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Plant growth-promoting rhizobacteria (PGPR) that Plant-Beneficial
colonize plant roots produce a variety of plant-beneficial compounds, 22 Compounds
including plant-growth regulators, metal-scavenging compounds, and — G’:c;o;,',, o
antibiotics against plant pathogens. Adverse effects of phosphonate [P Nt ]
herbicides, the most extensively used herbicides, on the growth and G’;;hosatei..
metabolism of PGPR species have been widely reported. However, the o wp B
potential consequence of these effects on the biosynthesis and ,_f\ TGl "
secretion of PGPR-derived beneficial compounds still remains to be | °*@Mine A

investigated. Here, using high-resolution mass spectrometry and a
metabolomics approach, we investigated both the intracellular
metabolome and the extracellular secretions of biomass-normalized
metabolite levels in two PGPR species (Pseudomonas protegens P£-S, a
Gram-negative bacterium; Priestia megaterium QM B1551, a Gram-
positive bacterium) exposed to three common phosphonate herbicides (glyphosate, glufosinate, and fosamine; 0.1—1 mM) in either
iron (Fe)-replete or Fe-deficient nutrient media. We quantified secreted auxin-type plant hormone compounds (phenylacetic acid
and indole-3-acetic acid), iron-scavenging compounds or siderophores (pyoverdine and schizokinen), and antibiotics (2,4-
diacetylphloroglucinol and pyoluteorin) produced by these PGPR species. The Fe-replete cells exposed to the phosphonate
herbicides yielded up to a 25-fold increase in the production of both auxin and antibiotic compounds, indicating that herbicide
exposure under Fe-replete conditions triggered metabolite secretions. However, the herbicide-exposed Fe-deficient cells exhibited a
near 2-fold depletion in the secretion of these auxin and antibiotic compounds as well as a 77% decrease in siderophore production.
Intracellular metabolomics analysis of the Fe-deficient cells further revealed metabolic perturbations in biosynthetic pathways
consistent with the impaired production of the plant-beneficial compounds. Our findings implied that compromised cellular
metabolism during nutrient deficiency may exacerbate the adverse effects of phosphonate herbicides on PGPR species.
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rhizobacteria (PGPR) have been increasingly applied as
biofertilizers to enhance plant nutrient uptake or to act as

The application of phosphonate herbicides, which has reached
an exponential trend in the United States (U.S.) over the past
three decades,"”” is critical to enhancing crop yield by
controlling weeds.” Among the most widely used phosphonate
herbicides are glyphosate and glufosinate (Figure 1A)."” For
instance, up to 1.0 kg ha™" of glyphosate was applied in 2014

plant disease control agents.'”'* Here, we sought to
investigate the impact of phosphonate herbicides on two
PGPR—Pseudomonas protegens'”> (formerly known as P.
fluorescens; a Gram-negative species) and Priestia megaterim’n16

(formerly known as Bacillus megaterium; a Gram-positive

on cultivated cropland in the U.S.;' more than 2.7 million kg of species).

. . . 4
glufosinate was used to grow crops in the U.S. in 2017. These predominant PGPR species are currently used in
Fosamine, another phosphonate herbicide, is primarily used to agriculture’’ 2! and are known for their production of plant-

target woody plants,” and around 1.6 thousand pounds of
fosamine was applied to grow vegetables and fruits in the
Washington State of the U.S. during 2016.° The intensive use
of phosphonate herbicides is of significant environmental
concern due to their persistence in the environment,
transportation through soil and water bodies, and toxicity to
nontarget environmental organisms, including soil micro-
organisms.éf9 In recent years, plant growth-promoting
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Figure 1. (A) Chemical structures of glyphosate, glufosinate, and
fosamine. Relative effects of herbicide exposure on the specific growth
rate of exponentially growing cells of (B) P. protegens and (C) P.
megaterium grown under (top) Fe-replete [(+)Fe] and (bottom) Fe-
limited [(—)Fe] conditions. Statistical analysis comparing the specific
growth rates of cells grown in nutrient media without and with each
herbicide at the specified concentration: *, p < 0.05; ns, not
statistically significant.

beneficial compounds, such as plant hormones, iron-chelating
compounds, and antibiotics."*"* Cells of P. protegens and P.
megaterium are known to secrete, respectively, the auxins
phenylacetic acid** and indole-3-acetic acid,”® which are plant
hormones known to regulate plant growth and development by
controlling cell division, elongation, and differentiation.”* Both
species also secrete siderophores, which are strong iron-
chelating compounds produced in response to iron deficiency,

to facilitate iron acquisition by both bacteria and plants.”

Specifically, P. protegens secretes the siderophore pyoverdine*
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and P. megaterium produces the siderophore schizokinen.””
Due to the low bioavailability of iron in oxic soils*® and the
importance of iron for enzyme cofactors,”’ siderophore-
secreting bacteria are essential to plant health.”> Additionally,
P. protegens is notable for the production of 2,4-diacetylphlor-
oglucinol (DAPG)” and pyoluteorin,” two well-known
antibiotics for antagonizing plant-pathogenic bacteria and
fungi as well as suppressing plant diseases.”! Here, we aim to
address to what extent the biosynthesis of these different
beneficial compounds may be disrupted by exposure to each
phosphonate herbicide (glyphosate, glufosinate, or fosamine)
under varying doses in the bacterial nutrient media.

Previous studies have reported several adverse effects of
phosphonate herbicides on PGPR.*”> For instance, the
population of PGPR species in the rhizosphere of glyph-
osate-resistant crops was shown to be diminished after
glyphosate exposure.”® Likewise, a decline in the growth rate
or metabolic diversity of culturable soil bacteria®® including
Pseudomonas species,”” was previously reported following
exposure to glyphosate or glufosinate. However, the ability of
Varlous soil bacteria to degrade glyphosate’ 37 and glufosi-
nate®® also implies that there are potential metabolic
mechanisms that have evolved in soil bacteria to promote
resilience to phosphonate herbicides.

The mode of toxic action of each phosphonate herbicide is
an important consideration in investigating the metabolic
responses of soil bacteria exposed to the herbicides. Whereas
the mode of action of fosamine is not well understood,*® the
mode of action is well-known for glyphosate®® and
glufosinate.”" In both plants®® and bacteria,** glyphosate was
found to inhibit the shikimate pathway, which involves seven
steps to convert phosphoenolpyruvate (PEP) and erythrose-4-
phosphate to chorismate,” a precursor to aromatic amino
acids (i.e., phenylalanine, tyrosine, and tryptophan) and several
secondary metabolites such as auxins.”” It was determined that
glyphosate disrupts the shikimate pathway in plants by
inhibiting the S-enolpyruvyl-shikimate-3-phosphate (EPSP)
synthase, which catalyzes the reaction that combines
shikimate-3-phosphate (S3P) and PEP to generate EPSP and
inorganic phosphate.‘m’43 Recently, it was reported that
glyphosate-exposed Pseudomonas species exhibited accumu-
lation of S3P and depletion of aromatic amino acids, indicating
the inhibition of the EPSP synthase in the shikimate pathway
of these soil bacteria similar to plants.*

