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ARTICLE INFO ABSTRACT

Keywords: Planted filters are often used to remove pesticides from runoff water. However, the detailed fate of pesticides in
Planted filter the planted filters still remains elusive. This hampers an accurate assessment of environmental risks of the
Fate pesticides related to their fate and thereby development of proper mitigation strategies. In addition, a test system
PM;i?c?;lance for the chemical fate analysis including plants and in particular for planted filters is not well established yet.
Microbial degradation Tl‘;esreflgre, we developed a microcosm test to simulate the fate of pesticide in planted filters, and applied
Adsorption 2-13¢,’5N-glyphosate as a model pesticide. The fate of 2-13C,'>N-glyphosate in the planted microcosms over 31

day-incubation period was balanced and compared with that in the unplanted microcosms. The mass balance of
2-13¢,15N-glyphosate turnover included '3C mineralization, degradation products, and the '3C and >N incor-
poration into the rhizosphere microbial biomass and plants. We observed high removal of glyphosate (> 88%)
from the water mainly due to adsorption on gravel in both microcosms. More glyphosate was degraded in the
planted microcosms with 4.1% of 3C being mineralized, 1.5% of '3C and 3.8% of 1°N being incorporated into
microbial biomass. In the unplanted microcosms, 1.1% of 3C from 2-13C,'>N-glyphosate was mineralized, and
only 0.2% of '3C and 0.1% of >N were assimilated into microbial biomass. The total recovery of '*C and >N was
81% and 85% in planted microcosms, and 91% and 93% in unplanted counterparts, respectively. The microcosm
test was thus proven to be feasible for mass balance assessments of the fate of non-volatile chemicals in planted

filters. The results of such studies could help better manage and design planted filters for pesticide removal.

1. Introduction

Pesticides in agricultural and urban areas are often carried by runoff
water to surface waters which are the habitats of aquatic biota and
drinking water supplies for humans. Pesticides can be toxic to aquatic
biota (Morrissey et al., 2015; Stenstrom et al., 2021) and human beings
(Mostafalou and Abdollahi, 2017). In order to protect aquatic ecosys-
tems and drinking water resources, planted filters like constructed
wetlands, vegetated ditches, and riparian buffer strips are often used to
remove pesticides from runoff water (Syversen and Bechmann, 2004;
Vymazal and Bfezinova, 2015). Pesticides can be removed by planted
filters via sorption on filter matrices, (bio)degradation, and plant uptake
and phytotransformation. Pesticides sorbed on matrices can still be
released to waters, thus posing delayed environmental and toxicological
risks (Maillard and Imfeld, 2014). Pesticides may also be completely
removed from water through (bio)degradation processes by minerali-
zation and incorporation of elements into microbial biomass, resulting
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in detoxification of the pesticides (Kastner et al., 2014). Nevertheless,
during the degradation of pesticides, toxic and persistent degradation
products may also be formed. Moreover, an enhanced uptake of pesti-
cides by plants can improve the removal efficiency of pesticides from
water. However, the comprehensive fate of pesticides in planted filters is
elusive, which prevents predicting environmental risks associated with
the pesticide fate and developing planted filters optimized for pesticide
removal.

Laboratory microcosm experiments are usually conducted to simu-
late the fate of chemicals in the environment (OECD, 2002a, 2002b,
2004). Although pesticide fate has been widely determined in different
environmental matrices such as soil and water-sediment with stable or
radioactive isotope-labeled pesticide (Nowak et al., 2018; Shrestha
et al., 2016; Wang et al., 2016), fate analyses in the presence of plants
are rare and there is no generally accepted test which includes plants.
Previous studies of chemical fate with plants usually applied complex air
flow-through setup and could not elucidate the detailed microbial
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Fig. 1. Diagrams of setup (A) and lid (B) of the planted microcosms. The lid holes 1 — 3 allowed the plants to grow through the lid; they were sealed with clay and
silicone rubber sealant. The hole 4 was for supplementing water, and hole 5 was for sampling pore water, and both were closed with rubber stoppers. Hole 6 was for
sampling and replacement of NaOH solution performed through an installed cannula in the rubber stopper.

degradation processes of the applied 14C-labeled chemicals (Hand et al.,
2020; Sun et al., 2014). Plants can influence the fate of pesticide in the
environmental matrices via uptake and the formed rhizosphere condi-
tions. Plants diffuse oxygen into the matrices changing the redox con-
ditions; they consume nutrients (such as NO3) in the matrices and also
release root exudates which provide carbon sources for microorganisms
(Jones et al., 2009). We thus hypothesized that the degradation rate and
the microbial metabolism of pesticide as a carbon and nitrogen source
are different in planted matrices compared to that in the unplanted
counterparts.

