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Abstract

New insensitive munitions explosives, including 2,4-dinitroanisole (DNAN), are replacing
traditional explosive compounds to protect soldiers and simplify transport logistics. Despite the
occupational safety benefits of these new explosives, feasible strategies for cleaning up DNAN
from soil and water have not been developed. Here, we evaluate the metabolism of DNAN by the
model plant Arabidopsisto determine whether phytoremediation can be used to clean-up
contaminated sites. Furthermore, we evaluate the role of photodegradation of DNAN and its plant
metabolites within Arabidopsis leaves to determine the potential impact of photolysis on the
phytoremediation of contaminants. When exposed to DNAN for three days, Arabidopsistook up
and metabolized 67% of the DNAN in hydroponic solution. We used high resolution and tandem
mass spectrometry in combination with stable-isotope labeled DNAN to confirm ten phase Il
DNAN metabolites in Arabidopsis. The plants separately reduced both the para- and ortho-nitro
groups and produced glycosylated products that accumulated within plant tissues. Both DNAN
and a glycosylated metabolite were subsequently photolyzed within leaf tissue under simulated
sunlight, and [1°N,]DNAN yielded 1°NO, in leaves. Therefore, photolysis inside leaves may be an
important, yet under-explored, phytoremediation mechanism.

Graphical Abstract

INTRODUCTION

Explosive compounds contaminate millions of land acres globally, primarily through
releases at military training facilities (e.g., as unexploded ordnance) and at production and
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disposal facilities.l: 2 Utilization of the most common explosives, 2,4,6-trinitrotoluene
(TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), is projected to decrease as
insensitive munitions gain favor in new melt cast explosives formulations.1 3 For example,
the formulation “IMX-101,” comprised of 2,4-dinitroanisole (DNAN), nitrotriazolone, and
nitroguanidine, provides a similar explosive force to TNT, but with a decreased sensitivity to
shocks that can trigger unintended detonations.* DNAN (S,, = 276 mg L™1), used in at least
six modern explosives formulations, is considerably more water-soluble than TNT and RDX
(Sw = 100 and 60 mg L1, respectively), which elevates concern for groundwater
contamination.*~” DNAN is also less sorptive than TNT and RDX, which makes
contaminant plume migration more likely while rendering site cleanup more difficult and
expensive.3 Remediation of explosives is typically achieved by costly ex situ methods, such
as pump and treat or incineration.8 Alternatively, in situbioremediation is potentially less
expensive, and biotic systems have been used to remediate legacy explosives such as TNT
and RDX.8-18

One biotic remediation approach, phytoremediation, is the use of plants to metabolize or
even sequester harmful chemicals irreversibly into biomass.19 When exposed to organic
contaminants, plants may metabolize the compound following the conceptual framework
called the “green liver” model. The green liver model posits that xenobiotics are
functionalized in phase I (e.g., hydroxylation, nitro-reduction, demethylation). In phase |1
metabolism, plants conjugate large, water-soluble moieties, such as glucose onto the new
functional group. Plants can also perform phase Il conjugation without phase |
functionalization if the original compound contains a sufficiently reactive moiety.% 1920 The
phase Il metabolites are subject to further degradation or permanent sequestration to cell
walls or vacuoles in phase 111 of metabolism, which make plants a promising option for
long-term contaminant remediation.®: 11. 12, 19. 21 gpecifically with regards to explosives,
plants can functionalize TNT via nitro group reductions to hydroxylamines and amines prior
to conjugation with glutathione and sugars — precursors to non-extractable, covalently-bound
TNT residues, containing and detoxifying the explosives.% 11.12. 22,23 Additionally, plants
facilitate the degradation of photo-labile explosives such as RDX through uptake,
translocation to leaves, and subsequent photolysis. In one study, sunlight exposure degraded
RDX within reed canary grass leaves, while in the absence of sunlight, the grass did not
metabolize RDX.24 In another study, both light and Populus tissue culture cells were
required for RDX mineralization, indicating a light-induced transformation inside the plant
cells.?> Despite these promising results, the role of sunlight in phytoremediation (i.e.,
phytophotolysis) has largely been overlooked for other compounds.28

Although photolysis and metabolism in plants has been demonstrated for RDX and TNT,
respectively, there is little data available on plant metabolism of DNAN and the potential to
clean up DNAN-contaminated sites with phytoremediation. A limited number of studies
have investigated DNAN chemical and biochemical transformations, soil binding behavior,
and ecotoxicity.l 3 27-32 One study reported DNAN in grass shoots and roots, but no mass
balance was reported and no transformation products were measured.33 Another study
observed DNAN metabolism in ryegrass where DNAN was reduced to 2-amino-4-
nitroanisole (2-ANAN) and further conjugated to unknown, acid-hydrolysable products,
possibly sugars.1 However, it remains unknown whether plant metabolites of any
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xenobiotics can undergo photolysis inside photosynthetic tissues, potentially altering the
phytoremediation process. We are unaware of any previous reports of DNAN, or DNAN
metabolite, photolysis inside plant tissues despite knowledge that DNAN, and a model plant
metabolite of DNAN (4-nitrophenyl-p-D-glucopyranoside), are photolyzed in aqueous
solution.3 34 Here, we report DNAN metabolism and photolysis within the model plant
Arabidopsis.

MATERIALS & METHODS

Chemicals—All reagents and standards were used as received with sources and purities
listed in the supporting information (SI). [13C]DNAN (>99%) and [1°N,]DNAN (>99%)
were synthesized as previously described.?? Liquid chromatography solvents (Optima grade)
were purchased from Fisher Scientific (Waltham, MA, USA).

