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ABSTRACT: This study was part of a broader effort to identify and characterize promising atrazine-degrading phytochemicals
in Eastern gamagrass (Tripsacum dactyloides; EG) roots for the purpose of mitigating atrazine transport from agroecosystems.
The objective of this study was to isolate and identify atrazine-degrading compounds in EG root extracts. Eastern gamagrass roots
were extracted with methanol, and extracts were subjected to a variety of separation techniques. Fractions from each level of
separation were tested for atrazine-degrading activity by a simple assay. Compounds were identified using high-performance
liquid chromatography−tandem mass spectrometry. Results from the experiments identified 2-β-D-glucopyranosyloxy-4-hydroxy-
1,4-benzoxazin-3-one (DIBOA-Glc) as the compound responsible for atrazine degradation in the root extract fractions collected.
2-β-D-Glucopyranosyloxy-1,4-benzoxazin-3-one (HBOA-Glc) was also identified in the root extract fractions, but it did not
demonstrate activity against atrazine. Estimated root tissue concentrations were 210 mg kg−1 (wet wt basis) for DIBOA-Glc and
71 mg kg−1 for HBOA-Glc (dry wt basis, 710 ± 96 and 240 ± 74 mg kg−1, respectively). This research was the first to describe
the occurrence and concentrations of an atrazine-degrading benzoxazinone compound isolated from EG tissue.
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■ INTRODUCTION

Atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-tria-
zine) contamination of water resources continues to be a
problem across the Midwestern United States.1−6 Research has
aided in the development of agricultural practices for mitigating
and preventing atrazine contamination of water resources, such
as herbicide incorporation,7,8 reduced application rates, and
establishment of vegetative buffers.9−11 Despite intensive efforts
to mitigate atrazine transport over the past several decades,
research scientists, policy makers, farmers, and the general
public are still concerned with the threats posed by the
presence of atrazine in surface water and groundwater
supplies.2,12

Benzoxazinoid (1,4-benzoxazin-3-one; Bx) compounds,
common in many species of the Poaceae family, including
several agronomically important crops such as corn (Zea mays),
wheat (Triticum aestivum), and rye (Secale cereal), have been
extensively studied due to the wide range of potential benefits
they can provide.13−16 These compounds are known to be
allelopathic and to impart resistance to fungi, bacteria, and
insects.15,17−20 Due to the allelopathic nature of these
compounds, use of these biomolecules as natural herbicides
has been investigated.21 Interestingly, it has also long been
known that Bx compounds impart resistance to triazine
herbicides such as atrazine and simazine.22,23 However, their

potential utility for mitigating atrazine transport from cropland
and remediating atrazine contamination of water resources has
not been investigated.
Findings from previous work involving the screening of

native grass species for use in vegetative buffers suggested the
presence of one or more compounds that enhance atrazine
degradation in the rhizosphere of warm-season grasses.10,11 Lin
et al.11 showed that rhizosphere soil cultivated with the warm-
season species Eastern gamagrass (Tripsacum dactyloides L.;
EG) degraded 90% and mineralized nearly 7% of the added
atrazine during a 115 day incubation trial, the most of the seven
grass and forage species tested. In addition, Lin et al.11 reported
that atrazine exposed to EG root extracts was rapidly
hydrolyzed to the less toxic metabolite hydroxyatrazine. They
speculated that the presence of Bx compounds in the
rhizosphere soil of warm-season grasses may have contributed
to the enhanced atrazine degradation compared to cool-season
species. However, the identification of these possible atrazine-
degrading phytochemicals was beyond the scope of the studies
by Lin and colleagues.10,11 Yang24 also reported that the
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degradation of the triazine explosive 1,3,5-trinitroperhydro-
1,3,5-triazine (RDX) was enhanced in the rhizosphere soil of
EG plants.
On the basis of these previous studies, a preliminary

