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Abstract

Methoxylated polychlorinated biphenyls (MeO-PCBs) are overlooked metabolites of PCBs. In
general, they are more toxic to plants than their parent congeners. However, information on

the fate of MeO-PCBs and the relationship between methoxylated, hydroxylated and sulfated
metabolites of PCBs in plants is scarce. In this work, poplar plants (Populus deltoides x nigra,
DN34) were hydroponically and separately exposed to 4" -methoxy-4-monochlorobiphenyl (4’-
MeO-PCB 3) and 4'-PCB 3 sulfate for 10 days to investigate the uptake, translocation and
metabolism of MeO-PCBs and the relationship between methoxy-PCBs, hydroxyl-PCBs and PCB
sulfates within plants. Results showed that 4’-MeO-PCB 3 and 4’-PCB 3 sulfate were taken up
by the roots of poplar plants and translocated from roots to shoots and leaves. 4’-OH-PCB 3

and 4’-PCB 3 sulfate were identified as the hydroxylated metabolite and sulfate metabolite of
4’-MeO-PCB 3 in poplar, respectively. In the backward reaction, 4’-OH-PCB 3 and 4’-MeO-PCB
3 were found as metabolites of 4’-PCB 3 sulfate. For exposure groups, the yields of 4’-OH-PCB
3 produced from 4’-MeO-PCB 3 and 4 -PCB 3 sulfate were 1.29% and 0.13% respectively.

The yield of 4’-PCB 3 sulfate which originated from 4’-MeO-PCB 3 in wood and root samples
of exposure groups was only 0.02%. Only 0.04% of the initial mass of 4’-PCB 3 sulfate was
transformed to 4’-MeO-PCB 3 in the exposure groups. The sulfation yield of 4"-OH-PCB 3 was
higher than hydrolysis yield of 4’-PCB 3 sulfate, indicating that formation of PCB sulfates was
predominant over the reverse reaction, the formation of hydroxyl-PCBs. These results provide
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new perspective on the transport, metabolism, and fate of MeO-PCBs, and also help to better
understand sources of OH-PCBs and PCB sulfates in the environment. This study provides the
first evidence of interconversion of sulfate metabolites from methoxy-PCBs and methoxy-PCBs
from PCB sulfates.
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1. Introduction

Polychlorinated biphenyls (PCBs) are still ubiquitous in the environment and their troubling
persistence has been reported repeatedly, even though their production was banned in

1970s (Desforges et al., 2018). PCBs were used worldwide in a broad range of industrial
applications due to their exceptional physical and chemical properties (Grimm et al., 2015).
Biotransformation of PCBs in various environmental media has been reported (Grimm et
al., 2015; Grimm et al., 2017; Tehrani and Van Aken, 2014). However, metabolites of PCBs
are possibly more toxic and equally persistent as the parent congeners (Grimm et al., 2015;
Tehrani and Van Aken, 2014). Thus, PCB transformation products demand more attention
based on their potential chronic environmental health risks.

As well-known metabolites of PCBs, hydroxylated polychlorinated biphenyls (OH-PCBs)
and PCB sulfates are toxic to various organisms (Grimm et al., 2015; Subramanian et al.,
2017). Hydroxylated-PCBs are prevalent across a range of environmental media, including
air (Awad et al., 2016; Marek et al., 2017), water (Darling et al., 2004; Kuch et al.,

2010; Ueno et al., 2007), sediments (Marek et al., 2013a; Sakiyama et al., 2007) and
humans (Allmyr et al., 2006; Fangstrom et al., 2004; Fangstrom et al., 2005; Marek et

al., 2013b; Nomiyama et al., 2009; Quinete et al., 2015; Zota et al., 2013). Toxicity of
OH-PCB:s is often greater than that of their parent congeners in humans. Besides acting
as endocrine disruptors, they can also interrupt reproductive processes and brain function
in mammals (Tehrani and Van Aken, 2014). OH-PCBs are substrates for sulfotransferase
(SULT) enzymes and can further be transformed to PCB sulfates, even though there is
evidence that OH-PCBs also have the ability to inhibit the activity of phenol SULTSs (Li

et al., 2010). Disruption to endocrine systems by PCB sulfates has been suggested. Lower
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chlorinated PCB sulfates display the highest binding affinities for major drug-binding sites
such as human serum albumin (PCB sulfate = OH-PCB > PCB) according to Rodriguez et
al. (Rodriguez et al., 2016). A sulfate metabolite of PCB 11 was identified in human serum
(Grimm et al., 2017). Although hydroxy- and sulfate-metabolites of PCBs have received
increased environmental concern, information on their fate in the environment is limited.
Their sources are underestimated (Sun et al., 2016a), and their fate processes are worthy of
further investigation.

