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ABSTRACT: 2-Mercaptobenzothiazole (MBT) is a tire rubber
vulcanizer found in potential sources of reclaimed water where
it may come in contact with vegetation. In this work, we
quantified the plant assimilation kinetics of MBT using
Arabidopsis under hydroponic conditions. MBT depletion
kinetics in the hydroponic medium with plants were second
order (t1/2 = 0.52 to 2.4 h) and significantly greater than any
abiotic losses (>18 times faster; p = 0.0056). MBT depletion
rate was related to the initial exposure concentration with
higher rates at greater concentrations from 1.6 μg/L to 147 μg/
L until a potentially inhibitory level (1973 μg/L) lowered the
assimilation rate. 9.8% of the initial MBT mass spike was
present in the plants after 3 h and decreased through time. In-
source LC-MS/MS fragmentation revealed that MBT was converted by Arabidopsis seedlings to multiple conjugated-MBT
metabolites of differential polarity that accumulate in both the plant tissue and hydroponic medium; metabolite representation
evolved temporally. Multiple novel MBT-derived plant metabolites were detected via LC-QTOF-MS analysis; proposed
transformation products include glucose and amino acid conjugated MBT metabolites. Elucidating plant transformation products
of trace organic contaminants has broad implications for water reuse because plant assimilation could be employed
advantageously in engineered natural treatment systems, and plant metabolites in food crops could present an unintended
exposure route to consumers.

■ INTRODUCTION

Benzothiazoles are a class of trace organic contaminants present
in potential reclaimed water sources. Reclaimed wastewater is
being employed for landscape and crop irrigation,1 and
captured stormwater is being used to recharge aquifers;2−4

therefore, understanding contaminant fate is essential for safe
and efficient use of these resources. Benzothiazoles are found in
stormwater and road dust from tire abrasion residuals on
roads2,5−9 (measured up to 74 μg/L) as well as wastewater
effluent from both municipal6 (1.7−2.2 μg/L) and industrial
sources10 (>1 mg/L). 2-Mercaptobenzothiazole (MBT) is a
high-volume production benzothiazole that is present in many
environmental media10,11 due to its use as a vulcanization
accelerator in rubber manufacture, including vehicular tires.10

Some rubber varieties are composed of up to 2% MBT;
leaching from tires may be an important component of overall
MBT discharge to the environment because it is not tightly
bound in the rubber matrix.10 MBT is also used as a corrosion
inhibitor in antifreeze coolant,12 industrial fungicides,6 and as a
topical antifungal drug.13 MBT is a moderately polar organic
compound (log KOW = 2.41) and is fairly water-soluble11 (120
mg/L at 24 °C). MBT is almost exclusively derived from

anthropogenic sources and occurs only rarely as a natural
product.14

MBT and some MBT degradation products are toxic to fish,
bacteria, and mammals, including humans where it has been
identified as a contact allergen.6,15−18 MBT is listed as a
nonmutagen but has shown carcinogenic response in rats at
several target sites.17,19 The LC50 for Daphnia magna20 is 0.67
mg/L, and the EC50 for Vibrio f ischeri

12 is 0.12 mg/L. MBT can
have adverse effects on microorganisms including viruses,
yeasts, and fungi.14,21 This may impact biological processes at
wastewater treatment plants because MBT can inhibit ammonia
oxidation during biological nitrification processes.14 Reemtsma
et al.12 observed a 40−50% respiration inhibition of mixed
cultures at 0.1 mg/L MBT after 10 days. MBT has been
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investigated as a potential fertilizer additive to prevent loss of
nitrogen from soils.14 MBT can inhibit tryptophan synthase and
lactate dehydrogenase in Escherichia coli, as well as phenolox-
idases in plants.14

Limited information is available on the fate of MBT in
reclaimed water sources. Benzothiazoles are generally in the
aqueous phase or bound to tire-wear particles because they are
soluble in water and nonvolatile, thus limiting accumulation in
sediments or the atmosphere.10 Tire particles and derivatives
are known to accumulate in benthic organisms and plants.22