Experimental Design

Plant growth conditions—Arabidopsis thaliana (Col-0) was studied due to its extensive
use and characterization in basic research and to compare with previous studies on
Arabidopsis metabolism of explosives.? 22: 35, 36 Before exposure to DNAN, Arabidopsis
thaliana (Col-0) seeds were sterilized using a bleach solution and stratified for 1-5 days in
sterilized deionized (DI) water at 4 °C.3° After stratification, seeds or seedlings were placed
into Magenta boxes (Magenta LLC., Lockport, IL, USA) containing 25 mL of filter-
sterilized (0.2 um, cellulose nitrate, Nalgene, Rochester, NY, USA) Murashige and Skoog
(MS) basal medium3® (see Sl for recipe). The boxes were incubated in a growth chamber
(Percival Scientific, Perry, 1A, USA) with a diurnal cycle of 16 hours of light (23 °C) and 8
hours of dark (21 °C) at 50% relative humidity. At the basal medium surface, the light
intensity was 140 + 19 pmol photons m~=2 s~1 (photosynthetically active range) as measured
three times per week by a quantum light sensor (LI-COR, Lincoln, NE, USA).

DNAN and metabolite mass balance—To determine a DNAN mass balance in plant
media and tissues, hydroponic cultures of Arabidopsiswere sacrificed every 12 hours over
three days of DNAN exposure. Plants (n = 25 seeds per box) were exposed to DNAN after
14 days of seed germination and growth, at which point the medium in each Magenta box (n
= 18) was replaced with fresh, sterile medium (25 mL) spiked with 125 nmoles DNAN
(dissolved in 250 uL methanol, 1% v/v) to achieve a nominal concentration of 5 uM (1
mg/L). This relatively high DNAN concentration was selected to facilitate metabolite
identification after preliminary uptake experiments indicated no visible physiological plant
effects at 5 (Figure S1). Every 12 hours, randomly selected, whole Magenta boxes were
sacrificially harvested in triplicate. Control boxes, containing MS medium and DNAN, but
no plants, were simultaneously harvested in duplicate. Hydroponic media was analyzed by
mass spectrometry and plant tissues were extracted as described below.

Metabolite identification experiments—Metabolites of DNAN were identified using
an untargeted metabolomics approach, enhanced by stable-isotope labeled DNAN. Three
exposure conditions (n = 12 boxes, 25 seeds per box) were conducted simultaneously: 1)
non-labeled DNAN with [13Cg]DNAN (31 nmoles each), 2) non-labeled DNAN with
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[1°N,]DNAN (31 nmoles each), and 3) no added DNAN. After 14 days of germination and
growth, the MS medium was replaced with fresh medium (25 mL) containing non-labeled
DNAN and labeled DNAN (dissolved in methanol) as above to a nominal concentration of
2.5 UM. The equivalent volume of methanol (250 L, 1% v/v) was added to the no-DNAN
controls. After 48 hours, quadruplicate boxes of each treatment type were harvested,
extracted, and analyzed by liquid chromatography high-resolution mass spectrometry with
data processing via metabolomics software as described below.

Photolysis experiments—Irradiation experiments used an Atlas Suntest CPS+ solar
simulator (Atlas Material Testing Technology, Mount Prospect, IL, USA) with a xenon lamp
and an Atlas UV Suntest filter to simulate the emission spectrum of natural sunlight at an
irradiance of 750 W/m? (Figure S2) and the irradiation chamber was cooled to 19.9 + 0.6 °C
during experiments using a portable air conditioning unit. To determine if DNAN and its
metabolites were photolyzed inside leaves, we exposed Arabidopsis plants to DNAN and
then exposed the leaves to simulated sunlight. Arabidopsis seeds were sterilized and
stratified in the same manner as described above. Next, approximately 1000 seeds were
placed into MS medium (150 mL) in a foam-stoppered, 500 mL flask. The flask was
incubated in the growth chamber on a shaker table (120 rpm). After seven days, germinated
seedlings were placed into Magenta boxes (n = 20 per box) with 25 mL of fresh MS
medium. After seven days of additional growth, the seedlings were exposed to 5 uM
[1°N,]DNAN in 25 mL of fresh MS medium. After 48 hours in the growth chamber, leaves
were excised from roots, and the leaves from each Magenta box were divided into two
groups. The “irradiation treatment” leaves were placed into cork-stoppered quartz tubes
positioned at 30° from horizontal within the solar simulator. The “non-irradiated control”
leaves were placed into sealed 2 mL vials wrapped in aluminum foil before positioning
inside the solar simulator. Each hour, triplicate sets of irradiated and non-irradiated leaves
were removed from the solar simulator and the fresh weight was recorded before
lyophilization. In a separate experiment to examine DNAN transformation products from
solar irradiation of Arabidopsis leaves, 125 nmoles of DNAN was added to each box (n=10
boxes, 20 seedlings each) to a nominal concentration of 5 uM. After two days of DNAN
exposure, excised leaves were divided into irradiated and non-irradiated groups. Leaves were
either exposed to simulated sunlight or kept in the dark for three hours before freeze-drying,
solvent extraction, analysis, and data processing.