The inhibition of the shikimate pathway responsible for the
biosynthesis of aromatic amino acid pool could be con-
sequential for the biosynthesis of the auxin phenylacetic acid
derived from phenylalanine in P. protegens'' and the auxin
indole- 3 acetic acid derived from tryptophan in P. mega-
terium.*> Moreover, a previous study showed that glyphosate
induced widespread perturbations in the metabolome of soil
Pseudomonas species,”” which could further exacerbate effects
on metabolic fluxes to siderophore biosynthesis. For instance,
the biosynthesis of the pyoverdine siderophores in Fe-limited
P. protegens requires chorismate from the shikimate pathway to
produce the catecholate moiety and a-ketoglutarate [@-KG, a
metabolite in the tricarboxylic acid (TCA) cycle] to produce
the hydroxamate moiety in these siderophores.”® Additionally,
the biosynthetic pathway of pyoverdine incorporates PEP (a
glycolysis metabolite), 3-phosphoglyceric acid (3-PG, another
glycolysis metabolite), pyruvate (a glycolysis metabolite), and
aspartate (an amino acid derived from the TCA cycle).”
Likewise, the biosynthesis of the siderophore schizokinen in P.
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megaterium relies on several metabolic precursors, such as
aspartate and glutamate (two amino acids derived from TCA
cycle intermediates), acetyl-CoA (a central carbon metabolite),
and citrate (a metabolite in the TCA cycle).** Despite the
importance of different metabolic pathways in sustaining the
biosynthesis of both auxins and siderophores in PGPR species,
the consequence of known metabolic effects of glyphosate on
the production of these plant-beneficial compounds has not
been investigated.

With respect to the mode of action of glufosinate in plants
and bacteria, it was reported that phosphorylated glufosinate
binds irreversibly to glutamine synthetase,*"*’ thereby
preventing the amination of glutamate to glutarnine,41 thus
leading to ammonia accumulation and subsequent adverse
growth effects.”’ Glutamate and glutamine both serve as
precursors to numerous secondary metabolites. Specifically, for
the antibiotic pyoluteorin produced by P. protegens,’ the
biosynthetic pathway starts with the amino acid proline derived
from glutamate, which is a product of the amination of a-
KG.***° By inhibiting glutamine synthetase, glufosinate can
lead to the accumulation of glutamate, which may
subsequently facilitate enhanced carbon flux for the production
of pyoluteorin. In regards to DAPG, which is another antibiotic
produced by P. protegens, its biosynthetic pathway involved
with the conversion of malonyl-CoA (derived from acetyl-
CoA™") to phloroglucinol, which can be directly acetylated into
monoacetyl-phloroglucinol and eventually DAPG."" Interest-
ingly, 2-chlorobenzene-1,3,5-triol (PG-Cl), which is derived
from phloroglucinol in the DAPG biosynthetic pathway, was
reported to be a metabolic coregulator that induced
pyoluteorin production but suppressed DAPG production in
P. protegens.”® Therefore, metabolic effects on pyoluteorin
biosynthesis may also affect the biosynthesis of DAPG in P.
protegens cells.

Based on the aforementioned modes of action, we put forth
three hypotheses regarding the mechanisms by which
phosphonate herbicides can disrupt the biosynthesis of plant-
beneficial compounds secreted by P. protegens and P.
megaterium. First, we hypothesized that glyphosate would
inhibit auxin production by interfering with the shikimate
pathway and thus impair the biosynthesis of aromatic amino
acid precursors to auxin biosynthesis. Second, we hypothesized
that phosphonate herbicides would inhibit siderophore
secretion that is reliant on central carbon metabolites in Fe-
deficient cells by disrupting metabolic homeostasis. Third, we
hypothesized that glufosinate would increase antibiotic
production by inhibiting the glutamine synthetase pathway
and thus increasing the flux of glutamate to pyoluteorin
biosynthesis. To evaluate our stated hypotheses, we conducted
a metabolomics investigation using high-resolution liquid
chromatography—mass spectroscopy (LC-MS) to study the
effects of each phosphonate herbicide (glyphosate, glufosinate,
or fosamine) on the biosynthetic pathways and secretion of
plant-beneficial compounds in P. protegens and P. megaterium,
two relevant PGPR species. Due to the low solubility of Fe
minerals in soils especially in oxic environments, wherein
dissolved Fe species in the soil solution could be 4—S5 orders of
magnitude lower than what is required for biological cells, Fe is
often a limiting nutrient to plants and soil microorganisms.>”
Thus, at varying herbicide concentrations and under both Fe-
replete and Fe-deficient conditions, we investigated the
following: (1) cell biomass growth and substrate consumption,
(2) extracellular biodegradation of each phosphonate herbi-
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cide, (3) the intracellular metabolite levels in the biosynthetic
pathways of the beneficial compounds, and (4) the
extracellular secretions of auxin, siderophores, and antibiotics.
Our findings provide new insights on the implications of
phosphonate herbicide exposures in regards to the application
of PGPR to benefit crops in agriculture.

P. protegens Pf-5'° (formerly known as P. fluorescens) and P.
megaterium QM B1551 megaterium'® (formerly known as B.
megaterium) were obtained from ATCC (American Type Culture
Collection, Manassas, VA). All the chemicals were obtained analytical
grade from Sigma-Aldrich (St. Louis, MO, USA) and Fisher Scientific
(Pittsburgh, PA, USA), except for glufosinate ammonium (Alfa Aesar,
Ward Hill, MA, USA) and fosamine ammonium (Chemservice, West
Chester, PA).

Cell cultures (three biological replicates) were grown at 30 °C in a
Thermo Scientific SHKE6000-7 incubator shaker (Thermo Fisher
Scientific Waltham, MA) at 220 rpm.‘”’54 The growth medium, which
was pH-adjusted (pH 7.0) and filter-sterilized (0.22 ym nylon;
MilliporeSigma, Darmstadt, Germany), contained the following major
salts: 20 mM K,HPO,, S mM NaH,PO,, 0.81 mM MgSO,-7H,0, 37
mM NH,C], 17.1 mM NaCl, 34 uM CaCl,-2H,0O. The trace metal
concentrations were as follows: 0.96 yuM CuSO,-5H,0, 0.97 uM
H,BO,, 9.5 uM ZnSO,7H,0, 0.87 uM MnSO,-SH,0, 021 uM
NiCl,-6H,0, and 0.34 uM Na,MoO,-5H,0. Succinate (200 mM
C)** was provided as the carbon source for P. protegens Pf-5, and
glucose (55 mM C)** was provided as the carbon source for P.
megaterium QM B1551. The cells were grown under iron (Fe)-replete
conditions with 30 yM total dissolved unchelated Fe or under Fe-
deficient conditions with 50 nM total dissolved unchelated Fe. For the
Fe-deficient conditions, Fe concentrations were buffered by using
disodium ethylene-diamine-tetra-acetic-acid (EDTA) as a strong iron
chelator. The cells were subjected to different concentrations (0.1,
0.5, or 1 mM) of the three phosphonate herbicides (glyphosate,
glufosinate, or fosamine) added to the nutrient medium described
above—these concentrations were chosen to be within the
concentration range (0.003—5 mM) used in previous studies.”*>>*
For our negative control conditions, the Fe-replete or Fe-limited
nutrient media only contained the main carbon source (and nutrient
salts as listed above) and no herbicide was added. The cells were
transferred twice in the nutrient medium to make sure the cells were
adapted to the medium composition under each condition. The
growth curves were acquired by measuring the optical density at 600
nm using an Agilent Cary UV—visible spectrophotometer (Santa
Clara, CA). Growth rates (h™") of exponentially growing cells were
determined through regression analysis.

