DNT (left) and 2,6-DNT (right) after 9-day exposure.

4.5.3 Root Growth Assay For Comparison Between Wild-type and ET226

Four-day-old seedlings of wild-type and ET226 were transferred to dinitrotoluene-
amended plates (3, 5, 8, 10 mg/L 2,4-DNT; 20, 30, 40, 50 mg/L 2,6-DNT). As shown in Figure
51 and Figure 52, the difference of root growth between wild-type and ET226 was not clear. We
attempted to measure fresh biomass of seedlings after taking them from the solid media. When
seedlings exposed to 8 mg/L 2,4-DNT was compared, the fresh biomass was 0.0934 + 0.0248 g
for ET226 mutants and 0.0598 + 0.0336 g for wild-type after 48-day exposure. At 10 mg/L of
2,4-DNT, it was 0.0581 + 0.0360 g for the ET226 mutant and 0.0487 + 0.0167 for the wild-type.
However, the difference of the fresh biomass is not significant by t-test. In the case of 50 mg/L
2,6-DNT, the biomass was 0.0834 £ 0.0190 g for ET226 and 0.0326 + 0.0066 g for the wild-type
and the difference of the biomass was statistically significant (Table 16). For other cases, the
quantitative comparison is not feasible because it was hard to separate individual seedlings from
the plates.

Table 16. The difference of fresh biomass exposed to dinitrotoluenes in plates.

ET226 (n=3) Wild-type (n=3) | p value (one-tail)
2,4-DNT | 8mg/L | 0.0934 +0.0248 | 0.0598 + 0.0336 0.118
10 mg/L | 0.0581 +0.0360 | 0.0487 +0.0167 0.289
2,6-DNT | 50 mg/L | 0.0834 +0.0190 | 0.0326 + 0.0066 0.024

65



Pheseye Sal

e

-—

e —
&MII’!OM £

Figure 51. The root growth of wild types (left-hand side on plates) and ET226 mutants (right-
hand side on plates) exposed to different concentrations of 2,4-DNT. Photos were
taken after 25 days (1% row), 31 days (2" row), and 48 days (3" and 4" row).
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Figure 52. The root growth of wild types (left-hand side on plates) and ET226 mutants (right-
hand side on plates) exposed to different concentrations of 2,6-DNT. Photos were
taken after 7 days (1% row), 24 days (2" row), 30 days (3" row), and 45 days
(4" row).
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4.6. Comparison of Wild-type and Glutathione S-transferase Mutant
4.6.1 Homozygous glutathione S-transferase Mutant

We observed that the gene for a glutathione S-transferase in wild-type was highly induced in
response to DNTSs in the gene expression study. However, it is not clear if the gene is
upregulated for degradation of dintrotoluenes or as a general response to the stress. We obtained
T-DNA insertion mutant seeds for the glutathione S-transferase gene (At1g17170) from the
Arabidopsis Biological Resource Center (ABRC). The seeds were grown in soil to have enough
and homozygous seeds.

To check the homozygosity of the mutant plant, two-primer sets were designed and PCR was
performed after DNA extraction. Homozygous mutants do not have a band in the gel
electrophoresis in the usage of a primer set for mutants but not for wild-type. One out of nine
plants was homozygous (Figure 53). The homozygous plant will be used for the study of the
comparison of metabolite profiles between wild-type and the mutant in order to investigate the
involvement of the At1g17170 gene in degradation and transformation of dinitrotoluenes.
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Figure 53. Gel electrophoresis using two-set primers for mutants and wild-type. The 6™ lane has
a band using the mutant primer set, but not using the wild-type primer set indication
the plant is homozygous.

4.6.2 Uptake study at different concentrations of 2,4-DNT, 2,6 DNT, and TNT by gst
mutant and wild-type.

The gst mutant and wild-type seedlings were grown on the MS solid medium plates for 4
days. 25 seedlings of each mutant and wild-type were transferred to liquid cultures and they were
grown additional 5 days for 2,4-DNT uptake experiment, 11 days for the 2,6-DNT study, and 10
days for TNT uptake study. They were exposed initially to 6.6, 13.7, an 20.9 mg/L of 2,4-DNT
for 14 days, 20, 40, and 80 mg I™* of 2,6-DNT for 7 days, and 36.1, 63.8, and 155.1 mg/L of
TNT for 6 days. The biomass was measured at the end of the experiments.
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Great differences of uptake rates between the mutant and wild-type exposed to 2,4-DNT
were not observed (Figure 54). Both plants removed 95 % of the initial concentration (6.6 mg/L
2,4-DNT) after 14 days, but significant decrease of uptake rate and growth was observed over
13.7 mg/L 2,4-DNT. According to biomass, the growth of plants was inhibited significantly over

13.7 mg/L 2,4-DNT (Figure 55).
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Figure 54. Uptake of the gst mutants and wild-types at different concentrations of 2,4-DNT for
14 days.
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Figure 55. Dry biomass of the gst mutants and wild-types exposed to different concentrations of

2,4-DNT after 14 days.
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Figure 56. Uptake of the gst mutants and wild-types at different concentrations of TNT for
2 days.
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Figure 57. Dry biomass of the gst mutants and wild-types exposed to different concentrations of

TNT after 6 days.
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Figure 58. Molar percentage of 2-amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene over
time.

There was no significant difference in uptake rates of TNT and biomass changes between
the gst mutant and wild-type (Figure 56 and 57). In addition, the difference in molar percentage
of aminodinitrotoluenes (2A46DNT and 4A26DNT) transformed from TNT was small (less than
5 %) as shown in Figure 58.

When the uptake of 2,6-DNT and TNT by the gst mutant and wild-type was considered, the
plants took up TNT faster than 2,6-DNT. Over 99% of the initial concentration of TNT was
removed by the plants after 1 day while 30% was removed for 2,6-DNT at the same period of
time (data not shown). When the uptake rates were compared, the kinetic constants of the wild-
type exposed to 50 mg I 2,6-DNT and 100 mg I* TNT were slightly greater than those of gst
mutants (Table 17).
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Table 17. Summary of pseudo-first order constants and correlation coefficient for the gst mutant
and the wild-type exposed to various concentrations of 2,6-DNT and TNT for 7 days.

gst mutant wild-type
-k (day™) R® -k (day™) R’

2,6-DNT 50 mg/L 0.2827 0.9980 0.3340 0.9958
75 mg/L 0.2794 0.9925 0.2625 0.9992

100 mg/L 0.2516 0.9945 0.2565 0.9833

TNT 25 mg/L 9.686 0.9984 9.002 0.9994
50 mg/L 9.026 0.9748 9.274 0.9889

100 mg/L 5.448 0.9840 6.490 0.9438

4.6.3. Root growth assay with gst mutant and wild-type exposed to 2,4-DNT

The gst mutant and wild-type seedlings were grown on the MS solid medium plates for 4
days. The seedlings were transferred to 2,4-DNT-amended plates (1,3, 5, 10 mg/L 2,4-DNT).
The growth of root length was measured after 6 days. The toxic effect of 2,4-DNT was observed
at low concentrations (1 mg/L). However, the difference of growth of root length between the gst
mutant and wild-type was not significant (Figure 59).
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Figure 59. The root growth of the gst mutant and wild-types exposed to different concentrations
of 2,4-DNT.

72



Similar root assays were performed for 2,6 DNT and TNT. The root elongation of both
the mutant and wild-type was inhibited at lower concentrations of TNT than 2,6-DNT (Figure
60). In addition, the difference of the root elongation between the gst mutant and wild-type
exposed to different concentrations of 2,6-DNT and TNT was statistically insignificant from
t-test (two-tail, p>0.05).
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Figure 60. Comparison of the tolerance to nitroaromatic explosives between the wild-type and
the gst mutant by the root growth assay. The difference of the root elongation
between the wild-type and the gst mutant exposed to different concentrations of
2,6-DNT and TNT was statistically insignificant from t-test (two-tail, p>0.05). Error
bar represent standard deviations (n=27).

4.6.4. Real-time PCR when gst mutant and wild-type were exposed to nitroaromatics

After a homozygous gst mutant line was isolated out of 9 seedlings from the result of gel
electrophoresis following PCR reactions (Figure 54), the seeds were harvested to be used for
real-time PCR, and the comparison of uptake rates and root growth between the wild-type and
the gst mutant. To investigate the changes of glutathione S-transferase (GST) and cytochrome
P450 (CYP) gene expression to nitroaromatic explosives, 25 seedlings of the gst mutant and
wild-types grown on plates were transferred to liquid media. 2,4-DNT, 2,6-DNT, and TNT were
added to the liquid media after the seedlings were grown for additional 10 days. The initial
concentrations were 10 mg/L for TNT, 20 mg/L for 2,4-DNT, and 50 mg/L for 2,6-DNT. Equal
volumes of methanol were added for the control plants. The root tissues were collected after

1 day. Expression of genes (GST and CYP) was determined by RT-PCR after RNA extraction
followed by cDNA synthesis. The gst mutant did not have any expression of GST gene as we
expected in Figure 61. In the case of the mutant, the GST gene was barely expressed when the
mutant line was exposed to both controls 2,4-DNT, 2,6-DNT and TNT confirming that the
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mutant line has a T-DNA insertion at Atlgl7170. The GST gene was upregulated when the
wild-type were exposed to 2,4-DNT and 2,6-DNT except TNT. The slight downregulation of
GST gene in the wild-type may be caused by toxicity of TNT. In the case of CYP, both the
mutant and wild-type exposed to 2,6-DNT induced the CYP gene more compared to the controls.
Induction of CYP gene in both the mutant and wild-type exposed to TNT was not observed
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Figure 61. Expression of GST (top) and CYP (bottom) genes in the gst mutant and wild-type
exposed to 2,4-DNT, 2,6-DNT, and TNT for 1 day compared to control plants).
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Expression of GST genes in plants exposed to nitroaromatics has been reported elsewhere
(Ekman, et al., 2003; Mezzari, et al., 2005). AtGSTU24 (Atlgl7170) is induced by 40 times
when Arabidopsis was exposed to 0.6 mM TNT for 6 hr treatment (Mezzari, et al., 2005) and
27.5 times from the SAGE analysis with exposure of 15 mg I'* TNT to Arabidopsis for 1 day
(Ekman, et al., 2003). The GST activity of a hairy root culture of horseradish is induced at 0.1
mM TNT for 27 hr exposure by using an enzymatic assay (Nepovim, et al., 2004). In our study,
the gene did not affect the uptake rate and the tolerance of Arabidopsis to the explosives, 2,4
DNT, 2,6-DNT and TNT even though the GST gene (Atlg17170) was overexpressed when the
wild-type was exposed to 2,6-DNT. Genes that are induced in response to xenobiotics from the
guantitative gene expression study, such as SAGE analysis and real-time PCR does not
necessarily warrant the involvement of these genes in the detoxification pathway or in their
involvement in tolerance to the xenobiotic by plants.

Additional details may be found in Yoon et al (2006) and Yoon et al (in press) in Appendixes.
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(V). CONCLUSIONS

Our genetic and biochemical studies in Arabidopsis of RDX, TNT, and DNTs are
providing the scientific and engineering communities with a knowledge base needed to
better understand plant detoxification of these compounds, thus enabling
phytoremediation and natural attenuation processes. Arabidopsis plants appear able to
withstand higher levels of RDX than TNT and the DNTSs as evidenced by screening
assays, biomass and root assays, and fate and transformation studies in liquid culture.
Mineralization of RDX by plant tissue is certainly plausible, given tissue culture studies
by J.L. Schnoor’s laboratory and preliminary results in Arabidopsis shown in our work.
Native species with fast transpiration and growth rates potentially may be selected to
process RDX without toxicity to the plant. In contrast, TNT and the DNTs are much
more phytotoxic, suggesting that transgenic approaches will be necessary for
phytoremediation of these compounds at significant levels, a subject of the collaboration
between N. Bruce and S. Strand. Furthermore, the DNTSs are not as readily transformed as
TNT. Since the similar green-liver pathways appear to be followed, strategies successful
for TNT should be tested on these compounds, but they may require increased enzyme
activity for detoxification.