Therefore, the overall aim of this study was to develop a microcosm
test for detailed fate assessment of isotope-labeled pesticides in planted
filters. Reed canary grass (Phalaris arundinacea) was planted due to its
frequent application in planted filters (Vymazal, 2013) and the promi-
nent development of roots (Vymazal and Kropfelova, 2008) which might
favor degradation of pesticides in the filter. Gravel was employed as the
substrate for the microcosms because of its common use. 3C and °N
co-labeled glyphosate (N-(phosphonomethyl) glycine) was selected as a
model pesticide because of the following three reasons. Firstly, glyph-
osate is one of the most applied pesticide worldwide and can be carried
away from the application site by runoff water (Lupi et al., 2019; Maggi
et al., 2020), which is one important reason for its frequent detection in
surface waters worldwide (Carles et al., 2019; Geng et al., 2021; Okada
et al.,, 2020). Secondly, the degradation pattern of glyphosate is
well-known (Zhan et al., 2018), which allows to track the detailed fate of
the pesticide and thus facilitates studying the influence of rhizosphere.
Thirdly, although high removal of glyphosate by planted filters was
reported, the detailed fate processes contributing to the removal are still
unexplored (Imfeld et al., 2013; Lopez-Chavez et al., 2021).

The specific objective of the study was to establish the comprehen-
sive mass balance of 2-13C,'°N-glyphosate fate, which included quanti-
fying the isotope labels in (i) mineralization, (ii) degradation products,
(iii) incorporation of 13¢ and 15N into microbial biomass (amino acids)
in the rhizosphere, and (iv) plant biomass (roots and shoots). In addi-
tion, we also investigated the label distribution in different compart-
ments (pore water, gravel, plants, and microbial pellets from
rhizosphere) of the microcosms. The obtained results in planted mi-
crocosms were compared with that in unplanted microcosms.

2. Materials and methods
2.1. Chemicals

2-13¢,1°N-glyphosate (99 atom% '3C, 98 atom% '°N) and unlabeled
glyphosate (> 99% purity) were purchased from Sigma-Aldrich (St.
Louis, USA) and used for the incubation experiment. AMPA and sarco-
sine (purity > 98%) were both obtained from Sigma-Aldrich, and
glycine (J.T.Baker™) was obtained from Avantor (Deventer, Nether-
land). All other chemicals were of analytical grade and purchased from
Sigma-Aldrich. MilliQ water (18 MQ) was produced from a Milli-Q
machine (Merck, Darmstadt, Germany). Chemicals used for LC-MS
analysis were listed in Text S1, S 1.1.

2.2. Gravel

Gravel (Quartz, 6 — 8 mm; WECO GmbH & Co. KG, Leer, Germany)
for ornamental use was purchased from a local market (Leipzig, Ger-
many). The gravel was sieved to remove the fine particles (< 4 mm). The
iron and aluminum from amorphous metal oxides in gravel were
extracted with ammonium oxalate solution according to the method of
Schwertmann (1964) and determined with inductively coupled plasma
optical emission spectrometry (ICP-OES) (ARCOS, Spectro GmbH;
Kleve, Germany). The amorphous iron content was 150 mg/kg, and the
amorphous aluminum content was 26 mg/kg. The organic matter con-
tent measured by loss on ignition (at 450°C) was 0.2% (w/w). The pH
was 4.5 (H20) and 4.3 (0.01 M CacCl,).

2.3. Setup of the microcosms and incubation with glyphosate

Five different treatments were prepared: (1) planted microcosm with
2—13C,15N—glyphosate (planted, labeled test), (2) planted microcosm
with unlabeled glyphosate (unlabeled control), (3) planted microcosm
without glyphosate (blank control), (4) unplanted microcosm with
2-13¢,15N-glyphosate (unplanted control), (5) unplanted microcosm
with unlabeled glyphosate (unplanted, unlabeled control). The amount
of 13C and '°N (calculated based on total C or N concentration and the
ratio of the heavy isotope to the light one as at%) in the labeled treat-
ments (1 and 4) was corrected for the natural abundance of these iso-
topes by subtracting the amount of '3C or !°N in the corresponding
treatments with unlabeled glyphosate (2 and 5). The blank control (3)
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provided the information about the potential inhibitive effect of
glyphosate on plant growth. All treatments consisted of three replicates.