Extracellular Sampling. We harvested 1.5 mL samples of cell
suspensions (three biological replicates) during the different phases of
cell growth: at the beginning of the lag phase, at the early exponential
growth phase, at the midexponential growth phase, and at the onset of
stationary phase and at the stationary phase. Following centrifugation,
at 10000g for S min at 4 °C [Centrifuge 5423 R (Eppendorf,
Hauppauge, NY)], we monitored the concentration of the main
carbon substrate (succinate or glucose), herbicide (glyphosate,
glufosinate, or fosamine), and species-specific plant beneficial
compounds secreted by the cells. Dilution ratios of 1:100 or 1:1000
dilution with Milli-Q water (Fisher Scientific, Pittsburgh, PA) were
conducted before analysis via LC-MS depending on the concentration
of the extracellular metabolites.

Intracellular Sampling. For measuring the intracellular metab-
olites, exponentially growing cell suspensions were filtered [diameter
of 47 mm, 22-um filters (Fisher Scientific, Waltham, MA)] and the
cell-containing filters were immediately quenched by submerging
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them in a cold (=20 °C) 2 mL solution of methanol:acetonitrile:-
water (40:40:20). Solutions with the lysed cells were subsequently
centrifuged at 10000g for S min at 4 °C (Centrifuge 5423 R,
Eppendorf, Hauppauge, NY). Aliquots of 100 uL supernatants were
dried under nitrogen gas and resuspended in 100 xL Milli-Q water
(Fisher Scientific, Pittsburgh, PA) before analysis via high-resolution
LC-MS. Metabolite levels were normalized to cell biomass quantity at
the time of sampling.

All analyses were conducted using reversed-phase ion-pairing
ultrahigh performance liquid chromatography (Thermo Scientific
Vanquish UHPLC) coupled with a high-resolution/accurate-mass
spectrometer (Thermo Scientific Orbitrap Fusion Lumos Tribrid
mass spectrometer) with electrospray ionization operated in negative
mode. For the different analyses, we used Cg columns of different
sizes for the liquid chromatography separation as detailed below. The
metabolite identification via mass spectroscopy was based on high-
precision of m/z, as validated by standards.

Metabolite Analysis. For the extracellular and intracellular
metabolite extracts, we used a 10-uL injection sample and the
column temperature was set to 25 °C. A 1.7-um Waters Acquity
UPLC BEH C,g column, with a size of 2.1 X 100 mm (Waters
Corporation, Massachusetts) was used. Solvent A contained 97:3
(v:v) LC-MS grade water:methanol with acetic acid (15 mM) and
tributylamine (10 mM). Solvent B contained 100% methanol. The
flow rate was 180 L min™' during the entire sample run (25 min).
The solvent gradient with respect to solvent A was the following: 0
min, 100%; 2.5 min, 100%; S min, 80%; 7.5 min, 80%; 10 min, 45%;
12 min, 45%; 14 min, $%; 17 min, 5%; 18 min, 0%; 25 min, 0%.* The
different compounds were identified based on their exact m/z values:
S3P, m/z = 253.0119, retention time (r.t.) = 12.72 min; phenyl-
alanine, m/z = 164.0717, r.t. = 4.21 min; tyrosine, m/z = 180.0666,
rt. = 2.36 min; glutamate, m/z = 146.0459, r.t. = 4.52 min; acetyl-
CoA, m/z = 808.1185, r.t. = 14.38 min; a-KG, m/z = 145.0143, r.t. =
12.68 min; citrate, m/z = 191.0197, r.t. = 12.92 min; PEP, m/z =
166.9751, r.t. = 12.95 min; 3-PG, m/z = 184.9857, r.t. = 12.79 min;
aspartate, m/z = 132.0303, r.t. = 4.64 min; and pyruvate, m/z =
87.0088, r.t. = 8.81 min.

Carbon Substrate Analysis. Succinate (m/z = 117.0193, r.t. =
11.49 min) was measured in the extracellular sample extracts using the
method described above for metabolite analysis. The analytical
method for extracellular glucose (m/z = 179.0561, r.t. = 7.15 min)
was adapted from Liu et al.*® We used a 3.5-um XBridge BEH Amide
column with a size of 2.1 X 100 mm (Waters Corporation,
Massachusetts). The flow rate was 150 pL min~' during the entire
sample run (13 min). The solvent gradient contained mobile phase A
composed of 20 mM ammonium acetate and 15 mM ammonium
hydroxide in LC-MS-grade water with 3% acetonitrile, prepared at pH
9.0; mobile phase B was 100% acetonitrile. The linear gradient used
was as follows: 0 min, 85% B; 1.5 min, 85% B, 5.5 min, 35% B; 10
min, 35% B, 10.5 min, 85% B, 12.5 min, 85% B. Samples were
prepared in 50% acetonitrile, and the injection volume was S yL. The
concentration of each primary carbon substrate (glucose or succinate)
was quantified with standards. Total substrate consumption was
evaluated by comparing the substrate concentrations between the lag
phase and the stationary phase of the cell growth.

Herbicide Analysis. To measure extracellular glyphosate (m/z =
169.0140, r.t. = 1.94 min), we used a cartridge holder with a column
size of 30 mm X 4.6 mm (Bio-Rad Laboratories, Hercules, CA) to
process a solvent gradient containing 80% mobile phase A (0.1%
formic acid in LC-MS grade water) and 20% mobile phase B (100%
acetonitrile) during the 20 min run.*” The injection sample was 50
uL, and the flow rate was 0.5 mL min™; the column temperature was
set to 40 °C. Extracellular glufosinate (m/z = 180.0431, r.t. = 7.97
min) was measured with the method described above for glucose
measurement. Fosamine (m/z = 152.0118, r.t. = 8.32 min) was
measured in the extracellular sample extracts using the method
described above for metabolite analysis.
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Analysis of Plant-Beneficial Compounds. The method for
analyzing the plant beneficial compounds was developed based on a
previous method by Xie et al.>* We used a 5-um A ZORBAX Eclipse
Plus C;3 column with the size of 4.6 X 100 mm (Agilent
Technologies, Santa Clara, CA, USA). The mobile phase A contained
100% acetonitrile. The mobile phase B contained 0.1% acetic acid in
LC-MS grade H,O. The flow rate was the following: 0 min, 0.5 mL/
min; 9.0 min, 0.5 mL/min; 9.1 min, 1 mL/min; 13.2 min, 1 mL/min;
13.3 min, 0.5 mL/min. The solvent gradient with respect to solvent A
was the following: 0 min, 30%; 2.1 min, 45%; 9 min, 100%; 11.2 min,
30%. The different compounds were identified based on their exact
m/z values: phloroglucinol, m/z = 125.0234, r.t. = 2.45 min; 2-
chlorobenzene-1,3,5-triol, m/z = 158.9854, r.t. = 2.23 min; phenyl-
acetic acid, m/z = 135.0452, r.t. = 5.60 min; pyoluteorin, m/z =
269.9736, r.t. = 6.21 min; DAPG, m/z = 209.0449, r.t. = 7.73 min;
and indole-3-acetic acid, m/z = 174.0560, r.t. = 5.15 min.