Analytical Methods

Liguid chromatography and mass spectrometry—Quantitative mass spectrometry
analyses were performed on a liquid chromatograph (Agilent model 1260, Santa Clara, CA,
USA) and triple-quadrupole (LC-QQQ) mass spectrometer (Agilent model 6460) equipped
with a Jet Stream electrospray ionization (ESI) source. Samples in the auto-sampler tray
were maintained at 8 °C. DNAN and other metabolites were quantified in ESI negative (ESI
~) and positive (ESI*) modes and verified with a second fragment ion using the mass
transitions, analytical columns, and mobile phase conditions outlined in the Sl, Table S2.
DNAN was quantified using a six-standard, [13Cg]DNAN internal standard-normalized,
external calibration curve run before each batch. Amino-nitroanisoles were quantified by an
external calibration curve of the respective standards diluted from stock solutions, without
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adjusting for the internal standard due to separate runs in different ionization modes from
DNAN. Agilent MassHunter Quantitative Analysis software was used to fit a linear
calibration curve. For quality control, three to four check standards from the calibration
curve were analyzed per batch (25-75 samples) to ensure consistent detector response. A
deionized (DI) water blank was run every five injections to ensure there was no sample
carry-over contamination. Analyses requiring accurate mass data were performed by
ultraperformance liquid chromatograph with a quadrupole time-of-flight (LC-QTof) mass
spectrometer or an Orbitrap (LC-Orbitrap) mass spectrometer with specifics of
instrumentation, columns, mobile phase gradients, and instrument parameters described in
the SI.

Plant tissue extraction, metabolite hydrolysis, and nitrite derivitization—At
each sampling time, plant tissue was removed from the medium and dabbed dry with a
Kimwipe (Kimberly-Clark, Irving, TX, USA). The plant tissue was placed into a 2 mL vial
(safe-lock, Eppendorf) and the fresh weight was recorded before freezing (-80 °C) and
subsequent lyophilization (FreeZone 6, Labconco, Kansas City, MO, USA) for 13-16 hours.
The dry weight (52-75 mg, mean: 69 mg dry weight for whole plants; 10-17 mg, mean: 13
mg for leaf fractions) of the freeze-dried tissue was recorded and a single stainless steel ball
(5 mm) and 1 mL water:methanol (1:1) mixture were added to each vial. The vials were
frozen (-80 °C), thawed, and homogenized by a mixer mill (Retsch, Haan, Germany) for 5
min at 30 Hz. The vials were then sonicated for 10 min, vortexed for 30 s and centrifuged at
13,000¢ for 10 min. Finally, the supernatant was removed and syringe-filtered (0.22 pm,
PES, Chemglass Life Sciences, Vineland, NJ, USA). The tissue was extracted without the
freeze-thaw step two additional times with 500 pL of water:methanol (1:1) and the
supernatants were combined.3> Samples for metabolite identification were extracted only
once, with 1 mL of water:methanol (1:1) mixture. Reported concentrations of DNAN and
metabolites were corrected for a 95.7 £ 0.6 % extraction efficiency (determined from spike
recoveries on unexposed plant tissues after three extractions). An internal standard (250 nM
[13C5]DNAN final concentration) was added after extracts were diluted (with DI water) to
fall within the calibrated range of the mass spectrometer. In a preliminary test for sorption of
DNAN to Magenta boxes, we decanted DNAN-containing media from two boxes, rinsed the
boxes with 1 mL of water:methanol (1:1), and analyzed this fraction for DNAN. This
procedure resulted in negligible recovery of DNAN (< 0.1%), therefore, we concluded that
DNAN sorption to the boxes was not important and did not repeat the procedure for each
experiment.

For glycosylated metabolite analysis, tissue extracts were prepared as above and hydrolyzed
with acid prior to analysis for released 2-ANAN by adding 30 pL of sample, 30 puL DI water,
and 30 pL of 1.5N HCI to a 150 pL vial insert inside a 2 mL LC autosampler vial. The
extracts were incubated at 45 °C for 5 min and analyzed immediately by LC-QQQ. Isotope-
labeled nitrite was measured by LC-QQQ after derivitization with 2,3-diaminonaphthalene
(DAN) using a method modified from Nussler, et al.37 Briefly, 5 L of leaf extract was
diluted with 95 UL of DI water prior to derivitization with 50 pL of DAN (158 uM in 0.62 N
HCI) and 50 pL of 1.5N HCI for 10 minutes at room temperature. To quench the reaction, 20
pL of 1N NaOH was added and the samples were incubated at 8 °C for at least 90 minutes
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prior to analysis. Labeled nitrite in plant extracts was calibrated to derivitized standards with
a known amount of spiked 1°NO, in DI water and 1.1 pM NO, as a background
concentration similar to plant extracts.

Unknown metabolite identification and statistical analysis—Full-scan LC-QTof
data of whole plant extracts were collected for ten minutes, converted to netCDF format by
Databridge software (Waters, Milford, MA, USA) and uploaded to XCMS Online38 for an
untargeted metabolomics approach to metabolite elucidation. This study examined
compounds resulting from DNAN transformation as confirmed by stable-isotope labeled
substrates, and, as such, was not a comprehensive metabolomics investigation. Three DNAN
isotopologues (i.e., unlabeled DNAN, [23Cg]DNAN, and [*°N,]DNAN) were used to allow
unambiguous identification of metabolites derived from DNAN and to provide orthogonal
data sets. Full XCMS Online parameters are detailed in Table S3. Elemental formulas were
assigned based on the averaged accurate mass of all biological replicates using Thermo
Xcalibur software. Raw, time-series concentration data were compared for significant
differences using a two-sided, matched-pairs Student’s t-test (a = 0.05, p < 0.05). Figures
were produced and statistical analysis was conducted using GraphPad Prism 7.00 and
PerkinElmer Chemdraw Prime 16.0.1.4.