This project developed screening strategies and generated mutants resistant to
TNT. These mutants are resistant to TNT but do not differ in the profile of transformation
products observed. In other words, likely a change in plant metabolism not directly
associated with the transformation pathways of TNT occurred — the change is one that
reduces phytotoxicity but not the transformation of the parent compound. This type of
change has traditionally been very difficult for molecular biologists to study, since in this
case, the metabolism of the whole plant needs to be analyzed to determine the change.
The SALK mutant studies implied that resistance phenotype of the activation-tagged
mutant lines were not caused by interruption of a gene, but possibly by an enhancement
of a gene up-regulated by the 4X 35S enhancer element in the T-DNA. The cloning of the
enhancer trap mutants provides a resource for the research community to probe genes
upstream or downstream of the insertions sites that may be important in phytotoxicity.

Furthermore, testing of gene targets identified from gene expression studies may
also provide clues to the toxicity response of plants. As shown in the gst mutant studies,
genes that are induced in response to xenobiotics from a quantitative gene expression
study does not necessarily warrant the in vivo involvement of these genes in the
detoxification pathway or in their involvement in tolerance to the xenobiotic by plants.
However, several other candidate genes remain to be tested, and can be accomplished
with the current availability of Arabidopsis mutants.
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ABSTRACT

Basic knowledge of the plant transformation pathways of TNT will aid
phytoremediation design and assessment. While TNT transformation by plant
metabolism has been demonstrated in previous studies, the presence and role of
hydroxylamines in the transformation pathway has not been sufficiently understood.
Hydroxylamines are unequivocally shown to be formed by plant transformation of
TNT by two axenic plant systems (Arabidopsis thaliana and Catharanthus roseus). In
addition, confirmation was obtained for conversion of these hydroxylamines to
previously identified conjugates. Further characteristics of TNT transformation in
Arabidopsis, an increasingly popular model system for genetic and biochemical
studies of TNT transformation, were elucidated by [U-"*C] TNT mass balance studies
and metabolite feeding studies. These studies showed the rapid conversion of TNT to
unextractable-bound compounds by Arabidopsis seedlings in agreement with the
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green-liver model. Arabidopsis seedlings formed and transformed 4-substituted
metabolites more efficiently than the 2-substituted metabolites. A qualitative kinetic
rate analysis of the pathway was performed to propose rate limiting steps in the
pathway and theoretical schemes for improved rates are suggested.

KEYWORDS: TNT, Trinitrotoluene, Phytotransformation, Hydroxylamines,
Conjugates, Arabidopsis thaliana, Catharanthus roseus, Green liver model

INTRODUCTION

2,4,6-trinitrotoluene (TNT) and other nitroaromatics have been detected in
varying concentrations at munitions production facilities and military training and
testing sites world-wide (1-4). Numerous studies demonstrate the toxicity of these
nitroaromatics to the local ecosystem (5-8). One potential method for cleanup is the
utilization of plants which are capable of taking up and immobilizing a host of
pollutants with minimal energy and nutrient inputs. Phytoremediation, the application
of plants for remediation, is a potential low cost, ecologically harmonious technology
that can be applied at these sites (9). However, phytoremediation is limited by the
slow rate of pollutant removal and the toxicity of the pollutants to the plants. In
addition, regulatory acceptance of phytoremediation would require complete
knowledge of end-point fate of the pollutant. Hence, commercialization of
phytoremediation as a cleanup technology would require improvements in rates of
removal, determination of the final fate of the pollutant and enhancing plant resistance
to the toxic effects of the pollutants.

Metabolic engineering tools are increasingly being used to achieve many of
these goals. For example, transgenic plants expressing bacterial or fungal genes
involved in TNT metabolism have been constructed and these have shown increased
rates of TNT removal (10-12). Of late, Arabidopsis, which has a completely
sequenced genome, is being recognized as a tool to discover genes in xenobiotic
transformation and resistance (13). A recent paper by Mentewab et al. (2005) utilized
cDNA microarray studies and RT-PCR to determine genes upregulated when low
levels of TNT are added to Arabidopsis, while Mezzari et. al. (2005) studied
conjugation in Arabidopsis cells exposed to TNT and used RT-PCR to study the
regulation of glutathione S-transferases and nitroreductase genes in Arabidopsis
transcripts exposed to TNT (14, 15). Metabolic pathway studies based on mass
balances and radiolabel analysis, similar to the ones conducted in the terrestrial
species Catharanthus and aquatic species Myriophyllum (16-18), have shed light on
the metabolism of the TNT, the metabolites formed and their final fate and kinetics of
their transformation. Some of the transformation steps and the identification of the
genes and enzymes involved in the TNT transformation pathway are unknown.
Expansion of the biochemical knowledge with genetic studies in Arabidopsis was
attempted by Ekman et al. (2003) who performed SAGE transcription analyses in
Arabidopsis amended with TNT and then utilized the previous metabolite and
pathway studies in Catharanthus and Myriophyllum to speculate on the genes
involved (19). However, differences exist in the transformation pathways in
Catharanthus and Myriophyllum, and the transformation pathways have not been
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identified in Arabidopsis. Thus, metabolic pathway studies for TNT transformation in
Arabidopsis are necessary for it to be used as a genetic tool.

The metabolic pathway for TNT transformation in terrestrial plants is shown
in Figure 1 (20, 21). The confirmed portions of the pathway are shown using bold
arrows, whereas the speculated branches are shown using dotted arrows. The
metabolites that are hypothesized to be present are enclosed in a dotted square. As
delineated in this pathway, plants follows a “green-liver” scheme of TNT
transformation, starting with the reduction of TNT to its aminodinitrotoluenes, 2-
amino-4,6-dinitrotoluene (2ADNT) and 4-amino-2,6-dinitrotoluene (4ADNT). This is
postulated to be accomplished via the partially reduced intermediates, the
hydroxylamines, = 2-hydroxylamine-4,6-dinitrotoluene =~ (2HADNT) and 4-
hydroxylamine-2,6-dinitrotoluene (4HADNT). These hydroxylamines are also
thought to be capable of direct conjugation, oxidation or bimolecular nucleation (21-
23). The aminodinitrotoluenes thus formed are subjected to further conjugative
reactions, wherein a sugar or another plant biomolecule is added to the amino group.
All the conjugates are thought to subsequently polymerize and form unextractable
compounds bound to plant macromolecules (20, 21).

Aminodinitrotoluenes have ubiquitously been identified as the first stable
metabolites formed during TNT transformation by plants (20, 21). Since these
aminodinitrotoluenes are less toxic than TNT (24-27), phytoremediation is assumed to
lower the toxicity of the system. Recent research suggests that hydroxylamines are the
first metabolites during TNT phytotransformation. Both Wang et al. (2003) and
Pavlostathis et al. (1998) showed the formation of hydroxylamines during TNT
transformation by aquatic plants; however complete axenic conditions were not
achievable (28, 29). Since many mainly anaerobic bacterial systems have shown the
formation of hydroxylamines (30), the possibility that bacterial enzymes were
responsible for the presence of hydroxylamines in these plant-based studies cannot be
ruled out. A recent paper on TNT transformation by axenic tobacco cell cultures
failed to identify hydroxylamines but did show the formation of hydroxylamine-
derived conjugates (23). Hence, the unique role of plants in the formation of
hydroxylamines was not fully ascertained in those studies.

This paper focuses on metabolic pathway studies for TNT
phytotransformation in Arabidopsis. The presence of two key metabolites- the
hydroxylamines- are shown in two axenic systems, Arabidopsis and Catharanthus,
and their role in the transformation pathway elucidated. The TNT transformation
pathway in Arabidopsis is contrasted with those reported for C. roseus, tobacco and
M. aquaticum, and the results are used to suggest improvements in TNT removal
rates.

MATERIALS AND METHODS

CHEMICALS. Solid TNT for feeding experiments was purchased from
ChemServices (West Chester, PA), while liquid HPLC standards of TNT, 2ADNT,
4ADNT, 2HADNT, 4HADNT and 2,2’,6,6’-tetranitro-4,4’-azoxytoluene (4,4’-azoxy-
bis-TNT) were purchased from AccuStandards (New Haven, CT). [ring-U "*C] 2,4,6-
trinitrotoluene of 5 mCi activity in solid form was purchased from Perkin-Elmer Life
Sciences (Boston, MA). The 2HADNT, 4HADNT, 2ADNT, 4ADNT and 4,4’-azoxy-
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bis-TNT standards were used in the low concentration metabolite feeding studies,
since the solid form of these compounds were not always available. Previously
purified standards of TNT-5.5, TNT-6.7, 2A-5.6 and 4A-6.6 (which correspond to
TNT-1, TNT-2, 2A-1 and 4A-1, respectively) were used in the identification of
conjugates (31, 17). All solvents, including 2-propanol, methanol, ethanol, ethyl ether
and acetonitrile were purchased from Fisher Scientific. The scintillation cocktails
Ultima Flo* M, Ultima Gold MV, Insta Fluor, PermaFluor and CarboSorb were
purchased from Packard Instruments (Boston, MA).

PLANTS. Arabidopsis thaliana was grown axenically from seeds. 50 seeds of the
plant were surface sterilized with 20% bleach for 15 minutes and subsequently rinsed
three times with sterile water. They were next transferred to 50 ml of Arabidopsis
growth media (4.2 mg of MS media salts, 20 g Sucrose, 1 ml Gamborg B-5 vitamins,
MES buffer, Potassium phosphate in 1 L of nanopurified water at a pH of 5.7) in a
250 ml Erlenmeyer flask and shaken at 100 rpm under light. Seven or 14-day-old
exponential phase seedlings were used in the TNT and metabolite feeding
experiments. These seedlings consisted of both roots and leaves.

Hairy roots of Catharanthus roseus, which were grown as described in
Hughes et al. (1997), propagate solely as roots. C. roseus roots were grown in 50 ml
of half strength Gamborg B5 media in 250 ml flasks, and shaken at 100 rpm in the
dark (18). Seven or 14-day-old, exponential phase roots were used in the TNT and
metabolite feeding experiments.

ANALYTICAL METHODS. Reverse-phase HPLC was used for the separation and
identification of metabolites from the phytotransformation studies. A Waters system
with a 717 autosampler equipped with a PDA detector was used for these studies. A
C8 NovaPak column with 82% water and 18% 2-propanol was used for quantification
of TNT, 2ADNT, 4ADNT and the previously identified conjugates of TNT-1, TNT-2,
2A-1 and 4A-1 (17). A C18 NovaPak column with a gradient mobile phase of 60%
water and 40% acetonitrile ramped to 40% water and 60% acetonitrile was used for
the identification of 2HADNT, 4HADNT, 4,4°,6,6’-tetranitro-2,2’-azoxytoluene
(2,2’-azoxy-bis-TNT) and 4,4’-azoxy-bis-TNT (28). lon-suppressed HPLC separation
with a mobile phase of 82% 50 mM H3;PO4 and 18% 2-propanol on a C8 NovaPak
column was performed to detect any oxidative metabolites (16). Secondary
confirmation for hydroxylamine presence was accomplished using Electron Impact
Mass Spectroscopy. The sample was collected following HPLC separation, twice
extracted into ethyl ether, and concentrated by evaporation. Electron Impact
ionization experiments were performed on a Finnigan TSQ700 triple quadrupole mass
spectrometer Finnigan MAT, (San Jose, CA) fitted with a Finnigan EI/CI ion source.
Samples were introduced to the mass spectrometer using the solids probe. The probe
was heated gradually from 100 to 400 degrees. The instrument was used as a single
quadrupole and scanned from 50 to 1000 daltons.