The microcosms were set up in 1 L glass jars. The jar was sealed with
a glass lid with a rubber sealing ring. 1000 g of gravel was placed in each
microcosm. The setup of planted microcosms is illustrated in Fig. 1A.
The lid was perforated with six holes of 1 cm diameter, allowing plants
to grow through as well as watering and sampling (Fig. 1B). Three to
four seedlings of reed canary grass (stem height around 20 cm) were
planted in the microcosms and grew with 2 g/L fertilizer (Hakaphos®
Soft Spezial) which was replenished every week for two months before
the application of glyphosate. One week before glyphosate application,
the rhizosphere part was sealed for plant adaption by closing the holes
on the lid. The holes for plants were first filled with soft clay and finally
sealed with silicone rubber sealant (TFC silicone rubber Type 1; Troll
Factory, Riede, Germany). The other holes were closed by rubber stop-
pers. For trapping '3CO; and 12CO,, a 25 mL glass vessel for NaOH so-
lution was placed in the rhizosphere part; the vessel was held in position
by a stainless steel wire mounted to a rubber stopper. Sampling and
replacement of NaOH solution could be conducted by a syringe through
the cannula installed in the rubber stopper. When not in use, the cannula
was closed with a luer lock (B. Braun, Melsungen, Germany). For the
unplanted microcosms, the lids of the jars did not contain any holes. The
unplanted microcosms were fertilized with 2 g/L Hakaphos® Soft Spe-
zial twice (1% directly after preparation of the microcosms, 2% one
week before glyphosate application). The glass vessels for NaOH solu-
tion were mounted inside the microcosms. The lids were opened during
sampling and replacement of NaOH solution for the short time needed
for the procedure. The outer walls of all the microcosm jars were covered
with aluminum foil to minimize algae growth. All the microcosms were
placed in a greenhouse with controlled conditions and located at
Helmholtz-Centre for Environmental Research (UFZ, Leipzig, Germany).
The temperature was kept at 22°C from 6 am to 9 pm, and at 16°C at
night, thus providing standard conditions allowing for optimal plant
growth. Light produced from Master SON-PIA lamps (400 W, Phillips,
Belgium) was supplied when the illuminance by natural light fell below
60 klx.

After around two months, when the stem height of the plants reached
around 30 — 40 cm, water was removed from all the microcosms by
evapotranspiration (for the planted microcosms) or by decanting (for the
unplanted microcosms). Thereafter, 200 mL of 20 mg/L glyphosate so-
lution (unlabeled or 2-'3C,'5N co-labeled) in tap water or only tap water
(blank control) was loaded into the microcosms. The applied concen-
tration of glyphosate was much higher than that found in the runoff
water or surface waters (ranged from several to hundreds of pg/L (Geng
et al., 2021; Lefrancq et al., 2017)). However, such high amount of
glyphosate was needed to ensure isotopic enrichment in the samples not
being masked by the natural abundances of 13C and °N. Previous study
by Wang et al. (2016) showed that the mineralization rate of glyphosate
at high concentration (50 mg/L) in water-sediment was a bit slower than
that at low concentration of 3 mg/L, but the ultimate cumulative
mineralization at the two concentrations was the same (about 60% of
the initially added 13C) at the end (80 days).

The resulting water level in each microcosm was around 1 cm below
the top of the gravel. NaOH solution (2 M, 10 mL) was added to the glass
vessels. The last supply of nutrients to all microcosms was one week
before dosing glyphosate. During the incubation period, the planted
microcosms were supplemented only with tap water every two days to
compensate for water loss by plant transpiration and to maintain the
water level. Water was not supplemented for the unplanted microcosms
due to insignificant loss. All microcosms were incubated for 31 days.

2.4. Sampling and analysis
2.4.1. Sampling procedure

During the incubation period, NaOH solution with CO./3CO, trap-
ped was sampled and replaced every four days for the unplanted
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microcosms, and every two days for the planted microcosms due to the
high respiration of rhizosphere. Three water samples of around 300 pL
were taken from the microcosms to determine the concentrations of
glyphosate and its degradation products (AMPA, sarcosine and glycine)
on days 0, 5, 13, 22, and 31.

After 31 days, when the incubation was terminated, the microcosms
were opened. Plants were retrieved by carefully separating the roots
from gravel. They were then divided into shoots and roots, and the fresh
weights were recorded. The roots and shoots were thereafter lyophilized
and ground to powder with a mixer mill (MM2000; Retsch, Haan, Ger-
many) prior to further analysis. The pore water was withdrawn after
manually shaking the gravel and pore water for a few minutes. The
suspended microbial biomass in the pore water was collected by
centrifugation (5000 g, 20 min, 4°C) and retrieving the pellets. Biofilms
attached to plant roots and gravel were extracted with 200 mL and 300
mL of 10 mM phosphate buffered saline (PBS) solution (pH 7), respec-
tively (Weber and Legge, 2010) by shaking at 300 rpm (Unimax 1010,
Heidolph; Schwabach, Germany) for 1 h at 25°C. The extraction was
conducted twice consecutively. The obtained extracts were then
centrifuged and the pellets were collected after removing the superna-
tants. All harvested microbial biomass pellets were lyophilized for
further analysis, and the dry weights were recorded.