Recently, two methoxylated polychlorinated biphenyl (MeO-PCB) congeners, 3’-
methoxy-2,3,5,6-tetrachlorobiphenyl (3’-MeO-PCB 65) and 4’ -methoxy-2,2",4,5,5-
pentachlorobiphenyl (4"-MeO-PCB 101), were detected in sewage sludge of China, which
is the first report of MeO-PCBs in actual environmental samples. The concentration in
sewage sludge was 0.58 ng/g dry weight for 3"-MeO-PCB 65 and 0.52 ng/g dry weight

for 4’-MeO-PCB 101 (Sun et al., 2016b). Methoxylated metabolites of PCBs were reported
both in vivoand in vitro (Kamei et al., 2006; Rezek et al., 2008; Safe et al., 1975).

Higher toxicity of 4"-methoxy-2,3,4,5-tetrachlorobiphenyl (4”-MeO-PCB 61) compared to
its parent congener, 2,3,4,5-tetrachlorobiphenyl (PCB 61) was reported in rice plants by Lin
etal. (Lin et al., 2020). Thus, MeO-PCBs are often overlooked metabolites of PCBs, even
though their lipophilicity and persistency are likely higher than that of OH-PCBs based on
their chemical-physical properties (¢.g. log Kow of 4’-MeO-PCB 3 and 4"-OH-PCB 3 are
4.48 and 3.92, respectively, according to EPI Suit) (Sun et al., 2016a). To understand the
metabolism, bioaccumulation and elimination of MeO-PCBs in various organisms is of high

priority.

Sun et al. investigated the interconversion between MeO-PCBs and OH-PCBs in plants (Sun
etal., 2018; Sun et al., 2016a). However, only OH-PCB metabolites of highly chlorinated
MeO-PCBs (= 4Cl) were studied in herbaceous plants. Interconversion between OH-PCBs
and PCB sulfates /n vitro was reported by Rodriguez et al. (Rodriguez et al., 2018). As
primary producers at the first trophic level of the food chain, plants play an important role
in the cycling of toxic organic contaminants (Collins et al., 2006; Li et al., 2017, 2019).
However, there is scant information on interconversion between methoxy-, hydroxyl- and
sulfate metabolites of PCBs in plants.

In this work, poplar plants (Populus deltoides x nigra, DN34) were hydroponically
exposed to a ubiquitous, mobile, lightly-chlorinated methoxy-PCB, 4’ -methoxy-4-
monochlorobiphenyl (4’-MeO-PCB 3), and 4’-PCB 3 sulfate to study the fate and
metabolism in a model plant system. Populus spp. are considered a model plant with a
completely sequenced genome, global distribution, and wide usage in phytoremediation.
Potential methoxylated, hydroxylated and sulfated metabolites of 4’-MeO-PCB 3 and 4'-
PCB 3 sulfate were investigated to better understand the relationship among the three
analogues and potential sources and fate of MeO-PCBs, OH-PCBs and PCB sulfates in the
ecosystem. To our knowledge, it is the first report of a sulfate metabolite from MeO-PCBs
and a methoxylated metabolite from PCB sulfates representing interconversion.
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Materials and methods

2.1. Chemicals and regents

2.2.

4’ -Methoxy-4-monochlorobiphenyl (4"-MeO-PCB 3), 4’-hydroxy-4-monochlorobiphenyl
(4’-OH-PCB 3), and 4’-PCB 3 sulfate were prepared and authenticated as described

in Table S1. 3-F, 4’-PCB 3 sulfate was synthesized as described previously. The

surrogate standards, 3’,4’-dichloro-4-[13C1,]biphenylol (13C 4’-OH-PCB 12, 50 ug:-mL1 in
toluene) and 2,4,5-trichloro-4-methoxy[13C1,]biphenyl (}3C 4’-MeO-PCB 29, 50 pg-mL1
in toluene), were purchased from Wellington Laboratories, Canada. dPCB 30 (2,4,6-
trichlorobiphenyl-2”,3",4",5",6"-d5, C/D/N Isotopes, Pointe-Claire, QC, Canada) was used
as an internal standard. The purities of these standards were >98%.

lon pair reagent dibutylamine acetate (0.5 M) and ammonium hydroxide solution were
purchased from Sigma-Aldrich and Honeywell Fluka, respectively. Silica gel (70-230 mesh)
and anhydrous sodium sulfate (Na,SO,) were activated at 450 °C overnight by the muffle
furnace prior to use. Acid silica gel (30%, w/w) was a mixture of activated silica gel and
concentrated H,SOy4. Hexane (pesticide grade), dichloromethane (DCM, pesticide grade),
acetone (pesticide grade), methanol (Optima™ LC/MS Grade) and methyltert buty/ ether
(MTBE, Optima™ LC/MS Grade), were purchased from Fisher Scientific, Hampton, NH.
Deionized water (18.3 MQ) was obtained from an ultrapure water system (Barnstead
International, Dubuque, 1A, USA). All other chemicals and reagents were of the highest
purity commercially available.