In the radiolabeled TNT feed experiment, quantification of radioactivity under
the HPLC peaks was accomplished by having a Packard 505 Flow Scintillation
Counter in serial attachment to the PDA detector. A ratio of 1:1.5 of mobile phase to
Ultima Flo™ M scintillation cocktail was used. Quantification of the radioactivity of
extracellular, intracellular extractable and intracellular bound metabolites fractions
were done in a Packard 2900 TR Scintillation counter. A 1:5 ratio of sample to Ultima
Gold MV cocktail was used for aqueous samples, while a ratio of 1:5 of sample to
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Insta Fluor was used for organic samples. Residual radioactivity in the plant biomass
was measured by combusting a portion of the biomass in an OX700 Harvey
Biological Oxidizer. Oxygen was used to complete combustion, while nitrogen was
used to flush out residual radioactivity. 15ml CarboSorb was used to collect the
radioactive carbon dioxide from the combustion chamber, which was combined with
PermaFluor E' in a ratio of 1:5 and analyzed with the scintillation counter.

EXTRACTION OF INTRACELLULAR METABOLITES
(INTRACELLULAR-EXTRACTABLES). Extraction of intracellular metabolites
for identification and quantification was accomplished by freeze-drying the biomass
for 48 to 72 hours and subsequently sonicating the dried biomass twice in methanol
for 48 hours at 15°C. The methanol was collected by centrifugation, decanted,
evaporated down to 5 ml, and subsequently analyzed via HPLC or LSC. In the
radiolabeled TNT mass balance experiments, the residual radioactivity in the biomass
was analyzed in a bio-oxidizer.

TNT PATHWAY ANALYSIS STUDIES. 100 mg/L (0.44 mM) TNT was added to
seven-day old Arabidopsis seedlings in their early exponential phase (in triplicate),
and extracellular samples were periodically analyzed for the presence of
hydroxylamines and other metabolites. A control with heat-killed biomass and a
biomass free control were also amended with similar TNT concentrations. The
biomass-killed control was used to isolate the effect of absorption of TNT by the
biomass, while the biomass-free control was used to determine the photodegradative
and evaporative effects on TNT concentrations. A solely evaporative control was
maintained by keeping biomass-free TNT amended medium at 100 rpm in the dark.
All reported concentrations are corrected for evaporation losses. Plants were
sacrificed at 12 hours and at the end of the experiments (120 hours) and analyzed for
their intracellular-extractable metabolites. In a separate experiment, 14-day-old C.
roseus roots, in their mid- or late- exponential phase, were amended with TNT
concentrations in the range of 75 mg/L (0.33 mM) to 110 mg/L (0.48 mM). Media
(extracellular) and intracellular-extractable samples were taken periodically and
analyzed in an HPLC with a C8 column.

METABOLITE FEEDING STUDIES. In Arabidopsis, 2HADNT, 4HADNT, 4,4°-
azoxy-bis-TNT, 2ADNT and 4ADNT were added individually to different seven-day
old axenic Arabidopsis seedlings, in duplicate. 25 seeds per flask were used in these
studies, and a volume of 25 ml of medium was used per flask. Media samples were
taken periodically to determine metabolite concentrations. Wet weights were
measured at the end of the experiment (44 hours). 2HADNT, 4HADNT, 2ADNT and
4ADNT were added to seven-day old C. roseus roots in duplicate and the medium
analyzed for metabolite levels.

TNT MASS BALANCE STUDY IN ARABIDOPSIS. 14-day-old Arabidopsis seed-
lings were fed [ring-U '*C] TNT at an initial concentration of 15 mg/L (0.07 mM) and
initial radioactivity levels of 5 puCi per flask. Media samples were taken periodically
and analyzed for radioactivity and metabolite formation, and seedlings were sacrificed
at regular time intervals to determine the amount of radioactivity lodged inside the
plants. TNT and metabolite uptake rates were determined assuming pseudo-first order
kinetics as shown in (31).
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RESULTS

HYDROXYLAMINES DETECTED IN ARABIDOPSIS AND C. ROSEUS. When
high levels of TNT were added to Arabidopsis and C. roseus hydroxylamines
(2HADNT and 4HADNT) were detected for short periods of time in both systems.
Primary confirmation for hydroxylamine presence was obtained by matching their
retention time and absorbance spectra with standards (Figure 2). Secondary
confirmation for hydroxylamine presence was obtained through Electron Impact Mass
Spectroscopy. Mass fragments from the sample were compared with standards from
literature (32). The hydroxylamines showed major mass fragments of 212, 197, 165
and 155 (Figure 3). Since hydroxylamines are highly unstable in aqueous media, their
detection was found to be a very strong function of sample handling and applied
analytical chemistry. Samples run immediately, in a C18 column, under a strong non-
polar mobile phase, were more likely to reveal the formation of the hydroxylamines.
Samples stored at -20 °C were likely to result in the degradation of the hydro-
xylamines. Samples run through a C8 column were also likely to result in the
hydroxylamine degradation during their separation in the column. Hence, the C18
column was used for hydroxylamine detection, with minimal storage time. Samples
that were not run immediately were stored at -80 °C until they could be analyzed.

In Arabidopsis, 2HADNT and 4HADNT were observed for the first 12 to 18
hours after 100 mg/L. (0.44 mM) of TNT was added to the seedlings (Figure 4).
4HADNT (0.11 mM or 25% of initial TNT) was observed in greater levels than
2HADNT (0.08 mM or 19% of initial TNT). In C. roseus, when 75 to 100 mg/L (0.33
to 0.44 mM) of TNT were added to the roots, 2HADNT was detected in levels up to 3
mg/L (14.1 uM), but disappeared within 20 hours of TNT addition (Figure 5). The
other hydroxylamine, 4HADNT was detected at only one time point in the 80 mg/L
(0.38 mM) and 100 mg/L (0.44 mM) systems, at a maximum concentration of 1.7
mg/L (7.8 uM) four hours after TNT amendment. The detection of these metabolites
in these systems was possible because of the high initial levels of TNT, since previous
experiments with lower levels of TNT feed had failed to reveal their formation (18,
33). In both systems, hydroxylamines, to the best of our detection scheme, appeared
within the first few hours after TNT addition and disappeared in 12-18 hours. Hence,
a narrow window exists for the identification of these metabolites. This is the first
detection of hydroxylamines in an axenic plant transforming TNT.

CONJUGATION OF HYDROXYLAMINES. Metabolites of TNT transformation
were fed to Arabidopsis and C. roseus to determine their final fates and to further
elucidate the transformation pathway characteristics. When Arabidopsis seedlings
were fed with 4ADNT the conjugate 4A-1 was detected extracellularly; when they
were fed with 4AHADNT the conjugates TNT-2 and 4A-1 were both detected in the
extracellular fraction. Since 4HADNT is upstream of 4ADNT in the TNT
transformation pathway, it follows that a portion of 4HADNT is being reduced to
4ADNT that is subsequently being conjugated to 4A-1; simultancously a parallel
branch of 4HADNT is being directly conjugated to form TNT-2. No metabolites or
conjugates were observed in the intracellular-extractable fraction, probably because
they were bound to the biomass.

When C. roseus roots were fed 2ADNT they produced only the conjugate 2A-
1 in the extracellular fraction; when they were fed with 2HADNT, they formed the
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conjugates 2A-1 and TNT-1, both in the extracellular fraction. Similar to the logic
pursued in Arabidopsis for 4ADNT and 4HADNT feeding studies, these results imply
that 2HADNT is being directly conjugated to form TNT-1. When 4HADNT was fed
to the C. roseus roots no metabolites were detected in both the extracellular and the
intracellular-extractable fraction.

Based on previously published feeding studies (16, 17) it was postulated that
hydroxylamines can be directly conjugated (21). In those studies, TNT added to C.
roseus roots showed the formation of the conjugates TNT-1, TNT-2, 2A-1 and 4A-1;
however when 2ADNT was added to the roots, only 2A-1 was formed, and when
4ADNT was added to the roots, only 4A-1 was observed (16). Hence, it was
speculated that a metabolite upstream of the aminodinitrotoluenes was responsible for
the formation of TNT-1 and TNT-2. In feeding studies presented here, ADNT-fed
roots showed the formation of 2A-1 and 4A-1, while HADNT-fed roots showed the
formation of all four conjugates. This confirmed that hydroxylamines are those
upstream metabolites capable of direct conjugation. Vila et al. (2005) also have
proven the formation of monoglycoside and diglycoside conjugates from both
2HADNT and 4HADNT.

The significance of hydroxylamines in TNT transformation can be gauged
from the numerous reactions these metabolites can undergo. Hydroxylamines can be
biotically further reduced to aminodinitrotoluenes (22), abiotically polymerized to
azoxy dimers (28), may be involved in the formation of oxidative metabolites (21)
and can directly conjugate (23). In addition, our preliminary toxicity analyses showed
that the hydroxylamines are more toxic to plants than TNT and the
aminodinitrotoluenes (Table 1). The weight of the seedlings exposed to
hydroxylamines is reduced by around 40%, whereas the aminodinitrotoluene and
TNT-amended seedlings showed no decrease in biomass. Hence, hydroxylamines are
not only potential central variables in the TNT transformation pathway, but are also
important from a toxicity perspective.

TNT MASS BALANCE STUDIES. "C radiolabeled TNT was taken up and
transformed efficiently by Arabidopsis seedlings. Table 2 shows the distribution of
the carbon from [ring-U "C] TNT in the extracellular, intracellular and intracellular-
bound portions of the seedlings. Initially, carbon from the TNT was completely in the
extracellular portion, but is quickly taken up by the seedlings. The extracellular
radioactivity fell to less than 5% by the end of the experiment (168 hours), while the
intracellular fraction peaked at around 20% within 12 hours of TNT addition, and then
steadily declined to around 5% by 168 hours. The amount of intracellular-bound
metabolites, the portion of the radiolabel that could not be extracted by methanol
sonication rose steadily to more than 74% by 168 hours. The intracellular-bound
metabolites represent a final fate of the carbon from TNT, and its increasing number
signifies the end of metabolism and reduced bioavailability of TNT. Previous mass
balances on C. roseus roots revealed a total of 30 to 40% of the label as intracellular-
bound metabolites after 8 days, while the bulk of the label remained as intracellular
extractables (63%) (17). 10 to 16% of the label remained in the extracellular phase
(17). In contrast, in Arabidopsis, only 5% of the label remained in the extracellular
portion and 5% in the intracellular-extractables, while 74% of the label accumulated
as intracellular-bound metabolites seven days after TNT addition. The greater levels
of the intracellular-bound metabolites in Arabidopsis seem to indicate that
Arabidopsis transforms TNT to its final fate faster than C. roseus.
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TNT TRANSFORMATION CHARACTERISTICS IN ARABIDOPSIS. In
addition to the hydroxylamines, the metabolites 4,4’-azoxy-bis-TNT, 2ADNT,
4ADNT and the previously identified conjugates of 4A-1, TNT-1, TNT-2 and 2A-1
were also detected when 100 mg/L (0.46 mM) of TNT was added to Arabidopsis
seedlings (Figure 4b). TNT was initially reduced to the hydroxylamines, which in turn
underwent further rapid metabolism. Biotic and abiotic reactions competed for
hydroxylamines, resulting in the formation aminodinitrotoluenes and azoxy dimers,
respectively. The aminodinitrotoluenes were observed through out the course of the
experiment at levels less than 15% of the initial TNT added. All these reactions are
depicted in the TNT transformation pathway (Figure 1). Greater amounts of 4-
substituted conjugates (TNT-2 and 4A-1) than 2-substituted conjugates (TNT-1 and
2A-1) were observed. Over time, all the conjugates were incorporated as intracellular-
bound metabolites. 4,4’-azoxy-bis-TNTwas observed in the system only at one time
point of 4 hours. Ion suppression HPLC did not reveal the formation of oxidative
metabolites; hence, either no oxidative metabolites were being produced, or they were
formed in below detectable concentrations.