2.4.2. Mineralization analysis

13C0, from the mineralization of 13C in 2-'3C,'®N-glyphosate was
quantified based on the amount of total inorganic carbon (TIC) trapped
into the NaOH solution and the 13C/12C—isotope ratio (at% 3C/'2C) of
CO9 released by addition of phosphoric acid (85%) in an airtight
headspace vial (Girardi et al., 2013). The TIC was measured with a Total
Organic Carbon analyzer (Shimadzu, Duisburg, Germany); the at%
Bc/2c of the CO, was analyzed with a  gas
chromatography-combustion-isotope ~ ratio mass  spectrometer
(GC-C-irMS) which consisted of an Agilent 6890N Network GC system
coupled to a Finnigan MAT 253 irMS (Thermo, Bremen, Germany) via a
ConFlo IV (Thermo, Bremen, Germany). The GC column used for CO5
separation was a PoraplotQ column (25 m x 0.32 mm x 1 pmy;
Chrompack, Middleburg, USA). For the detailed instrumental setup,
please refer to Text S2.

2.4.3. Extraction and analysis of glyphosate and its degradation products

Pore water. Glyphosate and its degradation products (AMPA, sarco-
sine, and glycine) in the pore water (for the sampling procedure, see
Section 2.4.1) were determined with LC-MS/MS (see below) after
centrifugation (5000 g, 20 min, 4°C).

Adsorption on gravel. Glyphosate and AMPA adsorbed on gravel were
extracted with 400 mL of 0.3 M NaOH solution by shaking (300 rpm, 1 h,
25°C) after removing the biofilm on gravel by PBS solution. The
extraction was conducted three times consecutively. The extracts were
combined and diluted with MilliQ H,O in an appropriate amount to have
concentrations of glyphosate and AMPA in the calibration range of 0.05
— 50 pg/L for quantification.

Plants. To extract glyphosate and AMPA from the plant material, 80
mg of shoot or 25 mg of root was mixed with 10 mL of H,O/DCM (1/1,
v/v). Before the extraction, the plant material was spiked with 50 uL of
10 mg/L 13C}°N-glyphosate and '*C!N-AMPA in MilliQ water as in-
ternal standards to correct for the extraction efficiency and matrix effect.
The extraction was conducted by vortexing for 1 h and subsequently
sonicating (35 kHz; Bandelin Sonorex Tk 52, Berlin, Germany) for 20
min. The mixtures were then centrifuged (10 000 g, 20 min, 4°C). The
supernatant from the upper water phase (500 pL) was withdrawn and
diluted to a final volume of 1 mL with MilliQ H»O prior to the quanti-
fication of glyphosate and AMPA.

The analyses of glyphosate, AMPA, sarcosine, and glycine were
described in detail in Text S1. Briefly, they were analyzed by LC-MS/MS
after derivatization with fluorenylmethyloxycarbonyl chloride (FMOC-
Cl) (Muskus et al., 2019; Sun et al., 2019). The LC-MS/MS comprised a
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Fig. 2. Concentrations of glyphosate and AMPA in the pore water of planted
and unplanted microcosms during the 31-day incubation period. Results are
presented as mean values of three replicates with error bars indicating stan-
dard deviations.

1260 Infinity II LC system (Agilent, Santa Clara, USA) coupled to a
QTRAP 6500+ MS (AB Sciex, Darmstadt, Germany) with an electrospray
ionization (ESI) source. A ZORBAX Extend-C18 column (2.1 x 100 mm,
3.5 um particle size; Narrow Bore RR, Agilent, US) was used to separate
the analytes. Glyphosate and AMPA were separated with a gradient of 5
mM ammonium acetate (pH 9) and methanol as mobile phases and
detected in negative ion mode. Sarcosine and glycine were separated
with a gradient of 5 mM acetic acid/ammonium acetate and acetonitrile
as mobile phases and detected in positive ion mode. The limits of
quantification (LOQ) were 0.04 pg/L for glyphosate and 0.12 pg/L for
AMPA, 0.64 pg/L for sarcosine and 0.69 ug/L for glycine.

2.4.4. Analysis of amino acids (AAs)

AAs were hydrolyzed from the proteins of microbial biomass pellets
collected from the endpoint (pore water, PBS extracts of gravel and root
biofilm) with 6 M HCI at 110C for 22 h according to the method of
Nowak et al. (2011). The obtained hydrolysates were then passed
through a glass microfiber filter (0.7 pm, Puradisc 25 GF/F; Whatman,
Buckinghamshire, UK) and dried under Ny prior to derivatization. The
details of derivatization and subsequent purification were described
previously (Nowak et al., 2011). Finally, the samples were dissolved in
hexane with 20% ethyl acetate for further analysis.