experiment was performed to confirm the ability of EG root
extracts to degrade atrazine. A simple assay showed positive
results; therefore, a general extraction and isolation scheme was
developed and initiated for the study presented here. Although
Bx compounds have been shown to impart atrazine resistance
in several species of Poaceae,13−15 the present study employed
a general screening process for the presence of novel
phytochemicals as well as Bx compounds. Thus, the methods
were intentionally developed as a broad approach for targeting
compounds of interest and not an optimized method for Bx
compound isolation and quantification. However, on the basis
of reports of Bx occurrence across species, the presence of Bx
compounds in Tripsacum species has apparently been
considered common knowledge among researchers in the
field since the late 1980s.13−15 Further investigation of the cited
sources revealed that claims of Bx compound occurrence in
Tripsacum were not substantiated in the peer-reviewed
literature. An important purpose of the current research was
to provide peer-reviewed evidence to substantiate or refute the
claim that Bx compounds occur in Tripsacum.
The broader aim for the study was to identify and

characterize the most promising atrazine-degrading compounds
in EG for the purpose of developing a new approach for
mitigating atrazine contamination of water resources. We
envision that the use of an atrazine-degrading phytochemical in
concert with other practices proven to reduce atrazine in
surface runoff could improve water quality. For example,
phytochemical incorporation into an existing vegetative buffer
could be used to further enhance the degradation of atrazine
and minimize atrazine loss from agroecosystems. The specific
objective for the research presented here was to isolate and
identify atrazine-degrading compounds found in EG root
extracts.

■ MATERIALS AND METHODS
Chemicals. Chromatography grade solvents and reagents including

acetonitrile (CH3CN), chloroform, dichloromethane, ethyl acetate,
methanol (CH3OH), and concentrated phosphoric acid (H3PO4) were
purchased from Fisher Scientific. Atrazine (98.8% purity) was obtained
from ChemService, Inc. (West Chester, PA, USA). Radiolabeled 14C-
atrazine was purchased from America Radiolabeled Chemicals, Inc.
(St. Louis, MO, USA). Ultrapure Millipore water was used for sample
preparation and analysis unless otherwise noted.
Root Collection. Samples of EG plants were collected from the

University of Missouri Bradford Research and Extension Center, near
Columbia, MO, USA. Plants were collected from an EG plot
established before 2000 that had not been treated with atrazine for
at least 10 years. Whole plants, including roots and leaves, were
excavated. Plants were washed with tap water on site to remove loose
soil. In the laboratory, the leaves and stems were separated from the
roots. Roots were rinsed with tap water followed by reverse osmosis
water to remove as much remaining soil as possible. The roots were
stored in polyethylene bags at −4 °C, and the leaves and stems were
discarded. Sample preparation procedures following root collection are
outlined in Figure 1.
Root Extracts. A preliminary experiment was performed to

determine if CH3OH or ethyl acetate produced an extract with the
greatest amount of reactivity against atrazine. Root samples of 50 g wet
weight were homogenized in a Waring blender with 100 mL of 9:1
CH3OH/H2O (v/v) or ethyl acetate. Triplicate samples of each
solvent were prepared, transferred to polypropylene bottles, and

shaken end-to-end overnight. After shaking, the homogenate samples
were vacuum filtered through Whatman 42 ashless filters to remove
root solids. The filtrate was transferred to a collection beaker and the
filter paper discarded. The homogenate was rinsed with an additional
50 mL of solvent (CH3OH or ethyl acetate), filtered with a new filter
paper, and combined with the first filtrate in the collection beaker. The
combined filtrate was concentrated at 35−40 °C with a stream of N2
to ∼10 mL. A 500 μL aliquot was removed from each sample,
evaporated to dryness, and resuspended in 1 mL of water.