Further characteristics of TNT transformation in Arabidopsis was obtained
from analysis of the hydroxylamine and aminodinitrotoluene feeding studies (data not
shown). During the hydroxylamine feeding studies in Arabidopsis, it was observed
that the rate of formation of 2ADNT was five times lower than that of 4ADNT
formation. Additionally, from both the hydroxylamine and aminodinitrotoluene
feeding experiments, the rate of 2ADNT removal was around three times less than
that of 4ADNT removal. From these observations, it appears that Arabidopsis is better
equipped to handle 4-substituted metabolites than their 2-substituted isomers. This
characteristic of the pathway can be of importance in future metabolic engineering
efforts.

DISCUSSION

With the extensive use of native and genetically modified Arabidopsis for
phytoremediation studies, characterizing the xenobiotic metabolic pathway in this
system is important, and has been accomplished for TNT transformation. Apart from
Arabidopsis seedlings, TNT transformation has been previously studied in C. roseus
hairy roots, tobacco cell cultures and M. aquaticum aquatic plants. In previous studies
on C. roseus roots it was shown that 2 and 4-substituted metabolites were formed in
approximately equal proportions (16, 17). TNT was shown to progress through the
aminodinitrotoluene pathway into bound metabolites. No hydroxylamines were
detected in that study. Our studies on C. roseus showed the formation of
hydroxylamines, aminodinitrotoluenes and conjugates, but the roots formed 2-
substituted metabolites in greater proportions. Both these studies did not reveal the
formation of oxidative metabolites. Large amounts of oxidative metabolites (36%
after 12 days of TNT addition) were detected by Bhadra et al. (1999) in the aquatic
plant M. aquaticum, with 4-substituted metabolites being formed in slightly larger
amounts than 2-substituted metabolites (16). The oxidative metabolites formed
included 2-amino-4,6-dinitrobenzoic acid, 2,4-dinitro-6-hydroxybenzyl alcohol, 2-N-
acetoxyamino-4,6-dinitrobenzaldehyde and 2,4-dinitro-6-hydroxytoluene.

Wang et al. (2003) also studied M. aquaticum and did not detect any
oxidative metabolites but showed the formation of hydroxylamines. They offer
positive UV-visible spectral comparison and NMR confirmation for the presence of
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both 2HADNT and 4HADNT in non-axenic Myriophyllum aquaticum. When TNT
was added at an initial concentration of 25 mg/L (0.11 mM) , these metabolites were
shown to be present in the system from the second day to the end of the experiment
(15 days), at levels less than 10% of initial TNT. They speculate, and we concur, that
the reason for non-observance of hydroxylamines in previously published TNT
phytotransformation studies are artifacts of the analytical chemistry used. Essentially,
the frequently used EPA 8330 scheme of explosive and metabolite detection does not
reliably work for hydroxylamine detection. In addition, hydroxylamines are highly
unstable in aqueous, aerobic media (34, 35) and turned over extremely rapidly (21). In
a recent study, Vila et al. (2005) also attempted separation and identification (using
acid and enzymatic hydrolysis, Electrospray Ionization-MS and 'H and ?C NMR) of
all metabolites formed during TNT phytotransformation but could not detect
hydroxylamines; only conjugates derived from hydroxylamines were identified (23).
A combination of both of low stability and high turnover could be responsible for the
absence of hydroxylamines from previous axenic TNT phytotransformation studies.

Wang et al. (2003) also showed that hydroxylamines are abiotically reduced to
azoxy dimers and biotically reduced to aminodinitrotoluenes and speculate that azoxy
dimers and aminodinitrotoluenes are involved in the formation of conjugates,
oxidative metabolites and bound metabolites. Our studies on Arabidopsis showed the
formation of hydroxylamines, aminodinitrotoluenes, aminodinitrotoluene-derived
conjugates, hydroxylamine-derived conjugates, 4,4’azoxy-bis-TNT and the final
product of unextractable bound metabolites. No oxidative metabolites were detected
in Arabidopsis seedlings. Lack of evidence for a major oxidative pathway for TNT
metabolism in Arabidopsis might require a revision in the interpretation of TNT-
responsive gene expression data (19). Arabidopsis seedlings were seen to form and
transform 4-substituted metabolites at a higher rate than 2-substituted metabolites.
This was also observed in tobacco cell cultures, where 68% of the metabolites had
substitutions in the 4-subtituted position A transgenic species of tobacco, expressing a
bacterial nitroreductase, removed TNT more rapidly from the medium via
aminodinitrotoluenes when compared to controls and this correlated with improved
plant health (10). Based on the above discussion, it is clear that the TNT
transformation pathway is substantially similar across all plant species. However,
specific characteristics of the pathway, such as ratio of 2 and 4-substituted metabolites
and role of oxidative metabolites, differ between species indicating diversity in the
enzymes targeting TNT. Choosing an appropriate species for TNT phytoremediation
will hence depend on the ability of the plant to grow in the target area and the
mechanisms it uses to remediate pollutant.

In addition to these well-characterized portions of the TNT pathway in various
plant species, there exists a significant percentage of TNT that appears to proceed
through unidentified metabolites. This has been shown in our '*C labeled TNT
feeding studies and has shown to be the case in C. roseus too (21) wherein a
significant percentage (up to 50%) of the "C label remained unidentified. Since TNT
is a strongly electronegative compound, the initial mode of attack is necessarily via
reduction of the nitro groups. This seems to indicate that the hydroxylamines, which
are formed by partial TNT reduction, are potentially being transformed to various
unidentified metabolites, possibly polar in nature. Hence, identification of hydroxy-
lamines in the TNT transformation is useful in determining alternative TNT
phytotransformation pathways.
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There appear to be, qualitatively, two rate-limiting steps in the TNT
transformation pathway- (1) TNT to hydroxylamines and (2) aminodinitrotoluenes to
conjugates. When TNT is partially reduced, the product hydroxylamines are rapidly
turned over. The intrinsic rate constant for TNT reduction to hydroxylamines is of the
order 10° (ml/gFW/hr), while the intrinsic rate constant for hydroxylamine removal is
of the order of 10' (ml/gFW/hr). These rate constants were calculated assuming
pseudo-first order TNT transformation kinetics. This indicates that the reduction of
TNT to hydroxylamines is rate limiting in the initial part of the pathway. In the next
section of the transformation pathway, aminodinitrotoluenes are formed from the
rapid reduction of hydroxylamines and are subsequently conjugated. The rate of
hydroxylamine removal is around 10 times the rate of aminodinitrotoluene removal.
This is also shown graphically in Figure 5b- hydroxylamines disappear from the
system within 20 hours, while the aminodinitrotoluenes persist for the length of the
experiment (up to 120 hours). These observations imply that ADNT removal by
conjugation is rate-limiting in this section of the pathway. Based on these two rate
limiting steps of the pathway, we hypothesize that overexpression of those genes
which encode enzymes that reduce TNT to hydroxylamines or aminodinitrotoluenes
to conjugates are potentially the most promising in terms of speeding up TNT
removal. The unreactive nature of the end point of TNT transformation- the
unextractable bound metabolites- may represent lowered xenobiotic phytotoxicity.
Hence, acceleration of the rate of formation of bound metabolites is of equal interest
as merely accelerating TNT removal.

CONCLUSIONS

Arabidopsis and their mutants are being highly utilized in current day research in
deciphering the genetics behind TNT phytoremediation. This study determined the
basic pathway of TNT metabolism in Arabidopsis in addition to clarifying an earlier
picture of TNT metabolism in C. roseus. The presence of hydroxylamines in the TNT
transformation pathway has been proven. The varied role of these metabolites in the
metabolic pathway- from reduction to conjugation- has been demonstrated. The high-
er toxic effect of hydroxylamines, when compared to TNT and aminodinitrotoluenes
has also been shown. Finally, rate limiting steps of the pathway were qualitatively
determined. Hence, the potential role of hydroxylamines in the manipulation of the
TNT metabolic pathway has been demonstrated. Further investigations into
understanding the reason for the preference of 4-substituted metabolites in
Arabidopsis, determining the fate of the azoxy dimers, and identifying the other polar
metabolites during TNT transformation are warranted. In addition, research in
determining the enzymes and genes involved in TNT transformation can lead to the
development of efficient transgenic plants or conditions to maximize remediation.
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Figure 1. Proposed TNT transformation pathway in axenic plants as determined by
xenobiotic feeding experiments in C. roseus and Arabidopsis. High level TNT feeding
studies in C. roseus and Arabidopsis proved the presence of hydroxylamines and
azoxy dimers (shown in boxes) while the dotted arrows show newly determined
sections of the pathway. The bold arrows represent sections of the pathway confirmed
by previously published studies (20). All these steps, in total, represent the “Green
Liver” model of TNT transformation by plants.
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Figure 2. Chromatogram showing the elution of TNT, 2HADNT, 4HADNT, 2ADNT
and 4ADNT on a Nova-Pak C18 column with 2-propanol and water in the mobile
phase 6 hours after 100 mg/L (0.44 mM) TNT was added to Arabidopsis seedlings.
The UV-visible absorption spectra for the metabolites are also shown, normalized
along the y-axis for absorbance and x-axis for wavelength.
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Figure 3. Electron impact spectra of hydroxylamine sample as determined by a
Finnigan TSQ700 triple quadrupole mass spectrometer. The sample was extracted
from Arabidopsis medium exposed to 100 mg/L (0.44 mM) TNT for 6 hours. The x-
axis represents (mass/charge), while the y-axis represents the relative intensity. The
two main peaks are observed at 212 and 197; the first peak represents the molecular
weight of the HADNT, while the second peak represents its largest ion.
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Figure 4. Extracellular levels of TNT, metabolites, conjugates and controls in 7-day-
old Arabidopsis seedlings fed with 100 mg/L (0.44 mM) of TNT. In Figure 4a, the y-
axis for the photodegradation and heat killed controls represent TNT concentrations.
In Figure 4b, the hydroxylamine and conjugate concentrations are represented as bar
graphs while the aminodinitrotoluenes are represented as line graphs for clarity of
presentation. The metabolites TNT-1, TNT-2 and 4A-1 represent the conjugates
referred to in Figure 1. The formation of hydroxylamines coincided with the removal
of TNT, and they were present until 15 hours from TNT addition. Values of the
controls, 2ADNT, 4ADNT, TNT-1 and TNT-2 are averages and standard deviations
of duplicates, while the HADNT levels represent single measurements. The TNT
concentrations are averages and standard deviations of triplicates. All concentrations
have been corrected for evaporation losses.
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Figure 5. Transient concentration profile of extracellular TNT (5a) and 2HADNT
(5b) in C. roseus hairy roots in high concentration TNT feeding studies. The higher
levels of TNT used ensured higher concentrations of all metabolites, including
hydroxylamines. This was the first instance of hydroxylamines being determined in an
axenic phytoremediation study. 2HADNT was formed at low levels, but disappeared
rapidly within 20 hours. The C. roseus seedlings were inefficient in their
transformation of TNT, as evidenced by the slow rate of removal. All concentrations
have been corrected for evaporation losses.
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Table 1. Wet weights of Arabidopsis seedlings exposed to various TNT
transformation metabolites. The weights were measured 55 hours after exposure of
the metabolites to the one-week old seedlings. The weights are means and standard
deviations of duplicates. The initial concentration of all the metabolites was 5 mg/L,
except TNT which was fed at 75 mg/L, and the control which did not have any
xenobiotic added to it. An ANOVA analysis of all the wet weight means gave P=
0.002, which indicates the difference in wet weights is due to the presence of the
compound added..