Siderophore quantification for P. protegens Pf-S was carried out in pH-
adjusted (pH 7) bacterial supernatants (diluted if necessary) and was
measured the absorbance at 400 nm using an Agilent Cary UV—
visible spectrophotometer (Santa Clara, CA). A standard calibration
curve was acquired with a PVD standard isolated from a P. fluorescens
strain.”® The Chrome Azurol S (CAS) method was used to quantify
the schizokinen siderophore produced by P. megaterium.”® Diluted
extracellular supernatants were mixed with CAS assay solution,>
followed by equilibrating for 5 h in the dark at room temperature. Mix
solution was measured the absorbance at 630 nm using an Agilent
Cary UV-—visible spectrophotometer (Santa Clara, CA). Zero
absorbance was measured with 50% CAS assay solution and 50%
0.1 mM desferrioxamine mesylate salt solution. A standard calibration
curve was acquired with A/A; as a function of siderophore
concentration, where A refers to the absorbance of desferrioxamine
mesylate salt standard solution and A, is the reference absorbance.
Reference absorbance was measured with MQ_ water. Reported
siderophore production was normalized by the biomass quantity at
the time of sampling.

The basic local alignment search tool (BLAST) was used to evaluate
the similarity between two protein sequences. Two protein sequences
were aligned with the tool protein—protein BLAST. The value of
percent identity was used to evaluate the sequence identity between
two proteins. The protein sequences involved in this study were
available in the UniProt Knowledgebase (https: //www.uniprot.org/ ).
Specifically, we compared an EPSP synthase from the plant
Arabidopsis thaliana (P05466) with two EPSP synthases from P.
protegens P£-S (Q4K8N1, Q4K7P7) and two EPSP synthases from P.
megaterium QM B1551 (DSDWS6, DSDRE6). We also compared
four glutamine synthetases from a wheat species Triticum aestivum
(Q45NB2, Q45NB6, Q4SNB7, Q6RUJO) with one glutamine
synthetase from P. protegens Pf-S (Q4KJQ3) and one glutamine
synthetase from P. megaterium QM B1551 (DSDQ10).

All experiments were conducted in three biological replicates.
Unpaired two-tailed ¢ test analyses were conducted to evaluate
statistically significant differences between two conditions ( https://
www.graphpad.com/quickcalcs/ttest1/?format=SD). Statistically sig-
nificant difference was determined at p < 0.05.

For the fosamine-exposed Fe-replete cells, there were no
adverse growth effects on P. megaterium at the varying doses
(0.1-1 mM) or P. protegens cells at 0.1 and 0.5 mM doses,
except for the growth of P. protegens at the highest fosamine
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dose (1 mM) that was negatively affected (by ~12%) (Figure
1B,C). For glufosinate, the Fe-replete cells of both species did
not exhibit appreciable adverse growth effects at 0.1 mM
glufosinate, but the 1 mM glufosinate dose led to 10% and 30%
decrease in the growth rates for Fe-replete P. protegens and P.
megaterium cells, respectively, relative to control (Figure
1B,C). In response to exposure to glyphosate (up to 1 mM),
there was a slight increase (up to 12%) in the specific growth
rate for Fe-replete P. protegens Pf-S cells but the growth rate of
Fe-replete P. megaterium cells was reduced by up to 66%
(Figure 1B,C). In sum, these data indicated that, whereas there
were minimal growth effects of phosphonate herbicides on Fe-
replete P. protegens cells, there were adverse growth effects on
the Fe-replete P. megaterium cells with higher susceptibility to
glufosinate and glyphosate than fosamine relative to control
(Figure 1B,C). From monitoring extracellular concentration of
each herbicide throughout the biomass growth, the lack of
appreciable depletion in extracellular herbicide concentration
led us to conclude that significant assimilation of degraded
herbicides by P. megaterium cells was not involved in the
observed enhanced growth rates [Appendices A—C, Support-
ing Information (SI)].

To determine whether inhibition of substrate uptake
contributed to adverse growth effects, we also monitored the
consumption of the main carbon substrate (i.e., succinate for P.
protegens or glucose for P. megaterium) (Figure 2). Remarkably,
despite the fact that the Fe-replete P. megaterium cells exhibited
the most severe adverse growth effects, there was no change in
their consumption of the carbon substrate when the cells were
exposed to the herbicides across all concentrations, relative to
control (p > 0.141) (Figure 2B). However, substrate
consumption by the glyphosate-exposed Fe-replete P. protegens
cells was inhibited by 8-26%, indicating that glyphosate
exposure impeded the substrate uptake in Fe-replete P.
protegens cells (Figure 2A). However, this inhibition did not
cause adverse effects on the growth of P. protegens cells as
previously discussed (Figure 1B). In the presence of
glufosinate, there was no appreciable inhibition on the
substrate consumption at 0.1 mM dose (p = 0.079), but a
decrease by 6% and 22% in Fe-replete P. protegens cells at 0.5
and 1 mM glufosinate doses, respectively, implied that
inhibition of substrate uptake contributed to the decreased
growth rates of glufosinate-exposed Fe-replete P. protegens cells
(Figure 2A). With respect to the fosamine-exposed Fe-replete
cells, there was no appreciable difference in substrate
consumption in the P. protegens cells (p > 0.089) (Figure
2A). Collectively, except for the P. protegens cells exposed to
greater than 0.5 mM glufosinate, our data revealed that the
adverse effects of phosphonate herbicides on the growth of the
Fe-replete cells of both species were not related to the
inhibition of the substrate uptake.

Similar to the Fe-replete cells, fosamine exposure had no
adverse effects on the growth rate of the Fe-deficient P.
megaterium cells (Figure 1C). By contrast, the specific growth
rate of Fe-deficient P. protegens cells was decreased by up to
52—55% at 0.5—1 mM fosamine doses, relative to control,
compared to no change in Fe-replete P. protegens cells exposed
to the same fosamine doses (Figure 1B). Whereas 0.1 mM
dose of glufosinate did not negatively affect the biomass
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Figure 2. Total substrate consumption of (A) P. protegens and (B) P.
megaterium cells exposed to (top) glyphosate, (middle) glufosinate,
and (bottom) fosamine under Fe-replete (black) and Fe-limited
(white) conditions under (top) Fe-replete [(+)Fe] and (bottom) Fe-
limited [(—)Fe] conditions.

growth in the Fe-replete cells, Fe-deficient P. protegens and P.
megaterium cells exhibited up to a 96% and 18% decrease,
respectively, in specific growth rate at 0.1 mM dose of
glufosinate (Figure 1B,C). At the highest glufosinate dose (1
mM), the specific growth rate of Fe-deficient P. protegens and
P. megaterium cells was decreased by up to 80% and 10%,
respectively (Figure 1B,C). Compared to the less than 12%
change in the specific growth rate of Fe-replete P. protegens
exposed to glyphosate, the specific growth rate of Fe-deficient
P. protegens cells was decreased by 32—65% across the three
glyphosate doses (Figure 1B). For the Fe-deficient P.
megaterium cells at the 0.1 mM glyphosate dose, the specific
growth rate was decreased by up to 51%, compared to 11% for
the Fe-replete cells (Figure 1C). At the highest glyphosate
dose, the specific growth rates were comparable for Fe-replete
and Fe-deficient P. megaterium cells (Figure 1C). In summary,
our results highlighted that iron deficiency exacerbated the
adverse growth effects on both P. protegens and P. megaterium
cells exposed to the different phosphonate herbicides, except
for Fe-deficient P. megaterium exposed to fosamine.
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Figure 3. (A) Biosynthetic pathways of aromatic amino acids and auxin compounds in bacteria. Effects of herbicide exposure on the production of
auxin compounds in (B) P. protegens and (C) P. megaterium cells under (top) Fe-replete [(+)Fe] and (bottom) Fe-limited [(—)Fe] conditions. In
the reaction scheme in A, the measured metabolites are boxed: metabolite precursors (white); auxin compounds (green). Solid and dashed arrows
refer to the occurrence of one reaction versus multiple reactions, respectively, between two metabolites. In B and C, all data are shown relative to
control and statistically significant differences (calculated from unpaired two-tailed ¢ test analyses, p < 0.0S) are indicated by a black border.