RESULTS AND DISCUSSION

Arabidopsis takes up and metabolizes DNAN—To determine if Arabidopsis can take
up and metabolize DNAN, plants were exposed to DNAN for three days in hydroponic
medium under sterile conditions. Plants quickly took up DNAN from solution, with 67% of
DNAN mass removed over 72 hours (Figure 1). In a no-plant control, some DNAN was
transformed, presumably due to photolysis because DNAN is stable in solution in the dark,
and DNAN was not sorbed to Magenta boxes.3 However, the DNAN concentration in
planted media was significantly different from the controls (p = 0.0005, n = 6 pairs).
Arabidopsis removed DNAN from the hydroponic medium with pseudo-first order kinetics
(Kops = 0.33 + 0.03 d~1). DNAN uptake by Arabidopsis is consistent with previous work
where DNAN was detected in grass grown on soil amended with DNAN, as well as with
other studies of plant metabolism of xenobiotics.1: 20: 33, 35,36 Of the DNAN taken up from
solution, a maximum of 13% was found within the plant tissues after 12 hours, suggesting
that DNAN was extensively metabolized. We detected 2-ANAN and 4-amino-2-nitroanisole
(4-ANAN) in plant tissue and media at low levels (Figure S3), indicating that Arabidopsis
reduced both nitro groups. The ortho reduction product was present in 4-5 times the
abundance of the para reduction product, consistent with other studies of DNAN
transformation.3: 27: 2832 Acid hydrolysis of extracts increased the 2-ANAN concentration,
suggesting a conjugated product similar to that found in ryegrass (Figure S4).1

Despite —or as a result of— their immobile nature, plants have adapted diverse enzymes for
detoxifying xenobiotic compounds.1® Indeed, Arabidopsis has over 60 genes encoding
cytochrome P450 enzymes and metabolizes a variety of chemicals.?! For example,
Arabidopsis quickly assimilates and metabolizes benzotriazole and 2-mercaptobenzothiazole
in hydroponic media, while carrots and horseradish conjugate the antibacterial agent
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triclosan.20: 3536, 39 Arapjdopsis also takes up and transforms the structurally similar TNT.
9.22 While the detected phase | and phase 11 metabolites were not unexpected based on the
green liver model and plant metabolism of TNT, the low mass balance of DNAN and phase |
metabolites from LC-QQQ analysis indicated that further investigation was required to
identify unknown DNAN metabolites.

Arabidopsis conjugates DNAN with sugars and glutathione—To detect DNAN
transformation products, we utilized an untargeted metabolomics approach, which identified
sugar conjugates M330, M568, M524, and M376 and glutathione conjugates M699 and
M669 (Table 1, Figure 2). All discovered metabolites were confirmed using stable isotope-
labeled DNAN, and the metabolites in Table 1 each contained all respective stable isotopes
(see Tables S4 and S5 for labeled metabolites). DNAN metabolites contained all the original
isotope labels, indicating that Arabidopsis did not mineralize the aromatic ring of DNAN,
nor did the plants remove the original nitrogen atoms from DNAN. These sugar and
glutathione conjugates are therefore consistent with the green liver model of plant
metabolism.

DNAN metabolites M669 and M699 both contained multiple characteristic glutathione mass
fragments in both ESI* and ESI™ mode (Table 1). The observed mass fragments indicate that
the glutathionyl group was conjugated to an aromatic or benzylic group.*! In addition, the
molecular masses of metabolites M669 and M699 differ by an average /m/z of 30.0105
corresponding to a neutral loss of CH,O (/m/2 30.0106). We hypothesize that M699 results
from direct conjugation to the aromatic ring at a previously unsubstituted position, and that
M669 results from a sulfhydryl substitution for the DNAN methoxy group (Figure 2A).
Glutathione conjugation is a well-known detoxification process for electrophilic xenobiotics,
including nitro-aromatics and resulting hydroxylamine reduction products.® Furthermore,
glutathione conjugates of DNAN are consistent with a specific pathway that Arabidopsis
utilizes to detoxify TNT w/a glutathione transferases (GSTs). Importantly, an isolated GST
catalyzed denitration of TNT, which would increase bioavailability and significantly
decrease the toxicity of the TNT metabolite.® However, our observed products retained both
original nitrogen atoms as confirmed with 1°N-labeled DNAN.

The identification of M483 and M513 (Table 1) suggests that the glutathione metabolites
were further degraded to S-cysteinyl conjugates. This process has been described for
glutathione conjugates of the herbicide safener, fenclorim, among other compounds, and has
been attributed to intra-vacuolar peptidases, which successively cleave the glycinyl and
glutamyl moieties from the attached glutathione (Figure 2B).21: 42 Although the mass
fragments enabled us to classify these metabolites as glutathione and cysteine conjugates,
the transformation pathways and ultimate molecular structures could not be definitively
determined.

In addition to glutathione conjugation, detoxification of metabolites with sugar moieties is a
common pathway in plants that occurs on aromatic hydroxyl or amino groups.20: 43-45
Conjugation proceeds without prior phase | functionalization (e.qg., refs 20, 35, 39) or after a
phase | reaction.22 Conjugation with sugars decreases toxicity of the compound and these
phase 11 metabolites are likely intermediates to permanently bound residues.12 45
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Glucosyltransferases in Arabidopsis also conjugate TNT reduction products, forming C-, O-,
and A/glycosidic conjugates, and B-D-glucopyranosides are common hexose sugar
stereoisomers utilized by plants to detoxify organic contaminants.20: 22

