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Highlights

e Cations and anions in HILs act as separate moieties in soils.
¢ Quaternary ammonium cations in HILs are toxic and tend to sorb in soils.
e Bioaugmentation approach was insufficient to minimise cation’s impact.

e Toxicity and biodegradation of HILs are reflecting cation’s properties.
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Abstract

The applicability of herbicidal ionic liquids (HILs) as an alternative form of herbicides is
currently evaluated. Yet, the available research is lacking information on the behaviour of
herbicidal ionic liquids upon addition to the environment, i.e., if cations and anions act as
separate moieties or remain an ionic salt. Hence, we tested degradation of five HILs with the
glyphosate anion, their bioavailability in soil, toxicity towards microorganisms, impact on the
biodiversity and the abundance of phnJ and sSoxA genes. The cations were proven to be slightly
or moderately toxic. The properties of cations determined the properties of the whole
formulation, which it might suggest that cations and anion act as the independent mixture of
ions. The mineralisation efficiencies were in the range of 15-53%; however, in the case of
cations (except non-toxic choline), only 13-20% were bioavailable for degradation. The
hydrophobic cations were proven to be highly sorbed, while the anion was readily available for
microbial degradation regardless of its counterion. The approach to enrich test samples with
isolated microorganisms specialised in glyphosate degradation resulted in higher degradation
efficiencies, yet not high enough to mitigate the negative impact of cations. In addition,
increased activity of enzymes participating in glyphosate degradation was observed. In the view
of obtained results, the use of cationic surfactants in HILs structure is not recommended, as
sorption was shown to be determining factor in HILs degradation efficiency. Moreover,
obtained results indicate that corresponding ions in HILs might act as separate moieties in the

environment.
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1. Introduction

Over the last few years, novel application form of herbicides has been proposed, namely
the herbicidal ionic liquids (HILs) (Pernak et al., 2011). The majority of them is composed of
commercial herbicides in anionic form paired with cations of desired secondary properties, such
as good surface activity (Wilms et al., 2020b). While this synthetic approach allows to eliminate
the use of toxic additives in the herbicidal mixtures, at the same time HILs contain cationic
surfactants, which might also have negative environmental influence, as they are known to
disrupt cellular membranes of microorganisms (Cierniak et al., 2020). This in turn might have
a vast impact on microbial biodiversity, as well as degradation of surface-active cations and
herbicidal anions in the environment. Since the use of large cations might facilitate their
sorption to soil particles, it might translate into their lower bioavailability for microorganisms
and, consequently, lower biodegradability potential (Niemczak et al., 2017a; Stachowiak et al.,
2021).

The properties of anions and cations in HILs are expected to be modified due to the
interactions of these moieties in synthesised new formulations (Hough et al., 2007), which
means that cation selection might affect the resulting properties of an anion. However, not only
these reports have not been proven to date, but also first evidences stating that cation and anion
act separately and differently upon introduction to the environment has been published (Parus
et al., 2022a; Wilms et al., 2020a; Wozniak-Karczewska et al., 2022). Namely, it has been
shown that in soils herbicidal anions were degraded well, while cations were subjected only to
partial biotransformation (Wilms et al., 2020a). Moreover, the hydrophobicity and sorption
potential of cations in HILs has virtually no effect on the anion’s hydrophobicity and resulting
mobility in soil (Parus et al., 2022a, 2022b; Wozniak-Karczewska et al., 2022). This, in turn,
calls for further examination of the behaviour of HILs in the environment and their impact on

native soil microbiota, due to the incorporation into the structures of these compounds cations
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that are suspected of high antimicrobial activity (Parus et al., 2020). Up to date, the study using
13C-labelling has proven that in soils, only herbicidal anion was incorporated into bacterial
phospholipid-derived fatty acids (Wilms et al., 2020a). Yet, the assessment on how native
microbiota capable of herbicides’ degradation will cope with additional stress caused by above-
mentioned cationic surfactants in HILs is still needed in order to fully understand their influence
on microbial community structures. It is also a unique opportunity to analyse practical
performance of commercial formulations on the agricultural fields, as the synthesis of HIL
allows to observe environmental impact of both herbicide and the surfactant (Wilms et al.,
2020a).

In our study, we synthesized HILs composed of selected cations paired with one of the
most commonly applied broad-spectrum herbicide, glyphosate (N-(phosphonomethyl)glycine)
(Benbrook, 2016). Despite the fact that glyphosate is considered as a compound that is rapidly
mineralised in soils, however, literature data indicate varying half-life times for glyphosate and
its main metabolite, aminomethylphosphonic acid (AMPA), from less than 24 hours to 280
days, and 10 — 98 days, respectively, depending on soil sorption properties (Accinelli et al.,
2004; Al-Rajab and Schiavon, 2010; Bai and Ogbourne, 2016; Bento et al., 2016; Bergstrom et
al., 2011; Grunewald et al., 2001; Mamy et al., 2005; Shushkova et al., 2009; Syan et al., 2014;
Yang et al.,, 2013; Zhang et al., 2015a). Such long half-lives may promote increased
environmental risks, €.9., presence of permanent contamination due to the accumulation of this
compound or its toxicity towards non-targeted organisms after desorption (Al-Rajab and
Schiavon, 2010). Additionally, it has been reported that the prolonged presence of glyphosate
may severely disrupt soil biodiversity, posing threat not only to overall health of soil
microbiome but also to crops themselves (Arango et al., 2014; Bai and Ogbourne, 2016; Druille

et al., 2013; Duke et al., 2012; Lorch et al., 2021).
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The aim of this study was to evaluate the impact of cations of different hydrophobicity
in HILs on the degradation of herbicidal anion, exemplified by glyphosate. In order to do that,
we employed mineralisation experiment of HILs composed of selected cations paired with
glyphosate anion in terrestrial systems. In addition, despite monitoring the activity of
indigenous microorganisms, we also tested the efficiency of bioaugmentation with previously
isolated glyphosate degraders. Moreover, changes in soil microbiome structure were
investigated, along with identification of genes responsible for glyphosate degradation, in order
to evaluate the impact of cations in HILs on functioning of soil microbiome.

2. Materials and Methods

2.1. Materials

2-hydroxyethyltrimethylammonium chloride (purity 98%), 1-chlorododecane (purity 97%), 2-
(dimethylamino)ethanol ~ (purity >99%), benzalkonium chloride (purity 95%),
didecyldimethylammonium chloride (50% solution in isopropanol:water, 2:3 (v:v)),
1-bromooctadecane (purity 97%), N-(phosphonomethyl)glycine (glyphosate, purity 96%) and
deuterium oxide (99.9 atom % D) for NMR analyses were purchased from Sigma-Aldrich (Saint
Louis, Missouri, USA). Hexadecyltrimethylammonium chloride (50% solution in water) was
obtained from Brenntag (Essen, Germany). All following solvents: methanol (purity >99%),
acetonitrile (purity 99%), isopropanol (purity 98%), ethyl acetate (purity 99%) and potassium
hydroxide (purity 85%) were obtained from Avantor (Gliwice, Poland). Deionized water with
a conductivity lower than 0.1 pS-cm™!, from HLP Smart 1000 demineralizer (Poznan, Poland)

was used.

2.2. Syntheses
2.2.1. Synthesis of compounds with glyphosate anion

The potassium salt of glyphosate and herbicidal ionic liquids [Chol][Glyph] (2-
hydroxyethyltrimethylammonium N-(phosphonomethyl)glycinate), [C12Chol][Glyph]

5
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(dodecyl(2-hydroxyethyl)dimethylammonium N-(phosphonomethyl)glycinate),
[DDA][Glyph] (didecyldimethylammonium N-(phosphonomethyl)glycinate),
[Ci6TMA][Glyph] (hexadecyltrimethylammonium N-(phosphonomethyl)glycinate) and
[BA][Glyph] (benzalkonium N-(phosphonomethyl)glycinate) were synthesized and
characterized within this study based on the procedure developed in a framework of our

previous works (Table 1), according to synthesis procedure illustrated in Fig. 1.

| stage
R R
H3C\rL/CH3 KOH H3C\’L/CH3
—_—
I,: ¢l CH,;OH |2+ OH
R R
Il stage
R1 0 (o) R1 (o} (o)
HsC__| CHs; [ H3C\p|;/CH3 ||=| NH JJ\
I on oA OH | X o> ¢ o
RZ OH CH30H RZ OH

Fig. 1. Synthesis of HILs containing glyphosate as the anion

Table 1 Synthesized HILs containing glyphosate as the anion

Appearance
Acronyms R! R? Yield CAS Ref.
at25°C

[Chol][Glyph] CH; CH,CH,OH 91 Liquid 1253049-57-8 a

[C 12Ch01] [Glyph] Ci2Hos CH,CH,OH 95 Wax --= ===
[DDA][Glyph] CioH2 CioHa: 93 Wax 1354726-32-1 b,d

[CisTMA][Glyph]  CieHss CH3 89 Wax 95014-89-4 c
[BA][Glyph] Ci2Has CH2Ph 92 Liquid b,d

aWO02010123871 Al (Li et al., 2010); ® W0O2012006313 A2 (Pernak et al., 2012); © EP124351 Al (Prisbylla,

1984); ¢ Pernak et al., 2014

2.2.2. Spectral analysis
'H NMR spectra were obtained via use of a Varian VNMR-S 400 MHz spectrometer (operating
at a frequency of 400 MHz) and a Mercury Gemini 300 spectrometer (operating at a frequency

6
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of 300 MHz), with the tetramethylsilane (TMS) applied as internal standard. '*C NMR and *'P
NMR spectra were recorded with the same instruments, at 75 and 100 MHz, and 121 MHz,
respectively. Spectra for all synthetized compounds are presented in Supplementary Material

(Section 1. Spectra of herbicidal ionic liquids).