The amounts of *3C and '°N incorporated into the AAs were calcu-
lated based on the amount of individual AA measured by GC-MS and
their corresponding isotopic composition (**C/'2C and °N/'*N) deter-
mined by GC-C-irMS. The detailed instrumental methods are listed in
Text S3.

2.4.5. Analysis by elemental analyzer

The total amounts of C and N, and the corresponding isotope ratios of
C (**c/*2C) and N (*>*N/MN) in the microbial pellets, plants, and the
endpoint pore water were analyzed with elemental analyzer (EA)-irMS
(EA Flash 2000, Thermo; ConFlo IV, Thermo; Delta V Advantage IRMS,
Thermo, Bremen, Germany). All calibration curves for C and N con-
centrations exhibited R? > 0.99.

2.5. Mass balance and data analysis

The amounts of '3C and '°N were determined in different compart-
ments of the microcosms: pore water, gravel, plants, NaOH-trapping
solution, and pellets collected from the endpoint pore water, gravel
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biofilm and root biofilm. The recovered amounts of *>C and '°N in each
compartment are presented as the percentages of the initially applied
amount of 2-13C,'°N-glyphosate. The mass balance of '3C and !°N was
calculated by the sum of the percentages. The measured amounts of 13C
and !N in the AAs were used to represent the labeled microbial proteins.
Since protein accounts for around 55% of the dry weight of microbial
cells (Madigan, 2015), a conversion factor of 1.8 was used to estimate
the total amounts of 13C and °N from 2-'3C,'®N-glyphosate incorpo-
rated into the microbial biomass.

All data are presented as average value (+ standard deviation) of
three replicates. The difference between the planted microcosms and the
unplanted microcosms was compared by using unpaired t-test, and was
considered significant if p < 0.05.

3. Results and discussion
3.1. Glyphosate and its degradation products

3.1.1. Concentrations in the pore water

The concentrations of glyphosate, AMPA, glycine, and sarcosine in
the pore water were monitored over the incubation period to check the
dissipation of glyphosate and the detection of degradation products. The
concentrations of glyphosate in the pore water dropped rapidly within
several hours to 9.2 + 1.2 mg/L in the planted and to 4.8 + 0.3 mg/L in
the unplanted microcosms after glyphosate application (Fig. 2). Such a
rapid dissipation of glyphosate from the pore water implied that sorp-
tion occurred in the microcosms. The glyphosate concentration then
decreased slowly from day 5 onwards. AMPA was already detected on
day 5 at 21 + 5 pg/L in the planted and at 12 + 1 pg/L in the unplanted
microcosms. Then the concentration of AMPA increased to a maximum
of 40 + 20 pg/L on day 22 in the planted microcosms and remained
almost stable thereafter. The concentration of AMPA in the unplanted
microcosms reached a maximum of 15 + 4 pg/L on day 13 and after-
wards decreased slightly until the end. We did not detect glycine and
sarcosine on any sampling date. Both sarcosine and glycine produced
from glyphosate degradation in the microcosms may have been utilized
very fast by the microorganisms.

Noteworthy is that the concentrations of AMPA were two orders of
magnitude lower than those of glyphosate. Comparing with the initially
applied concentration of glyphosate (20 mg/L), relatively low concen-
trations of glyphosate (< 1 mg/L) and AMPA (maximum 40 pg/L) were
detected in the pore water after 31 days, indicating high removal of
glyphosate from the water in both microcosms.

The concentrations of glyphosate in the unplanted were always
lower (p < 0.05) at each sampling date than in the planted microcosms.
This thus suggests that the unplanted microcosms exhibited higher
removal of glyphosate from the water than the planted microcosms.
However, higher (p < 0.05) concentrations of AMPA were detected on
day 31 in the planted (39 + 16 pg/L) than in the unplanted microcosms
(6 £ 6 pg/L). After terminating the incubation, 10.9 + 2.2% of the
initial amount of glyphosate was found in the planted pore water, and
AMPA accounted for 0.4 £+ 0.2% of the initial amount of glyphosate. In
the unplanted microcosms, glyphosate accounted for 1.8 + 1.1% and
AMPA for 0.1 + 0.03%. High removal of glyphosate from water was also
observed by Lopez-Chavez et al. (2021). In their study, more than 98%
of the initially applied glyphosate was dissipated during water passage
through both planted and unplanted wetlands after 47 days. However,
the removal of glyphosate from the planted pore water in this study
(around 89%) was lower than that in their study. The high removal in
their unplanted wetlands was mainly due to sorption of the glyphosate
on the gravel, while that in their planted wetlands was attributed to both
sorption and degradation of the glyphosate.