Atrazine Assay and HPLC Analysis. Samples resulting from each
level of separation and fractionation as outlined in Figure 1 were
subjected to a simple atrazine assay to determine the fraction’s ability
to degrade the herbicide. The assay entailed spiking each sample with
atrazine in aqueous solution, allowing the solution to react at ambient
laboratory temperature (22−25 °C) overnight, and analyzing for the
remaining atrazine. Each assay also included water controls
(containing only atrazine), which were treated in the same manner
as the samples for the assay and analysis. Details of the assay
parameters for each level of separation are provided in the following
sections. The results of the atrazine assays varied considerably

Figure 1. Schematic detailing the extraction, separation, and
identification of atrazine-degrading phytochemicals from Eastern
gamagrass (Tripsacum dactyloides). Corresponding materials and
methods paragraph headings appear in the oval shapes. Horizontal
lines between sections represent application of an atrazine assay and
analysis of fractions for atrazine degradation.
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depending upon the stage of fractionation (Figure 1). Concentrations
of Bx compounds in plant tissue have been shown to be highly variable
and depend upon growth stage, type of tissue, and length and density
of roots.25,26 These factors partially explained the variation between
the degradation of early fractions and the later DIBOA-Glc and
HBOA-Glc fractions as root age, growth stage, and storage time of the
extracted material were not controlled for in these experiments. In
addition, procedural details at each step (see below) varied and
resulted in dilution or loss of compound mass through the
fractionation processes. Final concentrations of active compounds in
the fractions could not be controlled for as their identity was unknown
in all but the last set of fractions.
For the root extracts described above, the 1 mL samples were

spiked with 200 μL of a 10 mg L−1 atrazine solution in 1:9 CH3OH/
H2O (v/v, 10% CH3OH hereafter) to achieve an initial atrazine
concentration of 1.667 mg L−1 in the reaction vessel. Reaction vessels
were covered in aluminum foil and reacted on the benchtop for ∼16 h.
Atrazine was extracted from the sample three times via liquid/liquid
extraction (LLE) using a total of 15 mL of chloroform. The organic
phase containing atrazine was collected with pasture pipets and
evaporated to dryness. Samples were resuspended in 1.2 mL of water
and analyzed using reverse-phase high-performance liquid chromatog-
raphy (HPLC) as described by Lin et al.11 In brief, a Shimadzu LC-
10AT VP (Columbia, MD, USA) HPLC equipped with a UV detector
was used for analysis. The column was a Columbus C8 (250 × 4.60
mm, 5 μm; Phenomenex, Torrance, CA, USA), and separation was
achieved with a 0.1% H3PO4/CH3CN gradient mobile phase at 1 mL
min−1 flow rate. UV detection was at 254 nm, and a 25 μL injection
volume was used. The concentration of atrazine remaining for the two
solvent treatments and water controls were compared using a one-way
analysis of variance (ANOVA), α = 0.05. Significant differences
between treatment means were determined using Tukey’s HSD.
LLE Fractionation. Samples for LLE fractionation were prepared

in a similar manner as described for the root extracts. Root samples
(100 g wet weight) were blended with 200 mL of 9:1 CH3OH/H2O,
and 100 mL of CH3OH was used for the second extraction. To
remove the CH3OH, the filtrates were evaporated to a final volume of
15−20 mL. Concentrated aqueous samples were sonicated for 5−10
min and quantitatively transferred to a separatory funnel with 100 mL
(50 mL × 2) of chloroform or dichloromethane for LLE. The organic
phase was collected and the aqueous phase extracted with an
additional 100 mL of chloroform or dichloromethane. The emulsion
layer was collected and centrifuged to complete the phase separation.

The resulting organic and aqueous fractions were then evaporated to
∼5 mL.

For the assay, aliquots of 250 μL were removed from the
concentrated aqueous and organic fractions and evaporated to dryness.
The samples were spiked with 200 μL of 2.5 mg L−1 atrazine solution
in 10% CH3OH. This quantity included 0.125 μCi mL−1 of 14C-
labeled atrazine. Water was added to each sample to bring the final
volume to 1.1 mL, thereby achieving a 1.11 mg L−1 initial
concentration. In early experiments, solvent was added at the end of
the reaction period in an attempt to stop the reaction. Later evidence
indicated that LLE was a more appropriate procedure for stopping the
reaction. For assays in which solvent was added at the end of the
reaction period, a 500 μL aliquot of CH3OH was added and samples
were placed in cold storage (4 °C) until analysis. The assays were
performed in duplicate. Samples and water controls were analyzed for
atrazine using HPLC-UV and in-line flow scintillation analyzers as
described in Lin et al.,11 using an injection volume of 25 μL.