Regarding the substrate uptake in Fe-deficient cells, we
obtained substrate consumption in Fe-deficient P. megaterium
cells that was comparable to that of control during the
exposure to all three phosphonate herbicides (p > 0.375),
indicating that the inhibition of the substrate uptake was likely
not the cause of the adverse effects of glyphosate and
glufosinate on the specific growth rate of Fe-deficient P.
megaterium cells (Figure 2B). For Fe-deficient P. protegens cells
exposed to phosphonate herbicides, there was a 4-78%
increase in substrate consumption relative to control except for
the 0.1 mM glyphosate dose, implying that the adverse growth
effects of phosphonate herbicides on Fe-deficient P. protegens
cells were not due to the impaired substrate uptake (Figure
2A). Furthermore, a 20% decrease in extracellular fosamine by
Fe-deficient P. megaterium suggested a possible contribution of
fosamine to carbon influx that needs to be confirmed
(Appendix C, SI). In sum, our data revealed that the
suppressed specific growth rates (relative to control) in Fe-
deficient cells of both species exposed to phosphonate
herbicides did not result from the inhibition of the substrate
uptake. To gain insights on metabolic disruptions by each
phosphonate herbicide, we performed a metabolomics analysis
of the metabolic pathways involved in the biosynthesis of
various plant-beneficial compounds such as auxins, side-
rophores, and antibiotics.

We monitored the levels of the following metabolites
associated with pathways associated with auxin biosynthesis
in each species: S3P, a precursor to aromatic amino acids and
auxins; two aromatic amino acids (phenylalanine and
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tyrosine); and two auxins (phenylacetic acid and indole-3-
acetic acid) (Figure 3A). In Fe-replete glyphosate-exposed
cells, a 79% increase in S3P in P. protegens cells at 1 mM
glyphosate dose (p = 0.024) (Figure 3B; Appendix D, SI) and
a 50-fold increase in S3P in P. megaterium cells (p < 0.003)
(Figure 3C; Appendix E, SI) were consistent with the
inhibition of EPSP synthase as the target of glyphosate as
previously reported.*” The lack of accumulation of S3P in both
glufosinate-exposed or fosamine-exposed Fe-replete P. prote-
gens cells implied that EPSP synthase may not be targeted by
the two herbicides in P. protegens (Figure 3B; Appendix D, SI).
In contrast, we obtained a 2.5-fold increase in S3P (p = 0.013)
at 0.1 mM glufosinate dose and up to a 4.6-fold increase in S3P
(p < 0.046) across all fosamine doses in Fe-replete P.
megaterium cells (Figure 3C; Appendix E, SI), suggesting that
both glufosinate and fosamine also had an inhibitory effect on
ESPS synthase in P. megaterium.

Despite the inhibition of ESPS synthase (as indicated by the
accumulation of S3P) in response to glyphosate exposure,
there was no change in the intracellular levels of either
phenylalanine or tyrosine in Fe-replete P. protegens cells (p >
0.135), implying that the biosynthetic flux toward the aromatic
amino acids was not impaired (Figure 3B; Appendix D, SI).
For Fe-replete P. megaterium cells, while a 1 mM glyphosate
dose led to a 37% increase in phenylalanine (p = 0.019) and no
statistically significant change in tyrosine (p = 0.102) in Fe-
replete P. megaterium cells, the level of phenylalanine and
tyrosine at 0.5 mM glyphosate dose was decreased by 90% (p =
0.006) and 45% (p 0.038), respectively (Figure 3C;
Appendix E, SI). Therefore, the adverse effect of glyphosate
on aromatic amino acid biosynthesis was dose-dependent in
Fe-replete P. megaterium cells.
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Figure 4. Effects of herbicide exposure on levels of metabolite precursors and secretions of (A) siderophore pyoverdine by P. protegens and (B)
schizokinen by P. megaterium cells grown under Fe-limited [(—)Fe] conditions. All data are shown relative to control experiment without any
herbicide in the nutrient medium. In the heat maps, statistically significant differences, which were calculated from unpaired two-tailed ¢ test
analyses, p < 0.0S, are indicated by a black border. Metabolite abbreviations: PEP, phosphoenolpyruvate; 3-PG, 3-phosphoglycerate; acetyl-CoA,

acetyl coenzyme A.

During the exposure to glufosinate, the phenylalanine pool
remained unchanged in Fe-replete P. megaterium cells (p >
0.063), whereas the tyrosine level was decreased by 21—25% in
Fe-replete P. megaterium cells at 0.1 and 1 mM glufosinate
doses (p < 0.028) (Figure 3C; Appendix E, SI). For fosamine-
exposed Fe-replete cells, there was up to an 11-fold increase in
phenylalanine in P. megaterium across all fosamine doses (p <
0.001) but a 32—43% depletion in tyrosine at 0.1—0.5 mM
fosamine doses (p < 0.013) (Figure 3C, Appendix E, SI).
These data indicated that glufosinate and fosamine might not
target the biosynthesis of phenylalanine but may interfere with
tyrosine biosynthesis in Fe-replete P. megaterium cells.

We evaluated the effects of the aforementioned changes in
the shikimate pathway and aromatic amino acid biosynthesis
on auxin production in both P. protegens and P. megaterium
(Figure 3A). Under the Fe-replete conditions, there was a 39—
69% increase in secreted phenylacetic acid in P. protegens at
0.1-1 mM glyphosate doses (p < 0.008) (Figure 3B;
Appendix D, SI), and there was a 3.7-fold increase in secreted

indole-3-acetic acid in P. megaterium cells exposed at 1 mM
glyphosate dose (p < 0.001) (Figure 3C; Appendix E, SI). For
Fe-replete glufosinate-exposed cells, the auxin level was
increased by 39% in P. protegens cells at 0.1 mM glufosinate
dose (p = 0.016) (Figure 3B; Appendix D, SI) and 42—79% in
P. megaterium cells at 0.5—1 mM glufosinate doses (p < 0.023)
(Figure 3C; Appendix E, SI). Similarly, there was a 24—40%
increase in secreted phenylacetic acid at 0.5—1 mM fosamine
doses in P. protegens cells (p < 0.018) (Figure 3B; Appendix D,
SI) and a 27% increase in indole-3-acetic acid secretion in P.
megaterium cells at 0.5 mM fosamine dose (p = 0.043) (Figure
3C; Appendix E, SI). Therefore, for both species, our data
revealed that exposure to the phosphonate herbicides
promoted auxin secretion under Fe-replete nutrient conditions,
regardless of apparent metabolic disruption in the shikimate

pathway.
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In contrast to the increased auxin secretion in Fe-replete cells,
both Fe-deficient P. protegens and P. megaterium cells exhibited
a decrease in auxin secretion during exposure to phosphonate
herbicides relative to control (Figure 3B,C). Specifically, for
the glyphosate-exposed Fe-deficient cells, the level of secreted
phenylacetic acid in P. protegens cells was decreased by up to
83% (p < 0.025) (Figure 3B; Appendix D, SI), and there was
up to a 2-fold depletion in indole-3-acetic acid in P. megaterium
cells (p < 0.008) (Figure 3C, Appendix E, SI). Interestingly,
there were no changes in levels of both S3P (p = 0.168) and
phenylalanine (p > 0.308) in Fe-deficient P. protegens cells at 1
mM glyphosate dose (Figure 3B; Appendix D, SI). However,
there was at least a 50-fold accumulation of S3P (p < 0.001)
and up to a 10-fold depletion in phenylalanine (p < 0.001) in
Fe-deficient P. megaterium cells in response to the glyphosate
doses (p < 0.001) (Figure 3C; Appendix E, SI), highlighting
again the inhibition of ESPS synthase as the specific toxic
action of glyphosate in P. megaterium.