Here, the neutral losses observed for both M524 and M568 indicate a glycosylated and
further conjugated sugar. M568 has a neutral loss of 248, indicative of a malonylated hexose
sugar (m/z 162+86).20 Malonylation is known to signal vacuolar sequestration in
Arabidopsis, and is commonly observed in plant metabolism of glycosyl-conjugates.20: 42
M524 has a neutral loss of 204, corresponding to a loss of acetyl-hexose (162+42) and
contains the same aglycone moiety as M568. The mass difference between M568 and M524
(Am/z 43.9875) is equivalent to CO, (m/z43.9898). Abiotic decarboxylation of a malonyl-
glycoside to yield the acetyl-glycoside has been observed for other Arabidopsis metabolites,
which we believe to occur with M568, yielding M524 (Figure 2C).42

To further investigate the identity of M330, we hydrolyzed plant extracts and analyzed the
resulting solution by LC-QQQ. Under acidic conditions, a decrease of M330 was
concomitant with an increase in 2-ANAN, further validating the structure of M330 as a
hexose-conjugate of 2-ANAN (Figure S4). We quantified M330 redundantly using LC-QQQ
peak area of M330 calibrated to 2-ANAN peak area and by measuring 2-ANAN resulting
from acid hydrolysis of the plant extracts. The first method assumed that M330 and 2-
ANAN had the same ionization efficiencies, and therefore detector response, per mole of
mass. This assumption is supported by a study where acylated amines had an average mass
spectrometer detector response factor of 1.5 times when compared to the unconjugated
amine, providing an approximation of transformation product mass.*6 The second method
quantified M330 as 2-ANAN assuming complete acid hydrolysis, no other loss of 2-ANAN,
and no ion suppression in the mass spectrometer. The two methods similarly found that
M330 made up 1.7% or 1.8% of the DNAN mass taken up after 3 days, respectively.

Glycosylated metabolites accumulate over three days—We measured each
metabolite in whole plants and hydroponic media over three days of DNAN exposure. While
ten phase 11 conjugates of DNAN were detected by LC-QTof and LC-Orbitrap, we were
unable to detect some metabolites by LC-QQQ. In contrast, some glycosylated metabolites
(M524, M568, and M330) accumulated over the 72-hour exposure. Similarly, a glycosylated
metabolite accumulated over time when Arabidopsis metabolized benzotriazole and the
metabolite was released into the media.3> Here, little M330 accumulated in the media, but
plant tissues contained M330 at levels comparable to DNAN and 2-ANAN. The mass
balance after three days was low (i.e., 8% of DNAN taken up), suggesting that DNAN
conjugates were sequestered into cell walls or vacuoles through phase 111 metabolism,
similar to TNT in other plants.4’ For example, hybrid poplar trees sequestered about half of
[14CJTNT to non-extractable residues, and 27% of 14C from [M4C]TNT was covalently
bound to lignin in wheat.11: 48 Arabidopsis also quickly and extensively metabolizes
naproxen and diclofenac to non-extractable residues.#® 50 In addition to phase 11
metabolism, the low mass balance could be the result of unidentified and non-extractable
bound residues, incorrect assumptions in the M330 mass approximation, low ionization
efficiency of identified metabolites, or in-source fragmentation of identified or other non-
identified conjugated metabolites.
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[1°N,]DNAN and glycosylated [1°N,]DNAN metabolite are photolyzed in leaves
to yield 1°NO,—To determine the potential for DNAN and DNAN metabolites to be
photolyzed inside plants, we subjected Arabidopsis leaves to simulated sunlight after two
days of exposure to [2°N,]JDNAN in a growth chamber. The [1°N,]DNAN and [*°N,]M330
metabolite were significantly photolyzed compared to foil wrapped controls (p < 0.001 and
p = 0.005, respectively, matched pairs Student’s t-test for n =5 triplicate pairs, Figure 4).
The DNAN in the leaf fraction at the beginning of the simulated sunlight experiment was
0.7% of the total amount taken up by the plants after two days, which is 8.1% of the DNAN
detected in the whole plants in the mass balance experiment. Other metabolites were not
detected in the leaf fractions. Besides RDX photolysis in grass blades and poplar tissues, /n
planta photolysis has not been investigated for other compounds to our knowledge.24:25 In
fact, a recent review of plant uptake of pharmaceuticals and personal care products stated
“we are not aware of any studies confirming photodegradation of contaminants within
plants.”26 One recent study speculated that photolysis inside leaves could alter
sulfamethoxazole concentrations in lettuce and strawberry shoots, but the effect was not
investigated.>! Therefore, we believe this is the first demonstration of photolysis of a plant
xenobiotic metabolite /n planta.

DNAN is directly photolyzed in solution to yield nitrite and nitrate.3! Therefore, we
measured 15NO, evolution in photolyzed leaves exposed to [1°N,]JDNAN (Figure 5). The
results clearly show that 1°NO is present in higher concentrations in light-exposed leaves
than in dark controls (p < 0.0001, n = 5 triplicate pairs), albeit at low concentrations. The
production of 1°N-labeled nitrite indicates that [L°N,]DNAN, or its metabolites, are
denitrated by light inside the plant leaves. The concentration of 1°NO, corresponded well
with the amount of [2°N,]DNAN that was degraded, reaching a maximum of 77% of the
initial [1°N,]DNAN concentration in the leaf on a molar basis. Interestingly, this denitration
process occurred abiotically, and we did not detect any plant metabolites with only one 1°N
label (Tables 1 and S4). Since nitro groups impart toxicity and stability through resonance,
the observed denitration represents an important step towards detoxifying DNAN.? Some
photolysis of DNAN and its metabolites in the growth chamber is unavoidable, which likely
why some 1°NO, was detected in dark control leaves. However, there was not a significant
difference in unlabeled NO, in the dark and light-exposed plants (p = 0.81), further
confirming that the 15NO, resulted from labeled DNAN. The decrease in nitrite after two
hours of photolysis is likely due to oxidation of nitrite to nitrate, observed during DNAN
photolysis in agueous solution, but we were not able to accurately quantify nitrate at these
levels using a reduction step before derivitization.3! In addition to photo-oxidation, nitrite
and nitrate could be incorporated into other plant molecules, contributing to the observed
decrease in nitrite. Light-exposed leaves grouped differently than dark-control leaves in a
principal components analysis (Figure S5), but additional photolysis products could not be
identified by the untargeted metabolomics approach described above. Further studies would
be required to identify the metabolite photo-products. Despite the observed photolysis of
DNAN and M330, sudden exposure of the plant leaves to higher levels of UV may
overestimate the level of DNAN photolysis occurring in the field. Plants can adapt to higher
levels of UV radiation by producing carotenoids to attenuate some UV excitation, and
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sudden oxidative stress response could alter the transformation of the compounds as well.
52,53