Peak area results of the atrazine assay for the aqueous and organic
treatments and water controls were compared using a one-way
ANOVA, α = 0.05. Significant differences between treatment means
were determined using Tukey’s HSD.

Solid-Phase Extraction (SPE) Fractionation. SPE cartridges
(Applied Separations, Allentown, PA, USA) packed with RP-102
(styrene−divinylbenzene resin; 2.5 g 20 mL−1) were used to further
purify the aqueous fraction samples derived from LLE of the CH3OH
root extracts. SPE cartridges were conditioned with 40 mL of CH3CN
followed by 50 mL of water. Using gravity flow, 3 mL of aqueous
sample was loaded evenly on the cartridge. The SPE cartridges were
eluted with 200 mL of 1:9 CH3CN/H2O and collected into separate
fractions (referred to as SPE fractions hereafter). Using an ISCO Foxy
200 fraction collector (Lincoln, NE, USA), 30 SPE fractions of 170
drops each were collected from each cartridge. Preliminary analysis
(data not shown) of the 30 SPE fractions showed that only the first 10
fractions exhibited reasonable activity against atrazine (i.e., >40%
degraded). On the basis of this information, only the first 10 SPE
fractions were collected. The collection procedure was replicated 10
times. Volumes of the SPE fractions were 6−7 mL and were
concentrated to a final volume of 2 mL.

For the assay, a 150 μL aliquot from each fraction was reacted with
30 μL of 10 mg L−1 atrazine in 10% CH3OH under conditions as
previously described. Thirty microliters of CH3CN was added at the
end of the reaction period, and samples were held in cold storage until
analysis by HPLC-UV as described for the atrazine assay and HPLC
analysis.

Figure 2. Chromatogram (UV λ = 254 nm) demonstrating peaks 1 and 2 in atrazine-degrading fractions derived from HPLC fractionation of SPE
fractions 3 and 4. Retention times: peak 1, 10.3 min; peak 2, 10.7 min.
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HPLC Fractionation. The SPE fractions that exhibited the ability
to degrade at least 50% of the atrazine during the atrazine assay (third
through eighth SPE fractions; Figure 1) were further fractionated using
HPLC (referred to as HPLC fractions hereafter). The HPLC
conditions were similar to those used for the atrazine assay analysis
(Lin et al.11) The mobile phase was modified to CH3CN/H2O, and a
100 μL injection volume was used. A Shimadzu FRC-10A fraction
collector was employed to collect 23 fractions of 2 mL each from the
selected SPE fractions over the first 46 min of the 60 min method; the
remaining time was used for column flush and equilibration. The result
was 23 HPLC fractions from each of the third through eighth SPE
fractions injected. Duplicates were collected from each SPE fraction.
The 2 mL samples were evaporated to dryness and resuspended in 150
μL of water and spiked with atrazine to an initial concentration of
1.667 mg L−1. An atrazine assay followed by HPLC-UV was carried
out as described above.
Analysis of the 23 HPLC fractions showed that two fractions from

SPE fractions 3 and 4 degraded atrazine to the greatest extent. The
HPLC fractionation was then repeated 50 times using these two SPE
fractions for injection material (Figure 1). The 50 samples collected
from each SPE fraction were combined and evaporated to 5 mL. The
atrazine-degrading fractions were collected in a 2 min window from 9.8
to 11.8 min that contained two distinct peaks (peaks 1 and 2). The
ability of these samples to degrade atrazine was confirmed by the
atrazine assay and HPLC-UV analysis. The HPLC fractions collected
from SPE fractions 3 and 4 (Figure 2) were later shown to contain the
same compounds; thus, they were combined for subsequent
processing steps.
Mass Spectrometry. Tentative identification of peaks 1 and 2