Metabolite Added Concentration, mM Fresh Weight, % of control
2HADNT 0.023 70 £ 18
4HADNT 0.023 71+9

2ADNT 0.012 123+ 11
4ADNT 0.025 120 + 4
4,4’ Azo 0.025 72+6
TNT 0.320 110+ 3
Control 0 100 £ 6
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Table 2. Distribution of 'C label from TNT in Arabidopsis seedlings fed with 15
mg/L (0.07 mM) and 1 to 10 pCi of [ring-U '4C] TNT. The fractions of initial label
values are shown in the table. The extracellulars refer to the media levels, the
intracellular-extractables refer to the extractable compounds in the biomass, while the
intracellular bound metabolites refer to the label that could not be extracted from the
biomass. Results are means and standard deviations of duplicates.

Intracellular- Intracellular- Total
Time (hours) Extracellular Bound
Extractables . Recovered
metabolites

0 1.00 + 0.00 0.00 + 0.00 0.00 £+ 0.00 1.00 + 0.00
4 0.74 + 0.01 0.21+0.16 0.09+0.11 1.01 +0.09
12 0.44 +0.05 021 +£0.20 0.20 £ 0.08 0.84+0.14
25 0.21 £0.03 0.21+0.19 0.40 +£0.07 0.80+0.11
117 0.03 £n.a. 0.06 £ n.a. 0.67 £n.a. 0.76 £ n.a.
168 0.05+0.03 0.05+0.02 0.74 £ 0.02 0.84 £ 0.06
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Abstract

Basic knowledge of the plant transformation pathways and toxicity of 2,4-
dinitrotoluene (2,4-DNT) will assist in the design and assessment of a
phytoremediation strategy. This study presents the toxicity and fate of 2,4-DNT, and
gene expression in response to 2,4-DNT exposure using the model plant Arabidopsis
thaliana, an increasingly popular system for genetic and biochemical studies of
phytotransformation of explosives. From the results of biomass and root growth
assays for toxicity, 2,4-DNT was toxic to the plants at concentrations as low as 1
mg/L. In the uptake study, 95% of the initial 2,4-DNT was removed by 15-day-old
seedlings from liquid media regardless of the initial 2,4-DNT concentrations while
30% was accounted for by the adsorption to the autoclaved plant materials. The mass
balance was over 86% using [U-'*C]2,4-DNT and the mineralization by the plants
was less than 1% under sterile conditions during 14 days of exposure. The percentage
of the bound radioactivity increased from 49% to 72% of the radioactivity in the
plants suggesting transformed products of 2,4-DNT may be incorporated into plant
tissues such as lignin and cellulose. Monoaminonitrotoluene isomers and unknown
peaks with short retention times were detected as transformed products of 2,4-DNT
by the plants. Most (68%) of the radioactivity taken up by the plants was in the root
tissues in nonsterile hydroponic cultures. Glutathione and expression of related genes
(GSH1 and GSH?2) in plants exposed to 2,4-DNT were 1.7-fold increased compared to
untreated plants. Genes of a glutathione S-transferase and a cytochrome P450, which
were induced by 2,4,6-trinitrotoluene exposure in previous studies, were upregulated
by 10 and 8 fold, respectively. The application of phytoremediation and the
development of transgenic plants for 2,4-DNT may be based on TNT
phytotransformation pathway characteristics because of the similar fate and gene
expression in plants.

Keywords: 2,4-dinitrotoluene, Phytoremediation, Arabidopsis thaliana, Glutathione,

Glutathione S-transferase, Cytochrome P450, real-time PCR.
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Introduction

2,4-dinitrotoluene (2,4-DNT) has been found as a contaminant in both soil and
groundwater at munitions production facilities and military training sites, as it is used
as an explosive and produced as a by-product in 2,4,6-trinitrotoluene (TNT) synthesis
(1). In addition, 2,4-DNT is a precursor for the synthesis of toluene diisocyanates in
the polyurethane manufacturing industry (2). Numerous studies indicate the toxicity
of dinitrotoluene to various organisms. 2,4-DNT induced cancers and has toxic effects
on reproductive organs in rats (3,4). Hepatobiliary cancer and urethal tumor possibly
caused by DNT exposure were found in workers at munition facilities and miners who
have used dinitrotoluenes as the explosive in underground copper mining (5,6). 2,4-
DNT was cytotoxic, but less so than TNT, in H4IIE rat hepatoma cell cultures (7). In
contrast, Rocheleau et al. reported that 2,4-DNT was more toxic to the plants than
TNT in the soil freshly amended with the explosives (8).

Possible treatments of soil and groundwater contaminated with dinitrotoluenes have
been proposed including alkaline hydrolysis (1) and photolysis with surfactants (9).
However, those technologies require excavation and transport of the contaminated
soil and groundwater as well as high maintenance and operating costs.
Phytoremediation is an environmentally-friendly, cost-effective, and in-situ treatment
(10,11). However, limitations such as slow removal by plants, toxicity of high levels
of contaminants to the plants, and incomplete knowledge of fate after uptake restrict
the application of phytoremediation on contaminated sites.

Metabolic engineering tools are being used to overcome these limitations.
Engineered tobacco plants expressing a bacterial nitroreductase have shown faster
removal rates and better growth than the wild-type at high concentrations of TNT
(12). In addition, transgenic Arabidopsis expressing a bacterial cytochrome P450 has
been engineered for testing the potential of transgenic plants to remediate another
explosive, hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) (13). Metabolic pathway
studies, using mass balances and radiolabel analysis, are being used to explore the
metabolism, kinetics, and fate of explosives in plants for phytoremediation design.
Pathway studies in aquatic systems of Myriophyllum (14), and in axenic cultures of
Catharanthus roseus (15) and Arabidopsis thaliana (16) have led to a proposed
metabolic network topology for the “green-liver” scheme for TNT
phytotransformation. Metabolic pathway studies for RDX and HMX have been less
extensive than those for TNT, but reveal that in contrast to TNT, RDX may be
mineralized by plants (17). In the case of 2,4-DNT, most studies have been restricted
to its toxicity to plants in soil systems (8), and little information about the metabolism
and fate of 2,4-DNT in axenic plants is available for the phytoremediation
applications. Based upon its chemical structure, 2,4-DNT may follow transformation
processes more similar to those for TNT rather than RDX or HMX, since it is a
nitroaromatic rather than a nitroamine. However, bacteria can mineralize 2,4-DNT
(18) and RDX (19), but not TNT (20) , and plants can mineralize RDX (21) but not
TNT (22), so clearly metabolic studies need to performed for the dinitrotoluenes in
plants.

Although some of the transformation steps are being elucidated through the
radiolabel studies, identification of the genes and enzymes involved in these pathways
and the detoxification response are unknown. Increasingly, Arabidopsis is being used
as a tool for information about gene expression in response to the explosives (23,24).
Arabidopsis is commonly used as a model plant because the genome is completely
sequenced and seeds of T-DNA insertion mutants for specific genes are publicly
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available for the further research on the genes involved in transformation of
xenobiotics. Several studies about the regulation of genes of Arabidopsis exposed to
TNT have been investigated by using molecular techniques such as SAGE analysis
and RT-RCR (23,24).

The detoxification process of xenobiotics by plants includes the conjugation with
glutathione by glutathione S-transferases and reactions catalyzed by cytochrome P450
enzymes (25). Glutathione is a tripeptide composed of glutamate, cysteine, and
glycine and its increase in root tissues of plants exposed to nitroaromatic explosives
has been reported (23). Glutathione is produced by a two-step reaction. y-
glutamylcysteine synthesis from the reaction of glutamate and cysteine, which
involves the gene GSH1, is followed by ligation of y-glutamylcysteine and glycine
where the gene GSH2 is involved (26). The glutathione produced may be conjugated
with xenobiotics for detoxification processes (25). This conjugation is catalyzed by a
family of enzymes, the glutathione S-transferases, with each member of the family
reacting with a range of xenobiotics. The glutathione-conjugates are then transported
into the vacuole or cell wall thereby protecting the plant from the toxic chemical (27).
Another family of enzymes that have been implicated in xenobiotic detoxification is
the cytochrome P450s. Recently, genes such as glutathione S-transferases and
cytochrome P450s in Arabidopsis were proposed by Ekman et al. (24) to be involved
in degradation of TNT. The pathway of glutathione synthesis and the detoxification
mechanisms by plants are shown in Figure 1.

The objectives of this study are to evaluate the phytotoxicity of 2,4-DNT under
sterile conditions that exclude the adsorption to soil and bacterial degradation, to
investigate the fate of 2,4-DNT and its transformation metabolites in Arabidopsis after
uptake, and to measure the changes in the expression of specific genes in the plants
exposed to 2,4-DNT. These phytotransformation characteristics for 2,4-DNT are
compared to those reported for TNT (16,22-24) and the results are used to suggest
strategies for the application of phytoremediation and the development of transgenic
plants for 2,4-DNT.

Materials and Methods
Chemicals. 2,4-dinitrotoluene (2,4-DNT, purity 98%) was purchased from
Chemservice (PA). "*C-ring labeled 2,4-DNT (radioactivity 6.23 mCi/mmol, purity
99%) were obtained from PerkinElmer Life and Analytical Sciences (Boston, MA).
The standards of 2-amino-4-nitrotoluene (98.1%), 4-amino-2-nitrotoluene (99.8%),
and 2,4-diaminotoluene (99.8%) were provided by Sigma-Aldrich (St. Louis, MO).
Other chemicals and solvents were reagent or better grade.
Plant Materials. Wild-type Arabidopsis thaliana (Columbia) seeds were obtained
from the Arabidopsis Biological Resource Center (ABRC) (Columbus, OH). Seeds
were sterilized in 1.5 mL microcentrifuge tubes with 1 mL of 50% Clorox bleach
solution and 0.1% Triton X100 by vortexing vigorously for 15 minutes and were
washed four times with sterile deionized water. For liquid cultures, the sterile seeds
were transferred to 50 mL MS liquid media (half-strength Murashige and Skoog salts
(28), 0.5 g of MES, 20 g of sugar, and 3 mL of a 6% KH,POj, solution per liter, pH
5.8) on a shaker at 80 rpm. In the case of MS solid media, sterile seeds were mixed
with a 0.1% sterile agar solution, and then were placed on solid half strength MS
media (1% agar). After incubation at 4 °C for 2 days in the dark, the plates were
placed vertically in a culture room. All plants were grown under continuous light at
24 °C.
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Toxicity Tests. For the root growth assay, 4-day-old seedlings grown on solid MS
media (pH 5.8) were transferred to 1% agar plates amended with various
concentrations of 2,4-DNT. The plates were prepared in duplicate and twelve
seedlings were transferred per plate. The end of root tips were marked initially on the
backsides of the plates and the growth of the root length was measured after 7 days.