During the exposure to glufosinate, the secreted auxin level
was decreased by up to 79% in Fe-deficient P. protegens cells (p
< 0.009) (Figure 3B, Appendix D, SI) and 76% in Fe-deficient
P. megaterium cells (p < 0.003) (Figure 3C, Appendix E, SI).
Similarly, the exposure of fosamine led to up to a 23-fold
depletion in secreted phenylacetic acid in Fe-deficient P.
protegens cells (p < 0.001) (Figure 3B; Appendix D, SI) and a
32% decrease in indole-3-acetic acid in Fe-deficient P.
megaterium cells at 1 mM fosamine dose (p < 0.001) (Figure
3C, Appendix E, SI). The phenylalanine level was also depleted
in response to glufosinate exposure in Fe-deficient cells of both
species (Figure 3B,C). Specifically, there were up to 2.7-fold
and 2-fold depletions in the phenylalanine level in Fe-deficient
P. protegens cells (p < 0.001) and P. megaterium cells (p <
0.003), respectively (Figure 3B,C; Appendices D and E, SI).
Across the exposure to the different phosphonate herbicides at
the various doses, the tyrosine pool was reduced by up to 59%
in Fe-deficient P. megaterium cells (p < 0.049) but was
increased (by up to 6-fold) in Fe-deficient P. protegens cells (p
< 0.042) (Figure 3B,C; Appendices D and E, SI). With respect
to the S3P level during glufosinate or fosamine exposure, it was
unchanged or decreased by at least 18% in Fe-deficient P.
megaterium cells (p < 0.016) (Figure 3C; Appendix E, SI), and
there was up to 93% decrease in S3P in Fe-deficient P.
protegens cells (p < 0.060) (Figure 3B; Appendix E, SI),
indicating the lack of inhibitory effect on EPSP synthase in the
presence of glufosinate and fosamine but a decrease in carbon
flux through the shikimate pathways toward antibiotic
secretion. In sum, our data indicated that exposure to the
phosphonate herbicides consistently resulted in the depletion
of auxin production in both Fe-deficient P. protegens and P.
megaterium cells, which was accompanied by either decreased
carbon flux upstream of the shikimate pathway or inhibition of
the EPSP synthase within the shikimate pathway.

First, we considered the precursor metabolites to the
biosynthesis of pyoverdine siderophores in Fe-deficient P.
protegens and schizokinen biosynthesis in Fe-deficient P.
megaterium (Figure 4). Specifically, we evaluated the intra-
cellular levels of PEP, 3-PG, pyruvate, and aspartate in the
biosynthetic pathway of pyoverdine in P. protegens Pf-S (Figure
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4A); we evaluated the intracellular levels of aspartate,
glutamate, acetyl-CoA, and citrate in the biosynthetic pathway
of schizokinen in P. megaterium (Figure 4B). Relative to
control, fosamine exposure did not result in any decline in the
precursors (including PEP, 3-PG, pyruvate, and aspartate) to
pyoverdine biosynthesis (p > 0.054), which was consistent
with no change in secreted pyoverdine in fosamine-exposed
Fe-deficient P. protegens cells (p > 0.236) (Figure 4A;
Appendix F, SI). In comparison, although fosamine exposure
caused no change in acetyl-CoA (p > 0.143), a 62—85%
increase in aspartate (p < 0.018), and a near 3-fold increase in
citrate (p < 0.016), the glutamate level was decreased by 23—
30% (p < 0.027) in Fe-deficient P. megaterium cells, all of
which was consistent with the 40—46% depletion in secreted
schizokinen in Fe-deficient fosamine-exposed P. megaterium
cells (p < 0.002) (Figure 4B; Appendix G, SI). In the presence
of glyphosate, Fe-deficient P. protegens cells exhibited up to a
92% depletion in PEP at 0.1—0.5 mM glyphosate doses (p <
0.002), up to a 4.5-fold increase in pyruvate at 0.5—1 mM
glyphosate doses (p < 0.004), up to a 2-fold increase in
aspartate during glyphosate exposure (p < 0.017) and a near 2-
fold depletion in pyoverdine at 1 mM dose (p = 0.027) (Figure
4A; Appendix F, SI). Moreover, a 0.1 mM glyphosate dose
caused a 29% decrease in glutamate in Fe-deficient P.
megaterium cells (p < 0.001), but there was about a 40%
increase in both glutamate (p = 0.007) and citrate (p = 0.045)
levels at 0.5 mM glyphosate dose, and up to a 3-fold and 4-fold
increase, respectively, in aspartate (p < 0.001) and acetyl-CoA
(p < 0.004) at 0.5—-1 mM glyphosate doses (Figure 4B;
Appendix G, SI). Along with this accumulation in three of the
four precursor metabolites to the biosynthesis of the
siderophore schizokinen in Fe-deficient glyphosate-exposed
P. megaterium cells, we found that the secreted amount of
schizokinen was reduced by up to 48% (p < 0.012) (Figure
4B; Appendix G, SI). Glufosinate exposure led to a 76—86%
depletion in PEP (p < 0.001), a 70—80% decrease in 3-PG (p
< 0.016), a 31—55% reduction in aspartate (p < 0.008), and
up to a 4.3-fold depletion in pyoverdine in Fe-deficient P.
protegens cells (p < 0.038) (Figure 4A; Appendix F, SI). In Fe-
deficient glufosinate-exposed P. megaterium cells, besides up to
a 3-fold increase in aspartate (p < 0.038) and acetyl-CoA (p <
0.030), there was a 63—38% decrease in citrate (p < 0.008)
and greater than 70% reduction in secreted schizokinen (p <
0.001) (Figure 4B; Appendix G, SI). Therefore, our data
revealed that phosphonate herbicides impaired siderophore
production in the Fe-deficient cells of both species except for
no change in fosamine-exposed Fe-deficient P. protegens cells
(Figure 4). Furthermore, we found that glufosinate had the
greatest adverse effects on siderophore production in both
species (Figure 4).