3.1.2. Adsorption on gravel
The adsorption capacity of glyphosate, AMPA, glycine, and sarcosine
on the gravel was studied in an independent batch experiment (details in
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Text S4), and the result was presented in Fig. S1. It showed that more
than 85% of the initially applied amount of glyphosate and AMPA was
adsorbed on the gravel within 2 h, and the adsorption increased to 98%
after 24 h. The adsorption of glycine and sarcosine on the gravel was less
than 20%.

After terminating the incubation of the microcosms, the glyphosate
and AMPA adsorbed on gravel were released by both PBS solution and
NaOH solution (Table S3). Glyphosate and AMPA were desorbed into
the PBS solution due to the competition of phosphate in PBS with the
phosphonate group of glyphosate and AMPA for sorption sites on gravel
(Lopez-Chavez et al., 2021; Pereira et al., 2019). In total, the glyphosate
adsorbed on gravel accounted for 59.5 + 6.5% of the initially added
glyphosate in the planted microcosms, and for 86.4 + 1.2% in the
unplanted microcosms. Thus, the adsorption of glyphosate on gravel was
the main fate of glyphosate in the microcosms. In addition, the
adsorption was lower (p < 0.05) in the planted microcosms than in the
unplanted counterparts. Therefore, higher removal of glyphosate from
the pore water was observed in the unplanted microcosms in Section
3.1.1.

The high adsorption of glyphosate on gravel was also observed in
other studies (Lopez-Chavez et al., 2021; Strange-Hansen et al., 2004).
The adsorption of glyphosate was associated with the contents of iron
and aluminum oxides of the solid matrices (Piccolo et al., 1994). The
iron and aluminum oxides are prone to form inner sphere complexes
with the phosphonate group of glyphosate, as the distance of the
OH-groups of the phosphonate group matches well with the lattice ge-
ometry of the oxides (Sheals et al., 2002). In addition, iron-and alumi-
num-oxides have high point of zero charge (pHpzc) (above 7.0) (Pereira
et al., 2019). At pH < pHpyc, they are positively charged and thus can
sorb the negatively charged glyphosate present at common environ-
mental pH conditions. Hence, the adsorption of glyphosate on gravel is
also associated with pH. Although the amorphous iron and aluminum
contents in the gravel (150 mg Fe/kg and 26 mg Al /kg) of this study
were lower than those of the gravel (202 mg Fe/kg and 49 mg Al /kg)
studied by Albers et al. (2020), the adsorption of glyphosate on the
gravel in this study was higher. This divergence might be due to the
lower pH of the gravel in this study (4.5) than those in the study of
Albers (8.4 and 9.0). At low pH, the iron-and aluminum-oxides are more
positively charged and thus can sorb the negatively charged glyphosate
stronger and with a higher capacity.

The lower adsorption of glyphosate on the planted gravel than on the
unplanted gravel can be attributed to the following four explanations.
(1) The dense biofilms developed on the planted gravel sheltered the
adsorption sites of glyphosate. The extracted biomass from the gravel
biofilm was more than 10-fold higher in the planted microcosms (31.5 +
4.8 mg) than that in the unplanted counterparts (2.5 + 0.4 mg). (2) The
higher amount of phosphorus in the planted microcosms occupied some
sorption sites for glyphosate (Table S4). Phosphate was found to
compete for sorption sites of glyphosate in soils or minerals (Borggaard
and Gimsing, 2008; Gimsing et al., 2004). The sorption capacity for
glyphosate thus can be reduced by prior application of phosphate
(Munira et al., 2018). In this study, prior to glyphosate application,
nutrient containing phosphate was supplied more often to the planted
microcosms for supporting plant growth than to the unplanted micro-
cosms (Section 2.3). Although the plants utilized substantial part of the
added phosphate, there could be still some phosphate adsorbed on
gravel hampering the adsorption of glyphosate. (3) Root exudates or
their mediated microbial activity liberated the adsorbed glyphosate (Li
et al., 2021). Root exudates were not analyzed in this study. Instead, the
DOC concentration in the pore water was measured, which was higher in
the planted microcosms (14.2 + 2.3 mg/L) than in the unplanted mi-
crocosms (7.9 + 0.8 mg/L) suggesting root exudates were present. Be-
sides, the higher amount of microbial biomass collected from the
planted microcosms also indicated the contribution of root exudates. (4)
More metal-oxides in gravel were presumably reduced in the planted
microcosms than in the unplanted counterparts; therefore, the sorption
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Fig. 3. Cumulative mineralization of '3C from 2-'3C,'°N-glyphosate in the
planted and unplanted microcosms during the 31-day incubation period. Re-
sults are presented as mean values of three replicates with error bars indicating
standard deviations.

of glyphosate in the planted microcosms decreased. A black color pre-
sumably caused by precipitation of metal sulfides under anoxic condi-
tions (Janssen et al., 1997) was observed at the greater depth of the
planted gravel (Fig. S2), but not in the unplanted microcosms, which
suggests the planted microcosms were more anoxic. In summary, both
the rhizosphere condition and nutrient application for plant develop-
ment may have influenced the sorption of glyphosate on gravel in the
planted microcosms, but we cannot decide which factor contributed
most in this study.