(Figure 2) was obtained by high-performance liquid chromatography−
tandem mass spectrometry with simultaneous diode array detection
(HPLC-MS/MS-DAD). Analyses were carried out using a Thermo-
Finnigan TSQ7000 triple-quadrupole mass spectrometer, equipped
with an API2 source and Performance Pack (Thermo Electron Corp.,
San Jose, CA, USA). Samples were introduced into the TSQ7000 via
an integrated Thermo-Finnigan LC system consisting of a P4000
quaternary LC pump and a UV6000LP diode array detector. The LC
method from Lin et al.11 was used. Electrospray ionization and
atmospheric pressure chemical ionization, positive and negative
modes, were investigated, and atmospheric pressure chemical
ionization in positive ion mode gave the best ionization. The heated
inlet capillary was maintained at 250 °C, the vaporizer temperature
was 400 °C, and the corona discharge current was 5.00 μA. Other
voltages were optimized during regular tuning and calibration to
maximize ion transmission and minimize unwanted fragmentation.
The sheath gas (80 psi) and auxiliary gas (40 arbitrary units on the
integrated flowmeter) was N2. Argon was used as the collision gas for
MS/MS experiments. By comparing the pseudomolecular ion ([M +
H]+) masses and fragmentation patterns of the precursor ion spectra
to that of known Bx compounds in the literature,26 the peaks were
tentatively identified. The tentative identifications were further verified
against authentic standards. 2-β-D-Glucopyranosyloxy-1,4-benzoxazin-
3-one (HBOA-Glc) was purified using methods from Yin et al.,27 and
2-β-D-glucopyranosyloxy-4-hydroxy-1,4-benzoxazin-3-one (DIBOA-
Glc) was purified using methods from Kluge et al.,28 as cited in Rice
et al.,29 and were provided by Dr. Clifford Rice of USDA-ARS,
Beltsville, MD, USA. The authentic standards were useful for
compound identification, but their concentrations were only
approximately known because they had been in cold storage for
several years prior to acquisition and therefore could not be used for
quantifying isolated Bx compound concentrations in EG.
Estimation of Bx concentrations in EG root tissue was performed by

HPLC-MS/MS-DAD at 255 nm. A molar absorptivity coefficient of
8500 was used to estimate the concentration of each compound in
sample solutions based on the Beer−Lambert law as standards of
known concentration were not available.30 Four CH3OH root extracts
were prepared as described under Root Extracts, except that the root
and solvent quantities were doubled, and samples were concentrated
to ∼15−20 mL. Each sample was analyzed for absorption at 255 nm
with HPLC-DAD.

Active Compound Determination. Mass spectral analysis
confirmed that the peaks in the active fractions derived from SPE
fractions 3 and 4 were identical, and so the samples were combined
(Figure 1). The peaks were designated peaks 1 and 2 on the basis of
their retention times: 10.3 min for peak 1 and 10.7 min for peak 2
(Figure 2). To separate the peaks into distinct fractions, the sample
was separated by HPLC. Fraction collection was performed on the
basis of peak slope, and HPLC conditions were as described under
HPLC Fractionation except that the H3PO4 buffer was omitted from
the water/CH3CN mobile phase. Peak 1 and 2 fractions from 16
injections of 25 μL each were collected and combined for each peak.
Triplicate samples of each peak were collected.

For the atrazine assay, peak 1 and 2 samples were evaporated to 150
μL and reacted with 30 μL of 10 mg L−1 atrazine in 10% CH3OH for
an initial concentration of 1.667 mg L−1 under conditions as previously
described. Following the 16 h reaction time, LLE was used to isolate
atrazine from the sample matrix. Two milliliters of dichloromethane
was added to stop the reaction, and 820 μL of water was added to
facilitate separation of the two phases. The samples were then
extracted an additional two times with 1 mL of dichloromethane. The
organic fraction was removed, evaporated to dryness, and resuspended
in 180 μL of 2:3 CH3CN/H2O (v/v). Samples were analyzed with
HPLC as previously described, but a 20 min isocratic method of 0.1%
H3PO4/CH3CN (11:9; v/v) was used. The atrazine retention time
(tR) was 9.5 min.