2.3. Isolation and identification of glyphosate-degrading microbial community

Samples of agricultural soils, which had contact with herbicides in the past, were collected from
a field located in Kamionki, Poland (N 52.16467, E 16.59464) to sterile packages from the
depth of 10 — 20 cm (Alef and Nannipleri, 1995). After transport to laboratory, they were sieved
through 1.6. mm sieve and stored at 4 °C. The isolation procedure started within 24 hours from
the moment of samples collection. Approx. 5 g of soil (wet weight) served as an inoculum. The
microorganisms were cultivated in 150 mL sterile Erlenmeyer flasks filled with 25 mL of sterile
mineral medium (MM) amended with 1 g/L of glyphosate (H, herbicide) and supplemented
with 100 pL of microelements solution (MM-+H). The herbicide acted as a sole source of carbon
and energy for isolated microorganisms, and its concentration was chosen based on literature
data (Benslama and Boulahrouf, 2013; Fan et al., 2012; McAuliffe et al., 1990; Nourouzi et al.,
2011). Mineral medium consisted of 7.0 g/L Na,HPO4 x 2H>0, 2.8 g/L KH>PO4, 0.5 g/LL NaCl,
1.0 g/L NH4Cl. After sterilisation, it was supplemented with microelements solution, sterilised
via membrane filter 0.22 um (MCE, Mixed Cellulose Ester), of following composition: 200
mg/L MgSO4 x7 H>0, 20 mg/L FeSO4 x7 H20, 10 mg/L MnSO4 x 4 H>0, 12.8 mg/L ZnCl, 2
mg/L CaCl» x 6 H>0, 1.2 mg/L BaCl,, 0.72 mg/L CoSO4 %7 H>0, 0.072 mg/L CuSO4 x 5 H>0,
13 mg/L H3BOs, 20 mg/L EDTA, and 0.292 mL/L HCI 37% (WozZniak-Karczewska et al.,
2018). Thus prepared culture was incubated at 28 °C on a rotary shaker (120 rpm). After 3™
transfer to a fresh medium (MM+H), enrichment culture was stored at —80 °C in sterile 20%

(v/v) glycerol stocks until used.
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2.4. Toxicity determination of HILs towards enrichment culture used in the mineralisation
experiment

The half maximal effective concentration (ECso) values of tested HILs and their cations’
chlorides were determined for the enrichment culture used in the mineralisation experiment.
Tested culture was hence transferred from glycerol stocks 20% (v/v) to 50% Tryptic Soy Broth
medium (TSB, Sigma Aldrich, Poland) and then incubated for 24 h at 28 °C. The biomass was
transferred threefold, and the cell suspension was adjusted to optical density ODgoo = 0.100 +
0.010. Then, 200 puL of biomass was placed in a sterile 96-well plate and incubated with shaking
(120 rpm) for 3 h to reach exponential growth stage. After that, 50 uL of tested formulations in
concentrations of active substance ranging from 1-1000 mg/L (1, 5, 10, 50, 100, 250, 500, 1000
mg/L) was added to specific wells in triplicates and incubation was continued for additional 5.5
h. In case of cation’s chlorides ([Chol][ClI], [Ci2Chol][CI], [DDA][CI], [CisTMA][CI] and
[BA][CI]), the concentrations were recalculated to reach the same cation mass as in
corresponding HILs. Microorganisms lacking analysed compounds (biotic control) and
compounds’ solutions without microorganisms (abiotic controls) were used as controls. After

incubation, ECso values were determined based on the equation presented in Syguda et al., 2020.

2.5. Characterisation of soil

The soil utilised in experiments was collected from an agricultural field in Rzgoéw, Poland (N
52.151102, E 18.050041) from the depth of 10-20 cm. Prior to experiments, the soil was stored
in secured container (no longer than 3 days), then sieved through 1.6 mm sieve and
characterised according to USCS (Unified Soil Classification System) as sandy loam (Standard
Practice for Classification of Soils for Engineering Purposes (Unified Soil Classification

System), 2006). The specification of soil was as follow: organic carbon: 1.3%; porosity: 0.4
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m?/m?; bulk density: 1.3 Mg/m?’; field water capacity: 0.21 m*/m?; relative field capacity: 0.565
m?3/m?; soil moisture during sampling 19%; total sulphur: 276 mg/kg; N-NOs: 7.9 mg/kg d.w.s.;
N-NH4: 1.4; P: 81 + 1.1 mg/kg; K: 88 +2.3 mg/kg; Mg: 69 + 1.3 mg/kg. Grain size distribution:

2.0-0.05=70.7%, 0.05-0.002 = 27.4%, <0.002 = 1.9%.

2.6. Bioavailability of herbicidal ionic liquids in soils

The herbicides at concentration of 1000 mg/kg of soil dry weight (set by active substance,
glyphosate) were added the soil (100 g), thoroughly mixed and dried at 60 °C to constant
weight. Then, the first two steps of the Community Bureau of Reference (BCR) sequential
extraction were applied (Jakubowska et al., 2008; Wali et al., 2014) to determine the amount of
xenobiotics that are readily available/leachable with mild agents. In the first step, herbicides
dissolved in water were extracted. Briefly, 1 g of soil samples treated with corresponding
herbicides were placed in 50 mL polyethylene centrifuge tubes, filled with 40 mL of distilled
water, and then shaken (280 rpm, 16 h, 20 °C) and centrifuged (10,000 rpm, 10 min). The
supernatants were then collected into fresh containers. In the second step, 40 mL aliquots of
0.11 mol/L acetic acid solution were added to the residual soil and treated as in the first step.
Then, supernatants were filtered through 0.22 um syringe filter (PTFE) and analyzed for the

content of herbicidal anions and cations by LC-MS/MS.

2.7. Mineralisation experiment

Previously isolated enrichment culture was incubated at 28 °C on a rotary shaker (120 rpm).
After 3™ transfer to a fresh medium (MM-+H), preculture was transferred to 1 L of sterile Tryptic
Soy Broth (Sigma-Aldrich, Germany) with the addition of glyphosate (1 g/L) (TSB+H). After

72 h of incubation (28 °C, 120 rpm), the biomass was washed three times with sterile 0.85%
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(v/v) NaCl solution, centrifuged (4500 rpm, 15 min, 4 °C) and then resuspended in 0.85% (v/v)
NaCl solution.

The experiment was carried out in sealed 1 L glass bottles, containing 100 g of non-sterile soil.
The traps containing 0.75 M NaOH solution (10 mL in a 20 mL vial) were placed inside each
bottle for CO> evolution tests. The soil was prepared by sieving it through 1.6 mm sieve and
vigorous mixing with 20 mL of aqueous solution, to ensure optimal moisture (field water
capacity 0.22 m*/m?). The concentration of HILs in soil were set as 1 g of active compound/1
kg of soil, and the composition of liquid added to soil was either 18 mL of HIL and 2 mL of
inoculum suspended in sterile 0.85% (v/v) NaCl (approach with bioaugmentation — B), 18 mL
of HIL and 2 mL of sterile 0.85% (v/v) NaCl (approach without bioaugmentation — NB), 18
mL of distilled water + 2 mL of inoculum suspended in sterile 0.85% (v/v) NaCl (biotic control)
or 18 mL of distilled water + 2 mL of sterile 0.85% (v/v) NaCl (abiotic control). The HILs’
concentration of 1 g of active compound/l kg of soil was significantly higher than field
concentration of glyphosate (up to 1080 g/ha) as it was experimentally established to be suitable
to observe differences in degradation of these compounds. All samples were prepared in
triplicates. Finally, the microcosms were incubated for 12 weeks at 20 + 2 °C. Mineralisation
extent was determined according to Warder titration with 0.1 M HCI of diluted NaOH and
Na>COs solutions from traps placed inside bottles, with the use of automatic titrator (Metrohm
titroprocessor 686, Herisau, Switzerland). After each measurement, the vials were rinsed with
distilled water, dried and filled with fresh NaOH solution. The controls were prepared to

investigate background respiration of soil without compounds’ addition.