Hydrolysis of MBT is not expected because high pH conditions
are required;20 however, oxidation23 and photolysis are relevant
abiotic transformation mechanisms. MBT is poorly biodegrad-
able in aerobic systems and is highly refractory to anaerobic
treatment.10,12,24 Kloepfer et al.6 observed total benzothiazole
removal efficiencies of 5−28% from multiple municipal
wastewater treatment plants with effluents concentrations
between 1.9−6.7 μg/L. Higher removal efficiencies have been
observed in constructed treatment wetlands (83−90%) than
conventional wastewater treatment plants.25 Based on the
compound log KOW, established models26−28 would predict
plant uptake of MBT.
MBT will interact with vegetation in many engineered

natural treatment systems and water reuse scenarios, such as
stormwater bioretention cells, constructed treatment wetlands,
or crop irrigation with recycled water. Plant processes are
known to impact organic contaminant fate in vegetated
stormwater treatment systems,29−31 and contaminants of
emerging concern in reclaimed water can present a human
exposure route if used for food crop irrigation.32,33 Greater
understanding of plant assimilation of trace polar organic
contaminants and possible subsequent transformation is
needed,34 both of which are important for understanding fate,
exposure routes, and potential remediation approaches. The
objective of this research was to quantify 2-mercaptobenzo-
thiazole (MBT) vegetative assimilation kinetics (i.e., removal by
plants) and elucidate novel plant metabolites using the model
plant Arabidopsis thaliana.

■ MATERIALS AND METHODS
Chemicals. Important chemicals used in these experiments

include the following: 2-mercaptobenzothiazole (MBT; Fluka
Analytical) and deuterated 2-mercaptobenzothiazole-d4 (MBT-
d4; Medical Isotopes Inc.). All solvents and chemicals used for
LC/MS analysis were of LC/MS grade.
Experimental Design. Experimental Design. Wild-type

Arabidopsis thaliana (Col-0 ecotype) plants were grown from
seed in antiseptic hydroponic medium in translucent Magenta
boxes (Figures S.1, S.2). Arabidopsis is commonly used as a
model plant for many fundamental biological and metabolism
experiments (e.g., refs 35−38) and was chosen for this work to
enhance prediction of transformation products through knowl-
edge of established metabolic pathways. Each experiment was
composed of two periods: an initial growth period followed by
a pollutant spike and harvesting period (Figure S.3). The
growth period occurred from day 0 to day 14 during which the
plants sprouted and grew without MBT present in the Magenta
box. On day 14, the hydroponic medium was exchanged and
refilled with medium containing MBT. The first day of the
pollutant spike marked the start (t = 0) of the harvesting
period. Three biological replicate boxes containing 30 seedlings
each were harvested from the growth chamber per day; the
entire contents was harvested for each replicate at each time

point. On each of the days following the pollutant spike,
harvesting occurred, and the remaining plants continued to
grow. Experiments were conducted under sterile conditions to
exclude bacterial contribution to MBT degradation. Exper-
imental treatments contained plants in hydroponic medium
that were exposed to light and a known mass of MBT as
described below. Negative controls tested the impact of
photolysis on the degradation of MBT in the medium and
included hydroponic medium, exposure to the same lighting
conditions as for plant growth, and addition of a known mass of
MBT but no plants. “Dark controls” tested for other abiotic
processes, such as oxidation or hydrolysis, on the degradation
of MBT and excluded plants and light. The positive control
(plant with no MBT) determined if the treatment had a
stimulating, inhibitory, or no effect on the plant growth and
ensured seeds were viable. MBT was spiked at four different
concentrations between 1 μg/L and 2000 μg/L, an environ-
mentally relevant range of concentrations for stormwater and
some industrial wastewaters.5,12,24

Plant Growth Conditions. The entire seed planting
procedure was conducted under sterile conditions in a laminar
flow biological safety hood washed with 70% ethanol and
irradiated with UV light for 30 min prior to the initiation of
work. All plant boxes, glass containers, and measuring devices
were autoclaved at 121 °C. Wild-type Arabidopsis thaliana seeds
were sterilized using a bleach solution (SI) and allowed to
stratify overnight at 4 °C. Seeds were added to autoclaved
Magenta boxes (Magenta Corp, n = 30 seeds per box) with 25
mL of filter-sterilized (0.22 μm PES, Corning) Murashige and
Skoog (MS) basal medium (SI). Any clusters of seeds were
dispersed by aspirating with a sterile pipet. The box lids were
then partially closed and sealed by microporous tape (Micro-
pore, 3M). The “dark control” boxes were wrapped in
aluminum foil. All plant boxes were kept in a growth chamber
(Percival) for the duration of the experiment with the
temperature held at 22−23 °C and the humidity retained
between 50 and 60%. The day-night cycle consisted of 16 h of
fluorescent growth light from 8:00 a.m.−11:59 p.m. followed by
8 h of darkness from 12:00 a.m.−8:00 a.m.