■ RESULTS AND DISCUSSION

Degradation of Atrazine by Root Homogenates.
Results from root homogenates extracted with CH3OH or
ethyl acetate confirmed the presence of atrazine-degrading
phytochemicals in EG roots that are readily extracted with
common solvents. The crude extracts prepared with CH3OH
degraded 41.6 ± 6.4% (standard deviation) of the added
atrazine, whereas the ethyl acetate extracts degraded 37.3 ±
16.3% of the atrazine. Both degraded significantly more than
the control. These results were very promising considering the
variety of compounds that are typically present in such an
unrefined root extract. The results indicated that the active
atrazine-degrading compound(s) was (were) either present in
high concentrations or extremely potent in their degradation
activity against atrazine.
Although mean atrazine degradation between the two

solvents was not significantly different on the basis of the
results of Tukey’s HSD test, the reactivity of the CH3OH root
extract was numerically greater and less variable than ethyl
acetate. Additionally, in light of the study’s aim to identify and
characterize atrazine-degrading compounds that would be
viable in soil and water, the presumably more polar compounds
extracted by CH3OH were selected for further investigation.

Degradation of Atrazine by LLE Fractions. Relative to
the water control, aqueous fractions from the LLE degraded
23.5 ± 2.19% of the added atrazine and the organic fractions
degraded 18.3 ± 2.04% of the added atrazine. Both fractions
degraded significantly more than the control, but data for the
aqueous and organic fractions were not significantly different. It
should be noted that the chloroform fraction was redissolved in
water to perform the assays without solvent interference, and
many or most of the compounds in this fraction likely had
limited water solubility. Because the aqueous fractions exhibited
greater atrazine-degrading activity, they were used for
subsequent isolation and purification. Also, the most “active”
compounds in the aqueous fraction were apparently polar in
nature given that they were water-soluble. In light of the long-
term goal to develop a natural product to mitigate atrazine
contamination of water resources, water-insoluble phytochem-
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icals would be of little practical significance. Therefore, only the
identity of the aqueous phase compounds was pursued.
Degradation of Atrazine by SPE Fractions. Results of

the SPE elution experiment showed that the third and fourth
SPE fractions degraded 95.8 ± 5.6 and 99.8 ± 0.32% of the
atrazine, respectively (Figure 3). Atrazine degradation in the

fifth through eighth SPE fractions ranged from 52.1 to 90.6% of
the added atrazine, whereas the 1st, 2nd, 9th, and 10th fractions
degraded <36%. Because the third through eighth fractions
degraded >50% of the atrazine, they were selected for further
fractionation and testing.
Degradation of Atrazine by HPLC Fractions. Separation

of the SPE fractions into 23 HPLC fractions showed that SPE
fractions 3 and 4 gave rise to the two HPLC fractions with the
greatest atrazine-degrading activity (Figure 4). Of the added
atrazine, SPE fraction 3, HPLC fraction 8, degraded 68 ± 4.2%
(range) and SPE fraction 4, HPLC fraction 7, degraded 76 ±
4.4% (range) of the added atrazine. All other HPLC fractions
derived from SPE fractions 3 and 4 degraded <10%, which was

considered within the range of analytical error, and
consequently were considered nonreactive relative to atrazine.
The HPLC fractions derived from SPE fractions 5−8 did not
exceed 33% atrazine degradation; thus, they were viewed as less
promising and were not further pursued. Mass spectral data
confirmed that the atrazine-degrading HPLC fractions 7 and 8
actually contained the same two compounds (Figure 2), and
these compounds were initially designated peaks 1 and 2 prior
to identification.