Hydroponic exposure

Clonal poplar tree cuttings (Populus deltoides x nigra, DN34) were purchased from Hramor
Nursery (Manistee, MI). Each cutting (8”) was fit snugly through the hole of a pre-drilled
screw cap with a PTFE liner. The interface of the cutting and the cap was sealed with 100%
silicone sealant (DAP Products Inc., Baltimore, MD). To prevent growth within the reactors,
all buds below the cap were removed. Opaque plastic bins (25”7 x 18” x 7”) containing

20 L of half strength Hoagland nutrient solution were used to grow the cuttings. Growth
conditions were 25 °C with 16 h light/8 h dark. After 25 days, healthy and uniform poplar
plants were used for the exposure experiment.

Exposure groups, unplanted controls, and blank controls were arranged randomly in the
exposure chamber. Reactors for hydroponic exposure were 500 mL glass conical flasks
modified with a top injection port and bottom sampling port, sealed by a Mininert valve
(Valco Instruments Co. Inc., Houston, TX). For exposure groups, 400 mL of half-strength
Hoagland’s solution and 400 UL of exposure chemicals were mixed in each reactor. Initial
exposure concentrations were 1 pg/mL for 4’-MeO-PCB 3 (dissolved in acetone) and 0.99
ug/mL for 4’-PCB 3 sulfate (dissolved in water: acetonitrile, 65:35, v/v). Then, a poplar tree
cutting with leaves and roots was planted into the solution and sealed. Aluminum foil was
used to wrap the whole reactor to provide darkness for the growth of roots and to avoid

any possible photo-transformation of 4’-MeO-PCB 3 and 4’-PCB 3 sulfate unrelated to
poplar plants. Above procedures were conducted in a laminar flow hood. Unplanted controls
were spiked with 4"-MeO-PCB 3 or 4"-PCB 3 sulfate but without poplar plants. Glass rods
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instead of poplar plants were inserted in the unplanted control reactors to ascertain the
potential for leaks (volatilization) of exposure group reactors. Blank controls were planted
with poplar plants and spiked with 400 pL of acetone or water: acetonitrile (65:35, v/v) but
without exposure chemicals to control and assess potential cross contamination. To sterilize
the system, the reactors and glass rods were all autoclaved (120 °C for 20 min), and the
Hoagland solution was filtered by a sterilized 0.2 um bottle-top filter (Fisher Scientific,
Hampton, NH). All the exposure groups and controls were set-up in triplicate. During

the exposure, transpiration losses were replaced by adding autoclaved deionized water.
Autoclaved deionized water was added into each reactor of the exposure groups and blank
controls using a syringe (approximately 111 mL/day and 85 mL/day for 4’-MeO-PCB 3 and
4’-PCB 3 sulfate exposure, respectively). The hydroponic exposure lasted for 10 days.

2.3. Sampling and sample pretreatment

Poplar plants were sampled and sectioned into roots, bottom woods, bottom barks,

top woods, top barks and shoots and leaves after 10 days exposure to investigate the
translocation and distribution of parent chemicals and potential metabolites (Fig. 1). Roots
of poplar plants were rinsed carefully with sterile, deionized water. The rinse water was
combined with the solution to measure the parent chemicals and potential metabolites.

All the plant samples were freeze-dried. Then, roots, shoots and leaves were ground by a
ceramic mortar and pestle. Bark and wood samples were cut into very small pieces (<3 mm)
before they were freeze-dried. All samples were stored at —10 °C before further analysis.