Analytical Methods. Hydroponic Medium Extraction.
The procedure for solid phase extraction (SPE) followed Janna
et al. (2011) with some modifications and has been described
elsewhere.39 Briefly, 10 μL of the internal standard 2-
mercaptobenzothiazole-d4 (10 mg/L, Medical Isotopes Inc.)
was added to each sample prior to processing. The cartridges
(Oasis HLB 60 mg, Waters) were preconditioned first with 5
mL of methanol (ACS grade, Fisher Scientific) and then with 5
mL of Milli-Q water. The total sample volume prior to SPE was
determined for mass balance purposes. Samples were loaded
and allowed to percolate through the sorbent by gravity. After
all samples had been added, the cartridges were rinsed with 5
mL of Milli-Q deionized water and dried under vacuum for
approximately 2 h (or until fully dry). Samples were eluted
from the cartridge into glass containers using 5 mL of a solvent
mixture containing dichloromethane (Arcos Organics) with 3%
methanol. The elution was evaporated to dryness using
nitrogen gas and was finally redissolved in 1 mL of a solution
consisting of 50% methanol (LC-MS grade, Fisher Scientific)
and 50% water (Milli-Q).

Plant Tissue Extraction. Details of the plant tissue extraction
procedure are presented elsewhere39,40 and described fully in
the SI as adapted for MBT. Briefly, each plant sample was
freeze-dried overnight on a lyophilizer. A 1.0 mL solution of 1:1
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water and methanol, a methanol-rinsed stainless-steel homog-
enizing ball, and internal standard (MBT-d4) were added to the
dry plant tissue, vortexed briefly, and then frozen at −80 °C.
Samples were then homogenized for 5 min at 30 Hz using a ball
homogenizer, followed by vortexing, sonication, and centrifu-
gation to separate plant tissue and supernatant. The super-
natant was removed and then filtered through a 0.2 μm PTFE
syringe filter (13 mm, Fisherbrand). The aforementioned
procedure was repeated an additional two times to create a
sequential extraction. The internal standard surrogate recovery
method (using MBT-d4) was used to account for sample loss
during the extraction procedure and matrix effects associated
with the plant tissue (i.e., ionization suppression or enhance-
ment). All reported results are normalized to internal standard
surrogate recovery.
MBT Quantification with LC-MS/MS. High performance

liquid chromatography (HPLC) (Shimadzu SCL-10A) was
used for chromatographic separation of the samples. The
autosampler model was a Shimadzu SIL-20A HT. Separation
was performed on a Targa Sprite C18 column (2.1 mm × 40
mm, 5 μm; Higgins Analytical TR-0421-C185) at a total flow
rate of 0.3 mL/min. Eluent A was HPLC grade water and
eluent B was methanol (Fisher Scientific), each containing 0.4%
formic acid (Fisher Scientific). The gradient flow regime was
programmed to linearly increase from 0% to 10% B for 1 min
and to 60% B during the next 2 min. The conditions stayed
constant at 60% B for the next 2 min, then decreased to 30% B
within 1.75 min, and finally decreased to 0% in 0.25 min. The
method allowed for an equilibration time of 12 min between
the samples. Sample injection volume was set to 10 μL.
MBT and the internal standard MBT-d4 were detected by

multiple reaction monitoring (MRM) mode using negative
electrospray ionization mass spectrometry (ESI-MS) on an API
3000 triple-quadrupole mass spectrometer (Applied Biosystems
API 3000). The nebulizer gas flow was set to 6000 mL/min.
Two transitions for each target analyte were measured as a
quality assurance measure. Details on MS, ionization
parameters, and MS/MS fragments are in Tables S.1 and S.2.
A six-point internal standard normalized external calibration

curve was used to account for surrogate recovery and matrix
effects during ionization and was run with each sample analysis.
Surrogate recovery was between 91 and 108% (described in the
SI). The method detection limit41 (MDL) for MBT was 0.46
μg/L. Media from the negative controls and dark controls were
directly injected and not subjected to SPE; the media in the
treatment boxes were both directly injected and underwent SPE
as a quality assurance measure. The plant tissue from treatment
(all concentration levels) and positive control was extracted as
described, and the extract was directly analyzed. Additional
quality assurance procedures are described in the SI.