Mass Spectral Identification. Three separate points of
identification were used to determine the chemical structures of
peaks 1 and 2 by comparing root extract samples to authentic
Bx standards: (1) HPLC-UV tR (Figure 5a,b); (2) HPLC-MS
extracted ion chromatogram (XIC) tR for the pseudomolecular
ion mass (Figure 5c,d); and (3) HPLC-MS/MS fragment ion
spectra (Figure 5e−h).
The HPLC-UV chromatograms of peak 2, with a tR of 12.65

min, closely matched that of the main peak (tR = 12.63 min) in
the Bx hydroxamic acid standard of DIBOA-Glc (Figure 5a,b).
The XIC of peak 2 showed a pseudomolecular ion [M + H]+ of
m/z 344, which also matched the mass of the DIBOA-Glc
standard (Figure 5c,d) and that previously reported for
DIBOA-Glc in the literature.26 Product ions from the precursor
ion spectra of root extract and the standard yielded m/z 164
and 182 as the two most abundant ions, with relative
abundances of 100% for m/z 164 for both extract and standard
and 81 and 69% for m/z 182 for the extract and standard,
respectively (Figure 5e,f). Loss of the glucose moiety (180 mu)
less a water molecule from the m/z 344 precursor ion resulted
in the m/z 182 ion and was tentatively identified as [M + H −
C6H10O5]

+. The m/z 164 ion represented the loss of the
glucose moiety from the precursor ion and was tentatively
identified as [M + H − C6H12O6]

+. The precursor ion spectra
of the peak 2 root extracts closely matched that of the DIBOA-
Glc standard in terms of the ions present in the spectra (m/z
145, 164, 182, and 303) and similar relative ion abundances.
The relative ion abundances for the root extracts and DIBOA-
Glc standard were 4.3 and 7.9% for m/z 145 and 1.4 and 7.8%
for m/z 303, respectively. On the basis of the data in Figure
5a−f, the compound in peak 2 was identified as DIBOA-Glc.

Figure 3. Atrazine degradation exhibited by the 10 fractions collected
using SPE. Error bars represent standard deviation. n = 10 for SPE
fractions 3−8, and n = 9 for SPE fractions 1, 2, 9, and 10.

Figure 4. Atrazine degradation exhibited by fractions produced from HPLC separation of SPE master fractions 3−8. Error bars represent the range
around the average. n = 2.
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In the root extracts and the authentic material, the HPLC-
UV chromatogram of peak 1 showed a tR of 12.37 min (Figure
5a), and the HPLC-MS XIC for peak 1 (not shown) had a
pseudomolecular ion, [M + H]+, of m/z 328 at the same tR.
The pseudomolecular ion mass also corresponded to data in
the literature for the benzoxazinoid lactam HBOA-Glc.26 The
fragment ion spectrum for peak 1 was very similar to the
spectra of DIBOA-Glc (Figure 5e,g), which is the correspond-
ing hydroxamic acid to HBOA-Glc and differs by only a
hydroxyl group. Moreover, the fragment ion spectra of root

extracts and the HBOA-Glc standard showed that ions m/z 166
and 148 were the dominant ions resulting from fragmentation
of the m/z 328 precursor ion, with relative abundances of 42
and 36% for m/z 166 and 100% for m/z 148, for the extract and
authentic material, respectively (Figure 5g,h). These fragments
were analogous to the pattern observed in the DIBOA-Glc
spectra, with m/z 166 representing the loss of glucose less a
water molecule [M + H − C6H10O5]

+ and m/z 148 represent-
ing loss of the glucose moiety [M + H − C6H12O6]

+. On the
basis of these three points of identification (HPLC-UV tR,

Figure 5. Tenative identification of peaks 1 and 2 from root extract samples from (a) UV chromatogram of root extracted sample (peak 1 tR = 12.37,
peak 2 tR = 12.65), (b) UV chromatogram from authentic DIBOA-Glc standard (tR = 12.63), (c) XIC for m/z 344 from root extracted sample, (d)
XIC for m/z 344 from authentic DIBOA-Glc standard, (e) MS/MS spectrum [M + H]+ = 344 from root extracted sample, (f) MS/MS spectrum [M
+ H]+ = 344 from authentic DIBOA-Glc standard, (g) MS/MS spectrum [M + H]+ = 328 from root extract sample, and (h) MS/MS spectrum [M +
H]+ = 328 from HBOA-Glc authentic standard.
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HPLC-MS XIC, and fragment ion spectra) peak 1 was
identified as HBOA-Glc.
Concentrations in EG Root Tissue. The estimated fresh