2.8. LC-MS/MS analysis
After 28 and 90 days of the experiment, soil samples were subjected to two-step extraction to

determine contents of cations and anions. To prepare the extracts, soil samples in bottles were

10
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thoroughly mixed prior to weighing approx. 5 g of soil into 50 mL centrifuge tubes, then 10 mL
aliquots of distilled water were added and vortexed for 10 s. The centrifuge tubes were then
shaken for 30 min (320 rpm) and centrifuged (10,000 rpm, 15 min). The extracts were then
filtered into fresh tubes (50 mL) through quantitative strainers. To the soil sediments, 10 mL
aliquots of distilled water were added and the samples were shaken for 15 min (320 rpm),
followed by centrifugation (5,000 rpm, 15 min) and decanting the solution through a
quantitative filter. The two extracts were combined. The samples were then filtered through
0.22 pm PTFE syringe filters (Advantec, Tokyo, Japan) and stored in a refrigerator. The LC-
MS/MS analyses were performed with the UltiMate 3000 RSLC chromatographic system
(Dionex, Thermo, Waltham, MA, USA) coupled with an API 4000 QTRAP triple quadrupole
mass spectrometer with electrospray ionization (ESI) (AB Sciex, Foster City, CA, USA) in
positive mode (LC-MS/MS). For the analysis the Luna C18 column ((150 mmx*2.0 mm, 3 um
particle size); Phenomenex, USA) was used. The composition of phase A (CH3COONH4, 5 mM
in water) and phase B (methanol) eluents was different depending on the type of analyte.
Detailed parameters of analysis are presented in Supplementary Material (Section 3.
Parameters of LC-MS/MS analysis). The extraction method was previously validated by
performing extraction from the whole sample to check whether the 5 g samples are

representative.

2.9. Assessment of bacterial community structure in soil via barcoded 16S rRNA gene MiSeq
sequencing analysis

2.9.1. DNA extraction, library construction and NGS sequencing

Bacteria were harvested from 100 pL of glycerol stock by centrifugation for 10 min at 14,100
x g. The pellet was dissolved in 50 pL of 1 mM Tris-EDTA buffer. Lysozyme (A&A

Biotechnology, Gdansk, Poland) was added to the final concentration of 0.1 mg/mL and

11
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samples were incubated for 30 min at 37 °C. Then 360 pL of ATL lysis buffer (Qiagen, Hilden
Germany) and 40 pL of 2 mg/mL Proteinase K (Bio Basic, Markham, ON, Canada) were added
and samples were incubated for 30 min at 56 °C. Subsequently, 200 puL of the lysate from each
sample was used to isolate total genomic DNA using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden Germany) according to the manufacturer’s protocol for animal tissues. Before PCR
amplification, DNA extracts were normalized with sterile water to a concentration of 10 ng/uL.
Blank DNA extraction was prepared and sequenced as a negative control.

Bacterial 16S rRNA gene fragments (16S) were amplified using V4F
(CGATCAGCAGCCGCGGTAATA) and V4R (ATGGACTACCAGGGTATCTAA) primers
targeting the V4 region (Makowska et al., 2020). Primers were tailed at 5'-ends with dual-
indexed Ion Torrent adapters for sequencing using the lon Torrent system (Life Technologies,
Carlsbad, CA, USA). PCRs were done in two technical replications, each in a total volume of
10 puL containing Hot FIREPol DNA Polymerase, 0.25 uM of each primer and 1 pL of template
DNA. The PCR program was as follows: 95 °C for 12 min, followed by 30 cycles at 95 °C for
15 s, 50 °C for 1 min and 72 °C for 45 s, with a final extension step at 72 °C for 5 min. Blank
PCRs were prepared and sequenced as negative controls. After PCR, technical replications were
pooled and, for each sample, 3 pL was electrophoresed on a 2% agarose gel to check
amplification efficiency. Then, all samples were pooled in equal quantities and purified using
the 2% E-Gel SizeSelect 11 Agarose Gels system (Invitrogen, Waltham, MA, USA), according
to the manufacturer’s instructions.

DNA concentration and fragment length distribution of the library were established using the
High Sensitivity D1000 Screen Tape assay on the 2200 Tape Station system (Agilent, Santa
Clara, CA USA). Clonal template amplification was performed using the Ion Torrent One

Touch System II and the Ion Torrent OT2 Kit according to the manufacturer’s instructions.
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Sequencing was carried out using the Ion 540 Kit-OT2 and lon Torrent S5 system according to

the manufacturer’s instructions.

2.9.2. Read processing and data analysis

Raw sequence data were pre-filtered by Ion Torrent Suite software version 5.12.2 (Life
Technologies, Carlsbad, CA, USA) to remove polyclonal and low-quality sequences. Further
bioinformatic analyses were conducted using fastq data and custom workflow. Sequence reads
shorter than 200-bp were removed from the dataset using Geneious R11.1.5 (Biomatters Ltd.
Auckland, New Zealand). Leading and trailing low-quality bases were removed using
Trimmomatic version 0.39 (Bolger et al., 2014). FASTX-Toolkit (Hannon, 2010) was used to
extract sequences with a minimum of 50% bases with a quality score of > 25. Quality-filtered
sequences were separated by barcodes and trimmed at 5°- and 3’-ends to exclude PCR primers
in Geneious R11.1.5. The singletons (<10 reads) were removed using the FASTX UNIQUES
and SORTBYSIZE algorithms (Edgar, 2013). Chimeras were removed using the default
settings in UCHIME?2 version 4.2.40 (Edgar, 2016a).

Operational taxonomic unit (OTU) clustering at 97% similarity was done in USEARCH version
11.0.667 (Edgar, 2013). Sequences were denoised into zero-radius operational taxonomic units
(ZOTUs) and, subsequently, a ZOTU table was constructed according to the DENOISING STEPS
(Edgar, 2016a). The ZOTU table was then corrected for the 16S copy number based on the
UNIBAS algorithm. Phylogenetic affiliations were analysed by the USEARCH SINTAX
algorithm using a confidence threshold of 0.8 (Edgar, 2018a, 2018b, 2016b; Edgar and
Flyvbjerg, 2018). ZOTUs were compared against the SILVA database for ARB for small
subunit ribosomal RNAs version 138 (Glockner et al., 2017; Quast et al., 2013; Yilmaz et al.,

2014). The uncross2 algorithm was used to remove ZOTUs detected in control samples from
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the dataset (Edgar, 2018c). Then, the reads were normalized by OTUTAB_RARE algorithm
(Edgar and Flyvbjerg, 2018) to compare sample diversities.

The potential orthologs of prokaryotic communities in all samples was predicted using the
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt2) version 2.4.1 software package (Douglas et al., 2020). The ZOTU table normalised
by 16S rRNA gene copy number was used for orthologs prediction, generating a table of Kyoto
Encyclopedia of Genes and Genomes (KEGG) Orthologs (KOs) (Kanehisa, 2019; Kanehisa et
al., 2021; Yi et al., 2020). The predictions were categorized at KEGG Orthology. As an
indicator for the PICRUSt2 prediction accuracy, the Nearest Sequenced Taxon Index (NSTI)
for each sample was estimated and calculated (Langille et al., 2013). A ratio comparison of
soXA and phnJ orthologs were prepared in statistical analysis of metagenomic profiles
(STAMP) version 2.1.3 (Parks et al., 2014). Visualization of the family-level bacterial
microbiome composition profiles and cluster tree based on unweighted pair-group method with
arithmetic median (UPGMA) were conducted in STAMP version 2.1.3. MetacodeR package
version 0.3.5 was used to visualize the bacterial diversity in heat tree format, while Wilcoxon
Rank Sum test was used to compare differences between the taxa abundances among samples

(Foster et al., 2017). The charts were edited in Corel Draw Graphics Suite 2021.

2.10. Statistical analysis
All tests were performed in triplicates. Each of the presented error bars represent standard errors
of the mean (n = 3). Additionally, one-way ANOVA, a = 0.05, was employed to detect

statistical differences significance in all systems.

3. Results and discussion

3.1. Bioavailability and degradation of herbicidal ionic liquids in soils
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The main advantage of HILs’ synthesis reported by some authors is the tunability of
these compounds, and hence, the possibility to eliminate addition of toxic adjuvants (Pernak et
al., 2015, 2011). It is due to the fact that quaternary cationic surfactants, which are most
commonly present in these formulations, in theory should form ionic pairs with herbicidal
anions and, consequently, influence the properties of the whole compound, resulting in
numerous benefits in field applications (Niemczak et al., 2017b; Paul and Moulik, 2015; Pernak
et al., 2015, 2013, 2011; Zajac et al., 2018). However, the indications are starting to arise that
in reality cation and anion in these formulations exhibit different environmental fates and thus
degradation potential, i.e., herbicides in anionic form were degraded preferentially in soils,
while cations were subjected to quantitative sorption and were only partially biotransformed
(Wilms et al., 2020a). These differences in degradation of cations and anions in HILs might be
attributed to a few factors. Firstly, high sorption of quaternary cationic surfactants to various
materials (e.g., activated sludge, natural sediments, clay materials, minerals, proteins, cell walls
of microorganisms) makes them less susceptible to microbial degradation (Boethling and
Lynch, 1992; Cierniak et al., 2020; Khan et al., 2015). Secondly, it has been well established
that quaternary ammonium surfactants are toxic to microorganisms, since they might inhibit
respiratory enzymes and disrupt cellular membranes, which in turn could have a vast impact on
cation’s half-lives in the environment (Bergero and Lucchesi, 2018; Conidi et al., 2019; Zhang
et al., 2015b; Zhang et al., 2011). Moreover, microorganisms in agricultural soils, which are
accustomed to the presence of herbicides, will cope with degradation of these compounds better
than with the breakdown of cationic surfactants. It is because they are far more rarely present
on fields, especially when compared to anionic and non-ionic surface-active additives utilised
in almost all commercial formulations (Wilms et al., 2020a).