The biomass assay was used for additional toxicity tests. Twenty five seedlings
grown on solid media for 4-5 days were transferred to 50 mL MS liquid media (pH
5.8) in order to assure the same initial biomass. A day was allowed for adjustment
before different volumes of 2,4-DNT stock solution were spiked into the liquid media
to make different final concentrations. The plants were harvested after 10 days and
were rinsed with deionized water before being dried at 65 °C in an oven for over 3
days. The dry biomass was measured gravimetrically.

Uptake and Mass balance. For the uptake study, 2,4-DNT stock solutions in
methanol were added to 15-day-old seedlings grown from 50 seeds in sterile 50 mL
MS liquid media. The plants were exposed to 8, 15, and 30 mg/L 2,4-DNT for 5 days.
Samples from the media were taken periodically and mixed with acetonitrile (1:1 vol )
for HPLC analysis. The liquid samples were filtered with Xpertek syringe filters (0.2
um) from P.J. Cobert Associates (St. Louis, MO) before injection.

The uptake of 2,4-DNT was monitored by using an HPLC (Waters, Milford, MA)
equipped with a 996 diode-array detector, 510 pumps, and a 717 plus autosampler.
Spectra were scanned between 200 and 400 nm and chromatograms extracted at 240
nm for quantification. A Nova Pak C8 column (5 pm, 3.9x150 mm) from Waters and
an isocratic mobile phase of 82/18 (water/2-propanol, v/v%) was used for analyte
separation.

For the mass balances, 25 four-day-old seedlings were transferred to each 250 ml
wide-mouth Erlenmeyer flask containing 50 mL MS liquid media. Radiolabeled 2,4-
DNT stock solutions were spiked into the liquid media after 5 days of additional
growth. Glass controls and autoclaved-plant controls were prepared also. For controls
for autoclaved plants, seedlings were autoclaved immediately after being transferred
to liquid media. The radioactivity per flask was about 2 puCi (1.8 mg/L from HPLC
analysis) and initial volumes of the liquid media were measured with 50 mL sterile
pipettes. To measure the mineralization of [U-'*C]2,4-DNT by the plants, several
flasks were sealed with No.8 rubber stoppers under which were installed 6 mL serum
vials with 1 mL of 1N NaOH. The other flasks were plugged with foams to prevent
microbial and fungal contaminations. The plants exposed to [U-'*C]2,4-DNT were
harvested at 3, 5, 7, 10, and 14 days, and freeze-dried. The dry biomass was weighed
and a portion (0.03-0.05 g) was combusted using an OX700 Harvey Biological
Biooxidizer. A sample (500 uL) out of 15 ml CarboSorb E cocktail trapping '*CO,
from biooxidation was mixed with 3 mL PermaFluor E" cocktail before analyzing by
a Packard 2900 TR Liquid Scintillation Counter (LSC). The radioactivity of liquid
media was determined by a LSC after mixing with Ultima Gold M cocktails.

Plant Extraction and Transformation Products. The freeze-dried plant materials
were extracted with 20 mL of methanol by sonication for 1 day. Samples (500 pL) of
filtrates following filtration with Whatman 934-AH glass fiber filters were used for
LSC analysis of extractable radioactivity. The extracts were evaporated under a fume
hood and analyzed by a Packard 505 Flow Scintillation counter in series with the
HPLC system for analysis of the transformed products of 2,4-DNT by plants. The
residues after the filtration were combusted for bound radioactivity in the plants.

¢ Distribution in Hydroponic Systems. Plants grown in half-strength Hoagland
solutions (29) were used to investigate the distribution of the radioactivity in different
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plant tissues. Hydroponic systems were set up with modifications as described (30).
Microcentrifuge tubes (0.5 mL) were filled with melted 0.6% agar and the caps and
bottom ends of the tubes were cut off after the agar solidified. The bottoms of the
tubes were wrapped with a piece of fiberglass window screen to prevent leaching of
agar and then the tubes were inserted into the holes cut into the caps of 50 mL
disposable centrifuge tubes. One plant per tube was grown from seeds for 21 days
before being transferred to 50 mL half-strength Hoagland solutions (pH 5.8) amended
with about 2 uCi of [U—14C]2,4—DNT. The plants were harvested at different times and
divided into roots, leaves, and stems, followed by air-drying over 3 days at room
temperature. The dry plant tissues were combusted by a biooxidizer and analyzed as
described above.

Glutathione Measurement. Glutathione was quantified as described in Xiang and
Oliver (26). Fifty seeds were grown for 14 days before 2,4-DNT was spiked into the
MS liquid media. Root tissues of the plants exposed to 10 mg/L of 2,4-DNT for 1 day
were collected and ground under liquid nitrogen. After adding 2 volumes of 0.15N
HCI, the plants were ground more until they were homogenized. The homogenates
were centrifuged at 12000 rpm (13400 g) for 10 minutes at 4 °C. The free glutathione
in the supernatant was derivatized with monobromobimane (Sigma-Aldrich).
Glutathione standards were derivatized under the same conditions. The glutathione
conjugates were analyzed by a Hewlett Packard 1100 HPLC system with a HP 0146A
fluorescence detector. A Prevail C18 column from Alltech (Deerfield, IL) and
gradient mobile phases (methanol and water with 0.25% acetic acid, pH 3.3) were
used for separation. The elution conditions were as follows: a liner increase of
methanol from 15% to 20% for 15 min, from 20% to 100% of methanol for 0.1 min,
and then 100% of methanol for 3 min followed by a linear decrease from 100% to
15% for 3 min.

Real Time PCR. After Arabidopsis plants grown in MS liquid media for 14 days
from seeds were exposed to 10 mg/L of 2,4-DNT for 1 day, about 100 mg of fresh
root tissues were used for RNA extraction. After RNA extraction with Triazol
(Invitrogen, Carlsbad, CA), first strand cDNA was synthesized using SuperScript I1
reverse transcriptase from Invitrogen according to the manufacturer’s protocols.
Genomic DNA was destroyed with DNase I from Invitrogen before cDNA synthesis.
Serial dilutions of concentrated cDNA were used as relative standards. We selected
genes (GSH1 and GSH2) involved in glutathione synthesis, and genes (Atlgl7170
and At3g28740) which are highly induced by TNT exposure. Based on gene
sequences at The Arabidopsis Information Resource (TAIR,
http://www.arabidopsis.org), primer sets were designed by using Primer3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi) with parameters of
product sizes (80-150 bp), and optimum melting temperatures (Ty,) at 60 °C. The
sequences of primers, loci of genes, and PCR product sizes are listed in Table 1. The
Actin-8 gene was used as a control gene for both treated and untreated plants.
Quantitative gene expressions were determined by using iCycler iQ real-time PCR
detection system and iQ SYBR Green Supermix reagents (Biorad, Hercules, CA).

Results and Discussion
Toxicity of 2,4-DNT. For phytotoxicity studies, seedlings were transferred on solid
media in Petri plates or liquid media in flasks amended with different concentrations
of 2,4-DNT. The root lengths of the seedlings grown on the plates amended with 1
mg/L and 5 mg/L of 2,4-DNT were only 34% and 3% of the root length of untreated
plants, respectively (Figure 2). The seedlings on the plates with over 10 mg/L of 2,4-
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DNT did not grow at all during the 7-day exposure. In liquid cultures, the biomass of
the plants exposed to 10 mg/L of 2,4-DNT corresponded to 43% of the biomass in
untreated plants after 10 days. The plants did not grow and bleached at concentrations
over 10 mg/L of 2,4-DNT. The root growth assay was more sensitive than the liquid
cultures for toxicity tests presumably because the larger amount of biomass and the
congregation of seedlings in liquid cultures may help tolerance at the higher
concentrations of the contaminant. 2,4-DNT was toxic to root growth at
concentrations as low as 1 mg/L.

Regarding toxicity of 2,4-DNT to other plants, alfalfa did not grow at 100 mg/kg
2,4-DNT in soil (31). According to Adema and Henzen (32), ECs, values of lettuce,
tomato, and oats for 2,4-DNT were lower when tested in nutrient solution than in the
soils suggesting the bioavailability of 2,4-DNT to the plants in soils is limited due to
adsorption of 2,4-DNT to the soils. The highest non-observed adverse effect
concentrations (NOAEC) for the growth were 5 mg/kg for lettuce, 10 mg/kg for wheat
and mustard, and 20 mg/kg for lentil indicating that phytotoxic effects of
nitroaromatic explosives depended on plant species (33).

Uptake and Mass Balance. Arabidopsis seedlings grown from 50 seeds in 50 mL
MS media for 15 days were exposed to various concentrations of 2,4-DNT to
investigate the uptake rates by the plants. Only 5% of the initial 2,4-DNT remained in
the liquid media after 120 hours (5 days) and there was no effect of different
concentrations on uptake rates, as shown in Figure 3. The pseudo first order rate
constants at different concentrations were 0.62 + 0.03 day™ for 8 mg/L, 0.59 + 0.02
day™ for 15 mg/L, and 0.58 +0.03 day™ for 30 mg/L 2,4-DNT. The differences
among rate constants were insignificant (p>0.05) by t-test. About 30% of the initial
concentrations were adsorbed to the autoclaved plant materials after 24 hours (1 day).
In the case of the glass controls, the concentrations did not change significantly.

Several studies on the uptake of 2,4-DNT by plants have been reported. Best et al.
(34) applied a wetland system to remove explosives from the groundwater at the
Volunteer Ammunition plant, resulting in an average 58% and 61% removal of 2,4-
DNT and 2,6-DNT in a 115-day operation. It was observed that 67% of 2,4-DNT
from soil was removed in a phytoremediation system using parrot feather (35).

The plants survived at higher concentrations in the uptake study than in the toxicity
tests resulting from the ages of the plants. Younger seedlings (4-5 day old) were used
for the toxicity study while 15-day-old seedlings were used for the uptake study. In
the application of phytoremediation in the field, the age of plants is an important
design parameter.

When radiolabeled 2,4-DNT was used to obtain a mass balance, the radioactivity in
the media gradually decreased and only 6% of the initial radioactivity remained in the
solution after 10 days. The overall mass balances for live plants exposed to [U-
14C12,4-DNT up to 14 days were over 86% (Table 2). Recovery for glass controls and
autoclaved plants was over 90%. The amount of radioactivity adsorbed to autoclaved
plant materials was about 5% due to the small biomass compared to that in the uptake
study above. Less than 1% of the initial radioactivity was recovered from the CO,
traps indicating that the mineralization of 2,4-DNT by the plants was insignificant
(data not shown).

Transformation Products in Plant Extracts. Several unknown peaks having shorter
retention times and peaks for aminonitrotoluenes were detected in tissue extracts from
plants exposed to 2,4-DNT (Figure 4). Aminonitrotoluenes were identified by
comparing to retention times with the standards in both radiochromatograms and UV
absorbance chromatograms (Figure 4). The peak for 2,4-diaminotoluene was not
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detected in radiochromatograms from plant extracts. When the percentage of peak
areas in radiochromatograms was normalized to the fraction of extractable
radioactivity, 22-40% and less than 3% of the intracellular radioactivity were
accounted for by the unknown transformation products and aminonitrotoluenes,
respectively (Figure 5). The percentage of 2,4-DNT decreased from 8.4% at 3 days to
below detection limit (0.001 pCi/mL) at 14 days based on the radioactivity in the
plant tissues.