weight concentration of DIBOA-Glc was 210 ± 28 mg kg−1,
and the HBOA-Glc concentration was 71 ± 19 mg kg−1 (dry wt
basis, 710 ± 96 and 240 ± 74 mg kg−1, respectively) (UV data
in Figure 5a represent one-fifth of this concentration as the
sample was diluted 1/5 prior to injection). The estimated
concentrations showed that DIBOA-Glc in EG root tissue was
approximately 3 times more concentrated than HBOA-Glc, and
both compounds were present in millimolar concentrations
(DIBOA-Glc, 3.46 ± 0.02 mM; HBOA-Glc, 1.25 ± 0.42 mM).
In the peer-reviewed literature, reports of Bx compounds in

EG tissues are limited to Bx occurrence and do not include
concentration estimates. Bx compound concentration data for
other species compared to those reported here showed that EG
root tissue has orders of magnitude lower Bx concentra-
tions.18,25,31−33 However, in some cases the range of reported
concentrations for Bx compounds spans 4 orders of magnitude
even from leaves of the same plant.33 Additionally, the methods
employed for extraction in the current study were not
optimized for Bx recovery, but were intentionally generic to
facilitate a broad search for novel atrazine-degrading
phytochemicals in EG. The broad range of extraction methods,
plant species, plant growth stages, plant tissues, and wet weight
versus dry weight basis used for reporting Bx concentrations
also impedes direct and meaningful comparisons of our results
to those reported in the literature. Nevertheless, the estimated
concentrations reported here provide the first estimates of
specific Bx compounds in EG root tissue.
Since the late 1980s, several studies in the literature have

reported the occurrence of Bx compounds in Tripsacum.13−15

These references claim Bx occurrence in Tripsacum in the
context of demonstrating widespread occurrence of the
compounds across species, and not in the context of research
objectives to establish the information as authentic. However,
further investigation of the references cited in these papers
revealed that these claims were not supported by rigorous,
peer-reviewed study. A reference supplied in the Niemeyer15

review cited a 1976 newsletter reporting identification of three
Bx compounds in EG shoots. While the newsletter report may
have been trustworthy, the data was never confirmed or
reported in a peer-reviewed article. Later articles citing the
Niemeyer15 review as the source for claiming Bx occurrence in
Tripsacum likely took for granted the original source of the
data. The source of information from which Frey et al.13 claims
DIBOA/DIMBOA as the dominant Bx compounds in
Tripsacum was also unclear. These examples lead to the
conclusion that the occurrence of Bx compounds in EG had not
been rigorously substantiated in the peer-reviewed literature. As
such, this study represents the first definitive identification of
Bx compounds in EG roots and the first estimated
concentration of Bx compounds in the Tripsacum genus.
Atrazine-Degrading Activity of HBOA-Glc and DIBOA-

Glc. The HBOA-Glc (peak 1) samples showed negligible
degradation with 1.7 ± 3.2% of the added atrazine degraded.
DIBOA-Glc (peak 2) samples degraded an average of 23.7 ±
11.8% of the added atrazine. The results clearly establish
DIBOA-Glc as the atrazine-degrading compound as the activity
of HBOA-Glc was shown to be negligible. HBOA-Glc and
DIBOA-Glc are structurally related Bx compounds, but their
reactivities toward atrazine were markedly different. The
presence of the nucleophilic hydroxamic acid moiety in

DIBOA-Glc was apparently critical to its reactivity toward
atrazine, whereas the lactam moiety was shown to be
unreactive. These results suggest that DIBOA-Glc was at least
partially responsible for the enhanced rhizosphere degradation
of atrazine in EG observed by Lin et al.11 Although the aim of
the study was not to perform a comprehensive survey of all Bx
compounds present in Tripsacum, it demonstrated that EG is a
natural source of an atrazine-degrading phytochemical that
could lead to new strategies for reducing and remediating
atrazine contamination of water resources.
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