Interestingly, however, the presence of cationic surfactants in HILs’ structure might

influence the degradation of anion as well, since quaternary ammonium cations are known to
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form complexes with anions (Brycki et al., 2014; Siitterlin et al., 2008; Zhang et al., 2015b).
When considering formation of such complexes of non-ionic character, cationic surfactants,
due to their positive charge, after sorption in soil might act similarly to anion-exchanging resins,
so it is possible for them to bind herbicides (in anionic form) in soils and, consequently,
decrease their degradation efficiency. It is also expected outcome for HILs with glyphosate
anion, as this herbicide is known for its strong sorption in soils, explained by binding its
phosphonate groups to the cations or formation of hydrogen bonds between glyphosate and
humic substances (Dollinger et al., 2015).

It has been already reported that hydrophobic cationic surfactants exhibit the highest
sorption potential among other surfactants, namely of even 90% of higher, while at the same
time anionic and non-ionic surface-active chemicals are subjected to negligible sorption
(Cierniak et al., 2020). Due to the this fact, distinguishing between cation sorption, primary
degradation and complexation might pose a scientific challenge for herbicidal ionic liquids
(Boethling and Lynch, 1992; Cierniak et al., 2020; Zhang et al., 2015b). In the case of
biodegradation studies, obtained results most commonly show only the disappearance of the
analytical signal of the main compound, without considering its degradation by-products
(Sydow et al., 2015; Zembrzuska et al., 2016). Moreover, such analyses do not indicate whether
the amount of removed compound corresponds to its degradation or rather sorption. In most
cases, only the bioavailable part is recovered from matrix, and especially in the case of larger
and more hydrophobic cations, only application of different, more aggressive solvents allows
to obtain fraction bound to soil (Boethling and Lynch, 1992; Cierniak et al., 2020).
Additionally, it is well-established that the more hydrophobic cation, the higher its sorption and
the more difficult it is to recover it from soil matrix or from activated sludge (Bergero and
Lucchesi, 2018). Hence, quaternary ammonium cations, often utilised in HILs, are prone to

exhibit significant sorption in soils, which is directly connected to their lower bioavailability
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and in consequence — lower degradation potential (Bergero and Lucchesi, 2018; Conidi et al.,

2019; Ying, 2006).

Table 2 Primary degradation vs bioavailability — after 28 days

Cation Anion
Compound bioavailable primary degradation of  bioavailable primary degradation of
part [%]* bioavailable part [%] part [%]* bioavailable part [%]

[K][Glyph] [-] [-] 104.3 +0.1 98.1£0.9
[Chol][Glyph] 102.5+£0.2 98.9+0.2 100.3 £ 0.1 96.1+0.8
[C12Chol][Glyph] 21.6+0.1 99.0+0.1 97.2+£0.2 99.1+0.3
[C16sTMA][Glyph] 13.8+0.2 99.7+0.3 99.1+£0.3 94.4+09
[DDA][Glyph] 129+0.1 99.2+0.8 101.8+0.1 99.4+0.4
[BA][Glyph] 13.1+£0.2 99.3+0.6 98.3+£0.2 99.6 +0.6

aDetails presented in Supplementary Material (Section 4. Bioavailability of HILS).

As presented in Table 2, the primary degradation values for all tested compounds
indicated almost complete degradation of cations and anions during standard 28-day test.
However, taking into account abovementioned problems with performing such analyses, we
decided to compare obtained values with bioavailability of these substances in used soil. As it
can be clearly seen, glyphosate anion was highly bioavailable, but at the same time over 80%
of each cation (except choline, [Chol]) was sorbed to soil matrix, which means that only 13—
20% was bioavailable for microorganisms in degradation process. This phenomenon might be
attributed to the presence of hydrophobic chains present in all HILs except choline, and it stands
in accordance with literature data on high sorption of hydrophobic cationic surfactants, as
discussed above. This in turn means that obtained primary degradation values did not actually
translate into biodegradation of cations, but rather showed the recovery of only small amount

of bioavailable part, which was susceptible to degradation. Hence, the expected mineralisation
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(ultimate biodegradation) results were expected to be significantly lower. Indeed, as presented
in Table 3, mineralisation efficiencies were within range of 15-53%. These results stands also
in agreement with previous research performed by Sydow et al., 2015, which has proven that

herbicidal ionic liquids have reached very small ultimate biodegradation values, of 4—7%.

Table 3 Mineralisation efficiencies

Compound non-bioaugmented [%] bioaugmented [%]
[K][Glyph] 15.42+0.8 28.04 + 1.8
[Chol][Glyph] 36.12+0.9 47.96 + 1.0
[C12Chol][Glyph] 53.01+0.1 53.34+0.7
[Ci6sTMA][Glyph]* [-]* 47.96 + 0.1
[BA][Glyph] 32,79+ 0.1 36.74 £ 0.6
[DDA][Glyph] 39.13+0.1 44.15+0.3

2 Data vary from other due to the unexpected microbial activity in all three replicates.

It has been proven that addition of specialised enrichment culture to a system with quaternary
ammonium cations improves their degradation (Conidi et al., 2019). In our study,
bioaugmentation with microorganisms with confirmed ability to degrade glyphosate resulted in
higher CO; evolution; however, these changes were not substantially high, as presented in
Fig. 1 below. The sole exception was [CisTMA][Glyph], illustrated on separate plot, where
unexpected presence of fungi was observed in all replicates in non-bioaugmented approach.
This explains the exceedingly high CO; emissions, obtained due to high respiratory activity of
fungi. Interestingly enough, its presence was not observed in the approach with
bioaugmentation, possibly due to the competitive interactions between microorganisms.

In general, the only thing that had an influence on the amount of released CO> was the initial
carbon content in the sample — as expected, samples containing [K][Glyph], which only has 3
carbon atoms in its structure, exhibited the lowest CO; emissions. The introduction of
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specialised microorganisms to soil containing compounds characterised by high bioavailability
([K][Glyph] and [Chol][Glyph], Table 2), resulted in an increase in their degradation
efficiencies (Table 3). Specifically, in case of sorbed chemicals (HILs with hydrophobic
cations), characterised by low bioavailability (Table 2), even addition of specialised
microorganisms did not result in substantially enhanced mineralisation efficiencies, since the
contaminant was simply inaccessible for microorganisms. Sorption of chemicals to soil was
discussed by many authors in terms of contaminants’ removal from the environment by
surfactant utilisation (Brown et al., 1999; Ghosh and Mukherji, 2016; Singh et al., 2018;
Singleton et al., 2016; Wolf et al., 2019). Namely, addition of surface-active chemicals can
stimulate desorption of xenobiotic bound to matrix (Brown et al., 1999; Ghosh and Mukherji,
2016; Singh et al., 2018; Singleton et al., 2016; Wolf et al., 2019). Only that way, contaminant
is becoming bioavailable and susceptible to microbial degradation. Interestingly enough, the
structure of HILs incorporate cationic surfactants, known for their high sorption potential. This,
in turn, should result not only in virtually no effect in stimulating herbicide desorption from
soil, but also in increased sorption of cations in soil and, consequently, accumulation of
contamination, especially compared to commercially used herbicidal formulations with

adjuvants of anionic or non-ionic character.
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Fig. 1 CO; evolution curves for tested HILs (A). The [C1sTMA][Glyph] mineralisation curves are presented as a
unique example (B). NB — non-bioaugmented samples, B — bioaugmented samples. The CO; evolution values of
respective bioaugmented and non-bioaugmented controls were subtracted from curves to illustrate signals resulting

only from compounds’ degradation.

3.2. Toxicity determination of HILs towards enrichment culture used in the mineralisation
experiment

The results of antimicrobial activity test towards enrichment culture used in the
experiment are presented in Table 4. As it can be clearly seen, pure glyphosate was harmless
for microorganisms, which stands in agreement with other reports on its toxicity (Amoros et
al., 2007; Busse et al., 2001). The addition of choline, hydrophilic cation of natural origin, to
formulation did not result in increased toxicity (Zeisel and Canty, 1993). As it has been already

established, choline is as a neurotransmitter acetylcholine precursor, and as a compound present
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in metabolic pathways is considered as not toxic itself (Gadilohar and Shankarling, 2017; Zeisel
and Da Costa, 2009). However, introduction of hydrophobic cationic surfactants to herbicidal
formulations resulted in significantly higher toxicity of obtained compounds. Even simple
addition of hydrophobic aliphatic chain to the choline (forming [Ci2Chol]) caused a
considerable decrease in ECso values — from over 1000 mg/L to approx. 50 mg/L. Further
modifications and formation of hydrophobic compounds translated into even higher toxicity.
Moreover, the toxicity of HILs seemed to reflect only the toxicity of cation. Namely, the
glyphosate alone ([K][Glyph]) was proven to be non-toxic, while toxicities of cations with
chlorine anion and their corresponding HILs (with glyphosate anion) were very similar. This in
turn might support the theory that cations and anions in HILs act as separate moieties. In any
other case, the toxicity of the whole compound would differ from that of a cation and anion,

and would not be simply a sum of their toxicities.

Table 4 Antimicrobial activity of HILs with glyphosate anion and their respective precursors

towards enrichment culture used in the mineralisation experiment.