Data Analysis. The following statistical tests were
conducted to assess differences between sample sets: paired t
tests, one-way ANOVA, linear regression, and the Extra Sum of
Squares F-Test. All statistical analysis was conducted using
GraphPad Prism (version 5.04). Pairing was based on sampling
time (t = 0, t = 1, etc.). If not stated explicitly, all analyses were
evaluated at the 95% confidence level (α = 0.05).

■ RESULTS AND DISCUSSION

Plant MBT Assimilation and Mass Balance. The
experimental systems containing Arabidopsis plants experienced
significantly greater MBT concentration reductions in the
hydroponic medium compared to any losses in the abiotic
controls (>18 times faster, p = 0.0056; Figure 1), indicating that
plants impacted the fate of MBT. Statistically significant
changes from the initial concentration in the negative and
dark controls (p ≤ 0.002) also occurred, presumably due to
both MBT photolysis and other abiotic processes (e.g.,
hydrolysis or oxidation). Of the 0.457 μg total MBT mass
input to each box system, 9.8% was present in approximately
0.04 ± 0.01 g dry plant tissue (0.73 ± 0.20 g fresh weight) after
3 h, at which time 26.3% of MBT mass remained in the
medium (Figure 1). On day 3, the MBT concentration in the
medium was below the MDL, and the MBT mass in the plants
decreased to 2.0% of the total input. For each sample point, a
mass balance on the whole plant-box system was conducted
(Figure 1), indicating average MBT mass losses in the

Figure 1. (A) Relative concentration of MBT in the hydroponic medium over time in the treatment (containing plants) and abiotic controls. Error
bars indicate standard error of the mean; some error bars are obscured by data symbols. The first spike concentration was 18 μg/L MBT at t = 0 h in
all conditions (treatment, negative control, and dark control) and the respike of 36 μg/L MBT on t = 95 h occurred only in the treatment condition.
Note that treatment concentrations after t = 120 h are below the method detection limit (MDL) and are reported as 1/2 MDL (0.23 μg/L). (B)
Mass balance of MBT in the plant tissue and hydroponic medium for the plant-box system (treatment) over a total of 7 days. Error bars indicate
standard error of the mean; some error bars are obscured by data symbols. The first spike of 0.457 μg MBT occurred at t = 0 h. At t = 95 h, the
media in the remaining plant boxes was exchanged and refilled with medium containing 0.893 μg MBT (spike 2), thus resulting in a total mass in
each plant-box system of 1.350 μg MBT and the discontinuous representation of the media data but not plant data.
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hydroponic medium in the planted systems were approximately
60% or more after 1 day and >98% for later time points.
The MBT concentration depletion in the hydroponic

medium and mass accumulation in the plants occurred through
two sequential MBT spikes (C0 = 18 μg/L and 36 μg/L,
respectively) into the system (Figure 1). In both spiking events,
an increase in MBT mass in the plant tissue was observed
immediately followed the spiking of the pollutant to the
medium. A respike (0.893 μg MBT) resulted in a subsequent
mass increase in the plants to 2.4% of total mass after 2 h. The
initial MBT mass accumulation in the plant tissue following
each spike was subsequently followed by significant decreases in
MBT parent compound mass in the plant tissue (p = 0.0068
and 0.0016, respectively, for Spike 1 and Spike 2), likely due to
plant transformation as described below. By day 7, the MBT
mass in the plants had declined to 1.0% of total, whereas the
concentration in the medium was below the MDL by day 5.
MBT Depletion Kinetics are Concentration Depend-

ent. The relative change of MBT concentration in the
hydroponic medium was quantified through time for four
different initial concentrations (Figure 2). Kinetics most closely
followed a second-order model (eq S.1, Figure S.13) and were