The extraction and cleanup method for MeO-PCBs, OH-PCBs and PCB sulfates were
modified according to previous work (Sun et al., 2016a; Zhai et al., 2013). In brief, for
MeO-PCBs and OH-PCBs, homogenized plant samples (0.05-0.63 g) were spiked with
surrogate standards, and then ultrasonicated for 15 min with 6 mL of hexane/MTBE (1:1,
v/v). After centrifugation (5 min at 3000 rpm), the organic extract was transferred to another
clean tube. This extraction procedure was repeated three times. The combined extracts were
dried under a gentle flow of nitrogen gas and redissolved in 30 mL of DCM. Lipid and
other interferences were removed by adding 10 g of acid silica gel (30%, w/w), shaking
vigorously and then filtering through an anhydrous sodium sulfate column (15 g). The
anhydrous NaySO4 column was then rinsed by 50 mL of DCM. The combined eluent was
concentrated to dryness and re-dissolved in 1 mL of hexane. Half of the extract (500 uL

in hexane) was transferred to a new GC vial and then spiked with an internal standard

(25 ng of dPCB 30) for the analysis of MeO-PCBs on GC-MS/MS. The other 500 pL of
extract in hexane was dried and re-dissolved in 200 uL of acetonitrile for the subsequent
analysis of OH-PCBs on LC/MSD. The solution samples were liquid-liquid extracted with
hexane/MTBE (1:1, v/v) after spiking with surrogate standards. The combined extracts were
concentrated to dryness and re-dissolved in 30 mL of DCM. The subsequent purification
process was similar to that of the plant samples.

For PCB sulfates, 0.15-0.96 g of plant samples were ultrasonically extracted with methanol
(5 mL) overnight at 4 °C after spiking with 800 ng of surrogate standard (3-F, 4’-PCB
3 sulfate). After centrifugation (3000 rpm for 5 min), organic extract was transferred,

Sci Total Environ. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

2.4,

Page 6

concentrated to dryness, re-dissolved in water: acetonitrile (65:35, v/v), and then filtered by
a 0.2 um membrane filter (mdi syringe filter, SY13TF, PTFE) for LC/MSD analysis.

Instrumental analysis

Analysis of MeO-PCBs was performed on an Agilent 7890B gas chromatograph (GC)
coupled with a 7000D triple quadrupole mass spectrometer (MS) equipped with electron
ionization (El) ion source, 7693 autosampler and a Supelco SPB-Octyl capillary column
(5% phenyl methyl siloxane, 30 m x 0.25 mm x 0.25 pm) in multi-reaction monitoring
(MRM) mode. The MRM precursor-product transitions are shown in Table S2. The carrier
gas, helium, was at a constant flow of 0.75 mL/min. Nitrogen/argon was used as the
collision gas. The temperature of the transfer line and electron ionization source was 280
°C and 250 °C, respectively. A solvent vent injection mode was used for GC analysis.

The injection conditions were initially 45 °C (hold for 0.06 min), then ramped to inlet
temperature 325 °C at a rate of 600 °C/min (4.4 psi). The oven temperature was initially 45
°C for 2 min, and increased to 75 °C at a rate of 100 °C/min and held for 5 min, 75 °C to
150 °C at a rate of 15 °C/min and held for 1 min, 150 °C to 220 °C at 2.5 °C and held for 1
min, 220 °C to 280 °C at 10 °C/min, and with a final hold for 10 min.

Analysis of OH-PCBs and PCB sulfates was performed on LC/MSD (Agilent 1260
infinity-6140) with a Agilent Zorbax Bonus RP column (2.1 x 150 mm, 5 um). The
electrospray in negative ionization mode of MS (LC-ESI (-)-MS) was utilized, and the
injection volume was 20 pL. For OH-PCBs, the flow rate of mobile phase was 0.15 mL/min
(room temperature). In mobile phase, the ratio of acetonitrile and water (pH 9.9) was 65:35.
The ion mass detected in SIM was 203 for 4’-OH-PCB 3 and 249.1 for 13C 4’-OH-PCB 12.
Fragmentor was at 115 V. Capillary voltage, gain, nebulizer pressure, drying gas flow and
drying gas temperature were 3500 V, 7.00, 35 psi, 10 L/min and 250 °C, respectively. For
PCB sulfates, a mobile phase consisting of acetonitrile and water (ion pair 5 mM) was used
with a ratio of 35:65. The ion mass detected in SIM was 283 and 301 for 4’-PCB 3 sulfate
and 3-F, 4’-PCB 3 sulfate, respectively. The fragmentor was 80 V for PCB 3 sulfate and 35
V for 3-F, 4’-PCB 3 sulfate. Drying gas flow and drying gas temperature were 13 L/min
and 300 °C, respectively. Other analysis parameters of the LC/MSD were the same as that of
OH-PCB:s.