Precursor ECso [mg/L]? Toxicity® HIL ECso [mg/L]? Toxicity®
[K][Glyph] >1000 harmless [-] [-] [-]
[Chol][C1] >1000 harmless [Chol][Glyph] >1000 harmless
[C12Chol][C] 475+09 slightly toxic [C12Chol][Glyph] 498+1.3 slightly toxic
[Ci1sTMA][CT] 23.8+0.2 slightly toxic [C16 TMA][Glyph] 26.2+0.3 slightly toxic
[BAI[CI] 6.1 £0.1 moderately toxic | [BA][Glyph] 7.0+0.1 moderately toxic
[DDA][CI] 1.2+0.1 moderately toxic | [DDA][Glyph] 2.0+0.1 moderately toxic

2 The tested concentrations were set by active substance (Glyph) and the amounts of cations in precursors are equal to those in
HILs. Classification of toxicity according to (Passino and Smith, 1987); >1000 mg/L — harmless, 100-1000 mg/L — practically

harmless, 10-100 mg/L — slightly toxic, 1-10 mg/L — moderately toxic, <1 mg/L — toxic.
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These results fit the observations made by some authors (Kaczmarek et al., 2019; Pernak
et al., 2016, 2011; Pe¢ziak-Kowalska et al., 2017), who as an advantage of HILs listed the
possibility to apply lower doses of these herbicides on fields. It is perfectly reasonable
statement, since high toxicity of cations combined with that of an herbicidal anion will result in
creation of a formulation that is harmful to weeds. However, as it was discussed earlier, these
substances upon entering the environment (i.e., soils) will most likely strongly adsorb to the
matrix and hence decrease their biodegradation potential. This in turn calls for a debate whether
combining herbicidal anions with cationic surfactants is desired in terms of their environmental

fate.

3.3. Assessment of bacterial community structure in soil via barcoded 16S rRNA gene MiSeq
sequencing analysis

Metagenomic analysis of V4 hypervariable region of the 16S rRNA gene (details
described in Section 2.9. Assessment of bacterial community structure in soil via barcoded 16S
rRNA gene MiSeq sequencing analysis) identified 16 classes. The most dominant microbial
classes in enriched culture utilised in bioaugmentation approach were Bacilli (44.17%),
followed by Gammaproteobacteria (28.00%), Clostridia (26.44%), Actinobacteria (0.72%)
and Alphaproteobacteria (0.35%). The bacterial community was able to efficiently degrade
glyphosate as a sole carbon source (details in Supplementary Material, Section 2.
Biodegradation in aqueous environment).

The changes in the structure of bacterial communities isolated from experimental
samples were established in the same manner. At class level, mostly members of Bacilli and
Gammaproteobacteria dominated the soil bacterial communities, followed by Clostridia.
Besides, members of the class Alphaproteobacteria were present with a relative abundance

mostly between 0-8%, with a few exceptions. After 28 days, in the bioaugmented
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[C12Chol][Glyph] treated soil, the relative abundance of Alphaproteobacteria reached an
extremely high value of 81.9%. The elevated abundance of these bacteria was also observable
in both non-bioaugmented and bioaugmented [CisTMA][Glyph] treated soils (28 days) (25.3%
and 37.9%, respectively). In case of these treatments, the high abundance of
Alphaproteobacteria was due to the high abundance of Rhizobiaceae-related bacteria.
Nevertheless, after 90 days, the high abundance of Rhizobiaceae completely disappeared.
Interestingly, the abundance of class Actinobacteria was typically below 1% in the soil samples,
with the exception of two treatments. These were the bioaugmented [BA][Glyph] treated soil
samples (both 28 days and 90 days), in which members of the class Actinobacteria were
overwhelmingly dominated the bacterial communities with a relative abundance of 42.5% and
45.3%, respectively. These two microbial communities were considerably different from the
others, since members of the families Propionibacteriaceae and Microbacteriaceae were the
most dominant, while being completely missing from all the other samples. However, aside
from the few samples mentioned above, microbial community structures of the differently
treated soil samples were highly similar (Fig. 2, Fig. 3, additional heatmaps and heat trees for
the whole samples after 28 and 90 days in Supplementary Material, Section 5. Assessment of
bacterial community structure in soil via barcoded 16S rRNA gene MiSeq sequencing analysis).
In vast majority of the soil samples, Planococcaceae (recently Caryophanaceae) of class Bacilli
were highly abundant. These bacteria showed a maximum abundance of 60.8% in
bioaugmented soil treated with [Chol][Glyph] (90 days), and a minimum of 0% in
bioaugmented soils treated with [BA][Glyph] (both 28 days and 90 days) and [C12Chol][Glyph]
(28 days), respectively. Since Planococcaceae are known for their role in degradation of
organic chemicals, these were expected to be highly abundant in the case of samples with

organic cations (Sun et al., 2021). Yet, [BA] and [Ci2Chol] cations of higher toxicity than
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choline, might have been toxic to the Planococcaceae degraders, which in turn might have
affected their degradation efficiency.

We have estimated the abundance of key genes of glyphosate biodegradation (SOXA and
phnJ) in the investigated bacterial communities by using PICRUSt2. The median relative
abundance of phnJ gene for bioaugmented and non-bioaugmented samples after 28 and 90 days
varied mostly between 0.001-0.005%. However, the maximum abundance (0.029%) was
observable after 28 days in soil treated with [Ci2Chol][Glyph] and having a bacterial
community overwhelmingly dominated by Rhizobiaceae. In general, it was observable that the
relative abundance of phnJ gene was >0.005% in those bacterial communities, where the
abundance of Rhizobiaceae was relatively high (20-30%). Owing to the fact that phnJ genes
are encoding alphaproteobacterial C-P bond lyases, this observation is not surprising (Kulikova
et al., 2020). Regarding SOXA, its relative abundance was around 0.05% in most of the samples.
The highest abundance was predicted in case of non-bioaugmented soil treated with
[C12Chol][Glyph] (28 days), while the lowest values (<0.01%) were predicted for
bioaugmented soils treated with [DDA][Glyph], [Chol][Glyph] or [BA][Glyph] (both 28 days
and 90 days). The detrimental effect of these treatments on the SOXA abundance is obviously
observable in Fig. 4. Nevertheless, the reason for this remarkable decrease in the SOXA
abundance remained unclear since no treatment specific effect could be ascertained.

Overall, it can be concluded that no obvious change in the bacterial community
structures was observable at class or family level, which undermine the unique integrity of

herbicide ionic liquids in the soil at genetic level.
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Fig. 4 Boxplot representation of relative abundance of the phnJ and soxA orthologs related to KEGG. B28:
bioaugmented samples after 28 days, B90: bioaugmented samples after 90 days, NB28: non-bioaugmented

samples after 28 days, NB90: non-bioaugmented samples after 90 days.

4. Conclusions

In the course of performed experiments, the impact of cations on glyphosate degradation was
evaluated. The obtained results revealed that cations and anion might in fact act as separate
moieties in the process of glyphosate degradation. The toxicity studies has proven that the
toxicity of the whole formulation was strictly reflecting the toxicity of cation. Though, the
toxicity of resulting compound should differ from cation’s toxicity if cations and anion in HILs
have ionic interactions in the environment. In addition, samples containing cationic surfactants,

unlike glyphosate anion, were proven to be highly sorbed to soil, which translated into
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substantially lower bioavailability and poor mineralisation efficiencies. Furthermore, the lack
of clear trends in the structure of bacterial community treated with herbicidal ionic liquids was
another strong indication that in the terrestrial environment they behave more like mixture of
independent ions than ionic pairs with unique properties.

The approach to enrich test samples with microorganisms specialised in glyphosate degradation
allowed to observe higher degradation of HILs, visible both via mineralisation efficiencies and
increased activity of selected enzymes taking part in glyphosate degradation. Although the
abundance of SOXA and phnJ genes increased in agricultural soil treated with certain HILs, these
changes were not permanent and decreased over time. Thus, in view of efficiency of
environmental pollutants removal, bioaugmentation did not result in significant degradation
improvement, as the factor determining the rates of HILs’ decomposition processes was
sorption. This in turn led to the conclusion that utilising quaternary cationic surfactants in the
structure of HILs is not recommended, as it may lead to sorption and accumulation of these

toxic contaminants in the environment.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements
The work was supported solely by funding from the National Science Centre, Poland conferred
on the basis of the decision 2018/29/ B/NZ9/01136. This research was supported in part by

PLGrid Infrastructure.

28



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

References

Accinelli, C., Screpanti, C., Vicari, A., Catizone, P., 2004. Influence of insecticidal toxins from
Bacillus thuringiensis subsp. kurstaki on the degradation of glyphosate and glufosinate-
ammonium in soil samples. Agric. Ecosyst. Environ. 103, 497-507.
https://doi.org/10.1016/j.agee.2003.11.002

Al-Rajab, A.J.,, Schiavon, M., 2010. Degradation of 14C-glyphosate and
aminomethylphosphonic acid (AMPA) in three agricultural soils. J. Environ. Sci. 22,
1374-1380. https://doi.org/10.1016/S1001-0742(09)60264-3

Alef, K., Nannipleri, P., 1995. Methods in Applied Soil Microbiology and Biochemistry.
Academic Press, San Diego, USA.