fitted using least-squares regression. Half-life values of MBT in
the planted hydroponic medium were between 0.52 and 2.3 h
for the four concentrations measured (confidence intervals in
Table S.3). The MBT depletion rate in the same system was
significantly faster (Figure 1; p < 0.0001) following the second
spike than the first spike. The rate constant k for the depletion
following spike 2 (C0 = 36 μg/L) was 8.9 h−1 (t1/2 = 0.11 h),
between five and 21 times faster than spike 1 kinetics at any of
the various concentration levels (note the rate constant units
are t−1 because the kinetics are measured in terms of C/C0).
The increased rate of MBT loss during the second spike may be
due to plant adaptation to the presence of pollutants42−44

resulting in the induction of detoxification-related enzymes and
thus increasing transformation capacity. For example, gluta-
thione-S-transferase enzymes are known to be inducible
following exposure to xenobiotic compounds.45 The increased
rate during the second MBT spike could also be due to greater
total plant biomass present at the time of the second spike. The
MBT mass loss from the medium normalized to dry biomass
was not significantly different between spike 1 and spike 2 (p =
0.1893; SI).

Figure 2. Second-order degradation model fitted to the C/C0 (medium) planted treatment data by nonlinear regression for hydroponic systems with
different initial MBT concentrations (black circle). Negative control data at the same initial concentration are also shown (blue diamond). Although
abiotic MBT losses occur, the planted systems have significantly greater MBT losses in the medium compared to the abiotic controls. Error bars
indicate standard error of the mean; some error bars are obscured by data symbols. The higher baseline for the lowest concentration (C0 = 1.59 μg/
L) was because the concentrations for this treatment were <MDL after 12 h; data are shown with brackets and used in the regression at 1/2 MDL
(0.23 μg/L).
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The Extra Sum-of-Squares F test revealed that the
assimilation rate constants were significantly different for the
systems with varied initial concentrations (p = 0.0002). For the
experiments with initial concentrations between 1.59 to 147
μg/L, the rate was greater for higher concentrations (Figure 3).

Nevertheless, for the initial MBT concentration value above
147 μg/L, there was a decrease in the rate constant. There may
be a critical concentration value for maximum MBT plant
assimilation, above which the rate is reduced. This saturation
effect is typical of enzyme-catalyzed reactions wherein the
reaction rate increases with increasing substrate concentration
until the enzyme becomes substrate saturated; therefore, the
rate does not increase further.46 Our observation that the
highest initial concentration exposure levels of MBT led to a
lower assimilation rate may potentially be from toxic or
inhibitory effects on the plants. There is evidence that tire wear
compounds can be toxic to plants22,47 and that MBT can inhibit
some plant enzymes.14 No short-term growth inhibition was
observed for two different MBT concentration exposure
experiments as measured by dry plant total biomass (Figure
S.6, p > 0.05); however, conclusions regarding long-term toxic
effects of MBT on plants cannot be made from the available
data. Additionally, it should be noted that the rate constants
reported are for a single initial spike to the plants and the rate
constants may vary with subsequent exposure as described
above.
The observed assimilation kinetic results are consistent with

recent work on plant assimilation of other trace organic
contaminants.39,48 Arabidopsis plants have been shown to
assimilate benzotriazole rapidly.39 Benzotriazole and MBT have
structural similarities in that they are heterocyclic compounds
with an available nitrogen-bonding site, but benzotriazole is
different in that it does not contain a thiol (SH−) group. The
second-order kinetics observed for MBT is also consistent with
literature observations. Plant assimilation of triclosan is best
described by a second-order rate model.48 Triclosan depleted
rapidly in medium with carrot cell cultures from 17.2 μg to 0.9
μg after 24 h, with a corresponding half-life of 9 h.
Accumulation of triclosan in the cell material occurred rapidly
within 2 h and then decreased constantly after 5 days.48