To gain insights into the biosynthesis and subsequent secretion
of antibiotics in P. protegens Pf-5 cells exposed to phosphonate
herbicides, we profiled metabolites associated with the
biosynthetic pathway of DAPG and pyoluteorin (Figure ).
In relation to DAPG biosynthesis, we evaluated the following
metabolites: acetyl-CoA and phloroglucinol, two precursors to
DAPG secretion; and PG-Cl, a regulator of DAPG biosynthesis
derived from phloroglucinol to induce pyoluteorin produc-
tion*® (Figure SA). With respect to precursors to pyoluteorin
biosynthesis, we measured a-KG and glutamate (Figure SB).
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Figure S. Effects of herbicide exposure on the production of the
antibiotics (A) DAPG and (B) pyoluteorin by P. protegens cells grown
under (top) Fe-replete [(+)Fe] and (bottom) Fe-limited [(—)Fe]
conditions. All data are shown relative to control (in the absence of
any herbicide) in the respective nutrient condition. In the reaction
scheme, the measured metabolites are boxed: metabolite precursors
and a metabolic regulator (white); antibiotic compounds (green).
Solid and dashed arrows refer to the occurrence of one reaction versus
multiple reactions, respectively, between two metabolites. In the heat
maps, statistically significant differences, which were calculated from
unpaired two-tailed ¢ test analyses, p < 0.05, are indicated by a black
border. Metabolite abbreviations: MAPG, monoacetyl-phloroglucinol;
PG-Cl, 2-chlorobenzene-1,3,5-triol; DAPG, 2,4-diacetylphlorogluci-
nol.
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In Fe-replete P. protegens Pf-S cells exposed to phosphonate
herbicides, no statistically significant change in acetyl-CoA (p
> 0.193) and a 16—47% reduction in phloroglucinol (p <
0.031) were accompanied by an increase in the secreted DAPG
(Figure SA; Appendix H, SI). Specifically, DAPG secretion was
increased by up to 2.3-fold (p < 0.030), 2.5-fold (p < 0.001),
and 4.3-fold (p < 0.017), respectively, in the presence of
glyphosate, fosamine, and glufosinate in Fe-replete P. protegens
cells (Figure SA; Appendix H, SI). There was no change in the
level of the regulating compound, PG-Cl, when Fe-replete P.
protegens cells were exposed to glyphosate (p > 0.269),
whereas the PG-CI level was decreased by 51% at 0.1 mM
glufosinate dose (p = 0.001) and about 42% at the varying
fosamine doses (p < 0.005) (Figure SA; Appendix H, SI).
Thus, our data revealed that phosphonate herbicides induced
the antibiotic DAPG secretion in Fe-replete P. protegens cells.

Regarding the pyoluteorin biosynthesis in Fe-replete P.
protegens cells, glyphosate exposure led to no statistically
significant change in the precursor @-KG and glutamate (p >
0.052) (Figure SB; Appendix I, SI). For Fe-replete fosamine-
exposed P. protegens cells, the a-KG level was still not
statistically significantly changed (p > 0.085), but the
glutamate level was increased by 39—58% at 0.1-0.5 mM
fosamine doses (p < 0.005) (Figure SB; Appendix I, SI). At 0.5
mM glufosinate doses, Fe-replete P. protegens cells exhibited an
80% elevation in a-KG (p = 0.004) and a 34% increase in
glutamate (p = 0.032) (Figure SB; Appendix I, SI). The
accumulation in glutamate in the presence of glufosinate was
consistent with the inhibition of glutamine synthetase, in
accordance with the aforementioned mode of toxic action of
glufosinate. In Fe-replete P. protegens cells, we obtained up to a
15-fold increase in secreted pyoluteorin in the presence of
glyphosate (p < 0.001), up to an 18-fold increase at the varying
doses of glufosinate (p < 0.001), and up to a 25-fold increase
in the presence of fosamine (p < 0.006) (Figure SB; Appendix
I, SI). In sum, under Fe-replete conditions, our data
emphasized the role of phosphonate herbicides in increasing
the secretion of both antibiotics,; DAPG and pyoluteorin,
produced by P. protegens cells.

In Fe-deficient P. protegens cells exposed to phosphonate
herbicides except for the 0.1 mM glufosinate dose, the acetyl-
CoA level was increased by up to 10-fold (p < 0.006),
indicating a triggered metabolic bottleneck (Figure SA;
Appendix H, SI). The extracellular phloroglucinol level was
also elevated by up to 7-fold at 0.5—1 mM glyphosate doses (p
<0.007) (Figure SA; Appendix H, SI). Exposure to glufosinate
or fosamine did not result in any statistically significant change
in phloroglucinol level in Fe-deficient P. protegens cells (p >
0.130) (Figure SA; Appendix H, SI). In contrast to no less than
a 68% increase in DAPG secretion in the Fe-replete (p <
0.030), DAPG secretion was deceased in Fe-deficient cells
exposed to two of the phosphonate herbicides (Figure SA;
Appendix H, SI). Specifically, for Fe-deficient glufosinate-
exposed P. protegens cells, DAPG secretion was decreased by
about 86% (p < 0.046) and there was an 18-fold depletion in
DAPG in Fe-deficient P. protegens cells at 1 mM glyphosate
dose (p = 0.036) (Figure SA; Appendix H, SI). There was no
change in the DAPG secretion in response to fosamine
exposure (p > 0.195) (Figure SA; Appendix H, SI). These data
imply that iron deficiency compromised DAPG secretion
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during the exposure to glyphosate and glufosinate and the
biosynthesis of DAPG was more susceptible to glufosinate than
glyphosate and fosamine in Fe-deficient P. protegens cells.
Moreover, the regulating compound PG-Cl was completely
depleted in the presence of fosamine (p < 0.00S), but there
was no change in PG-Cl level with glyphosate or glufosinate (p
> 0.077) (Figure SA; Appendix H, SI).

Regarding the pyoluteorin biosynthesis in Fe-deficient P.
protegens cells, there was an 8.5-fold increase in a-KG at 0.1
mM fosamine dose (p = 0.002), a 39% depletion at 0.1 mM
glyphosate dose (p = 0.030), and a 62% decrease at 0.5 mM
glufosinate dose (p = 0.002) (Figure SB; Appendix I, SI).
Relative to control, there was no change in glutamate in Fe-
deficient fosamine-exposed cells (p > 0.062), but the glutamate
level was reduced by up to 65% in the presence of glyphosate
(p £0.001) and by ~75% in response to glufosinate doses (p
< 0.001) (Figure SB; Appendix I, SI). The secreted
pyoluteorin was increased by 6.7-fold at 1 mM glyphosate
dose (p = 0.005) (Figure SB; Appendix I, SI). With glufosinate,
the Fe-deficient P. protegens cells exhibited a 96% (p = 0.001)
and 59% (p = 0.013) depletion in secreted pyoluteorin,
respectively, at 0.1 and 1 mM glufosinate doses (Figure SB;
Appendix I, SI). For Fe-deficient fosamine-exposed P. protegens
cells, there was no less than a 21-fold depletion in pyoluteorin
secretion (p < 0.001) (Figure SB; Appendix I, SI).
Collectively, our data revealed that iron deficiency exerted
adverse effects on the biosynthesis of antibiotic secretion in
herbicide-exposed P. protegens cells.

Here we sought to shed light on how exposure to three widely
used phosphonate herbicides may affect biomass growth rates,
cellular metabolism, and secretions of plant-beneficial com-
pounds in two relevant PGPR species: P. protegens (a Gram-
negative bacterium) and P. megaterium (a Gram-positive
bacterium). Overall, we found that the growth of P. megaterium
cells was more susceptible to the phosphonate herbicides than
the P. protegens cells (Figure 1B,C). Consistent with our
growth phenotype data, it was reported previously” that the
application of herbicides led to a decrease in the relative
abundance of Gram-positive bacteria, whereas there was no
statistically significant change in the relative abundance of
Gram-negative bacteria. The composition of the fatty acids in
the cytoplasmic membrane of Gram-negative aerobic bacteria
has been implicated in facilitating the tolerance of these
bacteria to high concentration of contaminants, including
herbicides.”’ In the introduction, we had put forth three
hypotheses regarding the effects of phosphonate herbicides on
the production of plant-beneficial compounds produced by the
two investigated PGPR.