2.5. Quality assurance and quality control

All glassware was heated at 450 °C overnight, and rinsed with methanol, acetone and
hexane sequentially to avoid potential contamination. Method blanks consisting of 0.4 g
blank plant tissues (which were planted at a clean lab and without exposure chemicals) or
400 mL deionized water were extracted, analyzed, and quantified. Then, the method blanks
were used to determine the method detection limits (MDLs), which was calculated as the
upper limit of the 95% confidence interval (average mass of surrogate-corrected blanks plus
two times the standard deviation) at five times measurements. MDLs for 4"-MeO-PCB 3,
4’-OH-PCB 3 and PCB 3 sulfate in plant samples were 0.03 ng/g, 0.77 ng/g and 1.54

ng/g, respectively. MDLs for the three chemicals in solutions were 0.08 pg/mL, 3.76
pg/mL and 0.16 ng/mL, respectively. Spiking recoveries of 4’-MeO-PCB 3, 4’-OH-PCB

3 and PCB 3 sulfate were in the ranges of 64.0%—-94.3%, 38.5%-51.8% and 47.5%—66.7%,
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respectively. The recoveries of the surrogate standards, including 13C 4’-MeO-PCB 29, 13C
4’-OH-PCB 12 and 3-F, 4’-PCB3 sulfate, were 47.8%-106%, 39.5%-66.3%, and 31.1%-
66.8%, respectively. All results were surrogate recovery-corrected.

Product yield was the percentage of the metabolized mass divided by the initial exposure
mass of exposure chemicals. It was calculated based on the equimolar reaction between
parent chemical and its demethylation and sulfated metabolites. The equation is shown as
follow:

mp - My - 100%

Yield =
mpQ - M

in which mg is the mass of metabolites, mpag is the initial mass of exposure chemicals, M
and Mg are the molecular weights of exposure chemicals and their metabolites, respectively.

3. Results and discussion

3.1

Uptake and translocation of exposure chemicals (4’-MeO-PCB 3 and 4’-PCB 3

sulfate) in poplar plants

The distributions of 4’-MeO-PCB 3 and 4’-PCB 3 sulfate in different plant tissues were
analyzed to investigate the uptake and translocation of the exposure chemicals in poplar
plants (shown as concentration and mass in Figs. 2, 3 and Fig. S1, S2, respectively). For
exposed poplar plants, the uptaken concentration of 4’-MeO-PCB 3 was ranked as roots >
bottom barks > bottom woods > top barks > shoots and leaves > top woods. For the exposure
chemical, 4"-PCB 3 sulfate, the concentration in exposed plant tissue was also ranked as
roots > bottom woods > top woods. It indicates that both exposure chemicals, 4”-MeO-PCB
3 and 4’-PCB 3 sulfate, were taken up by the roots and translocated from the roots to the
shoots and leaves and woods in poplar plants. After a 10-day exposure, 51.6 + 5.6% of
4’-MeO-PCB 3 mass was measured/recovered in the exposure system (Table 1). The largest
portion of 4’-MeO-PCB 3 (32.3% of initial mass) was found in solution samples, followed
by roots (10.2%). Only 0.07% of initial mass of 4’-MeO-PCB 3 was translocated and found
in shoots and leaves. Only 0.24 + 0.08% of 4'-PCB 3 sulfate mass was accumulated in
woods and roots (Table 1). According to our previous work (Zhai et al., 2013), the extraction
and detection of 4"-PCB 3 sulfate were greatly influenced by the matrixes in the bark and
shoot and leaves samples. However, the matrices in wood and root samples showed little
electrospray-induced ion suppression. Thus, 4’-PCB 3 sulfate in wood and root samples was
successfully analyzed, but not in shoots, leaves and barks.

No exposure chemicals were found in blank controls, suggesting that there was no cross
contamination between reactors or background contamination from the laboratory. The mean
total recoveries of 4’-MeO-PCB 3 and 4’-PCB 3 sulfate in unplanted controls were 72.1

+ 27.6% and 47.9 + 6.2%, respectively (Table 1). Approximately 27.9% and 52.1% of

the initial dose of 4"-MeO-PCB 3 and 4 -PCB 3 sulfate were not recovered, respectively,
and was likely lost due to volatilization and chemical transformation and metabolism.

Lower recoveries of 4’-MeO-PCB 3 and 4’-PCB 3 sulfate in exposure groups compared to

Sci Total Environ. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

3.2.

Page 8

unplanted controls suggest that a large amount of 4’-MeO-PCB 3 and 4’-PCB 3 sulfate were
metabolized by the poplar plants to unmeasured products and to phytovolatilization.