Benzotriazole mass also decreased following an initial influx
into the plant.39 Pollutant assimilation with subsequent loss in

the plant tissue observed for triclosan and benzotriazole was
due to in-planta metabolism and is consistent with the results
observed for MBT. Indeed, a possible explanation for the
observed phenomena includes rapid partitioning of MBT into
plant tissue with subsequent biotransformation.
Plant assimilation kinetics in the present experiment system

were comparable to or substantially greater than other
environmentally relevant loss processes for MBT. Reported
first-order photolysis half-lives are between 1.2 and 28.8 h and
vary by season and presence of organic matter.11,49 Brownlee at
al.11 suggested that photolysis rates of MBT followed a zero-
order reaction at higher concentrations, whereas at lower
concentration levels or in the presence of UV-absorbing
material (e.g., DOM), rates would follow a first-order or
mixed-order reaction. Reemtsma et al.12 observed that in 28
days, 87% of the MBT remained unchanged, and only 10% was
converted to 2-methylthiobenzothiazole in an aerobic activated
sludge batch system. Thus, plant assimilation kinetics are highly
relevant compared to other transformation processes in
engineered and natural treatment systems.

MBT Accumulation in Plant Tissue and Evidence of
Metabolite Formation. The significantly greater depletion of
MBT in the hydroponic medium containing plants compared
to abiotic controls concurrent with minimal MBT mass
accumulation in the plant tissues suggests that Arabidopsis
plants metabolized MBT. Accumulation of MBT in plant
tissues appears to be only temporary and does not explain
substantial (up to 98%) mass losses revealed by the mass
balance over the whole plant-box system (Figure 1). When the
plant tissues and media samples from the highest MBT
exposure concentrations (1,973 μg/L and 147 μg/L) were
analyzed, multiple peaks in the chromatograms contained the
same MS/MS signature as MBT with different retention times
than MBT (Figure 4), but only one peak had the same
retention time as the internal standard (MBT-d4; Figure S.8,
Figure S.9). In all negative control samples, only one peak was
present and was clearly identified as the MBT parent
compound through coelusion (i.e., identical RT) with MBT-
d4 (Figure S.10). Thus, abiotic processes can be excluded as the
source of the unidentified peaks, and the effects can be fully
attributed to the plants. Because plant transformation products
are typically larger molecules than the parent compound via
conjugation,39,45,48 in-source fragmentation on the mass
spectrometer can reveal the presence of plant metabolites
that have different chromatographic retention times while still
measuring the identical mass-to-charge ratio as the parent
compound because the weakly conjugated bond separates prior
to MS/MS analysis. For example, Holder et al.50 observed the
glucuronide moiety was easily lost from soy genistein
glucuronides through in-source fragmentation, and Justesen51

detected aglycone fragments produced by in-source fragmenta-
tion from flavonoid glycosides in herbs.
Temporal evolution of MBT plant metabolites was evident

(Figure 4), with relative representation shifting from MBT and
a more polar metabolite to metabolites less polar than the
parent compound. Based on the different retention times,
metabolites were identified as M1 (RT = 4.1 min), M2 (RT =
4.6 min), and M3 (RT = 4.7 min). The time-dependent relative
peak-area representation of MBT and metabolites, respectively,
in plants and in media are shown Figure 4. Note that this figure
shows only the relative temporal change in how MBT and the
various metabolites are proportionally represented; differential
ionization efficiency in the mass spectrometer between

Figure 3. MBT loss rate constant (k) in the hydroponic medium is
related to the initial concentration (C0). Higher initial concentrations
result in a greater rate, suggestive of an enzymatic process, until a
potentially toxic or inhibitory exposure concentration is reached. Error
bars are the standard error of the best-fit rate constant value. Note that
the x-axis (C0) is on log-scale.
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molecules prevents direct comparisons on a mass-basis and
must only be used to compare changes in representation;48

authentic standards would be required for true quantitation.39

Metabolite M1 is more polar than the parent compound,
whereas M2 and M3 are less polar than MBT (i.e., greater RT).
The chromatograms indicate that after only 3 h of exposure to
MBT in solution, the plant extract contains metabolites (M1
and M2) in addition to MBT, while in the medium samples
MBT is the only compound detected. In the plant samples the
peaks for MBT and M1 gradually decreased from t = 3 h to t =
51 h, and M2 became the most pronounced peak. In the
medium the first metabolites were detected after 12 h. Unlike
the plant extracts, the medium samples contained an increasing
peak for M3 that was not detected in the plants. Like the plant
tissue samples, the peaks in the media samples for MBT and
M1 continuously decreased between 12 and 51 h. M2, which
was the most pronounced metabolite in the plant extracts, was
measured in the media after 1 day but to a lesser extent than
M3. Conjugated pollutant metabolites are generally assumed to
be sequestered in cell wall vacuoles and not bioavailable
because they cannot diffuse across membranes;43,52 however,
we observed MBT metabolites present in both the plant tissue
and hydroponic medium. One possible explanation for the
observed metabolite formation in the hydroponic medium is
transformation directly at the root surface. Root surfaces are
active sites of high enzyme activity;53 for example, peroxidases