3.2. Mineralization of glyphosate

The release of 13CO, from 2-13C,'°N-glyphosate was measured over
the 31-day incubation period. The detected 3CO, in the microcosms
increased slowly from day O without a lag phase (Fig. 3). The ultimate
cumulative mineralization of 13C from 2-!3C,' N-glyphosate accounted
for 4.1% of the initially added '3C in the planted microcosms, and 1.1%
in the unplanted microcosms. The higher mineralization of 2-13C,!°N-
glyphosate in the planted microcosms than in the unplanted microcosms
could be attributed to the higher amount of DOC in the planted micro-
cosms (Table S4) which could have promoted the activity of microbial
degraders.

The mineralization of glyphosate was relatively low in the micro-
cosms compared with that in soil and water-sediment reported by others
(Muskus et al., 2019; Sun et al., 2019; Wang et al., 2016). Mineralization
of glyphosate was found to be negatively correlated to its adsorption by
soil (Zablotowicz et al., 2009). However, higher adsorption of glypho-
sate on soil than on gravel was reported (Albers et al., 2020; Strang-
e-Hansen et al., 2004). Moreover, although the adsorption capacity of
gravel in this study is lower than that reported by Strange-Hansen et al.
(2004), the mineralization of glyphosate in this study was much lower
than that in Strange-Hansen’ study with comparable concentration of
glyphosate (17 mg/L in their study) applied. Therefore, the low miner-
alization of glyphosate in this study cannot be attributed only to its high
adsorption on the gravel. The microbial activities and microcosm con-
ditions may also have influenced the mineralization of glyphosate
(Stenrod et al., 2006; von Wirén-Lehr et al., 1997). Several studies have
shown that glyphosate is less degraded in oxygen-limited soil micro-
cosms (Kanissery et al., 2015; la Cecilia and Maggi, 2018). As the mi-
crocosms in this study were water-saturated, we assume that the oxygen
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unplanted microcosms (C, D, respectively). Results are shown as mean values of three replicates with error bars indicating standard deviations.

level was low, at least at greater depths. Although plants can transport 3.3. Incorporation of el
oxygen into the microcosms, the planted microcosms are still believed to
be oxygen deficient. The evidence for this is the black color at the greater

depth of the gravel (Fig. S2) as discussed in Section 3.1.2.

The '3C and '°N der

ements into microbial biomass

ived from 2-13C,'°N-glyphosate in AAs were used

to quantify the label incorporation into the microbial biomass. 1.5 +
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0.9% of the initially applied 13C and 3.8 + 1.7% of the initially applied
5y (considering the conversion factor 1.8, see Section 2.5) were
incorporated into the microbial biomass collected from the planted
microcosms. However, the isotope assimilation into the biomass was
much lower in the unplanted microcosms (0.2 + 0.08% of the initially
applied 13C and 0.1 + 0.01% of the initially applied °N). Although
these percentage values are very low, the 13C and !N isotope enrich-
ments of AAs were significant as compared to the unlabeled control
(natural abundance).

The incorporation of 13C and '°N into the microbial biomass indi-
cated that 2-'3C,'>N-glyphosate degraded through sarcosine/glycine
pathways apart from AMPA pathways (Fig. 4). Glycine was most
abundant in '3C and >N according to the labeling patterns of individual
AA (Fig. 5). The '*C!°N-glycine could be either the direct product of
glycine pathway or yielded from the degradation of 1*C'°N-sarcosine;
both pathways are energetically favorable (Brock et al., 2019). The
produced glycine can be directly incorporated into the microbial pro-
teins as a monomeric building block, which also saves energy for mi-
croorganisms during anabolism (Nelson et al., 2017).