Interconversion of MeO-PCB 3, OH-PCB 3 and PCB 3 sulfate in poplar plants

The relationships between methoxylated, hydroxylated and sulfated metabolites of PCB 3
in whole poplar plants were investigated v/a hydroponic exposure in separate experiments
by MeO-PCB 3 and PCB 3 sulfate. Transformations from 4’-MeO-PCB 3 to 4’-OH-PCB
3, and then to 4’-PCB 3 sulfate were found in exposed poplar plants (Fig. 2). Besides,
transformations from 4’-PCB 3 sulfate to 4’-OH-PCB 3, and then to 4’-MeO-PCB 3
were also observed after 10 days exposure (Fig. 3). Importantly, interconversion between
methoxylated and sulfated metabolites of PCB 3 was found for the first time.

The distribution of metabolites of exposure chemicals in different plant-compartments was
also investigated. Results showed that the hydroxylated metabolite, 4"-OH-PCB 3, produced
from 4’-MeO-PCB 3 and 4’-PCB 3 sulfate was identified throughout the exposed whole
poplar plants (Figs. 2 and 3, Figs. S1, S2 and S3). The concentration distribution of
4’-OH-PCB 3 produced from 4’-MeO-PCB 3 in exposure groups was highest in bottom
barks, followed by roots, top barks, shoots and leaves, bottom woods and solutions, which
was similar to that of the original exposure chemical. The concentration of 4’-OH-PCB 3
produced from 4’-PCB 3 sulfate in exposure groups was ranked as roots > bottom barks >
bottom woods > shoots and leaves > top woods > top barks > solutions. Results indicate
that poplar plants can metabolize 4"-MeO-PCB 3 and 4’-PCB 3 sulfate into hydroxylated
products via demethylation and sulfation, respectively, and that translocation of 4’-OH-PCB
3 occurred in the plants. However, no 4’-OH-PCB 3 (produced from 4’-MeO-PCB 3) was
found in the top woods of exposed poplar plants. The relatively high concentration of
4’-OH-PCB 3 produced from 4’-MeO-PCB 3 in bottom bark was attributed to location

of the bottom bark close to the hydroponic exposure solution, and due to direct contact

of the gas phase with the bottom bark including any gaseous exposure chemical and its
hydroxylated metabolite. The high concentration of 4’-PCB 3 sulfate and its metabolite,
4’-OH-PCB 3, in roots of exposure groups suggests that metabolism of 4’-PCB 3 sulfate
occurred first in the roots and was then translocated.

The yields of 4’-OH-PCB 3 produced from 4’-MeO-PCB 3 and 4 -PCB 3 sulfate in
exposure groups were 1.29 £ 0.95% and 0.13 + 0.01%, respectively (Table 2). The
demethylation yield of 4’-MeO-PCB 3 in poplar plants was lower than that of MeO-PCB
61 in rice plants which were hydroponically exposed to MeO-PCB 61 for 5 days (Sun

et al., 2016a). Uptake and metabolism of PCBs and their metabolites in plants depends
on the plant species and the reactivity of different congeners. According to the recovered
exposure chemicals and the yield of 4’-OH-PCB 3 in exposure groups, there were still
large amounts of unrecovered exposure chemicals, indicating that other metabolites were
formed in exposure reactors besides the hydroxylated metabolite, 4’-OH-PCB 3. Losses
due to phytovolatilization during transpiration are thought to be small based on the low
concentrations of metabolites in the shoots and leaves. The enzyme glutathione S-transferase
(GST) is known to bind with OH-PCBs (Bagnati et al., 2019; Subramanian et al., 2017).
OH-PCBs can undergo transferase-mediated conjugation with glutathione, which is a
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potentially important detoxification pathway in plants (Bagnati et al., 2019; Tehrani and
Van Aken, 2014).

Sulfated metabolites of MeO-PCBs have not been reported previously /n vivo or in vitro.
However, the sulfate metabolite, 4’-PCB 3 sulfate, was identified in exposed poplar plants
after being hydroponically exposed to 4’-MeO-PCB 3 for 10 days in this work (Fig. 2 and
Fig. S4). Only 4"-PCB 3 sulfate in wood and root samples was successfully analyzed due to
matrix interferences. The concentration of 4’-PCB 3 sulfate produced from 4’-MeO-PCB 3
was 1.17 + 0.74 ng/g in bottom woods and 119 + 109 ng/g in roots (Fig. 2B). No 4'-PCB