and laccases secreted from roots can biotransform some
xenobiotic substances on cell surfaces prior to entrance into
roots cells.43,54 Although we cannot determine if MBT
metabolites were produced in-planta and subsequently released,
this phenomenon has been suggested for glycosylated plant
metabolites of triclosan48 and benzotriazole.39 Release of
conjugated pollutants from plants has implications for
phytoremediation applications because the parent compound
may not be detected but is present in a slightly altered form in
the environment and may thus underestimate total pollutant
loading to the environment. Understanding fundamental fate
and transformation mechanisms is important to engineering
treatment systems and environmental monitoring.

Proposed Plant Transformation Products. We propose
several probable MBT plant metabolites based on accurate
mass LC-QTOF-MS targeted formula search (Table 1).
Extracts from three MBT exposed plants (n = 3) were
compared to plant extracts not exposed to MBT using the same
chromatography and mass spectrometer conditions described
elsewhere.39 We employed the “targeted formula search”
feature of Agilent Mass Hunter seeking hypothesized structural
analogues to newly discovered benzotriazole plant metabo-
lites.39 Like benzotriazole, MBT appears to conjugate with
glucose as a major metabolite, likely representing M1, the more
polar metabolite (Figure 4, Table 1). The m/z for in positive
ionization mode for the glycosylated MBT was 330.0453 amu,

Figure 4. Chromatograms (left) of MBT metabolite evolution in the plant tissue and hydroponic medium observed via in-source fragmentation on
the mass spectrometer. M1 is a more polar metabolite that is rapidly formed and then transformed to a less polar metabolite M2 and M3. The
retention time of the parent compound remained constant and was verified with a deuterated internal standard (see SI; RT = 4.5 min).
Representation (right) of MBT and MBT metabolites on total mass in plants and hydroponic medium at an MBT initial concentration of 1973 μg/
L. Values are the mean of triplicate samples with standard error. Metabolite representation was determined by quantifying the peak area of the MBT
molecule represented on the MS/MS following in-source fragmentation. Note that the metabolite distribution is based on peak area and thus is only
intended to convey the temporal change in representation of MBT and the metabolites rather than on a mass basis (standards for quantification are
not available).
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and the MS/MS analysis showed MBT (m/z = 167.9927 amu),
thus indicating the loss of the glucose moiety (C6H12O5)
during fragmentation (Figure S.11). Both M1 observed during
in-source fragmentation on the LC-MS/MS and the proposed
glycosylated MBT (extracted formula C13H15NS2O5) have
shorter retention time than the parent compound (Table 1),
indicative of increased polarity. Glycosylated benzotriazole,
confirmed to a Level 1 Confidence55 in previous work,39 also
has a lower RT than the parent compound. NH2

− and SH−

functional groups (both present in MBT) on xenobiotic
molecules are known to trigger glucosyltransferases as a
detoxification route.45 These functional groups permit direct
and often rapid conjugation in Phase II metabolism,45 allowing
bypass of the often rate-limiting56 Phase I metabolism (e.g.,
ring hydroxylation).
The targeted search also included amino acid conjugated

MBT metabolites that occurred in analogous forms for
benzotriazole (Table 1). All proposed metabolites were present
in the treatments (MBT exposed plants) and absent from the
controls (MS/MS fragmentation data in the SI). Amino acid
conjugation has been observed infrequently and is thought to
be a side reaction rather than a main route of detoxification.45