Environmental Implications—Knowledge of DNAN plant uptake and transformation
products will inform phytoremediation feasibility assessments for DNAN-contaminated
sites. Our work, and the work of others, showed plants take up DNAN from contaminated
soil and water, but further work with field-relevant species are required to confirm the
benefits of DNAN phytoremediation.l: 33 Beyond phytoremediation, plants can also be used
as inexpensive sensors to monitor contaminant presence and concentration gradients without
costly and invasive sampling techniques.>*57 Our work suggests that measuring 2-ANAN or
DNAN inside plant tissues would under-predict actual DNAN uptake and metabolism,
making correlations to porewater DNAN concentration problematic without further
investigation and result in conservative estimates of phytoremediation efficacy. Our
discovery of photo-denitration of DNAN indicates that photolysis may be an overlooked
mechanism for transforming and detoxifying contaminants taken up by plants under field
conditions. Although a minor proportion of the DNAN was transformed via this pathway,
the mechanism could be more important for non-metabolized compounds or photoactive
metabolites that would otherwise be shielded from sunlight in soil or porewater.

Supporting Information—Recipe for MS basal medium, additional liquid
chromatography-mass spectrometry parameters, chemicals and reagents, XCMS
(metabolomics) parameters, stable-isotope labeled metabolite summary tables, solar
simulator irradiance spectra, uptake kinetics at higher initial concentrations, phase |
metabolite concentrations in plant tissues and media, chromatograms of M330 hydrolysis,
and principal components plot of photolyzed leaves.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

DNAN mass in hydroponic media and Arabidopsis whole plant tissue as a function of time.
Error bars are + standard error of the mean (n = 3 plant tissue and media, n = 2 media, no

plant control) and are not displayed when within the markers.
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Metabolite formation over time in whole plant tissues. M568 and M524 are expressed as
LC-QQQ peak area of metabolite normalized to internal standard [13C5]DNAN and dry
weight of plant material (mg). M330 is quantified as peak area quantified with a 2-ANAN
calibration curve. Error bars are + standard error of the mean (n = 3) and are not displayed

when within the markers.
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Figure 4.
DNAN and M330 in Arabidopsis leaves during exposure to simulated sunlight (20 °C, 750