3 sulfate was detected in top woods of the exposure groups, which was consistent with our
previous work (Zhai et al., 2013). The total yield of 4’-PCB 3 sulfate in bottom woods

and roots was about 0.02% (Table 2), which was much lower than that of 4’-OH-PCB 3
(also produced from 4’-MeO-PCB 3) in wood and root samples. The concentration ratio

of 4’-PCB 3 sulfate to 4’-OH-PCB 3 in bottom woods and roots was 1: 4.90 and 1: 2.50,
respectively. Results indicate that 4’-PCB 3 sulfate was mainly produced in roots and then
upwardly translocated from roots to bottom woods. The function of OH-PCBs as substrates
for sulfotransferase (SULT) enzymes was reported (Grimm et al., 2015; Parker et al., 2018).
OH-PCBs were able to be further metabolized to PCB sulfates by SULT /n vitroand in
vivo (Dhakal et al., 2012; Dhakal et al., 2014; Zhai et al., 2013). In our previous work,
sulfate metabolites of PCBs were detected, however, the ratio of sulfate metabolites to
hydroxyl-PCBs was affected by the further formation of methoxylated metabolites (Zhai et
al., 2013). The concentration ratio of 4’-PCB 3 sulfate to 4’-OH-PCB 3 in roots was higher
when poplar plants were exposed to methoxy-PCB 3 than to PCB 3 (1: 16.3) (Zhai et al.,
2013).

Interconversion between OH-PCB 61 and MeO-PCB 61 in rice was reported. But in this
work the production of methoxylated metabolites of 4’-PCB 3 sulfate was also investigated.
4’-MeO-PCB 3 produced from 4’-PCB 3 sulfate was found in exposure groups (Fig. 2 and
Fig. S2). The concentration of 4’-MeO-PCB 3 produced from 4’-PCB 3 sulfate in exposure
groups was 10.8 £ 7.8 ng/g in shoots and leaves, 5.36 + 1.22 ng/g in top woods, 6.91 + 1.13
ng/g in top barks, 0.77 + 0.21 ng/g in bottom woods, 9.54 + 4.93 ng/g in bottom barks, 73.5
+33.7 ng/g in roots and 0.01 + 0.01 ng/mL in solutions. The concentration of 4’-MeO-PCB
3 (originating from 4’-PCB 3 sulfate) in roots (p < 0.05), bottom barks (v = 0.14) and
bottom woods (p = 0.21) was lower than that of 4’-OH-PCB 3 (produced from 4’-PCB 3
sulfate). However, the concentration of 4’-MeO-PCB 3 (originating from 4’-PCB 3 sulfate)
in shoots and leaves (p > 0.05), top woods (o = 0.09) and top barks (p < 0.01) was higher
than that of 4’-OH-PCB 3 (produced from 4’-PCB 3 sulfate). The yield of 4’-MeO-PCB 3
from 4’-PCB 3 sulfate was 0.04 + 0.01%.

No metabolites were found in blank controls after 10 days exposure, indicating there was not
background contamination. For unplanted controls, no sulfated metabolite of 4’-MeO-PCB
3, 4’-PCB 3 sulfate, and no methoxylated metabolite of 4’-PCB 3 sulfate, 4’-MeO-PCB 3,
were detected. Small amounts of 4’-OH-PCB 3 were found in unplanted controls (Table 2).
However, the yield of 4’-OH-PCB 3 produced from 4’-MeO-PCB 3 (1.29 + 0.95%) and
4’-PCB 3 sulfate (0.13 + 0.01%) was much higher than that in unplanted controls (0.01
0.00%, p=0.08; 0.002 + 0.000%, p < 0.01), respectively. Thus, metabolism of exposure
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chemicals, demethylation, sulfation, methylation and hydrolysis, were mediated by poplar
plants and further confirmed.

According to the mass balance (Tables 1 and 2), the total recovered parent chemicals
(including the yields of hydroxyl-PCB, methoxy-PCB and PCB sulfate) in exposed plants
were lower than that in unplanted controls, which is not surprising for two reasons. The
PCB sulfate accumulated in barks and shoots and leaves was not quantitatively analyzed in
this work due to matrix interferences, which was the main reason for the low recovery

of exposure chemical, 4’-PCB 3 sulfate, in exposure groups. Second, it is likely that

other metabolites were formed by plants in the experiments with exposed plants that have
not been measured, like glutathione complexes. Considering that the sulfate metabolite
was transformed from hydroxyl-PCB, the total yield of sulfate metabolite in the exposure
system was lower than that of hydroxylated metabolite. Thus, the main reason for the lower
recovery of exposure chemical in exposed plants compared to the unplanted controls was
likely due to plant metabolic reactions and unmeasured metabolites.