Previous research demonstrated that benzotriazole acted as an
indole mimic and can be incorporated into the tryptophan

biosynthesis pathway;39 the results herein suggest that MBT
may undergo similar transformation processes. Although MBT
is more structurally different from indole than is benzotriazole,
many plant amino acid transporters are known to be somewhat
nonspecific57,58 and are conserved between Arabidopsis and
other higher plants.57 For example, glutathione S-transferases
are known to catalyze conjugation of xenobiotics for
detoxification as well as play a role in plant hormones,
including auxin.52 The hypothesized MBT plant metabolites
presented herein are based on targeted searches for predicted
products39 and known Arabidopsis metabolic pathways (e.g.,
plantcyc.org) but only limited MS/MS fragment analysis was
performed, and thus the proposed identification of these
metabolites should be viewed at a level 3 confidence as per the
Schymanski et al. framework;55 further metabolomics-based
approaches or compound synthesis would be required for more
robust identification.

■ ENVIRONMENTAL IMPLICATIONS

The rapid assimilation and metabolism of MBT have
applications to phytoremediation and in water reuse,
particularly in stormwater reclamation of urban street runoff
or trace organics polishing of wastewater effluents. The
pollution control benefits associated with plants in urban

Table 1. Proposed Plant Metabolites of 2-Mercaptobenzothiazole Measured via Agilent Mass Hunter Targeted Formula Search

#“Score” reported is fit determined by Agilent Mass Hunter (max score = 100). Exact mass (expressed here to five decimal places; instrument
computed average of three biological replicates) of the compound measured is compared to exact mass for the hypothesized formula; difference is
provided (expressed in ppm and mDa). §The MBT parent compound measured under the same conditions is provided for reference. Parent
compound retention time and m/z were verified with an authentic standard. PLEASE NOTE: The “Find by Formula” feature only determines
presence of a given formula but cannot determine the structure. Limited MS/MS fragmentation was conducted (see the SI) on targeted metabolites;
structures hypothesized from results on related compounds in the literature.39 RT values for MBT differ above from Figure 2 because
chromatography conditions were different.
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stormwater bioretention systems has been established for some
pollutants.30,31,59,60 For example, floating treatment wetlands
have been used as an engineering retrofit in stormwater
retention ponds to create a hydroponic root zone in the water
column to remove dissolved pollutants.61 MBT removal
observed in our laboratory hydroponic systems may undergo
similar processes using macrophyte floating treatment wetlands.
Nevertheless, the results presented herein employ a model
plant under sterile hydroponic conditions, and assimilation
kinetics may be very different under field conditions. Although
many relevant plant metabolic pathways are conserved across
species62 (e.g., tryptophan biosynthesis), the presence of soils/
natural organic matter and bacteria, as well as varied plant
species, will alter bioavailability and assimilation/transformation
propensity and kinetics in natural environments. Furthermore,
the degree of contact of the plant (roots only or roots and
shoot/leaf) with dissolved pollutants will impact contaminant
assimilation in the environment, as well as translocation to
edible portions of crops. Field crops do, however, take up and
metabolize some trace organic contaminants from soils.32,33,63

We present these results as a way of better understanding the
processes by which plants can affect MBT as an emerging
contaminant in engineered natural treatment systems for
stormwater and reclaimed water but recognize the limits of a
model plant system and that species-dependent contaminant
interactions exist. Further research is required to comprehen-
sively determine plant impacts to MBT fate in passive
stormwater treatment facilities used to enhance water quality,
particularly for native plant species typically selected and for
particle-bound contaminants.
MBT transformation products generated via plant metabo-

lism vary considerably from reported microbial MBT trans-
formation products, such as methylated and hydroxylated MBT
metabolites in the natural environment and activated
sludge.10−12,14,64 The results of this study demonstrate that
the core structure of the MBT molecule is not altered during
plant metabolism but rather conjugated to form other larger
more complex compounds. Thus, measurement of the MBT
parent compound alone in plant tissues or other environmental
media may underestimate total mass because MBT plant
metabolites are not targeted for analysis. The potential to
underestimate trace organic contaminant loading is particularly
important when reclaimed water is used for irrigation of food
crops because parent compounds could be masked in the form
of conjugated metabolites and the bioavailability/toxicity of
these metabolites to consumers is often unknown. Assimilation
and phytotransformation of organic contaminants is vital to
understanding environmental fate,52,56,65−71 particularly as use
of reclaimed water for irrigation and groundwater recharge
expands in response to population growth, water scarcity, and
drier climates.
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