In Figure 5, about a half (48%) of the radioactivity in the plants was extractable at 3
days while 23% of the radioactivity was extractable at 14 days. The percentage of the
bound radioactivity increased from 49% at 3 days to 72% at 14 days suggesting
transformed products of 2,4-DNT may be incorporated into plant tissues such as
lignin and cellulose.

Unlike the situation with bacterial systems, little information is available on the
transformation of 2,4-DNTs by plants. According to Todd and Lange (35), only
monoamino isomers, 2-amino-4-nitrotoluene (2A4NT) and 4-amino-2-nitrotoluene
(4A2NT), were reported as reductive transformation products by plants under soil
culture. They detected 4A2NT first in the plant tissues after 90 hours and then 2A4NT
after 190 hours of exposure. Hydroxylaminotoluenes and dihydroxylaminotoluenes
were produced in bacterial cell cultures and the further transformed products,
aminohydroxylaminotoluenes and diaminotoluenes, were observed in the cell extracts
(36). Hydrogenophaga palleronii and Burkholderia cepacia produced intermediates
and mineralized DNTs into CO, by mono- or dioxygenases (18).

Since 2,4-DNT has a similar molecular structure to TNT and reductive
transformation products by plants are observed, the unknown peaks with shorter
retention times may be glucose conjugates. Bhadra et al. (15) characterized four
conjugates of TNT metabolites with 6 carbon moieties produced by C. roseus. They
found two of them have similar molecular structure to 2ADNT (labeled TNT-1 and
2A-1) and the rest of them are similar to 4ADNT (TNT-2 and 4A-2) indicating that
the monoamines were precursors to the conjugates. Recent studies have elucidated
these TNT conjugates. The conjugates of TNT metabolites by tobacco cell cultures
are formed by conjugation of glucose on the hydroxylamine group of either 2HADNT
or 4HADNT, and various diglycosides conjugates with gentiobioside or sophoroside
forms were identified, including monoglycosides (37).

The unknown metabolites could be potentially hazardous when they are leached
from the senescence of leaves or roots. The annual death of fine roots ranges from
40% to 86% (38), and 45.5% to 1.2% of intercellular radioactivity of explosives is
leached as mostly transformed products from hybrid poplar leaves while less than 2%
is leached from the root tissues (39).

Distribution of **C in Plants. Hydroponic cultures were used to investigate the
distribution of radioactivity in different tissues under nonsterile conditions. The
radioactivity taken up by the plants from the nutrient solutions increased from 21% at
7 days to 46% at 25 days. As shown in Figure 6, most radioactivity taken up by the
plants was in the root tissues (64% in the roots, 31% in the leaves, and 5% in the
stems on average (n=14)) during 25-day exposure. The distribution of '*C in different
plant tissues did not change as the plants grew and the radiolabel accumulated in the
plants.

The fate of 2,4-DNT in the plant after uptake was similar to that of TNT rather than
nitramine explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). Most of
the radiolabel from [U-"*C]JRDX was located in the leaves unlike TNT where the
radiolabel was in the roots, suggesting that RDX was translocated into leaves readily,
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but TNT was not. Over 60% of the radioactivity of RDX taken up was found in the
aerial parts of hybrid poplars after 2 days (40). In contrast, 78% of radioactivity of [U-
"C]TNT taken up by the poplars remained in roots after the same exposure time (22).
In addition, it is reported that poplar nodule cultures mineralized RDX significantly
under sterile conditions (21). In the case of TNT, mineralization by plants is
insignificant (22).

The mass balance from the hydroponic systems ranged from 78% (7 days) to 61%
(25 days) for live plants and was 70% for the controls (without plants) while the mass
balance for the sterile liquid cultures was over 86%. The losses are presumably due to
microbial degradation or adsorption to the plastic tubes. Degradation of 2,4-DNT by
microorganisms under aerobic conditions has been reported. Over 45% of the initial
radiolabel from 2,4-DNT was mineralized by aerobic microorganisms in soil within
48 hours (18). In another study, 28% of the initial radiolabel from 2,4-DNT was
recovered as '*CO, by aquifer microorganisms after 28 day incubation in aquifer
sediment (41).

Glutathione and Gene Expression. Glutathione levels as well as the expression of
the genes involved in glutathione synthesis in response to TNT treatment were
quantified after the plants were exposed to 10 mg/L of 2,4-DNT for 1 day. The
concentration of glutathione in root tissues of Arabidopsis exposed to 2,4-DNT
increased significantly. The glutathione levels of 83.0 + 3.7 uM (n=3) were measured
in the root tissue extracts compared to 63.2 + 2.4 uM (n=3) for the extracts from the
unexposed plants. The concentrations of glutathione between treated and untreated
plants were statistically significant based on the t-test (p<<0.05). From the results of
real time PCR analysis (Figure 7), both genes involved in glutathione synthesis, GSH1
and GSH2, were induced 1.7-fold on average. Genes of a putative glutathione S-
transferase (Atlgl17170) and a putative cytochrome P450 (At3g28740) which had
been shown to respond to TNT treatment (24) were upregulated in the root tissues of
2,4-DNT-treated plants. The genes of Atlgl7170 and At3g28740 were induced 10-
fold and 8-fold compared to the control plants.

No genomic DNA contamination was confirmed by PCR product sizes from agarose
gels using primers designed in the exon regions of tubulin alpha-1 chain (Atlg64740).
The PCR product sizes were 0.4 k for cDNA and 1.2 k for genomic DNA (Table 1).
Lack of non-specific amplifications were confirmed with single peaks in the melting
curves from real-time PCR analysis.

The increase of glutathione levels in plant tissues in the presence of nitroaromatics
has been noted earlier. According to Mezzari et al. (23), the concentration of
derivatives of glutathione with monochlorobimane, which produce fluorescence,
increased in Arabidopsis roots when measured using a multiphoton microscope when
the plants were exposed to TNT. However, they suggested that the conjugation of
glutathione with the explosive does not occur since the intensity of fluorescence did
not decrease showing that no competition for glutathione between monochlorobimane
and TNT. In the case of herbicides such as metolachlor and acetochlor, the intensity
of fluorescence (glutathione derivatives) decreased because of competition for
glutathione between monochlorobimane and the herbicides indicating that glutathione
conjugates with the herbicides were produced. According to Nepovim et al. (42), the
concentration of glutathione increased in the horseradish hairy roots treated with 0.1
mM 2,4-DNT by HPLC analysis.

The increase of glutathione S-transferases (GSTs) in Arabidopsis seedlings was
reported when the plants were exposed to aromatic explosives. When 14-day-old
Arabidopsis plants that were exposed to 15 mg/L of TNT were compared to untreated
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plants after 24 hours, a glutathione S-transferase (Atlgl7170) which is categorized as
Tau class in the GST family (43) was highly induced (up to 27 times) as measured by
the serial analysis of gene expression (SAGE) (24). In a different study, induction of
three genes for GSTs in Arabidopsis was observed after PCR reactions of cDNA with
the specific primers when the plants were exposed to 0.6 mM TNT (23).

The genes for glutathione synthesis and GSTs were induced by other organic
chemicals and heavy metals. According to Deridder et al. (44), safeners (chemicals
added to increase the tolerance of crops to herbicides) increased the level of
glutathione and GST. The molecular structure of 2,4-DNT is similar to safeners
which are aromatic compounds with functional groups containing nitrogen. The
transcription of the genes for glutathione synthesis increased in Arabidopsis when the
plants were exposed to cadmium or copper (26) and three genes for different classes
of GST were induced from exposure to herbicides as well as explosives (23). Thus,
the induced expression of GSH1, GSH2, and a gene for GST (Atlgl7170) in this
study may be the result of a generalized stress response to 2,4-DNT.

Expression of various genes in response to TNT has been reported. The highly
induced genes from SAGE analysis were a GST (Atlgl7170), a cytochrome P450
(At3g28740), an ABC transporter which is known to expend ATP energy to transport
hydrophobic molecules into or out of the cytoplasm, and a 12-oxophytodienoate
reductase having high homology to nitroreductases of the bacteria, Enterobacter sp.
(24). According to Mentewab et al. (45), the induction of 52 genes and the repression
of 47 genes in total were observed from Arabidopsis seedlings exposed to 1 uM and
10 uM TNT for 10 days. They also confirmed the induction of genes of pathogenesis-
related protein 1 precursor, DNA-binding proteins, and ABC transporter-like protein,
in shoots exposed to 10 uM TNT for 10 days by real-time PCR analysis.

Conclusions

2,4-DNT was toxic to Arabidopsis at low concentrations and was transformed by
the plants after uptake. About a half of the radiolabel from 2,4-DNT remained in the
root tissues and the percentage of the bound radiolabel from 2,4-DNT increased over
time presumably due to the incorporation to plant tissues. Reductive transformation
products, monoaminotoluenes, and unknown metabolites were observed. Glutathione
and the genes involved in its synthesis were induced significantly in response to 2,4-
DNT. In addition, induction of gene expression for a glutathione S-transferase
(At1gl17170) and a cytochrome P450 (At3g28740) was observed. From the similar
characteristics between mechanisms of 2,4-DNT and TNT metabolism by plants, it
seems reasonable to assume that both 2,4-DNT and TNT share a common metabolic
pathway, possibly including the same enzyme steps. Therefore, the phytoremediation
processes and the development of engineered plants for 2,4-DNT degradation may be
extrapolated from our more extensive knowledge of TNT metabolism due to the
similarity in the fate of these compounds in plants and of gene expressions induced by
TNT and 2,4-DNT. In addition, further study on the toxicity and identification of the
unknown metabolites is required since they might be leached by water from the fallen
or dead plant tissues by senescence and end up potential risks to human beings.
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Table 1. Primer sets used for real-time PCR and genomic DNA contamination.

Product
Name Locus Primer sets size
i (bp®)
. L% TCCGGTTACAGCGTTTGGAGA
Actin-8 Atlgd9240 | pb. GCGGATTAGTGCCTCAGGT 84
Tubulino-1 | oo " | Lt ATGAGGGAGATCATTAGCATTCATAT | 1191°
chain (TUAL) g R: CTGAGGAGAAGGGTAGATGGTG 445°
L: CCGTGTTCGAAGAGCTGCTG
GSH1 At4g23100 | B TTCCGGAGACTCGAATTCTTCA 106
L: TGGATAACATTCACAACCATCTTGA
G5H2 A5g27380 | B GCTTTGCGGTCCTGTGGAAA 143
. L: GTCGCTAAAGCCCTGCCTGA
Putative GST | Atlgl7170 | o' G A ACAAAGCAACAACAGATCAACA 117
Putative
L: CGACGATCTTGCCCTGGTTC
cytochrome | At3g28740 | p' T TTTCGCATTGTGGTTCC 146
P450 '

4bp represents base pair.
"L and R represent left primers and right primers
¢ PCR product sizes are 1191 bp for genomic DNA and 445 bp for cDNA.
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Table 2. Mass balance results at different harvest times from biooxidation and LSC

analysis.

Plant tissues Media Recovery

(%) (%) (%)
Glass control (14 days, n®=3) - 89.8+ 0.9 89.8+0.9
Autoclaved plants (14 days, n=3) 4.49 + 0.55 89.1 £3.1 93.5+2.6
Live plants (3 days, n=3) 359+9.2 51.9+6.6 87.7+3.6
Live plants (5 days, n=3) 73.6+£54 21.0£4.5 94,6 £1.8
Live plants (7 days, n=3) 76.1 8.6 10.2+0.9 86.3+8.9
Live plants (10 days, n=4) 89.9+1.8 581+£0.83 957+18
Live plants (14 days, n=4) 92.5+24 446+049 97.0+£24

%n represents the number of flasks sacrificed.
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Figure Legends

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Pathway of glutathione synthesis and detoxification of xenobiotics by
plants.