Metabolism pathways

The proposed metabolism pathways of methoxy-PCB, hydroxyl-PCB and PCB sulfate in
poplar plants are shown in Fig. 4, including the demethylation, sulfation, methylation and
hydrolysis. The metabolism pathways of exposure chemicals in this work suggest that
4’-MeO-PCB 3 and 4’-PCB 3 sulfate were first transformed to 4"-OH-PCB 3 intermediate.
Then, 4’-OH-PCB 3 was further transformed to 4’-PCB 3 sulfate and 4’-MeO-PCB 3,
respectively.

The yields between 4"-MeO-PCB 3, 4’-OH-PCB 3 and 4'-PCB 3 sulfate are shown in Fig.
4. The methylation yield was 30.5% if we assume that all the OH-PCB 3 becomes final
product, 4’-MeO-PCB 3, which was much higher than the demethylation yield (1.29%)
when 4" MeO-PCB 3 was transformed to 4’-OH-PCB 3. In contrast, Sun et al. reported that
methylation yield of 4’-OH-CB-61 was lower than demethylation yield of 4’-MeO-CB-61
(Sun et al., 2016a). The sulfation yield of 4’-OH-PCB 3 (1.63%) was higher than hydrolysis
yield of 4’-PCB 3 sulfate (0.128%) even though only the 4’-PCB 3 sulfate in wood and root
samples was analyzed. It indicates that formation of sulfated metabolites was greater than
the reverse reaction to hydroxy-PCBs.

4. Environmental implication

This work provides the first evidence for interconversion between methoxylated,
hydroxylated and sulfated metabolites of PCB 3 in whole plants. Though the exposure
concentration was higher than typical environmental concentrations, the demethylation,
sulfation, methylation and hydrolysis of methoxy-PCBs and PCB sulfates by plants were
confirmed. Data regarding environmental occurrence of toxic MeO-PCBs are scarce at
present. As we know, the bioavailability of organic chemicals in hydroponic exposure
systems is higher than that in a real soil-plant system, but this simple system facilitated
documentation of a difficult-to-detect and previously unrecognized biotransformation. In
this work, we used poplar plants as model plants for exposure. The species differences
between poplar and other plants may affect the transformation results. However, out results
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still confirmed the interconversion between metabolites of PCBs in plants. Although the
interconversion between methoxy-PCBs and PCB sulfates was at very low level, the results
of this research provide insight into possible metabolism pathways of MeO-PCBs and

even new sources of OH-PCBs and PCB sulfates, which are proving to be long-lived
“emerging” chemicals from legacy PCBs. This paper does not conclusively prove the
environmental hazard associated with transformation and interconversion of methoxy-,
hydroxy-, and sulfated PCBs in plants. However, it does demonstrate the potential for those
transformations to result in more toxic products than the parent compounds.

5. Conclusion

Relationship between methoxylated, hydroxylated and sulfate metabolites of PCB 3 was
explored. Poplar plants can uptake, accumulate, translocate and metabolize 4’-MeO-PCB
3, 4’-OH-PCB 3 and 4’-PCB 3 sulfate. It was found that sulfation ratio was higher than
hydrolysis ratio, indicating that formation of PCB sulfates (produced from OH-PCBS)
was easier than formation of OH-PCBs (produced from PCB sulfates). For the first time,
interconversion between methoxylated, hydroxylated and sulfate metabolites of PCB 3 in
plants was demonstrated.
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HIGHLIGHTS
. Sulfation of methoxy-PCBs in plants was demonstrated for the first time.
. First evidence of methylation of PCB sulfates in plants
. Interconversion demonstrated between methoxy-, hydroxyl- and PCB sulfates

in poplar
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Fig. 1.
Experimental design for exposure and control groups. All the reactors were wrapped with

aluminum foil during 10 days exposure to prevent potential photodegradation.
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Fig. 2.

Concentrations of exposure chemical, 4’-MeO-PCB 3 (A), and its hydroxylated (A) and
sulfated (B) metabolites in different components of exposure groups after 10 days exposure.
No 4’-OH-PCB 3 and 4’-PCB 3 sulfate were detected in top woods of exposure groups.
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Fig. 3.
Concentrations of exposure chemical, 4’-PCB 3 sulfate, and its methoxylated and

hydroxylated metabolites in different components of exposure groups after 10 days
exposure. No 4'-PCB 3 sulfate were detected in solutions of exposure groups.
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Fig. 4.

Metabolic pathways of exposure chemicals in whole poplar plants. 4’-PCB 3 sulfate was
only analyzed in wood and root samples due to influence of matrices. The yield percentages

in bold face without any parentheses were measured from results of the experiments while

the others (with parentheses) are calculated (inferred from the mass balance and reaction
pathways).
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