Amoros, 1., Alonso, J.L., Romaguera, S., Carrasco, J.M., 2007. Assessment of toxicity of a
glyphosate-based formulation using bacterial systems in lake water. Chemosphere 67,
2221-2228. https://doi.org/10.1016/j.chemosphere.2006.12.020

Arango, L., Buddrus-Schiemann, K., Opelt, K., Lueders, T., Haesler, F., Schmid, M., Ernst, D.,
Hartmann, A., 2014. Effects of glyphosate on the bacterial community associated with
roots of transgenic Roundup Ready® soybean. Eur. J. Soil Biol. 63, 41-48.
https://doi.org/10.1016/j.ejs0bi1.2014.05.005

Bai, S.H., Ogbourne, S.M., 2016. Glyphosate: environmental contamination, toxicity and
potential risks to human health via food contamination. Environ. Sci. Pollut. Res. 23,
18988-19001. https://doi.org/10.1007/s11356-016-7425-3

Benbrook, C.M., 2016. Trends in glyphosate herbicide use in the United States and globally.
Environ. Sci. Eur. 28, 1-15. https://doi.org/10.1186/s12302-016-0070-0

Benslama, O., Boulahrouf, A., 2013. Isolation and characterization of glyphosate-degrading
bacteria from different soils of Algeria. African J. Microbiol. Res. 7, 5587-5595.

https://doi.org/10.5897/ayjmr2013.6080

29



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

Bento, C.P.M., Yang, X., Gort, G., Xue, S., van Dam, R., Zomer, P., Mol, H.G.J., Ritsema,
C.J., Geissen, V., 2016. Persistence of glyphosate and aminomethylphosphonic acid in
loess soil under different combinations of temperature, soil moisture and light/darkness.
Sci. Total Environ. 572, 301-311. https://doi.org/10.1016/j.scitotenv.2016.07.215

Bergero, M.F., Lucchesi, G.I., 2018. Degradation of cationic surfactants using immobilized
bacteria: Its effect on adsorption to activated sludge. J. Biotechnol. 272-273, 1-6.
https://doi.org/10.1016/j.jbiotec.2018.03.003

Bergstrom, L., Borjesson, E., Stenstrém, J., 2011. Laboratory and Lysimeter Studies of
Glyphosate and Aminomethylphosphonic Acid in a Sand and a Clay Soil. J. Environ. Qual.
40, 98-108. https://doi.org/10.2134/jeq2010.0179

Boethling, R.S., Lynch, D.G., 1992. Quaternary Ammonium Surfactants, in: Hutzinger, O.
(Ed.), The Handbook of Environmental Chemistry, Volume 3 Part F. Springer-Verlag
Berlin Heidelberg, pp. 145-177.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: A flexible trimmer for Illumina
sequence data. Bioinformatics 30, 2114-2120.
https://doi.org/10.1093/bioinformatics/btul 70

Brown, D.G., Guha, S., Jaff¢, P.R., 1999. Surfactant-Enhanced biodegradation of a PAH in soil
slurry reactors. Bioremediat. J. 3, 269-283. https://doi.org/10.1080/10889869991219361

Brycki, B., Waligorska, M., Szulc, A., 2014. The biodegradation of monomeric and dimeric
alkylammonium surfactants. J. Hazard. Mater. 280, 797-815.
https://doi.org/10.1016/j.jhazmat.2014.08.021

Busse, M.D., Ratcliff, A.W., Shestak, C.J., Powers, R.F., 2001. Glyphosate toxicity and the
effects of long-term vegetation control on soil microbial communities. Soil Biol. Biochem.
33, 1777-1789. https://doi.org/10.1016/S0038-0717(01)00103-1

Cierniak, D., Wozniak-Karczewska, M., Parus, A., Wyrwas, B., Loibner, A.P., Heipieper, H.J.,

30



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

Lawniczak, L., Chrzanowski, .., 2020. How to accurately assess surfactant biodegradation
-impact of sorption on the validity of results. Appl. Microbiol. Biotechnol. 104, 1-12.
Conidi, D., Andalib, M., Andres, C., Bye, C., Umble, A., Dold, P., 2019. Modeling quaternary
ammonium compound inhibition of biological nutrient removal activated sludge. Water
Sci. Technol. 79, 41-50. https://doi.org/10.2166/wst.2018.449

Dollinger, J., Dages, C., Voltz, M., 2015. Glyphosate sorption to soils and sediments predicted
by  pedotransfer  functions. Environ. Chem. Lett. 13, 293-307.
https://doi.org/10.1007/s10311-015-0515-5

Douglas, G.M., Maffei, V.J., Zaneveld, J.R., Yurgel, S.N., Brown, J.R., Taylor, C.M.,
Huttenhower, C., Langille, M.G.I.,, 2020. PICRUSt2 for prediction of metagenome
functions. Nat. Biotechnol. 38, 685—688. https://doi.org/10.1038/s41587-020-0548-6

Druille, M., Cabello, M.N., Omacini, M., Golluscio, R.A., 2013. Glyphosate reduces spore
viability and root colonization of arbuscular mycorrhizal fungi. Appl. Soil Ecol. 64, 99—
103. https://doi.org/10.1016/j.aps0il.2012.10.007

Duke, S.O., Lydon, J., Koskinen, W.C., Moorman, T.B., Chaney, R.L., Hammerschmidt, R.,
2012. Glyphosate Effects on Plant Mineral Nutrition, Crop Rhizosphere Microbiota, and
Plant Disease in Glyphosate-Resistant Crops. J. Agric. Food Chem. 60, 10375-10397.

Edgar, R., 2018a. Accuracy of taxonomy prediction for 16S rRNA and fungal ITS sequences.
PeerJ 2018, 1-29. https://doi.org/10.7717/peer).4652

Edgar, R., 2018b. Taxonomy annotation and guide tree errors in 16S rRNA databases. Peer]
2018. https://doi.org/10.7717/peerj.5030

Edgar, R., 2018c. UNCROSS2: Identification of cross-talk in 16S rRNA OTU tables. bioRxiv.
https://doi.org/10.1101/400762

Edgar, R., 2016a. UCHIMEZ2: improved chimera prediction for amplicon sequencing. bioRxiv

074252. https://doi.org/10.1101/074252

31



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

Edgar, R., 2016b. SINTAX: a simple non-Bayesian taxonomy classifier for 16S and ITS
sequences. bioRxiv 074161. https://doi.org/10.1101/074161

Edgar, R., 2013. UPARSE: Highly accurate OTU sequences from microbial amplicon reads.
Nat. Methods 10, 996-998. https://doi.org/10.1038/nmeth.2604

Edgar, R., Flyvbjerg, H., 2018. Octave plots for visualizing diversity of microbial OTUs.
bioRxiv. https://doi.org/10.1101/389833

Fan, J., Yang, G., Zhao, H., Shi, G., Geng, Y., Hou, T., Tao, K., 2012. Isolation, identifi cation
and characterization of a glyphosate-degrading bacterium, Bacillus cereus CB4, from soil.
J. Gen. Appl. Microbiol. 58, 263—-271. https://doi.org/10.2323/jgam.58.263

Foster, Z.S.L., Sharpton, T.J., Griinwald, N.J., 2017. Metacoder: An R package for visualization
and manipulation of community taxonomic diversity data. PLoS Comput. Biol. 13, 1-15.
https://doi.org/10.1371/journal.pcbi. 1005404

Gadilohar, B.L., Shankarling, G.S., 2017. Choline based ionic liquids and their applications in
organic transformation. J. Mol. Liq. 227, 234-261.
https://doi.org/10.1016/j.molliq.2016.11.136

Ghosh, 1., Mukherji, S., 2016. Diverse effect of surfactants on pyrene biodegradation by a
Pseudomonas strain utilizing pyrene by cell surface hydrophobicity induction. Int.
Biodeterior. Biodegrad. 108, 67—75. https://doi.org/10.1016/j.ibiod.2015.12.010

Glockner, F.O., Yilmaz, P., Quast, C., Gerken, J., Beccati, A., Ciuprina, A., Bruns, G., Yarza,
P., Peplies, J., Westram, R., Ludwig, W., 2017. 25 years of serving the community with
ribosomal RNA gene reference databases and tools. J. Biotechnol. 261, 169-176.
https://doi.org/10.1016/j.jbiotec.2017.06.1198

Grunewald, K., Schmidt, W., Unger, C., Hanschmann, G., 2001. Behavior of glyphosate and
aminomethylphosphonic acid (AMPA) in soils and water of reservoir Radeburg II

catchment (Saxony/Germany). J. Plant Nutr. Soil Sci. 164, 65-70.