Root growth (top) and dry biomass (bottom) in response to different
concentrations of 2,4-DNT. Four-day-old seedlings grown on plates were
transferred to other plates amended with various concentrations of 2,4-DNT
for the root growth assay and seedlings grown on plates for 4-5 days were
transferred to MS liquid media containing different concentrations of 2,4-
DNT for the biomass assay. The biomass and root length were measured at
10 days and 7 days after the transfer. Twenty-five seedlings per flask were
prepared in triplicate for the biomass assay and 24 seedlings in total were
used for the root growth assay. Error bars represent standard deviations.

Removal of 2,4-DNT from liquid media by Arabidopsis seedlings grown for
15 days from seeds. The initial concentrations were 8 mg/L for Live plant 1,
15 mg/L for Live plant 2, 30 mg/L for Live plant 3, and 15 mg/L for glass
controls and autoclaved-plant controls. Each group was prepared in
triplicate. Error bars represent standard deviations. The pseudo first order
rate constants at different concentrations were 0.62 + 0.03 day™ for 8 mg/L,
0.59 +0.02 day™ for 15 mg/L, and 0.58 + 0.03 day™' for 30 mg/L 2,4-DNT.
The differences among the constants were insignificant by t-test (p>0.05).

Radiochromatograms (bottom) of extracts from plant tissue exposed to 2,4-
DNT at different times and UV chromatograms (top) of standards extracted
at 240 nm. Peaks for monoaminonitrotoluenes and unknown metabolites
with short retention times were detected, but the peak for 24DAT was not
detected by comparing retention times of standards. The retention times: 2-
amino-4-nitrotoluene (2A4NT): 8.35 min; 4-amino-2-nitrotoluene (4A2NT):
8.85 min; 2,4-dinitrotoluene (2,4-DNT): 14.41 min; 2,4-diaminotoluene
(24DAT): 21.67 min.

Percentage of extractable radioactivity and transformation products from
tissue extracts over harvest time based on the uptaken radioactivity. Error
bars represent standard deviations.

Distribution of '*C in plant tissues sacrificed after different exposure times.
Most (68%) of the radioactivity in plants was in the root tissues. Error bars
represent standard deviations.

Expressions of genes in root tissues (n=3) exposed to 10 mg/L of 2,4-DNT
for 1 day compared to those of untreated plants (n=3). GST and CYP
represent the genes of Atlgl7170 and At3g28740 which were induced by 10
and 8 times more than those of untreated plants, respectively. Error bars
represent standard deviations.
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Abstract

Biochemical and genetic studies of xenobiotic metabolism in the model plant
Arabidopsis have significant potential in providing information for phytoremediation.
This paper presents the toxicity of 2,6-dinitrotoluene (2,6-DNT) to Arabidopsis under
axenic conditions, the fate and transformation of 2,6-DNT after uptake by the plant,
and the effect of a putative glutathione S-transferase (GST), which is highly induced
by TNT in the previous study, on the detoxification of 2,6-DNT. 2,6-DNT had toxic
effects on the growth of Arabidopsis based on whole seedling as well as root growth
assays. Using [U-"*C]2,6-DNT, the recovery was over 87% and less than 2%
accounted for the mineralization of 2,6-DNT in axenic liquid cultures during the 14
days of exposure. About half (48.3%) of the intracellular radioactivity was located in
the root tissues in non-sterile hydroponic cultures. 2-amino-6-nitrotoluene (2A6NT)
and two unknown metabolites were produced as transformation products of 2,6-DNT
in the liquid media. The metabolites were further characterized by proton NMR
spectra and the UV-chromatograms when the plant was fed with either 2,6-DNT or
2A6NT. In addition, polar unknown metabolites were detected at short retention times
from radiochromatograms of plant tissue extracts. The GST gene of the wild-type of
Arabidopsis in response to 2,6-DNT was induced by 4.7-fold. However, the uptake
rates and the tolerance at different concentrations of 2,6-DNT and TNT were not
significantly different between the wild-type and the gst mutant indicating that
induction of the GST gene is not related to the detoxification of 2,6-DNT.

Keywords: phytoremediation, uptake, toxicity, real time PCR, glutathione S-
transferase
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1. Introduction

Dinitrotoluenes (DNTs) are produced as by-products of 2,4,6-trinitrotoluene (TNT)
and as intermediates for polyurethane synthesis (Zhang, et al., 2000). Contamination
of soil and groundwater with DNTs results from improper treatment of wastewater
produced in the manufacturing sites and from military activities in firing ranges.
Commercial grade DNT consists of 76% 2,4-dinitrotoluene (2,4-DNT), 20% 2,6-
dinitrotoluene (2,6-DNT), and 4% other isomers (Rickert, et al., 1984). DNTs
increase the risk of hepatobiliary cancer in an epidemiologic study (Stayner, et al.,
1993), and 2,6-DNT is more toxic than 2,4-DNT in the Microtox test while 2,4-DNT
is more toxic to a green alga (Selenastrum capricomutum) than 2,6-DNT, indicating
that the level of toxicity of dinitrotoluenes is species-dependent (Dodard, et al., 1999).
Most studies regarding the toxicity of dinitrotoluenes to plants were limited to non-
sterile soils (Picka and Friedl, 2004; Rocheleau, et al., 2006). According to the
Drinking Water Health Advisory, 2,6-dinitrotoluene (2,6-DNT) is classified as a
possible human carcinogen and the health advisory guideline value is limited to 0.4
mg I"! for the one day and 10 days of exposure to a 10-kg child (EPA, 2004).

Phytoremediation of explosives is an alternative for in situ remediation of
contaminated soil and groundwater because it is a cost-effective and environmentally-
friendly treatment (Schnoor, et al., 1995). The phytoremediation of TNT and
nitramine explosives has been studied extensively (Rivera, et al., 1998; Van Aken, et
al., 2004), but not dinitrotoluenes. The scarcity of the research on phytoremediation of
dinitrotoluenes may come from the speculation that the application of
phytoremediation of dinitrotoluenes can be based on TNT studies due to the similar
chemical structures between TNT and DNTs. However, the nitroaromatic explosives
showed different fates in bioremediation. For example, DNTs are mineralized by
aerobic bacteria (Nishino, et al., 1999) while TNT is rarely mineralized by bacteria
(Esteve-Nunez, et al., 2001).

Arabidopsis is commonly used as a tool in biochemical and genetic studies in the
field of plant science because its genome is completely sequenced and seeds of T-
DNA insertion mutants for specific genes are publicly available for research on gene
expression. Gene expression studies, such as microarray analysis and SAGE analysis
(Ekman, et al., 2003; Mentewab, et al., 2005), in response to explosives may help the
development of transgenic plants with the abilities of enhanced tolerance and faster
removal rates at high concentrations of the contaminants. According to the “green
liver model” (Sandermann, 1994; Schroder and Collins, 2002), one of crucial
detoxification mechanisms is the conjugation of glutathione and xenobiotics by
glutathione S-transferases (GSTs). In previous studies, the GST gene (Atlgl7170) is
highly expressed when Arabidopsis was exposed to TNT (Ekman, et al., 2003;
Mezzari, et al., 2005), and thus could be hypothesized that the GST gene is involved
in the detoxification of 2,6-DNT by Arabidopsis.

The objectives of this study are to determine the phytotoxicity, to investigate the
fate and transformation of 2,6-DNT after uptake under axenic conditions, and to
explore the effect of the GST gene (Atlgl17170), which is highly induced in response
to TNT, in the detoxification of 2,6-DNT by the comparison between the wild-type
and a gst T-DNA mutant.

2. Materials and Methods
2.1. Chemicals

2,6-dinitrotoluene (purity 99%) and 2,4,6-trinitrotoluene (TNT, purity 98%) were
purchased from Chemservice (West Chester, PA). Uniformly labeled [U-'*C]2,6-DNT
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(radioactivity 6.23 mCi/mmol, purity 99%) and unlabeled 2-amino-6-nitrotoluene
(2A6NT, purity 99.9%) were obtained from PerkinElmer Life and Analytical Sciences
(Boston, MA) and Sigma-Aldrich (St. Louis, MO). Other chemicals and solvents were
reagent grade and better.

2.2. Analytical methods

A reverse-phase HPLC (Waters, Milford, MA) was used for monitoring the
concentrations of nitroaromatics in the media, and was equipped with a 996
photodiode-array (PDA) detector, 510 pumps, and a 717 plus autosampler. An
isocratic mobile phase of 82/18 (water/2-propanol, v/v%) and a flow rate of 1 ml min®
! were used. A Nova Pak C8 column (5 um, 3.9x150 mm, Waters) was used for
analyte separation. Chromatograms were extracted at 240 nm from spectra scanned
between 200 and 400 nm for quantification.

The radioactivity in the plant biomass was determined by combusting a portion of
the biomass in an OX700 Harvey Biological Biooxidizer. A sample (500 ul) out of 15
ml CarboSorb E cocktail trapping '*CO, produced from oxidation of the plant biomass
was mixed with 3 ml PermaFluor E" cocktail before analysis by a Packard 2900 TR
Liquid Scintillation Counter (LSC). The radioactivity of liquid media and plant
extracts as well as the mineralization of [U-'*C]2,6-DNT was determined by the LSC
after mixing with the cocktail solutions. Ultima Gold M cocktail was used for liquid
media and extracts and Hionic-Fluor cocktail was used for the 1N NaOH solution.
The ratio of the samples to cocktails was 1:5. Radiochromatograms of plant extracts
were obtained from a Packard 505 flow scintillation counter serially attached to the
PDA detector. The ratio of the mobile phase of HPLC to Ultima Flo M cocktail was
1: 2.

2.3. Cultivation of plants

Wild-type Arabidopsis thaliana (Columbia) seeds were obtained from the
Arabidopsis Biological Resource Center (ABRC) (Columbus, OH). Seeds were
sterilized as described (Xiang and Oliver, 1998), and then the seeds were mixed with
a 0.1% sterile agar solution before being placed in plates containing solid half-
strength Murashige and Skoog (MS) media with 1% agar. The seedlings were grown
in the vertically placed plates for 4 days and then transferred to 250-ml wide-mouth
Erlenmeyer flasks containing 50 ml MS liquid media (half-strength MS salts, 0.5 g of
MES, 20 g of sugar, and 3 ml of a 6% KH,POy, solution per liter, pH 5.8) for liquid
cultures, or to different plates amended with explosives for the root growth assay.

2.4. Phytotoxicity tests

For the biomass assay, twenty five seedlings grown in vertically placed plates for 4
days were transferred to each flask containing liquid MS media (pH 5.8) in order to
assure the same initial biomass. Quadruplicates for each treatment were prepared. A
day was allowed for adjustment before different volumes of 2,6-DNT stock solution
were added into the liquid media. After 14 days, the plants were rinsed with deionized
(DI) water, and were dried at 65 °C in an oven or freeze-dried before the dry biomass
was measured gravimetrically.

The root growth assay was used as an alternative toxicity test. Twelve seedlings
grown in vertically placed plates containing solid MS media (pH 5.8) for 4 days were
transferred to each 1% agar plate amended with various concentrations of 2,6-DNT.
The plates were prepared in duplicate and the number of seedlings for each treatment
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ranges from 23 to 24. The ends of root tips were marked on th