W/m?2). Data are LC-QQQ peak area of compounds in light-exposed leaf extracts normalized
to foil-wrapped, dark control extracts and dry weight. Error bars are + standard error of the
mean (n = 3) and are not displayed when within the markers.
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15NO, measured in leaf extracts exposed to simulated sunlight or in the dark. Error bars are
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	Arabidopsis takes up and metabolizes DNAN—To determine if Arabidopsis can take up and metabolize DNAN, plants were exposed to DNAN for three days in hydroponic medium under sterile conditions. Plants quickly took up DNAN from solution, with 67% of DNAN mass removed over 72 hours (Figure 1). In a no-plant control, some DNAN was transformed, presumably due to photolysis because DNAN is stable in solution in the dark, and DNAN was not sorbed to Magenta boxes.3 However, the DNAN concentration in planted media was significantly different from the controls (p = 0.0005, n = 6 pairs). Arabidopsis removed DNAN from the hydroponic medium with pseudo-first order kinetics (kobs = 0.33 ± 0.03 d−1). DNAN uptake by Arabidopsis is consistent with previous work where DNAN was detected in grass grown on soil amended with DNAN, as well as with other studies of plant metabolism of xenobiotics.1, 20, 33, 35, 36 Of the DNAN taken up from solution, a maximum of 13% was found within the plant tissues after 12 hours, suggesting that DNAN was extensively metabolized. We detected 2-ANAN and 4-amino-2-nitroanisole (4-ANAN) in plant tissue and media at low levels (Figure S3), indicating that Arabidopsis reduced both nitro groups. The ortho reduction product was present in 4–5 times the abundance of the para reduction product, consistent with other studies of DNAN transformation.3, 27, 28, 32 Acid hydrolysis of extracts increased the 2-ANAN concentration, suggesting a conjugated product similar to that found in ryegrass (Figure S4).1Despite –or as a result of– their immobile nature, plants have adapted diverse enzymes for detoxifying xenobiotic compounds.19 Indeed, Arabidopsis has over 60 genes encoding cytochrome P450 enzymes and metabolizes a variety of chemicals.21 For example, Arabidopsis quickly assimilates and metabolizes benzotriazole and 2-mercaptobenzothiazole in hydroponic media, while carrots and horseradish conjugate the antibacterial agent triclosan.20, 35, 36, 39 Arabidopsis also takes up and transforms the structurally similar TNT.9, 22 While the detected phase I and phase II metabolites were not unexpected based on the green liver model and plant metabolism of TNT, the low mass balance of DNAN and phase I metabolites from LC-QQQ analysis indicated that further investigation was required to identify unknown DNAN metabolites.Arabidopsis conjugates DNAN with sugars and glutathione—To detect DNAN transformation products, we utilized an untargeted metabolomics approach, which identified sugar conjugates M330, M568, M524, and M376 and glutathione conjugates M699 and M669 (Table 1, Figure 2). All discovered metabolites were confirmed using stable isotope-labeled DNAN, and the metabolites in Table 1 each contained all respective stable isotopes (see Tables S4 and S5 for labeled metabolites). DNAN metabolites contained all the original isotope labels, indicating that Arabidopsis did not mineralize the aromatic ring of DNAN, nor did the plants remove the original nitrogen atoms from DNAN. These sugar and glutathione conjugates are therefore consistent with the green liver model of plant metabolism.DNAN metabolites M669 and M699 both contained multiple characteristic glutathione mass fragments in both ESI+ and ESI− mode (Table 1). The observed mass fragments indicate that the glutathionyl group was conjugated to an aromatic or benzylic group.41 In addition, the molecular masses of metabolites M669 and M699 differ by an average m/z of 30.0105 corresponding to a neutral loss of CH2O (m/z 30.0106). We hypothesize that M699 results from direct conjugation to the aromatic ring at a previously unsubstituted position, and that M669 results from a sulfhydryl substitution for the DNAN methoxy group (Figure 2A). Glutathione conjugation is a well-known detoxification process for electrophilic xenobiotics, including nitro-aromatics and resulting hydroxylamine reduction products.9 Furthermore, glutathione conjugates of DNAN are consistent with a specific pathway that Arabidopsis utilizes to detoxify TNT via glutathione transferases (GSTs). Importantly, an isolated GST catalyzed denitration of TNT, which would increase bioavailability and significantly decrease the toxicity of the TNT metabolite.9 However, our observed products retained both original nitrogen atoms as confirmed with 15N-labeled DNAN.The identification of M483 and M513 (Table 1) suggests that the glutathione metabolites were further degraded to S-cysteinyl conjugates. This process has been described for glutathione conjugates of the herbicide safener, fenclorim, among other compounds, and has been attributed to intra-vacuolar peptidases, which successively cleave the glycinyl and glutamyl moieties from the attached glutathione (Figure 2B).21, 42 Although the mass fragments enabled us to classify these metabolites as glutathione and cysteine conjugates, the transformation pathways and ultimate molecular structures could not be definitively determined.In addition to glutathione conjugation, detoxification of metabolites with sugar moieties is a common pathway in plants that occurs on aromatic hydroxyl or amino groups.20, 43–45 Conjugation proceeds without prior phase I functionalization (e.g., refs 20, 35, 39) or after a phase I reaction.22 Conjugation with sugars decreases toxicity of the compound and these phase II metabolites are likely intermediates to permanently bound residues.12, 45 Glucosyltransferases in Arabidopsis also conjugate TNT reduction products, forming C-, O-, and N-glycosidic conjugates, and β-D-glucopyranosides are common hexose sugar stereoisomers utilized by plants to detoxify organic contaminants.20, 22Here, the neutral losses observed for both M524 and M568 indicate a glycosylated and further conjugated sugar. M568 has a neutral loss of 248, indicative of a malonylated hexose sugar (m/z 162+86).20 Malonylation is known to signal vacuolar sequestration in Arabidopsis, and is commonly observed in plant metabolism of glycosyl-conjugates.20, 42 M524 has a neutral loss of 204, corresponding to a loss of acetyl-hexose (162+42) and contains the same aglycone moiety as M568. The mass difference between M568 and M524 (Δm/z 43.9875) is equivalent to CO2 (m/z 43.9898). Abiotic decarboxylation of a malonyl-glycoside to yield the acetyl-glycoside has been observed for other Arabidopsis metabolites, which we believe to occur with M568, yielding M524 (Figure 2C).42To further investigate the identity of M330, we hydrolyzed plant extracts and analyzed the resulting solution by LC-QQQ. Under acidic conditions, a decrease of M330 was concomitant with an increase in 2-ANAN, further validating the structure of M330 as a hexose-conjugate of 2-ANAN (Figure S4). We quantified M330 redundantly using LC-QQQ peak area of M330 calibrated to 2-ANAN peak area and by measuring 2-ANAN resulting from acid hydrolysis of the plant extracts. The first method assumed that M330 and 2-ANAN had the same ionization efficiencies, and therefore detector response, per mole of mass. This assumption is supported by a study where acylated amines had an average