32



713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

https://doi.org/10.1002/1522-2624(200102)164:1<65::AID-JPLN65>3.0.CO;2-G

Hannon, 2010. FASTX-Toolkit [WWW Document]. URL http://hannonlab.cshl.edu./

Hough, W.L., Smiglak, M., Rodriguez, H., Swatloski, R.P., Spear, S.K., Daly, D.T., Pernak, J.,
Grisel, J.E., Carliss, R.D., Soutullo, M.D., Davis, Jr., J.H., Rogers, R.D., 2007. The third
evolution of ionic liquids: active pharmaceutical ingredients. New J. Chem. 31, 1429—
1436. https://doi.org/10.1039/b706677p

Jakubowska, M., Zembrzuski, W., Lukaszewski, Z., 2008. Thallium determination at the single
picomole per liter level by flow-injection differential-pulse anodic stripping voltammetry.
Electroanalysis 20, 1073—1077. https://doi.org/10.1002/elan.200704154

Kaczmarek, D.K., Rzemieniecki, T., Marcinkowska, K., Pernak, J., 2019. Synthesis, properties
and adjuvant activity of docusate-based ionic liquids in pesticide formulations. J. Ind. Eng.
Chem. 78, 440—447. https://doi.org/10.1016/j.jiec.2019.05.023

Kanehisa, M., 2019. Toward understanding the origin and evolution of cellular organisms.
Protein Sci. 28, 1947—1951. https://doi.org/10.1002/pro.3715

Kanehisa, M., Furumichi, M., Sato, Y., Ishiguro-Watanabe, M., Tanabe, M., 2021. KEGG:
Integrating viruses and cellular organisms. Nucleic Acids Res. 49, D545-D551.
https://doi.org/10.1093/nar/gkaa970

Khan, A.H., Topp, E., Scott, A., Sumarah, M., Macfie, S.M., Ray, M.B., 2015. Biodegradation
of benzalkonium chlorides singly and in mixtures by a Pseudomonas sp. isolated from
returned activated sludge. J. Hazard. Mater. 299, 595-602.
https://doi.org/10.1016/j.jhazmat.2015.07.073

Kulikova, N.A., Zhelezova, A.D., Filippova, O.I., Plyushchenko, 1. V., Rodin, [.A., 2020. The
Degradation of Glyphosate and Its Effect on the Microbial Community of Agro-Sod—
Podzolic Soil under Short-Term Model Experiment Conditions. Moscow Univ. Soil Sci.

Bull. 75, 138-145. https://doi.0rg/10.3103/50147687420030035

33



738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

Langille, M.G.I., Zaneveld, J., Caporaso, J.G., McDonald, D., Knights, D., Reyes, J.A.,
Clemente, J.C., Burkepile, D.E., Vega Thurber, R.L., Knight, R., Beiko, R.G.,
Huttenhower, C., 2013. Predictive functional profiling of microbial communities using
16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814-821.
https://doi.org/10.1038/nbt.2676

Li, M., Tank, H., Liu, L., Qin, K., Wilson, S., Ouse, D., 2010. WO2010/123871 Al.

Lorch, M., Agaras, B., Garcia-Parisi, P., Druille, M., Omacini, M., Valverde, C., 2021.
Repeated annual application of glyphosate reduces the abundance and alters the
community structure of soil culturable pseudomonads in a temperate grassland. Agric.
Ecosyst. Environ. 319, 1-13. https://doi.org/10.1016/j.agee.2021.107503

Makowska, N., Philips, A., Dabert, M., Nowis, K., Trzebny, A., Koczura, R., Mokracka, J.,
2020. Metagenomic analysis of B-lactamase and carbapenemase genes in the wastewater
resistome. Water Res. 170, 115277. https://doi.org/10.1016/j.watres.2019.115277

Mamy, L., Barriuso, E., Gabrielle, B., 2005. Environmental fate of herbicides trifluralin,
metazachlor, metamitron and sulcotrione compared with that of glyphosate, a substitute
broad spectrum herbicide for different glyphosate-resistant crops. Pest Manag. Sci. 61,
905-916. https://doi.org/10.1002/ps. 1108

McAuliffe, K.S., Hallas, L.E., Kulpa, C.F., 1990. Glyphosate degradation by Agrobacterium
radiobacter isolated from activated sludge. J. Ind. Microbiol. 6, 219-221.
https://doi.org/10.1007/BF01577700

Niemczak, M., Biedziak, A., Czerniak, K., Marcinkowska, K., 2017a. Preparation and
characterization of new ionic liquid forms of 2,4-DP herbicide. Tetrahedron 73, 7315—
7325. https://doi.org/10.1016/j.tet.2017.11.032

Niemczak, M., Chrzanowski, L., Praczyk, T., Pernak, J., 2017b. Biodegradable herbicidal ionic

liquids based on synthetic auxins and analogues of betaine. New J. Chem. 41, 8066—8077.

34



763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

https://doi.org/10.1039/c7nj01474k

Nourouzi, M.M., Chuah, T.G., Choong, T.S.Y., Lim, C.J., 2011. Glyphosate utilization as the
source of carbon: Isolation and identification of new bacteria. E-Journal Chem. 8, 1582—
1587. https://doi.org/10.1155/2011/614109

Parks, D.H., Tyson, G.W., Hugenholtz, P., Beiko, R.G., 2014. STAMP: Statistical analysis of
taxonomic and  functional  profiles. Bioinformatics 30, 3123-3124.
https://doi.org/10.1093/bioinformatics/btu494

Parus, A., Lisiecka, N., Zembrzuska, J., Framski, G., Wozniak-Karczewska, M., Niemczak, M.,
2022a. Evaluation of the influence of different cations on the mobility and performance of
dicamba-based ionic liquids. J. Environ. Chem. Eng.
https://doi.org/10.1016/j.jece.2022.108397

Parus, A., Wilms, W., Verkhovetska, V., Framski, G., Wozniak-Karczewska, M., Syguda, A.,
Strzemiecka, B., Borkowski, A., Lawniczak, L., Chrzanowski, L., 2020. Transformation
of herbicides into dual function quaternary tropinium salts. New J. Chem. 44, 8869—8877.
https://doi.org/10.1039/d0nj01597k

Parus, A., Zdebelak, O., Ciesielski, T., Szumski, R., Framski, G., Baranowski, D., Zembrzuska,
J., Cajthaml, T., Heipieper, H.J., Chrzanowski, L., 2022b. Can ionic liquids exist in the
soil environment? Effect of quaternary ammonium cations on glyphosate sorption,
mobility and toxicity in the selected herbicidal ionic liquids. J. Mol. Ligq.
https://doi.org/10.1016/;.molliq.2022.120981

Passino, D.R.M., Smith, S.B., 1987. Acute bioassays and hazard evaluation of representative
contaminants detected in great lakes fish. Environ. Toxicol. Chem. 6, 901-907.
https://doi.org/10.1002/etc.5620061111

Paul, B.K., Moulik, S.P., 2015. Ionic Liquid-Based Sufactant Science: Formulation,

Characterization and Applications. Wiley John & Sons Inc.

35



788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

Pernak, J., Czerniak, K., Niemczak, M., Chrzanowski, L., Lawniczak, L., Fochtman, P.,
Marcinkowska, K., Praczyk, T., 2015. Herbicidal ionic liquids based on esterquats. New
J. Chem. 39, 5715-5724. https://doi.org/10.1039/c5nj00609k

Pernak, J., Niemczak, M., Chrzanowski, L., Lawniczak, L., Fochtman, P., Marcinkowska, K.,
Praczyk, T., 2016. Betaine and Carnitine Derivatives as Herbicidal Ionic Liquids. Chem.
- A Eur. J. 22, 12012—-12021. https://doi.org/10.1002/chem.201601952

Pernak, J., Niemczak, M., Giszter, R., Shamshina, J.L., Gurau, G., Cojocaru, O.A., Praczyk, T.,
Marcinkowska, K., Rogers, R.D., 2014. Glyphosate-based herbicidal ionic liquids with
increased efficacy. ACS Sustain. Chem. Eng. 2, 2845-2851.
https://doi.org/10.1021/s¢500612y

Pernak, J., Niemczak, M., Zakrocka, K., Praczyk, T., 2013. Herbicidal ionic liquid with dual-
function. Tetrahedron 69, 8132—-8136. https://doi.org/10.1016/j.tet.2013.07.053

Pernak, J., Shamshina, J., Praczyk, T., Syguda, A., Janiszewska, D., Smiglak, M., Gurau, G.,
Daly, D.T., Rogers, R.D., 2012. WO2012006313 A2.

Pernak, J., Syguda, A., Janiszewska, D., Materna, K., Praczyk, T., 2011. Ionic liquids with
herbicidal anions. Tetrahedron 67, 4838—-4844. https://doi.org/10.1016/j.tet.2011.05.016

Peziak-Kowalska, D., Fourcade, F., Niemczak, M., Amrane, A., Chrzanowski, L., Lota, G.,
2017. Removal of herbicidal ionic liquids by electrochemical advanced oxidation
processes combined with biological treatment. Environ. Technol. 38, 1093-1099.
https://doi.org/10.1080/09593330.2016.1217941

Prisbylla, M.P., 1984. EP0124351 Al.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glockner,
F.O., 2013. The SILVA ribosomal RNA gene database project: Improved data processing
and web-based tools. Nucleic Acids Res. 41, 590-596.

https://doi.org/10.1093/nar/gks1219

36



813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

Shushkova, T. V., Vasilieva, G.K., Ermakova, I.T., Leontievsky, A.A., 2009. Sorption and
microbial degradation of glyphosate in soil suspensions. Appl. Biochem. Microbiol. 45,
599-603. https://doi.org/10.1134/S0003683809060040

Singh, R., Glick, B.R., Rathore, D., 2018. Biosurfactants as a Biological Tool to Increase
Micronutrient Availability in Soil: A Review. Pedosphere 28, 170-189.
https://doi.org/10.1016/S1002-0160(18)60018-9

Singleton, D.R., Adrion, A.C., Aitken, M.D., 2016. Surfactant-induced bacterial community
changes correlated with increased polycyclic aromatic hydrocarbon degradation in
contaminated  soil.  Appl. = Microbiol.  Biotechnol. 100,  10165-10177.
https://doi.org/10.1007/s00253-016-7867-z

Stachowiak, W., Szumski, R., Homa, J., Wozniak-Karczewska, M., Parus, A., Strzemiecka, B.,
Chrzanowski, L.., Niemczak, M., 2021. Transformation of lodosulfuron-Methyl into Ionic
Liquids Enables Elimination of Additional Surfactants in Commercial Formulations of
Sulfonylureas. Molecules 26, 1-18.

Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil
Classification System), 2006.

Sun, Q., Zhao, Y., Zhang, H., Mohamed, T.A., Wei, Z., 2021. The key bacteria as the
“Activator” promotes the rapid degradation of organic compounds during the start-up of
low-temperature compost. Bioresour. Technol. 330, 1-5.
https://doi.org/10.1016/j.biortech.2021.124950

Siitterlin, H., Alexy, R., Coker, A., Kiimmerer, K., 2008. Mixtures of quaternary ammonium
compounds and anionic organic compounds in the aquatic environment: Elimination and
biodegradability in the closed bottle test monitored by LC-MS/MS. Chemosphere 72,
479-484. https://doi.org/10.1016/j.chemosphere.2008.03.008

Syan, H.S., Prasher, S.O., Pageau, D., Singh, J., 2014. Dissipation and persistence of major

37



838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

herbicides applied in transgenic and non-transgenic canola production in Quebec. Eur. J.
Soil Biol. 63, 21-27. https://doi.org/10.1016/j.ejsobi.2014.04.003

Sydow, M., Szczepaniak, Z., Framski, G., Staninska, J., Owsianiak, M., Szulc, A., Piotrowska-
Cyplik, A., Zgota-Grzeskowiak, A., Wyrwas, B., Chrzanowski, L., 2015. Persistence of
selected ammonium- and phosphonium-based ionic liquids in urban park soil microcosms.
Int. Biodeterior. Biodegrad. 103, 91-96. https://doi.org/10.1016/j.ibiod.2015.04.019

Syguda, A., Wojcieszak, M., Materna, K., Wozniak-Karczewska, M., Parus, A., Lawniczak, L..,
Chrzanowski, L., 2020. Double-Action Herbicidal Ionic Liquids Based on Dicamba
Esterquats with 4-CPA, 2,4-D, MCPA, MCPP, and Clopyralid Anions. ACS Sustain.
Chem. Eng. 8, 14584—14594. https://doi.org/10.1021/acssuschemeng.0c05603

Wali, A., Colinet, G., Ksibi, M., 2014. Speciation of Heavy Metals by Modified BCR
Sequential Extraction in Soils Contaminated by Phosphogypsum in Sfax, Tunisia.
Environ. Res. Eng. Manag. 70, 14-26. https://doi.org/10.5755/j01.erem.70.4.7807

Wilms, W., Wozniak-Karczewska, M., Niemczak, M., Lisiecki, P., Zgota-Grzeskowiak, A.,
Lawniczak, L., Framski, G., Pernak, J., Owsianiak, M., Vogt, C., Fischer, A., D Rogers,
R., Chrzanowski, L., 2020a. Quantifying the mineralization of 13C-labeled cations and
anions reveals differences in microbial biodegradation of herbicidal ionic liquids between
water and soil. ACS Sustain. Chem. Eng. 8, 3412-3426.
https://doi.org/10.1021/acssuschemeng.9b07598

Wilms, W., Wozniak-Karczewska, M., Syguda, A., Niemczak, M., Lawniczak, L., Pernak, J.,
Rogers, R.D., Chrzanowski, L., 2020b. Herbicidal Ionic Liquids: A Promising Future for
Old Herbicides? Review on Synthesis, Toxicity, Biodegradation, and Efficacy Studies. J.
Agric. Food Chem. 68, 10456—10488. https://doi.org/10.1021/acs.jatc.0c02894

Wolf, D.C., Cryder, Z., Gan, J., 2019. Soil bacterial community dynamics following surfactant

addition and bioaugmentation in pyrene-contaminated soils. Chemosphere 231, 93—102.

38



863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

https://doi.org/10.1016/j.chemosphere.2019.05.145

Wozniak-Karczewska, M., Cvan&arova, M., Chrzanowski, L., Corvini, P.F.X., Cichocka, D.,
2018. Bacterial isolates degrading ritalinic acid—human metabolite of neuro enhancer
methylphenidate. N. Biotechnol. 43, 30-36. https://doi.org/10.1016/j.nbt.2017.08.009

Wozniak-Karczewska, M., Parus, A., Ciesielski, T., Trzebny, A., Szumski, R., Wilms, W.,
Homa, J., Framski, G., Baranowski, D., Frankowski, R., Zgota-Grzeskowiak, A.,
Niemczak, M., Dabert, M., Téncsics, A., Chrzanowski, L.., 2022. Effect of Cation Sorption
on 2,4- D Mobility of Herbicidal Ionic Liquids in Agricultural Soil Combined with
Diversity of the Bacterial Community. ACS  Sustain. Chem. Eng.
https://doi.org/10.1021/acssuschemeng.2c02665

Yang, C., Shen, S., Wang, M., Li, J., 2013. Mild salinization stimulated glyphosate degradation
and microbial activities in a riparian soil from Chongming Island, China. J. Environ. Biol.
34, 367-373.

Yi, Y., Fang, Y., Wu, K., Liu, Y., Zhang, W., 2020. Comprehensive gene and pathway analysis
of cervical cancer progression. Oncol. Lett. 19, 3316-3332.
https://doi.org/10.3892/01.2020.11439

Yilmaz, P., Parfrey, L.W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., Schweer, T., Peplies,
J., Ludwig, W., Glockner, F.O., 2014. The SILVA and “all-species Living Tree Project
(LTP)”  taxonomic  frameworks.  Nucleic  Acids Res. 42, 643-648.
https://doi.org/10.1093/nar/gkt1209

Ying, G.G., 2006. Fate, behavior and effects of surfactants and their degradation products in
the environment. Environ. Int. 32, 417-431. https://doi.org/10.1016/j.envint.2005.07.004

Zajac, A., Kukawka, R., Pawlowska-Zygarowicz, A., Stolarska, O., Smiglak, M., 2018. Ionic
liquids as bioactive chemical tools for use in agriculture and the preservation of

agricultural products. Green Chem. 20, 4764—4789. https://doi.org/10.1039/c8gc01424h

39



888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

Zeisel, S.H., Canty, D.J., 1993. Choline phospholipids: molecular mechanisms for human
diseases: A meeting report. J. Nutr. Biochem. 4, 258-263. https://doi.org/10.1016/0955-
2863(93)90094-D

Zeisel, S.H., Da Costa, K.A., 2009. Choline: An essential nutrient for public health. Nutr. Rev.
67, 615-623. https://doi.org/10.1111/j.1753-4887.2009.00246.x

Zembrzuska, J., Budnik, 1., Lukaszewski, Z., 2016. Monitoring of selected non-ionic surfactants
in river water by liquid chromatography-tandem mass spectrometry. J. Environ. Manage.
169, 247-252. https://doi.org/10.1016/j.jenvman.2015.12.034

Zhang, Chang, Cui, F., Zeng, G., Jiang, M., Yang, Z., Yu, Z., Zhu, M., Shen, L., 2015b.
Quaternary ammonium compounds (QACs): A review on occurrence, fate and toxicity in
the environment. Sci. Total Environ. 518-519, 352-362.
https://doi.org/10.1016/j.scitotenv.2015.03.007

Zhang, Changpeng, Hu, X., Luo, J., Wu, Z., Wang, L., Li, B., Wang, Y., Sun, G., 2015a.
Degradation dynamics of glyphosate in different types of citrus orchard soils in China.
Molecules 20, 1161-1175. https://doi.org/10.3390/molecules20011161

Zhang, C., Tezel, U., Li, K., Liu, D., Ren, R., Du, J., Pavlostathis, S.G., 2011. Evaluation and
modeling of benzalkonium chloride inhibition and biodegradation in activated sludge.

Water Res. 45, 1238-1246. https://doi.org/10.1016/j.watres.2010.09.037

40



Author Contributions Statement

Author Contributions Statement

Wilms Wiktoria: Investigation, Data Curation, Resources, Calculations, Drawings figures, Writing -
Original Draft, Visualization, Manuscript revision, Review & Editing

Anna Parus: Conceptualization, Methodology, Investigation, Resources, Writing — Original Draft;
Jan Homa: Investigation;

Milena Batycka: Investigation;

Michat Niemczak: Investigation;

Marta Wozniak-Karczewska: Investigation, Data Curation, Methodology, Resources, Review &
Editing;

Artur Trzebny: Investigation, Data Curation
Joanna Zembrzuska: Investigation, Data Curation;
Dabert Mirostawa: Investigation, Data Curation
Tancsics Andrds: Review & Editing

Tomas Cajthaml: Review & Editing

Hermann J. Heipieper: Review & Editing

tukasz Chrzanowski: Supervision, Conceptualization, Writing - Original Draft, Funding acquisition,
Project administration



	25498 AM
	CHEM 109724_R2