Regarding the first hypothesis, our data revealed a decrease
in auxin production in the Fe-deficient P. protegens and P.
megaterium cells grown in the presence of phosphonate
herbicides, but there was an enhanced production of auxins
in the Fe-replete cells of both species exposed to herbicides
(Figure 3). With respect to the disruption of the shikimate
pathway associated with the change in auxin production, we
obtained accumulation of S3P in Fe-replete glyphosate-
exposed cells of both P. protegens and P. megaterium (Figure
3), indicating that glyphosate targeted EPSP synthase in both
PGPR bacteria similarly to plants. Despite determining only
about 25—30% similarity in EPSP synthase sequence between
plants (Arabidopsis thaliana) and PGPR species (P. protegens
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and P. megaterium) (Appendix J, SI), the binding site for both
glyphosate and the endogenous substrate PEP was reported to
be highly conserved in the in EPSP synthases of the plants and
PGPR species””®® thus explaining the similar toxic effect of
glyphosate.

Glyphosate was reported to inhibit auxin secretion in
Klebsiella sp. strain PS19,°* but the relationship between
metabolism and effects of glyphosate and other phosphonate
herbicides on auxin secretion in PGPR were not yet
investigated. Interestingly, in Fe-replete glyphosate-exposed
P. protegens cells, the observed inhibition of ESPS synthase (as
evidenced by the accumulation of S3P) did not result in a
decline in the secretion of the auxin phenylacetic acid, which
was instead enhanced (Figure 3B). However, with the Fe-
deficient P. protegens cells, exposure to glyphosate resulted in
depletion or no change of S3P, accompanied by decreased
secretion of phenylacetic acid. These findings indicated that
the metabolic flux for auxin biosynthesis was sustained in Fe-
replete cells but was impaired in Fe-depleted cells. Similar to
the P. protegens cells, the P. megaterium cells exposed to all
three herbicide exposures resulted in the promoted secretion of
the specific auxin (indole-3-acetic acid) under the Fe-replete
conditions but decreased secretion under the Fe-limited
condition. Beyond glyphosate-induced accumulation of S3P
in both Fe-replete and Fe-deficient P. megaterium, we found
that exposure to the other two herbicides also resulted in
elevated levels of S3P in the Fe-replete cells, suggesting
potential EPSP synthase inhibition by these herbicides in P.
megaterium. The gene yhhS, which encodes a membrane efflux
transporter in Escherchia coli was reported to serve as a
potential glyphosate resistance mechanism.”® Given the
occurrence of the yhhS gene also in Pseudomonas species,”” it
remains to be investigated whether the higher tolerance of P.
protegens than P. megaterium to glyphosate and other herbicide
exposures may be due to herbicide export outside of cells by
membrane efflux transporters.

With respect to the second hypothesis, we consistently
obtained a decrease in siderophore production by the Fe-
deficient P. protegens and P. megaterium exposed to the
different phosphonate herbicides, as well as the observations of
metabolic perturbations in central carbon metabolism that
were consistent were consisted with decreased siderophore
biosynthesis (Figure 4). Specifically, we obtained a decrease in
the cellular levels of different metabolite precursors (PEP, 3-
PG, or aspartate) to the biosynthesis of the siderophore
pyoverdine in Fe-deficient P. protegens cells (Figure 4A) and
metabolite precursors (citrate or glutamate) to the biosynthesis
of the siderophore schizokinen in Fe-deficient P. megaterium
cells (Figure 4B). A previous study reported that glyphosate
suppressed the siderophore secretion in several plant growth-
promoting rhizobacteria,”° but the effects of other phospho-
nate herbicides (i.e., glufosinate and fosamine) on siderophore
secretion by soil bacteria were not evaluated. Here, in addition
to glyphosate, our results showed that both glufosinate and
fosamine exposures led to impaired siderophore biosynthesis
(Figure 4).

Regarding the third hypothesis, decreased secretion of the
antibiotics DAPG and pyoluteorin was only obtained with Fe-
deficient herbicide-exposed P. protegens cells whereas there was
substantial increase in the antibiotic secretion in Fe-replete P.
protegens cells (Figures S). With respect to the specific effects
of glufosinate on the antibiotic biosynthetic pathway, we did
obtain accumulation in glutamate in Fe-replete P. protegens
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cells at 0.5 mM glufosinate dose and an associated increase in
pyoluteorin secretion, suggesting that the flux to pyoluteorin
production was facilitated by the increase in the precursor
glutamate due to inhibition of glutamine synthetase despite
only about a 22% identity similarity between the sequences of
glutamine synthetase in plants (Triticum aestivum) and P.
protegens Pf-S (Appendix K, SI). A previous study proposed
that the gene cluster pltIJKNOP involved in the biosynthesis of
pyoluteorin in P. protegens Pf-5 cells may also be responsible
for encoding pyoluteorin transporters.”” For instance, the
transcripts of the pyoluteorin efflux transporter genes, pltI and
plt], were enhanced by increased exogenous pyoluteorin,’”
consistent with a reported positive autoregulation of
pyoluteorin secretion.”® Thus, in addition to our observed
increase in the metabolite precursors, the accumulation of
pyoluteorin in glufosinate-exposed Fe-replete P. protegens cells
might be a result of the positive autoregulation of pyoluteorin.
By contrast, there was a depletion in glutamate accompanied
by a decrease in secreted pyoluteorin in glufosinate-exposed
Fe-deficient P. protegens cells (Figure SB). The antibiotic
DAPG was also reported to autoinduce the expression of the
operon, phlACBD, which is involved in the biosynthesis of
DAPG in P. fluorescens CHAO® and P. fluorescens 2P24.”°
Thus, it remains to be investigated whether the increased
DAPG secretion in Fe-replete herbicide-exposed P. protegens
cells was due to a similar regulation. Furthermore, in Fe-
limited P. protegens, the genes involved in the biosynthesis of
DAPG are known to encode a transcriptional repressor PhIF
that down-regulates the biosynthesis of DAPG.”' Therefore,
further investigation is needed to determine to what extent the
measured decrease in DAPG secretion in herbicide-exposed
Fe-deficient P. protegens was a consequence of the metabolic
changes induced by the herbicide exposure versus the
suppression of DAPG biosynthesis under Fe limitation.

In sum, the findings in the present study highlighted an
increase in secreted plant-beneficial compounds by the
investigated PGPR species in nutrient replete conditions but
compromised cellular metabolism in nutrient deficient
conditions which facilitated the adverse effects of the
phosphonate herbicides on the production of beneficial
compounds. Because the data were obtained with experiments
conducted with soil-free media, our findings provided insights
on direct exposure of PGPR to the phosphonate herbicides
within the soil solution. We acknowledge the potential
adsorption of glyphosate,””~"* glufosinate,””*" and fosamine®"
onto soil mineral particles, thereby potentially modulating the
exposure of phosphonate herbicides to PGPR. Studies on the
mobility and the subsequent bioavailability of adsorbed
herbicides are needed to evaluate the relevance of our findings
in relation to the bioavailability of accumulated phosphonate
herbicide residues in agricultural soils. Microcosm experiments
with natural soils would be helpful to shed light on the effects
of herbicide exposure on bacteria and crops under natural soil
conditions. In addition to the active herbicide ingredients, it is
important to point out that herbicide formulations contain
additives including surfactants, which have been shown to exert
adverse metabolic outcomes in beneficial soil Pseudomonas
species.”” However, it is not yet known the extent to which
these metabolic effects of formulation additives may impact the
microbial production of plant-beneficial compounds. Here our
study has focused on investigating species from two different
genera of PGPR with important relevance to current
biocontrol applications. Subsequent investigations on the
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metabolic effects of phosphonate herbicide exposures on
other PGPR genera will be instrumental toward gaining further
insights on the potential effects of these herbicides on the soil
microbiome.
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