mass spectrometer detector response factor of 1.5 times when compared to the unconjugated amine, providing an approximation of transformation product mass.46 The second method quantified M330 as 2-ANAN assuming complete acid hydrolysis, no other loss of 2-ANAN, and no ion suppression in the mass spectrometer. The two methods similarly found that M330 made up 1.7% or 1.8% of the DNAN mass taken up after 3 days, respectively.Glycosylated metabolites accumulate over three days—We measured each metabolite in whole plants and hydroponic media over three days of DNAN exposure. While ten phase II conjugates of DNAN were detected by LC-QTof and LC-Orbitrap, we were unable to detect some metabolites by LC-QQQ. In contrast, some glycosylated metabolites (M524, M568, and M330) accumulated over the 72-hour exposure. Similarly, a glycosylated metabolite accumulated over time when Arabidopsis metabolized benzotriazole and the metabolite was released into the media.35 Here, little M330 accumulated in the media, but plant tissues contained M330 at levels comparable to DNAN and 2-ANAN. The mass balance after three days was low (i.e., 8% of DNAN taken up), suggesting that DNAN conjugates were sequestered into cell walls or vacuoles through phase III metabolism, similar to TNT in other plants.47 For example, hybrid poplar trees sequestered about half of [14C]TNT to non-extractable residues, and 27% of 14C from [14C]TNT was covalently bound to lignin in wheat.11, 48 Arabidopsis also quickly and extensively metabolizes naproxen and diclofenac to non-extractable residues.49, 50 In addition to phase III metabolism, the low mass balance could be the result of unidentified and non-extractable bound residues, incorrect assumptions in the M330 mass approximation, low ionization efficiency of identified metabolites, or in-source fragmentation of identified or other non-identified conjugated metabolites.[15N2]DNAN and glycosylated [15N2]DNAN metabolite are photolyzed in leaves to yield 15NO2—To determine the potential for DNAN and DNAN metabolites to be photolyzed inside plants, we subjected Arabidopsis leaves to simulated sunlight after two days of exposure to [15N2]DNAN in a growth chamber. The [15N2]DNAN and [15N2]M330 metabolite were significantly photolyzed compared to foil wrapped controls (p < 0.001 and p = 0.005, respectively, matched pairs Student’s t-test for n = 5 triplicate pairs, Figure 4). The DNAN in the leaf fraction at the beginning of the simulated sunlight experiment was 0.7% of the total amount taken up by the plants after two days, which is 8.1% of the DNAN detected in the whole plants in the mass balance experiment. Other metabolites were not detected in the leaf fractions. Besides RDX photolysis in grass blades and poplar tissues, in planta photolysis has not been investigated for other compounds to our knowledge.24,25 In fact, a recent review of plant uptake of pharmaceuticals and personal care products stated “we are not aware of any studies confirming photodegradation of contaminants within plants.”26 One recent study speculated that photolysis inside leaves could alter sulfamethoxazole concentrations in lettuce and strawberry shoots, but the effect was not investigated.51 Therefore, we believe this is the first demonstration of photolysis of a plant xenobiotic metabolite in planta.DNAN is directly photolyzed in solution to yield nitrite and nitrate.31 Therefore, we measured 15NO2 evolution in photolyzed leaves exposed to [15N2]DNAN (Figure 5). The results clearly show that 15NO2 is present in higher concentrations in light-exposed leaves than in dark controls (p < 0.0001, n = 5 triplicate pairs), albeit at low concentrations. The production of 15N-labeled nitrite indicates that [15N2]DNAN, or its metabolites, are denitrated by light inside the plant leaves. The concentration of 15NO2 corresponded well with the amount of [15N2]DNAN that was degraded, reaching a maximum of 77% of the initial [15N2]DNAN concentration in the leaf on a molar basis. Interestingly, this denitration process occurred abiotically, and we did not detect any plant metabolites with only one 15N label (Tables 1 and S4). Since nitro groups impart toxicity and stability through resonance, the observed denitration represents an important step towards detoxifying DNAN.9 Some photolysis of DNAN and its metabolites in the growth chamber is unavoidable, which likely why some 15NO2 was detected in dark control leaves. However, there was not a significant difference in unlabeled NO2 in the dark and light-exposed plants (p = 0.81), further confirming that the 15NO2 resulted from labeled DNAN. The decrease in nitrite after two hours of photolysis is likely due to oxidation of nitrite to nitrate, observed during DNAN photolysis in aqueous solution, but we were not able to accurately quantify nitrate at these levels using a reduction step before derivitization.31 In addition to photo-oxidation, nitrite and nitrate could be incorporated into other plant molecules, contributing to the observed decrease in nitrite. Light-exposed leaves grouped differently than dark-control leaves in a principal components analysis (Figure S5), but additional photolysis products could not be identified by the untargeted metabolomics approach described above. Further studies would be required to identify the metabolite photo-products. Despite the observed photolysis of DNAN and M330, sudden exposure of the plant leaves to higher levels of UV may overestimate the level of DNAN photolysis occurring in the field. Plants can adapt to higher levels of UV radiation by producing carotenoids to attenuate some UV excitation, and sudden oxidative stress response could alter the transformation of the compounds as well.52, 53Environmental Implications—Knowledge of DNAN plant uptake and transformation products will inform phytoremediation feasibility assessments for DNAN-contaminated sites. Our work, and the work of others, showed plants take up DNAN from contaminated soil and water, but further work with field-relevant species are required to confirm the benefits of DNAN phytoremediation.1, 33 Beyond phytoremediation, plants can also be used as inexpensive sensors to monitor contaminant presence and concentration gradients without costly and invasive sampling techniques.54–57 Our work suggests that measuring 2-ANAN or DNAN inside plant tissues would under-predict actual DNAN uptake and metabolism, making correlations to porewater DNAN concentration problematic without further investigation and result in conservative estimates of phytoremediation efficacy. Our discovery of photo-denitration of DNAN indicates that photolysis may be an overlooked mechanism for transforming and detoxifying contaminants taken up by plants under field conditions. Although a minor proportion of the DNAN was transformed via this pathway, the mechanism could be more important for non-metabolized compounds or photoactive metabolites that would otherwise be shielded from sunlight in soil or porewater.Supporting Information—Recipe for MS basal medium, additional liquid chromatography-mass spectrometry parameters, chemicals and reagents, XCMS (metabolomics) parameters, stable-isotope labeled metabolite summary tables, solar simulator irradiance spectra, uptake kinetics at higher initial concentrations, phase I metabolite concentrations in plant tissues and media, chromatograms of M330 hydrolysis, and principal components plot of photolyzed leaves.
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