Noteworthy is that the amount of *N-labeled glutamate was much
lower than 1°N-glycine in the unplanted microcosms (Fig. 5D), while the
15N-labeled glutamate had similar amount to 1°N-glycine in the planted
microcosms (Fig. 5B). This indicates deamination of 15N-glutamate
could have happened in the unplanted microcosms. The higher amount
of inorganic N in the unplanted microcosms than that in planted mi-
crocosms could have led to deamination of AAs to excrete the over-
loaded >N from sarcosine/glycine degradation pathway. The possible
inorganic '°N is unlikely to derive from '°N-AMPA degradation, because
the degradation of AMPA can be inhibited by the low C/N ratios in the
microcosms (DOC/TN ratio in the endpoint pore water was 8.27 + 2.83
in the planted microcosms and was 0.04 + 0.003 in the unplanted
counterparts, see Table S4) (Brock et al., 2019).

3.4. Uptake by plants

Glyphosate did not influence the biomass of plants which was com-
parable in microcosms with and without glyphosate (Table S5). A small
portion of '3C (1.3% of the initially added 2-!3C,'>N-glyphosate) was
only found in the roots (Table S6) with EA analysis, while 15N was found
both in shoots and roots and accounted for 2.2% in total. However,
2-13¢,15N-glyphosate was detected also in shoots with LC-MS/MS anal-
ysis. It suggests that a small amount of 3C was also incorporated into the
shoots, but it was not detectable due to the high carbon content of
shoots. The glyphosate in plants (shoots + roots) accounted for 0.4 +
0.3% of the initially added glyphosate, whereas AMPA for 0.02 +
0.01%. The amounts of 2-!3C,'>N-glyphosate and >N-AMPA in plants
were three to five times lower than the total amounts of 13C and >N in
plants. The possible reasons can be that: i) glyphosate and AMPA in
plants were mostly transformed, ii) more degradation products of
glyphosate were transported into plants than glyphosate itself, and iii)
glyphosate or AMPA formed phase-II-conjugates or underwent phase-III-
compartmentation in plants, which masked their presence and detection
in plants (Van Eerd et al., 2003).

3.5. Mass balance of *3C and '°N from 2-13C,*>N-glyphosate in the
microcosms

The '3C and !N mass balances from 2-'3C,'°N-glyphosate in the
microcosms are shown in Fig. 6A-D. The recovery of °C and '°N was
80.5 + 8.5% and 84.8 + 4.5% in the planted microcosms, and 90.7 +
0.5% and 93.1 + 0.4% in the unplanted microcosms. The recovery of 13C
and '°N was thus lower in the planted microcosms than that in the
unplanted counterparts. The lower recovery of '3C presumably resulted
from the loss of 13CO, by plant aerenchyma (Grundmann et al., 2008).
The lost '3CO; could result from the degradation of
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2-13¢,5N-glyphosate or its degradation products in plants. The lower
recovery of '°N could be ascribed to the loss of 1°Ny which could result
from inorganic !°N reduction under anaerobic conditions in the planted
microcosms.

In both microcosms, 13C and 1N was dominantly adsorbed on gravel
as 2-13C,!°N-glyphosate and in particular in the unplanted microcosms
(> 86% of the initially added isotope). In the planted pore water, 15N
was attributed to 2-'3C,'°N-glyphosate and 1°N-AMPA (Fig. 6E). In the
unplanted pore water, around 12.3% of '°N could not be identified
(Fig. 6F) and it was most likely inorganic 15N (15NH4+ or 15N0§ ) derived
from the deamination of the °N-AAs (Section 3.3).

4. Conclusions and outlook

With the microcosm test, we established the mass balance of the
model pesticide — glyphosate fate in planted and unplanted water-gravel
microcosms and achieved good recovery of the pesticide. The compre-
hensive fate of the pesticide in the rhizosphere was elucidated by
including sorption on substrate, mineralization, degradation products,
and incorporation of elements into microbial biomass and compared
with that in unplanted microcosms. Plants influenced the microbial
utilization of the pesticide as a carbon and nitrogen source as revealed
by '3C,'>N-colabeling approach. Although the degradation of the
pesticide was promoted in the planted microcosms, the adsorption on
the gravel as the dominant fate was lower than that in unplanted mi-
crocosms, leading to higher amount of the pesticide detected in the
planted pore water. In this case, strategies, such as increasing the hy-
draulic retention time of water, are needed to increase degradation of
the pesticide in planted filters for meeting the requirement of water
quality for effluent.

The fate of chemicals under the influence of plants is largely un-
known especially in planted filters. This microcosm set-up could serve as
a reference for such studies, but establishing mass balance of the
chemical fate is only possible for non-volatile compounds. The advan-
tage of this microcosm set-up is the simplicity and that it can be used for
other substrates to be applied in wetlands or for agricultural soils.
Furthermore, the influence of plants on chemical fate applying micro-
cosm set-up under controlled laboratory conditions is not considered yet
in regulatory testing of chemicals (e.g. REACH regulation). Therefore,
this microcosm test also could be developed as a future standardized
OECD test for regulatory testing of chemicals.
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